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Chapter 8
Toll-Like Receptors in Pain and Itch

Amanda S. Andriessen, Elmira Hezarkhani, and Christopher R. Donnelly

Abstract Pattern recognition receptors (PRR) are genetically encoded proteins
which recognize a host of highly conserved “danger signals” produced by microbial
organisms (pathogen-associated molecular patterns, or PAMPs) or released by dam-
aged host cells (damage-associated molecular patterns, or DAMPs). PAMP or
DAMP-mediated activation of PRR-bearing immune cells is a critical step in initiat-
ing an immune response. The Toll-like receptors (TLRs) are a small family of pro-
teins with deep evolutionary origins; they are present in both invertebrate and
vertebrate species and all TLR members share a common Toll-Interleukin-1
Receptor (TIR) domain. There is considerable variation in the number of TLRs
present in different species with Drosophila (9), mice (12), and humans (10) each
having a slightly different number which pales in comparison to the number present
in purple sea urchins (222). In this chapter, we discuss the basic biology of the
TLRs, including their activation, subcellular localization, and downstream signal-
ing. We highlight the critical role that TLRs play in initiating innate and adaptive
immune responses and emphasize a discussion of how TLR-mediated proinflamma-
tory signaling is coupled to pain or itch through neuro-immune interactions. We
also highlight emerging evidence that suggests TLR signaling in sensory neurons
can rapidly modulate neuronal excitability and discuss the physiological conse-
quences of non-canonical TLR signaling in neurons. Overall, this chapter reviews
the plethora of evidence which now exists to support the many ways in which TLR
signaling can regulate sensory function via neuro—immune interactions.
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Abbreviations

AP1 Activator Protein-1

BDNF Brain-Derived Neurotrophic Factor

CIPN Chemotherapy-Induced Peripheral Neuropathy
CLR C-type Lectin Receptor

CNS Central Nervous System

DAMP Damage-Associated Molecular Pattern

DRG Dorsal Root Ganglion

ET-1 Endothelin-1

GPCR G Protein Coupled Receptor
hBD2 Human Beta-Defensin-2
HMGB1  High Mobility Group Box Protein 1

HSP Heat Shock Protein

IFM Inflammatory Mediator

IFN-I Type-I Interferon

IKK Inhibitor of Nuclear Factor-kB (IkB) Kinase

IL Interleukin

IL-1R Interleukin-1 Receptor-Associated Kinase (Biragyn et al. 2002)
ISG Interferon Stimulated Gene

LPS Lipopolysaccharide

LTP Long-Term Potentiation

MAPK Mitogen-Activated Protein Kinase

MyD88 Mpyeloid Differentiation Primary Response 88
NF200 Neurofilament 200

NF-«xB Nuclear Factor-kB

NGF Nerve Growth Factor

NLR Nucleotide-Binding and Oligomerization Domain (NOD)-Like
Receptor

PAMP Pathogen-Associated Molecular Pattern

PGE, Prostaglandin E2

pION Partial Infraorbital Nerve Ligation

PNS Peripheral Nervous System

Poly(I:C)  Polyinosinic-Polycytidylic Acid

PRR Pattern Recognition Receptor

PTX Paclitaxel

SDH Spinal Dorsal Horn

sEPSC Spontaneous Excitatory Postsynaptic Current

SGC Satellite Glial Cell

sIPSC Spontaneous Inhibitory Postsynaptic Current

SMOC Supramolecular Organizing Complex

TBK1 Tank-Binding Kinase-1

TG Trigeminal Ganglion

TIR Toll-Interleukin-1 Receptor [Homology Domain]
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TIRAP TIR Domain Containing Adaptor Protein

TLR Toll-Like receptor

TNF Tumor Necrosis Factor

TRAF TNF Receptor Associated Factor (Caterina et al. 2000)
TRIF TIR-Domain-Containing Adapter-Indued Interferon-Beta
TrkA Tropomyosin Receptor Kinase A

TRPA1 Transient Receptor Potential Cation Channel Subfamily A Member 1
TRPMS8  Transient Receptor Potential Cation Channel Subfamily M Member 8
TRPV1 Transient Receptor Potential Cation Channel Subfamily V Member 1

8.1 A Historical Perspective on Toll-Like Receptors

The overarching purpose of the immune system is to recognize, fight against, and
ultimately dispel molecules in our body that we do not recognize and thus could be
potentially harmful (Parkin and Cohen 2001). In our conceptual framework of the
immune system, we view it as a system divided into two main components: innate
immunity and adaptive immunity. Innate immunity encompasses a system designed
to provide the first line of defense against invading microorganisms and potential
pathogens, conferring rapid, but relatively non-specific protection. In contrast,
adaptive immunity, mediated primarily by B and T lymphocytes, takes days or
weeks to fully develop, but has the advantage of being specifically directed at a
putative danger signal (e.g., a pathogenic microorganism) and also confers immu-
nological memory, wherein the putative danger signal can be “remembered” by
adaptive immune cells to enable their rapid activation in subsequent encounters
(Parkin and Cohen 2001).

With a few noteworthy examples, our conceptual understanding of how the
immune system functions have largely emerged from work performed over the last
century. In 1884, Elie Metchnikoff discovered the presence of cells in a species of
water flea which engulfed fungal spores, ultimately naming these cells “phago-
cytes.” Through further experiments, his work led to antimicrobial defense, phago-
cytosis, and rapid microbial detection as key elements of the innate immune system
(Modlin 2012), but the molecular mechanisms remained unresolved. An under-
standing of how the adaptive immune system functions was later to emerge. In
1955, Niels Jerne suggested that an expansive array of soluble antibodies is present
in the blood prior to infection, which Frank Burnet further refined in 1957 when he
put forth the clonal selection theory. The clonal selection theory suggested that B
cells bear a single type of receptor, and its activation, induced by detection of a
particular antigen, triggers clonal expansion to generate an expanded lineage of B
cells bearing receptors identical to that of the initial parent cell (Burnet 1976). Thus,
this theory explained how B cells produce identical antigen-specific clones for
humoral antibody-mediated immunity and came to be a foundational concept in our
understanding of adaptive immunity (Hodgkin et al. 2007). Thirty years following
the work of Burnet, Charles Janeway proposed that innate immune recognition is
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coupled with antigen-specific immunity through the use of genetically encoded pat-
tern recognition receptors (PRRs), which recognize exogenous pathogen-associated
molecular patterns, or PAMPs (Janeway 2013; Janeway Jr. 1989). Shortly after
Janeway’s discoveries, Polly Matzinger recognized that inflammation and immu-
nity can also be initiated in the absence of exogenous stimuli, eventually developing
the danger model of the immune response which proposed that damaged host cells
are likewise capable of releasing signals that can induce immune responses, which
eventually came to be known as damage-associated molecular patterns, or DAMPs
(Seong and Matzinger 2004).

The understanding of the innate immune system significantly expanded in when
Sims et al. cloned the gene for IL-1R1, but the sequence did not point to how II-1R1
signals as there was a lack of any recognizable pattern in the cytosolic domain (Sims
et al. 1988). Three years later, Gay and Keith discovered homology in the amino
acid sequence of the IL-1R1 cytosolic domain and that of Toll, a protein in
Drosophila melanogaster (Gay and Keith 1991). Toll was already noteworthy for its
critical role in Drosophila embryogenesis (Anderson et al. 1985a, b), but the work
of Gay and Keith suggested a potentially new function for Toll in inflammation and
immunity. Similar to Toll, the drosophila protein, Dorsal, was also known to play an
important role in embryonic development in flies, and it was found that the REL
homology domain of Dorsal is shared by the mammalian protein nuclear factor
kappa B (NF-xB) (Steward 1987). At the time, NF-kB was known to be a transcrip-
tion factor expressed in lymphocytes (Baeuerle and Henkel 1994), and its drosoph-
ila paralog Dif was known to activate transcription of cecropin, an antimicrobial
peptide (Ip et al. 1993), suggesting an inducible role for the NF-kB family of tran-
scription factors in immunity. Later, NF-xB was demonstrated to be activated by
ligands of Toll and IL-1R1 (Belvin and Anderson 1996; Whitham et al. 1996).
Notably, several mammalian proteins were identified which were found to exhibit
an even greater degree of homology with Toll than did IL-1R1, sharing the Toll-
Interleukin-1 receptor (TIR) domain. Medzhitov and colleagues explored the func-
tion of the so-called human Toll (hToll), discovering that hToll activates NF-kB and
thus expression of NF-kB-dependent genes (Medzhitov et al. 1997). Shortly there-
after, five additional mammalian Toll homologs were identified and collectively
referred to as Toll-like receptors (TLRs). The hToll identified in the previous study
is now referred to as TLR4 which will be further explored in following sections.

Today we recognize that TLRs are among the most famous innate immune regu-
lators and are present in all animals from insects to humans, with 10 TLRs con-
served in humans and 13 TLRs in mice. Coincident with Charles Janeway’s proposed
pattern recognition theory, TLRs are the founding members of an expansive family
of pattern recognition receptors, yielding an elegant system capable of recognizing
and responding to potentially hazardous cues derived from microorganisms
(PAMPs) or endogenous host cells (DAMPs). Given that all organisms appear to be
at risk of infection, the selective pressure to evolve mechanisms to defend against
exogenous and endogenous threats is, and always has been, immense. Thus, PRRs
are posited to have early in the history of life, and thus are present in all living things
(Janeway 2013; Janeway Jr. 1989).
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8.2 TLR Signaling in Immune Cells

Supporting their long evolutionary history and functional significance, all TLRs
have a highly conserved structure. They are Type I transmembrane glycoproteins
composed of an N-terminal extracellular domain that is leucine-rich, a transmem-
brane domain, and a C-terminal intracellular TIR domain (Harvey Lodish et al.
2000; Rock et al. 1998). The leucine-rich repeats that make up the ectodomain fold
into a solenoid, horseshoe-shaped structure that is inactive until cleaved by endo-
somal proteases, which are stimulated following TLR-specific ligand interactions.
This cleavage of the TLR ectodomain yields functional ability of the TLR to act as
a PRR (Botos et al. 2011; Fitzgerald and Kagan 2020; Latz et al. 2007; Ohto et al.
2018; Tanji et al. 2016). All mammalian TLRs examined thus far form direct contact
with their ligands through interactions between these ectodomains and their specific
ligands. The single transmembrane domain leads to the cytosolic TIR domain,
which functions to trigger the downstream signaling of TLRs through interactions
with various adaptor proteins.

In accordance with the critical role of TLRs in innate immunity, they are highly
expressed by a wide variety of immune cells, with some degree of cell-type specific-
ity (Zuany-Amorim et al. 2002). TLRs also exhibit differential patterns of mem-
brane localization (Fitzgerald and Kagan 2020; Liu et al. 2010a; Randow and Seed
2001). In naive conditions, TLRs recognizing microbial membrane components
such as proteins, lipids, or lipoproteins (TLR1, TLR2, TLR4, TLRS, TLR6, and
TLR10) are present on the cell surface where they typically encounter their natural
agonists (Fig. 8.1). In contrast, nucleic acid sensing TLRs (TLR3, TLR7, TLRS, and
TLRY) are typically localized within endosomal compartments, which poises them
to detect aberrant intracellular nucleic acids while limiting the degree to which self-
derived ligands released by dying cells in the extracellular space promote autoim-
mune responses (Alexopoulou et al. 2001; Hemmi et al. 2002, 2000) (Fig. 8.1). Cell
surface-localized TLRs are typically monomeric, forming homo- and/or heterodi-
mers with other monomers upon ligand binding (Jin et al. 2007; Jin and Lee 2008;
Park et al. 2009), whereas endosomal TLRs have been shown to exist as pre-formed
homodimers (Ohto et al. 2018; Tanji et al. 2016). Unlike their surface-localized
counterparts, the ectodomains of endosomal TLRs must be cleaved by cathepsins to
enable dimerization and signal transduction (Ewald et al. 2011; Fukui et al. 2018).

For both cell surface- and endosome-localized TLRs, ligand binding causes con-
formational changes which bring the cytosolic TIR domains into close proximity.
The subsequent detection of dimerized TIR domains by the membrane adaptor pro-
teins TIRAP and TRAM leads to the assembly of an oligomerized scaffold of cyto-
solic proteins known as supramolecular organizing centers (SMOCs). TIRAP
prompts the assembly of the myddosome, which is characterized by the presence of
myeloid differentiation primary response 88 (MyD88) oligomers, interleukin-1
receptor-associated kinases (IRAKs), and TNF receptor associated factor-6
(TRAF6), leading to downstream signaling. Loss of MyD88 or other myddosome
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components impairs signaling by all TLRs except TLR3 and TLR4 (Akira and
Hoshino 2003), and thus, myddosome-mediated signaling is critical for most TLR-
mediated functions. Within the myddosome, TRAF6 activates the kinase, TAK1,
which stimulates IKK-mediated NF-kB and MAPK/AP-1-mediated transcriptional
responses (Emmerich et al. 2013; Wang et al. 2001), as well as recruitment of tank-
binding kinase-1 (TBK1). While activation of the transcription factors NF-kB and
AP-1 are responsible for the upregulation of inflammatory mediators, myddosome-
dependent TBK1 is critical for induction of rapid metabolic changes such as induc-
tion of glycolysis (Everts et al. 2014; Fitzgerald and Kagan 2020; Tan and
Kagan 2019).

MyD88-independent signaling mediated by TLR4 requires the membrane pro-
tein TRAM, which recognizes the homodimers of TLR4, prompting binding to TIR-
domain-containing adapter-inducing interferon-f (TRIF) and subsequent TNF
receptor associated factor-3 (TRAF3)-dependent activation of the kinase tank-
binding kinase-1 (TBK1). This TRIF-dependent, myddosome-independent pathway
has been referred to as the triffosome (Fitzgerald and Kagan 2020). TBK1 phos-
phorylation drives transcription of type-I interferons (IFN-I) and other interferon
stimulated genes (ISG) (Fitzgerald et al. 2003a; McWhirter et al. 2004). Although
TBKI is an element of both the myddosome and triffosome, MyD88 lacks a pLxIS
motif present within TRIF, and phosphorylation of this motif enables TRIF to inter-
act with the interferon regulatory factor-3 (IRF3) which is critical for TBKI1-
mediated IFN-I responses. Thus, IFN-I induction is a feature largely restricted to
myddosome-independent TLR signaling mediated by the triffosome. Interestingly,
it is worth noting that TRAM does not bind to TLR3, and it remains unclear whether
a presently unknown adaptor protein with a function analogous to TRAM is required
for MyD88-independent TLR3 signaling (Fitzgerald et al. 2003b; Kawai et al. 2001;
Navarro and David 1999; Yamamoto et al. 2003a, b).

In summary, TLR activation by PAMPs or DAMPs in immune cells leads to
activation of a downstream signaling cascade that varies depending on the TLR in
question, but can be broadly divided into two main categories: (1) Myd88/
myddosome-mediated TLR signaling, which is employed by all TLRs except TLR3
and is associated with NF-kB and AP-1-dependent transcriptional induction of
inflammatory mediators and TRAF6/TBK1-dependent metabolic changes; and (2)
TRIF/triffosome-mediated TLR3 and TLR4 signaling, which activates NF-kB,
AP-1, and TBKI, yielding an inflammatory response which also features IFN-I
(Fig. 8.2). While initially TLR signaling was studied primarily in innate and adap-
tive immune cells, a plethora of literature has emerged to suggest that other cell
types are also capable of participating in inflammation and immunity via canonical
TLR signaling (Kariké et al. 2004; Lafon et al. 2006; McKimmie and
Fazakerley 2005).
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Fig. 8.2 TLR4 signaling in-depth. TLR4 is the most significant and well-known TLR when it
comes to pain. This figure displays the downstream effectors of TLR4 activation from DAMPs,
LPS, and PTX. There are two SMOCs for TLR4: the myddosome (which forms around most acti-
vated TLRs except TLR3) and the MyD88-independent Triffosome (which only forms around
TLR4 and TLR3). Activation by a DAMP or PAMP causes formation of a TLR4 dimer on the cell
surface, leading to formation of the myddosome, composed of TIRAP, TBK1, TRAF6, and
MyD88, which forms around the base of the receptor. This can then activate TNF receptor-
associated factor 3 (TRAF3) and downstream kinases such as IRAKs/TRAF6 which come together
to form the triffosome. CD14 induces endocytosis upstream of TLR4 signaling and the combined
work of CD14 and TLR4 promotes the TRIF signaling in the triffosome (Gay et al. 2014;
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8.3 Detecting Danger Is a Shared Responsibility of Immune
Cells and Neurons

Hydra, a freshwater metazoan in the Cnidaria phylum, is among the first organisms
known to have evolved a nervous system. Notably, Hydra lacks a mesoderm, and
thus lacks a defined immune system (Augustin et al. 2017). Given the strong evolu-
tionary selection for organisms to develop host defense machinery, the apparent
lack of an immune system is a curious finding and implies other cell types likely
contribute to host defense. Interestingly, emerging evidence suggests that the Hydra
nervous system plays a direct and active role in host defense, producing antimicro-
bial peptides and shaping the microbial communities that coat its external body
surface (Augustin et al. 2017; Fraune and Bosch 2007). Notably, single cell sequenc-
ing analysis of Hydra neurons indicates that they possess elements of TLRs and
other pattern recognition receptors, such as NOD-like receptors (NLRs) and C-type
lectin receptors (CLRs), and a large proportion of neuronal genes encode antimicro-
bial peptides (Klimovich et al. 2020). In C. elegans, many components of the innate
immune system are missing, and neurons appear to compensate for their loss
(Irazoqui et al. 2010a, b; Pujol et al. 2001). For example, nematode sensory neurons
mediate avoidance behaviors in response to pathogenic bacteria (Cao and Aballay
2016) and utilizes neuronal GPCR-mediated signaling for the induction or repres-
sion of protective immunity in other tissues through many transcriptional mecha-
nisms (Wani et al. 2020). These real-world examples illustrate the highly overlapping
role of the nervous system and immune system in protecting organisms from poten-
tially hazardous stimuli and raise questions as to the evolutionary origins of both
systems. Appreciating that the very concept of the immune system and nervous
system is in some ways an artifact of artificial classification systems, we recognize
vertebrates as possessing a well-defined immune system which is separate and dis-
tinct in many ways from the nervous system, but an intricate coupling between the
two systems exists. Neuronal detection of physical, thermal, and chemical stimuli
on a timescale of milliseconds enables rapid behavioral modification to avoid acute
threats. In addition, immune cell-derived inflammatory mediators can modulate
sensory neuron excitability to draw the attention of an organism to an existing injury
or threat leading to protective behavioral responses. In this section we will highlight
how TLR signaling in immune cells and PNS- or CNS-resident glial cells contrib-
utes to pain through the production of inflammatory mediators. We will also discuss
how neuronal TLR signaling is similar and divergent compared to canonical TLR
signaling in immune cells.

<
<

Fig. 8.2 (continued) Kieser and Kagan 2017). CD14 is an essential component for the subsequent
internalization of the TLR and PAMP through endocytosis (Zanoni et al. 2011). Of note, MD2 is
the only protein required specifically for TLR4 endocytosis and it has no ability to signal indepen-
dently of TLR4 (Tan et al. 2015). This process leads to downstream activation of interferon regula-
tory factors (IRF3), NF-kB, and various MAP kinases and eventually cytokines. Simultaneously
TLR4 can directly activate TRPV1 channels to cause cation influx which increases excitability in
neurons. TLR4 is an important example of conserved aspects of TLR signaling and non-canonical
ion channel coupling (Fitzgerald and Kagan 2020)
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8.4 TLR Signaling in Immune Cells Is Indirectly Coupled
to Pain via Release of Inflammatory Mediators

The classical view of TLRs signaling in immune cells is coupled to pain through the
secretion of inflammatory mediators that sensitize nociceptors. Common among all
TLRs, as their canonical immune response function, is to produce inflammatory
cytokines which in turn activate resident immune cells, mast cells, and macro-
phages. Within minutes these immune cells release more proinflammatory media-
tors and chemokines in addition to other injury response mediators. These activated
immune cells and their mediators contribute to peripheral nociceptive sensitization
through these factors and interacting directly with nociceptors (Ren and Dubner
2010). All TLRs, except TLR3, use MyD88 as an adaptor in their mechanism which
then mainly activates NFxB family members and MAP kinases which then tend to
produce a pro-inflammatory response through cytokines like IL-6 and IL-12. TLR3
only uses TRIF which mainly activates IRF family members to induce anti-viral
interferon responses (Liu and Ding 2016; Liu et al. 2017; Takeuchi and Akira 2010).
Nociceptors express many receptors for these proinflammatory cytokines and che-
mokines such as IL-1R, TNFR1, TrkA, gp140, and IL-5R which respond to the
following TLR-induced upregulated and exocytosed 1L-1p, TNF, NGF, IL-6, and
IL-5, respectively. These released IFMs can induce phosphorylation of ligand-gated
channels, such as TRPV1 and TRPAI1, or modification of voltage-gated sodium
channels which leads to increased excitability through changes in neuronal mem-
brane properties, increased firing, and heightened sensitivity to thermal or mechani-
cal stimuli (Pinho-Ribeiro et al. 2017). As an example, one study using a rat L5
spinal nerve ligation model showed that upregulation of TLR3, by way of Poly(I:C)
administration, promoted neuropathic pain through promoted expression of inflam-
matory mediators. Knockdown of TLR3 was able to inhibit SNL-induced microglia
autophagy along with relieving mechanical and cold hypersensitivity (Chen and Lu
2017). Additionally, TLR7-mediated recognition of single stranded RNA from both
influenza virus and nonviral origins induces production of inflammatory cytokines
of the innate immune system, including interferons which have been shown to
directly activate sensory neurons in DRG and trigeminal ganglia (Barragin-Iglesias
et al. 2020; Diebold Sandra et al. 2004). Painful conditions and disease have been
well documented as a result of TLR-mediated proinflammatory processes increase
analgesia through direct interaction with nociceptors (Aravalli et al. 2007; Liu and
Ding 2016; Nicotra et al. 2012). Thus, TLR activation in immune cells can not only
lead to general inflammation but sensitization of nociceptors and pain.
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8.5 TLR Signaling in Pain via Neuro-Immune
and Neuro-Glia Interactions

While TLRs are classically thought as being expressed by innate and adaptive
immune cells, TLRs are also expressed by cell types throughout the peripheral and
central nervous systems, including Schwann cells, oligodendrocytes, microglia,
astrocytes, and various peripheral and central neuron populations (Bruno et al.
2018). Among peripheral sensory neurons, expression of various TLRs and MyD88
has been demonstrated using multiple experimental methods, including transcrip-
tomic analysis, immunohistochemistry and in situ hybridization, and functional
approaches such as electrophysiology and behavioral experiments (Donnelly et al.
2020; Goethals et al. 2010; Liu et al. 2014). However, unlike immune cells, periph-
eral sensory neurons are electrically excitable cells, bearing ion channels which are
coupled, either directly or indirectly, to receptors for inflammatory mediators
(IFMs) as well as TLRs. This coupling enables IFMs and TLR ligands to rapidly
alter neuronal excitability, leading to behavioral outputs such as pain, analgesia, or
itch (Donnelly et al. 2020).

Under homeostatic conditions, DRG-resident satellite glial cells (SGCs) express
relatively high levels of T1r3 and low levels of TIr2 and TIr6. After intraplantar CFA
administration, murine 7/r2 and T1r6 are upregulated in SGCs, and agonists of the
TLR2/6 heterodimer drive IL-33 production, which directly sensitizes nociceptors
(Huang et al. 2020). The contribution of TLR3 in SGCs is unknown. Interestingly,
expression of TLR4 in SGCs has been reported to be dependent on neuronal con-
tact, as SGCs isolated from DRG neurons dramatically upregulate Tlr4 (Tse
et al. 2014).

Sensory ganglia-infiltrating macrophages are another important contributor to
pain pathogenesis after injury, and DRG-infiltrating macrophages have been shown
to express several TLRs including TLR2, TLR4, TLRO (Bruno et al. 2018; Kim et al.
2011; Chen et al. 2020; Luo et al. 2019). Following nerve injury, mice lacking TIr2
exhibited reduced accumulation of DRG-infiltrating macrophages (Kim et al. 2011;
Shi et al. 2011). Given that numerous cell types in the DRG and spinal dorsal horn
express TLR4, it has been difficult to identify the specific contribution of TLR4 in
macrophages. In rodent models of chemotherapy-induced peripheral neuropathy
(CIPN)-associated pain, TLR4 signaling in DRG sensory neurons and spinal microg-
lia are each regarded to contribute to pain pathogenesis (Li et al. 2014). Interestingly,
a recent study found that the gut microbiota contributes to CIPN-induced pain, and
bone marrow transplant experiments suggested this was through a mechanism
involving TLR4 signaling in hematopoietic cells, including macrophages (Shen et al.
2017). TLRY also contributes to CIPN-induced neuropathic pain, and reportedly
does so in male but not female mice (Luo et al. 2019). According to a recent single
cell RNA-seq study evaluating several different injury models, a multitude of addi-
tional TLRs are induced in neuronal and non-neuronal cell types following injury or
insults, including TIr1, TIr2, T3, Tlr4, Tlr7, and TIr9 (Renthal et al. 2020). Thus, it
will be interesting to determine how additional TLRs as well as TLR signaling in
additional cell types may contribute to acute and chronic pain conditions.
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Within the spinal cord, glial cells also express TLRs, and their activation has
been shown to increase excitability and sensitization of peripheral sensory neurons
through neuro—immune interactions. Microglia, a CNS-resident immune cell which
shares many features with peripheral macrophages, are known to express most
TLRs, which enables them to detect a variety of PAMPs and DAMPs and initiate
protective immunity (Bsibsi et al. 2002; Olson and Miller 2004). Following nerve
injury, murine spinal cord glial cells isolated from TIr2 knockout (KO) mice exhibit
reduced expression of TNF, IL-1p, IL-6, and iNOS genes comparison to WT glial
cells, and Tlr2 KO mice exhibit reduced mechanical allodynia and thermal hyperal-
gesia, suggesting glial Tlr2-mediated IFMs are an important contributor to neuronal
sensitization and neuropathic pain after injury (Kim et al. 2007). In both rodents and
humans, the TLR4 ligand LPS is regarded as one of the best-known activators of
microglia, inducing robust production and release of IFMs and causing marked
microglial activation and persistent pain (Clark et al. 2010; Saito et al. 2010). Tlr4
KO mice exhibit reduced neuropathic pain behaviors following nerve injury and a
concomitant reduction in microglia proliferation and pro-inflammatory cytokine
induction in the spinal cord (Tanga et al. 2005). Intrathecal injection of TLR4 antag-
onists reverses nerve injury-induced mechanical allodynia and thermal hyperalgesia
in mice and rats (Bettoni et al. 2008; Nicotra et al. 2012). In microglia, TLR4-
mediated activation of p38 MAPK is critical for the release of TNF, IL-1§, BDNF,
prostaglandin E2 (PGE2), and nitric oxide, all of which contribute to pain hypersen-
sitivity (Chen et al. 2018; Saito et al. 2010).

Compared to microglia, astrocytes express a more limited repertoire of TLRs,
and fewer studies exist which have studied the role of TLR signaling in astrocytes
in pain pathogenesis. In rodents, TLR2, TLR3, and TLR4 regulate spinal astrocyte
activation following nerve injury (Kim et al. 2007; Tanga et al. 2005) and appear to
be the main TLRs expressed in astrocytes. A recent single cell RNA-seq analysis of
murine brain astrocytes found that TIr3 is expressed most abundantly, with more
modest levels of TIr2. This study failed to detect Tlr4, although more sensitive
methods have shown low levels of constitutive expression of Tlr4 in astrocytes
(Hasel et al. 2021). TLR3 activation by extracellular poly I:C treatment prompts
astrocytes to produce pro-inflammatory mediators (Scumpia et al. 2005). LPS stim-
ulation of astrocytes induces proinflammatory cytokine production (Carpentier
et al. 2005; Gorina et al. 2011). TLR4 signaling in astrocytes contributes to the
pathogenesis of CIPN-associated neuropathic pain in mice and rats (Li et al. 2014).

8.6 Non-canonical TLR Signaling in Sensory Neurons via
Coupling to Ion Channels

The transient receptor potential (TRP) channel family is the largest and most widely
studied family of noxious stimulus detectors (Patapoutian et al. 2009). This family
is composed of 28 structurally similar non-selective ligand-gated cation channels
divided into multiple subfamilies. As discussed in previous chapters, TRP channels
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are critical for sensing various thermal and cold stimuli, and can be activated by
naturally occurring chemical ligands (e.g., capsaicin for TRPV1, menthol for
TRPMS, and mustard oil for TRPA1) (Moore et al. 2018). TRPV1 and TRPA1 are
well-documented to play a critical roles in neurogenic inflammation, neuronal sen-
sitization, acute and chronic pain, and itch (Bautista et al. 2006; Caterina et al. 2000;
Donnelly et al. 2020; Liu et al. 2016, 2010b; Patapoutian et al. 2009). Notably,
RNA-Seq studies have demonstrated DRGs expression TLR1, TLR2, TLR3, TLR4,
and TLRS5 in both mice and non-human primates (Kupari et al. 2021; Usoskin et al.
2015; Yang et al. 2019; Zeisel et al. 2018). With one noteworthy exception which we
discuss later (TLRS5), most TLRs are selectively enriched in nociceptors.
Interestingly, many studies have demonstrated that TLRs are co-expressed with
TRPV1 or TRPA1, and TLR activation by PAMPs or DAMPs can rapidly modulate
neuronal excitability through functional coupling to TRPV1 or TRPA1 (Barajon
et al. 2009; Fitzgerald and Kagan 2020; Lacagnina et al. 2018; Liu et al. 2012a;
Materazzi et al. 2012; Park et al. 2014; Qi et al. 2011).

Among TLRs exhibiting expression in sensory neurons, TLR4 is the most widely
studied. TLR4 is important for the initiation and establishment of chronic pain as
well as other inflammatory pathologies (Bruno et al. 2018; Gao et al. 2017;
Mohammad Hosseini et al. 2015; Wu et al. 2010; Zuany-Amorim et al. 2002). While
much of this has been attributed to TLR4 signaling in non-neuronal cells, contribut-
ing to pain via neuro—immune or neuro—glia interactions, TLR4 is also highly
expressed in DRG nociceptors (Bruno et al. 2018; Donnelly et al. 2020; Zuany-
Amorim et al. 2002). The prototypical PAMP, lipopolysaccharide (LPS, also known
as endotoxin) signals through TLR4 by binding its co-receptor myeloid differentia-
tion protein-2 (MD-2) in the TLR4 binding cavity. TLR4 also responds to various
DAMPs, including heat shock proteins, extracellular matrix degradation products,
and high-mobility group box-1 (HMGB1) (Fig. 8.3) (Beutler and Rietschel 2003;
Botos et al. 2011; Kelly et al. 2006). Acute application of LPS to dissociated tri-
geminal ganglion (TG) neurons evokes inward currents and increased Ca2+ influx
within a timescale of seconds to minutes (Diogenes et al. 2011). Rapid capsaicin-
induced pain behaviors are reduced in global TLR4 knockout mice, and capsaicin-
induced Ca2+ influx is reduced in TIr4 deficient DRG neurons (Min et al. 2018).
Notably, co-IP experiments suggest that TLR4 and TRPV1 physically interact via
the TIR domain of TLR4, which prevents internalization of TRPV1. TLR4 signal-
ing in peripheral sensory neurons was also recently reported to contribute to the
early onset of nerve injury-induced neuropathic pain behaviors in female mice, but
not male mice, via HMGB 1-mediated TLR4 activation in nociceptors (Szabo-Pardi
et al. 2021). This study did not explore whether these effects were TRPV1-
dependent. Thus, TLR4 signaling in nociceptors contributes to pain, possibly via
multiple cellular mechanisms, including direct coupling to TPRV 1.

Although the central dogma is that nucleic acid sensing TLRs such as TLR3 and
TLR7 are localized to endosomal membranes, recent studies have suggested surface
localization can occur in sensory neurons and some immune cell types (Kanno et al.
2015; Liu et al. 2010b; Mielcarska et al. 2021; Park et al. 2014). In DRG neurons,
TLR7 was reported to be expressed by small-diameter nociceptors and colocalized
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Fig. 8.3 Overview of TLR mechanisms in neurons TLRs are well known to increase inflammatory
cytokines and chemokines yet these factors have various effects beyond innate and adaptive immu-
nity. Upon activation of a TLR it can lead to activation of TRPV1, TRPA1, or an unknown receptor
of QX-314 in addition to canonical upregulation of pro-inflammatory cytokines and chemokines.
The production of IFMs as well as TRPV1 and TRPA1 activation leads to increased neuronal excit-
ability and in turn causes peripheral sensitization of sensory neurons, experienced as pain or itch.
The activation of the receptor of QX-314, such as from TLRS activation, will inhibit sodium ion
influx which would otherwise increase the neuronal excitability

on the cell surface with TPRV1 (Liu et al.). Intraplantar administration of the
microRNA (miRNA) let-7b elicits rapid pain-related behaviors in mice, and miR-
let-7b perfusion rapidly induces inward currents and action potentials in DRG noci-
ceptors. These actions were reported to be dependent on functional coupling
between TLR7 and TRPA1, wherein TLR7-mediated detection of let-7b modulates
neuronal excitability via TRPA1 (Park et al. 2014). These studies suggest that dam-
aged host cells may release miRNAs, which act as DAMPs, activating TLR7 in
nociceptors to rapidly promote pain. TIr3 is also expressed in TRPV 1+ nociceptors
(Barajon et al. 2009; Liu et al. 2012a) and appears to be dispensable for acute pain,
but important for central sensitization-mediated pain hypersensitivity. The TLR3
agonists Poly(I:C) and dsDNA rapidly induce inward currents and action potentials
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in DRG neurons, an effect which is abolished in 773 KO mice. Recordings from
lamina II neurons of the spinal dorsal horn in slice preparations found that Poly(I:C)
induced a TLR3-dependent increase in the frequency of spontaneous excitatory
post-synaptic currents (SEPSCs), and tetanic stimulation of C-fibers induced long-
term potentiation (LTP) of the field potential in WT, but not Tlr3-deficient mice (Liu
et al. 2012a). Activation of TLR3 was also shown to upregulate TRPV1 and rapidly
enhanced TRPV 1-mediated Ca?* flux (Qi et al. 2011). Thus, activation of TLR3 in
nociceptors promotes central sensitization through coupling to TRPV1, although
the precise mechanism remains unknown.

Historically, TLR8 has been less studied than its colleagues TLR7 and TLR3
since it was believed to be non-functional in mice; however, studies showing its role
in cell apoptosis and upregulation in the CNS in response to microbial activation
have since brought it more attention (Ma et al. 2007; Olson and Miller 2004). One
such recent study demonstrated that while acute itch, pain sensation, and inflamma-
tory pain were not impaired by TLRS8-/-, chronic pain in a spinal nerve ligation
(SNL) model was significantly reduced in the TLR8 knockout mice. Subsequent
imaging showed that not only was TLRS highly expressed in small-diameter, mainly
nonpeptidergic IB4+, neurons, but the intensity of TLR8 was increased post-SNL at
all timepoints (3, 20, and 21 days) (Zhang et al. 2018). TLRS8 has been shown to
play a similar role in the other collection of primary sensory neurons, trigeminal
ganglia (TG). In a model of partial infraorbital nerve ligation (pIONL), similar to
SNL, TLR8 has enduring increased expression in TG neurons. Genetic deletion of
TLR8 with pIONL not only attenuated mechanical allodynia but the expected
effects of reduced activation of ERK and p38-MAPK and reduced pro-inflammatory
cytokines, for example, TNF-a, II-1p (Zhao et al. 2021). In both the TG and DRG
models of nerve ligation, timing of TLR8 knockdown was an important factor that
contributed to the conclusion that TLRS is required for the maintenance of neuro-
pathic pain. Additionally, TLRS8 agonists, VI X-2337, in naive mice alone is enough
to produce mechanical allodynia based on nocifensive behavior (for TG-directed
pain) and paw-withdrawal (for DRG-directed pain) (Zhang et al. 2018; Zhao
et al. 2021).

8.7 TLRS and Mechanical Allodynia

TLRS is unique in that it is one of the few TLRs that recognizes a protein PAMP,
bacterial flagellin, which is a critical component of bacterial flagella in both Gram-
negative and -positive bacteria (Hayashi et al. 2001). While it is highly expressed in
the intestinal mucosal epithelium, immunohistochemistry, in situ hybridization, and
RNA-sequencing studies demonstrate that TLRS is also highly expressed by large-
diameter neurofilament-200 (NF-200)-positive DRG sensory neurons (Gewirtz
et al. 2001; Xu et al. 2015; Yang et al. 2019). In fact, in situ hybridization showed
that nearly all (91%) of Tlr5+ neurons exhibit NF200-positive immunoreactivity,
and that the vast majority (78%) of NF200-positive neurons co-express Tlr5+.



212 A. S. Andriessen et al.

NF200 is a marker for large-diameter, low-threshold, myelinated A-fiber neurons
which are responsible for mechanical allodynia (Ahn et al. 2012; Campbell et al.
1988; Ohsawa et al. 2013; Ossipov et al. 2002). Application of the TLRS ligand,
flagellin, induces calcium responses in mouse DRG neurons. Additionally, co-
application of flagellin with QX-314, a positively charged membrane-impermeable
lidocaine derivative, suppresses mechanical allodynia in animal models of
chemotherapy-induced peripheral neuropathy (CIPN), sciatic nerve injury, and dia-
betic neuropathy-induced neuropathic pain. This co-application selectively blocks
action potentials by suppressing sodium currents, thereby suppressing Ap-fiber con-
duction to attenuate neuropathic pain behaviors in both naive and CIPN mice.
However, the effect is lost in 71r5 deficient mice, emphasizing that it is TLRS-
mediated (Xu et al. 2015). This has since been followed up in a chronic constriction
injury (CCI) model of neuropathic pain in rats where activation of TLRS, via flagel-
lin administration, relieved mechanical hyperalgesia and mechanical allodynia for
up to 6 h post-injection (Chang et al. 2021). In the CNS, TLRS is expressed in
microglia and has been shown to modulate their activity in response to flagellin or
brain injury. However, in alignment with the canonical view of TLRs, microglial
activation of TLRS in the brain appears to exacerbate nerve injury-induced neuroin-
flammation and neuropathic pain (Ifuku et al. 2020).

8.8 TLR Signaling in Itch Pathogenesis

As discussed in previous chapters, pruriception, or the sensation of itch, serves as an
additional sensory mechanism to aid in the detection of potential environmental
hazards or threats. Scratching behavior activates reward circuits, which in turn
evoke pleasurable feelings along with an increased desire to scratch (Su et al. 2019).
There are several distinct subtypes of itch, including: touch-evoked itch (mechani-
cal itch), chemical itch, opioid-induced itch, and chronic itch, a condition in which
itching lasts for longer than 6 weeks Isaac M. Chiu (2018). Chronic itch can occur
as a consequence of many conditions beyond dermatological diseases, including
neoplasms (cutaneous T-cell lymphoma), systemic diseases (e.g., chronic liver dis-
ease, end-stage kidney diseases), and metabolic disorders (Chen et al. 2021; Kremer
et al. 2020; Kurban et al. 2008). As discussed in previous chapters, the peripheral
and central neural circuits responsible for itch is a rapidly developing field that has
primarily emerged within the last 15 years (Dong and Dong 2018). In peripheral
sensory ganglia, itch-sensing neurons are regarded as a subpopulation of nocicep-
tors, termed pruriceptors, although TRPV1 and TRPA1 are expressed in both popu-
lations (Ji 2015). In this section we will review how TLRs contribute to itch
pathogenesis via neuro—immune interactions or via sensory neuron-intrinsic mecha-
nisms involving coupling with ion channels.

TLRs are expressed by several cell types within the skin, including keratinocytes
and Langerhans cells in the epidermis, and macrophages, dendritic cells, and mast
cells within the dermis (Miller 2008). Keratinocytes, the major epidermal cell type,
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are frequently the first responders to exogenous pathogens or injury. In keratino-
cytes obtained from psoriatic skin lesions, expression of several TLRs is elevated
leading to proinflammatory cytokine signaling which exacerbates skin inflamma-
tion (Cristina Lebre et al. 2003; Lebre et al. 2007). In chronic itch patients with
atopic dermatitis, prurigo nodularis, and psoriasis, protein levels of TLR3 are
increased in lesional skin compared to non-lesional skin or healthy skin. Human
keratinocytes treated with the TLR3 agonist poly(I:C) show increased expression of
endothelin-1 (ET-1), which stimulates mouse DRG neurons to release of B-type
natriuretic peptide (Szolldsi et al. 2019), a known neuropeptide uniquely involved
in pruritus (Shimizu et al. 2014). Notably, ET-1 is also elevated in lesional skin in
prurigo nodularis patients (Kido-Nakahara et al. 2014), suggesting this mechanism
may be conserved in humans. As mentioned in the previous section, small-diameter
DRG neurons, usually considered nociceptors, express TLR3, which contributes to
central sensitization after an acute pain stimulus. Itch-sensing sensory neurons, or
pruriceptors, are a subpopulation of nociceptors, and TLR3 is expressed within a
subset of TRPV 1+, GRP+ pruriceptors. Interestingly, intradermal injection of the
TLR3 agonist poly(I:C) induces robust scratching behaviors in mice, which are
abolished in Tlr3 KO mice. Scratching behaviors induced by intradermal prurito-
gens were also attenuated in mice lacking TIr3, and TLR3-deficient mice did not
exhibit dry skin-induced scratching behaviors unlike WT controls. This appears to
be directly dependent on TLR3 signaling in pruriceptors, as acute perfusion with
RNA extracted from skin or poly(I:C) induces inward currents in TLR3+ DRG neu-
rons (Ji 2015).

Similar to TLR3, TLR7 has been demonstrated to play important roles in both
pain and itch. TLR7 is expressed in a subpopulation of pruriceptors, only some of
which express the GPCR MrgprA3, which is responsible for histamine-independent,
chloroquine-dependent itch behaviors. TLR7 agonists induce dose-dependent
scratching behaviors in mice, and dose-dependent inward currents in DRG neurons,
both of which are abolished in Tlr7 KO mice (Liu et al. 2012b). Interestingly, pruri-
tus is a common side effect of the TLR7 agonist imiquimod when applied topically
in human cancer patients (Madan et al. 2010) Similar to TLR3, TLR2 is expressed
in mouse DRG and TG neurons, and mice lacking TLR2 exhibit attenuated acute
and chronic itch behaviors, as well as reduced formalin-induced inflammatory pain.
Activation of TLR1/2 heterodimers using the agonist Pam3CSK4 evoked both pain
and itch, whereas activation of TLR2/6 heterodimers using lipoteichoic acid and
zymosan produced only pain (Wang et al. 2020). These effects were attributed to
direct activation of DRG neurons, as Pam3CSK4 and zymosan increased Ca2+ sig-
nals in dissociated DRG neurons, although it is possible other cell types contribute
in vivo.

Several studies have investigated the role of TLR4 in itch. Human f-defensin 2
(hBD2) is an antimicrobial peptide highly upregulated in keratinocytes in psoriasis
patients (Jansen et al. 2009). Intradermal hBD2 injection prompted itch behaviors in
WT mice, but not in mice lacking Tlr4 globally or mice lacking Tlr4 selectively in
myeloid cells (LysM-Cre; TIr4fx/fx mice) Similarly, TRPV1 KO mice exhibited
reduced scratching behaviors, suggesting both TLR4 and TRPV1 are important in



214 A. S. Andriessen et al.

this process. Calcium imaging experiments revealed that hBD2 induced Ca2+ sig-
nals in keratinocytes, but not DRG sensory neurons, and this effect was TLR4-
dependent. Thus, hBD2 appears to induce itch via neuro—immune interactions,
accomplished via TLR4 activation in cutaneous immune cells, likely leading to
induction of an unidentified pruriceptive mediator that acts, in part, via TRPV 1+ in
nociceptors (Feng et al. 2017). Liu et al. (2016) found that TLR4 does not contribute
to acute itch behaviors induced by intradermal administration of pruritogens, but
TLRA4 is critical in the pathogenesis of dry skin-induced chronic itch (Tong Liu et al.
2016). Interestingly, this was attributed to TLR4 signaling in astrocytes, which con-
tribute to central sensitization in chronic pain and chronic itch conditions (Ji et al.
2019; Liu et al. 2016).

8.9 Conclusion

Over the course of the past 40 years, our knowledge of TLRs has significantly
expanded. Ample evidence now exists which demonstrates that canonical TLR sig-
naling in immune cells is a critical regulator of pain and itch, accomplished by TLR-
mediated induction of IFMs which themselves alter the excitability of peripheral
nociceptors. In addition, TLR signaling in peripheral sensory neurons, including
nociceptors (TLR3, TLR4, TLR7) and mechanoreceptors (TLRS), can directly
modulate neuronal excitability through a unique, non-canonical, and transcription-
independent mechanism involving coupling with ion channels. The plethora of
research focused on how TLR signaling controls sensory neuron activity has led to
a deeper understanding of the intricate coupling between sensory neurons and
immune cells and the inextricable link between pain and inflammation. While less
extensive research exists regarding the role of TLRs in itch, there has nevertheless
been significant findings to further understand how TLRs affect acute and chronic
itch conditions. Understanding how exogenous PAMPs or endogenous DAMPs sig-
nal via TLRs via canonical and non-canonical mechanisms has also altered our
conceptual understanding of the role of peripheral sensory neurons as detectors of
danger signals, expanding the repertoire beyond just the detection of physical and
thermal stimuli. This has opened the door to an emerging, but at present undevel-
oped field of research focused on interactions between neurons and microorgan-
isms. Thus, from the discovery of Toll in drosophila to recent studies investigating
the role of TLRs beyond immunity and in nociception, there have been important
advancements made toward a deeper understanding of TLRs in neuro—immune
interactions.
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