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Abstract
Osteoarthritis (OA) is a chronic progressive, painful disease of synovial joints, characterized by cartilage degradation,
subchondral bone remodeling, osteophyte formation, and synovitis. It is now widely appreciated that the innate immune system,
and in particular Toll-like receptors (TLRs), contributes to pathological changes in OA joint tissues. Furthermore, it is now also
increasingly recognized that TLR signaling plays a key role in initiating and maintaining pain. Here, we reviewed the literature of
the past 5 years with a focus on how TLRs may contribute to joint damage and pain in OA. We discuss biological effects of
specific damage-associated molecular patterns (DAMPs) which act as TLR ligands in vitro, including direct effects on pain-
sensing neurons. We then discuss the phenotype of transgenic mice that target TLR pathways, and provide evidence for a
complex balance between pro- and anti-inflammatory signaling pathways activated by OA DAMPs. Finally, we summarize
clinical evidence implicating TLRs in OA pathogenesis, including polymorphisms and surrogate markers of disease activity. Our
review of the literature led us to propose a model where multi-directional crosstalk between connective tissue cells (chondrocytes,
fibroblasts), innate immune cells, and sensory neurons in the affected joint may promote OA pathology and pain.
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Introduction

Osteoarthritis (OA) is a chronic progressive, painful disease of
synovial joints, affecting mainly the knees, hips, hands, and
small joints in the spine. OA is the most common form of
arthritis and one of the major causes of chronic pain world-
wide [1]. It results in substantial socioeconomic costs due to
both healthcare utilization and work loss [2]. In individuals

with knee or hip OA, severity of disability is associated with a
significant increase in all-cause mortality [3]. Joint pain is the
main symptom that drives OA patients to seek medical help,
but current strategies for pain management are temporarily
palliative at best, inadequate or contra-indicated for many pa-
tients, and associated with substantial adverse effects. In ad-
dition, no available treatments slow or halt the progressive
degeneration of the joint characteristic of OA (https://www.
oarsi.org/education/oarsi-resources/oarsi-white-paper-oa-
serious-disease). Ultimately, patients with knee and hip OA
often end up undergoing total joint replacements, and OA is
the most common indication for joint replacement.

Age, previous joint injury, and obesity are the strongest risk
factors for the development of OA. As the population ages, the
public health burden of OA is increasing, and the need for
disease-modifying OA drugs (DMOADs) as well as novel
efficacious and safe analgesics is urgent. However, OA also
occurs in younger patients and incidence may be increasing
due to obesity and joint injuries [4, 5]. Joint replacement,
albeit effective, is often not an option for older patients with
significant medical comorbidities and is reserved for advanced
disease. In younger patients, it is associated with higher risk of
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complications and revision surgery [6]. Thus, the slowly pro-
gressive nature of OA leaves many patients suffering for years
without adequate treatment, compounding the urgent need for
novel therapeutic approaches.

Osteoarthritis: a disease characterized
by progressive joint damage and chronic pain

Cartilage degradation, subchondral bone remodeling, and os-
teophyte formation are the hallmarks of OA, but there is also
low-grade synovitis, and involvement of peri-articular struc-
tures and—in the knee—the menisci. There is a strong me-
chanical component in OA pathogenesis, but it is now also
widely appreciated that the interplay between mechanical fac-
tors and low-grade inflammation is a key driver for progres-
sive joint damage. Several lines of evidence, both in clinical
samples and in animal models, suggest that low-grade inflam-
mation contributes to pathological changes in all OA joint
tissues, mainly mediated by the innate immune system (mac-
rophages, complement system) (reviewed in [7, 8]).

Progressive joint damage in OA is associated with pain.
While a discordance between radiographic OA and the pres-
ence of pain can be observed, strong clinical evidence sug-
gests that ongoing peripheral input from the affected joint
drives pain in OA [9]. It is not clear which particular joint
structures contribute to pain, but there is increasing evidence
that bone marrow lesions and synovitis detected by MRI cor-
relate with pain, while sensitization is associated with
synovitis/effusion [10].

In its most elementary form, pain equals nociception,
which is mediated by specialized sensory afferents called
nociceptors. The cell bodies of these nociceptors reside in
the dorsal root ganglia (DRG) and extend one terminal to
the peripheral tissues they innervate and one terminal to the
dorsal horn of the spinal cord, where the first synapse is made
with a second-order neuron [11]. Noxious triggers, which can
be chemical, thermal, or mechanical in nature, activate
nociceptors. This means that action potentials are generated
and transduced to the DRG and further up into the central
nervous system (CNS), resulting in sensation of pain. Tissue
injury triggers a cascade of neuro-inflammatory reactions,
leading to painwhile aiding the recovery process [12]. If tissue
damage persists, as is the case in OA (as well as in other forms
of chronic arthritis), continuous nociceptive input from the
periphery leads to profound changes in the DRGs, in the spi-
nal cord, and at supraspinal levels of the CNS. The result is a
transition from acute to chronic pain [12].

Peripheral sensitization is a hallmark of inflammation
Sensitization means that the threshold for nociceptors to fire
action potentials is lowered, resulting in hypersensitivity. This
occurs in inflammatory conditions when mediators including

cytokines, chemokines, nerve growth factor (NGF), ATP,
prostaglandins, and protons act on receptors expressed by
sensory neurons, leading to increased sensitivity to noxious
(hyperalgesia) and even non-noxious (allodynia) stimuli.
Immune regulation is an essential component of peripheral
sensitization (reviewed in [13]). Crosstalk between
nociceptors and the immune system occurs at the site of in-
flamed tissues, when inflammatory cells (macrophages, mast
cells, neutrophils) secrete mediators that act on cognate recep-
tors on nerve endings (for example, innate immune cells can
secrete NGF which binds TrkA on nociceptors, leading to
transactivation of TRPV1 and lowering the threshold of firing
[14]). Prolonged input from the periphery leads to an increase
in innate and adaptive immune cells in the DRG, and crosstalk
between these cells and DRG neurons results in long-term
changes in the neurons (for example, release of the pro-
algesic chemokine, CCL2 [15]). These DRG changes have
been demonstrated in models of neuropathic and purely in-
flammatory pain, as well as in a chronic progressive mouse
model of OA, induced by destabilization of the medial menis-
cus (DMM) [16].

The OA research community is increasingly reporting ev-
idence that the innate immune system, and in particular Toll-
like receptors (TLRs), plays a key role in driving OA joint
damage [7, 17]. Separately, in the pain research field, the
evidence is accumulating that TLRs contribute to persistent
pain, and this both in the periphery and in the CNS (recently
reviewed in [18]). Therefore, we prepared a narrative review
of the literature from the past 5 years focusing on TLRs in OA
joint damage and in OA pain. We searched PubMed for the
following terms “osteoarthritis,” “pain,” “TLR,” “animal
models,” as well as combinations of these terms with individ-
ual TLR ligands, “innate immunity,” and “pattern recognition
receptors.”We briefly discuss TLRs and their ligands, and the
in vitro biological effects that may contribute to joint damage,
peripheral sensitization, and pain in the context of OA. Then,
we provide an overview of findings in genetically modified
mice, followed by clinical evidence implicating TLRs in OA
pathogenesis. Our review of the literature led us to propose a
model where crosstalk between connective tissue cells
(chondrocytes, fibroblasts), innate immune cells, and sensory
neurons in the affected joint may contribute to OA pathogen-
esis, including pain.

Toll-like receptors: part of the first-line
defense against danger

The innate immune system provides a first line of defense
against pathogens and tissue injury, through orchestration of
the inflammatory response. To ensure this function, innate
immune cells are equipped with pattern recognition receptors
(PRRs), which recognize conserved structural moieties in
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pathogens like bacteria, microbial products, viruses (“patho-
gen-associated molecular patterns,” PAMPs), and molecular
patterns that are associated with tissue damage, cell stress, and
cell death (termed “damage-associated molecular patterns,”
DAMPs). A class of PRR known as TLRs recognize multiple
DAMPs, and ligand binding results in activation of inflamma-
tory signaling pathways including nuclear factor-κB (NF-κB),
mitogen-activated protein kinase (MAPK), and type I interfer-
on pathways, with subsequent release of cytokines,
chemokines, and proteases.

TLRs are type I transmembrane receptors that reside both
on the cell surface (in humans, TLR1, 2, 4, 5, and 6) and in
endosomes (TLR3, 7, 8, 9) (reviewed in [19]). Cell surface
TLRs are largely dependent on the cytoplasmic adaptor,
MyD88, to activate inflammatory transcriptional pathways
via NF-κB. The endosomal TLRs can activate NF-κB and
interferon-regulator factors (IRFs). TLR3 signaling is inde-
pendent of MyD88 but utilizes the adaptor TRIF to activate
IRFs. Finally, TLR4 activates MyD88-dependent signaling at
the cell surface and then is internalized to the endosomal com-
partment where it activates TRIF-dependent pathways as well.
TLR localization, signaling pathways, and inflammatory re-
sponses are summarized in Fig. 1. Also shown are DAMPs
and co-receptors reported to modulate TLR activation, as
summarized in the next section.

DAMPs in osteoarthritis

Since OA is characterized by ongoing tissue damage and re-
modeling, with enzymatic breakdown of articular cartilage
molecules, cell stress/death in articular cartilage, and synovi-
tis, a broad variety of DAMPs are generated in the different
joint tissues as the disease progresses. These DAMPs include
extracellular matrix (ECM) fragments, S100 proteins, high-
mobility group box protein 1 (HMGB1), and histones and
nucleic acids (reviewed in [20, 21]). These DAMPs and their
respective TLRs are present in cells and tissues throughout the
joint, altering the micro-environment, and many can also be
detected in OA synovial fluid [20].

Enzymatic cartilage degradation is a hallmark of OA and
leads to abundant production of ECM molecules and frag-
ments that can signal through TLR2 and/or TLR4 (Fig. 1).
Several detailed reviews have discussed how these matrix-
derived proteins bind TLR2 and/or TLR4, including low-
molecular weight hyaluronan (LMW-HA), biglycan, fibro-
nectin containing a type III repeat extra domain A (EDA, a
splice variant associated with tissue injury), and tenascin-C
[20, 22]. In addition to ECMmolecules, other DAMPs present
in OA joints include plasma proteins, which can enter the joint
through a leaky synovial barrier (reviewed in [20]), molecules
produced in the setting of cellular stress such as S100A8/9 and

Fig. 1 TLRs are transmembrane receptors that facilitate inflammatory
signaling in response to PAMPs and DAMPs. In humans, TLR1, 2, 4,
5, and 6 are found on the cell membrane, while TLR3, 7, 8, and 9 are
located in endosomes. TLR2 exists as a homodimer, and also as a
heterodimer in complex with TLR1 or TLR6. Several DAMPs found in
the osteoarthritic joint and discussed in this review can interact with the
cell surface TLRs, including extracellular matrix components (e.g.,
biglycan, fibronectin (Fn) fragments, and an aggrecan-derived
peptide—Ag 32-mer), and molecules produced directly by cells under
stress (e.g., HMGB1, S100A8/9). In addition, low levels of the TLR4
ligand lipopolysaccharide (LPS) are found in OA joint fluids. A number
of co-receptors or co-factors can modify the nature of TLR/ligand
interactions. These include the soluble co-factors LBP and MD2 which
facilitate LPS/TLR4 signaling, the receptor CD44 which can modulate
the response to TLR2/4 ligands, and CD14 which can modulate the
strength/sensitivity of TLR signaling and is active both in membrane
and soluble form. Signaling through cell surface TLRs requires the
cytoplasmic adaptor, MyD88, and results in activation of the
transcription factor NF-κB (black arrows), which in turn leads to
production of many inflammatory cytokines, chemokines, and
proteases. The endosomal TLRs can activate both NF-κB and
interferon-regulator factors (IRFs) which promote a type I interferon
response (gray arrows). TLR3 signaling is independent of MyD88, but
utilizes the adaptor TRIF to activate IRFs. TLR4 can activate MyD88-
dependent signaling at the cell surface, and then is internalized to the
endosomal compartment where it can activate TRIF-dependent
pathways as well. Most findings regarding specific TLR/DAMP
interactions in OA models have largely implicated TLR2 and TLR4.
However, microbial products of the microbiome have been
hypothesized to interact with TLR5, while self-nucleic acids may
interact with endosomal TLRs. These potential DAMP/TLR
interactions and their relevance to OA need further investigation
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HMGB1 (reviewed in [21]), and crystals which can deposit in
OA joint tissues (reviewed in [23]).

In the past 5 years, novel DAMPs have been identified, and
new biological actions of knownDAMPs have been described
that suggest intriguing new concepts in the context of OA, as
discussed below:

DAMPs can promote joint damage but also pain through
neuronal TLRs—We reported that specific DAMPs pres-
ent in OA joints, including α2-macroglobulin and
S100A8, can excite sensory neurons through neuronal
TLR4 and stimulate them to produce the pro-algesic che-
mokine, CCL2 [24]. Using ex vivo Ca2+-imaging of in-
tact DRG explants, we also found that exogenously
added LPS (the quintessential TLR4 ligand derived from
gram-negative bacteria) triggered activation of small-to-
medium diameter neurons. These LPS-responsive neu-
rons also responded to capsaicin, suggesting that LPS
induces responses specifically in TRPV1-expressing
nociceptors, confirming older reports [25]. Consistent
with these findings, Guerrero and co-workers reported
that intra-articular injection of LPS into the murine
tibio-tarsal joint elicited hyperalgesia in wild-type but
not Tlr4 null or Myd88 null mice (while Tlr2 null and
Trif null mice behaved like wild-types) [26].

One of the most abundant ECM components in cartilage is
the proteoglycan, aggrecan. Its enzymatic degradation by the
aggrecanases, ADAMTS-4/-5, is a key pathological process in
OA [27]. Aggrecanase-mediated cleavage of the aggrecan
interglobular domain at E373–374A generates an N-terminal
fragment that is retained in the cartilage matrix and subse-
quently cleaved by MMPs at N341↓342F, releasing a 32-
amino acid fragment (“32-mer,” 342F–E373) [28]. This 32-
mer can induce pro-inflammatory signaling in cultured
chondrocytes, synovial fibroblasts, and peritoneal macro-
phages , an effect media ted through TLR2 [29] .
Unexpectedly, mice that cannot produce the 32-mer (“Chloe
mice,” a transgenic line in which the MMP cleavage site
(N341↓342F) in the aggrecan interglobular domain is mutated,
thus preventing production of the 32-amino acid fragment),
developed more pronounced cartilage damage 8 weeks after
DMM surgery compared to wild-type mice [30]. This finding
was recently confirmed in an independent study where Chloe
mice had more severe cartilage damage and osteophytes 4 and
16 weeks after DMM, and more severe subchondral bone
sclerosis 4 weeks after DMM compared to wild-types [31].
Recently, we reported that the 32-mer aggrecan fragment can
activate cultured nociceptors and trigger the release of CCL2
in DRG cultures specifically through TLR2 [31].
Furthermore, intra-articular injection of 32-mer but not a
scrambled peptide elicited knee hyperalgesia in wild-type
but not Tlr2 null mice. Intra-articular injection in the knee of

the TLR1/2 agonist, Pam3CSK4, also caused immediate
hyperalgesia in wild-type but not Tlr2 null mice, suggesting
that free nerve endings in the intra-articular space express
TLR2 (which has been shown to be present in the cell bodies
in the DRG). Remarkably, Chloe mice were protected from
knee hyperalgesia after DMM surgery despite exhibiting more
severe cartilage damage. These mice still retained the ability to
respond to intra-articular administration of exogenous 32-mer.
Thus, this single TLR2 ligand, produced by enzymatic degra-
dation of aggrecan (which is the most abundant macromole-
cule in cartilage), may play a central role in driving knee pain
but not joint damage in murine OA.

DAMPs in the OA milieu may exert pro- but also anti-
inflammatory actions—Accelerated joint damage in
Chloe mice suggests that the expression of DAMPs in
the early OA process may be an attempt at promoting
tissue repair while creating a pro-inflammatory environ-
ment. This balance of pro- and anti-inflammatory signal-
ing has been examined for two other extracellular matrix
proteins found in cartilage: biglycan and tenascin-C.

Biglycan is one of the several small leucine-rich proteogly-
cans in cartilage that contribute to cartilage architecture by
linking extracellular matrix components. Soluble biglycan,
which can be released when cartilage matrix is degraded,
can signal through TLR2 and TLR4 along with the TLR co-
receptor CD14 on macrophages [32], T cells [33], and
chondrocytes [34, 35], thereby promoting pro-inflammatory
signaling. Soluble biglycan has been detected in OA synovial
fluid [34], and two recent studies demonstrated that stimula-
tion of human chondrocytes and cartilage explants with solu-
ble biglycan induced a catabolic response through TLR4 [34,
35]. A recent study suggested that biglycan signaling can be
pro- or anti-inflammatory, depending on the co-receptor [36].
Indeed, biglycan can also bind the hyaluronan receptor,
CD44, which has been shown to act as a co-receptor of
TLR4, and depending on the ligand can promote either pro-
or anti-inflammatory signaling [37]. In a mouse model of renal
ischemia/reperfusion injury, soluble biglycan can signal
through either TLR2/CD14, TLR4/CD14, or TLR4/CD44
pathways to regulate macrophage polarization [36].
Macrophage polarization is a dynamic process and is charac-
terized by M1 and M2 macrophages. The M1 phenotype is
typically stimulated by TLR ligands and IFN-γ, promoting
inflammation, while the M2 phenotype is stimulated by IL-
4/IL-13 and promotes resolution of inflammation [38]. In the
renal ischemia/reperfusion injury model, overexpression of
circulating biglycan increased recruitment of M1-polarized
(pro-inflammatory) macrophages to the kidney in the acute
injury phase through TLR2/CD14 or TLR4/CD14. Also in
the early phase, autophagy was induced in M1 macrophages
through soluble biglycan binding TLR4/CD44. This early
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CD44 signaling event subsequently led to an increased num-
ber of M2 polarized (anti-inflammatory) macrophages in the
later phase of the model [36]. Future studies will have to
investigate exactly how this dual function is regulated, as well
as how soluble biglycan and other DAMPs might contribute
to macrophage polarization in the context of OA.

Finally, tenascin-C is a hexameric glycoprotein that is up-
regulated during wound healing or inflammation. Tenascin-C
is abundant in developing cartilage, its expression is low in
healthy adult cartilage, and it is re-expressed in OA cartilage
and synovium and can also be detected in OA synovial fluid
[39]. In human synovial macrophages and synovial fibroblasts
derived from patients with rheumatoid arthritis (RA),
tenascin-C promotes pro-inflammatory signaling through
TLR4 [40]. Further work from this group has identified 3 sites
within the C-terminal fibrinogen-like globe (FBG) domain of
tenascin-C that interact with TLR4 [41]. They also demon-
strated that the FBG domains of tenascin-R and tenascin-W
signaled through TLR4, and two unrelated proteins that con-
tain FBG domains, fibrinogen-γ and ficolin-1, were also able
to stimulate cytokine synthesis in human macrophages
through TLR4 [41]. However, in a surgical model of OA,
tenascin-C knockout mice developed cartilage damage more
rapidly than wild-type mice by 2 weeks after surgery [42]. In
the same model, intra-articular injection of tenascin-C slowed
down cartilage damage in the early stages through 6 weeks
after surgery, after which time cartilage damage appeared sim-
ilar to wild-type mice [43]. Further work must be performed to
determine the mechanism of action of tenascin-C in cartilage
protection.

Findings in mice that lack specific Tlr genes:
effects on joint damage and associated pain

The effect of genetic ablation of specific Tlr genes has been
studied in murine OA models—mostly the effects on joint
damage, but increasingly also the effect on pain and sensitiza-
tion (Table 1). Analyzing the effects of TLR signaling on joint
pain is a newer and likely promising approach, since TLRs
can contribute to persistent pain through a variety of mecha-
nisms at different levels of the pain pathway [18]. One of the
five cardinal signs of inflammation, pain is vital for survival
because it acts as a warning and avoidance mechanism against
potentially damaging stimuli. As such, the pain pathway and
the innate immune system share a critical function of alerting
the organism of imminent danger, and TLRs act at the
neuroimmune interface of this function. It is now well recog-
nized that cells at every level of the pain neuraxis express
TLRs, including sensory afferents in the periphery, CNS neu-
rons, microglial cells, and astrocytes [44]. TLRs play a key
role in the neuroimmune interaction, either directly through
TLRs expressed by neurons, or indirectly through TLRs

expressed on innate immune cells, which upon stimulation
release pro-inflammatory mediators that then act on sensory
neurons (Fig. 2). A recent study employedMyd88 conditional
knockout mice, in which Myd88 was deleted in NaV1.8-ex-
pressing primary sensory neurons (i.e., nociceptors). While
these mice showed normal baseline and acute inflammatory
pain responses, late-phase inflammatory pain following com-
plete Freund’s adjuvant (CFA) injection and late-phase neuro-
pathic pain following chronic constriction injury (CCI) were
reduced [45]. Furthermore, CCI resulted in increased expres-
sion of the pro-algesic chemokine, CCL2, in DRG neurons, as
well as macrophage infiltration into the DRG in wild-type but
not in Myd88 conditional ko mice.

Table 1 summarizes findings in Tlr null mice with experi-
mental OA. In one study, several different individual Tlr
knockout mice were tested in a partial medial meniscectomy
model (all-female mice) [46]. Eight weeks after surgery, Tlr1,
Tlr2, Tlr4, Tlr6, andMyd88 knockout mice were not protected
from cartilage damage. Synovial thickness was also similar
among all strains, with the exception of Tlr1 null mice, which
had increased synovial thickness. In the 16-week DMMmod-
el (all performed in male mice), Tlr2 and Tlr4 null mice de-
veloped similar joint damage and associated referred mechan-
ical allodynia in the hindpaw as wild-types [24, 31], but Tlr2
null mice were protected from local knee hyperalgesia [31]. It
should be noted that the role of TLR2 in persistent pain has
beenmostly studied in neuropathic pain models where, by and
large, mechanical allodynia is attenuated when Tlr2 is ablated
[18]. Likewise, Tlr4 null mice display attenuated mechanical
allodynia in a model of neuropathic pain [47], while in the
K/BxN serum transfer model of arthritis, Tlr4 null mice
showed reversal of mechanical allodynia after resolution of
peripheral inflammation, and this through a central mecha-
nism [48]. Divergent findings between models indicate that
the relative contribution of TLRs to different components of
the pain pathway may depend on the triggers and underscore
the importance of using disease-specific models when inter-
rogating targets in pain pathways.

In contrast to Tlr2 and Tlr4 null mice,Cd14 knockout mice
were protected from cartilage damage 19 weeks after DMM,
as well as from changes in subchondral bone mineral density
and trabecular thickness at 6 and 19 weeks [49]. These mice
were also protected from the decline in spontaneous activity
after DMM observed in wild-type mice, most prominently
seen in climbing. Post-DMM decline in spontaneous murine
locomotor activities has been suggested to be a surrogate mea-
sure of pain-related behavior [16, 50]. Since CD14 acts as an
adapter protein for multiple TLRs, it is possible that this helps
to explain the protection noted in this study compared to other
studies where individual TLRs were knocked out.

Findings in Tlr null mice also suggest how these pathways
may differentially contribute to OA pathology in models with
varying degrees of synovitis. In an abstract presented at the
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2012 annual meeting of the Orthopedic Research Society, Tlr2
knockout mice reportedly developed more severe cartilage

damage after 6 weeks in the collagenase-induced model of
OA, while in the DMM model, cartilage damage was similar

Table 1 Preclinical evidence for
TLR roles in OA joint damage
and pain

TLR/co-receptor/
adapter protein

Joint damage Pain-related behaviors Reference

TLR1/TLR2/TLR6 Tlr1ko, Tlr2ko, or Tlr6 ko mice:

• Not protected from cartilage
damage or synovial inflammation
in the MNX model

• Synovial thickness was increased in
Tlr1ko mice.

• Not assessed Nasi 2014

Tlr2ko mice:

• Not protected from cartilage
damage 16 weeks after DMM
surgery

• Protected from knee
hyperalgesia

• Not protected from
secondary mechanical
allodynia of the hindpaw in
the DMM model

Miller 2018

Chloe mice (transgenic mice that
cannot produce the 32-mer
aggrecan fragment)

• Not protected from cartilage
damage 8 weeks after DMM
surgery

• More severe cartilage damage and
osteophytes compared to
wild-type mice 4 and 16 weeks
after DMM surgery

• Not assessed

• Protected from knee
hyperalgesia

• Not protected from
secondary mechanical
allodynia of the hindpaw in
the DMM model

Little 2007

Miller 2018

TLR4 Tlr4ko mice:

• Not protected from cartilage
damage or synovial inflammation
in the MNX model

• Not assessed Nasi 2014

Tlr4ko mice:

• Not protected from cartilage
damage 16 weeks after DMM
surgery

• No protection from
secondary mechanical
allodynia of the hindpaw in
the DMM model

Miller 2015

S100a9 ko mice (which are also
functional S100a8 ko mice):

• Not protected from joint damage in
the DMM model

• Not assessed van Lent
2012;
Schelberge-
n 2016

S100a9 ko mice:

• Protected from synovitis, cartilage
degradation, and osteophyte
formation in collagenase-induced
OA model

• Not assessed van Lent
2012;
Schelberge-
n 2016

Tenascin-C ko mice:

• Developed cartilage damage more
rapidly than wild-type mice after
anterior cruciate ligament and
medial collateral ligament
transection surgery.

• Not assessed Okamura
2010

CD14 Cd14 ko mice:

• Protected from cartilage damage
and subchondral bone mineral
density and trabecular thickness
changes in the DMM model

• Protected from decreases in
climbing activity in the
DMM model

Sambamurthy
2018

MyD88 Myd88 ko mice:

• Not protected from cartilage
damage or synovial inflammation
in the MNX model

• Not assessed Nasi 2014
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to wild-type mice after 8 weeks, perhaps reflecting the differ-
ence in synovial involvement between the two models [51].
This group has demonstrated similar findings in S100a9
knockout mice (which are also functional S100a8 knockouts),
which were protected from synovitis, cartilage damage, and
osteophyte formation in collagenase-induced OA but not in
the DMM model [52, 53]. Furthermore, prophylactic treat-
ment with paquinimod, an immunomodulatory compound
that prevents S100A9 binding to TLR4, reduced synovitis,
cartilage damage, and osteophyte formation in collagenase-
induced OA, but only had minor preventative effects on car-
tilage damage in the DMM model [54].

Clinical correlates

Several lines of evidence from human in vitro and patient
cohort studies highlight the importance of TLR-mediated in-
flammatory activity in OA. Disease-related modulation of
TLR expression, adaptor proteins, and downstream mediators

have been demonstrated in multiple tissues and cell types
throughout the joint. Associations between TLR-polymor-
phisms, epigenetic influences of TLR activity, and disease risk
or phenotype have been described. Moreover, recent studies
suggest that soluble markers of TLR activation may be asso-
ciated with specific disease characteristics. Overall, recent
work provides support that TLR pathways may be an impor-
tant link between inflammatory activity in the joint, OA pain,
and disease progression that could point to novel targets for
therapy.

Early reports appearing in the mid-2000s documented ex-
pression of TLR2 [55, 56] and TLR4 [57] on human
chondrocytes, and upregulation in lesional areas of cartilage
from patients with knee and hip OA [57]. In addition, Kim
et al. demonstrated that stimulation of TLR2 and TLR4 led to
enzymatically mediated aggrecan and collagen loss from hu-
man cartilage explants [57]. More recent work has demon-
strated that TLR activity can suppress chondrocyte anabolic
responses. Specifically, a 29-kDa fibronectin fragment that
interacts with TLR2 [58] suppressed expression of XT-1 (an

Fig. 2 Proposed model of TLR orchestration of the neuroimmune
interface in OA. Chondrocytes (upper left) express a variety of TLRs
and can respond to several DAMPs detected in OA joints with
production of catabolic proteases and inflammatory cytokines. These
proteases enzymatically cleave ECM components, leading to release of
matrix components that can themselves act as DAMPs. DAMPs can also
be found in soluble form and interact with cells within the synovial
membrane, specifically synovial leukocytes (primarily macrophages)
and fibroblasts. TLR activation of these cell types not only can
contribute to inflammatory protease production and articular damage
but can also lead to production of chemokines and cytokines that can
draw in other leukocytes, increasing synovial inflammation. In addition,
TLR activation of leukocytes can generate soluble pain mediators such as
NGF and CCL2 which can sensitize nociceptive nerve endings in the

joint, resulting in sensitization and pain. Dotted lines indicate aspects of
this axis that are of particular interest for further investigation. For
example, TLR activation of myeloid cells can lead to macrophage
phenotype polarization, and recent evidence suggests a role in the
development of the M2 (reparative) phenotype. In addition, in vivo
evidence in OA models suggests that an early macrophage response
may play a role in limiting cartilage matrix damage. The specific
mechanisms and factors involved in this potential protective effect are
not clear. Furthermore, TLRs are also expressed on the cell bodies of
nociceptive neurons innervating the joint, and they can be activated
directly by DAMPs. These cells also express receptors for pro-
inflammatory molecules released by innate immune cells, for example
NGF and CCL2, which both have strong pro-algesic effects
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enzyme which catalyzes GAG synthesis) by human
chondrocytes; this enzyme is also suppressed in patients with
OA. It is now clear that several TLRs are expressed by human
chondrocytes, including the cell surface TLRs (TLRs 1, 2, 4,
5, and 6) as well as TLR3 [59] and TLR9 [60]. The relevance
of chondrocyte TLR responses in OA is further supported by
the finding that proportions of chondrocytes expressing TLR-
1, 2, 4, and 9 increase with worsening grade of OA [60].
Inflammatory cytokines such as TNF-α [60], and DAMPs
such as fibronectin fragments [56], upregulate TLR expres-
sion, which may lead to a vicious cycle of chondrocyte-
intrinsic inflammatory signaling that perpetuates matrix deg-
radation as disease advances. Finally, a recent study suggests
that there are joint-specific TLR expression patterns that point
to differential mechanisms in large and small joint OA.
Barreto and colleagues [61] compared expression of TLRs
1–9 between cartilage taken from the tibial plateau of patients
with knee OA, or the first carpometacarpal joint (CMC) of
patients with hand OA. All TLRs were expressed in knee
OA cartilage, but CMC OA cartilage showed no TLR4 ex-
pression. In contrast, TLR4 mRNA and synovial fluid levels
of soluble TLR4 (sTLR4) were higher in CMC than knee OA.
The authors hypothesized that solubilization of TLR4 could
be a negative regulatory loop in response to chronic TLR4
activation, and that the differential findings in hand and knee
cartilage suggest joint-specific TLR stimuli or regulation.
These data may impact the potential for TLR-targeted thera-
pies in different patient populations.

In vitro studies using human joint tissues discussed suggest
higher expression and importance of the cell surface TLRs in
OA. Genetic associations with OA risk, however, suggest a
potential role for the endosomal TLRs. The first TLR-related
genetic associations were reported in a Chinese case-control
study [62]. Investigators measured six TLR-related single nu-
cleotide polymorphisms (SNPs) spanning TLR2, TLR4, and
TLR9, in two separate populations. No associations with the
TLR2 or TLR4 SNPs were found, while the CC variant of the
T-1486C SNP in TLR9 was associated with knee OA in both
populations. Combining both populations (total 503 OA pa-
tients and 428 healthy controls), this SNP conferred an overall
risk (adjusted OR) of 2.29, 95%CI 1.39–3.75 (p < 0.001). The
same SNP, located in the promoter region of TLR9, was also
found to be associated with knee OA in a Turkish population
[63], but in this study, the TT genotype was associated with
OA. The reasons for this discrepancy remain to be elucidated,
and findings await validation in other populations. As TLR9 is
a nucleic acid-sensing TLR that resides in the endosomal com-
partment, the authors of the Chinese study subsequently in-
vestigated other endosomal TLRs (TLR3, TLR7, and TLR8)
in an expanded population (823 OA cases and 594 healthy
controls) [64]. Two TLR3 SNPs (rs3775296 and rs3775290)
were significantly associated with OA, with overall adjusted
OR of 2.11 (1.33–3.33) and 1.86 (1.32–2.62), respectively.

Associations between OA and TLR7 and TLR8 SNPs were
also found, but only in males; these genes are expressed on
the X-chromosome. While these studies require validation in
other populations, they provide early support for the clinical
relevance of endosomal TLR-mediated pathways and OA.
Self dsRNA is produced by damaged chondrocytes in vitro
and could potentially be a DAMP for TLR3 [65], but the
mechanisms by which these endosomal receptors influence
OA risk require further investigation.

The role of numerous DAMPs has been supported by re-
cent in vitro and preclinical studies discussed earlier. In addi-
tion, there is also emerging evidence suggesting that PAMPs
may be important in OA patients. Low levels of LPS are
detectable in serum and SF from OA patients and associated
with synovial macrophage inflammation [66]. Intriguingly, SF
levels of LPS were also associated with radiographic severity
and symptom severity measured by theWOMAC score in this
study. Although the specific source of this LPS in OA patients
is unclear, based on findings in obesity and other chronic
diseases, an alteration in the gut microbiome and disturbance
in gut permeability has been hypothesized [67]. Indeed, two
recent preclinical studies support these ideas. In one study,
aged female Tlr4 null mice subjected to a high-fat diet were
protected from articular cartilage damage, despite becoming
obese and glucose intolerant [68]. In addition, a study in Tlr5
null mice, which display an altered microbiome and metabolic
phenotype, showed that altering the gut microbiome with an-
tibiotics was sufficient to lessen cartilage damage in a load-
induced model of OA [69].

The evidence supporting a role for TLR pathways in OA is
also leading to the identification of surrogate markers of dis-
ease severity and pathology. Several co-receptors are required
for LPS to optimally activate TLR4-signaling, including LPS
binding protein (LBP), MD-2, and CD14. LBP and MD-2 are
secreted proteins, while CD14 is found as a GPI-anchored
membrane protein and as a soluble form generated during
macrophage activation [70]. Our group demonstrated that SF
sCD14 levels in OA patients are elevated compared to con-
trols [71]. In addition, the soluble form remains biologically
active, as it can augment TLR signaling in endothelial cells
[70] and synoviocytes [71]. Daghestani et al. subsequently
reported that SF sCD14 levels were associated with density
of activated macrophages in the joint capsule/synovium mea-
sured semi-quantitatively on SPECT/CT images [72], consis-
tent with its primary cellular source. This study also found that
SF sCD14 was associated with several clinical measures of
disease severity, including severity of knee pain and joint
space narrowing, and was predictive of osteophyte progres-
sion in a cohort of patients followed longitudinally with radio-
graphs taken at 3-year follow-up. Most recently, these inves-
tigators extended their findings by investigating clinical rela-
tionships between plasma levels of LBP, sTLR4, and IL-6 as
biomarkers of chronic innate inflammatory activity [73]. IL-6
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is a prominent NF-κB-induced cytokine mediator downstream
fromTLR activation. Plasma samples from 431 participants in
a previous trial of doxycycline in OA [74] were included,
collected at both baseline and 18-month visits. Interestingly,
plasma LBP (both at baseline and time-integrated concentra-
tions) correlated with worsening joint space width and
narrowing after adjustment for age and BMI. sTLR4 levels
were not associated with radiographic progression but did
correlate with urinary CTX-II levels over time, a measure of
OA activity reflective of collagen type II turnover. This study
only included obese female participants with unilateral knee
OA, so it remains to be seen if these markers of innate inflam-
matory activity, and specifically of TLR-mediated inflamma-
tion, have potential to predict structural progression or symp-
tomatic disease in more generalizable populations. Taken to-
gether, however, this growing body of work demonstrating
correlations between soluble markers reflective of TLR path-
way activity and both structural and symptomatic disease out-
comes provides strong support for the clinical relevance of
TLR activity in OA disease pathogenesis. The relationships
between markers of TLR activity and symptom severity are
particularly intriguing in light of the mechanistic links be-
tween pain sensitization and TLR pathways described earlier.
However, a direct relationship between TLR activation and
sensitization remains to be tested.

Future directions and conclusions

It is now clearly accepted that, within an OA joint, tissue
damage and cellular stress lead to the elaboration of various
TLR agonists and co-factors within different joint tissues, ac-
tivating inflammatory and catabolic signaling cascades in
chondrocytes, synovial leukocytes, and fibroblasts. This re-
sults in a vicious cycle that perpetuates progressive joint dam-
age, while it is now also becoming clear that it may promote
sensitization and pain through neuroimmune crosstalk, al-
though specific pathways and interactions need to be elucidat-
ed (Fig. 2). Thus, sensitization could occur rapidly when
DAMPs directly bind TLRs expressed by sensory neurons,
and can be perpetuated indirectly via innate immune cells
(mainly macrophages, and also mast cells) present in the
synovium, but also in the DRGs.

Intriguing links have been proposed between TLR signal-
ing and NGF, a neurotrophic factor secreted by many cells
including innate immune cells, fibroblasts, and chondrocytes,
that is essential for nociceptor sensitization and pain [14]. In
culture models of human intervertebral discs, it has been
shown that TLR2 (but not TLR4) agonists trigger NGF pro-
duction [75]. It has also been described that TLR4 activation
of human monocytes increases their expression of the high-
affinity receptor for NGF, TrkA. When NGF binds TrkA, this
results in modulated TLR4 signaling and an attenuated pro-

inflammatory response [76]. While there are currently only
few such observations describing a bidirectional relationship
between TLRs and NGF, they do invite a deeper dive into
these mechanisms in the context of OA pain, especially in
light of the imminent approval of tanezumab, a neutralizing
anti-NGF antibody for OA pain [77]. Similarly, there have
been reports on communication between sensory neurons
and macrophages, indicating that the neuropeptide, calcitonin
gene-related peptide (CGRP, released from sensory nerves)
can modulate TLR4-activated murine macrophages toward
an anti-inflammatory phenotype [78]. These observations of
neuroimmune modulation of inflammatory responses, along
with the new insights that the DAMP biglycan can signal
through TLR4/CD44 to ultimately increase M2 polarized
macrophages in a renal injury model, suggest that the ultimate
in vivo effect of TLR signaling in multiple cell types after
tissue injury is clearly more complex than previously thought.
Therefore, it can be expected that detailed research in animal
models of OA will shed light on these complex interactions.
Attention to roles of TLR signaling in specific cells and joint
tissues and at specific stages of disease may enhance our un-
derstanding of which TLRs could be targeted therapeutically
to manage joint damage and pain in OA. Inhibition of TLR
pathways can be achieved by (1) blocking binding of ligands/
DAMPs to the TLR, (2) disrupting intracellular signaling
pathways, or (3) inhibiting TLR co-factors/enhancers (i.e.,
MD2, CD14…). In the first group, neutralizing antibodies
have been developed that preclude binding of alarmins to
TLRs (reviewed in [79]); specifically, there are antibodies
available against TLR2, against TLR4, and one against
TLR4/MD2. Based on the widespread expression of TLRs
in the joint, it is likely that targeting multiple TLRs may be
necessary, perhaps through targeting of adapter or co-receptor
molecules. Alternatively, targeting high-abundance DAMPs
such as the 32-mer may be a feasible strategy. Subsets of
patients with high levels of synovitis may also benefit from
targeting S100A8/A9. In all these cases, the timing of the
therapy must be considered since the generation of DAMPs
from the extracellular matrix, influx of TLR-expressing leu-
kocytes, and expression patterns of TLRs by participating
cells (including nociceptors) may occur in a temporal fashion
in this slowly progressive disease.

Clinical grade reagents already exist to modulate TLR
pathways through these different approaches. As examples,
antibodies targeting TLR4 (NI-0101) have already been in
phase 1 clinical trials for rheumatoid arthritis (clinicaltrials.
gov identifier NCT03241108) [80], and anti-CD14 antibodies
are currently being tested in neurodegenerative disease and
lung injury (IC14) (cl inical t r ia ls .gov identi f iers
NCT03474263, NCT03017547). To our knowledge, none
have been tested in OA. Given the mounting evidence for
TLR pathways both at the preclinical and clinical level, and
availability of therapeutics targeting these pathways, the
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likelihood of future work in this area leading to clinically
effective new therapies is high.
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