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Abstract

Toll-like receptors (TLRs) are a family of pattern-recognition receptors that initiate signaling in 

innate and adaptive immune pathways. The highly conserved family of transmembrane proteins 

are comprised of an extracellular domain that recognizes exogenous and endogenous danger 

molecules and an ectodomain that activates downstream pathways in response. Recent studies 

suggest that continuous activation or dysregulation of TLR signaling may contribute to chronic 

disease states. The receptor is located not only on inflammatory cells (meningeal and peripheral 

macrophages) but on neuraxial glia (microglia and astrocytes), schwann cells, fibroblasts, dorsal 

root ganglia and dorsal horn neurons. Procedures blocking TLR functionality have shown 

pronounced effects on pain behavior otherwise observed in models of chronic inflammation and 

nerve injury. This review addresses the role of TLR4 as an emerging therapeutic target for the 

evolution of persistent pain and its role in non canonical signaling mediating anomalous proalgesic 

actions of opiates. Accordingly, molecules targeting inhibition of this receptor have promise as 

disease modifying and opioid sparing alternatives for persistent pain states.
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INTRODUCTION

Globally, chronic pain affects ~1.5 billion individuals. [30]. Within the United States alone, 

nearly 100 million Americans experience chronic pain, more than the total number affected 

by heart disease, cancer, and diabetes combined [62]. Nearly a quarter of those individuals 

experience moderate to severe chronic pain that limits activities of daily living and reduces 

quality of life [62]. Notably, pain is the primary reason that Americans receive disability 

insurance, and societal costs are estimated at between $560 to $630 billion per year due to 

missed workdays and medical expenses [29].

Current treatment options range from oral and topical pharmacologic therapies to invasive 

procedures and surgical interventions [18]. To this day, opiates remain the most potent and 

reliable analgesic agents, however as we face a mounting opioid epidemic, alternative, 

opioid-sparing treatment options are of increasing importance [24]. Unfortunately, despite 

an arsenal of adjuvant therapies, the World Health Organization estimates that 80% of 

individuals with severe pain do not receive sufficient treatment, likely due to the complex 

pathophysiology underlying the transition from acute to chronic pain [79].

Current models of pain propose that acute tissue insult from thermal, chemical or 

mechanical injury triggers a complex cascade of immune and inflammatory interactions 

[94]. Cessation of acute nociceptive stimulation with full tissue recovery is necessary to 

terminate the pain signaling process. However, if repetitive nociceptive stimulation persists, 

pathophysiologic changes occurring at the peripheral, spinal and supraspinal levels may 

enable the transition of an acute pain state to a chronic pain condition [23]. Thus, the pain 

state initiated by an acute tissue injury or inflammation may develop a persistency despite 

wound healing or resolution of the inflammation [16,36,61].

The role of toll-like receptor-4 (TLR4) in immune function and inflammation has been well 

established, however the role of targeted treatment or prevention of chronic neuropathic pain 

with TLR4 antagonists is still under investigation [3,7,34,76]. Increasing evidence suggests 

that the immune system plays an integral role in the transition to and maintenance of chronic 

pain, but no treatment is currently available to target this pathway. Targeting TLR4 could 

offer a novel approach to modifying pain processing. This review will focus on the 

preclinical and clinical evidence for the prevention and treatment of chronic pain states with 

TLR4 antagonists.

TOLL-LIKE RECEPTORS

Toll-like receptors (TLRs) are a family of pattern-recognition receptors that initiate innate 

and adaptive immune pathways [46]. This highly conserved family of transmembrane 

proteins are comprised of an ectodomain characterized by leucine-rich repeats and cytosolic 

Toll-interleukin-1 (IL-1) receptor (TIR) domains that activate downstream pathways [10,46]

(Figure 1). The extracellular domain is designed to recognize pathogen associated molecular 

pattern (PAMP) molecules such as the endotoxin lipopolysaccharide (LPS) [67] as well as 

danger associated molecular pattern (DAMP) molecules released by damaged cells such as 
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heat shock proteins, extracellular matrix degradation products, and high-mobility group 

box-1 (HMGB-1) protein [10].

Distribution

In the periphery, TLR4 is widely expressed, not only on antigen-presenting cells, but also on 

endothelial cells, myocytes, thyroid cells, endometrial cells, mesangial cells, adipocytes, and 

fibroblasts [27]. Expression is modifiable and may vary in response to LPS or pro-

inflammatory cytokines. In the central nervous system (CNS), TLR4 is primarily expressed 

on CNS residential macrophages or microglial cells and to a lesser extent on macroglial cells 

such as astrocytes [86]. TLR4 is also expressed on primary sensory neurons and on 

calcitonin-gene related peptide (CGRP) and transient receptor potential cation channel 

subfamily V (TRPV1)-expressing neurons [88].

Activation

TLR4 localizes, constitutively and/or upon ligand binding, to lipid rafts, which are 

membrane microdomains characterized by a high content of cholesterol and sphingomyelin 

[42,87,91]. The TLR4 receptor undergoes dimerization with the co-receptor myeloid 

differentiation protein 2 (MD-2) to permit binding of the ligand at the TLR4 site and initiate 

recruitment of intracellular TIR-adaptor molecules [14]. Cluster of differentiation 14 (CD14) 

also resides in lipid rafts and is involved in some, but not all, TLR4 activation [60]. 

Decreased diffusion rates in lipid rafts support TLR4 dimerization, an initiating step of its 

signaling cascade [68,82].

Signaling

Stimulation of TLR4 activates two major intracellular signaling pathways: the myeloid 

differentiation primary response 88 (MyD88)-dependent pathway and the TIR-domain-

containing adapter-inducing interferon (IFN)-β (TRIF) pathway (Figure 1). The MyD88-

dependent pathway, mediated by MyD88 and TIR domain-containing adaptor protein 

(TIRAP), induces NF-kB translocation and expression of pro-inflammatory cytokines (e.g. 

tumor necrosis factor α (TNFα), IL-1, IL-2, IL-6) and type I interferon (INF) genes (e.g. 

TNF, IL-12) [65]. The TRIF pathway is mediated by TRIF and TRIF-related adaptor 

molecule (TRAM) to activate type 1 IFN genes and delayed NF-kB via IFN regulatory 

factor 3 (IRF-3) [49]. The activation and inhibition of these pathways maintains balanced 

production of inflammatory cytokines and type 1 IFN [35].

ROLE OF TLR IN REGULATING IMMUNITY AND PAIN CONVERSION 

STATES

Growing evidence suggests that TLR4 plays a critical link between the innate and adaptive 

immune response as well as the induction, conversion, and maintenance of chronic pain 

states [76]. TLR expression on antigen-presenting cells (APCs) leads to subsequent priming 

of naïve T cells as well as B cell activation, thereby linking the recognition of pathogens 

with induction of adaptive immune responses [7,12,34]. While recognition of pathogens and 

molecules from damaged tissue is self-protective, excessive activation of TLRs leads to 
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sustained production of pro-inflammatory mediators [26]. Continuous activation or 

dysregulation of TLR4 signaling may contribute to inflammatory and autoimmune diseases, 

including sepsis, atherosclerosis, rheumatoid arthritis, neuropathic pain, and 

neurodegenerative diseases [53].

Induction of Neuropathic Pain

Specifically, in neuropathic pain, spinal microglial TLR4 activation appears to be critical for 

pain induction after nerve injury by directly modulating the pro-inflammatory cascade and 

expression of IFN-γ, IL-1β, TNFα, and nuclear factor kappa-light-chain-enhancer of 

activated B cells (NF-kB) signaling pathway after injury [39,78]. The expression of TLRs on 

spinal microglia and TLR mediated TNF release emphasizes the role of spinal TLRs in 

spinally mediated pain states [74]. TLR4 antagonists and siRNA-mediated suppression of 

intrathecal TLR4 signaling prevents activation of the NF-kB pathway and production of 

TNF and IL-1β that attenuates mechanical allodynia and thermal hyperalgesia in a chronic 

constriction injury (CCI)-induced pain model [20,96].

Conversion of Acute to Chronic Pain

TLR4 may also play an important role in the conversion of the acute to chronic pain state 

[54,94]. Mechanical hypersensitivity induced in mice via the K/BxN serum transfer arthritis 

model persists after resolution of visible inflammation. When induced in wild type (WT) 

and TLR4-knockout mice both swelling and inflammation were noted, however TLR4-

mutant mice were found to have reversal of mechanical hypersensitivity and reduced glial 

cell activation after resolution of inflammation. When the WT mice were given an 

intrathecal (IT) TLR4 antagonist the conversion to mechanical hypersensitivity was 

reversed. When delivered during the acute inflammatory phase, no effect was seen on 

inflammation, however development of persistent pain was not seen [15].

Maintenance of Chronic Pain

TLR4 may also play an integral role in the maintenance of neuropathic pain. Sustained 

delivery of IT TLR4 antagonists reversed CCI-induced neuropathic pain in genetically 

unaltered rats and repeated administration of a TLR4 antagonist to neuropathic mice 

reversed both thermal hyperalgesia and mechanical allodynia in WT, but not TLR4 knockout 

mice [33]. Likewise, attenuation of L5 nerve transection-induced tactile and thermal 

hypersensitivity along with reduced spinal microglial activation and lower pro-inflammatory 

cytokines was shown in TLR4-knockout and point mutant mice [78]. When administered IT 

TLR4 antisense oligodexoxynucleotide (ODN), a dose-related attenuation of L5 nerve 

transection-induced tactile and thermal hypersensitivity in rats was observed along with 

reduced expression of mRNA for microglial markers, and reduced expression of mRNA for 

spinal proinflammatory cytokines [78].

MODULATION OF TLR SIGNALING

TLR4 Antagonism

Recently, Kuzmich and colleagues reviewed both natural and synthetic compounds with 

known TLR4 antagonist properties in models of systemic inflammation [46]. Of interest 
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here is the preclinical and clinical data from synthetic molecules that demonstrate efficacy in 

modulating the downstream effects of TLR4 [40]. One popular design for TLR4 antagonists 

utilizes the native MD2 ligand as inspiration for the antagonist molecule to initiate 

competitive binding at the extracellular domain [43]. E 5564 (Eritoran) is one such 

molecule, which contains an N-acetylglucosamine disaccharide scaffold similar to LPS, 

however sits further inside the MD2 binding cavity to act as a direct TLR4 antagonist [43].

TAK-242 (Resatorvid) is the only other direct TLR4 antagonist to be studied in clinical 

trials. TAK-242 covalently binds to Cys747 in the intracellular TLR4 domain, rendering 

TLR4 completely inactive [51]. Another compound in clinical trials, CPN10, inhibits pro-

inflammatory cytokine production mediated via TLR4 in macrophages [1]. Related, but 

distinct compounds currently in preclinical development are CRX-526, a direct TRL4 

antagonist, 1A6, a monoclonal antibody that targets the TLR4/MD2 complex, and OPN-401, 

a viral protein-derived peptide that inhibits TLR4-dependent signaling [44,83,99]. Beta-

amino alcohol derivatives including T5342126 have also demonstrated effective MD2-TLR4 

binding in in silico models and early pre-clinical data have demonstrated increased latency 

of heat-induced withdrawal response [43].

Opioid Agonism and Antagonism

Opioid agonists have been reported to act as TLR4 agonists while opioid antagonists such as 

(+)-naltrexone and (+)-naloxone exert antagonist properties at the TLR4 receptor [33,89]. 

Glial activation intiates hyperalgesic signals that enhance opioid tolerance. Such effects 

occur via non-stereoselective activation by opiates at TLR4 [33,89]. In contrast to classic 

opioid receptors, where opiate receptor activation is limited to the (-)-opioid isomers, (+)-

opioid agonists functionally antagonize (-)-opioid analgesia [97], an effect attributed to glial 

activation and independent of classical mu opioid receptors in knockout mice studies [98]. 

This non-stereoselectivity provides a means of specifically blocking opioid-induced glial 

activation by using drugs such as (+)-naloxone [89].

Membrane Microenvironment

Membrane cholesterol is typically regulated by endosomal ATP-binding cassette (ABC) 

cholesterol transporters ABCA1 and ABCG1, with high-density lipoprotein (HDL) serving 

as an extracellular cholesterol sink [11,38,66]. In Abca1−/−Abcg1−/− cells with abberant 

presence of membrane cholesterol, there is a substantial increase in inflammatory gene 

expression in response to TLR4 ligands, reflecting increased TLR4 dimerization [75,100]. 

Similiarly, Abca1−/− microglia exhibit augmented LPS-induced secretion of TNFα and 

decreased phagocytic activity [66]. Treatment with beta-cyclodextrins, which binds 

cholesterol in the plasma membrane, results in inhibition of TLR4-mediated signaling in cell 

culture experiments [52,69] and systemic and IT administration have been studied in 

neurodegenerative diseases such as Niemann-Pick type C disease [47,57,81,85]. Although 

the use of current beta-cyclodextrins in the general population may be limited by the high 

rate of serious adverse effects including fever, chemical meningitis and hearing loss, the 

pathway provides a potential target for future therapeutics.
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POTENTIAL CLINICAL INDICATIONS BASED ON PRECLINICAL DATA

Joint Inflammation

Studies in TLR4-knockout animals have provided initial evidence for the role of TLR4 in 

joint inflammation and collagen-induced arthritis. Preclinical data from mice genetically 

predisposed to rheumatoid arthritis strongly suggest that TLR4 plays a pro-inflammatory 

role in multiple forms of chronic autoimmune arthritis [2]. TLR4-deficient mice demonstrate 

a lower incidence and much less severe course of collagen-induced arthritis with nearly no 

cartilage destruction and lower anti-CCP antibody and IL-17 concentrations [59].

Central and Peripheral Neuropathic Pain

Preclinical data in nerve injury and chemotherapy-induced peripheral neuropathy (CIPN) 

models have shown attenuation of hyperalgesia and allodynia in TLR4-mutant animals 

[58,73]. In addition to changes in behavioral outcomes, data from preclinical studies in 

paclitaxel-related CIPN showed that co-treatment with a TLR4 antagonist can prevent 

increases in TLR4 and its downstream signaling factors [101]. In cisplatin-related CIPN, 

disruption of all downstream TLR signaling by mutations in the Myd88 and TRIF adaptor 

genes in TLR4-mutant mice completely prevented the onset of cisplatin initiated allodynia at 

any time [58].

Inhibition of spinal TLR4 by delivery of an IT TLR4 antagonist was also found to decrease 

activation of NF-κB signaling pathways and reduce expression of IL-1β and TNFα with 

improvement in allodynia and hyperalgesia outcomes in CCI rats [39]. Reversal of 

mechanical allodynia by (+)-naltrexone has also been reported by Ellis and colleagues in a 

novel model for central neuropathic pain (CNP) involving T13/L1 dorsal root avulsion in 

rats after 2 weeks of daily systemic administration [22]. Though this is an indirect inhibitor 

of TLR4, it is worth noting that this is one illustration of effects of TLR4 on central 

neurpathic pain.

Migraine

Work in murine models of migraine (photophobia induced by mast cell degranulation), has 

revealed that the TLR4-mutant mouse signaling through MyD88 displayed significantly 

reduced photophobia (mimicking the effects of Sumitriptan- a classic anti-migraine 

therapeutic) [This paper is in review]. These data are apparently unique at present. In 

addition, cortical spreading depression (CSD) of typical migraine aura, the preceding 

symptoms that an individual may associate with impending or evolving migraine, are 

associated with microglial cell activation and hypertrophy. This downstream activation of 

microglia has been shown, in part, to be mediated through TLR4 modulation [77].

A recent study by Wieseler et al suggested a supradural inflammatory soup rodent model of 

migraines whereby facial allodynia was mediated by histamine, bradykinin, serotonin, 

prostaglandin E2 treatment over the dura. In the rat model following induction of facial 

allodynia using this inflammatory soup, the study showed that treatment with toll-like 

receptor 4 (TLR4) antagonist (+)-naltrexone blocked development of facial allodynia, giving 

Bruno et al. Page 6

Pain. Author manuscript; available in PMC 2021 February 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



an additional mechanism of action of pain mediation through TLR4 within the migrane 

model [92].

Lower Back Pain and Disc Extrusion

The anatomical intervertebral disc (IVD) is a minimally innervated structure [28]. Under 

normal circumstances, this limited innervation prevents debilitating pain states. However, 

during pathologic disc degeneration, the extracellular matrix is degraded, resulting in an 

increase in pro-inflammatory cytokines and neurotrophins which stimulates neurogenesis, 

resulting in a hyper-innervated disc and upregulation of TLR4 stimulating molecules 

[28,37]. Data from human IVDs show that upregulation of TLR4 expression is dependent on 

the degree of IVD degeneration. TLR4 inhibition may provide a target for modulating this 

proinflammatory cascade to prevent the onset of discogenic pain [37].

Opioid Induced Hyperalgesia (OIH)

Exposure to morphine (or other mu opioids) can lead to a paradoxically enhanced pain state 

[90]. Relevant data, although some disputed, suggest that the phenomenon is mediated by a 

TLR4 receptor, which is supported by evidence that the phenomenon is diminished in the 

absence of TLR4 [5]. Opioids can activate TLR4 on glial cells by mimicking LPS and 

binding to MD2 as an LPS substitute to activate TLR4 directly [43]. By acting as direct 

TLR4 ligands, opioid agonsists such as morphine are thought to enhance hyperalgesia in 

post-nerve injury pain states [21,32].

Mood and Psychological Disorders

Predisposing psychological faactors like mental health disorders such as post-traumatic 

stress disorder (PTSD), major depressive disorder (MDD), and anxiety have been strongly 

associated with chronic pain conditions [6]. Interestingly, preclinical and clinical data 

suggest that TLR4-related mechanisms can mediate stress-induced adaptations involved in 

the development of MDD [45]. Further studies have shown that the absence of TLR4 

inhibition, and even TLR4 antagonism with TAK-242, reduces the development of 

neuroinflammation associated with brain trauma and may play a neuroprotective role in TBI 

in mice [101].

LIMITATIONS

TLR4 and sex differences

Clinically, it is well recognized that males and females differentially develop chronic pain 

conditions [9,25,72,84]. Accordingly, preclinical research is increasingly examining 

mechanisms that underly the development of persistent pain in female as well as male 

animals. Initial comparison of TLR4 signaling in male and female mice showed that, at the 

spinal level, the administration of a TLR4 agonist induced allodynia in male, but not female 

mice despite equivalent spinal TLR4 expression and similar behavior between male and 

female mice at the time of administration [71]. Complete Freund’s Adjuvant- and spinal 

nerve injury-induced allodynia also appear to be TLR4-independent in female mice [71]. A 

separate study found that TLR4 deficient female mice develop a more severe and persistent 
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tactile allodynia following L5 nerve ligation while TLR4 deficient males show reduced 

allodynia relative to WT counterparts [73].

Unfortunately, the sex differences related to the induction and maintenance of pain states is 

complex and likely model, site and gender dependent. For instance, other studies have found 

that male and female TLR4 deficient animals are both protected from developing delayed-

onset tactile allodynia when exposed to intraplantar formalin in the presence of a TLR4 

antagonist (TAK-242) and equally protected from cisplatin-induced tactile allodynia [95]. 

Further research focused on in vitro effects of TLR4 antagonism has provided conflicting 

data on the variance in sex-related TLR4 expression in resident leukocyte populations, pro-

inflammatory cytokine release, and even cell type thought to mediate pain pathways [48,50].

In addition to differences in cell types and innate immune signaling, recent evidence has 

identified sex differences in TLR4 signaling related to estrogen and testosterone. 

Specifically, the involvement of TLR4 in pain-like behaviors in male mice is dependent on 

testosterone [71], and estrogens have been shown to enhance the production of pro-

inflammatory mediators and cytokines upon TLR4 activation [13]. Further, microglia co-

incubated with estradiol show sexually dimorphic effects: estradiol in male microglia 

produces anti-inflammatory effects, but pro-inflammatory effects in female microglia [48]. 

This work indicates the need for carefully controlled studies examining the role of TLR4 and 

sex differences in persistent pain states.

Limited Clinical Data Using Anti-TLR4 Therapies

Despite a growing list of potential clinical indications for anti-TLR4 therapies given the 

extensive role TLR4 plays in immune and inflammatory-mediated pathologic conditions, 

limited clinical data for TLR4 antagonism is currently available. E 5564 and TAK-242 have 

been studied in large randomized trials for the treatment of sepsis with outcomes that 

demonstrate acceptable safety and tolerability profiles [56,63,80]. E 5564 also demonstrated 

limited efficacy, but favorable tolerability in a Phase II trial in patients undergoing 

cardiopulmonary bypass [8]. Data have also been collected, but not published in Phase II 

clinical trial for NI-101 to evaluate for pharmacokinetic, pharmacodynamics, tolerability, 

and efficacy data in patients with rheumatoid arthritis [no data available]. Further studies are 

needed to investigate the clinical efficacy of targeting the TLR4 receptor for the 

management of pain states.

Redundant and/or Alternative Pathways

TLR4 may be a more effective target than previously studied immunomodulators because of 

its upstream position in many immune-modulating pathways. For instance, despite 

promising preclinical data, modulators of TNF showed limited effect in clinical studies for 

the treatment of neuropathic pain, including sciatica and discogenic lumbar radiculopathy 

[4,17,70,93]. Although not fully clear, one reason for the limited translation in humans is 

that TNF is just one of many downstream acute response cytokines activated by nerve injury 

so even when directly targeted, separate immune pathways persist. Targeting TLR4 would 

enable indirect modulation of multiple downstream immune pathways with more widespread 

effects on the inflammatory response to neuropathic pain.
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Other targets along the TLR pathway also show promise. Ibudilast (AV-411) is a non-

selective phosphodiesterase inhibitor known to suppress glial cell activation that attenuates 

pain symptoms in diverse neuropathic pain models in rats and reduces opioid withdrawal 

symptoms in opioid-dependent volunteers [19,41]. Other potential targets with modulatory 

effects on TLR activity include prostaglandin D (PGD), vasoactive intestinal polypeptide 

(VIP), the peroxisome proliferator-activated receptor γ (PPARγ) and adenosine 2A 

pathways, and bone morphogenetic protein 7 (BMP-7), which are reviewed in detail by 

Gomez and colleagues as targets for disease-modifying osteoarthritis drugs [31].

CONCLUSION

The role of inflammation can be protective, however the process, when inadequately 

regulated can also lead to pathologic states such as chronic neuropathic pain. Although the 

underlying mechanism of neuropathic pain is multifactorial, neuroinflammation is a central 

factor in the initiation and maintenance of the persistent pain state. Given the central role of 

TLR4 in the inflammatory pathway, it is a potential target for therapeutic agents in an array 

of inflammatory conditions. Preclinical findings suggest a positive link in neuropathic pain 

and clinical studies have demonstrated a positive safety profile in both healthy volunteers 

and pathologic conditions.

Prior clinical trials provide useful data on medication dosing as well as time course and 

routes of administration. IV infusion of the TLR4 antagonist Eritoran given in doses up to 

105 mg total over 6 days has been reasonably well-studied. Except for self-limiting 

phlebitis, the safety profile is favorable, however the efficacy in previously studied 

pathologic conditions including severe sepsis and inflammation after cardiopulmonary 

bypass has not proven significant [8,55,64,80]. Currently, there is no clinical data for TLR4 

antagonists in neuropathic pain, however preclinical data suggest that a more targeted 

intrathecal approach to delivery may be appropriate. Further data will be necessary for this 

indication and route of administration.

Although TLR4 has been identified as the major target for modulating the immune response 

in persistent pain states, it is just one of 14 identified receptors within the TLR family. Given 

the complexity of the pathway, it is likely that other TLR targets exist. Other possible TLR 

targets involved in directly or indirectly modulating signaling through MyD88-dependent 

and/or MyD88-independent pathways include TLR2, TLR3, and TLR5 [73]. In addition, 

although TLR4 has been implicated as a critical player in the development of neuropathic 

pain in male rodents, this may not be universally true in females. Although progress has 

been made in understanding sex-dependent variations in the expression and function of 

TLR4, additional research is needed to fully understand the significance [95].

The pro-inflammatory response is robust and it is possible that other redundant 

inflammatory pathways will predominate if TLR4 is antagonized. For instance, peripheral 

TLR4 stimulation acts as a transient counter-regulatory mechanism for inflammatory pain in 

vivo, and increases the release of opioid peptides from monocytes in vitro. Therefore, it is 

possible that TLR4 antagonists might unexpectedly, transiently enhance pain by impairing 
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peripheral opioid analgesia. Future studies are needed to elucidate the specific effect of 

targeting TLR4 in humans with neuropathic pain.
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Figure 1. 
TLR4 Activation Pathways.
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