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Abstract

Multiple sclerosis (MS) is a demyelinating disease of the central nervous system (CNS), and it remains the most
common immune-mediated disorder affecting the CNS. While the cause of MS is unclear, the underlying
pathomechanisms are thought to be either destruction by autoimmune T cells or dysfunction of myelin-producing
cells. Recent advances have indicated that inflammasomes contribute the etiology of MS. Inflammasomes are
multiprotein complexes of the innate immune response involved in the processing of caspase-1, the activation of
pro-inflammatory cytokines interleukin (IL)-1β and IL-18 as well as the cell death-mediated mechanism of pyroptosis
and the activation of the adaptive immune response. Here we review the literature to date on the role of different
inflammasome signaling pathways in the pathogenesis of MS and how these pathways may be targeted to reduce
deleterious inflammatory processes and improve outcomes in this patient population.
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Background/introduction
Multiple sclerosis (MS) and the animal model of MS, experi-
mental autoimmune encephalomyelitis (EAE), are auto-
immune demyelinating diseases of the central nervous
system (CNS) characterized by the development of myelin-
reactive CD4 T cells, Th1, Th17, Treg, γδ T cells and B cells
(Fig. 1). Investigations in the EAE model have identified key
immune cells mediating inflammation in the CNS. In the in-
duction phase of EAE, inflammation is initiated by the bind-
ing of pathogen-associated molecular patterns (PAMP) or
danger-associated molecular patterns (DAMP) to pattern
recognition receptors (PRR) on innate immune cells, includ-
ing inflammatory dendritic cells and monocytes (Fig. 1).
PRR receptor binding results in production of interleukin
(IL)-1, IL-6, IL-12, IL-18, and IL-23 that promote the induc-
tion and expansion of Th1 and Th17 cells (Fig. 1) [1]. This
process is further amplified by IL-1β- and IL-23-activated γδ
T cells that secrete IL-17 and IL-21 that act in a feedback

loop to enhance the Th17 response as part of the effector
phase. Following breakdown of the blood-brain barrier
(BBB), activation of Th1, Th17 and γδ T cells enter the brain
and spinal cord. In addition, resident microglia of the CNS,
infiltrating monocytes and neutrophils secrete IL-1β and IL-
23 to further activate and expand these cells (Fig. 2). Infil-
trating γδ T cells, Th1 and Th17 secrete the inflammatory
cytokines IL-17, granulocyte and macrophage colony stimu-
lation factor (GM-CSF), interferon gamma (IFN-γ) and
tumor necrosis factor (TNF) that activate microglia and
oligodendroglia inducing the production of inflammatory
mediators such as IL-8 that recruits neutrophils and
promotes the production of matrix metalloproteinases and
chemokines. Together, these inflammatory responses
lead to myelin and axonal damage resulting in neuro-
degeneration (Fig. 2).
The role of B cells in MS pathogenesis has been studied

for decades, with some of the earliest work in MS revolving
around the increased abundance of immunoglobulins in
the cerebrospinal fluid (CSF). Specifically, immunoglobulin
G (IgG) oligoclonal bands have been a long-standing
biomarker of MS, though immunoglobulin M (IgM)
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oligoclonal bands have also demonstrated elevation in MS
patients and predict a more aggressive disease course [2].
With respect to B cell autoreactivity, it has been previ-

ously demonstrated that Treg dysfunction leads to inad-
equate suppression of autoreactive B cells [3]. Specifically,
forkhead box protein 3 (FOXP3) deficiencies were associ-
ated with increased accumulation of autoreactive B cells,
indicating that Treg cells are critical in suppressing B cell
autoreactivity [3]. A later study by the same group linked
deficiencies in the peripheral B cell tolerance checkpoint
(i.e., secondary lymphoid organs) to MS pathogenesis,
likely attributable to Treg dysfunction [3].
Despite these correlations, the exact role of B cells in MS

pathogenesis remains unclear but may involve the upregu-
lation of pro-inflammatory cytokines [4]. For example, up-
regulation of IL-6 by B cells activates Th17 responses in
MS patients [4]. B cells may also further exacerbate MS

pathogenesis by inducing auto-proliferation of Th1 cells,
and this population of Th1 cells is enriched with “brain-
homing” Th1 cells [5]. Thus, there appears to be reciprocal
mechanisms in T and B cells that are responsible for the in-
flammatory cascade underlying MS pathogenesis.
The inflammatory process in MS manifests as CNS pla-

ques and areas of focal demyelination within the white
matter of the brain, spinal cord, and optic nerve. MS pla-
ques are frequently associated with blood vessels and peri-
ventricular regions with the presence of inflammatory
infiltrates containing activated macrophages, microglia,
and T cells [6]. The initial symptoms usually manifest in
the second and third decades of life [7]. MS symptoms co-
incide with the occurrence of focal plaques, with the most
common presentations being optic neuritis (a product of
demyelination of the optic nerve) and transverse myelitis
(sensory symptoms produced by demyelination of the

Fig. 1 Induction and interactions of γδ T cell and Th17 cell signaling pathways in MS and EAE. In the induction phase, pathogen-associated
molecular patterns (PAMP) from commensal bacteria and danger-associated molecular patterns (DAMP) from dead/dying cells bind to pattern
recognition receptors (PRR) on monocytes and dendritic cells (DC). Activated DC and monocytes secrete interleukin (IL)-β, IL-23, and IL-6. IL-β and
IL-23 activate γδ T cells leading to IL-17, IL-21, and granulocyte-macrophage colony stimulating factor (GM-CSF) production. Activated DC present
antigenic peptide by MHC class II molecules to T cell receptors (TCR) on Tnaive (CD4) T cells. Antigenic peptide presentation along with co-
stimulatory signals from DC (IL1-β, IL-6 and IL-23) activates Th17 cells that respond and secrete IL-17, GM-CSF, and IL-21. These cytokines are also
released from activated γδ T cells and jointly combine to initiate pro-inflammatory feedback loops that augment the production of IL-1β, IL-6,
and IL-23 by antigen presenting cells (APC), leading to enhanced Th17 responses and continued γδ T cell activation of the effector phase. IL-17
and IL-21 act in an autocrine manner to enhance IL-17 production by Th17 T cells in the development of EAE. Lastly, activated γδ T cells suppress
T regulatory (Treg) responses, promoting the pro-inflammatory profile by effector T cells. Adapted from McGinley et al. [1]
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dorsolateral spinal cord) [8, 9]. Other symptoms include
ataxia (due to cerebellar lesions), cognitive impairment,
and more rarely, aphasia, encephalopathy, and increased
intracranial pressure. These latter symptoms are typically
caused by large hemispheric lesions [8].
The progression of MS is highly variable and may

present as any of three forms: relapsing-remitting
(RRMS, focal symptoms present and then spontaneously
resolve), primary progressive (PPMS, relentless progres-
sion of focal lesions and deficits that do not resolve),
and secondary progressive (SPMS, alteration from RRMS
to PPMS). While PPMS is found in 15% of patients, up-
wards of 50% of RRMS go on to develop SPMS due to
lack of treatment [10]. Thus, it is important to gain a
clear understanding of pathomechanisms involved in MS
in order to develop better therapies for the treatment of

this devastating autoimmune disease. Here, we review
the literature on the inflammasome signaling pathways
involved the pathology of MS, and the therapeutic po-
tential of modulation of inflammasome signaling to im-
prove outcomes in this patient population.

Inflammasomes: overview
A previous study [7] provides evidence that inflamma-
some activation plays a critical role in the autoimmune
and pro-inflammatory responses in MS. Inflammasomes
are large protein complexes that play a critical role in
the innate immune response against DAMPs released
from dead and dying cells and PAMPs from bacteria or
virus. Inflammasome assembly results in caspase-1 acti-
vation, which in turn leads to the production and secre-
tion of mature IL-1β and IL-18 [11]. Excessive caspase-1

Fig. 2 Key pathological processes within blood and central nervous system (CNS) during EAE and MS. (1) Danger associate molecular patterns
(DAMP) and Pathogen-Associated molecular patterns (PAMP) released into the peripheral blood activate inflammatory myeloid and T cells that
migrate into the CNS after blood-brain barrier (BBB) breakdown. (2) Infiltrating monocytes and neutrophils release IL-1β that activates γδ T cells to
secrete IL-17, IL-21 and blood-brain barrier (TNF), which amplifies Th17 responses. In addition, activation of inflammatory myeloid cells releases
granulocyte-macrophage colony stimulating factor (GM-CSF) that amplifies Th17 cell activation (3) IFN-γ and GM-CSF released from Th1 cells, and
IL-17, interferon (IFN)-γ and tumor necrosis factor (TNF) released from activated Th17 cells activate microglia. (4) T cell re-activation by presented
myelin antigens. (5) Clonal expansion of T effector (Teff) cells. (6) Activation of infiltrating and resident cells results in the release of inflammatory
mediators by Th1 and Th17 cells (IL-17, GM-CSF, IFN-γ, TNF) and production of reactive oxygen and nitrogen species, cytotoxic products and
proteases that promote the destruction of myelin around axons (7) and oligodendrocytes (8), which are responsible for axonal remyelination,
resulting in a toxic inflammatory response that leads to neuronal death and neurological deficits. Adapted from McGinley et al. [1]
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induction leads to a programmed cell death process
termed pyroptosis characterized by rapid induction of an
inflammatory response leading to cell lysis [12] (Fig. 3).
Inflammasomes are composed of three components: an

inflammasome sensory protein such as a NOD-like recep-
tor (NLR), the adaptor protein apoptosis-associated speck-
like protein containing a caspase-recruitment domain
(ASC), and caspase-1 [11]. The toll-like receptor (TLR)
and NLR proteins are a families of PRR necessary for the
recognition of PAMP and DAMP, markers of pathogens
and cell damage, respectively [13]. PRR receptor binding
activates a priming of the inflammasome (often referred to
as signal 1), leading to activation of nuclear factor-κB (NF-
κB). The ASC protein is particularly critical, as it serves to
link the sensory protein (NLR) to caspase-1 [14] (Fig. 3).
In unstimulated cells, ASC is found in mitochondria,

nucleus, and cytosol. Inflammasome induction relocates
ASC into the cytosol to facilitate interaction with the
sensor (NLR, AIM2 like receptor (ALR), pryin) [15].

This change in cellular distribution of ASC is influenced
by mitochondrial microtubule modulations and homeo-
stasis, indicating that cytoskeletal components play a
role in inflammasome regulation [16].
In the canonical pathway, inflammasome activation re-

sults in production of mature IL-1β and IL-18 in re-
sponse to infection or tissue damage or a variety of
metabolic disturbances, including lysosomal disruption,
mitochondrial dysfunction, release of mitochondrial
DNA (mt DNA), reactive oxygen species (ROS), and
high intracellular calcium (Ca2+). Binding of a PAMP or
DAMP to the NLR portion of the inflammasome leads
to oligomerization of NLR proteins via homotypic pyrin
(PYD) or caspase-recruitment domain (CARD) interac-
tions. Based on these interactions, inflammasome sen-
sors assemble into complexes with or without the
adaptor protein ASC. However, efficient cytokine pro-
cessing requires ASC recruitment and assembly into the
inflammasome [17, 18].

Fig. 3 Mechanism of action of the NLRP3 inflammasome. In the canonical pathway, the priming step involves the recognition of pathogen-
associated molecular pattern (PAMP) or a danger-associated molecular pattern (DAMP) by a pattern recognition receptor (PRR) or toll-like
receptor (TLR), which recruits the adaptor protein myeloid differentiation primary response 88 (MYD88) into the receptor complex leading to
phosphorylation of the inhibitor of nuclear factor-kB (NFκB) IκB through interaction with the p50 and p65 transcription factors. Activation of the
NF-κB pathway causes the synthesis of pro-IL-1-β or pro-IL-18. NLRP3 is activated by lysosomal-mediated cathepsin B via lysosome rupture,
reactive oxygen species (ROS), oxidized mitochondrial (Mt) DNA, altered Ca2+ concentration via mitochondrial dysfunction, and adenosine
triphosphate (ATP) efflux and potassium (K+) via pannexin1 (Panx1) channels. High extracellular ATP acts as a DAMP and binds to the purinergic
receptor, P2X7 causing additional K+ efflux. Activation of NLRP3 involves oligomerization that results in activation of caspase-1 that converts pro-
IL1β and pro-IL-18 into their mature forms. In addition, active caspase-1 cleaves Gasdermin D (GSDMD) into an N-terminus domain (GSDMD-N)
and the autoinhibitory C-terminus domain (GSDMD-C). GSDMD-N binds to acidic phospholipids in the inner leaflet of the plasma membrane and
oligomerizes to form pores that disrupt plasma membrane integrity, enabling release of IL-1β and IL-18 and inducing pyroptosis. The non-
canonical pathway is activated by gram-negative bacteria or lipopolysaccharide (LPS) to activate caspase 4/5 in humans or caspase-11 in rodents
that cleave GSDMD. The transient receptor protein channel 1 (TRPC1), a non-selective ion channel is also a substrate for caspase-11
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When clustered procaspases undergo autoactivation to
mature caspase-1, the inflammasome is considered active
and can convert pro-IL-1β and pro-IL-18 to their mature
forms [19]. Cleavage of Gasdermin D (GSDMD) by either
caspase-1 or caspase-11 is critical for the induction of pyr-
optosis [20]. GSDMD is composed of carboxy (C) and
amino (N) terminus fragments, with the C-terminus auto-
inhibiting the pyroptotic and inflammatory actions of the
N-terminus fragment, with the latter being recruited to
the cell membrane to form a pore (GSDMD-N). Caspase-
11 cleaves GSDMD in response to intracellular LPS from
Gram-negative bacteria [21]. Upon cleavage by caspase-
11, the amino fragment of GSDMD-N initiates pyroptosis
and is also associated with NLRP3 inflammasome activa-
tion, leading to upregulation of IL-1β [21]. In addition,
GSDMD knockout mice are protected from lethal doses
of LPS and release lower levels of IL-1β [21] (Fig. 3).
Caspase-1 also cleaves GSDMD to liberate GSDMD-N

[22]. There have also been other mechanistic findings
that support these studies. For instance, the GSDMD-N
fragment associates with membrane lipids such as phos-
phatidylcholine and cholesterol, leading to pore forma-
tion [23]. The pores allow for potassium efflux, which is
necessary for NLRP3 activation and release of IL-1β and
IL-18, thus promoting inflammation [23].
The non-canonical pathway is activated by rodent

caspase-11 and its human orthologs, caspase-4 and
caspase-5 [24]. Interestingly, caspase-11 is less efficient in
IL-1β and IL-18 processing than it is in GSDMD cleavage,
and the caspases of the non-canonical pathway. This dual
action also requires strict control to prevent pyroptosis
[24]. One such control mechanism involves the transient
receptor protein channel 1 (TRPC1), a non-selective ion
channel, which is itself a substrate for caspase-11. Potas-
sium efflux through pannexin-1 channels is necessary for
NLRP3 inflammasome activation and pyroptosis, and
TRPC1 knockouts have demonstrated stronger inflamma-
tory responses [24]. However, the relationship between
TRPC1 and GSDMD and the exact TRPC1 mechanism of
action are both currently unknown (Fig. 5).

NOD-like receptors, absent in melanoma-like
receptors, and MS
Several inflammasomes have been described to contrib-
ute to the pathology of MS, thus highlighting the overlap
in function among different inflammasomes [25–29].
Here, we summarize the known contribution to date of
the different inflammasomes to MS.

The NLRP3 inflammasome
The NLR family, caspase activation and recruitment do-
main (CARD)-containing 3 (NLRP3) sensor has been
most intensely investigated of all inflammasome sensor
molecules. However, currently, there is no commonly

agreed upon mechanism of activation of NLRP3. Activa-
tion of NLRP3 involves two steps: priming and activation.
The priming phase of NLRP3 involves activation of mem-
brane TLRs via PAMP or DAMP binding. TLR activation
(typically TLR4) signaling is transduced intracellularly to
activate nuclear factor (NF)-κB, which induces the expres-
sion of NLRP3, pro-IL-1β, pro-IL-18, and pro-caspase-1.
Activation of NLRP3 is associated with numerous PAMPs
and DAMPs, and NLRP3 can be activated by PAMPs as-
sociated with bacteria, viruses, and fungi [30], some of
which can also activate other inflammasomes. Upon acti-
vation, caspase-1 is cleaved and once active it cleaves pro-
IL1β and pro-IL-18 into mature forms (IL-1β and IL-18)
(Fig. 4). ASC-dependent inflammasome activation occurs
through two nucleation events. First, the sensor nucleates
ASC to form filaments or fibrils; then, ASC nucleates
caspase-1 via the CARD domain to form ASC specks that
amplify inflammasome activation [31].
Studies have shown that a pathogen may engage mul-

tiple inflammasome sensors within a single cell [32, 33].
Importantly, activation of multiple inflammasomes all
converge to form a single supramolecular assembly and
ASC speck per cell. These studies indicate that there is a
cross-talk between different inflammasome sensors, but
it is unclear how these inflammasome signals interplay.
Moreover, ASC specks are released into tissue fluids and
are phagocytosed by adjacent cells where ASC drives
inflammasome nucleation in the recipient cell. Thus,
ASC specks serve to perpetuate inflammasome signaling
by amplifying inflammasome activation through multiple
mechanisms [34]. Furthermore, it has been previously
demonstrated that non-functional CARD domains or
CARD only proteins block formation of ASC specks and
decrease cytokine processing [35].
NLRP3 activation is tightly regulated to prevent spontan-

eous activation of pyroptotic and pro-inflammatory mecha-
nisms [36]. For example, the TNF family of cytokine
receptors plays important roles in inflammation and cell
death and shapes the nature of the host innate and adap-
tive immune response. Often, the outcome of triggering
these cell surface receptors is cell survival and cytokine
production (Fig. 4). In immune cells, TNF binding to
TNFR1 induces formation of the receptor-interacting pro-
tein 1 (RIP1)-containing complex that promotes pro-
survival and inflammatory responses [37, 38]. The inactiva-
tion of transforming growth factor-activated kinase 1
(TAK1, also known as mitogen-activated protein kinase
kinase kinase 7, MAP3K7) results in the assembly of the
Panoptosome complex (Fig. 4). Recent studies show that
this complex plays a key role in activation of the NLRP3
inflammasome and pyroptosis when TAK1 is inhibited
[39–42]. DEAD-box helicase 3 X-linked (DDX3X) is an-
other NLRP3 regulator that acts as a final checkpoint for
either cell survival or pyroptosis [43]. DDX3X performs
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this checkpoint function by differentially associating with
stress granules (cytoplasmic compartments of protein-
bound mRNA) or NLRP3 to promote cell survival or pyr-
optosis, respectively [43]. Interestingly, DDX3X association
with stress granules was specific for NLRP3 inhibition and
did not affect the Absent in Melanoma 2 (AIM2) or NLR
family CARD domain-containing 4 (NLRC4) [43]. In
addition, the protein Never in Mitosis Gene-A (NIMA)-re-
lated kinase-7 (NEK7) is another regulator of NLRP3.
NEK7 binds to the leucine rich repeat (LRR) domain of
NLRP3 in response to reactive oxygen species (ROS) to

allow for NLRP3 activation [22]. Interestingly, the NLRP3-
NEK7 relationship is cell cycle-dependent, with the NEK7-
NLRP3 forming preferentially during interphase and
undergoing limited formation during mitosis [22].
However, despite the large number factors that have

been previously associated with NLRP3 activation, potas-
sium efflux is common to many of these associated fac-
tors, and is necessary for NLRP3 activation [44]. For
example, Gov et al. [45] demonstrated that addition of
extracellular potassium inhibited NLRP3 activation in
response to Toxoplasma gondii infection. Several

Fig. 4 Modulation of NLRP3 signaling pathways. Upon stimulation, the tumor necrosis factor receptor 1 (TNFR1) and tumor necrosis factor
receptor type 1-associated DEATH domain protein (TRADD) forms a complex in which receptor-interacting protein 1 (RIP1) acquires a
polyubiquitin chain. Transforming growth factor beta-activated kinase 1 (TAK1, also known as mitogen-activated protein kinase kinase kinase 7
(MAP3K7)) binds to the polyubiquitin chain and activates the IκB kinase (IKK) complex (IKKα/IKKβ/NEMO (NF-kappa-B essential modulator)),
leading to the activation of NF-κB. TAK1 also activates MAP kinases (MAPK) that activate the transcription factor, activator protein 1 (AP-1). NF-κB
and AP-1 induce expression of inflammatory cytokines and antiapoptotic proteins. Inhibition of TAK1 promotes the assembly of the Panoptotic
cell death complex. Receptor-interacting serine/threonine-protein kinase 1 (RIPK1) in association with Fs7-associated cell surface antigen (Fas)-
associated death domain (FADD) and caspase-8 (Casp8) triggers nucleotide-binding oligomerization domain-like receptor family pyrin domain-
containing 3 (NLRP3) inflammasome leading to activation of caspase-1 (CASP1) and cleavage of pro-interleukin (IL)-1β and pro-IL-18 into mature
cytokines and caspase-1-mediated cleavage of Gasdermin D (GSDMD) resulting in release of IL-1β, IL-18, and apoptosis speck-like staining protein
containing a CARD domain (ASC) specks. DEAD-box helicase 3 X-linked (DDX3X) promotes NLRP3 inflammasome activation and the pro-death
cell-fate decision by interacting with the NLRP3 NACHT domain through its helicase (Heli) domain. Induction of stress granules causes the
sequestration of DDX3X making it unavailable for NLRP3 inflammasome activation and thereby leading to a pro-survival state. Serine/threonine-
protein kinase NEK7 interacts with the NACHT domain of NLRP3 inducing NLRP3 activation. NLRP3 is also activated by potassium efflux mediated
by two-pore domain K+ (TWIK2) and voltage-gated potassium channel (Kv1.3) and pannexin1 (Panx1).
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potassium channels have been implicated in NLRP3 activa-
tion. Recently, knockouts of the TWIK2 potassium channel
have been shown to inhibit NLRP3 activation, suggesting
that TWIK2 is a potassium efflux channel necessary for
NLRP3 activation [46]. A similar study investigating the
role of the T cell Kv1.3 channel demonstrated reduced
NLRP3, caspase-1, and IL-1β expression in T cells after
Kv1.3 channel blockade [47]. In addition, pannexin-1
(Panx1) channels have been implicated to mediate K+ efflux
responsible for inflammasome activation [48].
The NLRP3 inflammasome plays a role in recruiting T

cells to the CNS and subsequently priming recruited T
cells once in the CNS [49]. NLRP3 action in T cells is
mediated via canonical and non-canonical pathways. In
addition, an alternative NLRP3 inflammasome activating
pathway involving caspase-8 has been described [50].
Activation of either the non-canonical and alternative
pathway leads to increase release of IL-1β. Another
function of the inflammasome is to enhance the survival
of autoimmune Th17 cells. Interestingly, this function
was discovered in inflammasome complexes within the
Th17 cells themselves instead of microglia [51].
There is substantial evidence that NLRP3 inflammasome

activation in microglia plays a role in the onset and pro-
gression of MS by recruiting activated T cells to the CNS
and priming them to release cytokines that exacerbate the
inflammatory response (Fig. 2) [52]. With respect to acti-
vation of NLRP3 by ROS, early research in MS pathogen-
esis revealed that ROS production was higher in MS
patients in response to protein kinase C (PKC) activation
[53]. More recently, canine models of disease mimicking
MS have demonstrated upregulation of genes involved in
ROS generation and downregulation of antioxidant genes
such as superoxide dismutase 2 (SOD2) [54]. These find-
ings suggest that initial disturbances in ROS regulation (ei-
ther acquired or genetic) may predispose individuals to
developing MS by activating the NLRP3 inflammasome.
As with any pathological state associated with inflam-

masome activation, CSF concentrations of IL-18 and IL-
1β are elevated in MS patients. Furthermore, it appears
that elevated IL-1β in CSF is concomitant with depleted
IL-1 receptor antagonist (IL-1Ra), an anti-inflammatory
interleukin that antagonizes IL-1β at its receptor [55].
This finding suggests that there is a more complex
mechanism of autoinflammatory activity involving sim-
ultaneous upregulation of pro-inflammatory interleukins
and downregulation of anti-inflammatory interleukins.

The NLRP1 inflammasome
NLRP1 is comprised of a pyrin domain in the N-terminus,
a central NACHT domain, a LRR domain and a function-
to-find domain (FIIND) and a CARD (Fig. 5) [56]. Thus,
NLRP1 is unique with regards to its structure that in con-
trast to NLRP3, AIM2, pyrin, and other sensors, the C-

terminus CARD of NLRP1 is part of the effector domain,
which induces ASC speck formation [57, 58]. In addition,
since NLRP1 has its own pyrin and CARD domain, shar-
ing similarities to ASC, NLRP1 is capable of activating
caspase-1 independently of ASC [59]. However, the pre-
cise function of the C-terminus pyrin domain, which is
missing in murine NLRP1, is not clear but seems to be re-
quired for keeping NLRP1 in a self-inhibited state together
with the LRRs (Fig. 5) [57]. The FIIND domain of NLRP1
has protease activity that is required for self-cleavage of
NLRP1 between phenylalanine 1212 and serine 1213 [60].
F1212 and S1213 are strictly required for NLRP1 activa-
tion, in addition to histidine residue H1186. Little infor-
mation is available regarding the activating ligands of
NLRP1. It has been previously demonstrated that mura-
myl dipeptide induces NLRP1 oligomerization and ATP-
binding, allowing for ASC-independent caspase-1 activa-
tion [61]. However, NLRP1 is still capable of ASC-
mediated activation of caspase-1 if NLRP1 engages in
autolytic cleavage of its CARD domain [62] (Fig. 5). More-
over, in the CNS, in neurons and astrocytes, high extracel-
lular potassium has been shown to activate the NLRP1
inflammasome by a mechanism involving opening of the
pannexin-1 channel, which forms protein-protein interac-
tions with the inflammasome and with P2X7, in a process
that was not found to occur in THP-1 cells [48, 63].
NLRP1 has also been associated with autoimmune dis-

eases. For example, NLRP1 (along with NLRP3, NLRC4,
and AIM2) is implicated in thyroid follicular cell death in
autoimmune thyroiditis [64]. A novel autoimmune dis-
ease, NLRP1-associated autoinflammation with arthritis
and dyskeratosis (NAIAD) was described in 2017 with
NRLP1 as the implicated pathogenic factor [65]. However,
unlike NLRP3, NLRP1 signaling is not well understood.
NLRP1 variants have been reported in MS pathogenesis,
but the precise mechanism of action remains undefined. A
recent study identified a potentially causative amino acid
substitution (glycine to serine) in NLRP1 that was associ-
ated with increased IL-18 and IL-1β production in familial
MS patients [27]. However, a separate study was not able
to identify pathological genetic variations in the NLRP1
gene [66]. Additional analysis of NLRP1 genetics must be
performed before significant conclusions may be drawn
regarding its role in familial MS.

The NLRC4 inflammasome
NLR family, caspase activation and recruitment domain
(CARD)-containing 4 (NLRC4) is another well-studied
inflammasome, though there has been little research done
to identify role of NLRC4 in MS. NLRC4 consists of an
N-terminus CARD domain, a central nucleotide-binding
domain, and a C-terminus LRR regulatory domain.
NLRC4 is similar to other inflammasomes with respect

to its activation mechanism. The Salmonella type III
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secretion system and flagellin are the principal PAMPs
associated with NLRC4 activation. Both of these ligands
are recognized by neuronal apoptosis inhibiting proteins
(NAIP), leading to NLRC4 oligomerization and caspase-
1 activation [67]. With respect to MS pathology, NLRC4
is upregulated by TNF and p53 activation in response to
inflammation and genotoxic events, respectively [68].
The NLRC4 inflammasome is expressed in microglia

and shows altered expression in MS [69]. Primarily,
NLRC4 is upregulated in the CNS during neuroinflamma-
tion, and in MS patients NLRC4 is present in regions of
demyelination [70]. In a murine cuprizone model of MS,
NLRC4 (in conjunction with NLRP3) was shown to induce
microglial accumulation and astrogliosis, followed by de-
myelination. Furthermore, this sequence of microglial ac-
cumulation, astrogliosis, and demyelination was prevented

in NLRC4 and NLRP3 knockouts [70]. These studies sug-
gest a potential mechanism for CNS demyelination involv-
ing inflammasomes in glial cells.
Genetic studies investigating NLRC4 variants showed

that a loss-of-function in an NLRC4 variant (rs479333) was
consistent with a beneficial response to IFN-β treatment
and lower levels of IL-18 [29]. Moreover, constitutive ex-
pression of NLRP3 in MS patients could lead to disease
worsening [29]. Thus, it appears that signaling through the
NLRC4 and NLRP3 inflammasomes are critical regulators
of the innate immune response in MS pathology.

The AIM2 inflammasome
Very little information is available about the role of the
Absent in melanoma 2 (AIM2) inflammasome in MS.
AIM2 consists of an N-terminus pyrin domain and a

Fig. 5 Mechanism of NLRP1 and AIM2 activation. NLR family pyrin domain-containing protein 1 (NLRP1) has a unique function to find (FIIND)
domain. The amino (N)-terminus inhibits the carboxy (C) terminus effector part of the protein, which contains the caspase-recruitment domain
(CARD) domain, by a non-covalent interaction. A subsequent cleavage event of the N-terminus by a pathogenic trigger results in ubiquitination
of the N-terminus inhibitory fragment by ubiquitin ligases, and the latter is degraded by the proteasome. The freed effector fragment induces
apoptosis speck-like protein containing a CARD domain (ASC) speck formation, followed by caspase-1 activation and in turn processing of pro-IL-
1β and IL-18 as well as cleavage of GasderminD (GSDMD). Secretion of the cytokines induces inflammation and GSDMD-induced pyroptosis.
Absent in melanoma 2 (AIM2) inflammasome sensing of DNA triggers recruitment of the inflammasome adaptor ASC and caspase-1. Caspase-1
directly cleaves pro-IL-1β, pro-IL-18, and GSDMD. The amino (N)-terminus GSDMD-N fragment forms pores in the plasma membrane and initiates
pyroptosis. IL-1β and IL-18 are released through the GSDMD pore leading to pyroptosis. GSDMD-C, carboxy-terminus GSDMD fragment
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unique C-terminus HIN domain. The pyrin domain is
necessary for recruiting ASC into the complex. The HIN
domain is a DNA-binding domain composed of two
oligonucleotide-binding (OB) domains, and functions in
detection of aberrant cytosolic DNA, such as pathogenic
DNA or genomic DNA indicative of nuclear comprom-
ise (Fig. 5) [69].. In the CNS, the AIM-2 inflammasome
is activated by DNA in neurons, resulting in inflamma-
some activation and pyroptosis [71].
AIM2 has been suggested as a drug target in the treat-

ment of MS and is downregulated in response to IFN-β
treatment in MS patients [28]. This finding is interest-
ing, considering the dependence of type I interferon (like
IFN-β) in priming the AIM2 inflammasome. One pos-
sible mechanism underlying the relationship between
AIM2 and IFN-β involves GSDMD, since GSDMD sup-
presses the AIM2 response to cytosolic DNA and sup-
presses the IFN-β response [72].

The inflammasome in the regulation of the
adaptive immune response
While inflammasomes have been traditionally associated
with the innate immune response, recent studies have
established that inflammasomes assemble in both T and B
cells [73]. Inflammasome activation was demonstrated in
T and B cells in response to radiation that occurred inde-
pendently of NLRP3, as NLRP3 knockout mice produced
equivalent inflammatory responses as wild-type mice [74].
This study employed ionizing radiation (causing DNA
damage), and therefore the AIM2 inflammasome-sensing
aberrant DNA may be responsible for the increased IL-1β
production noted in this investigation [75].
With respect to MS pathogenesis, ASC and NLRP3

have been detected in autoreactive Th17 cells [51, 76]. A
study by Martin and colleagues found that Th17 cells
constitutively release IL-1β, suggesting that Th17 cells
enter the CNS and continuously promote inflammation
through the release of IL-1β (Fig. 2). This idea is particu-
larly relevant to primary and secondary progressive
forms of MS. CD4 T cells form memory T cells and Treg

cells that suppress autoimmune activity [77]. Further-
more, Treg cells suppress inflammasome activation [78].
Taken together, MS pathogenesis may involve disruption
of Treg cell-mediated suppression of autoimmunity.
Moreover, it has been demonstrated that excess IL-1β
reverses autoimmune suppression by Treg cells [79].

Inflammasome genetics and MS
While MS is not considered a true genetic disease, indi-
viduals with relatives who have been diagnosed with MS
(particularly 1st degree relatives) are at increased risk of
developing MS themselves (Table 1). Heritable genetic
variants in key inflammasome components may predis-
pose individuals to developing MS. Genetic variants in

NLRP3 have been detected in healthy versus RRMS pa-
tients in a screen of 4 single nucleotide variants (SNV) in
150 Iranian patients and 100 controls [25]. In this study,
the expression of the NLRP3 rs3806265 C allele and CC
genotype was more frequent in RRMS patients than in
healthy controls, and the expression of NLRP3 was lower
in patients that were in remission when compared to re-
lapsing patients and healthy controls [25]. In contrast,
Malhotra et al. screened for 14 NLRP3 SNV in 665 RRMS
patients treated with IFN-β and found no association be-
tween response to IFN-β treatment and NLRP3 SNV [82]
Analysis of gene expression in RRMS patients revealed

increased expression of CASP1 (encoding caspase-1) and
PYCARD (encoding both the PYD and CARD domains
of ASC). More importantly, alterations in expression of
these genes were identified in patients who progressed
to RRMS after initially presenting with clinically isolated
syndrome (CIS), suggesting that PYCARD and CASP1
may predict progression to RRMS. Most patients pre-
senting with CIS progress to MS, suggesting a potential
mechanism underlying this progression [81].
Genetic variations in inflammasome genes also alter the

severity of MS. A recent study by Soares et al. revealed
that gain of function mutations in NLRP3 (Q705K) and
IL-1β (-511 C > T) are associated with increased severity
of MS. An intronic genetic variant in the NLRC4 gene re-
sults in reduced expression of NLRC4, serving as a pro-
tective mechanism in MS progression. This study also
found that genetic variations produced a protective func-
tion due to lower serum IL-18 concentrations; namely,
gain of function mutations in NLRP3 were associated with
increased IL-18 concentrations while the intronic genetic
variants resulted in decreased IL-18 concentrations [29].
Moreover, a loss-of-function NLRC4 variant (rs479333)
was consistent with a beneficial response to IFN-β treat-
ment and the -511 C > T SNV was consistent with in-
creased frequency in PPMS than in RRMS [29].
Rare variants in key inflammasome genes are present

in both sporadic and familial forms of MS. A recent ana-
lysis of over 1000 alleles demonstrated that NLRP1,
NLRP3, and caspase-1 variants were all significantly as-
sociated with the onset of both sporadic and familial
forms of MS. Additionally, there was a significant associ-
ation between variant rarity and pathogenicity, with pro-
gressively rarer variations in these three genes associated
with increased MS severity [80]. Rare exome variants in
NLRP12 have also been implicated in a potentially dis-
rupted pro-inflammatory network that may predispose
individuals to familial forms of MS [62].

Inflammasome proteins as biomarkers
The ability to predict the onset of MS relapses or to as-
sess the prognoses of MS patients requires the availabil-
ity of biomarkers. CSF biomarkers are invasive and
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imaging biomarkers are expensive modalities that cannot
be performed frequently in patients. Thus, there is a
need for less invasive procedures and tests of diagnosing
MS, monitoring response to treatment or monitoring
diseases progression. To this extent, inflammasome pro-
teins have been shown to be promising biomarkers of
the inflammatory components in a variety of diseases
and conditions such as stroke [83], depression [84],
brain injury [85, 86], and MS [87].
It has been demonstrated that both ASC and caspase-1

are elevated in the serum of MS patients, suggesting that
these inflammasome components are good biomarkers of
MS [87]. This study evaluated the reliability of ASC and
caspase-1 as biomarkers of MS and found area under the
curve (AUC) values of 0.94 and 0.85 for ASC and caspase-
1, respectively. For ASC, the authors found a cutoff point
of 352.4 pg/mL (84% sensitivity, 90% specificity) and for
caspase-1 the cutoff point was 1.30 pg/mL (89% sensitivity,
56% specificity), demonstrating the reliability of ASC and
caspase-1 as biomarkers of MS [87].
A recent study identified that NLRP3 was overexpressed

in the monocytes of primary progressive MS patients
when compared to healthy controls. Furthermore, in this
study the rate of MS progression correlated with the de-
gree of IL-1β elevation in peripheral monocytes via RNA
sequencing [88]. The utility of NLRP3 as a potential bio-
marker in MS is further supported by another study dem-
onstrating elevated NLRP3 in neuromyelitis optica
spectrum disorders [89]. Unfortunately, these studies did
not evaluate the practical applications of their findings by
providing AUC values. Thus, the reliability of IL-1β and
NLRP3 as biomarkers remains to be determined.

Inflammasomes as drug targets
Inflammasome signaling pathways offer a number of pos-
sible checkpoints to develop therapeutic drugs (Fig. 6).
For example, IFN-β is one of the frontline treatments of

MS and may inhibit NLRP1 and NLRP3 inflammasomes
[90] (Fig. 6). To gain information of the potential modula-
tion of inflammasome activity by IFN-β, 97 patients were
treated with IFN-β and classified into responders and
non-responders according to clinical criteria after 24
months and clinical-radiological criteria after 12months
of treatment [91]. Baseline mRNA expression levels for
NLRP3 and IL-1β were increased in peripheral blood
mononuclear cells from non-responders compared to re-
sponders. These results point to a role of the NLRP3
inflammasome and its related cytokine IL1-β in the
response to IFN-β in patients with RRMS. This idea is
supported by the findings that IFN-β is effective in attenu-
ating the progression of EAE [92]. It has been shown that
IFN-β inhibits type I IFN signaling. IFN regulates the tran-
scriptional level of signal transducer and activator tran-
scription 1 (STAT1) to suppress activity of the (NLR)
family pyrin domain-containing 1 (NLRP1) and NLRP3
inflammasomes [90]. On the one hand, STAT1 target
gene products directly repress these inflammasomes. Al-
ternatively, IFN/STAT1 pathway increases IL-10 synthesis
in macrophages, IL-10-mediated STAT3 activation and
the suppression of interleukin (IL)-1β precursor synthesis
by activated STAT3 [93] (Fig. 6). However, it appears that
IFN-β does not affect AIM2 activation, an interesting find-
ing considering AIM2’s dependence on type I interferon
for activation [93]. However, contradictory findings were
reported in a clinical trial by Noroozi and colleagues, who
found significantly decreased levels of AIM2 expression in
MS patients after treatment with IFN-β [28]. Thus, more
research is necessary to understand the effect of IFN-β on
AIM2 signaling.
In another study of RRMS patients, it was found that

IL-10 levels of those receiving IFN-β were significantly
higher than control groups in the study [94]. These re-
sults support the idea that anti-inflammatory cytokine
IL-10 plays a role in the clinical advantage of IFN-β in

Table 1 Summary of studies associating inflammasome genetics and MS

Gene Alteration Effect Reference

NLRP3 ⇒ Upregulated in RRMS patients Increased recruitment and priming of T cells Imani et al. [25]

⇒ Downregulated in healthy controls Increased serum IL-18 concentrations Soares et al. [29]

⇒ Gain of function mutation associated
with increased severity

Degree of rarity associated with increased
severity in sporadic and familial MS

Vidmar et al. [80]

⇒ Multiple rare variants

NLRP1 ⇒ Multiple rare variants Degree of rarity associated with increased
severity in sporadic and familial MS

Vidmar et al. [80]

NLRC4 ⇒ Protective intronic variants Decreased serum IL-18 concentrations Soares et al. [29]

NLRP12 ⇒ Rare exomic variant Potential disruption of pro-inflammatory network Vilarino-Guell et al. [62]

CASP1 ⇒ Upregulated in RRMS patients May predict progression to RRMS from CIS Hagman et al. [81]

⇒ Multiple rare variants Degree of rarity associated with increased
severity in sporadic and familial MS

Vidmar et al. [80]

PYCARD ⇒ Upregulated in RRMS patients May predict progression to RRMS from CIS Hagman et al. [81]
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MS treatment. Lastly, Sun et al. [95] demonstrated that
IL-10 inhibits IL-1β production and NLRP3 activation in
microglia resulting in inhibition of caspase-1-mediated
IL-1β maturation (Fig. 6).
Recently, small molecule inhibitors of NLRP3 have

been developed and tested in animal models of MS. One
such novel compound is MCC950. MCC950 directly tar-
gets the NLRP3 NACHT domain and interferes with the
Walker B motif function thus preventing NLRP3 con-
formational changes and oligomerization (Fig. 6) [96].
MCC950 improved allodynia threshold in a murine
model of RRMS and attenuated relapses [97]. A later
study investigated the value of a rapamycin-MCC950
combination and found that MCC950 enhanced the ac-
tivity of rapamycin (immunosuppressant) and that this
combination was effective in mitigating MS symptoms
and cytokine release [98].

IC100 is the most recently developed inflammasome in-
hibitor and is a humanized antibody developed against the
ASC component of inflammasomes, thus having the ability
to inhibit several inflammasomes including NLRP1,
NLRP3, NLCR4 and AIM2. As shown in Fig. 6, ASC medi-
ates amplification of the inflammasome response by at least
three mechanisms: (1) In the presence of ASC, caspase-1
can activate a greater number of caspase-1 molecules; (2)
caspase-1-mediated processing of pro-IL-1β and pro-IL-18
affects infiltration of immune cells, hence exacerbating the
inflammatory response; and (3) ASC specks are released by
pyroptosis and taken up by neighboring cells, promoting
ASC assembly in the target cells [34]. Thus, it is possible
that IC100 may interfere with inflammasome signaling at
various levels of amplification. In the EAE model in mice,
ASC inhibition by IC100 was demonstrated to reduce CD4
and CD8 T cell infiltration into the spinal cord and to

Fig. 6 Drugs targeting inflammasome signaling in MS and EAE. Interferon (IFN) regulates the transcriptional level of signal transducer and
activator transcription 1 (STAT1) to suppress activity of the (NLR) family pyrin domain-containing 1 (NLRP1) and NLRP3 inflammasomes. STAT1
target gene products directly repress these inflammasomes. Additionally, IFN/STAT1 pathway increases IL-10 synthesis in macrophages, IL-10-
mediated STAT3 activation, and the suppression of interleukin (IL)-1β precursor synthesis by activated STAT3. Ketotifen is an anti-histamine that
inhibits mast cell degranulation to block activation of the NLRP3 inflammasome. MCC950 directly targets the NLRP3 NACHT domain and
interferes with the Walker B motif function, preventing NLRP3 conformational change and oligomerization. IC100, a humanized monoclonal
antibody, binds to apoptosis speck-like staining protein containing a CARD (ASC) and prevents recruitment of ASC into the NLRP3 signaling
complex and blocks formation of ASC specks intracellular and extracellularly
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improve functional outcomes [99]. This effect of the
antibody is significant, as spinal cord infiltration is a
prognostic indicator of EAE progression and severity.
This novel antibody treatment was also shown to re-
duce microglial activation [100, 101], which as dis-
cussed previously, is a hallmark of MS pathogenesis
and progression. However, it is unclear at the present
time whether IC100 treatment blocks the inflamma-
some amplification step by interfering with ASC
speck assembly in recipient cells after uptake of ASC
specks. A similar approach inhibiting the inflamma-
some using an antibody against ASC has been suc-
cessfully used after traumatic brain injury [102] and
spinal cord injury [103] both of which produce neur-
onal loss and demyelination associated with secondary
injury, yet inflammasome inhibition by neutralizing
ASC resulted in improved histopathological and func-
tional outcomes.
Ketotifen, an anti-histamine, has been demonstrated to

have a potential application in MS [104]. In an EAE
model, the protective effect was concomitant with de-
creased NLRP3 inflammasome activation, rebalanced
oxidative stress and reduced T cell infiltration in the
CNS. Even though ketotifen administration does not
seem to alter mast cell infiltration in the CNS, it de-
creased enzymes typically produced by these cells. How-
ever, a caveat to this study is that ketotifen was only able
to attenuate EAE progression if administered early, de-
fined by the authors as within 7–17 days post-induction
of EAE [104].

Conclusion
There is ample evidence that activation of inflamma-
some signaling pathways plays a crucial role in MS
pathogenesis and progression. Genetic deficiencies in
inflammasome regulatory genes are associated with both
MS cases and EAE models. As reviewed in this report,
elevated levels of inflammasome signaling proteins
(NLRP3, ASC, caspase-1) and pro-inflammatory cyto-
kines (IL-1β and IL-18) are elevated in serum of MS pa-
tients and in the spinal cord of EAE animals. However,
most studies have largely focused on the role of NLRP3
in MS, but further information is needed about the regu-
lation of other inflammasome pathways in MS pathogen-
esis. For example, there is a lack of knowledge regarding
whether targeted inflammasome inhibition through drug
therapy silences inflammatory events regulated by one
inflammasome or whether it dampens a multitude of
inflammasome signaling pathways upregulated in MS. In
addition, little information is available as to the role of
ASC specks in MS pathogenesis and a better under-
standing of the role of immune cells that present active
inflammasomes in demyelination of the spinal cord.
Lastly, it is not clear how inflammasome signaling affects

the Th1 and Th17 immune responses in MS or how the
inflammasome is differentially regulated on RRMS,
PPMS and SPMS. Taken together, the inflammasome
plays a crucial role in MS pathogenesis. Development of
therapeutics that target inflammasome signaling path-
ways may dampen damaging inflammatory events and
result in improve functional outcomes.
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