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Abstract

Pattern recognition receptors (PRRs) are part of the innate immune response and were originally
discovered for their role in recognizing pathogens by ligating specific pathogen associated
molecular patterns (PAMPs) expressed by microbes. Now the role of PRRs in sterile inflammation
is also appreciated, responding to endogenous stimuli referred to as “damage associated molecular
patterns” (DAMPS) instead of PAMPs. The main families of PRRs include Toll-like receptors
(TLRs), Nod-like receptors (NLRs), RIG-like receptors (RLRs), AIM2-like receptors (ALRs), and
C-type lectin receptors. Broad expression of these PRRs in the CNS and the release of DAMPs in
and around sites of injury suggest an important role for these receptor families in mediating post-
injury inflammation. Considerable data now show that PRRs are among the first responders to
CNS injury and activation of these receptors on microglia, neurons, and astrocytes triggers an
innate immune response in the brain and spinal cord. Here we discuss how the various PRR
families are activated and can influence injury and repair processes following CNS injury.
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Introduction

Pattern recognition receptors (PRRS)

The innate immune system senses potential pathogens and detects disruptions in tissue
homeostasis by several receptor families. Collectively, these receptor families are referred to
as pattern recognition receptors (PRRs) (Janeway, 1992). Unlike receptors involved in the
adaptive immune response that are customized to recognize a specific proteinor antigen,
PRRs detect general “patterns” or sequences/structures commonly present on the surface of
potential pathogens called pathogen associated molecular patterns (PAMPS). These receptors
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are highly conserved across multiple species and can be one of the first lines of defense
against a possible infection. In addition to responding to PAMPs, PRRs also respond to
“danger” signals or danger-associated molecular patterns (DAMPs). The “danger
hypothesis” of immune system function was first proposed by Matzinger (1994, 1998) in
direct opposition to the idea that the immune system evolved to recognize self vs. non-self.
This theory has grown as more endogenous ligands have been identified that are recognized
by PRRs (Table 1). There are several sub-families of PRRs including Toll-like receptors
(TLRs), Nod-like receptors (NLRs), Ctype lectin receptors (CLRs), and RIG-like receptors
(RLRs); each helps to orchestrate the innate immune response (Fig. 1). Some of these
receptors are expressed on the cell surface (i.e. scavenger receptors and some TLRs) and
facilitate surveillance of the extracellular environment while others are expressed
intracellularly (NLRs, RLRs, some TLRs) and are activated by internalized inflammatory
stimuli (e.g., DNA or RNA). Activation of these PRRs leads to production of inflammatory
mediators that help remove pathogens or restore tissue homeostasis (Fig. 2). However,
chronic activation of these receptors can cause inflammatory disease.

Pathogen associated molecular patterns and damage associated molecular

patterns

Tissue injury, cellular stress, or disease induces the release of molecules that stimulate an
innate immune response. Molecules released from pathogens are known as pathogen
associated molecular patterns (PAMPs) whereas molecules of endogenous origin that are
released from cells or from compartments within the cell into the cytoplasm are termed
danger or damage associated molecular patterns (DAMPs) (Tang et al., 2012). DAMPs are
released into the cytoplasm after central nervous system (CNS) injury and are recognized by
several PRRs. DAMPs are also known as alarmins (Bianchi, 2007) and include heat shock
proteins (hsp), hyaluronan, uric acid, galectins, thioredoxin (TRX), adenosine triphosphate
(ATP), high mobility group box 1 (HMGBL1), IL-1a and IL-33. Alarmins and DAMPSs have
been recently reviewed (Hirsiger et al., 2012), so only those DAMPs that are known or
suspected to activate PRRs following CNS injury are considered in this review.

Pattern recognition receptor families

Toll-Like receptors

Toll-like receptors (TLRs) are homologues of the Toll receptor first identified in Drosophila
(Medzhitov et al., 1997; Rock et al., 1998; Taguchi et al., 1996). In Drosophila, Toll plays a
role during development in dorsal-ventral patterning and is important for anti-fungal
immunity (Anderson et al., 1985a, Anderson et al., 1985b; Hashimoto et al., 1988; Lemaitre
et al., 1996). The existence of human TLRs and their pivotal role in innate immune function
was first discovered in the 1990’s (Janeway, 1992; Medzhitov et al., 1997; Nomura et al.,
1994; Poltorak et al., 1998; Taguchi et al., 1996). To date, 13 murine TLRs and 10 human
TLRs have been identified. TLRs are expressed in intracellular endosomal compartments
(TLR3, TLR7, TLR8 and TLR9) or as transmembrane (cell-surface) receptors (all other
TLRs). The extracellular domains of TLRs contain leucine-rich repeats (LRRs) (Figure 1),
which are believed to recognize the molecular structure of PAMPsS/DAMPs (Table 1).

Exp Neurol. Author manuscript; available in PMC 2016 August 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kigerl et al.

Page 3

Bacterial lipopolysaccharide (LPS) was the first identified ligand for TLRs, specifically as a
ligand for TLR4 (Poltorak et al., 1998). TLRs belong to the Toll/interleukin-1 receptor (TIR)
family and signal via a TIR domain located on the cytosolic end of the receptor (Figure 1).
TLR signaling is initiated by dimerization and recruitment of adapter proteins such as
MyD88, which is an adapter protein used by all TLRs except TLR3. Recruitment of MyD88
occurs through specific TIR-TIR domain interactions that activate IL-1R-associated kinases
(e.0., IRAK4). IRAK activation signals engagement of TRAF6, an E3 ubiquitin ligase.
TRAF6 catalyzes formation of a complex that phosphorylates 1xBa, leading to its
degradation with subsequent nuclear translocation of NFxB and production of inflammatory
mediators including TNF, prolL-1p, IL-6 and iNOS (among others; Figure 2). In addition to
the MyD88-dependent signaling pathway, TLR4 and TLR3 can signal through a TRIF-
dependent pathway. The TRIF signaling pathway recruits TRAF3 resulting in activation of
interferon regulatory factor-3 (IRF3) and IRF7. This can trigger production of type |
interferons (IFNa or IFNp) and anti-viral immunity. TLRs also cooperate with a second
family of PRRs, the NLR family, to produce active IL-1 and 1L-18. For active IL-1f to be
produced, two signals are required (Figure 2). The first signal (e.g., DAMP activation of
TLRs) leads to production of prolL-1p and the second signal (i.e. activation of NLRs via
ATP release) triggers inflammasome assembly followed by cleavage of pro-1L-1 into its
active form by the inflammatory caspase, caspase-1. This type of cooperation among
families of PRRs helps generate specialized or targeted immune responses to various stimuli.
Nod-Like receptors (NLRs) NLRs are primarily involved in sensing and detecting
pathogens, but they also have been shown to participate in the inflammatory responses
caused by CNS injury or disease. NLRs contain three domains — a carboxy terminal LRR
domain, a central NACHT or nucleotide oligomerization domain (NOD) domain, and at the
amino terminus a variable interaction domain that can be either a pyrin domain (PYD), a
caspase recruitment domain (CARD) or a baculovirus inhibition of apoptosis protein repeat
(BIR) (Figure 1) (Di Virgilio, 2013). NLR sequences are conserved among plants and
mammals (Jones and Dangl, 2006) and to date, 22 NLRs that have been described in humans
and 34 in mice (Lamkanfi and Dixit, 2012; Ting et al., 2008). A thorough review of the
different types of NLRs has been recently published (Di Virgilio, 2013). NLRs are best
known for their ability to form inflammasomes. Inflammasomes are large multiprotein
complexes (~700 kDa) that activate caspase-1, which is essential for enzymatic cleavage and
maturation of the precursor cytokines pro-1L-1f and pro-1L-18 (Martinon et al., 2002). In
addition to their pivotal role in cytokine production, inflammasomes also influence novel
mechanisms of programmed cell death (see pyroptosis discussion later in this review)
(Fernandes-Alnemri et al., 2007). NLRP1, 2, 3, 6, 7 and NLRC4 form inflammasomes (Di
Virgilio, 2013) that have a common feature of caspase-1 recruitment. Although apoptosis
associated speck-like protein containing a CARD (ASC) serves as an adaptor protein that
brings together NLR and caspase-1, it can also act as an enhancer of the inflammatory
response during inflammasome activation. However, the functional significance of ASC has
been debated. Within the CNS, three different NLR inflammasomes have been described:
NLRP1 (Abulafia et al., 2009; de Rivero Vaccari et al., 2009; de Rivero Vaccari et al., 2008),
NLRP2 (Minkiewicz et al., 2013) and NLRP3 (Halle et al., 2008; Shi et al., 2013). The
NLRP1 protein is comprised of a CARD domain at the carboxy terminus, a function to find
domain (FIIND), a LRR domain, a NACHT domain and a PYD found at the amino terminus.
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The FIIND domain is important for inflammasome function (Finger et al., 2012), and
through its CARD domain, NLRP1 can form homodimeric interactions with the CARD
domain of ASC (Faustin et al., 2007). The NACHT domain has nucleoside triphosphatase
activity and is involved in ATP-dependent oligomerization (Di Virgilio, 2013). The LRR
domain is believed to be responsible for “sensing” DAMPs or PAMPs, yet there is no
compelling data to show that NLRs directly interact with PAMPs or DAMPs. In addition, the
LRR domain acts as an autoinhibitor of the inflammasome as it is folded on the NACHT
domain, thus preventing oligomerization and activation. The NLRP3 protein has been
widely implicated in the pathogenesis of autoimmune diseases and infections (Masters,
2013). It contains a PYD domain, a NACHT domain and a LRR domain (Di Virgilio, 2013).
In addition to the LRR, the proteins SGT1 and heat shock protein 90 may bind to NLRP3 to
inhibit its activation (Gross et al., 2011). Four isoforms of NLRP2 have been described in
humans (Kinoshita et al., 2005) and two in mice (Okamoto et al., 2010). NLRP2 shares
structural similarities with NLRP3 in that it is comprised of a PYD, a NACHT domain and a
LRR domain. One report suggests that NLRP2 may act as an inhibitor of NF«-B activation
(Bruey et al., 2004), but another report shows that NLRP2 forms a functional inflammasome
in human astrocytes that is activated by ATP (Minkiewicz et al., 2013).

RIG-like receptors (RLRs)

RLRs are cytoplasmic PRRs that detect RNA viruses resulting in the production of type |
interferons (IFNs) such as IFNa and IFNP (Szabo et al., 2012). The RLR family is
comprised of three receptors: retinoic acid-inducible gene-1 (Rigl), melanoma
differentiation-associated gene 5 (MDADS) and laboratory of genetics and physiology 2
(LGP2). During viral infections, Rig1l is activated by double stranded (ds) RNA or 5’-ppp
RNA whereas MDAS is activated by dsRNA (Wilkins and Gale, 2010). Of the three PRRs,
LGP2 remains poorly described and it is believed to regulate Rigl and MDADS signaling
(Childs et al., 2013). RLRs are located in the cytoplasm and contain a DExD/H-box helicase
domain and a carboxy-terminal domain (CTD) that bind RNA (Fig. 1). In addition, Rigl and
MDADS5 have a CARD domain at the amino terminus (Kato et al., 2011). After activation of
either Rigl or MDADb, these proteins interact with the mitochondrial associated protein virus
induced signaling adaptor (VISA), also known as MAVS, IPS1 or Cardif (Wilkins and Gale,
2010), followed by phosphorylation of interferon regulatory factor 3 or 7 (IRF3/7), and
production of IFN stimulated genes (ISG) (Fig. 5). However, it is possible that formation of
reactive oxygen species play a prominent role in the activation of these PRRs independent of
viral infections (Tal et al., 2009). In addition to their role in mounting an innate immune
response to RNA viruses, Rigl and MDADS have also been implicated in the inflammatory
response of astrocytes after SCI (de Rivero Vaccari et al., 2012b).

Aim-2-like receptors (ALRS)

ALRs are cytoplasmic sensors that are generally activated by DNA viruses (Rathinam et al.,
2010), but they have also been implicated in the innate immune response to DNA that is
released from dying cells after CNS injury (Adamczak, 2012). Two ALRs have been
described: IFI116 and AIM2 (Duan et al., 2011). Both proteins belong to the HIN200
(hematopoietic interferon-inducible nuclear proteins with a 200-aminoacid repeat) family of
proteins and through the HIN domain they directly interact with DNA resulting in
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production of IFNP (Jin et al., 2012). In addition to the HIN domain, these proteins also have
a PYRIN domain and therefore are categorized as members of the PYHIN (PYRIN-HIN)
protein family (Goubau et al., 2010; Schattgen and Fitzgerald, 2011) (Fig. 1). The PYRIN
domain of AIM2 forms protein—protein interactions with the PYRIN domain of ASC leading
to formation of a caspase-1 activating inflammasome (Rathinam et al., 2010). In CNS
neurons, AIM2 forms an inflammasome that triggers pyroptosis, a novel but potentially
important mode of cell death (Adamczak, 2012).

C-type lectin receptors (CLRS)

The CLR protein family consists of DEC205,Mincle, C-type lectin domain family 9
(CLEC9A) and dendritic cell-specific intercellular adhesion molecule-3-grabbing non-
integrin (DC-SIGN). These proteins sense microbial carbohydrate moieties such as PAMPs.
However, in tumor cells CLRs also sense altered glycosylated proteins. Mincle, also known
as CLECAE or Clecsf9, mounts an immune response against the fungus Malassezia
(Matsunaga and Moody, 2009). Mincle and CLEC9A also recognize DAMPs released from
necrotic cells (but not apoptotic cells), whereas DEC205 can recognize DAMPs released
from both necrotic and apoptotic cells (Cambi and Figdor, 2009). In addition, CLRs are
involved in the clearing of dying cells by phagocytosis (Ogden et al., 2001). Mincle is also
activated upon death of neighboring cells (Yamasaki et al., 2008) by sensing spliceosome-
associated protein 130 (SAP130), a noncarbohydrate protein that is released from dying
cells. SAP130 is normally involved in spliceosome assembly and is a component of the U2
small nuclear ribonucleoprotein-associated protein complex (Cambi and Figdor, 2009;
Menon et al., 2008).

Other PRR families (scavenger receptors, galectins)

Scavenger receptors are PRRs involved in uptake, transport, and metabolism of cholesterol
and lipids, and can be divided into type A and type B receptors. Macrophage scavenger
receptor A (SR-A) was first identified as a receptor for oxLDL, but since then several other
modified self-antigens and microbial components have been identified as ligands (Brown et
al., 1980; Goldstein et al., 1979; Platt and Gordon, 2001; Platt et al., 1996). Scavenger
receptor B (SR-B) and CD36 are also PRRs that can bind to oxLDL and other modified
lipoproteins. These PRRs are involved in binding and phagocytic uptake of PAMPs/DAMPS.
In the CNS, these scavenger receptors are expressed on microglia, endothelia and astrocytes
(Husemann et al., 2002). In addition tomodified lipoproteins, macrophage SR-A can bind -
amyloid, apoptotic cells, and myelin (da Costa et al., 1997; El Khoury et al., 1996; Paresce
et al., 1996; Platt et al., 1996). Advanced glycation end products (AGE), which have been
implicated in Alzheimer’s disease pathogenesis, also can bind to SR-A and CD36 on
macrophages (Ohgami et al., 2001; Suzuki et al., 1997). CD36 and SR-B can also bind to p-
amyloid and can contribute to inflammatory related pathology after stroke (Cho et al., 2005;
Coraci et al., 2002; Husemann et al., 2001). Galectins, a family of $-galactoside binding
proteins with a conserved carbohydrate recognition domain (CRD) motif, have also been
described as PRRs (Vasta, 2012).Galectins bind to glycans on the surface of bacteria and
potential pathogens (Sato and Nieminen, 2004), although they were originally thought to
bind only to “self” ligands.
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Pattern recognition receptors in the CNS

Toll-like receptors in CNS injury

Although TLRs have been traditionally characterized in response to pathogens, they also
play an important role in regulating “sterile” inflammation. TLRs can orchestrate the innate
immune response to trauma by recognizing DAMPs that are released from injured tissue.
Several DAMPs are released after CNS injury and are known ligands for a range of TLRs
(Table 1). These include HMGB1, heat-shock proteins (HSP60 and HSP70), degradation
products of the ECM (hyaluronic acid, fibronectin) and nucleic acids such as mRNA and
miRNAs that are released passively from necrotic cells (Asea et al., 2002; Demarco et al.,
2005; Kariko et al., 2004; Li et al., 2001; Ohashi et al., 2000; Okamura et al., 2001; Park et
al., 2004; Smiley et al., 2001; Termeer et al., 2002; Vabulas et al., 2001, 2002; Yu et al.,
2006). Mitochondrial DNA and proteins also act as DAMPs, particularly mtDNA and N-
formyl peptides (Zhang et al., 2010) (Table 1).

Cellular expression in the CNS

Most cells in the CNS express TLRs; however microglia express the full repertoire of TLRs.
This likely enhances their ability to survey the CNS and act as a first line of defense against
pathogens or traumatic injury (Davalos et al., 2005). In vitro, microglia expressm RNA for
TLRs 1-9 and expression of these receptors is upregulated following microglial activation
(Bsibsi et al., 2002; Olson and Miller, 2004). TLR4 can detect and respond to peripheral
LPS, mediating a paracrine wave of microglial activation throughout the CNS (Laflamme
and Rivest, 2001), and TLR2 activation on microglia is critical for an effective immune
response against Gram-positive bacteria in the CNS (Esen et al., 2004; Kielian et al., 2005a,
2005b). In addition, intraspinal injection of LPS (TLR4), zymosan (TLR2), polyl:C (TLR3)
or R848 (TLR7/8) activates microglia (Fitch et al., 1999; Popovich et al., 2002; Schonberg et
al., 2007; Zhang et al., 2005). Astrocytes, neurons and oligodendrocytes also express TLRs
in both naive and pathological CNS. Astrocytes express TLR3 under resting and activated
conditions (Bsibsi et al., 2006) and may upregulate TLR2 and TLR4 upon activation
(Owens, 2009). Neurons express several TLRs as well. Cortical and DRG neurons express
TLR3 and TLR8 (Cameron et al., 2007;Ma et al., 2006). Expression of TLR3 and TLR7 in
nociceptors and other primary sensory neurons and TLR8 in axons of spinal cord dorsal
horn and dorsal columns implicates TLR signaling in modulating sensations including pain
or itching (pruritus) (Liu et al., 2010; Liu et al., 2012). There is limited data describing TLR
expression by oligodendrocytes but TLR2 and TLR3 expression have been documented
(Bsibsi et al., 2012; Sloane et al., 2010). During the first few weeks after spinal cord injury
(SCI), intraspinal expression of TLR1, TLR2, TLR4, TLR6, & TLR7mRNA is increased
N2-fold (Kigerl et al., 2007). Expression of several TLR-associated signaling molecules (i.e.
MyD88, IRAK-4) also is increased during the first 1-2 weeks post-injury (Kigerl et al.,
2007). TLR4 mRNA is strongly induced on activated CNS macrophages in and around the
lesion while TLR2 is upregulated on both microglia and astrocytes (Kigerl et al., 2007).
These broad and prolonged changes in expression of TLRs and related signaling molecules
suggest a prominent role for this receptor family in regulating the complex but interrelated
processes of post-injury inflammation, regeneration and cell death/survival.
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Influences on axon growth and regeneration

Axon growth and regeneration are limited in the injured mammalian CNS. Neuron intrinsic
(e.g., impaired transcriptional control over growth promoting genes) and extrinsic factors
(proteins in the microenvironment that impede axon growth) inhibit axon growth or trigger
growth cone collapse. The accumulation of DAMPS in the lesion site may also impair axon
growth and neuron survival through TLR signaling in neurons (Fig. 3). TLR3, TLR7, and
TLR8 — TLRs responsible for recognition of RNA molecules — are expressed on CNS
neurons (Cameron et al., 2007; Lehmann et al., 2012; Ma et al., 2006; Ma et al., 2007).
TLR3 and TLR8 are expressed in the neuronal endosomes and are also concentrated in
growth cones (Cameron et al., 2007; Ma et al., 2006, 2007). TLR7 is expressed in cortical
neurons and colocalizes with early endosomal protein 1 (EEAL) in endosomes (Lehmann et
al., 2012). Activation of these neuronal RNA-sensing TLRs causes neurodegeneration,
growth-cone collapse or inhibition of neurite outgrowth (Cameron et al., 2007; Lehmann et
al., 2012; Ma et al., 2006, 2007). These distinct TLR-dependent effects vary as a function of
the TLR and activation of downstream signaling pathways. TLR3 is an intracellular TLR
activated by viral dSRNA and mRNA released from dead/necrotic cells (Kariko et al., 2004).
TLR3 is the only TLR that does not signal through the MyD88-adaptor protein; it signals
exclusively through the TRIF pathway (Fig. 2). Axon growth is inhibited in DRG and
cortical neurons treated with poly(1:C) (a synthetic TLR3 agonist) or mRNA isolated from
mouse brain (Cameron et al., 2007). This effect was shown to be TLR3-dependent, as the
growth inhibitory effects of poly(l:C) or mMRNA on DRG axon growth was abolished using
neurons from TLR3-/- mice. TLR3 colocalizes with f-actin in the growth cone of DRG
neurons. After treatment with poly(l:C) or mRNA, TLR3 activation causes rapid growth
cone collapse (within 30 min) without inducing neurite retraction or neuron death (Fig. 3).
TLR3 activation does not activate NF-xB in neurons, suggesting that its effects on growth
cones/axons occur independent of canonical transcription factors (Cameron et al., 2007).
Activation of TLR3 in vivo via intrathecal infusion of poly(l:C) also inhibits sensory neuron
development (Cameron et al., 2007). TLR7 and TLR8 are intracellular TLRs activated by
sSRNA. Recently, specific uridine-rich sequences of RNA and miRNAs with a GU-rich
element were identified as endogenous TLR7 ligands (Green et al., 2012; Lehmann et al.,
2012). TLR8 expression is developmentally regulated in the mouse brain and is expressed on
neurons and axons (Ma et al., 2006, 2007). Although TLR8 levels decrease post-natally,
TLR8 expression is detectable in the soma of adult neurons. Treatment of cortical neurons
with a synthetic TLR8 agonist (R-848) reduces neurite outgrowth and causes caspase-3
dependent cell death (Fig. 3). Interestingly, neuronal TLR8 activation does not trigger the
typical TLR-signaling pathway identified in innate immune cells, i.e., neuronal TLR8 does
not activate NF-xB or AP-1, nor do the effects require MAPK activation. Finally, TLR8
effects on neurite outgrowth and neuron survival are independent of MyD88, suggesting that
a novel TLR8 signaling pathway exists in neurons (Ma et al., 2007). A recent paper
published by Lehmann et al. (2012) documents a previously unreported role for miRNAS in
the CNS. Let-7b and other miRNAs with a GU-rich core serve as endogenous ligands for
TLR7 found onmicroglia and neurons. In vitro, let-7bmiRNA induces cortical and
hippocampal neuron death through a MyD88, and caspase-3 dependent signaling pathway.
Neuronal TLR7 signaling also triggers phosphorylation of IRAK4 but does not activate NF-
kB. Let-7b also triggers microglia activation in a TLR7-dependent but NF-xB-independent
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manner. In vivo, intrathecal infusion of let-7b causes axonal injury and neuron death in wild-
type but not TLR7-/- mice; however, restoring signaling in TLR7-/- neurons via
transfection of TLR7 restores their susceptibility to let-7b-mediated toxicity. This effect was
not dependent on activated microglia (Lehmann et al., 2012). To date, all studies
documenting direct effects of TLR signaling on neurons and axon growth have involved
“RNA-sensing” TLRs, suggesting the presence of a conserved mechanism to recognize and
avoid free nucleic acids in the CNS. Collectively these studies define a broader role for
TLRs in the CNS beyond recognition of danger signals and innate immune activation.
Perhaps this is not surprising given the developmental role for the Toll proteins in
dorsoventral patterning in Drosophila (Anderson et al., 1985a, 1985b). Inhibition of DAMP
release following SCI and subsequent activation of neuronal TLRs may be an additional
therapeutic target to increase regeneration through the injury site. Indeed, TLR signaling can
activate RhoA GTPase (Manukyan et al., 2009), an enzyme that is involved in triggering
growth cone collapse when myelin inhibitory proteins bind to the Nogo-receptor (Niederost
et al., 2002). The concentration of TLRs in neuronal growth cones may indicate that neurons
rely on TLRs to activate a general signaling pathway utilized by other “inhibitory” signals in
the CNS. Activation of TLRs on glial cells in the CNS can also exert indirect effects on axon
growth. For example, zymosan-activated macrophages can stimulate axon growth (Gensel et
al., 2009; Yin et al., 2003). Zymosan is a yeast cell-wall protein that is a ligand for TLR2
(and a subset of CLRs). In the eye, zymosan-activated macrophages promote growth of
retinal ganglion cell (RGC) axons after optic nerve crush injury; however, these same
macrophages also release high molecular weight neurotoxins (Yin et al., 2003). In the spinal
cord, zymosan-activated macrophages promote axon growth but cause collateral injury (cell
death and demyelination) to neurons and glia (Gensel et al., 2009; Popovich et al., 2002;
Schonberg et al., 2007). Intravitreal injection of Pam(3)Cys, a synthetic TLR2 agonist, also
promotes RGC axon growth after optic nerve injury (Hauk et al., 2010).

Influences on neuron and glial survival after SCI

Only three TLRs have been studied in preclinical models of traumatic SCI — TLR2, TLR4
and TLR9 (David et al., 2013; Kigerl et al., 2007). Because the DAMPs that exist in the
injured spinal cord (e.g., HMGB1, HSPs, fibronectin) signal through TLR2 and TLR4, these
TLRs were the focus of the earliest research paper on TLRs and SCI (Kigerl et al., 2007).
Since these TLRs elicit inflammatory signaling in macrophages, we predicted that pathology
would be decreased and neurological function improved in SCI mice deficient in either
TLR2 or TLR4. However, contrary to our original hypothesis, deficiencies in TLR2 and
TLR4 signaling increased myelin pathology and lesion size. This was accompanied by
sustained functional impairment and aberrant glial scar formation around the lesion site,
particularly in TLR4 deficient mice. To date, the precise mechanisms underlying these
unusual pathologic presentations are unknown and have been difficult to reconcile. Indeed,
the cellular and molecular data are counterintuitive. Despite a deficiency in signaling via
these two highly conserved innate immune receptors, intraspinal inflammation is more
pronounced than in SCI wild-type mice and expression of inflammatory cytokine mRNA is
reduced (Kigerl et al., 2007). TLR9 is expressed by spinal cord microglia, astrocytes, and
neurons (David et al., 2013). TLR9 is activated by bacterial unmethylated CoGDNA and by
immune complexes. Intrathecal delivery of a CpG ODN 1826, a TLR9 agonist, into lumbar
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spinal cord of uninjured wild-type mice robustly increases expression of TNF, IL-1p and
CXCL1 mRNA. Cytokine mRNA is not increased by an identical infusion into TLR9-/-
mice (David et al., 2013). Following contusive SCI, intrathecal delivery of a TLR9
antagonist, CpG ODN 2088, reduced the number of intraspinal CD45+, CD11b+, and CD3+
cells for the first month post-SCI. Although locomotor function was unaffected, measures of
pain (thermal hyperalgesia) and TNF were reduced at 4 weeks postinjury by the TLR9
antagonist (David et al., 2013). A detailed review on the role of neuroinflammation and
neuropathic pain is found in this issue (E.T. Walters, 2014). Since SCI increases the
expression of many TLRs that ultimately promote inflammatory gene expression, it is
logical tomanipulate a point of convergence in the TLR signaling pathway. MyD88 is an
adaptor protein shared by many TLRs. Direct intraspinal injection of aMyD88 inhibitory
peptide immediately following injury reduced inflammatory cytokine expression, lesion size
and improved hind limb function within the first 7-14 days post-injury (Yao et al., 2012).
These data suggest that activation of TLRs and subsequent MyD88-dependent signaling is
detrimental after SCI; however, the interleukin-1 (IL-1) receptor also uses MyD88. When
mice deficient in either MyD88 or IL-1R are subject to SCI, intraspinal neutrophil and
monocyte influx is attenuated as is the expression of chemokines involved in leukocyte
recruitment (Pineau et al., 2010). Together, these data indicate that MyD88 plays a central
role in inflammatory mediated-injury and repair through the regulation of TLR and/or IL-1
receptor pathways.

NOD-like receptors (NLRS)

Inflammasomes in the CNS—The NLRP1 inflammasome in neurons. The first report of
an inflammasome in the CNS was the NLRP1 inflammasome in neurons. The NLRP1
inflammasome was first described after injury to the spinal cord in rodents (de Rivero
Vaccari et al., 2008). It is comprised of inflammatory caspases (caspase-1 and caspase-11),
the adaptor protein ASC, the NOD-like receptor protein NLRP1 and the inhibitor of
apoptosis protein XIAP (Figures 1 & 4) (de Rivero Vaccari et al., 2008). In addition to
NRLP1 inflammasome involvement after SCI, this inflammasome has also been described to
mediate an innate immune response after traumatic brain injury (de Rivero Vaccari et al.,
2009) and stroke (Abulafia et al., 2009). After injury to the brain or spinal cord there is
activation of caspase-1 and cleavage of XIAP. The full-length form of XIAP has a greater
capacity to inhibit caspase activation than its cleaved fragments (Deveraux et al., 1999).
Thus, upon cleavage of XIAP there is decreased inhibition of XIAP on caspase-1 activation,
which facilitates inflammasome activation. Due to the role of inflammasome activation on
the processing of the inflammatory cytokines IL-1f and I1L-18, the inflammasome is a
promising therapeutic target to improve outcomes after injury to the CNS. Inhibition of the
NLRP1 inflammasome in neurons with a neutralizing antibody against the adaptor protein
ASC decreases inflammation and improves histopathological and functional outcomes after
SCI (de Rivero Vaccari et al., 2008) and brain injury (de Rivero Vaccari et al., 2009). Also, a
neutralizing antibody against NLRP1 inhibits NLRP1 inflammasome activation after stroke
leading to decreased inflammation (Abulafia et al., 2009). Taken together, in addition to
inflammasomes in astrocytes and microglia, neuronal inflammasomes appear to contribute
robustly to the inflammatory response after CNS injury. The NLRP2 inflammasome in
astrocytes. The inflammatory role of astrocytes is well documented, but not until recently
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was it reported that these cells contain inflammasomes. Specifically, astrocytes express an
inflammasome that is comprised of the NOD-like receptor NLRP1/NALP2, the adaptor
protein ASC and caspase-1 (Figures 1 & 4) (Minkiewicz et al., 2013). The NLRP2
inflammasome in astrocytes forms protein—protein interactions with the purinergic receptor
P2X7 and with the channel protein pannexin-1. ATP activates this inflammasome at
concentrations of 500 puM-1 mM (Minkiewicz et al., 2013). Moreover, inhibition of
pannexin-1 with 1 mM probenecid or with 5 uM brilliant blue G (BBG) attenuates ATP-
dependent NLRP2 inflammasome activation. Inhibition of the NLRP2 inflammasome with
Probenecid, BBG or knockdown with shRNA against NLRP2 inhibits inflammasome
activation in human astrocytes, resulting in decreased processing of IL-13 and IL-18
(Minkiewicz et al., 2013). Thus, the NLRP2 inflammasome in human astrocytes activates
caspase-1 and the processing of IL-1 inflammatory cytokines after CNS injury. The NLRP3
inflammasome in microglia. Microglia share many of the phenotypic and functional
characteristics of macrophages and are the resident immune cells of the CNS. The NLRP3
inflammasome plays a role in the inflammatory response against Staphylococcus aureus
(Hanamsagar et al., 2011) and may also be a pivotal regulator of microglia-mediated
pathology in several CNS diseases including Alzheimer’s disease. Stimulation of microglia
with amyloid-p activates the NLRP3 inflammasome (Figure 4) (Halle et al., 2008). In the
BV2 microglial cell line, the NLRP3 inflammasome has been implicated in regulating the
immune response in prion diseases (Shi et al., 2013). A role for the NLRP3 inflammasome
in CNS injury has yet to be described. The AIM2 inflammasome in neurons. The AIM2
inflammasome binds DNA and activates caspase-1. The AIM2 inflammasome in cortical
neurons is comprised of ASC and caspase-1 (Figure 4) (Adamczak, 2012). Binding of DNA
by AIM2 occurs through its HIN domain (Schroder et al., 2009). The AIM2 inflammasome
is the only inflammasome in which there is convincing evidence of a direct interaction
between the AIM2-like receptor (ALR) protein and the activating ligand. DNA released
from damaged cells after traumatic brain injury is recognized by the AIM2 inflammasome,
thus activating caspase-1 and processing of IL-1p into its active form. Activation of the
AIM2 inflammasome in cortical neurons also can trigger the inflammasome-mediated
programmed cell death process of pyroptosis (Adamczak, 2012).

Pyroptosis: Inflammasome mediated programmed cell death—Pyroptosis is
characterized by the activation of caspase-1 and the formation of the pyroptosome, a
complex of oligomerized ASC molecules. Since pyroptosis is caspase-1 dependent, it can be
inhibited by the caspase-1 blocker YVAD (Tyr-Val-Ala-Asp) (Fernandes-Alnemri et al.,
2007; Fink et al., 2008). In cortical neurons, DNA is responsible for activating the AIM2
inflammasome, resulting in the formation of the pyroptosome and the opening of 2-3 nm
membrane pores that are permeable to the fluorescent dye YO-PRO and the cell-impermeant
viability indicator ethidium homodimer-2 (Eth-D2). Inhibition with the pannexin-1 channel
blockers probenecid or brilliant blue FCF decreases pore formation, indicating that
pannexin-1 is the pore that opens during the process of pyroptosis (Adamczak, 2012).
Mechanisms of inflammasome activation in the CNS Several PAMPs and DAMPs have been
shown to activate inflammasomes outside of the CNS, but there is limited information about
the ligands responsible for activation of inflammasomes within the CNS (Figure 4). ATP has
recently been shown to activate the NLRP2 inflammasome in human astrocytes (Minkiewicz
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et al., 2013) whereas amyloid-f activates the NLRP3 inflammasome in microglia (Halle et
al., 2008). Palmitate, a saturated free fatty acid, activates the NLRC4 inflammasome in
primary rat astrocytes (Liu and Chan, 2012). Reactive oxygen species (ROS) are also
capable of activating the inflammasome (Bauer et al., 2010), although the mechanism of
activation is controversial. It is possible that mitochondrial dysfunction following injury
results in ROS production that leads to activation of inflammasomes. Thioredoxin (TRX)-
interacting protein (TXNIP) has been associated with oxidative stress-dependent
inflammasome regulation (Lane et al., 2013). TXNIP is initially bound to TRX. Release of
ROS from mitochondria causes TXNIP to be released from TRX upon oxidation. TXNIP
then binds to inflammasomes leading to their activation (Lane et al., 2013). An important
difference between activation of inflammasomes within the CNS and in peripheral tissues is
that high extracellular potassium activates CNS inflammasomes (Silverman et al., 2009),
whereas potassium efflux is responsible for activating inflammasomes in peripheral tissues
(Franchi et al., 2007). In neurons and astrocytes high extracellular potassiumopens the
pannexin-1 channel allowing efflux of ATP (Franchi et al., 2007). The NLRP1
inflammasome forms protein—protein interactions with the purinergic receptor P2X7 and
with pannexin-1 (Silverman et al., 2009). Thus, the NLRP1 inflammasome is regulated by
both ATP and potassium ions. Relatively high concentrations of ATP are required to activate
P2X7, but the purinergic receptor P2X4, which is also involved in inflammasome regulation
(de Rivero Vaccari et al., 2012a), has a lower threshold for ATP-dependent activation (North
and Surprenant, 2000). Taken together, a model of inflammasome activation in the CNS can
be explained as follows: ATP is released from dying cells after CNS injury and activates
P2X4. Once activated P2X4 releases potassium, which causes the opening of the pannexin-1
channel. This channel releases ATP, which further increases the concentration of ATP
available to open the P2X7 receptor and subsequently activates inflammasomes (Bernier,
2012) (Figure 2). The downstream events linking P2X7 receptor activation and cleavage of
caspase-1 remain unknown.

Inflammasome proteins as biomarkers of CNS injury—The inflammasome proteins
ASC, NLRP1 and caspase-1 are secreted into the cerebrospinal fluid (CSF) following
traumatic brain injury. Interestingly, the levels of these proteins were elevated in brain-
injured patients that had poorer Glasgow outcome scale scores (GOS 1-3) when compared
to less severely injured patients (GOS scores of 4-5) (Adamczak et al., 2012). GOS scores
were obtained five months after injury but inflammasome protein levels were measured in
CSF samples collected early after injury. Thus, acute CSF concentrations of inflammasome
proteins may be used as biomarkers to predict long-term outcome or to guide therapeutic
interventions with the goal of lowering inflammasome protein concentrations in the CSF. A
similar relationship may also be present after SCI (unpublished data). The inflammasome as
a target for post-traumatic therapeutic hypothermia Post-traumatic therapeutic hypothermia
is a promising therapeutic intervention to treat patients with traumatic brain and spinal cord
injury (Ahmad et al., 2013; Grulova et al., 2013). Animal studies have shown that the
neuroprotective effects associated with hypothermia are vast (Ahmad et al., 2013; Bell et al.,
1998; Horiguchi et al., 2002) and include anti-inflammatory effects, mediated in part
through inhibition of inflammasomes (Gu et al., 2014). Post-traumatic therapeutic
hypothermia in brain-injured rodents inhibits inflammasome activation in the injured cortex

Exp Neurol. Author manuscript; available in PMC 2016 August 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kigerl et al.

Page 12

and in cultured cortical neurons (Tomura et al., 2012). Thus, hypothermia can inhibit
inflammasome activation and confer neuroprotection after trauma.

RLRs after spinal cord injury—After SCI, reactive astrogliosis causes a glial scar to
form around the site of injury. This scar is a structural and molecular barrier to successful
axon regeneration (Yuan and He, 2013). The PRRs Rigl and MDAJS contribute to this
process of astrocyte activation by increasing glial fibrillary acidic protein (GFAP) and
vimentin in astrocytes (de Rivero Vaccari et al., 2012b). Following contusive cervical SCI in
rats, Rigl and MDAJS expression is increased 6 h after injury, leading to increased
expression of the type I IFNs IFNa and B (Fig. 5) (de Rivero Vaccari et al., 2012b).
Stimulation of Rigl and MDAGS with synthetic ligands that mimic dsRNA (poly(l:C)) also
activates RLRs and IRF-3 phosphorylation, resulting in increased expression of GFAP and
vimentin. Stimulation with low molecular weight poly(1:C), which stimulates Rigl
signaling, increased expression of both GFAP and vimentin, whereas stimulation of MDA5S
with high molecular weight poly(l:C) increased expression of only GFAP (de Rivero Vaccari
et al., 2012b). RLR signaling in astrocytes can be inhibited with mitochondrial E3 ubiquitin
protein ligase 1 (MUL1) (de Rivero Vaccari et al., 2012b) suggesting that manipulation of
RLRs could be a novel mechanism for overcoming the growth in hibitory effects of glial
scarring.

Mincle after traumatic brain injury—TNF is an important cytokine that contributes to
the inflammatory innate immune response after CNS injury. TNF singling is in part
regulated by the PRR, mincle. Mincle belongs to the C-type lectin (CLR) family of PRRs.
Preliminary data suggest that following fluid percussion TBI, cells release SAP130, which
binds mincle to activate its signaling as determined by phosphorylation of spleen tyrosine
kinase (syk), resulting in production of TNF (de Rivero Vaccari et al., 2013). Mincle
contributes to the innate immune response from neurons after TBI in rodents. In addition,
preliminary data show SAP130 and mincle are increased in the brain of patients with TBI
(de Rivero Vaccari et al., 2013). These data indicate that in addition to NLR and RLR
signaling, CLRs may also contribute to the innate immune response in the CNS after injury.

Conclusion

PRRs are a diverse group of receptor families that recognize heterogenous ligands, both self
(DAMPs) and non-self (PAMPS), and elicit innate immune activation in response to injury or
disease. Broad expression and injury-induced upregulation of these receptor families in the
CNS by microglia, astrocytes, and neurons indicates a central role for PRRs in post-injury
neurodegeneration and repair. In a complex injury site, such as a traumatic CNS injury, it is
likely that these receptor families act synergistically to tailor the inflammatory response.
Understanding how these signaling pathways are activated by and respond to CNS injury
will lead to identification of novel therapeutic targets designed to modulate the innate
immune response.
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Structural domains of pattern recognition families. The major structural domains of TLRs,
NLRs, RLRs, ALRs, and CLRs are depicted above. Note that the NLR family is divided into
4 subfamilies: NLRA, NLRB, NLRC and NLRP. CLRs comprise a large family of receptors,
thus only those discussed in this review are shown above. Abbreviations: CARD (caspase
recruitment domain), LRR (leucine rich repeat), BIR (baculovirus inhibition of apoptosis

protein repeat), PYD (pyrin domain), FIIND (function to find domain), TIR (Toll-IL-1
receptor domain), helicase (DExD/H box helicase domain), CTD (carboxy terminal
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domain), HIN200 (hematopoietic interferon-inducible nuclear antigens with 200 amino acid
repeats), L-L (di-leucine motif), 3aa (triad of acidic amino acids), Y (tyrosine-based motif),
CRD (carbohydrate recognition domain), ITAM (immunoreceptor tyrosine-based activation
motif).

Exp Neurol. Author manuscript; available in PMC 2016 August 05.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Kigerl et al. Page 23

N "”:.',’:’)'l't"l‘ it
AaanaaAbbAs

SEPPPEIINI

Inflammation

Fig. 2.
Two-signal model of innate immunity. TLRs and NLRs cooperate to orchestrate the innate

immune response to injury. Activation of TLRs (via DAMPs released from CNS injury)
leads to nuclear translocation of NFxB and transcription of pro-inflammatory cytokines,
such as pro-1L-1p. Activation of NLRs (via a second signal) triggers inflammasome
formation, caspase-1 activation, and cleavage of pro-1L-1f into its active form.
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Fig. 3.
Activation of “RNA-sensing” TLRs on neurons and microglia triggers distinct effects.

Signaling through TLR3 on neurons triggers rapid collapse of growth cones through a non-
canonical signaling pathway, while the same ligand-receptor interaction elicits synthesis/
release of type | interferons from activated microglia and monocyte-derived macrophages.
TLR7/8 activation leads to neuron death and inhibition of axon outgrowth through undefined
mechanisms; however, TLR7/8 activation of CNS macrophages triggers canonical TLR
signaling pathways leading to NF«B activation and inflammatory cytokine production.
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Fig. 4.
Diverse ligands elicit cell-specific inflammasome activation in CNS. High extracellular

potassium is required for NLRP1 inflammasome activation in neurons and astrocytes. High
concentrations of ATP in the extracellular space stimulate both the NLRP1 and the NLRP2
inflammasome in neurons and astrocytes. The NLRP3 inflammasome is activated by f3-
amyloid and by ROS. Signals such as ROS appear to be typical activators of all
inflammasomes, but thus far has only been shown for NLRP3 inflammasome signaling.
NLRC4 inflammasome activation is activated by free fatty acids in astrocytes, and DNA
stimulates AIM2 inflammasome activation. Canonical inflammasomes including NLRP1,
NLRP3, AIM2 and NLRCA4 recruit caspase-1 through interactions with ASC causing pro-
IL-1p and pro-1L18 to be cleaved into their active forms IL-1p and 1L18. The NRLC4 and
AIM2 inflammasome have been involved in the caspase-1 mediated cell death process of
pyroptosis by formation of the pyroptosome. NLR: NOD-like receptors, HIN200:
hemopoietic IFN-inducible nuclear, LRR: leucine rich repeat, ASC: apoptosis-associated
speck-like protein containing a CARD.
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Fig. 5.
Production of type | IFN by TLR and RLR signaling: DAMPS binding to TLR signal

through TRIF. TRIF recruits TRAF3 (not shown) resulting in phosphorylation of IRF3 or 7,
thus activating interferon stimulated genes and type | IFNs such as IFNa and . ROS activate
RLR signaling either through RIG1 or MDADS. Either protein binds to VISA and is recruited
to the mitochondrion, resulting in phosphorylation of IRF3 or 7 or activation of NF-xB,
resulting in production of interferon stimulated gene proteins and the type | IFNs (IFNa and

B)-
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Table 1
Microbial and endogenous ligands for PRRs.
Receptor PAMPs DAMPs References
Peptidoglycan (with TLR2),
TLR1 triacylated lipoproteins
. HSP60, HSP70, Asea et al. (2002); Vabulas et al. (2001),
TRz peptidoglycan, zymosan, HMGBL, versican, Li et al. (2001), Yu et al. (2006): Park et al., 2004
p necrotic cells and Kim et al., 2009
TLR3 Viral dsSRNA mRNA Kariko et al. (2004)
HMGBL1, HSP60, Ohashi et al. (2000), Asea et al. (2002), Vabulas et al. (2001),
TLR4 LPS HSP70, hyaluronic Termeer et al. (2002), Okamura et al. (2001),
acid, fibronectin, Smiley et al. (2001), Yu et al. (2006),
fibrinogen Park et al. (2004)
TLR5 Bacterial flagellin
Peptidoglycan (with TLR2),
TLRG diacylated lipoproteins
TLR7 sSRNA miRNA, RNA Lehmann et al. (2012)
TLR8 sSRNA
TLR9  Unmethylated CpG DNA mIDNA; n-formy! Zhang et al. (2010)
peptides
TLR11 Uropathogenic E. coli
Bacterial muramyl dipeptide ATP, uric acid crystals, Halle et al. (2008), Leg etal. (2012), Mariathasan et al. (2006),
: .t Martinon et al. (2006); Murakami et al. (2012),
NLRs (MDP), DAP-PGN, anthrax toxin,  Ca**, K* efflux, Petrilli et al. (2007). Raiamaki et al. (2013
bacterial RNA acidosis, amyloid-$ etrilli et al. ( ). Rajamaki etal. ( )
’ Rossol et al. (2012), Minkiewicz et al. (2013)
RLRs Viral dsRNA, polyA:C ROS Tal et al. (2009)
ALRs dsDNA, polyA:T Cytosolic DNA Adamczak et al. (2012), Hornung et al. (2009)
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