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Abstract

Pain impacts the lives of billions of people around the world – both directly and
indirectly. It is complex and transcends beyond an unpleasant sensory experience
to encompass emotional experiences. To date, there are no successful treatments
for sufferers of chronic pain. Although opioids do not provide any benefit to
chronic pain sufferers, they are still prescribed, often resulting in more
complications such as hyperalgesia and dependence. In order to develop effective
and safe medications to manage, and perhaps even treat pain, it is important to
evaluate novel contributors to pain pathologies. As such, in this chapter we
review the role of Toll-like receptor 4, a receptor of the innate immune system,
that continues to gain substantial attention in the field of pain research. Positioned
in the nexus of the neuro and immune systems, TLR4 may provide one of the
missing pieces in understanding the complexities of pain. Here we consider how
TLR4 enables a mechanistical understanding of pain as a multidimensional
biopsychosocial state from molecules to cells to systems and back again.

Keywords

A20 · Biased signalling · Biopsychosocial pain · Chronic pain · Genetics ·
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1 Introduction

Pain is complex, occurring at multiple levels from the molecular and cellular to
psychological and behavioural, with impact on both the individual and society.
Hence a biopsychosocial model of pain is the most compelling (Raja et al. 2020).
But the biopsychosocial pain nexus (the interface of these inputs that leads to pain
experiences) is largely unexplored from the perspective of the cellular and molecular
networks that can connect this multidimensional state. When this important protec-
tive physiological response transcends from acute physical pain to chronic pain it
encompasses emotional states of helplessness, anxiety and depression. The manifes-
tation and severity of chronic pain in individuals cannot yet be predicted, nor can it
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be completely evaluated due to the use of subjective assessments and the dire lack of
objective measures. Subjective measures of pain are prone to manipulation and can
be completely ineffective in some cases, such as for young children, non-verbal
patients or those with neurodegenerative diseases. With chronic pain impacting the
quality of life of 1 in 5 individuals worldwide, it is critical to understand the complex
molecular mechanisms behind the diverse symptoms of pain. Such a mechanistic
understanding will inform a future of precision medicine and precision pain man-
agement, evolving us beyond the current empirical practices.

In 2020, the International Association for the Study of Pain revised its definition
of pain (Raja et al. 2020) as follows: ‘An unpleasant sensory and emotional experi-
ence associated with, or resembling that associated with, actual or potential tissue
damage’. This definition is augmented by six additional contextual clarifications of
critical importance: pain is a personal experience influenced to varying degrees of
biopsychosocial factors. Pain and nociception are different. Pain cannot be inferred
solely from activity in sensory neurons. Throughout life, individuals learn the
concept of pain. A person’s report of pain should be respected. While pain can be
adaptive, it may adversely affect function and social and psychological wellbeing.
Verbal description is only one of several behaviours to express pain; inability to
communicate does not negate the possibility that humans or non-human animals
experience pain. This pain definition highlights the complexities that we face in
defining what pain is, even in humans with whom we generally can communicate.

Although much is known about nociceptive pathways (the transmission of a
noxious stimulus to the brain) resulting in the pain experience (see von Hehn et al.
(2012) for review) the transition from acute to chronic pain remains poorly under-
stood. What is clear though is the emerging role of the innate immune system, in
particular Toll-like receptors (TLRs), in the detection, creation, transition and
maintenance stages that facilitate chronic pain (Lacagnina et al. 2018). In this
chapter we will provide an overview of TLR4 in pain; an important member of the
TLR family that has been implicated in chronic pain. Importantly, embodied within
this greater understanding of the involvement of TLR4 in pain is the ability for us to
begin to appreciate the biopsychosocial nature of pain in its full complexity. This
step of appreciating the true complexity of pain must not be overlooked across the
multidimensionality of pain as it is cultivated and experienced in time (seconds to
years), distance (nanometres to metres) and endogenous to exogenous environments.

1.1 Conceptualising Pain as Multidimensional States

We are challenged to address pain in more complex ways, as exemplified by the
complexity of the revised IASP pain definition. For pain to be appreciated simulta-
neously from the top down at a systems level as a biopsychosocial multidimensional
state, and from the bottom up as events occurring at the nanoscale in a complex web
of molecular and cellular events, we must define mechanisms that can mediate these
profound events over vast time and length scales. Much of our research and
development focus over the past two decades has been on interrogating the roles
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that the innate immune system, and specifically TLR4, might play in this complex
multidimensional pain state.

Such challenges of conceptualisation, like we face in understanding pain, have
been explored in mathematics and theoretical physics. In these disciplines, models
that help us conceptualise complex systems are designed from their foundations to
operate in real-world scenarios. This is distinct from the classical Cartesian
approaches currently adopted in the field of pain research that necessitate operations
between two binary states of homeostasis and an altered state. For the pain field, this
would mean only including injured and uninjured states in experimental settings. Or
considering only neuronal action potentials in nociceptive fibres as ‘pain’. In con-
trast, the evolved view of biological conditions acknowledges that real-world
systems are unstable and continuously compensating to reach some form of new
steady state condition, termed allostasis. This establishment of synchrony within
complex systems has been set forth in examples like the Kuramoto model (Dattani
and Barahona 2017) and dynamical systems models. The real world is dominated by
open systems owing to their co-existence with their environment and this is at the
foundation of viewing pain as a complex biopsychosocial state. These open systems
are constantly changing and adapt to new conditions but do so constrained to some
form of inherent order or synchrony related to that specific system. These models
force us to connect time and space with defined molecular and cellular mechanisms
(Fig. 1). This is crucial for the field to acknowledge when we consider pain.

A field that has embraced this multidimensionality and open systems biological
approach is psychoneuroimmunology. Psychoneuroimmunology conceptualises
health as a system involving interactions between the body and mind. From a
psychoneuroimmunology model perspective becoming sick is a complex molecular
pattern-to-cells-to-systems response that is initiated by our innate immune system

Fig. 1 Viewing pain over a multidimensional scale of time and space
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(Dantzer and Kelley 2007). Inherently this is a multidimensional opportunity and
challenge. Hence, the innate pattern recognition system and receptors like Toll-Like
Receptor 4 (TLR4) are key molecular connectors of mind and body (Frank et al.
2015). Our innate immune system is the ultimate integrated surveillance and
response system because it is the first responder to the detection of threats from
diverse origins. When we get sick with an illness, our innate immune system mounts
a protective inflammatory response within minutes of exposure, which helps to
control and limit the negative impact of the invading pathogen (Dantzer and Kelley
2007). These events are triggered by our molecular pattern recognition capabilities at
the nanoscale, a crucial one being TLR4. The resulting inflammatory response
recruits specific molecular systems to mitigate the threat and occurs so rapidly that
we are not consciously aware of a change in our health status, even though profound
molecular events are occurring in our blood and tissues. These molecular nanoscale
responses in turn have an immediate impact on neural activity at macroscales to elicit
functionally adaptive behaviours by the organism that prioritise personal health and
protect the community (Lasselin 2021). Here psychoneuroimmunology
acknowledges that the system can respond to endogenous and exogenous factors,
scaling and focusing the response to these as needed (Fig. 1). This allows for the
innate immune system to undertake information down sampling at the receptor level
as it scales the immune signalling. Moreover, some brain networks are more
sensitive to these molecular changes, resulting in specific functional adaptations
observed early in discrete immune responses (Wegner et al. 2014; Hutchinson
2014). A crucial and long appreciated adaptation is illness-induced pain states.
However, the historic association of these illness events and the modern understand-
ing of TLR4 in hypernociception and complex multidimensional biopsychosocial
pain states are only just beginning to be appreciated.

2 The Shared Toll-Like Receptor Language of Sensory
Neurons and Immune Cells

As a receptor family, TLRs play a sentinel surveillance role as pattern recognition
receptors that can identify molecular patterns as ‘non-self’ or ‘danger’ signals
(Buchanan et al. 2010). Within the CNS, these receptors are mainly found in the
innate immune system on endothelial cells, microglia, some astrocytes and sensory
neurons (Bsibsi et al. 2002; Goethals et al. 2010; Nagyoszi et al. 2010). Whilst
neurons have specific, ligand selective receptors for neurotransmitters, TLRs have
evolved to unequivocally recognise a vast array of threats via pathogen-associated
molecular patterns (PAMPs; microbial pathogens) and danger-associated molecular
patterns (DAMPs; cellular signals of danger or stress) (Akira and Takeda 2004). In
response to detection, TLRs then coordinate signal transduction to modulate the
inflammatory state of the host. Importantly, TLRs are also expressed on peripheral
immune cells. As the immune and sensory nervous systems communicate via shared
mediators and networks, this places TLRs in the nexus of both neuro and immune
systems (neuroimmune interface) where they are perfectly positioned to influence
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nociceptive processing and pain (Lacagnina et al. 2018). This is a crucial molecules-
to-systems capacity of TLRs enabling a common molecular language to span the
biopsychosocial divide. Importantly this influence and communication is bidirec-
tional between neuro and immune systems, making TLRs a critical connector of the
biological, psychological and environmental state of the organism. Hence, this
multidimensionality of TLRs and the cells that express them enables a molecular
understanding of the biopsychosocial pain condition.

2.1 The Molecular Origins of TLR4 in Acute Pain

The illness response is a coordinated set of molecular drivers, to behaviourally
presented adaptations, which develop during the course of an infection (Dantzer
2001). During an infection multiple systems are adapted (Kelley et al. 2003)
including sensory disturbances such as increased sensitivity to pain (Yirmiya et al.
2006). Experimentally these behaviours and sensory changes can be recreated using
either the exogenous bacterial endotoxin or the endogenous-mimicking effector
agents like recombinant proinflammatory cytokines, such as Interleukin-1 beta
(IL-1β). These data demonstrate that the innate immune response to molecular threat
and the generation of molecular mediators like IL-1β is sufficient to change
neuroimmune function (Kelley et al. 2003; Dantzer and Kelley 2007). The identifi-
cation and naming of TLR4 as an innate immune detection system for endotoxin
entwines two key threads; that innate immune function and sensory changes are
associated with illness.

The specific use of lipopolysaccharide (LPS), the classical TLR4 ligand, to
induce hyperalgesia and induction of inflammatory mediators identified the impor-
tance of TLR4 in pathology (Wicrtelak et al. 1994). This identification of exogenous
agent driven TLR4 pain behaviours led to the implication of endogenously derived
factors in nociceptive hypersensitivity. Clinically, systemic LPS results in
anatomically dependent altered mechanical sensitivity, which correlates with periph-
eral immune activation, specifically circulating IL-6 (Wegner et al. 2014). There is a
clear role for TLR4 in pain sensitisation as part of an adaptive illness response,
likewise, changes in expression can be associated with transition to maladaptive,
pathological pain states.

2.2 Why Is the Role of TLR4 in Persistent Pain Important?

De Leo and colleagues were the first to demonstrate that changes in TLR4 expres-
sion are important for generating a pathological pain state. They demonstrated TLR4
upregulation in spinal microglia is associated with cytokine expression and estab-
lishment of thermal and mechanical sensitivity following spinal nerve ligation, a
model of neuropathic pain (Tanga et al. 2005). Importantly both behavioural and
spinal molecular changes were attenuated in genetically modified (TLR4 knockout
(KO) and point mutation) mice and rats with spinally administered TLR4 antisense
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oligodeoxynucleotide (Tanga et al. 2005). Likewise, Yaksh and colleagues show
that TLR4 mediates transition to pathological pain in a mouse serum-transferred
arthritis model. Like De Leo et al., they correlated spinal microglial reactivity with
mechanical hypersensitivity, inhibited by TLR4 genetic manipulation (KO) and
antagonism (LPS from Rhodobacter sphaeroides [LPS-RS]). Interestingly, they
demonstrated administration of LPS-RS following onset of mechanical hypersensi-
tivity had no behavioural effect, alluding to TLR4 being an important component of
generation, but not maintenance, of the molecular pathological pain phenotype
(Christianson et al. 2011). This contrasts earlier studies which report LPS-RS
attenuation of established chronic constriction injury (CCI)-induced neuropathic
pain in rats (Hutchinson et al. 2008). Collectively these studies highlight
non-neuronal changes in TLR4 expression influence the inflammatory environment
leading to pathological pain. Additionally, changes to neuronal TLR4 expression
must also be considered in the context of the molecular pathological pain phenotype.
Moreover, it is important to note that TLR4 does not act alone, as blockade of TLR2
has also been reported to attenuate neuropathic pain in rodent models and TLR3 has
also been implicated in neuropathic pain (Jurga et al. 2016).

This implication of the nanoscale events of TLR4 in pain needs to then be
connected to what TLR4 expressing cell systems are critical to pain. To this end
TLR4 expression has been reported in rat trigeminal (TG) and dorsal root ganglia
(DRG) by Wadachi and Hargreaves. Upregulation of TLR4 was also observed on
neurons within inflamed human dental pulp (Wadachi and Hargreaves 2006). The
authors reported co-expression with neuronal-ion channel, transient receptor poten-
tial cation channel subfamily V member 1 (TRPV1), an important nociceptive
detector of noxious stimuli. The authors later demonstrated that TLR4 antagonist
LPS-RS alters the activity of neuronal TRPV1 following activation of TLR4 with
LPS (Diogenes et al. 2011). The relationship between TLR4 and TRPV1 is an
important neuroimmune interaction discussed in greater detail later in this chapter.
TLR4 expression has also been observed in rat and human DRG neurons in a study
investigating chemotherapy-induced peripheral neuropathy (CIPN) (Li et al. 2015).
TLR4 can therefore be considered more than an initiator of immune signalling, but a
receptor with a direct role in nociceptor detection of injury, danger and infection by
neurons, underwriting its critical multidimensionality. The numerous examples of
TLR4-dependent pathological pain models suggest an evolved response to illness
and injury as opposed to nociceptive pathways hijacked by immune infrastructure.
As a result, TLRs have been brought forward as key contributors to pain pathology
and novel targets for modifying pain processing.
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3 With Immense Power Must Come Profound Controls

3.1 Overview of TLR Signalling

TLR4 relays critical information about the presence of danger/damage signals to
intracellular adapter proteins critical for initiating a cellular response (please see
Fitzgerald and Kagan (2020) for recent review on TLRs). This TLR4 signalling is
achieved by a multi-receptor complex, which includes a TLR4 dimer and its
co-receptors myeloid differentiation factor 2 (MD-2) and Cluster of differentiation
14 (CD14) (Núñez Miguel et al. 2007). Shimazu and co-workers highlighted the
critical role of MD-2 in TLR4 signalling (Shimazu et al. 1999). MD-2 functions by
recognising LPS and dimerising TLR4 monomers, which in turn allows for receptor
interaction with intracellular adapter proteins. CD14 has been reported to enhance
LPS recognition and due to its sensitivity is capable of binding picomolar
concentrations of LPS (Gioannini et al. 2004). Highlighting the importance of
understanding the contributions of other proteins in TLR4 signalling, and hence
potential targets for pain management, is the evidence from Cao et al. demonstrating
that CD-14 knockout mice display significantly decreased behavioural sensitivity to
pain following L5 nerve transection compared to wild-type injured mice (Cao et al.
2009). The TLR4 multi-protein signalling complex assembly further demonstrates
the multidimensionality of the system. Here we see that extracellular environments
may be conditioned by paracrine or autocrine pre-signalling events to influence the
potential TLR4 signalling capacity. Importantly, this complexity of TLR4’s
non-membrane bound co-factors, like MD-2, is crucial to incorporate into in vitro
systems. For example, the use of non-biologically relevant culture media that does
not have the necessary co-factors can result in several orders of magnitude change in
the TLR4 ligand responsivity, causing the apparent loss of function and may explain
differences in reported functions of TLR4 (Hutchinson et al. 2010).

Once this complex signalling unit is formed following binding of a ligand, TLR4
is the only member of the TLR family capable of activating two major intracellular
signalling pathways: the myeloid differentiation primary response 88 (MyD88)-
dependent pathway and the TIR-domain-containing adapter-inducing interferon
(IFN)-β (TRIF) pathway (also commonly referred to as MyD88-independent). The
MyD88 pathway is activated by the recruitment of two adapter proteins MyD88 and
Mal (also known as TIR Domain Containing Adaptor Protein [TIRAP]) to TLR4 at
the plasma membrane. This results in the rapid activation of transcription factor
NF-κB, MAPKs, activator protein-1 (AP-1), and IFN regulatory factor 5 (IRF5) and
the ultimately the secretion of proinflammatory cytokines such as interleukin (IL-)
1β, IL-6, tumour necrosis factor (TNF) and chemokines like monocyte
chemoattractant protein 1 (MCP-1) and IL-8 (Arthur and Ley 2013; Medzhitov
et al. 1998; Takaoka et al. 2005). This complex signalling system can also lead to
the production of nitric oxide synthase (iNOS) and anti-inflammatory IL-1R antago-
nist and IL-10 (Lacagnina et al. 2018). Evidence that the MyD88 pathway is
implicated in pain pathophysiology has been presented. Following chronic constric-
tion injury, an increase in MyD88 protein levels is observed in nociceptive pathways
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including the DRG, dorsal horn and related signalling components (Lacagnina et al.
2018). In studies where MyD88 signalling is blocked, as in the Liu et al. study with
the use of an inhibitory peptide, an attenuation of mechanical allodynia and thermal
hyperalgesia was reported (Liu et al. 2017). It should be noted that much of this
intracellular signalling knowledge has been derived from classical immune cell
studies. Therefore, the heterogeneity in secondary signalling pathways across differ-
ent cell systems like glia and neurons may be profound. For example, differences in
TLR4 signalling capacity have been noted between macrophages and dendritic cells
under specific conditions (Tsukamoto et al. 2013).

Parallel or instead of the MyD88 pathway, TRIF signalling can occur once TLR4
has internalised and recruited adapter proteins TRIF and TRAM. This leads to the
activation of interferon regulatory factor 3 (IRF3) and the release of type 1 interferons
such as beta interferon (IFN-β) and IL-10 (Yamamoto et al. 2003). There is some
evidence that the expression of IFNs is implicated in the inhibition of nociceptive
transmission (Liu et al. 2016). The activation of the TRIF pathway also results in the
activation of NF-κB, albeit delayed (Sakai et al. 2017). The kinetic profile of each
signalling event may play a fundamental role in the ultimate physiological response.
This complexity of one receptor with multiple downstream potential signalling
partners underscores the information down sampling that the TLR4 signalling
system can compute at the molecular level. However, we are yet to fully appreciate
what determines this molecular computation and how it contributes to
pathological pain.

Much of the characterisation of TLR4 signalling has been conducted with LPS.
Interestingly, depending on the bacterial species LPS is isolated from, activation of
both pathways simultaneously or selective activation of either the MyD88 dependent
or TRIF pathway is possible (Stephens et al. 2021). This molecular computation is
termed ‘biased signalling’ and has been well studied in the context of G protein-
coupled receptor (GPCR) signalling. As the roles of TLR4’s signalling pathways
have yet to be fully deciphered, ‘biased’ LPS provides a valuable tool to further
interrogate TLR4 function in pain. Excitingly, the concept of biased signalling
presents a tantalising opportunity to pharmacologically modulate TLR4 signalling
with biased ligands allowing potential therapies to move beyond complete antago-
nism to selectively activating/deactivating MyD88-dependent and -independent
pathways.

3.2 Regulation of TLR4 Signalling

Innate immune signalling is fundamental in maintaining homeostasis, therefore its
regulation at molecular, cell and systems levels is crucial in preventing a detrimental
inflammatory response. At the molecular level, TLR4 is critical to the innate immune
response, thus, tightly tuned regulation of its signalling is pertinent. As with many
aspects of human biology, there is high redundancy in TLR4 regulation, with
multiple mechanisms beyond transcription factor control.
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3.2.1 TLR4 Epigenetics
Previous research into epigenetic regulation of innate immune responses has focused
primarily on epigenetic mechanisms downstream of TLR activation, with less focus
on the contribution of epigenetic modifications to variable TLR4 expression in
primary tissue, which is somewhat justified based on the general hypomethylation
status of the human TLR4 promoter (Xie et al. 2018). Reflecting this, in the sole
study to date in the context of pain, TLR4 promoter methylation was not signifi-
cantly associated with persistent pain after breast cancer surgery (Kringel et al.
2019). Whilst there are many reports of case-control differences in TLR4 epigenetics
for other diseases/conditions, a key limitation of these studies has been that they
have either not quantified TLR4 expression or not reported on the correlation
between epigenetics and expression. Consequently, whilst experimental (e.g.,
in vitro) modification of TLR4 promoter methylation, histone trimethylation
and/or acetylation can alter TLR4 expression (Du et al. 2019; Kim et al. 2016;
Takahashi et al. 2011), it remains unclear the extent to which epigenetics determine
clinical variability in TLR4 expression in or between individuals (Poole et al. 2020),
or between tissues/cell types. The field would advance more quickly if clinical
epigenetics and expression were quantified and reported (i.e., their correlation) in
tandem.

3.2.2 Post-Transcriptional/Translational Regulation
TLR4 splice variants have been identified in multiple species, some of which may
act as negative regulators of TLR4 signalling (Vaure and Liu 2014). In addition,
human and rodent TLR4 are targeted by multiple miRNAs, with strong evidence
(reporter assay, Western blot and/or qPCR) for effects on TLR4 expression (Huang
et al. 2019). Tissue expression of these miRNAs changes in response to TLR4
pathway activation and in different pain states/pathologies, and they may play
important negative-feedback roles in the control of inflammation. For example,
miR-124, miR-146a and miR-451 target TLR4 directly, as well as other genes in
the TLR4 signalling pathway (Wang et al. 2021; Yang et al. 2011; Sun and Zhang
2018; Lu et al. 2015; Taganov et al. 2006; Ma et al. 2014). Their expression changes
in response to TLR activation in vitro, and in animal models of inflammatory and
neuropathic pain, with the administration of miR-124 and miR-146a mimics able to
attenuate pain in those models (Ma et al. 2014; Ponomarev et al. 2011; Taganov et al.
2006; Willemen et al. 2012; Lu et al. 2015; Kynast et al. 2013; Grace et al. 2018; Sun
and Zhang 2018).

Glycosylation is a form of co- and post-translational modification that modifies
proteins by the addition of specific glycans. We now know that the presence, absence
or even the pattern of glycosylation plays a key role in biological processes such as
cellular communication, differentiation and intracellular signal transduction
(Ohtsubo and Marth 2006). Examples in literature suggest that polysialic acid
(PSA), a cell surface glycan, is involved in a number of plasticity-related responses
including cellular adaptations to pain (Rutishauser 2008). In 2006, Weber and
co-workers reported an increase in PSA neural adhesion molecule expression in
the hippocampus of heroin addicts (Weber et al. 2006). At the receptor level, there is
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evidence to implicate an important role for glycosylation in regulating TLR4
signalling. For example, da Silva and colleagues have demonstrated that N-linked
glycosylation sites are important for TLR4 activity and that removal of glycosylation
sites (N-linked) on both TLR4 and its accessory protein MD-2 inhibits LPS-induced
activation (da Silva Correia and Ulevitch 2002). In line with this, it has been shown
cleavage of sialic acid and endogenous sialidase activity by neuraminidase
1 facilitates signal transduction of TLR4 (Feng et al. 2012; Amith et al. 2010).
Furthermore, it has recently been reported that endogenous neuraminidase is criti-
cally involved in TLR4 mediated microglial reactivity (Allendorf et al. 2020). Taken
together, these studies demonstrate the need to investigate the role of glycosylation
in pain as they may provide novel targets for the management of pain and addiction.

Following TLR4 activation at the cell surface, there are also mechanisms in place
to regulate signalling at the level of intracellular protein cascades. Here, the predom-
inant mechanisms modify ubiquitin structures. Ubiquitin is a small protein which
links together forming chains. These ubiquitin chains are fundamental in linking
proteins to form intracellular signalling cascades which facilitate signal transduction.
This is regulated by specialised Deubiquitinating enzymes (DUBs), which cleave the
ubiquitin chains to prevent further downstream protein interaction, thus arresting
signalling (Das et al. 2020). In the context of TLR4, the most characterised DUB is
A20 (encoded by TNFAIP3).

A20 is recognised as a crucial regulator of numerous inflammatory signalling
pathways (TLR4, IL1R, TNFR1 and 2, NLRs, IL-17R, TCR) (Catrysse et al. 2014).
A20 is particularly unique owing to its dual enzymatic function both ligating and
cleaving ubiquitin motifs (Coornaert et al. 2009). Despite this complex dual func-
tion, literature to date suggests it is the K63-linked DUB activity of A20 that
regulates TLR4 signalling. Specifically, in the canonical MyD88 dependant pathway
A20 binds to adaptor protein TRAF6 and cleaves the K63 ubiquitin chain to prevent
further signalling (Boone et al. 2004). The extent of regulation exerted by A20 on the
MyD88-independent pathway is less clear.

Beyond its direct regulation of TLR4 signalling, A20 also exerts regulatory action
on the mechanisms by which TLR4 exerts a biological effect. For example, A20
regulates the signalling of various cytokines (such as TNF-α and IL-1) produced
following TLR4 activation. This is important as it means A20 is strongly positioned
to regulate the action of TLR4 signalling at multiple points. As a result, dysfunction
of A20 is associated with a range of TLR4- linked pathologies (Ma and Malynn
2012). Endotoxic shock, also known as septic shock, is a well-characterised pathol-
ogy driven by TLR4. Early work demonstrates that A20 is fundamental in
preventing endotoxic shock via a TLR specific mechanism (Boone et al. 2004).
Furthermore, TLR4 signalling has been implicated in pathologies of the central
nervous system (CNS) which has led to the subsequent exploration of A20 in this
domain. It has recently been shown that A20 is critical in the regulation of inflam-
matory signalling in the CNS and that its ablation is associated with uncontrolled
inflammation, including infiltration by peripheral immune cells, and poor prognosis
of experimental autoimmune encephalitis (a rodent model of multiple sclerosis)
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(Mohebiany et al. 2020; Voet et al. 2018). Despite extensive literature implicating
TLR4 signalling in pain and addiction, the role of A20 is yet to be established here.

In outlining the three predominant post-transcriptional/translational mechanisms
by which TLR4 is regulated (Fig. 2), it is apparent there is a gaping hole in our
understanding of how immune regulation mediates pain and addiction. By exploring
these further, novel therapeutic targets and strategies may be developed, helping to
improve the quality of life of individuals impacted by pain.

Fig. 2 Post-transcriptional/translational regulation of TLR4 signalling. Schematic illustrating three
broad areas of post-transcriptional/translational TLR4 regulation focusing on the MyD88 dependent
pathway. (a) Modifications to receptor glycan residues at the cell surface serve to regulate signal
transduction. (b) Intracellular mechanisms such as de-ubiquitination by deubiquitinating enzymes
(DUBs) arrest signal transduction by inhibiting intracellular signalling cascades. (c) Post-
transcriptional regulation of TLR4 signalling occurs through via MicroRNA (MiR) targeting of
TLR4 and various proteins involved in its signalling. Created with BioRender.com
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4 Molecular Interactions Amplify Pain Complexity: TLR
Interactions with Other Proteins

4.1 Ion Channels Like TRPV1 Also ‘Talk’ to TLR4

Transient receptor potential cation channel subfamily V member 1 (TRPV1) has
been extensively studied in the context of pain as it allows control of nociceptive
activation. TRPV1 is a non-selective neuronal-ion channel first classified in 1997 by
Caterina and colleagues as vanilloid receptor 1 (VR1); a receptor for capsaicin, the
pungent ingredient found in chilli peppers (Caterina et al. 1997). In addition to
capsaicin, TRPV1 is activated by noxious heat, protons and a myriad of exogenous
and endogenous chemicals including piperine (black pepper), spider toxins and
endocannabinoids (e.g., anandamide) (Liu and Simon 1996; Siemens et al. 2006;
Zygmunt et al. 1999). TRPV1 is expressed throughout the nervous system on small
and medium diameter, C- and Aδ-fibre nociceptors, spinal cord dorsal horn, hypo-
thalamus, hippocampus, cortex and microglia (Kunert-Keil et al. 2006; Mezey et al.
2000; Szallasi et al. 2007). TRPV1 therefore presents as an ideal multimodal detector
for noxious stimuli and an important component of the nociceptive system.

This Cartesian mode of study has now established that activation of TRPV1 on
primary afferents results in action potential generation and nociceptive firing, lead-
ing to an initial ‘spontaneous’ pain response followed by a period of hypersensitivity
(Caterina and Julius 2001). However, it is now clear that there is a multidimension-
ality to TRPV1 function as LPS application results in potentiation of capsaicin-
induced calcitonin gene related peptide (CGRP) content, correlating with increased
CGRP release from excised rat trachea (Hua et al. 1996). Interestingly this effect was
blocked by IL-1β and cyclooxygenase (COX) inhibitors (Hua et al. 1996),
suggesting a more complex neuroimmune involvement in the system. A headache
model also observed an increase in capsaicin-induced behaviours when animals
were subjected to a 5 h LPS treatment (Kemper et al. 1998). These studies demon-
strate the ability for inflammatory responses to modulate the function of TRPV1.

It is now known that cytokines (IL-6, IL-1β, TNFα) and nerve growth factor
(NGF) are associated with TRPV1 upregulation and membrane trafficking, while
prostaglandins (PGE2, PI2), bradykinin and NGF sensitise the receptor by initiating
receptor phosphorylation and dephosphorylation events via protein kinase A and C
(PKA/C), phospholipase C (PLC), Src tyrosine kinase (Src) and phosphoinositide
3-kinase (PI3K) (Cesare et al. 1999; Ebbinghaus et al. 2012; Fang et al. 2015;
Hensellek et al. 2007; Stein et al. 2006; Zhang et al. 2005; Moriyama et al. 2005;
Numazaki et al. 2003; Stratiievska et al. 2018). This has been complemented by
recent studies which have investigated the TRPV1/TLR4 relationship specifically. It
is now clear that potentiated TRPV1 responses are created following comparatively
short LPS exposure. Short-term activation (15 min) with LPS can potentiate capsai-
cin responses including increased inward current amplitude and calcium accumula-
tion in TLR4/TRPV1 expressing HEK cells (Min et al. 2014).

These results are replicated in primary cells, with 15 min LPS stimulation of rat
trigeminal neurons capable of producing potentiation of capsaicin evoked calcium
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accumulation and CGRP release, which can be attenuated by TLR4 antagonist
LPS-RS (Diogenes et al. 2011; Ferraz et al. 2011). Primary cells excised from a
rat CIPN model reveal chemotherapy agent paclitaxel increases TRPV1 sensitisation
in a TLR4 dependent manner (Li et al. 2015). In excised rat DRG neurons, 10 min
application of paclitaxel potentiates capsaicin-induced intercellular calcium accumu-
lation, an effect blocked by co-treatment with LPS-RS. Excised DRG neurons from
rats with paclitaxel-induced CIPN show potentiated capsaicin-induced calcium
accumulation compared to vehicle treated rats. The effect is therefore seen after
both acute and long-term paclitaxel exposure (Li et al. 2015). Paclitaxel not only
induces primary-nociceptor-specific changes, but spinal changes; ex vivo studies
show an increased rate of miniature excitatory post synaptic currents (mEPSCs) to a
second application of capsaicin following paclitaxel treatment, an effect blocked by
LPS-RS (Li et al. 2015).

Comparable findings are observed in a 2,4,6-trinitrobenzine sulphate (TNBS)-
induced colitis model, where capsaicin-induced currents were significantly
potentiated in colitis animals, an effect attenuated in TLR4 KO mice (Wu et al.
2019). Interestingly TLR4 KO mice show significantly reduced inward currents
compared to WT animals, suggesting activation of TLR4 is not necessary for this
functional interaction between the receptors (Wu et al. 2019). The exact mechanism
of potentiated TRPV1 responses following short-term TLR4 agonism is yet to be
identified, although as above, kinase activity is a strong candidate.

TLR4 mediated increases in PKA and PKC, and calcium dependent increases in
phospholipase C (PLC) and phosphoinositide 3-kinase (PI3K) following LPS have
been reported (Cabral et al. 2015; Kim et al. 2015). Activation of Src is reported to
last between 5 and 60 min following LPS administration in human lung microvas-
cular epithelial cells, reversed by TLR4 small interfering (si)RNA-induced knock-
down (Gong et al. 2008). These kinases were previously referenced for their TRPV1
modulating effects following cellular exposure to proinflammatory mediators.
Therefore, they provide outstanding candidates for indirect, rapid, TLR4-dependent
TRPV1 sensitisation (Fig. 3).

There is growing evidence to suggest just the presence of TLR4 alone alters
TRPV1 mediated responses. It is important to note that multiple studies report
co-expression in vivo; in trigeminal ganglia (TG), and DRG in rats and humans
(Ferraz et al. 2011; Li et al. 2015; Wadachi and Hargreaves 2006; Wu et al. 2019). In
vitro studies co-expressing TRPV1 and TLR4 report altered response amplitude and
calcium accumulation in HEK overexpression systems when compared to cells
expressing TRPV1 only (Min et al. 2014). One proposed link involves the TIR
domain of TLR4, whereby the interaction with TIR prevents desensitisation of and
internalisation of TRPV1 (Min et al. 2018). This potential interaction requires further
study, as does the proposed mechanism, as studies contradict this theory, suggesting
TLR4 may facilitate receptor desensitisation from repeated capsaicin doses (Li et al.
2015). Min et al. acknowledge unidentified intermediary adaptors may be involved
in the observed TIR domain potentiation of TRPV1 activity (Min et al. 2018).

One potential intermediary factor is cytoplasmic scaffolding protein A-kinase
anchoring protein 79 (AKAP79), which is important to the sensitising effect of PKA
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and PKC on TRPV1 (Faux and Scott 1997; Jeske et al. 2008, 2009; Zhang et al.
2008). TLR-TRP interactions have been observed previously;
co-immunoprecipitation revealed an interaction between TRPA1 and TLR7 which
potentiates TRPA1 induced inward current, suggesting a physical interaction (Park
et al. 2014). Further investigation of a direct protein–protein link is required. While
detection of unmodified protein interactions in tissues remains elusive due to the
unreliability of available TLR4 antibodies, advances in protein–protein interaction
assays such as bioluminescence resonance energy transfer (BRET) have the potential
to improve our understanding using overexpression models (Dimri et al. 2016;
McCarthy et al. 2017).

Importantly, Hutchinson et al. demonstrated the human clinical relevance of a
TLR4/TRPV1 relationship. In this case, where capsaicin and endotoxin were
co-administered to healthy individuals, a potentiation of capsaicin-induced mechan-
ical allodynia and hyperalgesia was observed at 3 h, but not 2 h or directly following
intravenous low dose (0.4 ng/kg) LPS (Hutchinson et al. 2013). Interestingly this
effect was anatomically variable, observed on the forearm but not the forehead.
Further, the timing of potentiation correlated with peak levels of serum IL-6
(Hutchinson et al. 2013). Importantly, the nature of the measurement of mechanical
allodynia demonstrates central sensitisation was created by this combined neuro and
immune nociceptive challenges. Therefore, the mechanism of action here appears to
be one of the inflammatory mediated sensitisation and/or ascending sensitisation
events, rather than the rapid changes observed in vitro in primary DRG, TG and
HEK293FT cultures. There is significant evidence that the interaction between

Fig. 3 Proposed mechanisms of direct and indirect TLR4-induced TRPV1 sensitisation. (a)
LPS-induced increase in enzymatic activity (PKC, PKA, PI3K) results in increased trafficking of
TRPV1 to the cell membrane. (b) LPS-induced increase in enzymatic activity (Src, PKA, PKC,
PLC) alters TRPV1 sensitisation via receptor phosphorylation events. (c) Direct interaction pro-
posed between the TIR domain of TLR4 and TRPV1. Created with BioRender.com
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TLR4 and TRPV1 has the potential to effect pain outcomes. The next steps need to
clarify the events or residues that link the two receptors and identify those that may
be important for generation and/or maintenance of pathological pain states.

4.2 GPCRs Do Not Operate in Isolation

GPCRs are the largest and most researched class of cell surface receptors
highlighting the important role they play in human physiology and disease. Their
widespread expression allows them to influence diverse biological outcomes by
transducing a range of extracellular signals to intracellular mediators (G proteins
and β-arrestin). Importantly many GPCR ligands have been implicated in the
regulation of inflammatory responses through the modulation of immune cell
functions such as the production of inflammatory mediators. However, their wide-
spread expression and recognition of diverse ligands is not sufficient to explain their
influence on the myriad of physiological and pathophysiological states. It is now
appreciated that GPCRs achieve many of their biological actions through ‘receptor
crosstalk’; a process by which GPCRs can influence the signalling outcomes of other
GPCRs and unrelated receptors. This is achieved primarily either via heterologous
desensitisation or direct receptor interaction (heteromerisation).

Desensitisation is an important regulatory mechanism which has evolved to
prevent the overstimulation of receptors in the presence of continuous agonist
stimulation (Lefkowitz et al. 1992; Lefkowitz and Shenoy 2005). When an agonist
activated GPCR is, itself, desensitised to prevent further signal transduction, this is
described as homologous desensitisation. In the case where the continuous activation
of one GPCR results in the desensitisation of another, often inactivated, GPCR or
unrelated receptor this is termed as heterologous desensitisation. Heterologous
desensitisation can be viewed as an indirect modulation of a third-party receptor
signalling system. Heterologous desensitisation is mediated by intracellular signal-
ling mediators such as second messenger-dependent GPCR kinases (GRKs) and
β-arrestin regulatory/signalling proteins and/or by altering the expression of receptor
proteins. β-arrestin was originally discovered in the context of GPCR signalling
regulation; it is responsible for attenuating G protein-dependent GPCR signalling
and modulating GPCR endocytosis. However, β-arrestin is now appreciated as a key
signalling protein. It functions as a molecular scaffold for pathways including
MAPK (Shukla et al. 2011). Beyond its recognition as a GPCR signalling protein,
it has been implicated in the negative regulation of TLR-mediated signalling.
β-arrestin 2 has been demonstrated to interact with and prevent post-translational
modification of TRAF6 (Wang et al. 2006) and IKBα (Gao et al. 2004) and therefore
prevent the activation of NF-Kβ in both cases (Fig. 4). Further demonstrating the
important regulatory role of β-arrestin 2 on TLR4 signalling, mice lacking β-arrestin
2 were reported to attenuate IL-10, a key cytokine which inhibits the production of
proinflammatory cytokines following TLR stimulation (Li et al. 2014). These mice
when treated with LPS were shown to be more susceptible to LPS-induced septic
shock. Li and co-workers determined β-arrestin 2 negatively regulated TLR4-
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mediated inflammatory responses via regulation of p38 MAPK and resulting IL-10
expression. In this context, β-arrestin 2 can be viewed as an important player in
preventing excessive inflammation. Therapies targeting the activity and/or expres-
sion of β-arrestin 2 in specific cells critical for the transition from acute to persistent
pain may prove to be fruitful in preventing chronic disease.

Fig. 4 Proposed mechanisms of direct and indirect TLR4-GPCR interactions. Consequences of
TLR4 activation (green arrows) include the generation of proinflammatory cytokines, Type 1 IFNs
and activation of inflammatory regulators such as A20. A20 activation results in the regulation of
β-arrestin recruitment, and therefore, receptor function and trafficking. Consequences of GPCR
signalling proteins and receptor activation (blue arrows) include negative regulation and activation
of signalling pathways common to those downstream of TLR4 activation (black arrows). Adapted
from ‘TLR4/5/7/8 Signalling Cascade’, by BioRender.com (2022). Retrieved from https://app.
biorender.com/biorender-templates
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GPCR heteromerisation is a more direct approach requiring close proximity of
receptor proteins. Heteromerisation requires at least two functional receptor units to
form a macromolecular complex, either by directly interacting with each other or
through a ‘bridging’ protein. Critically, a heteromer is defined as such if it
demonstrates biochemical properties that are different from those of its individual
components (Ferré et al. 2009). Although GPCR-TLR heteromers have yet to be
definitively identified, this is a very exciting and active area of research.

Many GPCRs have been implicated in pain, with the opioid receptors being one
of the most studied in this respect. GPCRs have also been reported to be implicated
in the creation of microglial reactive states – a role often attributed to TLRs (Gu et al.
2021). Taken together with their inherent ability to ‘collaborate’ with other receptors
and signalling systems, it is no surprise that GPCR signalling has been implicated in
TLR function in the context of pain. It is important to highlight though that this
modulation/communication is bidirectional. A 2008 study by Loniewski was the first
study to report a role for TLRs in the regulation of GRKs and arrestins in
macrophages. This study reported the activation of TLR4 selectively decreased
β-arrestin 1 and GRK5/6 protein expression but increased GRK2 protein expression
in in vitro studies (Loniewski et al. 2008). Interestingly, it was demonstrated the
localisation of the TLRs (plasma membrane or intracellular) as well as choice of
signalling pathway (MyD88 dependent or independent) determined which proteins
were regulated. This highlights both the precise nature and the complexity in the
regulation of signalling pathways. In the next section, we will highlight two GPCRs,
chemokine and opioid receptors, and their relationship with TLR4 function and
signalling in pain as an example of how the multidimensionality of pain spans
receptor families and classes.

4.2.1 Chemokine Receptors Talk to TLR4
Chemokines are a family of small proinflammatory cytokines that transduce their
actions via the G protein-coupled chemokine receptors. Although both chemokines
and their receptors have been implicated in pain for over 20 years (Oh et al. 2001),
their role in the neuroimmune mechanisms responsible for persistent pain is rela-
tively recent (Knerlich-Lukoschus et al. 2011). C-X-C motif receptor 4 (CXCR4)
and its ligand CXCL12 have been extensively investigated for their role in the
neuromodulation of pathological pain. This discovery has led to investigations into
the relationship between these chemokine receptors and TLRs in pain. Early studies
of TLR4 and CXCR4 co-localisation and receptor crosstalk provided support for
further investigations (Hajishengallis et al. 2008; Triantafilou et al. 2008). Further-
more, a 2016 study reported TLR4 to be co-localised with CXCL12 and CXCR4 in
the spinal dorsal horn of rats with ischemia-reperfusion-induced inflammatory pain
but not in control animals (Li et al. 2016). This demonstrated that the relationship
between TLR4 and CXCR4 receptor protein expression is dynamic, but no
conclusions can be made whether co-expression is a result or cause of pain pathol-
ogy. Interestingly, the attenuation of CXCL12/CXCR4 expression demonstrated a
reduction in the sensation of inflammatory pain in a mechanism similar to direct
antagonism of TLR4, by the TLR4 antagonist TAK-242 (Li et al. 2016). Although
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this was attributed to the downregulation of cytokines IL-1β and TNF-α, there was
no investigation of TLR4/CXCR4 heterodimerisation. However, in a 2012 study
reporting high mobility group box protein 1 (HMGB1), a nuclear protein and known
TLR4 activator, can not only activate CXCR4 but also form a complex with
CXCL12 (Schiraldi et al. 2012) the authors concluded that this could not be
explained by heterodimersation of TLR4-CXCR4 as the effect was also observed
in cells isolated from TLR4 knockout mice. However, it is not implausible to suggest
this lack of detection of a heterodimer may be specific to this ligand combination and
does not rule out receptor interaction completely. Nevertheless, a sophisticated
relationship between the TLR4 and chemokine receptor signalling pathways exists
(likely through downstream signalling pathway such as NF-kβ, MAPK and a series
of signal transducers and activators of transcription pathways) and may be open for
exploitation for novel pain therapies (Fig. 4).

4.2.2 Opioid Receptors and TLR4 Communicate
To date, opioid agonists are considered the gold standard for acute pain management
and are well known to act on the G protein-coupled opioid receptors. However,
although acute pain is effectively managed by opioid agonists there is little success
or patient benefit in managing chronic pain with opioids. Paradoxically, the use of
opioids in persistent pain can enhance the sensitisation of neuronal and immune cells
resulting in opioid-induced hyperalgesia (Hutchinson et al. 2010). Multiple systems
are at play with the complete multidimensional mechanism yet to be fully under-
stood (King et al. 2005; Kovelowski et al. 2000; Ossipov et al. 2003, 2004, 2005). A
contemporary neuroimmune hypothesis has immerged with TLR4-induced
microglial reactivity and inflammatory signalling negatively impacting the beneficial
opioid analgesia pharmacodynamics.

Hutchinson and co-workers have previously reported that the antagonism of
TLR4 increases the magnitude and duration of morphine analgesia (Hutchinson
et al. 2007). Furthermore, it has been reported in mice lacking TLR4 there was a
significant lack of analgesic tolerance to morphine compared to wild-type and
MyD88 knockout mice (Thomas et al. 2022; Liu et al. 2011). Together these suggest
a role for TLR4 in analgesic tolerance, for which there is also opposing data (Ferrini
et al. 2013; Fukagawa et al. 2013; Mattioli et al. 2014). For example, in a study
comparing mutant TLR4 to wild-type mice, no difference in morphine induced
hyperalgesia was observed (Ferrini et al. 2013). These discrepancies underscore
how complex the biopsychosocial state must be, as it is clear that the absence of
TLR4 can be compensated by other systems (Thomas et al. 2022). Further refine-
ment of these models capturing principles of the Kuramoto model and the Fröhlich
condensate may help reconcile such challenges.

There is much evidence supporting a connection between the opioid receptor and
TLR4 signalling systems including their co-expression in several non-neuronal cell
types including glia and macrophages (Maduna et al. 2019; Franchi et al. 2012) and
receptor crosstalk via common downstream signalling pathways such as MAPK,
PKC and NF-Kβ as described earlier. For example, A20 (a key regulator of TLR4
signalling introduced earlier) has been described by Shao and colleagues as in
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inhibitor of β-arrestin 2 recruitment to μ opioid receptor (Fig. 4) (Shao et al. 2020). It
is now widely accepted that many of the unwanted side effects of opioids are due to
the μ opioid engagement of the β-arrestin 2 signalling pathway (Bohn et al. 2000). In
this study, it was demonstrated A20 plays a key role in enhancing the analgesic
effects of morphine at the μ opioid receptor by interacting with β-arrestin 2 and
inhibiting its interaction with the μ opioid receptor (Shao et al. 2020). This type of
multidimensionality of TLR4 actions may be exploited as a feasible target for pain
management via A20 modulation.

4.2.3 From Single Receptor Systems to Complex Receptor Systems
The complex relationship between opioids and cytokines in the context of pain has
been reviewed previously in detail (Thomas et al. 2015). Briefly, there is evidence in
literature supporting the hypothesis chemokines can influence the perception of pain
and inhibit opioid-induced analgesia via heterologous desensitisation. Szabo and
co-workers demonstrated that DAMGO (μ opioid receptor agonist) treatment of rats
pre-treated with a CXCR4 receptor ligand (CXCL12) exhibited a dose-dependent
reduction in analgesic responses compared to saline pre-treated control rats (Szabo
et al. 2002). Taken together with reports that CXCR4 forms a complex with δ opioid
receptor (Pello et al. 2008), it is no surprise that heterodimerisation between CXCR4
and μ opioid receptors has been investigated as a possible mechanism for receptor
crosstalk. A very recent study by Ma and co-workers has investigated the existence
of putative CXCR4 and μ opioid receptor heteromers by developing a bivalent
ligand that has the capability to interact with both receptor units simultaneously
(Ma et al. 2022). This technique has been reported previously for the investigation of
other GPCR heteromers including CXCR4 and μ opioid receptor heteromers (Akgün
et al. 2015; Ma et al. 2020). Although this provides some insight into the proximity
of the ligand binding sites of the receptors, further demonstration of the effect on
receptor heteromer specific signalling profiling and co-internalisation such as
provided for the GPCR heteromer 1A-adrenoceptor-CXCR2 would add further
weight (Mustafa et al. 2012). It is also important to consider heterodimerisation
may only represent one of many mechanisms by which CXCR4 and μ opioid
receptors crosstalk. It is likely a more complex relationship between these receptor
systems exists. Furthermore, as it has been established that CXCR4 and μ opioid
receptors both co-localise with TLR4 in neuroanatomical structures important for
pain processing, such as dorsal root ganglion and spinal cord dorsal horn (Li et al.
2016), it is not inconceivable that these receptor protein signalling systems work in
concert, regulating each other’s signalling outcomes to achieve the complexity seen
in chronic pain patients. In order to further our knowledge of pain and the develop-
ment of effective analgesics, future research approaches should examine the ‘holistic
signalling system’ and not receptor signalling pathways in isolation. Such an
approach will enable the true complexity of the biopsychosocial contributors to
pain to be appreciated from molecules-to-cells-to-systems. Of course, this raises
the issues of nature versus nurture and the profound heritability of pain states. As
such, an examination of genomic determinates of health and disease is warranted.
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5 Human TLR4 Genetic Polymorphisms

Given the important roles of TLR4 signalling in acute and chronic pain and
non-classical opioid pharmacology outlined above, polymorphic variability in
TLR4 has the potential to contribute to interindividual variability in pain and
treatment response. Likely reflecting the crucial role of our innate immune system
in survival, human TLR genes display relatively little polymorphic variability. For
example, only 3 missense or protein truncating polymorphisms with a global minor
allele frequency (MAF) greater than 1% have so far been identified in TLR4 (Howe
et al. 2021). The most common of these is rs4986790 (c.896A>G, Asp299Gly), with
a global MAF of only 6%, but large inter-population variability in frequency (e.g.,
0% in East Asian, but up to 14% in South Asian, populations) (Barratt et al. 2021). It
is in strong linkage disequilibrium with the next most common missense SNP,
rs4986791 (c.1196C>T, Thr399Ile) (global MAF ¼ 4%). However, functional
consequences of the rs49867910-rs4986791 haplotype appear primarily due to
rs4986790, which has been associated with reduced TLR4 signalling in vitro,
ex vivo and in vivo, without significant effects on expression (Long et al. 2014;
Lundberg et al. 2008; Arbour et al. 2000).

Regarding pain specifically, rs4986790 variant genotypes have been associated
with lower pain tolerance and higher post-surgical morphine requirements (Barratt
et al. 2021), as well as increased risk of endometriosis (Latha et al. 2011). This
suggests that, at least in some cases, the TLR4 rs4986790 SNP may result in a
dysregulated, rather than simply hypo-responsive, in vivo/clinical phenotype. Other,
more common, non-coding TLR4 SNPs (e.g., rs1927911, rs2770150, rs2149356)
have been associated with altered immunophenotypes. However, they have not yet
been investigated for associations with variability in pain phenotypes specifically.

Though in its relatively early stages, research on TLR-related genetics and pain
has so far revealed large inter-population variability in frequencies of TLR gene
polymorphisms that may contribute to observed ‘interethnic’ differences in pain. In
addition, it has demonstrated that genotypes associated with increased or decreased
TLR function in vitro do not necessarily translate to increased or decreased pain,
respectively, in vivo/clinically. This may be due to the penetrance of genetic effects
in general likely being influenced by life history and clinical context (Somogyi et al.
2016; Rafiei et al. 2012; Barratt et al. 2021) as well as the complexity of systems in
which TLRs function, where both increased or decreased function might lead to
dysregulation and pathology. Further research on the combined effects of TLR4
signalling pathway genetic polymorphisms on pain, psychoneuroimmune and drug
response phenotypes as part of a ‘signalling ecosystem’ has the potential to lead to a
better understanding of key in vivo system regulators for the identification of new
drug targets and greater precision in pain management.
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6 Pharmacological Modulation of TLR4 Signalling

6.1 Understanding How Opioid Ligands Modulate TLR4 Function
Will Inform Drug Design

Literature suggests that opioid ligands can modulate TLR4 expression. Separate
in vitro and ex vivo studies have observed both the up and downregulation of TLR4
protein following morphine exposure (Chen et al. 2021; Franchi et al. 2012).
Furthermore, there is evidence that opioids can promote the internalisation of
TLR4 from the cell surface (Liang et al. 2016). As discussed earlier, many of
these actions can be attributed to receptor crosstalk between the opioid receptors
and TLR4. However, others may be due to the direct activation of the TLR4
receptor.

The discovery that the opioid receptor antagonists, naltrexone and naloxone,
blocked the biological effects of LPS (Liu et al. 2000; Das et al. 1995; Yirmiya
et al. 1994) and literature reporting that opioid agonists may competitively bind and
activate TLR4 (Wang et al. 2012; Watkins et al. 2009) have raised interesting
questions around the actions of opioid ligands on TLR4 and their own role in
compromising their analgesic effects via opioid receptors. Opioids including mor-
phine and morphine-3-glucuronide (M3G) have been reported to
non-stereoselectively activate TLR4 signalling (Wang et al. 2012). The opioid-
dependent activation of TLR4 results in the release of proinflammatory mediators
such as nitric oxide, reactive oxygen species, prostaglandin E2, interleukins,
interferons and various chemokines which exacerbate nociception and can lead to
hyperalgesia. Despite the (�)-isomers of naltrexone and naloxone displaying the
same potencies as (+)- isomers (Wang et al. 2016; Hutchinson et al. 2008), (+)-
isomers of opioids may have particular application on TLR4 signalling modulation
without effecting the beneficial effect of endogenous (�) opioid isomers on opioid
receptors (Wang et al. 2020).

Wang and colleagues have demonstrated that (+)-Naltrexone and (+)-naloxone
inhibit the LPS-induced activation of IRF3 and prevent IFN-β (Wang et al. 2016).
However, they do not inhibit TLR4 dependent activation of either NF-κB or
MAPKs. This suggests (+)-naltrexone and (+)-naloxone are TRIF-IRF3-biased
TLR4 antagonists (Wang et al. 2016). In vivo studies also showed (+)-naltrexone
and (+)-naloxone decrease opioid, cocaine and methamphetamine-induced depen-
dence and addiction (Wang et al. 2019; Hutchinson et al. 2012; Brown et al. 2018;
Hutchinson et al. 2010). Based on this data the TRIF-biased (+)-opioid TLR4
antagonists may be suitable targets for future development for opioid addiction
and dependence.

To understand the details of the molecular interactions of (+)-naltrexone and its
derivatives with TLR4/MD-2 and extend the ligand-based drug discovery, Zhang
and co-workers performed in silico and in vitro assays (Zhang et al. 2018). These
studies elucidated the innate immune recognition of the opioid inactive (+)-isomers.
The calculated binding free energies of (+)-naltrexone and its derivatives in complex
with MD-2 via molecular dynamics simulations correlated well with their
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experimental binding affinities and TLR4 antagonistic activities. It indicated that the
binding free energies would be an excellent criterion to evaluate the antagonistic
activities during rational drug design. Increasing the hydrophobicity of substituted
group at N-17 improved its TLR4 antagonistic activity, while charged groups
disfavoured the binding with MD-2 (Zhang et al. 2018). This provided molecular
insight into the innate immune recognition of opioid inactive (+)-isomers and has the
potential to aid the development of new (+)-opioid based TLR4 antagonists.

Although TLR4/MD-2 cannot stereoselectively recognise naltrexone isomers,
whether TLR4/MD-2 is enantioselective is still unclear. By linking 2 naltrexone
units through a rigid pyrrole spacer, three bivalent ligands ((+)-norbinaltorphimine
[(+)-1], (�)-norbinaltorphimine [(�)-1] and the meso isomer of norbinaltorphimine
[2]) were formed. Surprisingly, (+)-1 showed �25 times better TLR4 antagonist
activity than naltrexone in the microglial BV-2 cell line, whereas (�)-1 lost its TLR4
activity (Zhang et al. 2019). The enantioselectivity of norbinaltorphimine was
further confirmed in primary microglia, astrocytes and macrophages (Zhang et al.
2019). By rebuilding the binding energy profile, molecular dynamic simulations
further uncovered the mechanism of enantioselectivity: the stereochemistry of (+)-1
is derived from the (+)-naltrexone pharmacophore. This is the first report showing
enantioselective modulation of the innate immune TLR signalling and is an exciting
development for future pain targeted therapies.

6.2 Biased Signalling and the Future of TLR4 Signalling
Modulation for Pain Management

As discussed earlier, evidence in literature suggests blockade of TLR4 signalling
provides beneficial outcomes in pain pathologies and opioid dependence
(Hutchinson et al. 2008; Bettoni et al. 2008). For example, following treatment
with TLR4 antagonist FP-1, Bettoni and colleagues reported increased morphine
analgesia together with reduced hyperalgesia in mice with painful neuropathy.
However, complete antagonism of TLR4 may have detrimental impacts on the
body’s immunity and inflammation status. There is now increasing evidence
supporting the role of the MyD88 pathway in pain pathophysiology (Lacagnina
et al. 2018; Liu et al. 2017). Exploiting the potential of TLR4 to signal via two
distinct signalling pathways (biased signalling) presents exciting opportunities to
intelligently modulate TLR4 signalling and function to manage pain, without
impacting its role in immunity and inflammation, recently reviewed (Lin et al. 2021).

Studies investigating the signalling properties of LPS isolated from different
bacterial species have highlighted that biased ligands have the capability to selec-
tively activate/deactivate MyD88 or TRIF-dependent signalling pathways (Stephens
et al. 2021). Similar to the literature in the GPCR field, where biased signalling and
biased ligands have been extensively researched (Kenakin 2011), it is clear that the
interaction between a ligand/receptor protein results in the stabilisation of different
receptor conformations. Each receptor conformation then either reveals or uncovers
specific binding sites for specific intracellular signalling adapter proteins resulting in
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the activation/deactivation of the chosen pathway. Although biased ligands have the
power to influence the signalling and ultimately biological outcome of TLR4
signalling, it is important to note that the microenvironment of the endosome is
very different to that of the plasma membrane (for example, lipid composition and
the pH). By promoting unique TLR4 dimer conformations, the microenvironment
may also play a role in biased signalling.

Examples of how TLR4 biased signalling can be exploited already exist where
TLR4 activators are included as adjuvants in vaccines for their immunostimulatory
properties (Mata-Haro et al. 2007; Bowen et al. 2012; Richard et al. 2020). In the
study by Mata-Haro and co-workers, it was demonstrated that monophosphoryl lipid
A (MPLA), a low-toxic derivative of LPS used as an adjuvant in human vaccines,
displays reduced MyD88-dependent signalling activity, but strong TRIF-dependent
signalling (Mata-Haro et al. 2007). In a study where the vaccine adjuvant CRX-547
was utilised, a minor structural modification to the carboxyl bioisostere
corresponding to the 1-phosphate group on most lipid A types resulted in a TRIF-
selective signal (Bowen et al. 2012). Much can be learnt from these examples when
identifying and designing TLR4 biased ligands for chronic pain management.

Our understanding of biased signalling has been increased by investigating the
impact of the varying length of lipid A chains from LPS isolated from different
bacterial species and human pathogens (Maeshima and Fernandez 2013; Stephens
et al. 2021). Structure-activity relationship (SAR) studies have provided evidence
that structure of the LPS can result in varying degrees of inflammation due to the
preferential activation of the signalling pathways (Maeshima and Fernandez 2013).
However, it can be argued that an important approach to identify biased ligands is
structure-based drug design (SBDD). Molecular dynamics is an important tool,
which has the power to move beyond ligand docking to biased receptor structures
of TLR4, for predicting the stable interactions between ligands and biased TLR4
receptor states. Unfortunately, due to the lack structural data representing the
‘biased’ conformations of TLR4 receptor, this is not currently possible.

Therefore, another approach to identifying biased ligands is to screen compound
libraries. The downstream factors of TLR4 signalling are essential markers for the
screening and discovery of biased modulators of TLR4. The secretion of IFN-β and
CXCL10 are often used for the discovery of TRIF-biased TLR4 small molecule
modulators as they are only dependent on TLR4-induced TRIF signalling (Bowen
et al. 2012; Richard et al. 2020). Given that the internalisation of TLR4 into
endosomes is crucial for the activation of TRIF-dependent signalling (Park et al.
2009), TLR4 internalisation can also be used as a specific marker of TRIF-biased
signalling. An antibody described by Zanoni and co-workers, SA15-21, is reported
to recognise both the monomer and dimer forms of TLR4. Although laborious and
not high throughput, this antibody could be potentially used to examine the endocy-
tosis of TLR4 during compound screening (Zanoni et al. 2011). However, among the
downstream proteins of TLR4 signalling, no cytokine or chemokine has been found
to be strictly dependent on the MyD88 signalling pathway. A lack of tools to identify
TLR4-induced MyD88 signalling may explain why there are no reported MyD88-
biased small molecule modulators of TLR4 signalling (Lin et al. 2021). This obstacle
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can be overcome by utilising proximity-based assays to directly identify the interac-
tion of TLR4 protein with signalling adapter proteins MyD88 or TRIF (Lin et al.
2021). This technology has the capability to identify in real-time, which signalling
pathway has been activated. Alternatively, the ubiquitination of IL-1R-associated
kinase-1 (IRAK1) is specific to the MyD88-dependent signalling (Conze et al.
2008). Therefore, the measurement of the polyubiquitination of IRAK1 by in-cell
Western assay would be an excellent way to screen and identify MyD88-biased
small molecule modulators, potentially for novel pain indications in the future.

7 Conclusion

We have provided an overview of TLR4 signalling and regulation in pain. Impor-
tantly, this review highlights the need to examine and appreciate the role of TLR4
signalling and regulation as part of a ‘signalling ecosystem’. This takes into consid-
eration the many other proteins and signalling pathways which modulate TLR4
signalling or are themselves modulated by TLR4 and its signalling partners. By
doing so, only then we may be able to understand the deep and complex mechanisms
that result in the biopsychosocial nature of pain. Although the complex interactions
may be challenging and take time to decipher fully, it is clear that TLR4 receptor
signalling provides multiple mechanisms for modulating the unwanted effects of
opioid analgesics and the management of complex pain pathologies. Optimistically,
TLR4 may provide one of the missing ‘bridges’ to the future of precision medicine
and pain management.
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