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Inflammasomes are molecular platforms that are formed and activated by a host in response to pathogen- and damage-

associated molecular patterns as well as cellular injury and stress. Inflammasome activation is benefical to the host as it

plays a pivotal role in the clearance of the pathogen and restore tissue homeostasis. However, aberrant activation of the

NLRP3 inflammasome by a wide variety of sterile triggers, including misfolded protein aggregates drives pathological

sterile inflammation and is associated with several neuromuscular diseases. Assembly of the NLRP3 inflammasome leads

to the caspase-1-mediated proteolytic cleavage and secretion of key proinflammatory cytokines, interleukin (IL)-1β and IL-

18, and a lytic form of cell death known as pyroptosis. These cytokines further amplify inflammatory responses by

activating various signaling cascades, leading to the recruitment of immune cells and overproduction of proinflammatory

cytokines and chemokines, resulting in a vicious cycle of chronic inflammation and tissue damage.
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1. Introduction

Skeletal muscle is a secretory organ that releases cytokines (also called myokines) which act as signaling messengers

between the muscle and other organs in the endocrine system; thus, it plays an important role both in physiological and

pathological processes . In fact, at the early stage of muscle regeneration, following muscle damage, infiltrating immune

cells (i.e., mast cells and neutrophils) clear the damaged myofibers and secrete cytokines to recruit macrophages, to

regulate the inflammatory response. These cytokines are known to induce muscle wasting by stimulating proteolysis,

thereby tipping the fulcrum towards protein degradation, leading in turn to impairment of muscle regeneration .

The Nod-like receptor (NLRs) proteins represent a family of conserved cytoplasmic pattern recognition receptors that act

as immune sensors of the innate immune system. NLRs are multiprotein complexes capable of activating an inflammatory

response; amongst them, NLRP1, NLRP3, NLRP6, NLRP7, NLRP12, NLRC4 (NLR family CARD domain-containing

protein 4) and NAIP (neuronal apoptosis inhibitory protein) accomplish this via the formation of inflammasomes . The

inflammasome complex consists of three components, namely a sensor molecule, the adaptor ASC and the effector

caspase-1. The stimulation and assembly of inflammasomes induces a chain-reaction of caspase 1-dependent proteolytic

cleavage, along with the maturation and secretion of proinflammatory cytokines, namely, IL-1β and IL-18, resulting in a

highly inflammatory form of programmed cell death, distinct from apoptosis, called pyroptosis. This process leads to

plasma membrane rupture and the release of proinflammatory intracellular contents, including inflammasome

components, into the extracellular milieu to promote chemotaxis and infiltration of innate immune cells at the sites of

tissue damage .

2. NLRP3 Inflammasome

The NLRP3 inflammasome is one of the most studied and characterized inflammasomes due to its unique and wide

diversity of stimuli, and its suggested involvement in a variety of disorders . Although the NLRP3 inflammasome is

important for detecting microbial and host-derived danger signals and promoting tissue repair, its over-activation may lead

to severe impairments (i.e., swelling, tissue damage, internal bleeding and respiratory disablement) . In this review we

focus primarily on the involvement of the NLRP3 inflammasome in neuromuscular diseases.

The NLRP3 inflammasome is crucial for initiating innate immune responses . The stimulation, assembly, and proper

functioning of the inflammasome are dependent on a variety of key players. Many excellent reviews describe in detail the

fundamental steps of NLRP3 inflammasome formation and activation . Therefore, only a brief summary is

provided below.
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It is also well established that the NACHT domain is critical for NLRP3 function and self-association . The assembly of

inflammasome is initiated by recruitment of procaspase-1 and proximity-induced oligomerization and autoactivation,

resulting in caspase-1 cleavage and release of active caspase-1. Consequently, caspase-1 cleaves pro-interleukin 1-beta

(pro-IL-1β) and pro-interleukin 18 (pro-IL-18) into biologically active mature forms of IL-1β and IL-18. Recent research has

shown that pyroptosis is executed through activation and cleavage of caspase-1 and -11 mediated cleavage of gasdermin

D (GSDMD). The N-terminal fragments of GSDMD binds to the cell membrane and forms pores, followed by cellular

swelling, plasma membrane rupture and release of cellular contents into the extracellular milieu . The exact

mechanisms involved in the execution of pyroptosis and regulation of host defense responses remain unclear.

Although ASC has been identified as a key adaptor that links the PYD-domain-containing NLR receptors, such as NLRP3,

to the pro-caspase-1 via its PYD and CARD domains , it is also responsible for the formation of ASC specks (called

pyroptosomes) . The PYD–PYD self-association drives dimerization of ASC and permits further assembly of

supramolecular insoluble aggregates independently of caspase-1 . On the other hand, the CARD domain of ASC plays

an important role in linking individual ASC filaments to create dense specks . In addition, these specks have been

shown to amplify and perpetuate inflammasome signaling by creating many caspase-1 activation sites .

The NLRP3 inflammasome can be activated in response to a diverse array of pathogenic and environmental stimuli. In

fact, members of the NLR family, including NLRP3, PYRIN and PYHIN family proteins (recognition receptors such as

absent in melanoma 2 (AIM2), recently reported to play roles in cell cycle, tumor suppression and transcriptional

regulation), have all been shown to assemble inflammasomes in response to cytosolic pathogen-associated molecular

patterns (PAMPs) and damage-associated molecular patterns (DAMPs). PAMPs include lipopolysaccharides (LPS),

flagellin, viral DNA and RNA whereas DAMPs include S100 proteins, heat shock proteins and High mobility group box 1

protein released from dying cells as well as changes in pH, ion fluxes, extracellular ATP, reactive oxygen species (ROS)

and uric acid crystals . The exact mechanism by which NLRP3 is activated by a vast array of pathogenic stimuli is

unknown, and future research is needed to uncover the mechanisms involved.

Generally, the activation of NLRP3 inflammasome requires two types of signals: an initial priming signal, followed by an

activating signal. Among these, phosphorylation, sumoylation, ubiquitination, alkylation, acetylation and nitration have

been linked to NLRP3 activation in most cell types . The second signal, being the activation signal, varies significantly

and is stimulated by PAMPs and DAMPs such as extracellular ATP via the ligand-gated ion channel belonging to the

purinergic type 2 (P2X7) receptor . Many signals are triggered by potassium efflux (K ) and other ionic fluxes (i.e.,

Ca  and Cl ), uric acid crystals or particles (asbestos) causing lysosomal disruption; these are signals causing

mitochondrial damage resulting in the release of ROS and mitochondrial (mt) DNA, and changes in the trans-Golgi

network .

Emerging evidence indicates that protein–protein interactions are vital to NLRP3 function. Interestingly, priming signaling

by LPS increases NLRP3–NEK7 interactions. This distinct link between NLRP3 and NEK7 is an electrostatic

complementarity interaction caused by NLRP3 being overall negatively charged while NEK-7 is positively charged .

NLRP3 and NEK7 can form a large oligomeric complex that leads to inflammasome assembly, as NEK7 forms

interactions between adjacent NLRP3 subunits.

The NLRP3 inflammasome has also been shown to bind other PYD containing proteins such as pyrin-only proteins

(POPs), a family of proteins consisting of single PYD domains. These proteins are small cytoplasmic decoy proteins that

regulate the inflammasome by either activating or inhibiting key players of the inflammasome Thus, POPs acts as part of

a negative feedback mechanism permitting host defense and early inflammation, but also resolves inflammasome events

in the long-term . Like POPs, COPs can both inhibit and activate the inflammasome.

3. NLRP3 Inflammasome in Muscles

The NLRP3 inflammasome is expressed in the muscles of humans and mice. In addition, primary skeletal muscle cells

contain TLR receptors (TLR-2, TLR-4) and the P2X7 receptor, two vital players for priming and activating the

inflammasome signaling pathway. Skeletal muscle cells also have the ability to secrete IL-1β in response to treatments

with LPS and benzylated ATP, suggesting that similar to immune cells, muscle cells can participate in inflammasome

formation . NLRP3 inflammasomes have also been shown to be active in myocytes and are upregulated in

degenerating muscles, muscle atrophy, muscle loss and myopathies .

A recent study from Liu et al. described the role of NLRP3 in muscle wasting and atrophy via angiotensin II (ang II)

mechanistic signaling. Ang II expression levels are increased in patients suffering from chronic kidney disease or heart

failure who display symptoms of muscle loss and muscle wasting . WT mice treated with Ang II presented a muscle
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wasting and weight loss phenotype along with decreased muscle performance, which was reverted in the NLRP3-KO

mice . Another study has demonstrated that IL-1β increases in muscle can also stimulate the expression of atrophy

markers, MuRF1 and atrogin-1, supporting the involvement of inflammasomes in muscle atrophy .

More importantly, mutations in the NLRP3 gene (coding for cryopyrin) are associated with a group of clinically distinct

disorders known as cryopyrin-associated periodic syndromes (CAPS) and encompass a spectrum of phenotypes

described as familial cold autoinflammatory syndrome, Muckle–Wells syndrome and neonatal-onset multisystem

inflammatory disease. These diseases are characterized by systemic inflammation with elevated levels of proinflammatory

mediators, fever, blood neutrophilia, and increased neutrophil infiltration in the skin, joints, muscles, and cerebrospinal

fluid. As described above, activation of the NLRP3 inflammasome typically requires two signals; however, in CAPS

patients, the gain-of-function decreases the activation threshold to only one signal . Increased serum levels of

extracellular oligomeric ASC have been found in patients with active CAPS, but not in patients with other inherited

autoinflammatory diseases .

Due to this convincing evidence connecting the NLRP3 inflammasome to muscle wasting, investigators have spent

considerable efforts on determining whether NLRP3 inflammasome signaling is also involved in neuromuscular and

neurodegenerative diseases associated with muscular dysfunction. The involvement of NLRP3 in these disorders is

discussed below.

Duchenne muscular dystrophy (DMD) is a disorder caused by deletions or mutations in the dystrophin gene, preventing

the production of functional dystrophin protein in skeletal muscle fibers, the diaphragm and the heart . These

patients suffer from severe muscle degeneration which results in muscle weakness, respiratory impairment, and

cardiomyopathy. Loss of ambulation arises at 12 years of age and progresses until the age of 16–18 years, after which

ambulation is lost . With multidisciplinary care, including ventilatory support and cardioprotective management, many

patients with DMD can live into their fourth decade of life .

In muscles, dystrophin binds the dystrophin-associated protein complex (DAPC) at the muscle membrane and the actin

cytoskeleton, which provides muscle membrane stability . Activation of NF-κB is known to increase the expression of

cell adhesion molecules such as intercellular adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule (VCAM-1)

and E-selection, leading to leukocyte adhesion and transmigration to the sites of inflammation . Accordingly, atypical

increases of immune cells (e.g., neutrophils, T lymphocytes) and inflammatory macrophages arise in the muscle,

provoking chronic inflammation, necrosis and replacement of the muscle by connective tissue  (Figure). Other

possible therapeutic strategies aimed at targeting signaling pathways to improve functional outcome of dystrophic

muscles can be designed to target endogenous genes to restructure the DAPC, and tackle inflammation, calcium

imbalance, fibrosis and oxidative stress .

Figure. Immune cell infiltration in dystrophic muscle tissue. Tibialis anterior (TA) muscle cryosections from wild-type (WT)

and mdx mice were immunostained with anti-CD11b (myeloid cell marker) and anti-laminin (muscle fiber membrane stain)

antibodies. Nuclei were counterstained with 4′,6′-diamidino-2-phenylindole (DAPI, blue). Arrows indicate myeloid cell

infiltrate (red) associated with focal invasion of muscle fibers (green). Scale bars, 50 μm.

Glucocorticoids have anti-inflammatory effects, in part, by suppressing NF-κB and activator protein-1 (AP-1), which

inhibits coactivator molecules responsible for acetylating histones involved in switching on transcription of inflammatory

genes . This indicates that alternate anti-inflammatory drugs should be further investigated for DMD. The results from

this study showed that the NSAIDs improved inflammation, fiber necrosis and muscle morphology, and aspirin in particular

ameliorated resistance to muscle fatigue . Another NSAID, celecoxib (Celebrex), markedly ameliorated muscle fiber

integrity, improved muscle function and decreased immune cell infiltration in mdx mice .
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Although inflammation is a key component of muscle repair, chronic inflammation results in progressive muscle

degeneration and weakness. Upstream receptors of inflammasomes, TLRs, including TLR-1, 2, 3, 4, 7, 8 and 9, are also

expressed in a variety of skeletal muscles at different levels in mdx mice . Histopathological studies have shown that

abnormal fiber size distribution is a hallmark of dystrophic muscles . NLRP3 knockdown in mdx mice restores a

more equal distribution in muscle fiber size and significantly reduces centrally nucleated myofibers (indicative of fewer

regenerating fibers).

In contrast to control mice, transgenic mdx mice overexpressing adiponectin showed decreased inflammation and

oxidative stress markers involved in dystrophic muscle damage . Along these lines, a recent publication from

Boursereau et al. explored the effects of NLRP3 and adiponectin in muscle, in a DMD context . This study also

demonstrated that similarly to what was seen in the transgenic mdx/NLRP3-KO mice, the adiponectin-mediated decrease

in NLRP3 promoted beneficial effects on the dystrophic phenotype of mdx mice. These findings reveal the potential

involvement of NLRP3 in DMD pathogenesis and adiponectin as a potential therapeutic approach to target inflammation in

DMD.

Another potential NLRP3 target characterized in dystrophic mice is ghrelin. This hormone, typically involved in regulating

appetite, has been shown to induce anti-inflammatory activity in many inflammatory diseases . This treatment

also improved motor performance as determined by in vivo behavioral testing and morphological assessment of pathology

in the mdx muscles. Furthermore, the inhibition of NLRP3 inflammasome by ghrelin was partly mediated by the

suppression of janus kinase 2/signal transducer and activator of transcription 3 (JAK2-STAT3) and the p38 mitogen-

activated protein kinase signaling pathway , typically involved in modulation of inflammation, hematopoiesis, immunity,

cell growth, differentiation and proliferation .

Although the studies discussed above highlight the importance of NLRP3 in DMD and other dystrophies (described

below), contradicting results from a recent study demonstrate that genetic disruption of the inflammasome central adaptor

ASC has minimal effects on the phenotype of mdx mice . Therefore, further experimentation is warranted to resolve

these discrepancies and delineate the mechanisms involved.

Limb–girdle muscular dystrophy (LGMD) is a genetically and clinically heterogeneous family of rare progressive muscle

disorders . LGMD disorders are caused by genetic variants resulting in aberrant synthesis of proteins involved in

different parts of the muscle fiber, such as the sarcolemma (muscle fiber membrane), sarcoplasm, sarcomere, nucleus

and the extracellular matrix . Dysferlin is responsible for fusion of repair vesicles with the plasma membrane to

repair the damaged muscle membrane, and has been suggested to be involved in the control of muscle inflammation 

. Dysferlin expression has also been directly correlated with the ability of mitochondria to improve the repair of the

muscle fiber membrane .

Mild myofiber damage in dysferlin-deficient muscle is sufficient to activate inflammatory signaling, which may contribute to

the progression of the disorder. Indeed, biopsies from LGMD2B patient muscle contained higher levels of protein

components of the inflammasome, including NLRP3, ASC and pro-caspase 1, compared to healthy subjects. Treatment of

primary skeletal muscle cells from dysferlin-deficient mice with inflammasome activators such as LPS and benzylated ATP

led to more secretion of IL-1β into the culture supernatant compared to untreated muscle cells . Thus, with membrane

fragility and decreased muscle fiber integrity, as in LGMD2B, the damaged muscle cells are more susceptible to NLRP3

inflammasome activation and the inflammatory response.

The entry of Ca  ions due to sarcolemmal tears or the activation of leaky calcium channels by sarcolemmal stretching

creates calcium excess in the muscle fibers and in the mitochondria, causing swelling . Interestingly, it has been

shown that an increase in cytosolic Ca  promotes NLRP3 inflammasome activation. It is also suggested that the increase

of cytosolic Ca  may provoke Ca  overloading of mitochondria, resulting in mitochondrial dysfunction that leads to

NLRP3 inflammasome activation . Thus, it does not come as a surprise that dystrophic muscles of LGMD2B and DMD

patients that have membrane instability and increased Ca .

It is unclear whether inflammasome activation seen in dysferlinopathies is only due to sarcolemmal wounding of the

muscle fibers or whether it is also caused by lysosomal dysfunction. Dysferlin-containing vesicles have been shown to

move along microtubules via kinesin motor proteins, and fuse with lysosomes in response to membrane damage, to

create large wound sealing vesicles . In addition, lysosomal destabilization and rupture increases the production of

mitochondrial ROS and NLRP3 activation, and promotes the release of IL-1β and IL-18 in both HUVEC and THP-1

monocytes . Hence, dysferlin deficiency may result in increased stimulation of NLRP3 inflammasome via lysosomal

dysfunction.
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4. Amyotrophic Lateral Sclerosis

Amyotrophic lateral sclerosis (ALS, also known as motor neuron disease and Lou Gehrig’s disease) is an adult-onset,

progressive neurodegenerative disease affecting approximately 2 per 100,000 individuals world-wide, with a higher

incidence among men than women. It is characterized by the selective degeneration of motor neurons in the brain, spinal

cord and skeletal muscles, leading to severe muscle atrophy and eventually paralysis . The disorder initiates with focal

weaknesses but spreads and affects most muscles, leading to paralysis of the whole body. Due to the large number of

causative factors that are suggested to increase in risk of developing ALS, disease pathology and clinical presentation of

ALS are markedly heterogeneous. The rate of disease progression is very aggressive, and death typically occurs within

2–5 years post-diagnosis, generally due to respiratory failure . The vast majority of ALS cases (>90%) are sporadic, but

~5–10% of the cases are familial . The pathological hallmarks of ALS include the presence of intraneuronal inclusions

composed of insoluble aggregated proteins .

The molecular mechanisms involved in the initiation and progression of ALS remain unclear; however, mutations in the

genes that are important for neuronal survival and function have been identified in patients with the familial and sporadic

forms of the disease. A hexanucleotide repeat expansion (GGGGCC) mutation in the non-coding region of the non-coding

chromosome 9 open reading frame 72 (C9ORF72) gene is the most common genetic cause of ALS patients and is

present in nearly 50% of patients with familial ALS, and 5–10% of patients with sporadic ALS . Although the molecular

mechanisms by which the C9ORF72 protein causes neurodegeneration has not been fully elucidated, both loss-of-

function through haploinsufficiency and gain-of-function through accumulation of toxic peptides have been implicated.

Knockdown of C9ORF72 protein using silencing RNA dysregulated autophagy and inhibited endocytosis, supporting its

role in endosomal trafficking and protein degradation . Mutations in the Cu/Zn superoxide dismutase (SOD1) gene are

another set of causes of the familial form of the disease; both gain-of-function and loss-of-function mutations have been

reported . Since the discovery of the first missense mutation in 1993 in the  SOD1  gene, advances in human

genetics have identified more than 185 SOD1 variants . SOD1 is a ubiquitously expressed enzyme that is found in the

cytoplasm and intermembrane space of mitochondria. It is known to bind Cu  and Zn  ions and convert highly reactive

and toxic superoxide radicals to oxygen and hydrogen peroxide, considered to be the less toxic species. Hydrogen

peroxide is subsequently converted to water and oxygen in the presence of catalase, thereby promoting an antioxidant

defense mechanism in the cell . It has been suggested that mutations in SOD1 result in conformational and functional

changes, leading to the inability of the enzyme to scavenge superoxide radicals, leading to oxidative stress. Recent

progress in ALS research has shown that an SOD1  mutation contributes to ALS pathology by causing toxic gain-of-

function of the mutated protein, in turn leading to misfolding and oligomerization.

Familial ALS has also been linked to mutations in more than 50 separate genes that are known as disease-modifying or

causative of ALS, of which TAR DNA-binding protein 43 kDa (TDP-43, encoded by TARDBP) fused in sarcoma (FUS)

and C9ORF72, as described above, have been most extensively characterized. A growing body of evidence suggests that

aberrant post-translational modifications, including ubiquitination, acetylation and phosphorylation, can lead to

aggregation and mislocalization of these proteins, thereby resulting in cellular dysfunction . For instance, TDP-43 is an

RNA-binding protein that localizes in the nucleus and regulates a multitude of RNA processing steps, such as

transcriptional repression, microRNA biogenesis, pre-mRNA splicing, mRNA stability, mRNA transport and translation. It

has been suggested that aggregated TDP-43 shuttles from the nucleus to the cytoplasm, and its accumulation and

redistribution to the neurites lead to the loss-of-function of normal TDP-43, thereby affecting cellular metabolism.

Alternatively, the presence of cleaved TDP-43 C-terminal fragment(s) (25 and 35 kDa) may result in a toxic gain of

function . More recently, it has been shown that neuroinflammation in ALS is driven, in part, by cytoplasmic DNA sensor

cyclic guanosine monophosphate (GMP)-AMP synthase (cGAS) resulting from TDP-43-induced mtDNA release. In fact,

inhibition of cGAS averts upregulation of NF-κB and type I IFN responses in iPSC-derived motor neurons and in TDP-43

mutant mice . Similarly, FUS is also an RNA-binding protein. It is localized in the nucleus where it regulates RNA

processing pathways. In neurons, FUS is present in RNA-transporting granules, axons, dendrites, and excitatory

synapses. While the loss of FUS does not trigger motor neuron degeneration and is not sufficient to cause ALS,

overexpression of mutant or wild-type FUS triggers motor neuronal cell death, supporting toxic gain of function .

In both sporadic and familial ALS, motor neuron cell death occurs by complex mechanisms that involve dysfunction in

several cellular processes, including endoplasmic reticulum and mitochondrial stress, autophagy, proteasome, oxidative

stress (ROS and nitric oxide), glutamate excitotoxicity, calcium overload, aberrant RNA/DNA regulation, axonal transport

system impairments and the “prion-like” propagation of misfolded protein, where the aggregated/abnormal proteins act as

seeds of neuropathology . Neuroinflammation is increasingly being recognized as a prominent pathological feature of
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ALS. Here we briefly review the role of the immune system, especially focusing on the role of the central nervous system

(CNS) innate immunity in neurodegeneration, and further discuss potential therapeutic approaches to precisely

dampening chronic neuroinflammatory responses in ALS by targeting the NLRP3 inflammasome.

4.1. Neuroinflammation and Motor Neuron Cell Death

Although the etiology and pathogenesis of ALS continues to be debated, accumulating evidence suggests that

neuroinflammation is an active contributor to the initiation and progression of ALS . The neuroinflammatory responses

are mediated, at least in part, by the activation of resident innate immune cells, i.e., microglia, astrocytes and mast cells,

in response to sterile triggers (e.g., protein aggregates). These responses are initially beneficial and protect the host.

However, failure to regulate these processes leads to a state of sustained/chronic activation of the immune system, which

constitutively secretes pathogenic levels of proinflammatory mediators and can contribute to motor neuron death and

disease progression . Indeed, reactive astrocytes and microglia are generally found to accumulate at sites of

motor neuron degeneration and have been shown to release proinflammatory cytokines, including TNF-α, CD11b, IL-17A,

interferon gamma (IFNγ), CD40L and IL-6; and NLRP3 inflammasome-induced cytokines IL-1β and IL-18, in post-mortem

human tissues and animal models of ALS, respectively . In addition, ALS patients display a detrimental

neuroinflammatory phenotype, not only due to increased production of proinflammatory cytokines by activated resident

immune cells but also because of increased peripheral immune cell migration into the brain, which can further aggravate

inflammatory responses . Increasing evidence points to an extensive and complex interaction occurring between the

innate immune cells, i.e., mast cells, astrocytes and microglia, which orchestrate immune responses during

neuroinflammation, and neurodegeneration. Several studies have also demonstrated increased infiltration of immune cells

from the circulation into the brain; however, it is still unknown whether they are protective or detrimental . Notably,

blood–CNS barrier impairments and changes in endothelial cells have been documented in both human pathological

samples and animal models of ALS .

Current evidence also points to the roles of the peripheral immune system in the initiation and progression of ALS, which

have recently been reviewed . A histopathological, post-mortem assessment of human spinal cord and brain tissues

revealed T-lymphocyte infiltration at the sites of motor neuron cell death, suggesting engagement of the adaptive immune

system . Flow cytometry analysis demonstrated alterations in T-lymphocyte populations in the blood of ALS patients as

compared to healthy subjects. Decreases in the regulatory T-lymphocyte (Tregs) cell counts and mRNA levels of FoxP3

(transcription factor forkhead box P3) were associated with accelerated disease progression in ALS patients . In

addition, Tregs obtained from ALS patients were less effective at suppressing responder T-lymphocytes as compared to

Tregs from healthy subjects, and circulating monocytes of ALS patients expressed a distinct proinflammatory signature

. In a human clinical study involving 33 patients with sporadic ALS and 38 healthy control subjects, Sheean et al.

recently showed that a systemic reduction in peripheral Tregs (including effector CD45RO /FoxP3  population) correlated

with an enhanced rate of ALS progression. They also tested the therapeutic potential of enhancing effector Tregs in

transgenic mice harboring a G93A mutation in  SOD1  (SOD1 ) . Expansion of effector Tregs population was

associated with slower disease progression and improvement in the lifespan for ALS mice. At the histological level,

marked reductions in astrogliosis and microgliosis were accompanied by increased motor neuron survival . Tregs are

known to suppress inflammation by inhibiting proinflammatory effector T-lymphocytes, and proinflammatory innate

immune myeloid cells, such as monocytes and macrophages; and by promoting neuroprotective microglia . Taken

together, these studies demonstrate a clear link between patient Tregs populations, monocyte profiles and ALS

progression, and support that there is active crosstalk between the innate and adaptive immune systems. Strategies

aimed at enhancing Tregs might be immunomodulatory and provide neuroprotection leading to improved clinical

outcomes in ALS patients.

A vast number of studies highlight the complexity of the immune responses in ALS patients and provide compelling

evidence for immune dysregulation in the pathogenesis of ALS (comprehensively reviewed in ). There exists a

conundrum between hyperinflammation and inefficient immune responses to pathogenic stimuli in ALS patients, possibly

due to patient-specific mutations in ALS-associated genes or polymorphisms in cytokine/chemokine genes that might

further affect the patient’s ability to mount appropriate immune responses.

4.2. Astrocytes: Stars in the Darkness

Astrocytes represent the most abundant cell type in the CNS that regulate and maintain homeostasis . Such astrocytes

are described as “homeostatic astrocytes” which are involved in critical CNS functions, including but not limited to the

maintenance and regulation of the extracellular microenvironment, blood–brain barrier (BBB) integrity, cerebral blood flow,

antioxidant and trophic factor support, uptake and recycling of neurotransmitters and detoxification of extracellular

glutamate and ROS . Astrocytes respond to all forms of CNS damage, including misfolded aggregated proteins
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composed of SOD1, FUS and TDP-43; dying neurons; and elevated ROS and cytokines, by a process known as “reactive

astrocytosis” which is accompanied by increased expression of intermediate filaments such as vimentin and glial fibrillary

acidic protein (GFAP) . Reactive astrocytes also undergo a dramatic morphological transformation and exhibit

ramifications of GFAP-positive hypertrophic processes which are associated with a broad spectrum of molecular and

functional changes . Liddelow et al. separated reactive astrocytes into A1 and A2 subtypes: A1 astrocytes were shown

to be neurotoxic and exacerbate disease pathology, whereas A2 astrocytes secreted neurotrophic factors and promoted

neuronal survival . It has now been established that reactive astrocytosis is a highly dynamic process whereby some

astrocytes can lose their normal functions and gain neurotoxic functions, which in turn, can negatively impact the

surrounding neural tissue whereas others can revert back to their normal homeostatic states and promote neuronal

survival. However, identification of the exact molecular subtypes of reactive astrocytes that are beneficial or detrimental to

neuronal health has been technically challenging, and their roles in the neurodegenerative process remain elusive.

4.3. Microglia: The Defense System of the CNS

Microglia represent the resident innate immune cells of the CNS that are important for the maintenance of homeostasis

and neuronal survival. Like other tissue macrophages, microglia are the professional phagocytes of the CNS that defend

against microbial and non-microbial threats and clear debris from damaged/dead cells. As a first line of defense, following

detection of neurodegeneration-associated molecular patterns (NAMPs), microglia activate a defense program that arms

them with a toolkit to transition from the “homeostatic” state into an “activated” or a “disease-associated” state . During

the transition to the activated state, microglia undergo numerous morphofunctional changes, release inflammatory

mediators (TNF-α, IL-6, nitric oxide, ROS and superoxide anions) and trigger activation of the NLRP3 inflammasome .

Following damage resolution, microglia shift back to the homeostatic state and secrete neuronal survival molecules, such

as anti-inflammatory cytokines (IL-10 and IL-4), and neurotrophic growth factors, to ensure neuronal fitness. However,

chronic stimulation switches microglia to a hyperinflammatory state, resulting in continuous production of proinflammatory

mediators, and leading to motor neuron death. Using high-throughput RNA sequencing, a recent study has shown that

microgliosis in ALS is driven by a subpopulation of microglia with transcriptional signatures similar to those of disease-

associated microglia . This unique population of microglial cells might play an important role in driving

neuroinflammatory responses and synaptic loss seen in ALS disease progression.

In summary, increased understanding of the mechanisms involved in NLRP3 inflammasome formation and activation will

lead to the development of effective treatments for neuromuscular diseases.
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