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SUMMARY

In this narrative review, we discuss the emerging role of innate immunity in OA joint pain. First,
we give a brief description of the pain pathway in the context of OA. Then we consider how
neuro-immune signaling pathways may promote OA pain. First, activation of neuronal Pattern
Recognition Receptors by mediators released in a damaged joint can result in direct excitation of
nociceptors, as well as in production of chemokines and cytokines. Secondly, indirect neuro-
immune signaling may occur when innate immune cells produce algogenic factors, including
chemokines and cytokines, that act on the pain pathway. Neuro-immune crosstalk occurs at
different levels of the pathway, starting in the joint but also in the innervating dorsal root ganglia
and in the dorsal horn. Synovitis is characterized by recruitment of immune cells, including
macrophages, mast cells, and CD4+ lymphocytes, which may contribute to nociceptor
sensitization and OA pain through production of algogenic factors that amplify the activation of
sensory neurons. We discuss examples where this scenario has been suggested by findings in
human OA and in animal models. Overall, increasing evidence suggests that innate immune
pathways play an initiating as well as facilitating role in pain, but information on how these
pathways operate in OA remains limited. Since these innate pathways are eminently targetable,
future studies in this area may provide fruitful leads towards a better management of symptomatic
OA.
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INTRODUCTION

Osteoarthritis (OA) is one of the most rapidly increasing conditions that contribute to global
years lived with disability [1], and joint pain is the primary reason why OA patients seek
medical treatment. Yet, options for treating OA pain remain relatively limited, and they are
often inadequate or associated with adverse effects [1]. Ultimately, many patients need a
joint replacement. Presumably, effective new drugs that specifically target OA pain will only
result from a clearer understanding of the molecular and cellular basis of this syndrome.
This raises the general question “Why exactly does OA hurt?”. While it is clear that joints
are innervated by pain transmitting nerves (nociceptors) [2], it is not precisely known which
algogenic factors are generated in OA joints that act upon these nerves to produce pain.

A strong biomechanical component underpins OA pathogenesis. In addition, it is
increasingly recognized that low-grade inflammation of the entire joint promotes disease
progression, including cartilage and meniscus damage, subchondral bone remodeling,
osteophytosis, and synovitis [3]. This low-grade inflammation is thought to result from the
activity of the innate immune system, which seeks to restore tissue homeostasis in the face
of infection or injury. The cells of the innate immune system represent a communicating
network throughout the body that coordinates these responses. Cells that participate in innate
immunity are localized within the parenchyma of all tissues and include tissue macrophages,
mast cells and dendritic cells. In addition, circulating leukocytes can also be recruited as
participants if necessary. Innate immune cells express receptors (“Pattern Recognition
Receptors” or PRRs) that can respond to signals provided by pathogens (Pathogen
Associated Molecular Patterns or PAMPs, such as microbial nucleic acids, lipoproteins, and
carbohydrates) or Damage-Associated Molecular Patterns (DAMPs, a.k.a. “alarmins”),
released from injured or dying cells. According to the traditional picture, activated PRRs
initiate signaling cascades that produce inflammatory cytokines which attempt to bring the
tissue back into homeostatic equilibrium. If help is needed in achieving this goal, cytokines
and chemokines can also recruit circulating cells that migrate into tissues and amplify the
innate immune response [4].

Pain associated with tissue injury is another important signal used to maintain and/or restore
tissue homeostasis, by acting as a warning signal to avoid further injury and aid healing.
Various cells throughout the nervous system, including sensory neurons, can respond
directly to tissue damage through expression of PRRs and, as discussed below, one neuronal
signaling pathway includes rapid PRR modulation of ion channel gating in pain transmitting
neurons. In addition, prolonged tissue damage may result in interactions between the innate
immune system and the nervous system at different levels of the pain neuraxis. This
promotes persistent pain through the production of chemokines and cytokines, which can
directly activate neurons as well as further recruit immune cells. This process of
“neuroinflammation” has received considerable attention over the last decade, including in
the context of OA — as we shall discuss in this review.

G [T

We searched PubMed for the following terms: “osteoarthritis”, “pain”, “sensitization”,
“macrophages”, “microglia”, “neuroinflammation”, “synovitis”, “TLR”, DAMPs”, “animal

models”, “chemokines”, “nociceptors”, “knock-out mice” in order to provide a narrative
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review on the emerging role of innate immunity in OA joint pain. First, we give a brief
description of the pain pathway in the context of OA. Then we consider how neuro-immune
pathways can contribute to OA pain through two mechanisms (Figure 1): first, direct
activation of PRRs on sensory neurons can result in excitation as well as production of
chemokines and cytokines. Secondly, indirect neuro-immune signaling may occur through
production by immune cells of algogenic factors that act on the nociceptive pathway.

JOINT PAIN IN OSTEOARTHRITIS

Anatomy of the pain pathway —

Pain is sensed when specialized peripheral sensory neurons (“nociceptors™) detect a
potentially noxious stimulus (mechanical, chemical, or thermal), transduce it into an
electrical signal and transmit it to the central nervous system (CNS). These nociceptors are
generally thinly myelinated A8-fibers or unmyelinated C-fibers, and their cell bodies are
located in the dorsal root ganglia (DRG). These neurons extend one axon to the peripheral
tissue that they innervate and one axon to the dorsal horn of the spinal cord, where synaptic
connections are made [5] (Figure 1).

Nociceptor activation in the joint —

Pain is initiated by factors that activate nociceptors innervating the skin, joints and viscera.
Nociceptors and immune cells respond to tissue injury by promoting neuro-inflammatory
signaling that facilitates pain as well as tissue repair. If damage does not resolve, such as in
the course of OA and other chronic arthritides, the persistent inflammatory environment
causes peripheral and central sensitization of the nervous system. The result of this
sensitization is long-term changes in gene and protein expression in neurons, as well as
infiltration of immune cells, further boosting the inflammatory state and promoting chronic
pain [6]. An innate immune response in the knee clearly generates a great deal of crosstalk
between different joint tissues, mediated by inflammatory cytokines [7]. However, in order
to produce pain, either these factors themselves, or other factors generated downstream of
their actions, must ultimately act to stimulate nociceptors. Nociceptors express a wide range
of receptors for specific ligands, including chemokines, cytokines, nerve growth factor
(NGF), neuropeptides, bradykinin, prostaglandins, ATP, efc. [8]. We know, for example, that
prostaglandin receptors are expressed by joint nociceptors [9], and drugs that inhibit their
synthesis (non-steroidal anti-inflammatory drugs - NSAIDs) can have beneficial effects on
OA-associated pain [10]. However, current research suggests that many other molecules,
including DAMPs, may also have direct actions on nociceptors and this may be an important
way of producing joint pain.

Pain phenotypes in genetically modified mice —

Researchers are increasingly incorporating pain-related outcomes in experimental models of
OA [11]. All rodent models of OA (surgical, chemically induced, spontaneous) develop
signs of pain, including weightbearing deficits and locomotive or gait changes. Furthermore,
increased sensitivity to mechanical stimuli has been reported through behavioral assessments
including knee hyperalgesia and referred mechanical allodynia in the hindpaw, as well as by
direct neuronal measurements of excitation such as electrophysiology and calcium imaging
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[11]. In order to evaluate how the innate immune response contributes to OA pain, we
started by exploring pain phenotypes reported in OA models in genetically modified mice.
We found reports in 13 mutant mouse strains related to the innate immune system (Table 1).
From this table, it is quite clear that manipulating essential elements of the innate immune
network can have a profound impact on pain associated with OA, with some pathways being
essential for both joint damage and pain while others appear to modulate pain without
affecting joint damage. How then does innate immunity participate in joint pathology and
pain? We might hypothesize that damage to cells and cartilage extracellular matrix (ECM)
generates DAMPs that activate the innate immune system producing some degree of chronic
inflammation, which is detrimental to knee health. DAMPs might be fragments generated
from proteins, proteoglycans, or remnants of cellular breakdown such as uric acid or other
inflammation associated alarmins - e.g., heat shock proteins, S100 proteins or HMGB1 [12,
13]. Receptors for DAMPs include Toll-like receptors (TLRs) and NOD-like receptors
(NLRs), which are expressed to different degrees by all joint tissues, including sensory
neurons [14]. Ligand binding to these receptors results in activation of inflammatory
signaling pathways including nuclear factor-xB (NF-xB), mitogen-activated protein kinase
(MAPK) and the type I interferon pathways as well as the release of cytokines and
chemokines [15, 16].

DIRECT ACTIVATION OF SENSORY NEURONS

Toll-like receptors —

TLRs are one of the most extensive families of PRRs that recognize factors that initiate an
innate immune response. TLRs are type | transmembrane receptors with an N-terminal
domain containing a leucine-rich repeat motif involved in ligand recognition and accessory
molecule interactions [17]. The transmembrane region leads to a C-terminal cytosolic Toll/
interleukin-1 receptor (TIR) domain, which initiates downstream signaling processes
through interactions with different adaptor proteins. One group of TLRs, including TLR1,
TLR2, TLR4, TLR5, TLR6, and TLR10 (TLRs 1-9 and 11-13 are expressed in mice) is
expressed primarily on the cell surface and recognizes products released from damaged cells
(e.g., heat shock proteins, products of degraded ECM) or from the membranes of pathogens
(e.g., lipopolysaccharide (LPS)), while members of the second group (TLR3, TLR7, TLRS,
and TLR9) are normally expressed on intracellular compartments such as endosomes,
endoplasmic reticulum, or lysosomes and recognize nucleic acids derived from infectious
pathogens [18]. Under normal conditions, cell-surface TLRs exist as monomers that form
homodimers or heterodimers when activated by a ligand [17]. Differences in receptor
dimerization and recruitment of unique adaptor proteins allow for further distinction
between TLRs in tuning downstream signaling outcomes which lead to the production of
inflammatory cytokines and ultimately of other downstream inflammatory mediators [17].
Traditionally, TLR signaling is dependent on recruitment of the cytoplasmic adaptor
myeloid differentiation 88 (MyD88). In the case of some TLRs, MyD88-dependent
signaling at the cell surface is followed by internalization to the endosomal compartment
and activation of other signaling motifs such as TRIF-dependent pathways [19].
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It is well established that all joint tissues express TLRs and can participate in innate immune
responses, but only recently have these observations been extended to the nerves that
innervate tissues, raising the possibility that DAMPs and PAMPs may produce pain by
directly regulating nociceptor excitability. For example, several reports have demonstrated
that nociceptors can express TLR4 and the activation of TLR4 can initiate neuronal
signaling that could result in pain [20-26]. In the context of OA, DRG neurons in culture
responded to two proteins whose levels are elevated in OA joints, a2-macroglobulin and
S100A8, by an increase in [Ca?*]; (a measure of neuronal excitability) and increased
synthesis of the pro-algesic chemokine, CCL2, which can in turn further promote neuronal
excitation and pain (see below) [23]. The vast majority of these responses occurred in
neurons that express transient receptor potential cation channel subfamily V member 1
(TRPV1), the neuronal receptor for capsaicin, which is involved in many types of algogenic
signaling. Responses were blocked by a TLR4 antagonist and were absent in 7/r4ko mice
[23]. Moreover, in experimental OA induced by surgical destabilization of the medical
meniscus (DMM), the increased neuronal CCL2 synthesis observed in DRG neurons
cultured from mice with OA was substantially inhibited by a TLR4 antagonist. However,
TIr4 null mice still developed mechanical allodynia in a similar manner as wild-type mice in
this model, indicating that removing TLR4 signaling alone is not sufficient to inhibit this
measure of sensitization. Similarly, while there is ample evidence that TLR4 signaling
promotes pro-inflammatory pathways in many joint cells, 7/r4 null mice are not protected
from joint damage in murine OA models tested thus far, including after DMM [23] and
partial meniscectomy [27], suggesting that perhaps it is not sufficient to target just one cell-
surface expressed TLR [13].

Several studies have examined the expression pattern of TLR4 in rodent sensory neurons and
found that, in general, it is colocalized with other markers of nociceptors including TRPV1,
P2X3 and calcitonin G-related peptide (CGRP) [21, 24, 28, 29]. The colocalization of TLR4
and TRPV1 may be important when considering the mechanism through which TLR4
activation can produce rapid neuronal excitation, since traditional signaling mechanisms that
result in NFKB activation are presumably too slow to explain this phenomenon. For example,
it was demonstrated that TLR4 and TRPV1 are actually associated in a complex that can be
isolated by co-immunoprecipitation [30]. This association occurs through the intracellular
TIR domain of TLR4, and this domain is required for potentiation of TRPV1 signaling.
Hence, it is likely that activation of TLR4 can directly co-activate TRPV1. Further studies
have shown that TLR4 is colocalized with the low threshold voltage-dependent CaZ*
channel, Cay/3.2, and the action of the TLR4 agonist, LPS, could be inhibited by blocking
this channel, although the exact mechanism of this effect was not elucidated [31]. Clearly,
excitatory effects such as these may well explain the ability of TLR4 agonists to rapidly
increase nociceptor excitability, and thus chronic exposure of nociceptors to tissue damage
products — as occurs in OA - may lead to persistent pain. While TLR4 alone appears to be
non-essential for producing mechanical allodynia associated with experimental OA [23],
TIr4 null mice can display attenuated mechanical allodynia in other models of chronic pain,
but this appears to be centrally mediated and will be discussed further below.

TLR4 has been the most intensively investigated TLR with regard to nociception, but it is
not the only TLR expressed by nociceptors [32]. According to recent reports, TLR2 is also
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expressed in populations of neurons including DRG neurons [33, 34], sometimes in a highly
selective manner. Pulmonary sensory afferents, for example, were observed to express only
TLR2 and TLR5 [33]. There is now compelling evidence for a role of TLR2 expressed by
DRG neurons in OA pain [34]. Cartilage degradation in OA is due to the enzymatic cleavage
of the major proteoglycan, aggrecan, by ADAMTS-4 and ADAMTS-5, which cleave the
protein in the interglobular domain (E373{374A). One product of aggrecan cleavage, the 70-
kDa N-terminal aggrecan fragment, is retained in the cartilage matrix and is subsequently
cleaved by MMPs at N341342F releasing a 32-amino acid fragment (“32-mer”, 342F—E373),
which can be secreted into the synovial fluid of OA patients [35]. It has been shown that this
32-mer can participate in the OA innate immune response by activating TLR2 receptors on
chondrocytes, synovial fibroblasts, and peritoneal macrophages [36]. This raised the
interesting possibility that perhaps the 32-mer could link these other features of OA to pain
by directly activating TLR2 receptors expressed by DRG neurons. It was observed that DRG
neurons in sectioned tissue or in culture expressed TLR2 receptors [34]. TLR2 is normally
expressed on the cell membrane but does not necessarily exist as a homodimer and has the
capacity to dimerize with either TLR1 or TLR6, which expands the types of ligands it can
interact with. Several of the DRG neurons that expressed TLR2 were also shown to express
TLR1 and TLR6, possible dimerization partners for TLR2. Activation of these receptors by
the 32-mer or the TLR1/TLR2 agonist, Pam3CSK4, increased CCL2 production by cultured
DRG neurons and increased [Ca2+]; in a subset of neurons that predominantly corresponded
to TRPV1-expressing nociceptors. These effects were absent in 7/r2but not 7/r4 null mice.
Moreover, the 32-mer produced hyperalgesia following its injection into the knee cavity
[34]. In the DMM model, 7/r2null mice developed structural signs of OA, but they were
protected from the development of knee hyperalgesia that is a feature of OA in wild-type
mice. Similarly, another mouse line that cannot generate the 32-mer (“Chloe mice”, a
transgenic line in which the MMP cleavage site (N3411342F) in the aggrecan interglobular
domain is mutated so as to prevent production of the 32-mer [37]) was also protected from
knee hyperalgesia after DMM, even though these mice showed accelerated joint damage
[34]. These data therefore exemplify how a DAMP that is specific to OA cartilage damage
can produce pain behavior through direct activation of DRG neurons. Moreover, they also
link these effects to the production of CCL2, which is strongly pro-algesic, as discussed
below.

There are also indications that other TLRs expressed by DRG neurons may be involved in
aspects of pain physiology. TLR5, for example, is uniquely expressed in Ap-fibers and
activation of TLR5 with bacterial flagellin produces excitation of these nerves through the
activation of sodium channels [38]. In addition, TLR7 receptors were reported to be
expressed by small diameter DRG neurons that are involved in pain [39] and itch [40].
Interestingly, rather than being associated with TRPV1 as originally thought [41], TLR7
could be co-immunoprecipitated with transient receptor potential ankyrin 1 (TRPAL) in
HEK?293 cells, and activation of TLR7 produced TRPA1-dependent excitatory inward
currents in DRG neurons [39]. Moreover, the authors of this investigation also showed that
certain extracellular miRNAs can activate TLR7 and suggested that these could have a
unique role in the control of pain behaviors by this mechanism, a possibility certainly
worthy of exploration in the context of OA.
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Finally, co-receptors such as lipopolysaccharide binding protein (LBP), MD2, CD44, and
CD14 may also modulate TLR signaling. CD14 is expressed with TLR4 on myeloid lineage
cells such as monocytes, macrophages, and microglia [42], but non-immune cells such as
DRG neurons can also express this receptor [25, 26]. CD14 is broadly expressed within the
knee joint — in mice, chondrocytes, meniscal cells, synovium and joint capsular tissues all
stained positive for CD14 [43]. Soluble CD14 levels are elevated in the synovial fluid of OA
patients, and these levels correlated with severity of knee pain and joint space narrowing
[44]. Cd14knock-out mice were protected from cartilage and subchondral bone damage
after DMM surgery, as well as from the decline in spontaneous activity observed in wild-
type mice, while overall macrophage infiltration into the joint was not impacted [43]. An
interesting recent clinical study provides additional evidence of the potential importance of
TLR signaling in OA [45]. Synovial fluid levels of LPS were positively associated with knee
joint space narrowing (JSN), osteophyte severity, and total WOMAC score, while synovial
fluid levels of LBP were positively associated with self-reported knee pain [45].

In summary, it appears that TLRs expressed by DRG neurons can act as transducers of
neuronal activation and pain behavior produced by various DAMPSs. In a couple of instances,
they have been shown to be involved in OA pain, but in most cases this possibility has not be
explored and this will be an important subject for future investigation in the study of OA
pain.

Chemokines and their receptors —

Activation of PRRs expressed by DRG neurons or other joint tissues inevitably leads to the
production of inflammatory cytokines and chemokines, which then produce the numerous
effects associated with the innate immune response. A chief purpose of chemokine
production is the recruitment of circulating immune cells (monocytes, NK cells, neutrophils,
etc.) to the site of tissue damage [4]. Interestingly, it has now been demonstrated that
receptors for many of these molecules, including interleukins, TNF-a and diverse
chemokines are also expressed by DRG nociceptors under different pain-related conditions
and that activation of these receptors produces rapid excitation of nociceptors [46]. This type
of effect would provide a link between pain and other endpoints of the innate immune
response and there is a good deal of evidence that this may indeed be the case.

Of all potential mediators that may be involved in the direct control of pain by cytokines,
most evidence relates to the effects of chemokines. Receptors for chemokines are all G-
protein coupled receptors (GPCRs), and it is well established that certain classes of GPCRs,
such as those for kinins and prostaglandins, can excite DRG nociceptors through the
transactivation of molecules such as TRP and sodium channels [46]. In 2001, Oh et al.
published a report demonstrating that numerous chemokines could produce similar
excitatory effects when added to cultured DRG neurons and these chemokines could also
elicit pain behavior when injected into the mouse paw [47]. These authors therefore
suggested that chemokines might represent an important link between inflammation and
pain.

Although this seems like an appealing hypothesis it was important to see whether similar
phenomena also occurred /7 vivo, and under what circumstances. Data were subsequently
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presented demonstrating that DRG neurons from normal rodents actually only expressed low
levels of the chemokine receptor CCR2 [48]. However, in the context of a neuropathic pain
model, levels of neuronally expressed CCR2 rose dramatically [48]. Not only that, but
numerous CCR2 expressing macrophages were also detected in the DRG. The authors also
demonstrated that many DRG neurons now expressed MCP-1/CCL2, the main chemokine
ligand for CCR2. In addition, recording from intact DRG nociceptors from experimental, but
not control mice, produced rapid depolarization and firing of barrages of spike trains
indicating powerful CCL2-induced excitation of these neurons. The method by which CCR2
activation might be engaged in pain signaling was shown to involve a unique mechanism, in
that CCL2 could be released from the cell bodies of DRG neurons and act upon neighboring
neurons that expressed CCR2, thereby raising the state of overall state of excitation of the
ganglion [48]. Together with the CCL2-induced influx of leukocytes into the DRG, it seems
likely that the initial expression of CCL2 by DRG neurons, induced as the result of TLR
activation (see above), would constitute a trigger for the activation of active pain signaling.
There have now been numerous investigations supporting the potential role of CCR2
activation in chronic pain signaling, and similar data sets have been obtained for a number of
other chemokines and their receptors (e.g. CXCR4) which can also participate in excitatory
DRG signaling and the production of pain behaviors [49].

From the point of view of the present discussion it is of interest to examine data that
particularly link chemokine signaling to OA-associated pain behaviors. As discussed, it has
been shown that activation of PRRs expressed by DRG neurons can produce increased
expression of CCL2. It was observed that there was a marked increase in CCR2 expression
in DRG neurons, 8 weeks following DMM surgery, but this had resolved by week 16 [50].
Marked macrophage influx into the DRG was also observed. Interestingly Ccr2ko mice
(which develop similar joint damage after DMM surgery as wild-type mice [50, 51])
displayed initial mechanical allodynia (up to week 8) but this also resolved by 16 weeks
rather than being maintained as in wild-type mice. Furthermore, Ccr2ko mice were
protected from locomotive deficits noted in wild-type mice by week 8, and this was
accompanied by absence of macrophage infiltration in the DRG [50]. Finally, a CCR2
receptor antagonist (CCR2RA) reversed the locomotive deficits observed in wild-type mice
9 weeks following surgery [50]. Two other studies examined the effects of CCR2 on pain
behaviors in this surgical model. In one study, chronic systemic administration of CCR2RA
prevented weightbearing deficits in the operated limb [52]. Interestingly, early delivery of
the drug over the first four weeks after surgery could inhibit cartilage damage as well as
weightbearing deficits up to 12 weeks after surgery. This study also demonstrated expression
in the knee joint of another chemokine ligand of CCR2, CCL12. Finally, in another study,
both Cc/2ko and Ccr2ko mice developed weightbearing deficits 5 to 6 weeks later than
wild-type mice, despite the same severity of joint damage [51].

Overall, these data suggest that chemokine signaling in the DRG represents a key
component in the establishment of chronic OA pain. Direct effects of DAMPs on DRG
neurons may initially induce expression of chemokines and their receptors, which then
promote neuronal excitation and pain. These events bear further investigation as they
represent a promising direction for therapeutic intervention. In OA patients, a number of
chemokines have been reported to be elevated in the synovial fluid [53], and there are
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several reports that specific chemokines are associated with symptom severity in knee OA,
including synovial fluid levels of CCL2 [54, 55].

Inflammatory cytokines —

Activation of PRRs expressed by DRG neurons might be expected to increase the production
of a variety of nerve-derived inflammatory cytokines in addition to chemokines. Moreover,
many such cytokines can also be produced as part of the innate immune response operating
in other joint tissues (synovium, bone, cartilage). As is the case for DAMPs and chemokines,
it appears that receptors for many of these molecules are expressed by nociceptors and that
their direct activation can produce excitation and pain behavior [7]. IL-1B increases the
excitability of sensory neurons through p38 MAP kinase by reducing resting slow
inactivation of tetrodotoxin (TTX)-resistant voltage-gated sodium channels and by
increasing persistent TTX-resistant current near threshold [56]. It is well established that
TTX resistant sodium currents are important for nociceptor electrogenesis and results such
as these indicate that novel small molecule inhibitors of these channels may be useful for the
treatment of pain behaviors, including OA pain [57, 58]. TNFa is another inflammatory
cytokine known to directly activate sensory neurons [59], but thus far, 7nfko mice have not
been protected against pain-related behaviors in two different models of OA (MIA and
collagenase-induced) [60, 61].

Clinically, cytokines have been detected in the synovial fluid of OA patients to varying
degrees and, in some cases, have been shown to correlate with pain [7, 62]. A recent study
demonstrated that improvement in pain and function resulting from a diet and exercise
intervention in overweight and obese people suffering from knee OA was partly mediated by
a change in serum levels of inflammatory cytokines (IL-6, TNF-a, IL-1sR and CRP) [63].
Interestingly, this effect appeared to be independent from changes in body mass index.

INDIRECT NEURO-IMMUNE SIGNALING THROUGH PRODUCTION OF
ALGOGENIC FACTORS

In addition to direct neuronal activation by immune mediators, indirect neuro-immune
signaling occurs when tissue damage products signal to TLRs on innate immune cells,
which then produce algogenic factors that act on the pain pathway and amplify the
responses. Several recent reviews discuss these tissue damage products [12, 13, 64], so here
we will focus on immune cells that can amplify and modulate pain mechanisms at different
levels of the pain pathway, including the joint, the DRG, and the dorsal horn.

Immune cells in the joint

Magnetic resonance imaging (MRI) of OA knee joints has identified two specific
pathological structural features that are associated with joint pain: bone marrow lesions and
synovitis/effusions, and fluctuations in these MRI findings are associated with fluctuations
in pain [65]. Bone marrow lesions (which occur just below the subchondral bone) reflect
mechanical load on the bone, while synovitis is evidence of inflammation. In the Multicenter
Osteoarthritis Study (MOST), an NIH funded cohort of people with or at risk of knee OA,
the association was assessed between sensitization (assessed by quantitative sensory testing)
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and bone marrow lesions or synovitis. Bone marrow lesions were not associated with
sensitization, but synovitis was. The authors therefore suggested that targeting synovitis
early on may prevent sensitization and thus reduce pain severity [66], since pain
sensitization is associated with pain severity [67], and increased pain sensitization in patients
with knee OA is associated with an increased risk of developing persistent knee pain [68].

Synovitis is characterized by changes in the synovium, predominantly influx of
inflammatory cells, including macrophages, mast cells, and CD4+ lymphocytes [13].
Recruitment of immune cells into the joint may contribute to nociceptor sensitization and
OA pain through production of algogenic factors that chronically activate sensory neurons.
Below, we discuss examples where this scenario has been suggested by findings in human
OA and in animal models.

Macrophages, Sensitization, and Pain —An interesting recent study provided the
first direct /n vivo evidence for macrophage involvement in human OA, through the use of a
molecular imaging technique based on 9MTc-EC20 (Etarfolatide) [69]. This study in a small
patient sample found that macrophages in the synovium and tibiofemoral joint capsule, but
not subchondral bone, were strongly associated with joint pain, and this not only in knee OA
but also in wrists, fingers, ankle and great toes. The same group recently reported that levels
of soluble CD14 (sCD14) in OA synovial fluid reflected the abundance of activated
macrophages in the knee joint capsule and synovium, and were associated with knee pain,
further supporting the idea that synovial inflammation driven by macrophages may be a
determinant of joint pain [44]. A recent study found that CD14*CD16™ macrophages were
enriched in knee OA synovial fluid compared to the circulation, and this macrophage subset
correlated with patient-reported outcome measures (stiffness, function, and quality of life) as
well as with synovial fluid levels of CCL2 [70].

There have not been many animal studies addressing the role of macrophages in OA pain,
but a recent study in rat MIA showed that NSAID-resistant pain (measured by grip strength)
could be suppressed by depleting synovial macrophages with clodronate liposomes [71].

Several other innate immune pathways associated with synovitis in OA have been
investigated in order to determine effects on both joint damage and pain. Activated
macrophages can produce the alarmins SLI00A8/A9, and OA patients have elevated levels of
these proteins in their synovial fluid [72]. SL00A8 and S100A9 can promote catabolic
signaling in chondrocytes through TLR4 [73], and S100A8 can act on sensory neurons
through TLR4 [23]. S100a%o mice (which are also functional S200a8ko) mice are
protected from joint damage in collagenase-induced OA, but not the DMM model [72, 74].
In an acute synovitis model triggered by streptococcal cell wall intra-articular injection,
S100a%o mice did not develop weight-bearing deficits or gait changes, but they were not
protected from mechanical allodynia of the hind paw [75]. In addition, a GM-CSF driven
pathway has been identified in macrophages that leads to production of CCL17 through
Jmjd3 and IRF4 signaling in collagenase-induced OA [60, 76]. Gmcsfko mice were
protected from weight-bearing deficits in this model, accompanied by attenuated synovitis
and cartilage damage [77]. In a separate study, /rf&o, Ccl17F/E, and Ccrko (receptor for
CCL17) mice were also protected from weight-bearing deficits and joint damage in this
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model [60]. Finally, synovial expression of CCL19and its receptor, CCRY7, are elevated in
human OA [78, 79]. After DMM surgery, Ccr7 ko mice had delayed onset of locomotor
activity decreases compared to wild-type mice, accompanied by protection from
subchondral bone changes [80]. Together, these studies suggest that modulating synovial
activation is likely to impact symptoms, and in some cases OA joint damage, and may
represent a target for future therapies.

Mast cells —Mast cells have also received increased attention because they can produce
NGF [81] and respond to it through expression of TrkA [82]. In the MIA model, mice with a
TrkA gain-of-function mutation had more rapid onset of mechanical allodynia in the hind
paw and immune cell infiltration compared to wild-type mice [83]. It was proposed that
NGF induced mast cells to produce elevated levels of prostaglandin D2, which could signal
directly to nociceptors to induce mechanical sensitivity [83]. Whether prostaglandin D,
plays a role in human OA is not yet known [84]. In the synovium of OA patients, mast cells
are increased, and correlate with radiographic damage, but not with self-reported pain [85].
In addition to mast cells, synovial fibroblasts and macrophages have also been shown to
produce NGF in OA synovium [86, 87], and symptomatic chondropathy was associated with
higher synovial NGF levels compared to the asymptomatic chondropathy group [86].
Elevated NGF gene expression has also been demonstrated in cartilage and meniscal tissue
after DMM surgery in mice [88].

Immune cells in the DRG

In nerve injury models, DRGs become infiltrated by macrophages, neutrophils, and T-cells
[89, 90]. These cells are recruited by chemokines and cytokines produced by sensory
neurons, and — once activated within the DRG- can further stimulate sensory neurons by
producing algogenic factors, resulting in persistent peripheral sensitization [89]. After
DMM, elevated expression of CCL2 and CCR2 by sensory neurons occurred 8 weeks after
surgery, coinciding with increased macrophage infiltration into the DRG [50]. CcrZnull
mice were protected from macrophage infiltration into the DRG as well as the development
of persistent pain behaviors [50, 51]. In another study, fewer macrophages were detected in
the DRG of mice treated with an anti-ADAMTS-5 antibody, alongside reduced joint damage
and mechanical allodynia, providing further evidence that DRG infiltration is a response to
joint pathology [91]. Macrophages were also detected in the DRG in the inflammatory rat
antigen-induced arthritis (AIA) model [92]. In the murine collagenase-induced OA model,
satellite glial cell activation was described, and activated glia appeared to surround neurons
that stained positive for the damage marker, ATF3 [93]. Finally, we recently performed a
microarray study of DRGs at different time points after DMM surgery. Pathway analysis
revealed that many pathways associated with cellular infiltration and activation were
increased during the late stage of the model, correlating with the presence of persistent pain
behaviors. Immunostaining confirmed increases in macrophage and T-cell populations in the
DRG during this time [94].

Innate immune cells, TLRs and Chemokines in the Dorsal Horn

As outlined in the previous sections, peripheral nerves in the joint are stimulated through
multiple mechanisms in the course of OA. Like in other chronic diseases, long-term
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peripheral stimulation can lead to central sensitization. Clinical evidence supporting the
occurrence of central sensitization in OA has been obtained by noting that sites away from
the affected joints become sensitive to mechanical stimuli over the course of the disease
[95].

Preclinically, there is mounting evidence that innate immune mechanisms are participating
in this central sensitization process [32, 96]. In particular, the role of non-neuronal cells in
the CNS has been investigated in many pain models. Activation and proliferation of tissue-
resident microglia and astrocytes occurs alongside the recruitment and infiltration of T-cells,
monocytes, and neutrophils [97]. In particular, activation of microglia (“microgliosis”) in the
dorsal horn of the spinal cord has been observed in the MIA model [98-100] and after DMM
surgery [101]. In nerve injury models, microglial activation has been shown to lead to
neuronal excitation through production of cytokines and chemokines. In particular, TLR
signaling on microglia can upregulate cytokine release, while upregulation of the enzyme
cathepsin S can lead to release of the membrane-bound chemokine, fractalkine [97].
Interestingly, microglia also express the receptor for fractalkine, CX3CR1 [102, 103]. In the
DMM model, CX3CR1 reporter mice were used in order to demonstrate that expression was
largely constrained to microglia in the dorsal horn, and upregulation of fractalkine by
sensory neurons was observed 8 weeks after surgery when chronic pain behaviors first
appear [101]. Overall, the exact relationship relating microgliosis and the development of
chronic pain behaviors must still be investigated.

In the K/BxN serum transfer model of rheumatoid arthritis, wild-type mice develop
persistent mechanical allodynia despite the fact that joint inflammation resolves over time.
TIr4 null mice showed reversal of mechanical allodynia after peripheral inflammation had
resolved, and intrathecal administration of a TLR4 antagonist during the inflammatory phase
of the model also inhibited persistent allodynia in wild-type mice [104]. In addition, in
neuropathic models such as painful response to cancer chemotherapeutic drugs like paxlitel,
TIr4 null mice show diminished mechanical allodynia [22, 105]. These studies raise the idea
that targeting the TLR4 signaling pathway centrally in addition to peripherally may be
useful for treating chronic pain associated with inflammation, but the role of TLR4 in the
spinal cord remains to be tested in the context of OA. An important factor to consider is the
differential role of TLR4 in male and female mice. Intrathecal injection of LPS causes
mechanical allodynia in male, but not female mice, while LPS applied to the hindpaw
induces equivalent allodynia in both sexes [106]. A follow-up study determined that
microglia are not required for mechanical pain hypersensitivity in female mice, but instead
T-lymphocytes appear to mediate the response [107]. Further work must examine whether
these findings translate to humans and to specific disease models.

CONCLUSIONS

In summary, there is increasing evidence that innate immune pathways play an initiating as
well as facilitating role in pain associated with OA. While the precise mechanisms of these
pathways are being unraveled in pain models, information on how these pathways operate in
OA is currently still limited. Since these innate pathways are eminently targetable, it seems
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that future studies in this area may provide fruitful leads towards a better management of
OA.
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OA knee joint
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(DAMPs, chemokines, NGF...)
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/ Direct nociceptor excitation
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which produce algogenic factors Chemokine/cytokine release:
* Has direct actions on neighboring
sensory neurons
¢ Recruits macrophages into DRG which
amplify the algogenic loop

Microgliosis can contribute to
central sensitization

Figure 1.
Schematic outlining the direct and indirect actions of innate immune system activity on

sensory neurons. In the knee joint, algogenic molecules can directly excite sensory afferents.
In addition, leukocytes may be recruited and subsequently produce additional algogenic
factors. In the DRG, sensitization of sensory neurons causes chemokine and cytokine
release. In the dorsal horn of the spinal cord, activation of microglia supports development
of central sensitization. OA=osteoarthritis; DAMP=Disease-associate molecular patterns;
NGF=nerve growth factor; DRG=dorsal root ganglion.
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Transgenic mouse models related to innate immunity that have been tested for OA pain
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Innate Genetic model Result Reference
Immune
Component
TLRs/ TIrZo or Chloe Blocking the production (Chloe mice) or action ( 7/r2ko) of the 32-mer Miller 2018
DAMPs mice aggrecan fragment prevented development of knee hyperalgesia but not

mechanical allodynia in the hind paw after DMM surgery.

Tlr4ko mice Tlr4ko mice were not protected from mechanical allodynia of the hind paw Miller 2015
after DMM surgery.

Cd14ko mice Cd14ko mice were protected from decreases in climbing activity observed after | Sambamurthy 2018
DMM surgery.

S100a%o0 mice S100a%o (which are also functional SZ00a8ko) mice did not develop weight- Blom 2018
bearing deficits or gait changes in the acute synovitis model triggered by (abstract)
streptococcal cell wall intra-articular injection, but they were not protected from
mechanical allodynia of the hind paw in this model.

Chemokines CclZo or Cerko | Weight-bearing deficits in Cc/Zko and CerZko mice were delayed in onset after Miotla Zarebska

mice DMM surgery. 2017
Ccrzko mice developed mechanical allodynia of the hind paw after DMM Miller 2012
surgery, but this started to resolve from 8 weeks onwards. CcrZko mice did not
develop decreases in spontaneous locomotion seen in wild-type mice beginning
8 weeks after DMM surgery.

Ccr7ko mice Locomotor activity decreases in Ccr7ko mice were delayed in onset after DMM | Sambamurthy 2018
surgery.

CCL17 pathway: | /rfako, Ccl17/F (mice in which both copies of Ccl17 have been replaced by Lee 2018

(Irf4ko, Ccll7 enhanced green fluorescent protein (EGFP)), and Ccr4komice did not develop

gene deficient, weight-bearing deficits in the collagenase-induced osteoarthritis mouse model.

and Ccr4ko mice)

Cytokines Tniko mice Tnfko mice developed mechanical allodynia of the hindpaw similar to wild- Taniguchi 2015
type mice in the MIA mouse model.
Tnf ko mice developed weight-bearing deficits similar to wild-type mice in the Lee 2018
collagenase-induced osteoarthritis model.

Gm-csfko mice Gm-csfko mice were protected from weight-bearing deficits in the collagenase- | Cook 2012

induced
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