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Abstract Neuroinflammation is a common pathological feature in almost all neu-
rological diseases and is a response triggered as a consequence of the chronic
activation of the innate immune response in the CNS against a variety of stimuli,
including infection, traumatic brain injury, toxic metabolites, aggregated proteins, or
autoimmunity. Crucial mediators of this neurinflammatory process are the intracel-
lular protein complexes known as inflammasomes which can be triggered by path-
ogens as well as pathogen-associated molecular patterns (PAMPs) and damage-
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associated molecular patterns (DAMPs). However, chronic inflammasome activa-
tion can eventually result in cellular death and tissue damage, leading to the release
of DAMPs that can reactivate the inflammasome, thereby propagating a vicious
cycle of inflammation. The primary cells involved in CNS inflammasome activation
are the immunocompetent microglia and the infiltrating macrophages into the CNS.
However, astrocytes and neurons also express inflammasomes, and the understand-
ing of how they are engaged in the pathogenesis of a variety of neurological diseases
is crucial to develop effective therapeutic approaches for CNS pathologies that are
propagated by chronic inflammasome activation. This chapter covers the activation
mechanisms of relevant inflammasomes in the brain and summarizes their roles in
the pathogenesis and progression of different neurological conditions.

Keywords Neuroinflammation - Neurodegeneration - NLRP3 - Inflammasome -
Microglia - IL-1p - ASC

3.1 Introduction

Inflammation of the central nervous system (CNS) or neuroinflammation is a
common underlying pathological feature of most neurological disorders. Chronic
neuroinflammation is evident in progressive neurodegenerative diseases like
Alzheimer’s and Parkinson’s disease (Heneka et al. 2014) and in autoimmune
disorders such as multiple sclerosis (Barclay and Shinohara 2017).
Neuroinflammation is also present in psychiatric illnesses such as depression
(Alcocer-Gomez et al. 2014) and a consequence of direct damage to the CNS in
the form of brain injuries such as stroke (Barrington et al. 2017) or traumatic brain
injury (Wallisch et al. 2017). Innate immune activation is also evident as an acute
response against viral or bacterial infections in the CNS (Klein et al. 2017). The
neuroinflammatory process is a response to a variety of pathogenic signals, and its
primary role is to maintain homeostasis in the brain conferring neuroprotection and
promoting remyelination and even axonal regeneration (Wee Yong 2010). Never-
theless, the delicate balance between the benefit and harm that is conferred by
activation of the innate immune system is directly related to length, reactivation,
and spread of the inflammatory response. This mechanism of defense in the innate
immune response occurs through pattern recognition receptors (PRRs) that can
recognize infections through pathogen-specific proteins (PAMPs) and internal cel-
lular disturbances through damage-associated proteins (DAMPs) (Kigerl et al.
2014). Primarily expressed in the CNS by glial cells (microglia and astrocytes)
and also in neurons, these receptors can be located on extracellular membranes or
within the cytosol such as the NOD-like receptors (NLRs). NLR activation leads to
the oligomerization of cytosolic protein complex known as inflammasomes that
regulate the activation of caspase-1 (Martinon et al. 2002). This active caspase
cleaves the precursor forms of the pro-inflammatory cytokines of the IL-1 family,
IL-1p, IL-18, and IL-33, into their active forms that exert their biological effects. The
expression and release of the IL-1 family cytokines in the normal brain is normally at
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low levels and is dramatically upregulated in response to local or systemic disease
and injury (Rothwell and Luheshi 2000). In the CNS, multiple cell types express
receptors for IL-1f and IL-18 making them particularly sensitive to these cytokines.
(Allan et al. 2005; Alboni et al. 2010). The primary role of the inflammasome
activation in the healthy brain is to limit and clear any pathogenic or metaboloic dam-
age, but when this activation becomes persistent, it entails other associated process
that can propagate and spread the inflammatory response. These include pyroptotic
cell death and the release of ASC specks, NLRP3, and DAMPs that can propagate
the inflammatory response leading to tissue damage (Franklin et al. 2014; Baroja-
Mazo et al. 2014).

Recent advances in our understanding of inflammasome triggers and activation
mechanisms in the CNS, as well as its regulation by endogenous inhibitors such as
dopamine and the ketone body p-hydroxybutyrate (Youm et al. 2015) could have
therapeutic applications for CNS diseases. Indeed, the development of highly spe-
cific NLRP3 inhibitors such as MCC950 (Coll et al. 2015) and caspase-1/ICE
inhibitors have opened up an exciting new area of translational research with the
potential for disease modification and therapeutic targeting of progressive neurode-
generative diseases (Lipinska et al. 2014; Boxer et al. 2010; Ross et al. 2007).

3.2 Inflammasomes in the Healthy Brain

Until recently, the CNS was considered an immune-privileged site, protected by the
blood-brain barrier (BBB), creating an isolated environment between the CNS and
the peripheral immune system (Carson et al. 2006). However, the recent paradigm
shifts in our understanding has revealed the far-reaching scope and intricate commu-
nication between the innate immune response in the CNS and the peripheral immune
system in maintaining brain homeostasis (Louveau et al. 2015a, b). The immuno-
competent microglia are primarily responsible for sensing a broad range of exoge-
nous pathogenic stimuli, such as fungal, bacterial, and viral components, or
endogenous such as aggregated and misfolded proteins, extracellular ATP, and
reactive oxygen species (ROS) among others (Walsh et al. 2014). The microglia
express and can activate NLRC4 and NLRP3 inflammasomes, the best characterized
of which is NLRP3, considered in the recent years as a key pathway in the
development of neuroinflammation and neurodegeneration (Song et al. 2017).
NLRP3 activation requires two signals: the first is a priming step (such as TLR4
activation) which drives the transcription and translation of inflammasome compo-
nents including IL-1f, caspase-1, NLRP3, and ASC. A secondary signal or activa-
tion step (i.e., pathogen infiltration or aggregated proteins) is then required to trigger
the formation of the inflammasome complex (NRLP3-ASC-caspase-1) leading to
cluster-dependent caspase-1 activation and the cleavage and release of IL1-f (Guo
et al. 2015). There is believed to be an association of this pro-inflammatory pheno-
type or M1-like microglia with the expression of IL-1, IL-6, IL-18, tumor necrosis
factor-a (TNFa), the production of superoxide, reactive oxygen species (ROS), and
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Fig. 3.1 Overview of inflammasome activation in neurological diseases. Microglial
inflammasomes can be chronically activated in progressive neurodegenerative diseases such as
Alzheimer and Parkinson’s disease where they drive neuropathology (1). Inflammasome activation
has also been documented in autoimmune diseases such as Multiple Sclerosis where it contributes to
T cell dysregulation and nerve damage (2). Emerging evidence also indicates a pathogenic role for
inflammasome activation in Traumatic Brain Injury (TBI) and stroke (3), as well as CNS infection
by bacteria and viruses (4). The pathological contributions of systemic versus CNS inflammasome
activation remains to be determined in these diseases and is an active area of research

nitric oxide (NO), and an impaired phagocytic capacity (Tang and Le 2016). The
microglia also expresses NLRC4 a key sensor for bacterial infection, sensing
bacterial flagellin related with the cause of meningitis in the CNS (Wu et al.
2010). Unlike NLRP3, NLRC4 can be activated without the ASC adapter protein
(Latz et al. 2013), and bacterial activation can lead to a dual recruitment of NLRC4
and NLRP3 to the same macromolecular complex (Man et al. 2014). In contrast, in
the healthy brain, the microglia interact with the neighboring neurons, remodeling
synapses and secreting soluble neurotrophic factors, such as brain-derived
neurotrophic factor (BDNF) and transforming growing factor-p (TGF-). Microglial
cells in the healthy brain are involved in regulation of synaptic strength, neuronal
pruning, protease secretion to maintain extracellular matrices, and building and
maintaining proper neuronal network functions and phagocytic activity to remove
accumulating cell debris and misfolded proteins to maintain brain homeostasis
(Fig. 3.1) (Waisman et al. 2015). This neuroprotective phenotype or M2-like is
associated with the production of anti-inflammatory cytokines such as IL-4, IL-13,
and IL-10 (Kabba et al. 2018). The balance between microglial phenotypes (M1/M2)
depends on the disease stage and severity, and the type of response may determine
whether microglial activation can be beneficial or leads to chronic
neuroinflammation (Fig. 3.1) (Tang and Le 2016). The astrocytes also play a
significant role in the brain homeostasis, including regulating neurotransmitter and
growth factor release, forming the BBB, and regulating the immune response (Dong
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and Benveniste 2001). The role of astrocytes in innate immunity is crucial; these
cells express an array of receptors including Toll-like receptors (TLR), double-
stranded RNA-dependent protein kinase, scavenger receptors, components of the
complement system, and NOD-like receptors like NLRP3 (Farina et al. 2007;
Johann et al. 2015). Recently, it was shown that human astrocytes also express
NLRP2 inflammasome (Minkiewicz et al. 2013). ATP can activate the
inflammasome forming a multiprotein complex with ASC and caspase-1 and also
interacts with the P2X7 receptor and pannexin 1 channel, leading to the release of
IL-1B (Minkiewicz et al. 2013). Furthermore, increasing evidence has shown the
expression of inflammasome-forming NLRs in non-myeloid cells such as neurons;
the most characterized and implicated in some pathologies is NRLP1 (Kaushal et al.
2015). Human NLRPI is unique compared to the rest of the inflammasomes due to
the complexity of its domain structure, possessing two interaction domains, an
N-terminal PYD and a C-terminal CARD, and interestingly the adaptor protein
ASC is not necessary for activating the pathway, but it might enhance NLRP1
activation (Faustin et al. 2007). Furthermore, cerebral pericytes express
inflammasomes, and Toll-like receptors, which are involved in controlling key
neurovascular functions and BBB permeability and peripheral leukocyte trafficking
(Nyul-Toth et al. 2017). Emerging evidence suggests that inflammasomes could
have previously unknown roles in normal brain function beyond neuronal protection
and maintaining homeostasis. It can therefore be expected that new roles for the
various inflammasome components will emerge as these pathways are studied in
more detail in the context of the central nervous system.

3.3 Inflammasomes in Neurodegenerative Diseases

There is extensive accumulating evidence for the pathogenic role of chronic
inflammasome activation in propagating neuroinflammation, a key underlying fea-
ture of neurodegenerative disorders such as Alzheimer’s and Parkinson’s disease
(Heneka 2017; Mao et al. 2017). Despite the different factors and mediators that can
trigger inflammasome activation in this sterile environment, aging is a common
factor in most progressive neurodegenerative diseases (Wyss-Coray 2016). Recent
studies correlate microglia and enhanced sensitivity to inflammatory stimuli with
aging, demonstrating in senescence-accelerated mice a “primed microglial” pheno-
type, characterized by increased production of pro-inflammatory cytokines and
ROS, leading to elevated basal inflammasome activation that can influence
neurodegeneration in more elderly populations (Luo et al. 2010; Spittau 2017).
Furthermore, it has recently been demonstrated that the expression of specific
inflammasome gene modules can accurately classify older populations in two
groups, one with constitutive expression of IL-1p and the other without this expres-
sion, showing a correlation in the first group with an increased mortality and related
inflammatory disease state, a common hallmark of neurodegenerative diseases



46 E. A. Albornoz et al.

(Furman et al. 2017). We describe below, the role of the inflammasome and their
therapeutic approaches in these two most common neurodegenerative diseases.

3.3.1 Alzheimer’s Disease

Alzheimer’s disease (AD) is the most prevalent chronic and progressive neurode-
generative disease. The first symptoms are short-term memory loss and worsen over
time leading to progressive cognitive impairment and dementia in 70% of the cases
(Tarawneh and Holtzman 2012). Currently, there are no treatments to stop the
progression of the disease, only to ameliorate some symptoms (Yiannopoulou and
Papageorgiou 2013). The primary hallmark of the development of AD is the
deposition of amyloid f (AP) aggregates in the hippocampus (Friedrich et al.
2010), correlated with a chronic activation of the innate immune system and
microglial activation (Doens and Fernandez 2014). The microglia can bind soluble
AP oligomers and fibrils via cell-surface receptors including CD14, CD36, CD47,
and TLRs among others (Bamberger et al. 2003). In AD, NLRP3 inflammasome
activation proceeds via phagosomal disruption or cell surface K* channels (Salminen
et al. 2009). Increasing evidence from AD mouse models such as APP/PS1 trans-
genic model and clinical studies have shown the relationship between innate
immune mechanisms and neurodegenerative process involving the persistent acti-
vation of NLRP3 in microglia and peripheral macrophages and NLRP1
inflammasome in neurons (Saresella et al. 2016). NLRP3 activation has been
shown to enhance AD pathology and may be involved in synaptic dysfunction,
cognitive impairments, and the restriction of microglial clearance functions (Heneka
et al. 2013). A fibrils can activate NLRP3 in mouse microglia, and higher levels of
active caspase-1 and IL-1p in the brains of patients with AD and APP/PS1 mice have
been detected compared to healthy patients and wild-type (WT) control mice.
Furthermore, there is a protective phenotype in caspase-1 or NLRP3 knockout
(KO) in terms of spatial memory impairments and loss of hippocampal neurons,
associated with behavioral disturbances present in AD, showing a neuroprotective
M2-like phenotype (Heneka et al. 2013; Heneka 2017). In neurons NLRP1 levels are
upregulated in APP/PS1 mice, and in vitro results have shown that silencing NLRP1
reduces Afp-induced neuronal pyroptotic cell death, positioning NLRP1 activation in
neurons as a new factor relevant to neurodegeneration in AD (Tan et al. 2014;
Kaushal et al. 2015). Recently the NLRC4 inflammasome was shown to
be upregulated in AD brains; it has been shown that NLRC4 can be activated in
response to fatty acid palmitate in astrocytes (Kaushal et al. 2015); this is correlated
with a higher fatty acid content in AD brains compared with healthy brains (Cutler
et al. 2004). Based on these results, introducing pharmacologic treatments targeting
the NLRP3 inflammasome at different levels in the pathway may have beneficial
effects in patients with AD (White et al. 2017). The first successful study targeting
NLRP3 pharmacologically in a transgenic mouse model of AD was recently
published (Daniels et al. 2016). This study has shown that several clinically
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approved and widely used nonsteroidal anti-inflammatory drugs (NSAIDs) of the
fenamate class are efficient and selective inhibitors of the NLRP3 inflammasome via
reversible blockade of volume-regulated anion channel (VRAC) in the plasma
membrane of macrophages. Inhibiting cognitive impairments in 3 x TgAD trans-
genic mice (Daniels et al. 2016), this treatment completely abated AD-related
neuroinflammation with reduced levels of microglial activation and IL-1f expression
compared to WT mice, opening an exciting new translational field to repurposition
these drugs as Alzheimer’s disease therapeutics (Venegas et al. 2017). A potentially
key paradigm shift in our understanding of inflammasome pathology in driving AD
is that microglial ASC specks can cross-seed amyloid-f during the course of the
disease and thereby contribute to the spread of amyloid-f} pathology.

3.3.2 Parkinson’s Disease

Parkinson’s disease (PD) is the most prevalent synucleinopathy and the second most
common neurodegenerative disorder worldwide after AD (Mhyre et al. 2012). PD is
a chronic neurodegenerative disease of the CNS, and its pathological hallmark is a
profound loss of nigrostriatal dopaminergic neurons that is preceded by the accu-
mulation and spread of characteristic Lewy bodies, consisting primarily of misfolded
fibrillar a-synuclein (Syn) (Obeso et al. 2010). There is a correlation between lack of
dopamine in the CNS with debilitating motor symptoms including tremor, rigidity,
and slowness of the movements and in advanced-stage dementia (Lotharius and
Brundin 2002). The current treatments target the symptoms but similar to AD do not
stop the progression of the disease due to the lack of treatments to prevent chronic
neuroinflammation that leads to neurodegeneration (Schapira et al. 2006). In recent
years, accumulating evidence suggests that the innate immune system specifically
NLRP3 is involved in the prominent neuroinflammatory response observed in PD
(Codolo et al. 2013; Walsh et al. 2014; Guo et al. 2015; Mao et al. 2017). It has been
shown that Syn fibrils can activate NLRP3 inflammasome in macrophages and
microglia, acting as an endogenous trigger of the inflammasome in PD (Codolo
et al. 2013; Guo et al. 2015; Gustot et al. 2015). The mechanism of Syn activation of
NLRP3 is not fully elucidated, but recent evidence suggests that it could be through
microglial endocytosis and subsequent lysosomal cathepsin B release (Zhou et al.
2016) and deficiency of caspase-1, significantly inhibited Syn-induced microglia
activation, and IL-1f production in vitro (Zhou et al. 2016). Clinical studies have
found higher levels of IL-1f and an upregulation of NLRP3 in PD patients (Zhou
et al. 2016; Zhang et al. 2016). Additionally, it has been demonstrated that dopamine
can inhibit systemic NLRP3 activation through dopamine D1 receptor (DDR1) via a
second messenger cyclic adenosine monophosphate (cAMP), which binds to
NLRP3 and promote its ubiquitination and degradation via the E3 ubiquitin ligase
MARCHY7 (Yan et al. 2015), suggesting an important novel endogenous regulatory
role for dopamine that correlates with an increased NLRP3 activation in PD patients
who inevitably have reduced levels of dopamine over the course of the disease.
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Although the etiology of PD is unknown, pesticide exposure is well recognized as an
environmental risk factor to acquire this disease (Hancock et al. 2008). In fact
chronic infusion of the pesticide, rotenone, has been used as a rodent model of
PD, since this model reproduces many relevant features of the disease (Panov et al.
2005). In this model it has also been demonstrated that microglial NLRP3
inflammasome can be activated by rotenone exposure (Liang et al. 2015). Microglial
NLRP3 can be activated with rotenone via the ROS/c-abl/NLRP3 signaling path-
way, affecting the auto-lysosomal system. In this study it was demonstrated that
targeting oxidative stress-induced c-Abl activation in the microglia can diminish
microglial activation associated with neurodegeneration in PD (Lawana et al. 2017).
The effect of rotenone also was observed in neurons in an animal model showing that
pathological pesticide exposure could activate neuronal inflammasome in the
substantia nigra and promote the expression of NLRP3, ASC, and caspase-1 and
the secretion of IL-1p and IL-18 in a dose- and time-dependent manner (Zhang et al.
2016). Moreover, inflammasome activation components were detected in cerebro-
spinal fluid of PD patients, showing that cyclin-dependent kinase 5 (Cdk5) is
necessary for NLRP3 activation in neurons and its pharmacological inhibition with
roscovitine a CdkS inhibitor or Cdk5-targeted deletion could efficiently block
neuronal inflammasome activation in 1,2,3,6-methyl-phenyl-tetrahydropyridine
(MPTP) and Syn transgenic mouse PD models (Zhang et al. 2016). Besides, a
central component of the inflammasome, caspase-1, causes truncation and aggrega-
tion of Syn, and this was recently demonstrated in a neuronal cell model of PD,
dmeonstrating another potentially pathogenic role of the NLRP3 inflammasome in
PD etiology (Wang et al. 2016). NLRP3 upregulation also was observed in a rat
model of PD, the 6-hydroxydopamine (6-OHDA) model, showing high levels of
mRNA and protein expression of NLRP3 components in the 6-OHDA injected side.
In this study, microinjections of different doses of caspase-1 inhibitor (Ac-YVAD-
CMK)) in the striatum were performed. This treatment showed an inhibition of the
mRNA and protein expression of NLRP3 components and an improvement in the
rotational behavior and the number of dopamine neurons in the substantia nigra,
indicating that NLRP3 inflammasome participates in the pathogenesis of PD and
downstream inhibition of the inflammasome can alleviate the occurrence of PD
symptoms (Mao et al. 2017). Astrocytes also play an important role in
neurodegeneration, regulating ROS production through uncoupling protein
2 (UCP2), maintaining the proper levels of oxidative stress in the brain (Lu et al.
2014). It has been shown that UCP2 knockout mice exhibit exacerbated dopaminer-
gic neuron loss in MPTP mouse model, with NLRP3 inflammasome activation in
astrocytes (Lu et al. 2014). Moreover, targeting NLRP3 to inhibit the inflammatory
process also has been approached with gene therapy. In a recent study, it was shown
that NLRP3 is a target gene of microRNA-7 (miR-7) and microglial transfection
with miR-7 produces an inhibition of microglial NLRP3 inflammasome activation,
whereas anti-miR-7 aggravated inflammasome activation in vitro (Zhou et al. 2016).
Also, this was demonstrated in vivo with stereotaxic injections of miR-7 into mouse
striatum, decreasing dopaminergic neuron loss accompanied by the amelioration of
microglial activation in MPTP mouse model (Zhou et al. 2016). Collectively, these
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exciting new findings place NLRP3 inflammasome as a central pathway in the
progression of the neuroinflammatory process in PD and an attractive disease-
modifying therapeutic target.

3.4 Inflammasome in CNS Autoimmune Disease: Multiple
Sclerosis

Multiple sclerosis (MS) is an autoimmune inflammatory demyelinating disease of
the CNS that is thought to be mediated by myelin-specific autoreactive T cells,
characterized by an increased microglial activation associated with extensive and
chronic neurodegeneration (Compston and Coles 2008). This neuroinflammatory
damage disrupts the proper transmission of the nerve impulse, resulting in a range of
debilitating signs and symptoms including fatigue, ataxia, cognitive impairment, and
depression among others (Bruck 2005). Although the etiology of the disease remains
unknown, several clinical studies have reported the association of the elevated
expression of caspase-1, IL-1p, and IL-18 with the susceptibility, progression, and
severity of MS patients (Losy and Niezgoda 2001; Ming et al. 2002; Huang et al.
2004; Heidary et al. 2014). This finding is linked with an increasing number of
reports that strongly suggest the involvement of NLRP3 inflammasome in the
pathophysiology of MS (Gris et al. 2010; Inoue and Shinohara 2013; Barclay and
Shinohara 2017; Guo et al. 2017). Recent studies have shown that NLRP3 plays a
critical role in the induction and progression of experimental autoimmune enceph-
alomyelitis (EAE), an animal model of MS. This is through direct effects on caspase-
1-dependent cytokines which influence Th1 and Th17 responses (Gris et al. 2010),
showing a protective phenotype in NLRP3 KO mice with EAE, due to a reduction in
the severity of the disease with a significant decrease of the inflammatory infiltrates
including macrophages, dendritic cells, CD4, and CD8" T cells in the spinal cord and
with a reduction in the destruction of myelin and astrogliosis (Gris et al. 2010).
Additionally, high levels of cytoplasmic caspase-1 in resident oligodendrocytes of
MS lesions have been reported. In this study oligodendrocytes were exposed to a
cytokine challenge, observing a blockage in cell death induction by the caspase-
linhibitor Z-YVAD-FMK, suggesting that caspase-1 may play a key role in the
inflammatory and pyroptotic processes associated with MS pathogenesis (Ming et al.
2002). Furthermore, evidence in patients with MS suggests that inflammasome
activation occurs during MS progression finding caspase-1 and IL-1f in MS plaques
and an increase of IL-1f and IL-18 in peripheral blood mononuclear cells (PBMCs)
of MS patients (Huang et al. 2004; Inoue and Shinohara 2013). Moreover, pharma-
cological studies with the specific NLRP3 inhibitor, the small molecule MCC950,
were performed investigating the possibility that MCC950 may suppress the T-cell
response that mediates autoimmune diseases (Coll et al. 2015). Pretreatment of EAE
mice with MCC950 delayed the onset and reduced the severity of EAE, with a
reduction in serum concentration of IL-1p and IL-6. Furthermore, analysis of brain
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mononuclear cells from mice culled on day 22 after treatment showed modestly
reduced frequencies of IL-17- and IFN-y-producing CD3™ T cells in MCC950-
treated mice in comparison with vehicle-treated mice, showing an attenuation in
the severity and progression of the disease, positioning this drug as a potential
therapeutic for NLRP3-associated syndromes including auto-inflammatory and
autoimmune diseases (Coll et al. 2015). Similar results were observed with a novel
small molecule, a hydroxyl sulfonamide analog JC-171, delaying the progression
and severity of EAE in prophylactic and therapeutic settings and blocking IL-1f
production and Th17 response (Guo et al. 2017). Collectively, all these novel
therapeutic approaches suggest that sustained NLRP3 inflammasome activation is
an important mechanism in MS pathophysiology and a potential therapeutic target
for the treatment.

3.5 Inflammasomes in Brain Injury

The leading causes of brain injury related to mortality and morbidity are acute
ischemic stroke and traumatic brain injury (Feigin et al. 2014; Levin and Diaz-
Arrastia 2015). The first is due to an insufficient supply of blood to regions of the
brain producing damage and death of tissue (Donnan et al. 2008). The second, TBI,
is a consequence of a mechanical trauma to the CNS such as head or spinal cord
injury (Ghajar 2000). Both forms of injury result in an acute necrotic and apoptotic
loss of neuronal and some glial populations driven by inflammatory cascades leading
to the overactivation of innate immune responses. Below we describe the role of the
inflammasome activation in stroke and TBI.

3.5.1 Stroke

Stroke is one of the most frequent causes of death and disability worldwide (Donnan
et al. 2008; Kuklina et al. 2012). The most common form is ischemic stroke and is
caused when a blood clot slows or interrupts the normal blood flow to a region of the
brain leading to inflammation and tissue damage (Feigin et al. 2003). Increasing
evidence indicates that NLRP3 inflammasome plays a significant role in the patho-
genesis and progression of stroke (Barrington et al. 2017; Ye et al. 2017). Increased
levels of NLRP3 protein has been found after experimental ischemic stroke, accom-
panied by elevated levels of IL-1p and IL-18 and extensive neuronal and glial cell
death (Lammerding et al. 2016). Preclinical studies in animal models have also
found an increase in NLRP3 and NLRP1 expression and activation in primary
cortical neurons and cerebral tissue under in vitro and in vivo ischemic conditions.
This activation is through NF-kB and MAPK signaling pathways, showing high
levels of IL-1pB, IL-18, and caspase-3 triggering neuronal apoptosis (Fann et al.
2018). Furthermore, in the same study, treatment with intravenous immunoglobulin
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(IVIg) was reported to reduce the activation of the NF-kB and MAPK pathways
resulting in decreased expression and activation of NLRP1 and NLRP3 in primary
cortical neurons under ischemic conditions, suggesting that therapeutic interventions
targeting inflammasome activation in neurons may provide new treatments for
ischemic stroke. Moreover, NLRP3 deficiency ameliorated cerebral injury in mice
after ischemic stroke by reducing infarcts and BBB damage through NOX2-
mediated oxidative stress (Yang et al. 2014). Also, the specific selective inhibition
of NLRP3 with MCC950 or with P2X7R antagonist BBG post stroke has shown a
reduction in neuronal apoptosis, infarction volume, and neurological impairment
demonstrating that P2X7R/NLRP3 pathway plays a critical role in caspase-3-depen-
dent neuronal apoptosis after ischemic stroke (Ye et al. 2017). The increase of
caspase-1 expression has also been described in neurons and astrocytes after throm-
boembolic stroke and observed 24 h later in microglia (Abulafia et al. 2009).
Therapeutic caspase-1 inhibition has been evaluated pharmacologically and with
transgenic mice, showing a reduction of brain damage in knockout mice compared
with WT controls after experimental stroke (Friedlander et al. 1997), as well as a
protective effect with the intracerebroventricular administration of the caspase-1
inhibitors Ac-YVAD-cmk or VRT-018858 in experimental stroke models
(Rabuffetti et al. 2000; Ross et al. 2007). Collectively, these findings suggest that
the NLRP3 inflammasome could be a potential novel therapeutic target for stroke.

3.5.2 Traumatic Brain Injury

Traumatic brain injury (TBI), or mechanical trauma to the CNS, results in the
disruption of the cellular microenvironment leading to massive necrotic and apo-
ptotic loss of neuronal and glial populations. This loss is accompanied by an
acute production of ROS and activation of the innate immune system triggering
inflammation with the release of pro-inflammatory cytokines leading to neuron
damage and death (Werner and Engelhard 2007). Growing evidence indicates that
TBI could activate the inflammasome, specifically NLRP3 with increased levels of
ASC, activation of caspase-1, and release of IL-1p and IL-18 in humans and murine
models of TBI (Adamczak et al. 2012; Liu et al. 2013). The first study in human
patients has shown increased levels of NLRP1 and NLRP3 in cerebrospinal fluid
(CFS) after severe TBI in children correlating NLRP3 as a marker of TBI severity
(Adamczak et al. 2012). Also, neuronal NLRP1 constitutes an important component
of the innate immune response after TBI, demonstrated in a rat model neutralizing
ASC with anti-ASC antibodies, showing a reduced caspase-1 activation and
processing of IL-1f resulting in a significant decrease in contusion volume after
injury (de Rivero Vaccari et al. 2009). To study if NLRP3 is involved in the outcome
of TBI, NLRP3 activation was targeted pharmacologically in a rat model of blast-
induced TBI (bTBI) with the administration of propofol. Propofol is a lipid-soluble
intravenous anesthetic, which has been shown to possess therapeutic benefit during
neuroinflammation on various brain injury models, indicating an inhibition of the
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inflammatory response and a reduction in brain injury by inhibiting ROS. This
inhibition leads to a decrease in NLRP3 activation and pro-inflammatory cytokines
release in the cerebral cortex of bTBI rats with an amelioration of cerebral cortex
damage (Ma et al. 2016). Moreover, similar results were obtained with the Chinese
medicine mangiferin, showing a neuroprotective effect in rats treated with
mangiferin in a bTBI model, suppressing the activation and expression of NLRP3
through the inhibition of oxidative stress and pro-inflammatory cytokines production
in the cerebral cortex, alleviating brain damage, and positioning this approach as a
potential therapeutic strategy for bTBI (Fan et al. 2017). Another therapeutic
approach has been achieved, targeting NLRP3 in TBI with the use of omega-3
fatty acids (m—3 FAs). This treatment prevents NLRP3 mitochondrial localization
and caspase-1 cleavage through G protein-coupled receptor 40 (GPR40) reducing
the release of IL-1f ameliorating neuronal death and behavioral deficits after TBI in
rats (Lin et al. 2017), positioning the innate immune response, specifically NLRP3,
as a major contributor to the neuroinflammatory process that leads to the severity of
TBI and as an important novel therapeutic target for the treatment of this debilitat-
ing neurological disease.

3.6 Inflammasome Activation in CNS Infections

Infections of the CNS can be caused primarily by viruses, bacteria, and fungi as well
as pathogenic prions (Koyuncu et al. 2013; Coureuil et al. 2017; Shi and Mody
2016). Some acute infections can lead to meningitis or encephalitis and have the
potential to contribute to massive acute inflammasome activation. This response
against a particular pathogen can be distinct in the CNS compared to systemic
responses (Walsh et al. 2014). Therefore it is important to understand how the
inflammasome can be distinctly activated in the CNS to develop novel and effective
therapeutic strategies against CNS infections; below we outline the role of the
inflammasomes in bacterial and viral infections in the CNS based on recent
evidence.

3.6.1 Bacterial Infection

Streptococcus pneumoniae is a common cause of bacterial meningitis which occurs
when these bacteria invade the CSF leading to an inflammatory process and brain
damage (Geldhoff et al. 2013). This process is orchestrated by a variety of innate
immune responses, including through acute NLRP3 inflammasome activation. As
recently demonstrated in murine models and human patients, NLRP3 could play an
important role in the pathologic progression of pneumococcal meningitis infection
(Hoegen et al. 2011; Geldhoff et al. 2013). In a murine model of pneumococcal
meningitis, ASC and NLRP3 were shown to be involved in modulating the severity
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of the disease through the release of IL-1p and IL-18. In this study using differen-
tiated human macrophages, THP-1 cells were utilized to confirm that the pneumo-
coccal pore-forming toxin pneumolysin is an essential inducer of IL-1f expression
and inflammasome activation upon pneumococcal challenge, through the release of
ATP, lysosomal destabilization, and cathepsin B activation (Hoegen et al. 2011). In
murine microglia pneumolysin can induce caspase-1-dependent pyroptotic cell death
with NLRP3 being critical for caspase-1 activation during the process, and the
induction of autophagy could transiently protect microglia from pyroptosis boosting
the infective mechanism (Kim et al. 2015). In patients with bacterial meningitis, CSF
levels of IL-1P and IL-18 were correlated with severity of the disease. Inversely in
ASC and NLRP3 KO mice, a decreased systemic inflammatory response and
bacterial outgrowth is observed in blood and brain homogenates compared to WT
mice. Moreover, the NLRP3 deficiency was associated with an increase in cerebral
neutrophil infiltration and cerebral hemorrhages in comparison to WT controls
(Geldhoff et al. 2013). Another common etiological agent of brain abscesses is
Staphylococcus aureus (S. aureus) which is characterized by widespread inflamma-
tion and necrosis. S. aureus also induces NLRP3 inflammasome activation in
microglia in an ATP and cathepsin B-dependent manner, with significantly reduced
IL-1p production in NLRP3 and ASC KO microglia following exposure to S. aureus
(Hanamsagar et al. 2011). Listeria monocytogenes (LM) infection, or listeriosis, is a
common foodborne disease that can lead to severe and potentially fatal cases of
bacteremia and meningitis (Thonnings et al. 2016). Infection with LM can activate
caspase-1 and the processing of IL-1p and IL-18 and pyroptosis through the activa-
tion of multiple inflammasomes such as AIM2, NLRC4, and NLRP3 and collec-
tively orchestrate a robust pro-inflammatory response (Wu et al. 2010).

3.6.2 Viral Infections

Viral infections typically begin in the peripheral tissues and rarely invade the CNS;
however, some viruses can infect the CNS triggering the innate immune response
(Koyuncu et al. 2013). Japanese encephalitis virus (JEV) represents a common cause
of acute viral encephalitis; JEV can invade the CNS and consequently induce acute
neuroinflammation, which is characterized by neurodegeneration, astrogliosis. JEV
infection has recently been linked with microglial NLRP3 activation resulting in the
production of IL-1p and IL-18 (Kaushik et al. 2012). JEV activates NLRP3 through
K* efflux and ROS production in mouse microglia, and depletion of NLRP3 results
in the reduction of caspase-1 activity and cytokine release (Kaushik et al. 2012).
Another related flavivirus that causes viral encephalitis; West Nile virus (WNV) has
been shown to interact with the innate immune response. In contrast with JEV,
NLRP3 inflammasome activation has shown to be a protective response during
encephalitis caused with WNV. IL-1f production is a key host restriction factor
involved in WNYV control, as shown in animals lacking the IL-1 receptor or com-
ponents involved in inflammasome pathway a higher susceptibility to WNV
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pathogenesis. In this study it was demonstrated that IL-1f production is essential for
the development of an effective host immunity against WNV, revealing a novel role
for IL-1f in antiviral action that restricts virus replication in neurons (Ramos et al.
2012). Furthermore, ASC-deficient mice exhibited increased susceptibility to WNV
infection, associated with a reduced survival with enhanced virus replication in the
peripheral tissues and CNS. However, brains from ASC KO mice displayed unre-
strained inflammation, including elevated levels of pro-inflammatory cytokines and
chemokines, correlated with astrogliosis and enhanced infiltration of peripheral
immune cells in the CNS (Kumar et al. 2013). Recently neurological complications
related to Zika virus (ZIKV) infection have emerged as a significant threat to public
health worldwide (Russo et al. 2017). Several studies have identified microglial
nodules, gliosis, neuronal and glial cell degeneration, and necrosis in the brain of
ZIKV-infected infants. This suggests that ZIKV could play a role in these neuro-
logical disorders through neuroinflammation and microglial dysfunction (Tricarico
et al. 2017). ZIKV has been shown to replicate in infective cells causing increased
ROS leading to NLRP3 activation and IL-1p release in the human primary glioblas-
toma cell line U87-MG process that culminates in cell death, implicating
inflammasome as a novel and relevant pathogenic factor in ZIKV infection and
associated neuropathology (Tricarico et al. 2017).

3.7 Concluding Remarks

In the past decade, crucial advances have been made in our understanding of
functional roles of inflammasomes in the healthy CNS and more significantly, in
understading the pathological consequences of chronic inflammasome activation
during neurological disease. Indeed, sustained innate immune activation more
broadly has emerged as a key pathological mechanism during progressive
neurodegeneration. While insufficient activation causes the host to become vulner-
able to PAMPs and DAMPs, on the contrary chronic and sustained inflammasome
activation can drive unfavorable outcomes in almost all progressive neurological
diseases that have been studied (Singhal et al. 2014; Song et al. 2017). The
current understanding of the specific pathological mechanisms driv-
ing inflammasome activation remains insufficient to develop effective therapeutic
strategies for complex and challening CNS diseases with multifactorial
etioligies. Specifically, the mechanisms by which inflammasome activation is ter-
minated and CNS homeostasis is restored remain to be defined. Likewise the
contribution of systemic inflammasome activation to CNS pathology has not been
elucidated. Therefore, a more in-depth understanding of the regulation of this
key pathway in different neurological contexts could lead to novel and more
effective disease-modifying therapeutic strategies that could slow or halt disease
progression and potentially restore homeostasis in the CNS.
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