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Abstract: Accumulating evidence has demonstrated that the pathogenesis of epilepsy is linked to
neuroinflammation and cerebrovascular dysfunction. Peripheral immune cell invasion into the brain,
along with these responses, is implicitly involved in epilepsy. This review explored the current
literature on the association between the peripheral and central nervous systems in the pathogenesis
fl?’edcgt?; of epilepsy, and highlights novel research directions for therapeutic interventions targeting these

reactions. Previous experimental and human studies have demonstrated the activation of the innate
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immunity) and T cells (involved in acquired immunity) to invade the central nervous system after a
seizure varies. Moreover, the time between the leakage associated with blood-brain barrier (BBB)
failure and the infiltration of these cells varies. This suggests that cell infiltration is not merely a

Periphery and the Brain in the secondary disruptive event associated with BBB failure, but also a non-disruptive event facilitated by
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various mediators produced by the neurovascular unit consisting of neurons, perivascular astrocytes,
microglia, pericytes, and endothelial cells. Moreover, genetic manipulation has enabled the differ-
entiation between peripheral monocytes and resident microglia, which was previously considered
difficult. Thus, the evidence suggests that peripheral monocytes may contribute to the pathogenesis

of seizures.
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The World Health Organization estimates that at least 50 million individuals are
affected by epilepsy worldwide [1]. One-third of these patients develop drug-resistant
epilepsy (DRE), which is accompanied by a deterioration in the quality of life (associated
with epileptic seizures) and cognitive dysfunction [2]; these factors increase the risk of
suicide and sudden unexpected death in epilepsy (SUDEP). SUDEP is the most common
cause of epilepsy-related mortality, accounting for 7-17% of deaths in patients with epilepsy
and up to 50% in those with refractory epilepsy [3,4]. Epilepsy is among the diseases that
are most intractable to treatment, despite the availability of various treatment options.

Previous studies have provided evidence of the activation of the innate and adaptive
immune responses in brain tissues using experimental models and human patients with
temporal lobe epilepsy (TLE) [5-8]. Although surface markers can differentiate between
conditions of the Creative Commons  the€ €D4 and CD8 cells involved in the adaptive immune response, the monocytes and
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manipulation procedures can apparently distinguish between the invading monocytes
and resident microglia; the evidence amassed suggests that the peripheral monocytes
infiltrating the brain contribute to the pathogenesis of seizures [11-14].

Current studies have demonstrated that T cells have also been detected in epilepto-
genic areas of the human brain, even in cases without evidence of an underlying infection
or immune disorder [15-18]. On the other hand, studies have reported that the T-cell
lineage is almost undetectable in recent mouse models [19], and that acquired immunity is
thought to vary for each species [20].

The evidence accumulated by various studies has proven that the pathogenesis of
epilepsy is linked to neuroinflammation and cerebrovascular dysfunction [21-23]. The
infiltration of the peripheral immune cells into the brain parenchyma was suggested to
occur after the disruption of the blood-brain barrier (BBB), which is a known feature of
epilepsy [24]. However, studies on experimental allergic encephalomyelitis (EAE) have
demonstrated that the destruction of the BBB and the infiltration of the immune cells are
two distinct events that occur several days apart [25]. Although BBB destruction leads to
plasma protein leakage and ion imbalance, it may not be adequate to induce the invasion of
immune cells into the central nervous system (CNS) [25-27]. Some of the studies analyzed
in this review reported on the existence of a temporal dissociation between BBB-induced
leakage and cell infiltration [11,12,14,19]; it is unlikely that cells simply infiltrate the brain
secondary to BBB disruption-induced leakage, although this phenomenon could facilitate
the release of chemoattractants into the circulation [20]. The series of reactions that lead
to the recruitment of peripheral cells and their infiltration into the brain are mediated
by various chemical mediators produced by the neurovascular unit (NVU), consisting of
neurons, perivascular astrocytes, microglia, pericytes, and endothelial cells. Studies have
observed the significant contributions of the C-C motif ligand 2 (CCL2) and interleukin
(IL)-1p to these responses [11,12]. The former affects monocyte migration, while the latter
possesses neurotoxic and pro-convulsant properties, and both cytokines are implicitly
involved in the pathogenesis of epilepsy [21,28].

However, the contribution of the relationship between the peripheral nervous system
and CNS to seizures and epilepsy-related pathologies is poorly understood. Therefore, this
narrative review sought to explore the current literature on the role of the link between
the peripheral nervous system and CNS in the pathogenesis of epilepsy, and highlight
novel directions for research into therapeutic interventions for epilepsy that target these
reactions.

2. Review
2.1. Innate Immunity
Microglia and Monocytes

Glial cells comprise more than 90% of the cellular component of the human brain and
can be categorized into two main populations: the macroglia (astrocytes and oligodendro-
cytes) and the microglia [29]. Microglial cells are known as the resident macrophages of
the CNS and are widely distributed throughout the brain and spinal cord [10]. Microglia
are observed before myelopoiesis during the fetal period [10]. The progenitor cells in the
yolk sac migrate to the brain via the circulatory system (formed at 8.5-10 days of fetal life)
at 7.5 days of fetal life and differentiate into microglia [30]. The microglia are then thought
to maintain their numbers, albeit slowly, through self-renewal [31,32]. On the other hand,
monocytes originate from the hematopoietic stem cells in the bone marrow, specifically
by the gradual and continuous proliferation of the progenitor cells [33]. The monocytes
can migrate to various tissues and differentiate into macrophages, which enables them to
infiltrate the brain and also differentiate into “microglia-like cells.” Therefore, differentia-
tion between these infiltrating “microglia-like cells” and the true resident microglia is a
difficult task [9,10]. Nevertheless, a recent microglial ablation study reported that mono-
cytes can imprint the CNS microenvironment, but remain transcriptionally, epigenetically,
and functionally distinct [34]. Studies have also reported that the activated resident mi-
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croglia and infiltrating monocytes exhibit different morphological and electrophysiological
characteristics [14].

Although it is extremely difficult to differentiate between resident microglia and
infiltrated monocytes, flow cytometry and genetic manipulation are two of the most
common methods that can apparently distinguish between the two cells.

2.2. Differentiation between Microglia and Monocytes
2.2.1. Markers of Monocytes

Monocytes can typically be identified based on the expression of CD14, CD16, CD64,
and the C-C chemokine receptor type 2 (CCR2) in humans [35,36], and Ly6C, CD43, CD11b,
and CCR2 in mice [37,38]. In addition to these markers, CD11b, CD14, CD16, and CD64 are
also known to be expressed in the microglia [39,40]. As human and mouse microglia are
highly homologous, these markers are expressed in both [41]. Some studies have indicated
that CD163 may be a specific marker for monocytes [19,42], although it is also expressed
by the microglia [43]. The genetic labeling method has recently become the mainstay for
labeling monocytes, although CD169 staining was considered to be a specific marker for
monocytes [44,45].

2.2.2. Genetic Modulation Methods

CCR2-red fluorescent protein (RFP) mice [11,12,14] have been used to investigate the
role of monocytes in epilepsy. Although CCR2 itself has been suggested to be expressed
in several cell types, including the astrocytes and microglia of the CNS [46,47], with the
exception of the microglia [48], CCR2-RFP labeling is thought to be specific for investigating
the role of monocytes in CNS pathologies [49]. The recent advances in genetic profiling
have identified the binding adaptor molecule 1 (IBA1) (a common marker), P2Y12 [45],
and transmembrane protein 119 (TMEM119) [50] as markers specific to microglia (Table 1).

Table 1. Genetic marker of monocytes and microglia.

Monocytes Microglia

Identified the binding adaptor molecule 1
CCR2-red fluorescent protein (RFP) [11,12,14] (IBA1) P2Y12 [45]
Transmembrane protein 119 (TMEM119) [50]

2.3. How Do Peripheral Monocytes Penetrate the Brain in the Pathogenesis of Epilepsy?

The infiltration of the brain parenchyma by peripheral immune cells may be consid-
ered to be a natural secondary sequela of BBB destruction [24]. Prolonged seizures are
known to be associated with increased BBB permeability, along with multiple changes in
BBB properties [51,52]. However, a time discrepancy exists between BBB disruption and
monocyte invasion. Monocyte infiltration is rarely observed until 24 h after the induction
of status epilepticus (SE) by kainic acid (KA) [11,12,14], while BBB permeability increases
rapidly within 6 h of KA administration, and the BBB is damaged within at least 24 h [52].
The infiltrating monocytes in the KA-induced seizure model were identified in the hip-
pocampal cornu ammonis 3 (CA3) and CAl in severe seizures, and only in the CA1 in mild
seizures; the severity of seizures influences the region of monocytic infiltration [14], but is
not likely to influence the time interval between peripheral and central infiltration [14].

Pilocarpine is a cholinergic agonist used as a tool to induce seizures. The peak BBB
disruption also occurred at 5 h in the pilocarpine SE mouse model [53], and the period of
monocyte infiltration was similar to that reported for the KA-induced SE mouse model [11].
Moreover, the infiltration of the CNS was thought to occur simply due to an increase in the
peripheral blood cells induced by the systemic action of pilocarpine-induced SE, but it has
been confirmed that pilocarpine does not increase the peripheral blood cells [11].
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2.4. Disruptive and Non-Disruptive Changes in the BBB

The epileptic model has shown that BBB alterations consist of both disruptive changes,
i.e., BBB leakage, and nondisruptive changes at the molecular level [52].

2.4.1. Disruptive Changes in the BBB

The disruptive changes occur within minutes, as shown by Evans Blue staining, and
excessive activation causes NVU dysfunction, leading to rapid BBB leakage; these changes
include endothelial damage, structural changes in the astrocytes, the destruction of tight
junctions, increased vesicular traffic, and the breakdown of the glia limitans [52,54]. The
fluorescence method demonstrated that BBB disruption occurs within 5 min of convulsions
in rats [55] and 10 min in pigs [56]. However, monocytic infiltration was not observed at
this point not only in the epileptic model [11,12,14], but also in the other models [25,26].

The disruption of the BBB in EAE, the animal correlate of multiple sclerosis, was
the highest at day 11, as shown by gadolinium-diethylenetriamine pentaacetic acid en-
hancement; monocyte infiltration was detected at the peak of the disease between days
14 and 17 [25]. A traumatic brain injury model demonstrated that BBB damage was ob-
served between 2 and 12 h post-trauma, and monocytes were observed within the cortical
parenchyma at 24 h, which completely filled the cortical lesion site within 72 h of injury [26].
This time discrepancy between BBB disruption and monocytic invasion implies that the
rapid alteration of the BBB (mainly leakage) alone may not allow for monocyte infiltration.

2.4.2. Non-Disruptive Changes

The release of cytokines/chemokines and/or enzymes by the astrocytic endfeet, en-
dothelial cells, and pericytes are among the demonstrated non-disruptive changes in the
BBB [52]. The release of pro-inflammatory cytokines, such as IL-1f3, and proteases, such as
matrix metalloproteases, by NVU cells, and the infiltration of leukocytes into the brain, can
subsequently lead to disruptive changes, such as the destruction of tight junctions and the
extracellular matrix [57,58]. Cellular stress stimulates the release of danger signals within
minutes to hours, which subsequently activates the Toll-like receptors on the glial cells,
which further activate the inflammatory genes and proteases, causing further BBB damage
within hours to days [54].

IL-1B has been identified to be one of the most implicitly involved cytokines in the
pathogenesis of epilepsy; IL-13 directly excites neurons via N-methyl-D-aspartate receptor
activation [59]. This IL-13-induced increase in neuronal excitability exacerbates neuronal
hyperactivity and excitotoxicity, resulting in severe hippocampal degeneration [12]. An
elevation in IL-13 mRNA, mainly in the glial cells of the hippocampus, was observed 2
h after SE induction with pilocarpine [60] and KA [61], and 1 to 2 h after heat-induced
convulsions in febrile SE models [62]. Tumor necrosis factor (TNF)-«, a well-known pro-
inflammatory pleiotropic cytokine also involved in the etiology of epilepsy [21,63], can
induce several responses, including proliferation, apoptosis, and inflammation [64]. TNF-«
mRNA decreased in the hippocampus 24 h after SE, and significantly increased 5 days after
SE, indicating a different behavior to IL-1{3 [60].

Both IL-13 and TNE-o promote the production of pro-inflammatory chemokines, such
as CCL2, CCL20, and the C-X-C muotif ligand 2 [65,66], and the potent chemoattractant
intercellular adhesion molecule 1 (ICAM)-1 [67,68], which induce immune cell migration,
in addition to exacerbating BBB disruption and neuroinflammation. CCL2, which is an
especially potent chemoattractant for cells of monocytic lineage [69-71], is produced by
hyperactive neurons and microglia [12]. The following changes were observed in the
mouse model of pilocarpine-induced seizures: CCL2 was expressed at 2 h, peaked at 24 h,
and returned to baseline levels after 5 days [60]. The expression of CCL2 also increased 1-3
days after intrahippocampal KA injection [12,72-74]. Upregulated CCL2 was also detected
in the brain tissue of patients with epilepsy [75,76].
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2.5. Identification of Peripheral Monocytes in the Brain

The activation of CCL2 triggers the adhesion of monocytes to the inflamed endothe-
lium via p-integrin pathways, and subsequently, the invasion of the brain parenchyma [77].
Recent rigorous studies have highlighted that peripheral monocytes were identified in
the brain parenchyma 1 day after pilocarpine- or KA-induced seizures using the genetic
modulation method of CCR2-RFP [11,12,14]. Monocytic infiltration peaked 3 days after
KA administration in the CA3 region, and declined by the seventh day [11,14].

2.6. Potential for Therapy by Controlling Monocytes

Knocking out CCR2, a receptor for CCL2, can virtually abolish the KA-induced
upregulation of IL-1(3 [12]; the activated resident microglia and infiltrated macrophages
are both sources of upregulated IL-1f after KA-induced seizures, as evidenced by the
confirmation of IL-1f3 expression in the microglia and monocytes [78]. Another recent
study showed similar results concerning the role of invading myeloid cells (including
monocytes) after SE, wherein the myeloid cells exhibited higher levels of TNF-« and
IL-13 compared to those in the microglia [79]. However, Varvel et al. reported that
blocking the entry of monocytes using the CCR2 knockout model mouse did not change
the mRNA levels of iNOS, CCL2, TNF-«, or IL-6 in the hippocampal tissues, but reduced
IL-1p by 50% (Table 2). The invading monocytes showed a 200-fold elevation in IL-13
mRNA compared to the control microglia; thus, the invading monocytes were found to
be the main source of IL-1f3 [11], although some studies suggest that neurons [12] and
astrocytes [80] are the sources of IL-1f3. Although the activation of CCR2 induces signal
transducer and activator of transcription 3 (STAT3) phosphorylation and IL-13 production,
the suppression of STAT3 by WP1066 can inhibit the seizure-induced expression of IL-1f3
and IBA-1, a microglial maker. However, the contribution of STAT3 to microglial activation
and monocyte infiltration could not be strictly distinguished [12]. Interestingly, our recent
studies indicated that brain pericytes activate the microglia by releasing IL-6 through the
JAK-STAT3 pathways, resulting in BBB breakdown [81,82]. IL-1f is also produced by
pericytes [83], and the principal cellular source of IL-1f is still being debated. The evidence
accumulated is suggestive of the critical role of STAT3 in CCL2/CCR2-mediated microglial
activation and IL-1f production, while the resident microglia, infiltrating monocytes, and
brain pericytes may be involved in the anticonvulsant effect of the STAT3 inhibitor.

Table 2. Immune profiles in representative mouse models.

Mouse Model Genetic Mouse Model mRNA Upregulation Significant Points
in Hippocampus
Blocking monocyte entry using the CCR2 KO
Varvel et al., Pilocarpine CCR2 RFP/+ IL-1B, IL-6 TNF-o, CCL2, model mouse did not alter iNOS, CCL2,
2016 [11] Kainic acid iNOS TNEF-«, or IL-6 mRNA levels in hippocampal
tissues, but reduced IL-1§3 by 50%.

Tian et al. P GFP/+. REP/ IL-1a,IL-13, IL-1RA, CCL2, Knocking out CCR2R can virtually abolish
2017 [12] Kainic acid CX3CR1L=HCCR2 T ©CL3, CCL5, CCL12, CXCL1O KA-induced IL-1B upregulation

IL: interleukin, TNF-o: tumor necrosis factor-«, CCL: C-C motif ligand, iNOS: inducible nitric oxide synthase, RA: receptor antagonist
CXCL1: C-X-C motif chemokine ligand.

2.7. Association between the Clinical Picture and the Monocytes or Microglia

From the clinical perspective, our recent flow cytometry analysis of pediatric patients
with DRE demonstrated higher levels of intracellular cytokines, such as IL-1p, in the
peripheral monocytes compared to the controls, which was correlated with the frequency
of seizures [84]. The examination of other cells, including T cells, and natural killer and
natural killer T cells, and plasma cytokines levels, including CCL2, TNF-«, and IL-6, did
not yield such results [84]. Moreover, the analysis of the brain tissue of pediatric patients
with DRE revealed that the seizure frequency was correlated with the number of infiltrating
peripherally monocytes, but not that of the microglia [16].
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Contrary to these results, other studies have found a positive correlation between
the degree of microgliosis and the severity of neuronal death and seizures [14,85], which
suggests that the resident microglia are primarily responsible for the pathogenesis of
epilepsy, instead of the peripheral monocytes. Monocytes contribute to the inflammatory
milieu in the brain simply by virtue of their infiltration, even in the absence of proinflam-
matory cytokine induction, whereas the induced expression of cytokines contributes to
neuroinflammation in the microglia [11]. However, the current study demonstrated that
non-inflammatory changes in the microglia disrupted the homeostasis of the CNS, and
caused a prominent decrease in synaptic density, while the microglia themselves infiltrated
the hippocampal pyramidal layer. These series of reactions lead to neuronal degeneration
and massive astrocytic proliferation, resulting in the development of severe early onset
spontaneous recurrent seizures in mice [86]. Although research has yet to clarify whether
the peripheral monocytes or resident microglia are the main triggers of epilepsy, the results
of our review suggest that the resident microglia and peripheral monocytes may be closely
involved in the pathogenesis of refractory epilepsy in children.

2.8. Adaptive Immunity
2.8.1. Experimental Evidence of the Invasion of Peripherally Adapted Immune Cells into
the Brain

There also exists mounting experimental evidence of the involvement of the adaptive
immune response in epilepsy and seizure disorders [5,7,15,58,79,87-89]. Unbiased quanti-
tative analysis revealed a gradual accumulation of CD3-positive, mainly CD8-positive T
cells (60-75%) in KA-treated mice, which attained peak levels 2 weeks after injection and
persisted at 4 weeks. Initially, the CD3-positive T cells were detected within the blood ves-
sels but were found mainly within the neuropils at 2—4 weeks [7]. In the case of electrically
induced seizures, CD4-positive and CD8-positive T cells, as well as CD45R-positive B cells,
appeared in brain parenchyma 24 h after a maximal seizure and reached peak levels at 48 h,
but were no longer detected at 7 days. The CD4-positive T cells and CD45R-positive B cells
were preferentially found in the neocortex compared to the hippocampus, whereas the
CD8-positive T cells were preferentially found in the hippocampus 24 h after a maximal
seizure [8]. Another recent study reported that CD4-positive cells were observed 96 h
after SE [79]. Thus, the timing of T-cell infiltration varies widely according to different
studies. These discrepancies may be attributed to the experimental method and type
of mice used, partially due to the fact that CD8- and CD4-positive T cells infiltrate the
brain parenchyma via different mechanisms [90,91]. However, a recent study analyzed
the pilocarpine-induced SE model and demonstrated that CD3-positive cells could not
be detected at any time-point during epileptogenesis in experimental epileptic mouse
models [19].

2.8.2. Association between the Clinical Picture and Cells of the T Lineage

The data accumulated by studies on CD8 infiltration into the brain tissue of human
patients with TLE are incontrovertible [7,15,58,88,89,92]. The infiltration of acquired im-
mune system cells, including CD8-positive or regulator T (T reg) cells, has also been found
in the tissues of patients with focal cortical dysplasia [16,93]. Although some studies also
demonstrated the infiltration of CD4-positive T cells [15,94], their evidence was limited.

The greater infiltration of CD8-positive cytotoxic T lymphocytes (CTLs) than that of
the CD4-positive or CD68-positive microglia/macrophages in certain CA1 regions of the
hippocampus showed a greater positive correlation with neuronal loss [15]. Besides the role
of CD68-positive microglia/macrophages, this finding is consistent with the conclusion
of previous studies that neuronal loss was significantly greater in the CA1 region than in
the other sub-hippocampal regions in hippocampal sclerosis [95], and that CD8-positive
CTL infiltration was the main causative factor [7,15,58,88,89,92]. While a recent study
demonstrated that IL-17-producing v$ T lymphocytes are concentrated in the epileptogenic
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zone, and their numbers were positively correlated with seizure severity, the number of
brain-infiltrating T reg cells was inversely correlated with disease severity [16].
Neurodegeneration and spontaneous recurrent seizures were markedly exacerbated
after KA treatment in recombinant activating gene 1 (RAG1) knockout mice that lacked
T and B cells [7]. Both v T cell- and IL-17RA-deficient mice and recipients of T reg cells
have suppressed seizure activity, whereas inactivating/depleting the T reg cells with either
anti-CD25 antibodies [96,97] or thymidine injection [98] exacerbates seizure severity. The
innate immune system responds more rapidly to seizure events compared to the acquired
immune system, and some researchers argue that the former plays a prominent role in the
development of epilepsy [88,92]. Although the activation of the adaptive immune response
may depend on the type of epilepsy, animal model, species, or neuropathology [19], these
findings indicate that the acquired immune system is also involved in the pathogenesis of

epilepsy.

2.9. Role of Pericytes in the Link between Peripheral Immune Cells and the Brain

Pericytes provide physical support to the BBB and play an integral role in CNS home-
ostasis and BBB function [99]. They can regulate the migration of leukocytes across the
brain microvascular endothelial cell barrier [100-102]. Pericytes can secrete chemokines,
including CCL2, and help recruit peripheral immune cells, including monocytes, B and T
cells, and neutrophils to the CNS parenchyma via the upregulation of ICAM-1 and vascular
cell adhesion molecule 1 on the endothelium [103-107]. Recent studies conducted by us
and other researchers have demonstrated that brain pericytes respond to inflammatory
signals, such as circulating cytokines, IL-1f3, and TNF-«, and convey this information to
the surrounding cells through chemokine and cytokine secretions [83,105-109]. Moreover,
our recent studies found that pericytes may act as sensors for the inflammatory response in
the CNS, as they react more intensely to TNF-a and proinflammatory cytokines than other
cell types (e.g., brain endothelial cells or microglia), and release MMP-9 (impairing BBB
function) and IL-6 (activating microglia) [81,106,110,111]. Recent experiences highlight the
substantive role of pericytes in the pathogenesis of epilepsy [23,112-116]. Cerebrovascular
pericytes undergo redistribution and remodeling, potentially contributing to BBB perme-
ability, and inflammatory cytokines including IL-1f3, TNF«, and IL-6 are deeply involved
in the pathogenesis of pericyte-mediated epilepsy [117].

In addition, it was demonstrated that, apart from IL-6, these inflammatory cytokines
induced IL-8 and MMP-9 release from brain pericytes, and then reduced neutrophil ad-
hesion to brain pericytes and facilitated neutrophil transmigration across the BBB [118].
Based on these data, the possibility that brain pericytes act as sensors of inflammatory
stimuli and effectors of inflammatory stimuli through MMP-9 and IL-8 release, and there-
fore have a role in peripheral immune cell transmigration to the brain parenchyma and
seizure development, should be considered. In fact, pericyte regulation leads to seizure
suppression, as demonstrated in vivo [115] and in vitro [116].

Pericyte regulation leads to the suppression of seizures, as demonstrated in vivo [116]
and in vitro [115]. These results underline the potential use of pericytes as a therapeutic tar-
get for seizure disorders. The role of pericytes in maintaining BBB integrity and recruiting
leukocytes suggests that they may be involved in the pathogenesis of peripheral immune
cells in epilepsy, but so far, there is no evidence to confirm this hypothesis. In the pathogen-
esis of epilepsy, pericytes take on a phenotype that is neither pro- nor anti-inflammatory
only [118]. Pericyte suppression may not be sufficient to improve the treatment of epilepsy,
and may need to be combined with various therapies for a tailored treatment for affected
children.

Prolonged seizures can cause disruptive changes in the BBB; leakage can occur within
minutes (5 min of convulsions in rats [55] and 10 min in pigs [56]) and can result in the ex-
posure of brain tissue to proteins from the blood vessels. This is followed by non-disruptive
changes in the BBB with the release of cytokines and other substances. The upregulation of
IL-1$3, mainly in the glial cells of the hippocampus, was detected about 2 h after SE [60,61].
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IL-1p stimulates the production of CCL2 [66] and the potent chemoattractant ICAM-1 [68]
by the microglia, vascular endothelial cells, pericytes and neurons; the activation of CCL2
triggers the adhesion of monocytes to the inflamed endothelium, followed by infiltra-
tion into the brain parenchyma [77]. Peripheral monocytes are identified in the brain
parenchyma 1 day after the seizure, peaking 3 days later, and decrease by the seventh
day [11,12,14].

The components of adaptive immunity, i.e., the CD4+ and CD8+ T cells, appear in
brain tissue 2448 h after convulsions and disappear after 7 days [8]. However, some
studies have reported that CD4 cells were observed 96 h after SE [79], and that the T-cell
lineage was not identified in the brain tissue after seizures [19].

BBB: blood-brain barrier; CCL2: chemokines chemokine C-C motif ligand 2; SE: status
epilepticus; ICAM-1 intercellular adhesion molecule 1.

3. Conclusions

In this review, we found evidence that the peripheral immune cells, especially mono-
cytes, may be involved in the pathogenesis of epilepsy via invasion of the CNS. Genetic
manipulation has enabled the differentiation between peripheral monocytes and resident
microglia, which was historically the greatest obstacle in examining the mechanism by
which the peripheral monocytes invade the CNS and participate in the pathogenesis of
epilepsy [11,14,78]. However, the issue of monocyte infiltration remains challenging be-
cause this method cannot be used in humans. With respect to the time course of innate
immune responses in mouse models of epilepsy, recent reports have consistently shown a
relatively acute innate immune response (1-3 days) that disappears in 7-14 days [11,12,14].
As for the examination of acquired immunity, CD8 seems to play a major role in hu-
mans [7,15,58,88,89,92], but not in mice, with a wide infiltration time scale [7,8,19,79]
(Figure 1, Table 3). Despite the general unfeasibility of comparisons between mouse and
human studies, there is no denying that peripheral immune cells are involved in the
pathogenesis of epilepsy.
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Figure 1. Representation of associations between the peripheral immune cells and brain in experi-

mental models investigating epileptogenesis.
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Table 3. Time course of innate and adaptive immune responses in experimental models of epilepsy.

Kainic acid-treated mice

Monocytes CD4+ CD8+
Initially appears within blood ~ Appears, peaks 2 weeks after
Appears from day 1, peaksin  vessels but mainly within the injection and persists at
3 days, disappears in neuropils at 24 weeks [7] 4 weeks [7]

Pilocarpine-treated

7-14 days [11,12,14] Appears after 96 h [79] Not described

Electrical stimulation

Appears after 24-48 h and disappears after 7 days [8]
Not identified [19]

Not described

Notably, the peripheral monocytes and resident microglia were also found to differ
considerably with respect to their morphological, dynamic, and electrophysiological prop-
erties [14]: the invading monocytes have distinctly higher levels of IL-13 mRNA compared
to the microglia [11]. Interestingly, one study has also suggested that monocytic infiltration
triggers the activation of endogenous microglia after seizure induction [12], and that sup-
pressing monocytic infiltration may facilitate the regulation of the resident microglia. In
either case, seizures are suppressed by inhibiting the entry of monocytes into the brain by
CCR2 knockout [11,69] and CCR2 antagonists [119,120], while the neuroprotective effects of
monocytes have also been postulated [121,122]. Moreover, the knockout of T and B cells [7]
or the suppression of T reg cells leads to a decline in seizure activity [96-98]. Long-term
evaluations, including those of cognitive function, of the effects of suppressing the invasion
of the immune system into the brain are essential in future experimental models.

Currently, the use of natalizumab (Tysabri) [123] and fingolimod (Gilenya) [124],
FDA-approved drugs that prevent the migration of white blood cells into the brain, are
recommended for the treatment of relapsing remitting multiple sclerosis (MS). The ap-
plication to epilepsy treatment is still in its experimental stages, but there are potential
natalizumab [125,126] and fingolimod [127,128] treatments. Natalizumab, a humanized
monoclonal antibody, is an «4 integrin antagonist of an agents class known as selective
adhesion-molecule inhibitors [129] that acts by inhibiting immune cell migration across
the BBB [130]. Progressive multifocal leukoencephalopathy (PML) develops as an adverse
effect [131], while intractable epilepsy associated with PML has also been reported [132].
Fingolimod is a substrate of sphingosine kinases that binds to sphingosine-1-phosphate
receptors [133] and leads to immunomodulation by lymphocyte sequestration, reducing
the numbers of T and B cells in circulation [134]. This agent is well tolerated, but may cause
hepatic damage, infection, bradycardia, and rarely, leukoencephalopathy [135].

Another alternative could be the use of stem cell therapies. Human pluripotent stem
cells, derived from brain pericyte-like cells, can result in the strengthening of the BBB and
the reduction of transcytosis [136]. All of the above methods could be applied to develop
new strategies to selectively and specifically target pericytes in epilepsy.

Given the scarcity of knowledge on the role of the link between the peripheral nervous
system and CNS in seizures and epilepsy-related pathologies, further studies are warranted
to investigate these reactions as potential therapeutic targets for epilepsy.

Author Contributions: Conceptualization, G.Y.; investigation, S.M., T.T., YW.,,S.S,, Y.I,,S.0. and T.Y,;
writing—original draft preparation, G.Y.; writing—review and editing, E.T.; supervision, H.K. All
authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by the Kawano Masanori Memorial Foundation for Promotion
of Pediatrics in Japan (Grant 30-7), and Japan Epilepsy Research Foundation (20012).

Institutional Review Board Statement: We confirm that we have read the journal’s position on
the issues associated with ethical publication and affirm that this report is consistent with these
guidelines.

Informed Consent Statement: Not applicable.



Int. . Mol. Sci. 2021, 22, 4395 10 of 15

Data Availability Statement: The datasets generated and/or analyzed during the current study
are available at the PubMed database repository (https://pubmed.ncbi.nlm.nih.gov/, accessed on
1 March 2021).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Ngugi, A.K,; Bottomley, C.; Kleinschmidt, I.; Sander, ].W.; Newton, C.R. Estimation of the burden of active and life-time epilepsy:
A meta-analytic approach. Epilepsia 2010, 51, 883-890. [CrossRef]

Kwan, P; Arzimanoglou, A.; Berg, A.T.; Brodie, M.].; Hauser, W.A.; Mathern, G.; Moshé, S.L.; Perucca, E.; Wiebe, S.; French, J.
Definition of drug resistant epilepsy: Consensus proposal by the ad hoc Task Force of the ILAE Commission on Therapeutic
Strategies. Epilepsia 2010, 51, 1069-1077. [CrossRef]

Ryvlin, P.; Nashef, L.; Tomson, T. Prevention of sudden unexpected death in epilepsy: A realistic goal? Epilepsia 2013, 54 (Suppl. 2),
23-28. [CrossRef]

Devinsky, O.; Hesdorffer, D.C.; Thurman, D.J.; Lhatoo, S.; Richerson, G. Sudden unexpected death in epilepsy: Epidemiology,
mechanisms, and prevention. Lancet Neurol. 2016, 15, 1075-1088. [CrossRef]

Vezzani, A.; Lang, B.; Aronica, E. Immunity and Inflammation in Epilepsy. Cold Spring Harb. Perspect. Med. 2015, 6, a022699.
[CrossRef]

Granata, T.; Cross, H.; Theodore, W.; Avanzini, G. Immune-mediated epilepsies. Epilepsia 2011, 52 (Suppl. 3), 5-11. [CrossRef]
Zattoni, M.; Mura, M.L.; Deprez, E.; Schwendener, R.A.; Engelhardt, B.; Frei, K.; Fritschy, ].M. Brain infiltration of leukocytes
contributes to the pathophysiology of temporal lobe epilepsy. J. Neurosci. 2011, 31, 4037-4050. [CrossRef]

Silverberg, J.; Ginsburg, D.; Orman, R.; Amassian, V.,; Durkin, H.G.; Stewart, M. Lymphocyte infiltration of neocortex and
hippocampus after a single brief seizure in mice. Brain. Behav. Immun. 2010, 24, 263-272. [CrossRef]

Djukic, M.; Mildner, A.; Schmidt, H.; Czesnik, D.; Briick, W,; Priller, J.; Nau, R.; Prinz, M. Circulating monocytes engraft in
the brain, differentiate into microglia and contribute to the pathology following meningitis in mice. Brain 2006, 129, 2394-2403.
[CrossRef]

Ginhoux, F; Lim, S.; Hoeffel, G.; Low, D.; Huber, T. Origin and differentiation of microglia. Front. Cell. Neurosci. 2013, 7, 45.
[CrossRef]

Varvel, N.H.; Neher, ].].; Bosch, A.; Wang, W.; Ransohoff, R.M.; Miller, R ].; Dingledine, R. Infiltrating monocytes promote brain
inflammation and exacerbate neuronal damage after status epilepticus. Proc. Natl. Acad. Sci. USA 2016, 113, E5665-E5674.
[CrossRef]

Tian, D.S.; Peng, J.; Murugan, M.; Feng, L.].; Liu, J.L.; Eyo, U.B.; Zhou, L.J.; Mogilevsky, R.; Wang, W.; Wu, L.J. Chemokine
CCL2-CCR2 Signaling Induces Neuronal Cell Death via STAT3 Activation and IL-13 Production after Status Epilepticus. J.
Neurosci. 2017, 37, 7878-7892. [CrossRef]

Kaufer, C.; Chhatbar, C.; Broer, S.; Waltl, I.; Ghita, L.; Gerhauser, I.; Kalinke, U.; Loscher, W. Chemokine receptors CCR2 and
CX3CR1 regulate viral encephalitis-induced hippocampal damage but not seizures. Proc. Natl. Acad. Sci. USA 2018, 115,
E8929-E8938. [CrossRef] [PubMed]

Feng, L.; Murugan, M.; Bosco, D.B.; Liu, Y,; Peng, J.; Worrell, G.A.; Wang, H.L.; Ta, L.E.; Richardson, ].R.; Shen, Y.; et al. Microglial
proliferation and monocyte infiltration contribute to microgliosis following status epilepticus. Glia 2019, 67, 1434-1448. [CrossRef]
Lu, J.Q.; Steve, T.A.; Wheatley, M.; Gross, D.W. Immune Cell Infiltrates in Hippocampal Sclerosis: Correlation with Neuronal
Loss. J. Neuropathol. Exp. Neurol. 2017, 76, 206-215. [CrossRef] [PubMed]

Xu, D.; Robinson, A.P; Ishii, T.; Duncan, D.S.; Alden, T.D.; Goings, G.E.; Ifergan, I.; Podojil, ].R.; Penaloza-MacMaster, P.; Kearney,
J.A.; et al. Peripherally derived T regulatory and gammadelta T cells have opposing roles in the pathogenesis of intractable
pediatric epilepsy. J. Exp. Med. 2018, 215, 1169-1186. [CrossRef] [PubMed]

Owens, G.C.; Garcia, A.].; Mochizuki, A.Y.; Chang, ] W.; Reyes, S.D.; Salamon, N.; Prins, R.M.; Mathern, G.W.; Fallah, A. Evidence
for Innate and Adaptive Immune Responses in a Cohort of Intractable Pediatric Epilepsy Surgery Patients. Front. Immunol. 2019,
10, 121. [CrossRef] [PubMed]

Kumar, P; Shih, D.C.W.,; Lim, A,; Paleja, B.; Ling, S.; Li Yun, L.; Li Poh, S.; Ngoh, A.; Arkachaisri, T.; Yeo, ]J.G.; et al. Pro-
inflammatory, IL-17 pathways dominate the architecture of the immunome in pediatric refractory epilepsy. JCI Insight 2019, 5,
e126337. [CrossRef] [PubMed]

Broekaart, D.W.M.; Anink, ].].; Baayen, ].C.; Idema, S.; de Vries, H.E.; Aronica, E.; Gorter, ].A; van Vliet, E.A. Activation of the
innate immune system is evident throughout epileptogenesis and is associated with blood-brain barrier dysfunction and seizure
progression. Epilepsia 2018, 59, 1931-1944. [CrossRef]

Bosco, D.B.; Tian, D.S.; Wu, L.J. Neuroimmune interaction in seizures and epilepsy: Focusing on monocyte infiltration. FEBS ].
2020, 287, 4822-4837. [CrossRef]

Vezzani, A.; Balosso, S.; Ravizza, T. Neuroinflammatory pathways as treatment targets and biomarkers in epilepsy. Nat. Rev.
Neurol. 2019, 15, 459—472. [CrossRef]

Marchi, N.; Banjara, M.; Janigro, D. Blood-brain barrier, bulk flow, and interstitial clearance in epilepsy. J. Neurosci. Methods 2016,
260, 118-124. [CrossRef]


https://pubmed.ncbi.nlm.nih.gov/
http://doi.org/10.1111/j.1528-1167.2009.02481.x
http://doi.org/10.1111/j.1528-1167.2009.02397.x
http://doi.org/10.1111/epi.12180
http://doi.org/10.1016/S1474-4422(16)30158-2
http://doi.org/10.1101/cshperspect.a022699
http://doi.org/10.1111/j.1528-1167.2011.03029.x
http://doi.org/10.1523/JNEUROSCI.6210-10.2011
http://doi.org/10.1016/j.bbi.2009.10.006
http://doi.org/10.1093/brain/awl206
http://doi.org/10.3389/fncel.2013.00045
http://doi.org/10.1073/pnas.1604263113
http://doi.org/10.1523/JNEUROSCI.0315-17.2017
http://doi.org/10.1073/pnas.1806754115
http://www.ncbi.nlm.nih.gov/pubmed/30181265
http://doi.org/10.1002/glia.23616
http://doi.org/10.1093/jnen/nlx001
http://www.ncbi.nlm.nih.gov/pubmed/28395090
http://doi.org/10.1084/jem.20171285
http://www.ncbi.nlm.nih.gov/pubmed/29487082
http://doi.org/10.3389/fimmu.2019.00121
http://www.ncbi.nlm.nih.gov/pubmed/30761153
http://doi.org/10.1172/jci.insight.126337
http://www.ncbi.nlm.nih.gov/pubmed/30912766
http://doi.org/10.1111/epi.14550
http://doi.org/10.1111/febs.15428
http://doi.org/10.1038/s41582-019-0217-x
http://doi.org/10.1016/j.jneumeth.2015.06.011

Int. . Mol. Sci. 2021, 22, 4395 11 0f 15

23. Milesi, S.; Boussadia, B.; Plaud, C.; Catteau, M.; Rousset, M.C.; De Bock, F.; Schaeffer, M.; Lerner-Natoli, M.; Rigau, V.; Marchi, N.
Redistribution of PDGFR} cells and NG2DsRed pericytes at the cerebrovasculature after status epilepticus. Neurobiol. Dis. 2014,
71,151-158. [CrossRef]

24. Oby, E.; Janigro, D. The blood-brain barrier and epilepsy. Epilepsia 2006, 47, 1761-1774. [CrossRef]

25. Floris, S.; Blezer, E.L.; Schreibelt, G.; Dopp, E.; van der Pol, S.M.; Schadee-Eestermans, I.L.; Nicolay, K.; Dijkstra, C.D.; de Vries,
H.E. Blood-brain barrier permeability and monocyte infiltration in experimental allergic encephalomyelitis: A quantitative MRI
study. Brain 2004, 127, 616-627. [CrossRef] [PubMed]

26. Soares, H.D.; Hicks, R.R.; Smith, D.; McIntosh, T.K. Inflammatory leukocytic recruitment and diffuse neuronal degeneration are
separate pathological processes resulting from traumatic brain injury. J. Neurosci. 1995, 15, 8223-8233. [CrossRef] [PubMed]

27. Obermeier, B.; Daneman, R.; Ransohoff, R.M. Development, maintenance and disruption of the blood-brain barrier. Nat. Med.
2013, 19, 1584-1596. [CrossRef] [PubMed]

28. de Vries, E.E.; van den Munckhof, B.; Braun, K.P.; van Royen-Kerkhof, A.; de Jager, W.; Jansen, EE. Inflammatory mediators in
human epilepsy: A systematic review and meta-analysis. Neurosci. Biobehav. Rev. 2016, 63, 177-190. [CrossRef] [PubMed]

29. Greter, M.; Merad, M. Regulation of microglia development and homeostasis. Glia 2013, 61, 121-127. [CrossRef] [PubMed]

30. Ginhoux, E; Greter, M.; Leboeuf, M.; Nandji, S.; See, P.; Gokhan, S.; Mehler, M.E.; Conway, S.J.; Ng, L.G.; Stanley, E.R,; et al.
Fate mapping analysis reveals that adult microglia derive from primitive macrophages. Science 2010, 330, 841-845. [CrossRef]
[PubMed]

31. Ajami, B.; Bennett, ].L.; Krieger, C.; Tetzlaff, W.; Rossi, EM. Local self-renewal can sustain CNS microglia maintenance and
function throughout adult life. Nat. Neurosci. 2007, 10, 1538-1543. [CrossRef] [PubMed]

32. Réu, P; Khosravi, A.; Bernard, S.; Mold, J.E.; Salehpour, M.; Alkass, K.; Perl, S.; Tisdale, J.; Possnert, G.; Druid, H.; et al. The
Lifespan and Turnover of Microglia in the Human Brain. Cell Rep. 2017, 20, 779-784. [CrossRef] [PubMed]

33. Ginhoux, F; Jung, S. Monocytes and macrophages: Developmental pathways and tissue homeostasis. Nat. Rev. Immunol. 2014,
14, 392-404. [CrossRef] [PubMed]

34. Lund, H.; Pieber, M.; Parsa, R.; Han, J.; Grommisch, D.; Ewing, E.; Kular, L.; Needhamsen, M.; Espinosa, A.; Nilsson, E.; et al.
Competitive repopulation of an empty microglial niche yields functionally distinct subsets of microglia-like cells. Nat. Commun.
2018, 9, 4845. [CrossRef]

35. Ziegler-Heitbrock, H.W. Definition of human blood monocytes. J. Leukoc. Biol. 2000, 67, 603-606. [CrossRef]

36. Ong, SM,; Teng, K.; Newell, E.; Chen, H.; Chen, ]J.; Loy, T.; Yeo, TW.; Fink, K.; Wong, S.C. A Novel, Five-Marker Alternative to
CD16-CD14 Gating to Identify the Three Human Monocyte Subsets. Front. Immunol. 2019, 10, 1761. [CrossRef]

37. Ritzel, RM,; Patel, A.R.; Grenier, ].M.; Crapser, J.; Verma, R.; Jellison, E.R.; McCullough, L.D. Functional differences between
microglia and monocytes after ischemic stroke. J. Neuroinflamm. 2015, 12, 106. [CrossRef] [PubMed]

38. Li, Q. Lan, X,; Han, X.; Wang, J. Expression of Tmem119/Salll and Ccr2/CD69 in FACS-Sorted Microglia- and Monocyte/Macrophage-
Enriched Cell Populations After Intracerebral Hemorrhage. Front. Cell. Neurosci. 2018, 12, 520. [CrossRef] [PubMed]

39. Jeong, HK,Ji, K.; Min, K;; Joe, E.H. Brain inflammation and microglia: Facts and misconceptions. Exp. Neurobiol. 2013, 22, 59-67.
[CrossRef] [PubMed]

40. Walker, D.G.; Lue, L.FE. Immune phenotypes of microglia in human neurodegenerative disease: Challenges to detecting microglial
polarization in human brains. Alzheimers Res. Ther. 2015, 7, 56. [CrossRef]

41. Greter, M; Lelios, I.; Croxford, A.L. Microglia Versus Myeloid Cell Nomenclature during Brain Inflammation. Front. Immunol.
2015, 6, 249. [CrossRef] [PubMed]

42. Dijkstra, C.D.; Dopp, E.A.; Joling, P.; Kraal, G. The heterogeneity of mononuclear phagocytes in lymphoid organs: Distinct
macrophage subpopulations in the rat recognized by monoclonal antibodies ED1, ED2 and ED3. Immunology 1985, 54, 589-599.
[PubMed]

43. Pey, P, Pearce, R.K,; Kalaitzakis, M.E.; Griffin, W.S.; Gentleman, S.M. Phenotypic profile of alternative activation marker CD163 is
different in Alzheimer’s and Parkinson’s disease. Acta Neuropathol. Commun. 2014, 2, 21. [CrossRef] [PubMed]

44. Gordon, S.; Pliiddemann, A.; Martinez Estrada, F. Macrophage heterogeneity in tissues: Phenotypic diversity and functions.
Immunol. Rev. 2014, 262, 36-55. [CrossRef] [PubMed]

45. Gu, N,; Peng, J.; Murugan, M.; Wang, X.; Eyo, U.B.; Sun, D.; Ren, Y.; DiCicco-Bloom, E.; Young, W.; Dong, H.; et al. Spinal
Microgliosis Due to Resident Microglial Proliferation Is Required for Pain Hypersensitivity after Peripheral Nerve Injury. Cell
Rep. 2016, 16, 605-614. [CrossRef]

46. El Khoury, J.; Toft, M.; Hickman, S.E.; Means, T.K.; Terada, K.; Geula, C.; Luster, A.D. Ccr2 deficiency impairs microglial
accumulation and accelerates progression of Alzheimer-like disease. Nat. Med. 2007, 13, 432-438. [CrossRef] [PubMed]

47. Banisadr, G.; Gosselin, R.D.; Mechighel, P.; Rostene, W.; Kitabgi, P.; Mélik Parsadaniantz, S. Constitutive neuronal expression of
CCR2 chemokine receptor and its colocalization with neurotransmitters in normal rat brain: Functional effect of MCP-1/CCL2 on
calcium mobilization in primary cultured neurons. J. Comp. Neurol. 2005, 492, 178-192. [CrossRef]

48. Mizutani, M.; Pino, P.A.; Saederup, N.; Charo, LE,; Ransohoff, R.M.; Cardona, A.E. The fractalkine receptor but not CCR2 is
present on microglia from embryonic development throughout adulthood. J. Immunol. 2012, 188, 29-36. [CrossRef]

49. Saederup, N.; Cardona, A.E.; Croft, K.; Mizutani, M.; Cotleur, A.C.; Tsou, C.L.; Ransohoff, R.M.; Charo, L.F. Selective chemokine
receptor usage by central nervous system myeloid cells in CCR2-red fluorescent protein knock-in mice. PLoS ONE 2010, 5, e13693.
[CrossRef]


http://doi.org/10.1016/j.nbd.2014.07.010
http://doi.org/10.1111/j.1528-1167.2006.00817.x
http://doi.org/10.1093/brain/awh068
http://www.ncbi.nlm.nih.gov/pubmed/14691063
http://doi.org/10.1523/JNEUROSCI.15-12-08223.1995
http://www.ncbi.nlm.nih.gov/pubmed/8613756
http://doi.org/10.1038/nm.3407
http://www.ncbi.nlm.nih.gov/pubmed/24309662
http://doi.org/10.1016/j.neubiorev.2016.02.007
http://www.ncbi.nlm.nih.gov/pubmed/26877106
http://doi.org/10.1002/glia.22408
http://www.ncbi.nlm.nih.gov/pubmed/22927325
http://doi.org/10.1126/science.1194637
http://www.ncbi.nlm.nih.gov/pubmed/20966214
http://doi.org/10.1038/nn2014
http://www.ncbi.nlm.nih.gov/pubmed/18026097
http://doi.org/10.1016/j.celrep.2017.07.004
http://www.ncbi.nlm.nih.gov/pubmed/28746864
http://doi.org/10.1038/nri3671
http://www.ncbi.nlm.nih.gov/pubmed/24854589
http://doi.org/10.1038/s41467-018-07295-7
http://doi.org/10.1002/jlb.67.5.603
http://doi.org/10.3389/fimmu.2019.01761
http://doi.org/10.1186/s12974-015-0329-1
http://www.ncbi.nlm.nih.gov/pubmed/26022493
http://doi.org/10.3389/fncel.2018.00520
http://www.ncbi.nlm.nih.gov/pubmed/30687011
http://doi.org/10.5607/en.2013.22.2.59
http://www.ncbi.nlm.nih.gov/pubmed/23833554
http://doi.org/10.1186/s13195-015-0139-9
http://doi.org/10.3389/fimmu.2015.00249
http://www.ncbi.nlm.nih.gov/pubmed/26074918
http://www.ncbi.nlm.nih.gov/pubmed/3882559
http://doi.org/10.1186/2051-5960-2-21
http://www.ncbi.nlm.nih.gov/pubmed/24528486
http://doi.org/10.1111/imr.12223
http://www.ncbi.nlm.nih.gov/pubmed/25319326
http://doi.org/10.1016/j.celrep.2016.06.018
http://doi.org/10.1038/nm1555
http://www.ncbi.nlm.nih.gov/pubmed/17351623
http://doi.org/10.1002/cne.20729
http://doi.org/10.4049/jimmunol.1100421
http://doi.org/10.1371/journal.pone.0013693

Int. . Mol. Sci. 2021, 22, 4395 12 of 15

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Bennett, M.L.; Bennett, EC.; Liddelow, S.A.; Ajami, B.; Zamanian, J.L.; Fernhoff, N.B.; Mulinyawe, S.B.; Bohlen, C.J.; Adil,
A.; Tucker, A.; et al. New tools for studying microglia in the mouse and human CNS. Proc. Natl. Acad. Sci. USA 2016, 113,
E1738-E1746. [CrossRef] [PubMed]

Gorter, J.A.; van Vliet, E.A.; Aronica, E. Status epilepticus, blood-brain barrier disruption, inflammation, and epileptogenesis.
Epilepsy Behav. 2015, 49, 13-16. [CrossRef] [PubMed]

van Vliet, E.A.; Otte, WM.; Gorter, ].A.; Dijkhuizen, R.M.; Wadman, W.]J. Longitudinal assessment of blood-brain barrier leakage
during epileptogenesis in rats. A quantitative MRI study. Neurobiol. Dis. 2014, 63, 74-84. [CrossRef] [PubMed]

Mendes, N.F,; Pansani, A.P.; Carmanhaes, E.R.F,; Tange, P.; Meireles, ].V.; Ochikubo, M.; Chagas, J.R.; da Silva, A.V.; Monteiro de
Castro, G.; Le Sueur-Maluf, L. The Blood-Brain Barrier Breakdown During Acute Phase of the Pilocarpine Model of Epilepsy Is
Dynamic and Time-Dependent. Front. Neurol. 2019, 10, 382. [CrossRef] [PubMed]

Gorter, ].A.; Aronica, E.; van Vliet, E.A. The Roof is Leaking and a Storm is Raging: Repairing the Blood-Brain Barrier in the Fight
Against Epilepsy. Epilepsy Curr. 2019, 19, 177-181. [CrossRef] [PubMed]

Vazana, U.; Veksler, R.; Pell, G.S.; Prager, O.; Fassler, M.; Chassidim, Y.; Roth, Y.; Shahar, H.; Zangen, A.; Raccah, R.; et al.
Glutamate-Mediated Blood-Brain Barrier Opening: Implications for Neuroprotection and Drug Delivery. J. Neurosci. 2016, 36,
7727-7739. [CrossRef] [PubMed]

Librizzi, L.; Noe, F.; Vezzani, A.; de Curtis, M.; Ravizza, T. Seizure-induced brain-borne inflammation sustains seizure recurrence
and blood-brain barrier damage. Ann. Neurol. 2012, 72, 82-90. [CrossRef] [PubMed]

Ferrari, C.C.; Depino, A.M.; Prada, F.; Muraro, N.; Campbell, S.; Podhajcer, O.; Perry, V.H.; Anthony, D.C.; Pitossi, FJ. Reversible
demyelination, blood-brain barrier breakdown, and pronounced neutrophil recruitment induced by chronic IL-1 expression in
the brain. Am. J. Pathol. 2004, 165, 1827-1837. [CrossRef]

Fabene, P.F.; Navarro Mora, G.; Martinello, M.; Rossi, B.; Merigo, E; Ottoboni, L.; Bach, S.; Angiari, S.; Benati, D.; Chakir, A.; et al.
A role for leukocyte-endothelial adhesion mechanisms in epilepsy. Nat. Med. 2008, 14, 1377-1383. [CrossRef]

Vezzani, A.; Conti, M.; De Luigi, A.; Ravizza, T.; Moneta, D.; Marchesi, F.; De Simoni, M.G. Interleukin-1beta immunoreactivity
and microglia are enhanced in the rat hippocampus by focal kainate application: Functional evidence for enhancement of
electrographic seizures. J. Neurosci. 1999, 19, 5054-5065. [CrossRef] [PubMed]

Arisi, G.M.; Foresti, M.L.; Katki, K.; Shapiro, L.A. Increased CCL2, CCL3, CCL5, and IL-1beta cytokine concentration in piriform
cortex, hippocampus, and neocortex after pilocarpine-induced seizures. J. Neuroinflamm. 2015, 12, 129. [CrossRef]

Vezzani, A.; Moneta, D.; Richichi, C.; Aliprandi, M.; Burrows, S.J.; Ravizza, T.; Perego, C.; De Simoni, M.G. Functional role of
inflammatory cytokines and antiinflammatory molecules in seizures and epileptogenesis. Epilepsia 2002, 43 (Suppl. 5), 30-35.
[CrossRef] [PubMed]

Patterson, K.P,; Brennan, G.P; Curran, M.; Kinney-Lang, E.; Dubé, C.; Rashid, F; Ly, C.; Obenaus, A.; Baram, T.Z. Rapid,
Coordinate Inflammatory Responses after Experimental Febrile Status Epilepticus: Implications for Epileptogenesis. Eneuro 2015,
2. [CrossRef] [PubMed]

Patel, D.C.; Wallis, G.; Dahle, E.J.; McElroy, P.B.; Thomson, K.E.; Tesi, R.].; Szymkowski, D.E.; West, PJ.; Smeal, R M.; Patel, M.;
et al. Hippocampal TNFa Signaling Contributes to Seizure Generation in an Infection-Induced Mouse Model of Limbic Epilepsy.
Eneuro 2017, 4. [CrossRef] [PubMed]

Woo, C.H.; Eom, Y.W.; Yoo, M.H.; You, H.J.; Han, H.J.; Song, W.K; Yoo, Y.J.; Chun, J.S.; Kim, ].H. Tumor necrosis factor-alpha
generates reactive oxygen species via a cytosolic phospholipase A2-linked cascade. ]. Biol. Chem. 2000, 275, 32357-32362.
[CrossRef]

Sheng, W.S.; Hu, S.; Ni, H.T.; Rowen, T.N.; Lokensgard, J.R.; Peterson, PK. TNF-alpha-induced chemokine production and
apoptosis in human neural precursor cells. ]. Leukoc. Biol. 2005, 78, 1233-1241. [CrossRef]

Gibson, R.M.; Rothwell, N.J.; Le Feuvre, R.A. CNS injury: The role of the cytokine IL-1. Vet. |. 2004, 168, 230-237. [CrossRef]
Osborn, L.; Hession, C.; Tizard, R.; Vassallo, C.; Luhowskyj, S.; Chi-Rosso, G.; Lobb, R. Direct expression cloning of vascular cell
adhesion molecule 1, a cytokine-induced endothelial protein that binds to lymphocytes. Cell 1989, 59, 1203-1211. [CrossRef]
Wang, Y.; Jin, S.; Sonobe, Y.; Cheng, Y.; Horiuchi, H.; Parajuli, B.; Kawanokuchi, J.; Mizuno, T.; Takeuchi, H.; Suzumura, A.
Interleukin-1f3 induces blood-brain barrier disruption by downregulating Sonic hedgehog in astrocytes. PLoS ONE 2014, 9,
€110024. [CrossRef] [PubMed]

Bozzi, Y.; Caleo, M. Epilepsy, Seizures, and Inflammation: Role of the C-C Motif Ligand 2 Chemokine. DNA Cell Biol. 2016, 35,
257-260. [CrossRef]

Izikson, L.; Klein, R.S.; Luster, A.D.; Weiner, H.L. Targeting monocyte recruitment in CNS autoimmune disease. Clin. Immunol.
2002, 103, 125-131. [CrossRef]

Deng, Y.Y;; Lu, J.; Ling, E.A.; Kaur, C. Monocyte chemoattractant protein-1 (MCP-1) produced via NF-kappaB signaling pathway
mediates migration of amoeboid microglia in the periventricular white matter in hypoxic neonatal rats. Glia 2009, 57, 604-621.
[CrossRef] [PubMed]

Sheehan, J.J.; Zhou, C.; Gravanis, L.; Rogove, A.D.; Wu, Y.P,; Bogenhagen, D.E,; Tsirka, S.E. Proteolytic activation of monocyte
chemoattractant protein-1 by plasmin underlies excitotoxic neurodegeneration in mice. J. Neurosci. 2007, 27, 1738-1745. [CrossRef]
[PubMed]

Manley, N.C.; Bertrand, A.A.; Kinney, K.S.; Hing, T.C.; Sapolsky, R.M. Characterization of monocyte chemoattractant protein-1
expression following a kainate model of status epilepticus. Brain Res. 2007, 1182, 138-143. [CrossRef]


http://doi.org/10.1073/pnas.1525528113
http://www.ncbi.nlm.nih.gov/pubmed/26884166
http://doi.org/10.1016/j.yebeh.2015.04.047
http://www.ncbi.nlm.nih.gov/pubmed/25958228
http://doi.org/10.1016/j.nbd.2013.11.019
http://www.ncbi.nlm.nih.gov/pubmed/24321435
http://doi.org/10.3389/fneur.2019.00382
http://www.ncbi.nlm.nih.gov/pubmed/31040818
http://doi.org/10.1177/1535759719844750
http://www.ncbi.nlm.nih.gov/pubmed/31037960
http://doi.org/10.1523/JNEUROSCI.0587-16.2016
http://www.ncbi.nlm.nih.gov/pubmed/27445149
http://doi.org/10.1002/ana.23567
http://www.ncbi.nlm.nih.gov/pubmed/22829270
http://doi.org/10.1016/S0002-9440(10)63438-4
http://doi.org/10.1038/nm.1878
http://doi.org/10.1523/JNEUROSCI.19-12-05054.1999
http://www.ncbi.nlm.nih.gov/pubmed/10366638
http://doi.org/10.1186/s12974-015-0347-z
http://doi.org/10.1046/j.1528-1157.43.s.5.14.x
http://www.ncbi.nlm.nih.gov/pubmed/12121291
http://doi.org/10.1523/ENEURO.0034-15.2015
http://www.ncbi.nlm.nih.gov/pubmed/26730400
http://doi.org/10.1523/ENEURO.0105-17.2017
http://www.ncbi.nlm.nih.gov/pubmed/28497109
http://doi.org/10.1074/jbc.M005638200
http://doi.org/10.1189/jlb.0405221
http://doi.org/10.1016/j.tvjl.2003.10.016
http://doi.org/10.1016/0092-8674(89)90775-7
http://doi.org/10.1371/journal.pone.0110024
http://www.ncbi.nlm.nih.gov/pubmed/25313834
http://doi.org/10.1089/dna.2016.3345
http://doi.org/10.1006/clim.2001.5167
http://doi.org/10.1002/glia.20790
http://www.ncbi.nlm.nih.gov/pubmed/18942743
http://doi.org/10.1523/JNEUROSCI.4987-06.2007
http://www.ncbi.nlm.nih.gov/pubmed/17301181
http://doi.org/10.1016/j.brainres.2007.08.092

Int. . Mol. Sci. 2021, 22, 4395 13 of 15

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Foresti, M.L.; Arisi, G.M.; Katki, K.; Montafiez, A.; Sanchez, R.M.; Shapiro, L.A. Chemokine CCL2 and its receptor CCR2 are
increased in the hippocampus following pilocarpine-induced status epilepticus. J. Neuroinflamm. 2009, 6, 40. [CrossRef]

Wu, Y.; Wang, X.; Mo, X; Xi, Z.; Xiao, F,; Li, J.; Zhu, X,; Luan, G.; Wang, Y.; Li, Y.; et al. Expression of monocyte chemoattractant
protein-1 in brain tissue of patients with intractable epilepsy. Clin. Neuropathol. 2008, 27, 55-63. [CrossRef] [PubMed]

Choi, J.; Nordli, D.R,, Jr.; Alden, T.D.; DiPatri, A., Jr.; Laux, L.; Kelley, K.; Rosenow, J.; Schuele, S.U.; Rajaram, V.; Koh, S. Cellular
injury and neuroinflammation in children with chronic intractable epilepsy. J. Neuroinflamm. 2009, 6, 38. [CrossRef] [PubMed]
Shi, C.; Pamer, E.G. Monocyte recruitment during infection and inflammation. Nat. Rev. Immunol. 2011, 11, 762-774. [CrossRef]
[PubMed]

Aronica, E.; Bauer, S.; Bozzi, Y.; Caleo, M.; Dingledine, R.; Gorter, J.A.; Henshall, D.C.; Kaufer, D.; Koh, S.; Loscher, W.; et al.
Neuroinflammatory targets and treatments for epilepsy validated in experimental models. Epilepsia 2017, 58 (Suppl. 3), 27-38.
[CrossRef] [PubMed]

Vinet, J.; Vainchtein, I.D.; Spano, C.; Giordano, C.; Bordini, D.; Curia, G.; Dominici, M.; Boddeke, HW.; Eggen, B.].; Biagini, G.
Microglia are less pro-inflammatory than myeloid infiltrates in the hippocampus of mice exposed to status epilepticus. Glia 2016,
64, 1350-1362. [CrossRef] [PubMed]

Akin, D.; Ravizza, T.; Maroso, M.; Carcak, N.; Eryigit, T.; Vanzulli, I.; Aker, R.G.; Vezzani, A.; Onat, FY. IL-1beta is induced in
reactive astrocytes in the somatosensory cortex of rats with genetic absence epilepsy at the onset of spike-and-wave discharges,
and contributes to their occurrence. Neurobiol. Dis. 2011, 44, 259-269. [CrossRef] [PubMed]

Matsumoto, J.; Dohgu, S.; Takata, F.; Machida, T.; Boliikbasi Hatip, F.F.; Hatip-Al-Khatib, I.; Yamauchi, A.; Kataoka, Y. TNF-x-
sensitive brain pericytes activate microglia by releasing IL-6 through cooperation between IkB-NF«kB and JAK-STAT3 pathways.
Brain Res. 2018, 1692, 34—44. [CrossRef] [PubMed]

Takata, F.; Dohgu, S.; Sakaguchi, S.; Sakai, K.; Yamanaka, G.; Iwao, T.; Matsumoto, J.; Kimura, I.; Sezaki, Y.; Tanaka, Y.; et al.
Oncostatin-M-Reactive Pericytes Aggravate Blood-Brain Barrier Dysfunction by Activating JAK/STAT3 Signaling In Vitro.
Neuroscience 2019, 422, 12-20. [CrossRef] [PubMed]

Rustenhoven, J.; Jansson, D.; Smyth, L.C.; Dragunow, M. Brain Pericytes As Mediators of Neuroinflammation. Trends Pharmacol.
Sci. 2017, 38, 291-304. [CrossRef] [PubMed]

Yamanaka, G.; Takamatsu, T.; Morichi, S.; Yamazaki, T.; Mizoguchi, I.; Ohno, K.; Watanabe, Y.; Ishida, Y.; Oana, S.; Suzuki, S.; et al.
Interleukin-1f in peripheral monocytes is associated with seizure frequency in pediatric drug-resistant epilepsy. J. Neuroimmunol.
2021, 352, 577475. [CrossRef] [PubMed]

Avignone, E.; Ulmann, L.; Levavasseur, E; Rassendren, F; Audinat, E. Status epilepticus induces a particular microglial activation
state characterized by enhanced purinergic signaling. J. Neurosci. 2008, 28, 9133-9144. [CrossRef] [PubMed]

Zhao, X; Liao, Y.; Morgan, S.; Mathur, R.; Feustel, P.; Mazurkiewicz, J.; Qian, J.; Chang, J.; Mathern, G.W.; Adamo, M.A.; et al.
Noninflammatory Changes of Microglia Are Sufficient to Cause Epilepsy. Cell Rep. 2018, 22, 2080-2093. [CrossRef] [PubMed]
Sheng, J.G.; Boop, F.A.; Mrak, RE.; Griffin, W.S. Increased neuronal beta-amyloid precursor protein expression in human temporal
lobe epilepsy: Association with interleukin-1 alpha immunoreactivity. J. Neurochem. 1994, 63, 1872-1879. [CrossRef]

Ravizza, T.; Gagliardi, B.; Noe, E; Boer, K.; Aronica, E.; Vezzani, A. Innate and adaptive immunity during epileptogenesis and
spontaneous seizures: Evidence from experimental models and human temporal lobe epilepsy. Neurobiol. Dis. 2008, 29, 142-160.
[CrossRef] [PubMed]

Marchi, N.; Teng, Q.; Ghosh, C.; Fan, Q.; Nguyen, M.T.; Desai, N.K.; Bawa, H.; Rasmussen, P.; Masaryk, T.K.; Janigro, D.
Blood-brain barrier damage, but not parenchymal white blood cells, is a hallmark of seizure activity. Brain Res. 2010, 1353,
176-186. [CrossRef] [PubMed]

Galea, I.; Bernardes-Silva, M.; Forse, P.A.; van Rooijen, N.; Liblau, R.S.; Perry, V.H. An antigen-specific pathway for CD8 T cells
across the blood-brain barrier. J. Exp. Med. 2007, 204, 2023-2030. [CrossRef]

Goverman, J. Autoimmune T cell responses in the central nervous system. Nat. Rev. Immunol. 2009, 9, 393—407. [CrossRef]
[PubMed]

Crespel, A.; Coubes, P.; Rousset, M.C.; Brana, C.; Rougier, A.; Rondouin, G.; Bockaert, J.; Baldy-Moulinier, M.; Lerner-Natoli,
M. Inflammatory reactions in human medial temporal lobe epilepsy with hippocampal sclerosis. Brain Res. 2002, 952, 159-169.
[CrossRef]

Iyer, A.; Zurolo, E.; Spliet, W.G.; van Rijen, P.C.; Baayen, J.C.; Gorter, J.A.; Aronica, E. Evaluation of the innate and adaptive
immunity in type I and type II focal cortical dysplasias. Epilepsia 2010, 51, 1763-1773. [CrossRef] [PubMed]

Nakahara, H.; Konishi, Y.; Beach, T.G.; Yamada, N.; Makino, S.; Tooyama, L. Infiltration of T lymphocytes and expression of icam-1
in the hippocampus of patients with hippocampal sclerosis. Acta Histochem. Cytochem. 2010, 43, 157-162. [CrossRef] [PubMed]
Steve, T.A,; Jirsch, J.D.; Gross, D.W. Quantification of subfield pathology in hippocampal sclerosis: A systematic review and
meta-analysis. Epilepsy Res. 2014, 108, 1279-1285. [CrossRef] [PubMed]

Kohm, A.P; McMabhon, ].S.; Podojil, J.R.; Begolka, W.S.; DeGutes, M.; Kasprowicz, D.J.; Ziegler, S.F; Miller, S.D. Cutting Edge:
Anti-CD25 monoclonal antibody injection results in the functional inactivation, not depletion, of CD4+CD25+ T regulatory cells.
J. Immunol. 2006, 176, 3301-3305. [CrossRef]

Setiady, Y.Y.; Coccia, ].A.; Park, P.U. In vivo depletion of CD4+FOXP3+ Treg cells by the PC61 anti-CD25 monoclonal antibody is
mediated by FegammaRIII + phagocytes. Eur. J. Immunol. 2010, 40, 780-786. [CrossRef] [PubMed]


http://doi.org/10.1186/1742-2094-6-40
http://doi.org/10.5414/NPP27055
http://www.ncbi.nlm.nih.gov/pubmed/18402383
http://doi.org/10.1186/1742-2094-6-38
http://www.ncbi.nlm.nih.gov/pubmed/20021679
http://doi.org/10.1038/nri3070
http://www.ncbi.nlm.nih.gov/pubmed/21984070
http://doi.org/10.1111/epi.13783
http://www.ncbi.nlm.nih.gov/pubmed/28675563
http://doi.org/10.1002/glia.23008
http://www.ncbi.nlm.nih.gov/pubmed/27246930
http://doi.org/10.1016/j.nbd.2011.05.015
http://www.ncbi.nlm.nih.gov/pubmed/21645619
http://doi.org/10.1016/j.brainres.2018.04.023
http://www.ncbi.nlm.nih.gov/pubmed/29702085
http://doi.org/10.1016/j.neuroscience.2019.10.014
http://www.ncbi.nlm.nih.gov/pubmed/31705893
http://doi.org/10.1016/j.tips.2016.12.001
http://www.ncbi.nlm.nih.gov/pubmed/28017362
http://doi.org/10.1016/j.jneuroim.2021.577475
http://www.ncbi.nlm.nih.gov/pubmed/33454554
http://doi.org/10.1523/JNEUROSCI.1820-08.2008
http://www.ncbi.nlm.nih.gov/pubmed/18784294
http://doi.org/10.1016/j.celrep.2018.02.004
http://www.ncbi.nlm.nih.gov/pubmed/29466735
http://doi.org/10.1046/j.1471-4159.1994.63051872.x
http://doi.org/10.1016/j.nbd.2007.08.012
http://www.ncbi.nlm.nih.gov/pubmed/17931873
http://doi.org/10.1016/j.brainres.2010.06.051
http://www.ncbi.nlm.nih.gov/pubmed/20599815
http://doi.org/10.1084/jem.20070064
http://doi.org/10.1038/nri2550
http://www.ncbi.nlm.nih.gov/pubmed/19444307
http://doi.org/10.1016/S0006-8993(02)03050-0
http://doi.org/10.1111/j.1528-1167.2010.02547.x
http://www.ncbi.nlm.nih.gov/pubmed/20345941
http://doi.org/10.1267/ahc.10022
http://www.ncbi.nlm.nih.gov/pubmed/21245982
http://doi.org/10.1016/j.eplepsyres.2014.07.003
http://www.ncbi.nlm.nih.gov/pubmed/25107686
http://doi.org/10.4049/jimmunol.176.6.3301
http://doi.org/10.1002/eji.200939613
http://www.ncbi.nlm.nih.gov/pubmed/20039297

Int. . Mol. Sci. 2021, 22, 4395 14 of 15

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Kim, ].M.; Rasmussen, ].P.; Rudensky, A.Y. Regulatory T cells prevent catastrophic autoimmunity throughout the lifespan of mice.
Nat. Immunol. 2007, 8, 191-197. [CrossRef]

Armulik, A.; Genové, G.; Mée, M.; Nisancioglu, M.H.; Wallgard, E.; Niaudet, C.; He, L.; Norlin, J.; Lindblom, P.; Strittmatter, K.;
et al. Pericytes regulate the blood-brain barrier. Nature 2010, 468, 557-561. [CrossRef]

Winkler, E.A.; Bell, R.D.; Zlokovic, B.V. Central nervous system pericytes in health and disease. Nat. Neurosci. 2011, 14, 1398-1405.
[CrossRef]

Wang, S.; Cao, C.; Chen, Z.; Bankaitis, V.; Tzima, E.; Sheibani, N.; Burridge, K. Pericytes regulate vascular basement membrane
remodeling and govern neutrophil extravasation during inflammation. PLoS ONE 2012, 7, e45499. [CrossRef]

Stark, K.; Eckart, A.; Haidari, S.; Tirniceriu, A.; Lorenz, M.; von Briihl, M.L.; Gértner, F.; Khandoga, A.G.; Legate, K.R.; Pless,
R.; et al. Capillary and arteriolar pericytes attract innate leukocytes exiting through venules and “instruct’ them with pattern-
recognition and motility programs. Nat. Immunol. 2013, 14, 41-51. [CrossRef] [PubMed]

Guijarro-Mufioz, I.; Compte, M.; Alvarez—Cienfuegos, A.; Alvarez-Vallina, L.; Sanz, L. Lipopolysaccharide activates Toll-like
receptor 4 (TLR4)-mediated NF-«B signaling pathway and proinflammatory response in human pericytes. J. Biol. Chem. 2014,
289, 2457-2468. [CrossRef]

Pieper, C.; Marek, ].J.; Unterberg, M.; Schwerdtle, T.; Galla, H.J. Brain capillary pericytes contribute to the immune defense in
response to cytokines or LPS in vitro. Brain Res. 2014, 1550, 1-8. [CrossRef] [PubMed]

Jansson, D.; Rustenhoven, J.; Feng, S.; Hurley, D.; Oldfield, R.L.; Bergin, P.S.; Mee, EW,; Faull, R.L.; Dragunow, M. A role for
human brain pericytes in neuroinflammation. J. Neuroinflamm. 2014, 11, 104. [CrossRef] [PubMed]

Matsumoto, J.; Takata, F.; Machida, T.; Takahashi, H.; Soejima, Y.M.; Funakoshi, M.; Futagami, K.; Yamauchi, A.; Dohgu, S.;
Kataoka, Y. Tumor necrosis factor-a-stimulated brain pericytes possess a unique cytokine and chemokine release profile and
enhance microglial activation. Neurosci. Lett. 2014, 578, 133-138. [CrossRef] [PubMed]

Kovac, A.; Erickson, M. A_; Banks, W.A. Brain microvascular pericytes are immunoactive in culture: Cytokine, chemokine, nitric
oxide, and LRP-1 expression in response to lipopolysaccharide. J. Neuroinflamm. 2011, 8, 139. [CrossRef] [PubMed]

Montagne, A.; Barnes, S.R.; Sweeney, M.D.; Halliday, M.R.; Sagare, A.P,; Zhao, Z.; Toga, A.W.; Jacobs, R.E.; Liu, C.Y.; Amezcua, L.;
et al. Blood-brain barrier breakdown in the aging human hippocampus. Neuron 2015, 85, 296-302. [CrossRef]

Alcendor, D.J.; Charest, A.M.; Zhu, W.Q.; Vigil, H.E.; Knobel, S.M. Infection and upregulation of proinflammatory cytokines in
human brain vascular pericytes by human cytomegalovirus. J. Neuroinflamm. 2012, 9, 95. [CrossRef]

Takata, F.; Dohgu, S.; Matsumoto, J.; Takahashi, H.; Machida, T.; Wakigawa, T.; Harada, E.; Miyaji, H.; Koga, M.; Nishioku, T.;
et al. Brain pericytes among cells constituting the blood-brain barrier are highly sensitive to tumor necrosis factor-, releasing
matrix metalloproteinase-9 and migrating in vitro. J. Neuroinflamm. 2011, 8, 106. [CrossRef]

Machida, T.; Takata, F.; Matsumoto, J.; Takenoshita, H.; Kimura, I.; Yamauchi, A.; Dohgu, S.; Kataoka, Y. Brain pericytes are the
most thrombin-sensitive matrix metalloproteinase-9-releasing cell type constituting the blood-brain barrier in vitro. Neurosci. Lett.
2015, 599, 109-114. [CrossRef]

Garbelli, R.; de Bock, F.; Medici, V.; Rousset, M.C.; Villani, F; Boussadia, B.; Arango-Lievano, M.; Jeanneteau, F.; Daneman, R.;
Bartolomei, E; et al. PDGFRB(+) cells in human and experimental neuro-vascular dysplasia and seizures. Neuroscience 2015, 306,
18-27. [CrossRef] [PubMed]

Jansson, D.; Scotter, E.L.; Rustenhoven, J.; Coppieters, N.; Smyth, L.C.; Oldfield, R.L.; Bergin, P.S.; Mee, EW.; Graham, E.S.; Faull,
R.L.; et al. Interferon-y blocks signalling through PDGFRf in human brain pericytes. J. Neuroinflamm. 2016, 13, 249. [CrossRef]
[PubMed]

Giannoni, P; Badaut, J.; Dargazanli, C.; De Maudave, A.F.; Klement, W.; Costalat, V.; Marchi, N. The pericyte-glia interface at the
blood-brain barrier. Clin. Sci. 2018, 132, 361-374. [CrossRef] [PubMed]

Klement, W.; Blaquiere, M.; Zub, E.; deBock, E; Boux, F.; Barbier, E.; Audinat, E.; Lerner-Natoli, M.; Marchi, N. A pericyte-glia
scarring develops at the leaky capillaries in the hippocampus during seizure activity. Epilepsia 2019, 60, 1399-1411. [CrossRef]
[PubMed]

Sakai, K.; Takata, F.; Yamanaka, G.; Yasunaga, M.; Hashiguchi, K.; Tominaga, K.; Itoh, K.; Kataoka, Y.; Yamauchi, A.; Dohgu,
S. Reactive pericytes in early phase are involved in glial activation and late-onset hypersusceptibility to pilocarpine-induced
seizures in traumatic brain injury model mice. |. Pharmacol. Sci. 2021, 145, 155-165. [CrossRef] [PubMed]

Klement, W.; Garbelli, R.; Zub, E.; Rossini, L.; Tassi, L.; Girard, B.; Blaquiere, M.; Bertaso, F.; Perroy, J.; de Bock, E; et al.
Seizure progression and inflammatory mediators promote pericytosis and pericyte-microglia clustering at the cerebrovasculature.
Neurobiol. Dis. 2018, 113, 70-81. [CrossRef] [PubMed]

Rustenhoven, J.; Aalderink, M.; Scotter, E.L.; Oldfield, R.L.; Bergin, P.S.; Mee, E.W.; Graham, E.S.; Faull, R.L.; Curtis, M.A.;
Park, T.I; et al. TGF-betal regulates human brain pericyte inflammatory processes involved in neurovasculature function. J.
Neuroinflamm. 2016, 13, 37. [CrossRef] [PubMed]

Morganti, ].M.; Jopson, T.D.; Liu, S.; Riparip, L.K.; Guandique, C.K.; Gupta, N.; Ferguson, A.R.; Rosi, S. CCR2 antagonism alters
brain macrophage polarization and ameliorates cognitive dysfunction induced by traumatic brain injury. J. Neurosci. 2015, 35,
748-760. [CrossRef] [PubMed]

Biber, K.; Moller, T.; Boddeke, E.; Prinz, M. Central nervous system myeloid cells as drug targets: Current status and translational
challenges. Nat. Rev. Drug Discov. 2016, 15, 110-124. [CrossRef]


http://doi.org/10.1038/ni1428
http://doi.org/10.1038/nature09522
http://doi.org/10.1038/nn.2946
http://doi.org/10.1371/journal.pone.0045499
http://doi.org/10.1038/ni.2477
http://www.ncbi.nlm.nih.gov/pubmed/23179077
http://doi.org/10.1074/jbc.M113.521161
http://doi.org/10.1016/j.brainres.2014.01.004
http://www.ncbi.nlm.nih.gov/pubmed/24418464
http://doi.org/10.1186/1742-2094-11-104
http://www.ncbi.nlm.nih.gov/pubmed/24920309
http://doi.org/10.1016/j.neulet.2014.06.052
http://www.ncbi.nlm.nih.gov/pubmed/24993300
http://doi.org/10.1186/1742-2094-8-139
http://www.ncbi.nlm.nih.gov/pubmed/21995440
http://doi.org/10.1016/j.neuron.2014.12.032
http://doi.org/10.1186/1742-2094-9-95
http://doi.org/10.1186/1742-2094-8-106
http://doi.org/10.1016/j.neulet.2015.05.028
http://doi.org/10.1016/j.neuroscience.2015.07.090
http://www.ncbi.nlm.nih.gov/pubmed/26283024
http://doi.org/10.1186/s12974-016-0722-4
http://www.ncbi.nlm.nih.gov/pubmed/27654972
http://doi.org/10.1042/CS20171634
http://www.ncbi.nlm.nih.gov/pubmed/29439117
http://doi.org/10.1111/epi.16019
http://www.ncbi.nlm.nih.gov/pubmed/31135065
http://doi.org/10.1016/j.jphs.2020.11.008
http://www.ncbi.nlm.nih.gov/pubmed/33357774
http://doi.org/10.1016/j.nbd.2018.02.002
http://www.ncbi.nlm.nih.gov/pubmed/29432809
http://doi.org/10.1186/s12974-016-0503-0
http://www.ncbi.nlm.nih.gov/pubmed/26867675
http://doi.org/10.1523/JNEUROSCI.2405-14.2015
http://www.ncbi.nlm.nih.gov/pubmed/25589768
http://doi.org/10.1038/nrd.2015.14

Int. . Mol. Sci. 2021, 22, 4395 15 of 15

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

Shechter, R.; London, A.; Varol, C.; Raposo, C.; Cusimano, M.; Yovel, G.; Rolls, A.; Mack, M.; Pluchino, S.; Martino, G.; et al.
Infiltrating blood-derived macrophages are vital cells playing an anti-inflammatory role in recovery from spinal cord injury in
mice. PLoS Med. 2009, 6, €1000113. [CrossRef] [PubMed]

London, A ; Itskovich, E.; Benhar, I.; Kalchenko, V.; Mack, M.; Jung, S.; Schwartz, M. Neuroprotection and progenitor cell renewal
in the injured adult murine retina requires healing monocyte-derived macrophages. J. Exp. Med. 2011, 208, 23-39. [CrossRef]
[PubMed]

Planas, R.; Martin, R.; Sospedra, M. Long-term safety and efficacy of natalizumab in relapsing-remitting multiple sclerosis: Impact
on quality of life. Patient Relat. Outcome Meas. 2014, 5, 25-33. [CrossRef] [PubMed]

Kappos, L.; O’Connor, P.; Radue, E.W.; Polman, C.; Hohlfeld, R.; Selmaj, K.; Ritter, S.; Schlosshauer, R.; von Rosenstiel, P.;
Zhang-Auberson, L.; et al. Long-term effects of fingolimod in multiple sclerosis: The randomized FREEDOMS extension trial.
Neurology 2015, 84, 1582-1591. [CrossRef] [PubMed]

Sotgiu, S.; Murrighile, M.R.; Constantin, G. Treatment of refractory epilepsy with natalizumab in a patient with multiple sclerosis.
Case report. BMC Neurol. 2010, 10, 84. [CrossRef] [PubMed]

Schneider-Hohendorf, T.; Mohan, H.; Bien, C.G.; Breuer, J.; Becker, A.; Gorlich, D.; Kuhlmann, T.; Widman, G.; Herich, S.;
Elpers, C.; et al. CD8(+) T-cell pathogenicity in Rasmussen encephalitis elucidated by large-scale T-cell receptor sequencing. Nat.
Commun. 2016, 7, 11153. [CrossRef] [PubMed]

Hait, N.C.; Wise, L.E.; Allegood, J.C.; O’'Brien, M.; Avni, D.; Reeves, TM.; Knapp, PE.; Lu, J.; Luo, C.; Miles, M.E; et al. Active,
phosphorylated fingolimod inhibits histone deacetylases and facilitates fear extinction memory. Nat. Neurosci. 2014, 17, 971-980.
[CrossRef] [PubMed]

Paudel, Y.N.; Angelopoulou, E.; Piperi, C.; Gnatkovsky, V.; Othman, I.; Shaikh, M.E. From the Molecular Mechanism to Pre-clinical
Results: Anti-epileptic Effects of Fingolimod. Curr. Neuropharmacol. 2020, 18, 1126-1137. [CrossRef]

Miller, D.H.; Khan, O.A.; Sheremata, W.A.; Blumhardt, L.D.; Rice, G.P,; Libonati, M.A.; Willmer-Hulme, A.J.; Dalton, C.M.;
Miszkiel, K.A.; O’Connor, PW. A controlled trial of natalizumab for relapsing multiple sclerosis. N. Engl. J. Med. 2003, 348, 15-23.
[CrossRef]

Schneider-Hohendorf, T.; Rossaint, J.; Mohan, H.; Béning, D.; Breuer, J.; Kuhlmann, T.; Gross, C.C.; Flanagan, K.; Sorokin, L.;
Vestweber, D.; et al. VLA-4 blockade promotes differential routes into human CNS involving PSGL-1 rolling of T cells and
MCAM-adhesion of TH17 cells. J. Exp. Med. 2014, 211, 1833-1846. [CrossRef]

Steinman, L. Blocking adhesion molecules as therapy for multiple sclerosis: Natalizumab. Nat. Rev. Drug Discov. 2005, 4, 510-518.
[CrossRef]

Abkur, TM.; Kearney, H.; Hennessy, M.]. Refractory epilepsy following natalizumab associated PML. Mult. Scler. Relat. Disord.
2018, 20, 1-2. [CrossRef] [PubMed]

Mandala, S.; Hajdu, R.; Bergstrom, J.; Quackenbush, E.; Xie, J.; Milligan, J.; Thornton, R.; Shei, G.J.; Card, D.; Keohane, C;
et al. Alteration of lymphocyte trafficking by sphingosine-1-phosphate receptor agonists. Science 2002, 296, 346-349. [CrossRef]
[PubMed]

Chiba, K.; Yanagawa, Y.; Masubuchi, Y.; Kataoka, H.; Kawaguchi, T.; Ohtsuki, M.; Hoshino, Y. FTY720, a novel immunosuppres-
sant, induces sequestration of circulating mature lymphocytes by acceleration of lymphocyte homing in rats. I. FTY720 selectively
decreases the number of circulating mature lymphocytes by acceleration of lymphocyte homing. J. Immunol. 1998, 160, 5037-5044.
[PubMed]

Chun, J.; Hartung, H.P. Mechanism of action of oral fingolimod (FTY720) in multiple sclerosis. Clin. Neuropharmacol. 2010, 33,
91-101. [CrossRef] [PubMed]

Stebbins, M.].; Gastfriend, B.D.; Canfield, S.G.; Lee, M.S.; Richards, D.; Faubion, M.G.; Li, W.J.; Daneman, R.; Palecek, S.P.; Shusta,
E.V. Human pluripotent stem cell-derived brain pericyte-like cells induce blood-brain barrier properties. Sci. Adv. 2019, 5,
eaau7375. [CrossRef]


http://doi.org/10.1371/journal.pmed.1000113
http://www.ncbi.nlm.nih.gov/pubmed/19636355
http://doi.org/10.1084/jem.20101202
http://www.ncbi.nlm.nih.gov/pubmed/21220455
http://doi.org/10.2147/prom.S41768
http://www.ncbi.nlm.nih.gov/pubmed/24741337
http://doi.org/10.1212/WNL.0000000000001462
http://www.ncbi.nlm.nih.gov/pubmed/25795646
http://doi.org/10.1186/1471-2377-10-84
http://www.ncbi.nlm.nih.gov/pubmed/20863362
http://doi.org/10.1038/ncomms11153
http://www.ncbi.nlm.nih.gov/pubmed/27040081
http://doi.org/10.1038/nn.3728
http://www.ncbi.nlm.nih.gov/pubmed/24859201
http://doi.org/10.2174/1570159X18666200420125017
http://doi.org/10.1056/NEJMoa020696
http://doi.org/10.1084/jem.20140540
http://doi.org/10.1038/nrd1752
http://doi.org/10.1016/j.msard.2017.12.004
http://www.ncbi.nlm.nih.gov/pubmed/29253743
http://doi.org/10.1126/science.1070238
http://www.ncbi.nlm.nih.gov/pubmed/11923495
http://www.ncbi.nlm.nih.gov/pubmed/9590253
http://doi.org/10.1097/WNF.0b013e3181cbf825
http://www.ncbi.nlm.nih.gov/pubmed/20061941
http://doi.org/10.1126/sciadv.aau7375

	Introduction 
	Review 
	Innate Immunity 
	Differentiation between Microglia and Monocytes 
	Markers of Monocytes 
	Genetic Modulation Methods 

	How Do Peripheral Monocytes Penetrate the Brain in the Pathogenesis of Epilepsy? 
	Disruptive and Non-Disruptive Changes in the BBB 
	Disruptive Changes in the BBB 
	Non-Disruptive Changes 

	Identification of Peripheral Monocytes in the Brain 
	Potential for Therapy by Controlling Monocytes 
	Association between the Clinical Picture and the Monocytes or Microglia 
	Adaptive Immunity 
	Experimental Evidence of the Invasion of Peripherally Adapted Immune Cells into the Brain 
	Association between the Clinical Picture and Cells of the T Lineage 

	Role of Pericytes in the Link between Peripheral Immune Cells and the Brain 

	Conclusions 
	References

