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Abstract

During the past ten years, much attention has been focused towards elucidating the impact of Toll-
like receptors (TLRs) in CNS innate immunity. TLR signaling triggers the transcriptional
activation of pro-1L-1p and pro-1L-18 that are processed into their active forms by the
inflammasome. Recent studies have demonstrated inflammasome involvement during CNS
infection, autoimmune disease, and injury. This review will address inflammasome actions within
the CNS and how cooperation between TLR and inflammasome signaling may influence disease
outcome. In addition, the concept of alternative inflammasome functions independent of IL-1 and
IL-18 processing are considered in the context of CNS disease.
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Neuroinflammation and TLR/inflammasome crosstalk in the CNS

The healthy central nervous system (CNS), while once considered immune privileged, is
now recognized as a site where immune surveillance occurs [1]. CNS infection or injury
elicits immune responses resulting from activated resident parenchymal populations, as well
as peripheral immune cell infiltrates after the blood brain barrier (BBB) is compromised.
CNS inflammation can be either neuroprotective or destructive depending on 1) the type of
insult; 2) the intensity and duration of the inflammatory response; and 3) the composition of
inflammatory infiltrates.

Innate immune activation in the CNS can be triggered by numerous pathways after
recognition of invading pathogens and/or tissue damage by pattern recognition receptor
(PRRs). Much attention has focused in recent years on a two-signal model mediated by Toll-
like receptors (TLRs) and Nod-like receptors (NLRs), the latter of which forms the
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inflammasome that is responsible for pro-IL-1p and pro-IL-18 processing. A total of 13 and
10 TLRs have been identified in humans and mice, respectively, that detect pathogen-
associated molecular patterns (PAMPs) expressed on broad microbial subclasses to
maximize receptor usage [2]. In addition, TLRs recognize endogenous molecules, referred
to as danger-associated molecular patterns (DAMPs), which are typically sequestered from
the immune system but released during tissue pathology [2]. With the exception of TLR3,
TLR engagement leads to MyD88 recruitment and subsequent NF-xB- and MAPK-mediated
transcriptional activation of inflammatory mediators (Fig. 1). Whereas TLRs are membrane
spanning receptors, NLRs are cytoplasmic sensors that oligomerize to form a platform for
the inflammasome, a multi-subunit complex that processes pro-IL-1p and pro-IL-18 into
their mature forms via caspase-1 action (Fig. 2). Many NLRs possess an N-terminal pyrin
domain that interacts with the pyrin domain of ASC to bridge the complex to pro-caspase-1;
however, other NLRs contain a CARD domain that allows for direct binding to pro-
caspase-1 (Fig. 2).

A well-characterized outcome of TLR and inflammasome cooperation is IL-1p and IL-18
secretion. Two signals are required for this process; namely the transcriptional induction of
pro-1L-1p and pro-IL-18 by TLR or nucleotide-binding oligomerization domain-containing
protein (NOD) signaling, followed by proteolytic processing via inflammasome activation
[3]. Signal 1 can be elicited by TLR ligands or TNF-a (Fig. 1), whereas numerous
molecules can provide signal 2, including various pore-forming toxins, amyloid-beta (Ap),
ATP, K* efflux, as well as silica and uric acid crystals [4-6]. Of the 22 NLR genes
identified in humans, NLRP3 is the best characterized inflammasome (Fig. 2), and the fact
that numerous structurally distinct stimuli are capable of initiating NLRP3 inflammasome
action has led to the theory that NLRP3 senses a generic “danger” signal postulated to arise
from lysosomal damage [7, 8]. This contrasts with other NLRs that respond to a more
restricted stimulus repertoire [9].

Parenchymal microglia are the main cell type that contribute to CNS innate immune
signaling and express the complete repertoire of identified TLRs as well as several
inflammasome-related molecules, which together endows the cell with potent inflammatory
capacity [10, 11]. In addition to maintaining CNS homeostasis and providing neuronal
support, astrocytes are also capable of contributing to innate immune responses through a
limited TLR repertoire [10, 12]. However, inflammasome activity in astrocytes remains
unclear.

Interleukin-1p and 1L-18 are implicated in the pathophysiology of numerous
neurodegenerative diseases, including multiple sclerosis (MS) and Alzheimer’s disease
(AD), as well as a number of CNS infections ranging from bacterial meningitis, brain
abscess, and HIV-associated dementia [13-15]. IL-1 and 1L-18 also regulate the induction of
adaptive immunity, and both cytokines have been shown to influence disease development
in experimental autoimmune encephalomyelitis (EAE), an animal model for MS [16, 17].
Although the roles of inflammasomes are becoming increasingly well-defined, insights into
inflammasome biology in the CNS is only just emerging. Here we discuss how interactions
between TLRs and the inflammasome mediate responses to both pathogen-associated and
endogenous triggers during CNS pathology (Box 1). We also examine recent findings
describing inflammasome actions that extend beyond its traditional role in IL-1p/IL-18
processing.

TLR and inflammasome activation during CNS infectious diseases

Significant information is available regarding TLR involvement during CNS infectious
diseases, likely because microbial ligands were the first triggers identified for these
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receptors. In contrast, fewer studies have examined inflammasome involvement with NLR-
deficient mice, although this can be inferred with the use of models deficient in IL-1 and
IL-18 action. Upon CNS invasion, pathogens are sensed by resident microglia and astrocytes
by PRRs, such as TLRs, which trigger localized inflammatory cascades leading to the
recruitment of peripheral leukocytes to participate in pathogen clearance. In pneumococcal
meningitis, many studies have focused on TLR2, where receptor loss diminished
inflammatory mediator expression and cellular influx [18-21]. Despite a reduction in
molecules implicated in the pathophysiology of bacterial meningitis, TLR2 KO mice
exhibited increased bacterial burdens and worsening of disease. CNS bacterial burdens were
also elevated in MyD88 KO mice during pneumococcal meningitis; however, pathological
inflammation was less severe, which was evident by decreases in the expression of several
proinflammatory mediators, cellular influx into the CNS, BBB permeability, and edema
[22]. Given the key role of IL-1p in the pathophysiology of bacterial meningitis [23], the
phenotype of MyD88 KO mice probably originates, in part, from lack of IL-1R signaling in
addition to the failure to trigger inflammatory mediator expression. This highlights the need
for a core TLR-driven pathway to control bacterial replication within the meninges;
however, if not tightly regulated this same response can exert adverse effects. Therefore,
timing the delivery of a negative regulator of TLR signaling may prove beneficial to thwart
untoward effects of inflammation subsequent to bacterial clearance. In contrast to bacterial
meningitis, IL-1p action is critical for survival and pathogen containment during bacterial
abscess formation in the CNS parenchyma [24], which was corroborated by the finding that
MyD88 KO animals were exquisitely sensitive to infection, exhibiting decreased immune
infiltrates and inflammatory mediator release [25]. Studies with bone marrow chimeras
revealed a key role for MyD88 in CNS intrinsic cells for eliciting WT inflammatory
responses during early brain abscess development [26]. TLR2 regulates bacterial burdens,
immune infiltrates, and inflammatory mediator production during brain abscess
development [27-29]. However, the less severe phenotypes in TLR2 compared to MyD88
KO mice suggests the coordinate actions of multiple TLR/IL-1R/IL-18R pathways.

Compared to TLRs, less information in available regarding inflammasome actions during
CNS infection. The importance of caspase-1 in S. pneumoniae meningitis has been
investigated using both caspase-1 KO mice and pharmacologic inhibition of caspase-1
activity, where both led to a reduction in IL-1p levels concomitant with decreased
proinflammatory mediator expression and leukocyte influx into the cerebral spinal fluid
(CSF) [30]. Of note, a recent study revealed that caspase-1-deficient mice on the C57LB/6
background harbor a second mutation in caspase-11 [31]. Therefore, caution should be used
when interpreting results with these animals since caspase-11 can also process pro-I1L-1p.
The NLRP3 inflammasome is implicated in mediating tissue damage during pneumococcal
meningitis, probably via IL-1p release [19]. In particular, disease severity, intracranial
pressure, and CSF leukocytosis were inhibited in both NLRP3 and ASC KO mice, although
IL-1B expression was not reported in this study [19]. Interestingly, despite improvements in
meningitis severity, bacterial burdens remained equivalent between NLRP3 KO, ASC KO,
and WT mice [19]. In this context, it is not clear what mechanisms are employed for
bacterial eradication; however, from a clinical perspective this would be achieved with
aggressive antibiotic therapy. Therefore, preventing overactive, damaging inflammation
within the meningeal space by targeting IL-1 activity may prove to be a beneficial
adjunctive therapy. It is intriguing that IL-1p exerts pathological actions during meningitis,
yet the cytokine is essential for protection during CNS parenchymal infection [24]. The
reason(s) responsible for these differences remain to be determined but may be explained, in
part, by IL-1p effects on edema formation, which are better tolerated in the parenchyma
compared to the meninges.
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Numerous studies have demonstrated the requirement for various TLRs in triggering
microglial activation after exposure to intact pathogens or PAMPs [10]. In comparison, less
information is available regarding TLR crosstalk. A recent report demonstrated that TLR2-
TLR9 interactions limited I1L-12 family member production in microglia upon exposure to
intact Gram-positive bacteria but not TLR2 PAMPs [32]. Likewise, the synthetic TLR7
agonist, imigimod, could inhibit TLR9-induced cytokine/chemokine secretion in microglia
and astrocytes and TLR7-deficient microglia displayed enhanced cytokine responses to CpG
ODN stimulation [33]. Additional studies examining TLR crosstalk are needed since
pathogens harbor numerous PAMPs that can engage multiple TLRs in the same cell.
Defining TLR combinations and dominant receptors may enable their therapeutic targeting.

Recent studies show that IL-1p production by microglia is regulated by the NLRP3
inflammasome after exposure to live S. aureus [34]. Inflammasome activation was partially
mediated by bacterial hemolysins (a.- and y-toxins) and extracellular ATP. Interestingly,
IL-18 concentrations were unaffected by the loss of NLRP3, ASC, or caspase-1 activity,
which indicates that IL-18 processing is regulated by a novel inflammasome-independent
mechanism in response to live bacteria [34]. It is not clear if pro-IL-18 processing in
microglia is broadly inflammasome-independent, or if this occurs in a stimulus-dependent
manner.

An unresolved question is whether astrocytes possess inflammasome activity since there is
conflicting data on whether astrocytes produce IL-1p. There is also discrepancy about
whether astrocytes express TLR4 [35, 36]; its detection /in7 vitro may originate from low
numbers of microglia that persist in primary astrocyte cultures [37]. A recent study utilizing
highly purified astrocytes obtained by a stringent differential shaking protocol or
gancyclovir to kill HSVtk-expressing microglia has established that mouse astrocytes do not
express detectable TLR4 [38]. Likewise, astrocytes do not respond to LPS unless in the
presence of microglia, and this was attributed to both cell-cell contact and soluble factors,
since the addition of microglial-conditioned medium was capable of sensitizing astrocytes to
subsequent LPS exposure. This confirms an earlier report, where exposure of FACS-
enriched astrocytes to the Gram-negative pathogen C. koseri was not capable of eliciting
IL-1B production, although robust chemokine synthesis was detected [39]. These results
highlight the importance of glial crosstalk in dictating astrocyte cytokine production and the
fact that studies examining purified microglia and astrocytes should be complemented with
co-culture studies to appreciate the influence of intercellular interactions.

When considering how TLR/inflammasome pathways contribute to sensing various
pathogens, one must take into account the route of infection, growth phase of the pathogen,
and pathogen niche that can conceivably influence the importance of TLR/inflammasome
recognition. Further understanding of the role of inflammasome components during various
CNS infections may identify molecular pathways that can be exploited therapeutically.

Effects of TLR signaling and inflammasome activation during CNS
neurodegeneration/injury

Numerous autoimmune and neurodegenerative disorders, such as MS and AD, as well as
CNS injury responses, including spinal cord injury (SCI) and stroke, are typified by an
inflammatory component. Central to these diseases is IL-1 secretion, although other
inflammatory mediators also play a role. Less is known regarding the biological
consequences of 1L-18 during CNS pathology, although the cytokine is expressed in several
neuroinflammatory conditions including bacterial and viral infections, EAE, stroke, and SCI
[40].
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TLRs: Sensing the Toll on CNS damage

Studies examining TLR involvement during neurodegenerative diseases have increased in
recent years as more evidence supporting DAMP triggers has emerged. Not surprisingly, the
outcomes of TLR action vary widely, with either neuroprotective or destructive effects
reported depending on the disease model. Neurological function and AP levels were
moderately reduced after TLR2 or MyD88 KO bone marrow transfer into irradiated Ap
transgenic mice [41, 42], revealing a role for these molecules in infiltrating myeloid cells. It
remains unclear whether these results are mediated by macrophages or microglia because of
issues related to irradiation effects on the BBB [43, 44] but the modest impact of
peripherally-derived myeloid cells suggests both populations are likely involved. This
possibility is supported by studies where AD transgenic mice were crossed with MyD88-
deficient animals revealing more robust effects on Ap loads [45]. However, our
understanding of TLR action in AD remains incomplete because another report
demonstrated that amyloid precursor protein (APP)/TLR2-deficient mice had more severe
neurological impairment despite delayed AP deposition [46]. These inconsistencies may
result, in part, from different AD mouse models crossed with TLR-deficient animals.
Microglia are a main source of IL-1p in AD, and signal 1 in response to A may be
provided by TLR engagement because multiple TLRs have been implicated in Ap
recognition [46, 47]. Recently, statins have been shown to augment TLR/MyD88-dependent
proinflammatory responses in microglia through cholesterol modulation [48], which may
have untoward consequences in the context of neurodegeneration.

Several studies have suggested that TLRs can impact disease severity during EAE [49, 50];
however, the identity of putative TLR ligands is elusive. As infectious etiologies have been
suggested to trigger/exacerbate MS, PAMP triggering of TLRs may occur [51];
alternatively, DAMPs released in response to cell stress or injury may be involved (Box 1).
The TLR2 ligand peptidoglycan (PGN) has been detected in the brains of non-human
primates with demyelinating disease as well as in MS patients [52, 53]. However, other
reports show that TLR4- and TLR9-deficient mice exhibit more severe EAE symptoms,
suggesting protective roles for these TLRs during disease [54]. Although the role of TLRs in
MS and EAE is not straightforward, there is consensus that MyD88 KO mice are resistant to
EAE induction [50, 54]. Therefore, it is likely that other MyD88-dependent receptors, such
as IL-1R and IL-18R, also influence disease progression, which is supported by several
studies [13, 16, 17, 55].

Following SCI, MyD88 deficiency led to reduced neutrophil and type | inflammatory
monocyte infiltration [56]; however, both TLR2 and TLR4 play a protective role in SCI by
regulating inflammation, gliosis, and demyelination, demonstrating the importance of
unidentified endogenous DAMPs that trigger beneficial effects following CNS injury [57].
In a model of axonal transaction in the entorhinal cortex, proinflammatory mediator
expression and leukocyte recruitment were reduced in MyD88 KO animals [58]. This is
likely attributed to TLR recognition of DAMPs because similar observations were made in
TLR2 but not IL-1R, IL-18R, or TLR4 KO mice [58, 59]. However, the long-term
consequences of MyD88 or TLR2 loss were not examined.

TLR signaling also influences tissue injury following CNS ischemia. TLR stimulation prior
to an ischemic event leads to a phenomenon known as preconditioning, where inflammatory
damage is significantly attenuated in response to ischemic challenge [60]. Furthermore,
TLR231 deficient mice are protected against ischemic brain damage, which may be
mediated, in part, by a reduction in pro-1L-1pB/IL-18 production [61]. The collective
evidence to date has revealed a role for TLR action during sterile inflammation and injury.
Although the DAMPs that trigger TLR activation in these disease models remain obscure,
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the finding that functional outcomes result from TLR loss suggests these pathways may be
amenable to therapeutic manipulation to favor repair processes.

Inflammasome actions during neurodegeneration/autoimmune disease

Compared to TLRs, our knowledge of inflammasome involvement during
neurodegeneration is limited. A recent report has demonstrated that Ap leads to NLRP3
inflammasome activation and pro-IL-1p processing by microglia in both a caspase-1- and
cathepsin B-dependent manner [62]. It is not clear if other NLRs can serve as molecular
platforms for IL-1p processing in response to AP and the contribution of key inflammasome
components has not been tested in AD animal models. Based on the central role of IL-1p in
AD pathology [63], a prediction is that plaque burden and disease severity would be
attenuated in inflammasome-deficient AD mouse models. NLRP1 inflammasome expression
was increased in aged rats, which correlated with elevated IL-1p and IL-18 levels and age-
related cognitive decline [64]; however, a direct cause-and-effect relationship remains to be
defined. Interestingly, a recent report has revealed evidence of an association between single
nucleotide variations in the NLRP1 gene and AD [65].

The requirement for NLRP3 during EAE is controversial. NLRP3 has been shown to
exacerbate disease severity and immune infiltrates during both active EAE and in a
cuprizone model of demyelination through IL-18 action [13, 17]. However, a separate study
found no role for NLRP3 in active EAE, but showed reduced disease severity in ASC KO
mice [66], the latter an adaptor for bridging NLRP3 to caspase-1. ASC KO animals were
more protected from EAE than caspase-1 KO mice, suggesting that ASC has activity
independent of the inflammasome. The basis for these conflicting data is unknown.
Although there is agreement for caspase-1 involvement in EAE, most studies were
performed in caspase-1-deficient mice that possess a second mutation in caspase-11 [31].
Therefore, it is unclear whether one or both of these caspases are responsible for disease
progression. Future studies are needed to identify upstream mediators (i.e. alternative NLRs)
and signaling pathways in addition to other downstream effectors that act in concert to
regulate neuroinflammation during EAE.

The role of IL-1p in EAE is also unclear. A recent study reported no protection against EAE
in IL-18 KO mice; however, this may be due to residual actions of IL-1a at the IL-1R [13,
67], which is supported by earlier reports demonstrating that EAE incidence was
significantly lower in IL-1R1 KO mice [16, 68, 69]. The majority of evidence suggests that
IL-1p promotes an encephalogenic Th17 response during EAE, providing indirect evidence
for inflammasome activation that agrees with recent studies in caspase-1 KO mice [55, 70].
However, IL-1 has also been implicated in remyelination via tropic effects on
oligodendrocyte progenitors [71]. Therefore, the timing, duration, and intensity of
inflammasome action probably dictate whether outcomes are beneficial or destructive.

After SCI pro-IL-1p and pro-IL-18 are rapidly processed by the NLRP1 inflammasome,
which includes the physical association of ASC, caspase-1, and caspase-11 [72]. Inhibition
of ASC resulted in tissue sparing and some functional improvement after SCI, implying a
detrimental role for inflammasome activity. This is an intriguing relationship, because
NLRP1 directly interacts with caspase-1 via homotypic CARD interactions. Therefore, the
involvement of ASC in this inflammasome complex appears unusual and remains to be
clarified. However, a study has shown that ASC is not required for NLRP1-dependent
caspase-1 activation but can enhance this process [73]. Since NLRP1 action was not
inhibited in SCI [72], the effects of ASC may occur through interactions with NLRP1 or
alternative ASC-dependent NLRs, such as NLRP3, which remains an open question.
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Less is known about the role of the inflammasome during ischemia, although similar to SCI
the available evidence supports detrimental effects. Neutralization of NLRP1 inflammasome
activity diminished IL-1p secretion and resulted in less tissue pathology following
thromboembolic stroke [74]. During traumatic brain injury, rapid IL-1p and IL-18
processing occurred via the NLRP1 inflammasome in a caspase-1-dependent manner;
however, ASC inhibition also resulted in a significant reduction in pathology [75]. These
results bear a striking resemblance to those obtained in SCI, suggesting a conserved NLRP1
pathway is elicited after injury that exerts adverse effects on tissue homeostasis.

Recent evidence has revealed an association between inflammasome activation and
autophagy, the latter of which delivers damaged organelles and proteins from the cytoplasm
to lysosomes for clearance [76]. Induction of NLRP3 or AIM2 inflammasomes in
macrophages triggered autophagy, which served as a negative feedback loop to limit
inflammasome action [77]. Interestingly, several reports have demonstrated that
mitochondrial damage and mtDNA release induce cytoplasmic NLRP3 inflammasome
activation and autophagy [78-80]. Currently, no studies have examined the potential
relationship between autophagy and inflammasome activation in the context of CNS disease.
This relationship may prove critical for our understanding of neurodegenerative diseases
typified by inclusion formation, such as AD, Huntington disease, and lysosomal storage
diseases, where defects in autophagy have been suggested [81, 82].

It is clear that TLR and inflammasome actions impact the course of neurodegenerative and
autoimmune diseases in the CNS based on the phenotypes obtained with receptor-deficient
mouse models. What remains elusive is the identity of the DAMP signals, which are less
well-characterized compared to the infectious triggers for TLR/inflammasome action.

Concluding remarks

TLRs play key roles in CNS infectious diseases, primarily by eliciting proinflammatory
cytokine production leading to pathogen clearance. These receptors also impact
neurodegenerative diseases, although the TLR ligands remain elusive. In this case, TLR
actions can be either beneficial (SCI), detrimental (EAE) or mixed (AD). NLRP3
inflammasome activity during EAE appears to exacerbate disease severity, although some
discrepancies exist, whereas it plays an important role in bacterial clearance in
pneumococcal meningitis. Numerous issues remain to be addressed in this field, a few of
which are mentioned in the “Outstanding Questions” box.

Existing literature suggests that the strength of the inflammatory insult may dictate the
magnitude of TLR/inflammasome involvement. For example, in CNS bacterial infection
models, MyD88-deficient mice exhibit dramatic alterations in inflammatory mediator
secretion, immune cell recruitment, and activation [22, 25]. In contrast, more modest
phenotypes are observed with MyD88- or TLR2-deficient animals during neurodegenerative
diseases (i.e. AD) [41, 83], which generally agrees with the milder inflammatory milieu
elicited compared to infections. Similar trends are emerging with regard to inflammasome
involvement but additional studies are warranted before any conclusions can be drawn.

In many instances, the cellular source of inflammasome activity during CNS infection or
injury is not known. Inflammasome expression/activity has been reported in several cell
types including microglia, astrocytes, and even neurons [34, 62, 72, 84]. For the latter two,
the functional significance remains to be determined but could conceivably extend beyond
pro-1L-1B processing, which appears plausible because neither cell type is associated with
robust IL-1f production. CNS inflammasome activity and subsequent IL-1p release is a
mechanism to augment inflammatory cascades during injury/infection. Typically, IL-1 is
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considered detrimental to CNS homeostasis during bacterial meningitis, Alzheimer’s
Disease, and EAE; however, the cytokine is important for host defense during bacterial brain
abscess development. IL-18 is also processed by the inflammasome and is implicated in
EAE pathogenesis [13, 17] but additional studies are needed to assess its role during other
CNS diseases. Therefore, the context, timing, and concentrations of IL-1p and IL-18 likely
play key roles in regulating beneficial versus detrimental effects during CNS inflammatory
responses.

Although inflammasome action within the CNS is an emerging field, available evidence
allows a few comparisons to be drawn with inflammasomes in peripheral tissues. For
example, NLRP3 regulates inflammation during dextran sulfate sodium (DSS)-induced
colitis and EAE via IL-18 action [17, 85, 86]. The NLRP1 inflammasome has been
implicated in SCI and stroke, implying responses to DAMPs. This is intriguing since other
studies have identified Bacillus anthracis and muramyl dipeptide as triggers of NLRP1
inflammasome activation [73, 87], and implies the action of a distinct molecular trigger.

Although inflammasome activity represents the predominant pathway for pro-IL-1p
processing, it is clear that other mechanisms also contribute, as demonstrated by unchanged
IL-1B or IL-18 concentrations during CNS inflammation despite inflammasome inhibition
[13, 17, 88]. Recent studies have shown that cathepsin B participates in pro-IL-1p cleavage
in microglia in response to diverse stimuli [34, 62]; however, the precise mechanism that
enables a lysosomal enzyme to access the cytoplasmic compartment to impact cytokine
processing remains unclear. One possibility is that these stimuli cause lysosomal damage
and subsequent cathepsin B release, similar to the mechanism proposed during the
intracellular accumulation of crystals [7, 89, 90]. In this case, cathepsin B could cleave a
substrate in the cytoplasm that generates a NLRP3 ligand, degrade an endogenous NLRP3
inhibitor, or directly cleave pro-IL-1p in the cytosol. S. pneumoniae also triggers pro-1L-1p
cleavage via cathepsin B and pharmacological inhibition of cathepsin B activity afforded
slight protection during pneumococcal meningitis, although IL-1p levels /n vivo were not
investigated [19]. Caspase-8 has been linked to pro-IL-1p processing in response to TLR3
and TLR4 ligands [91] and a recent study demonstrated that fungal recognition by dectin-1
triggered pro-1L-1p processing by a noncanonical caspase-8 inflammasome [92].
Interestingly, caspase-8 inflammasome activation did not require fungal internalization
unlike the canonical NLRP3-dependent pathway, yet both were ASC-dependent. These
findings are intriguing from two perspectives; first, they highlight the diversity of
mechanisms employed for IL-1p production. Second, since caspase-8 inflammasome
activation can be triggered by extracellular fungi, this provides an immediate source of
IL-1B until the canonical NLRP3-dependent pathway can be elicited following pathogen
internalization. Since numerous fungal pathogens target the CNS, it will be interesting to
determine whether similar noncanonical pathways are triggered to amplify IL-1p production
during infection.

Research in non-CNS models of infection/injury has revealed novel inflammasome-
independent actions for ASC that can be informative when considering the possibility of
similar events in the context of CNS disease. First, ASC regulates the expression of
cytokines/chemokines that are not processed by the inflammasome, as demonstrated by
reductions in TNF-a, CCL3, CCL4, CCL13, and CCL20 expression in THP-1 cells
following siRNA inhibition of ASC that occur independently of NLRP3, NLRC4, and
caspase-1 [93]. It was recently demonstrated in a model of chronic Mycobacterium
tuberculosis infection that granuloma formation and host defense required ASC but not
NLRP3 or caspase-1 activity [94]. Whether ASC requires caspase-1 activity for the genesis
of protective CNS antibacterial immunity remains to be determined. ASC also influences
adaptive immunity by post-transcriptional regulation of the actin cytoskeleton, affecting
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phagocytosis and T cell chemotaxis [13, 17, 95, 96]. The adjuvant MF-59 induces humoral
immunity to influenza vaccination in an ASC-dependent, inflammasome-independent
manner [97] and two separate studies of antigen-induced arthritis revealed immune defects
in ASC but not NLRP3 or caspase-1 KO mice that were attributed to ASC-dependent effects
on cell-mediated immunity [98, 99].

Although recent studies have begun to investigate mechanisms of inflammasome activation
within the CNS, much remains to be learned. One intriguing matter relates to functions for
the inflammasome that extend beyond its traditional role in pro-IL-1p and pro-1L-18
processing. Indeed, it seems reasonable to conclude that the inflammasome did not evolve
for the sole purpose of cytokine cleavage based on its complexity in subunit composition
and widespread repertoire of inflammatory triggers. The fact that the NLRP3 inflammasome
responds to such a wide array of ligands that lack any structural similarities, indicates that it
senses a universal signal that might result from cellular stress, which is emphasized by its
role in CNS infectious and non-infectious diseases. These possibilities wait evaluation in
future studies.

Box 1: Molecular triggers and regulation of TLR and inflammasome
activation

The identity of TLR ligands is relatively well-defined in the context of CNS infectious
diseases. In contrast, TLR agonists during neurodegeneration/autoimmunity remain
elusive. Some possible examples of the latter include heat shock proteins and
extracellular matrix fragments liberated during inflammation or tissue remodeling [2].
Likewise, the molecular triggers leading to inflammasome activation are unknown.
Extrapolating from existing literature, it is likely that generalized intracellular signals
induced after cell damage/stress are sensed by cytoplasmic NLRs to initiate
inflammasome activation.

During the course of many CNS diseases, the immune response not only facilitates
pathogen clearance/tissue remodeling via TLR signaling, but may also cause bystander
damage to surrounding parenchyma. This may trigger the release of self-antigens or
DAMPs, many of which would not typically be exposed to the extracellular milieu. For
example, during CNS infection, TLRs might play a dual role in ligand recognition, first
by facilitating responses to the inciting pathogen and upon tissue destruction, recognizing
newly liberated self-antigens, a scenario termed the “pathogen-necrosis-autoantigen
triad” [100]. Newly liberated self-antigens may serve as direct triggers for TLRs to
perpetuate the inflammatory response. This mechanism could increase the possibility of
autoimmunity, although this remains speculative.

Negative regulatory signals controlling TLR/inflammasome activity are important for
maintaining cytokine production at sufficient levels during conditions when triggering
stimuli are abundant. IL-1f is a potent cytokine with pleiotropic actions, many of which
can be deleterious if the cytokine is produced in excess. With regard to the attenuation of
TLR signaling, several negative regulators have been identified, including splice variants
for adaptors, ubiquitination, transcriptional regulators, and microRNA [2, 101]. At the
level of the inflammasome, pyrin-only domain proteins (POPs), CARD-only domain
proteins (COPs), and ASC splice variants have been reported to attenuate inflammasome
activity [101, 102]. In addition, ASC has also been shown to inhibit NF-xB signaling, a
major transcription factor for inducing pro-IL-1p and pro-IL-18 [103]. However, most of
these studies have been conducted in non-CNS cell types/tissues and little information is
available to date regarding the negative regulation of TLR or inflammasome action in the
context of CNS inflammation. Additional studies are warranted to address this point,
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since it may prove beneficial from a therapeutic perspective to augment negative
regulatory pathways to fine-tune receptor activity during an /7 vivo inflammatory setting.

Box 2: Outstanding questions
e Understand TLR cooperativity during CNS disease.

» Characterize conditions whereby TLR/inflammasome actions are beneficial or
detrimental for functional outcomes following CNS injury/infection.

» ldentify means whereby inflammatory responses are tailored for PAMPSs/
DAMPs when the majority of TLRs identified to date utilize similar signaling
pathways. A related question can be raised with regard to inflammasomes, in
particular NLRP3, which has been shown to be activated by a multitude of
stimuli with no known structural similarities.

» Elucidate mechanisms of TLR-inflammasome crosstalk in the context of CNS
disease.

o Assess whether TLR and/or inflammasome activity is more prominent in
infiltrating bone marrow-derived versus CNS-intrinsic populations to resolve
discrepancies that exist in different disease models.

» Discover novel pathways whereby the inflammasome regulates CNS disease
independent of cytokine processing.

»  Explore the potential involvement of alternative inflammasomes during CNS
injury/infection (i.e. NLRP1, NLRC4, NLRC5, AIM-2).

» ldentify novel therapeutic agents to manipulate TLR/inflammasome activity /n
Vivo.

e  Characterize inflammasome-independent mechanisms for IL-1p and IL-18
processing.
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Figure 1. Pathwaysinvolved in pro-1L-1f8 and pro-IL-18 expression
Induction of pro-IL-1p and pro-1L-18 occurs via TLR, NOD, or TNFR signaling in response
to extracellular PAMPs, cytoplasmic PAMPs, or TNF-a, respectively.
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Figure 2. Formation of NLRP3 or NLRP1 inflammasomes

Structurally, NLRs contain leucine rich repeats and a nucleotide binding domain (NBD).
Only certain NLRs possess an N-terminal pyrin domain (i.e. NLRP3), whereas others do not
(i.e. NLRP1). The N-terminal pyrin domain of NLRP3 interacts with the pyrin domain of
ASC that serves to bridge the complex to pro-caspase-1. NLRP3 inflammasome
oligomerization and subsequent caspase-1 activation is triggered by a diverse array of
stimuli, including AB, ATP, ROS (reactive oxygen species), as well as various bacterial,
fungal, and viral products.
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TLR and inflammasome action have been implicated in humerous infectious and
neurodegenerative diseases, which are linked by the requirement for signal 1 (TLR) and
signal 2 (inflammasome activation) to elicit IL-1p production. In turn, IL-1f can feed back
to augment TLR-mediated effects.
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TLR and NLR activation during CN S infection, injury and autoimmunity
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T cells trigger inflammatory
processes and subsequent
oligodendrocyte and axonal
destruction

TLRs influences EAE
severity. Role of individual
TLRs controversial

Pathology TLR Activation NLR Activation References
Alzheimer’s Disease Excessive production & AP aggregates bind CD14, Oligomeric/fibrillar AB leads [46, 62, 104]
processing of Ap and AP can activate microglial to NLRP3 inflammasome
phosphorylation of tau TLR2 and TLR4 activation in microglia and
protein resulting in plagues processing of pro-1L-1f in a
and tangles caspase-1-dependent manner
Multiple Sclerosis Reactive glia and infiltrating MyD88 signaling via various | ASC, caspase-1 and IL-1B [13, 16, 17, 50,

signaling are important for
EAE progression, role of
NLRP3 is unclear

54, 66, 70, 105]

Spinal Cord Injury

Robust microglial activation
with infiltrating monocyte &
macrophages influencing
pathology

Endogenous “danger signals”
trigger beneficial effects
through TLR2 & 4 signaling
following SCI

SCl-induced processing of
IL-1p requires NALP1, ASC,
caspase-1 and caspase-11.
ASC loss protective in SCI

[56, 57, 72]

Neuronal Injury
(Stroke & TBI)

Neuronal excitability,
neurotoxin production,
leukocyte infiltration,
microglia activation and
astrogliosis

TLR preconditioning
attenuates inflammatory
damage. However, TLR2 or 4
KO protects against brain
damage in stroke model

Increased expression of IL-18
in cerebrospinal fluid. NLRP1,
ASC neutralization leads to
reduced pathology.

[60, 61, 74, 75]

Bacterial Meningitis

Inflammation of the
leptomeninges resulting in
tissue and vascular injury
and increased intracranial
pressure

MyD88 and TLR2 play
protective role in meningitis

Disease severity significantly
reduced in NLRP3- and ASC-
deficient animals

[18-20, 22]

Bacterial Abscess

Necrosis, peripheral immune
infiltrates, glial activation,
and fibrotic capsule
formation

Complex roles for TLRs in
disease pathogenesis, while
MyD88 is essential for
protective immunity

NLRP3 inflammasome
activation involved in IL-1B
production by microglia

[25, 28, 29,
106]
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