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Abstract
Bidirectional interactions between the immune systemand the nervous system are increasingly appreciated as playing a pathogenic
role in chronic pain. Unraveling the mechanisms by which inflammatory pain is mediated through communication between nerves
and immune cells may lead to exciting new strategies for therapeutic intervention. In this narrative review, we focus on the role of
macrophages in the pathogenesis of osteoarthritis (OA) pain. From regulating homeostasis to conducting phagocytosis, and from
inducing inflammation to resolving it, macrophages are plastic cells that are highly adaptable to their environment. They rely on
communicating with the environment through cytokines, growth factors, neuropeptides, and other signals to respond to
inflammation or injury. The contribution of macrophages to OA joint damage has garnered much attention in recent years. Here, we
discuss how macrophages may participate in the initiation and maintenance of pain in OA. We aim to summarize what is currently
known about macrophages in OA pain and identify important gaps in the field to fuel future investigations.
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1. Introduction

1.1. Chronic pain in osteoarthritis

Osteoarthritis (OA) is the most common form of arthritis. It is a
painful, chronic disease of the synovial joints that primarily affects
the knees, hips, hands, and small joints in the spine. A major
cause of chronic pain and disability worldwide,48 OA presents a
highly significant socioeconomic burden because of health care
costs andwork loss.115 There are no pharmacological treatments
available to slow or blunt the progressive joint degeneration that
characterizes OA, ie, disease-modifying OA drugs.110 Joint pain
drives patients with OA to seek medical help. Nonpharmaco-
logical strategies such as weight loss and exercise play a major
role in managing OA pain.61 Although a variety of oral, intra-
articular, and topical pharmacological analgesic strategies are

available as standard-of-care, including nonsteroidal anti-
inflammatory drugs and intra-articular glucocorticosteroids,61

they often do not provide adequate pain relief, and many knee
and hip OA patients end up undergoing total joint replacement.
The strongest risk factors for the development of OA are age,
history of joint injury, and obesity. With the prevalence of OA and
obesity increasing, and with the ageing of the population, safe
and efficacious targeted therapies to manage OA pain are
urgently needed.106,149

Pain is the feature that characterizes clinical OA, and its quality
and severity vary among patients and can change over time.79

Osteoarthritis pain ranges from “aching,c “dull” pain in the affected
joint to less localized periarticular and referred pain. In early OA, pain
has a highly mechanical nature and is mainly felt during an activity or
whenusing the joint—eg, the kneehurtswhenclimbing stairs. As the
disease advances, pain can becomemorewidespread and can also
occur at rest.106 In recent years,many studies in patientswith painful
OA have identified a strong component of peripheral and central
sensitization. In people with knee OA, quantitative sensory testing
reveals evidence of widespread hypersensitivity to mechanical
pressure, including hyperalgesia (“increased pain from a stimulus
that normally provokes pain”) and allodynia (“pain due to a stimulus
that does not normally provoke pain”), both at the affected joint and
at sites remote from the joint.13 PatientswithOAalso show facilitated
temporal summation and impaired conditioned pain modulation,
evidence for central sensitization.74

Osteoarthritis is a classical biomechanically driven disease31

which also seems to involve a component of low-grade
inflammation.124 The precise pathways of the innate immune
and inflammatory responses that are operative at the onset and
during the progression of OA joint damage are being unravelled
with increasing precision (reviewed in Ref. 124). By contrast,
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although pain (dolor)—in addition to redness (rubor), heat (calor),
swelling (tumor), and loss of function (functio laesa)—is one of the
5 cardinal signs of inflammation, as defined by Celsus in the first
century AD, our understanding of the role inflammation may play
specifically in the genesis of OA pain is much more limited.
Although several studies in people with OA have described
associations between synovitis detected by MRI and pain or
sensitization,107 targeting specific inflammatory mediators (eg,
neutralizing IL-1 or TNFa with monoclonal antibodies) has been
largely disappointing.113 Nonetheless, the different cell types that
make up the innate immune system, including monocytes,
granulocytes, macrophages, mast cells, and dendritic cells,
situated in tissues throughout the body as well as in circula-
tion,89,90 can all contribute to the genesis and maintenance of
pain. How they may contribute to pain specifically in OA is a topic
of great interest, since it can be expected that a deeper
understanding of the interrelationships between the innate
immune system and neuronal system may open avenues to
novel interventional strategies (reviewed in Refs. 15 and 19).

1.2. Genesis andmaintenance of pain requiresmore than the
nervous system

The genesis and maintenance of pain is fundamentally a
neurobiological process, mediated by specialized cells and
regions of the peripheral nervous system and central nervous
system (CNS).9 The first step in pain generation is nociception, in
which specialized sensory afferents, called nociceptors, detect
potentially damaging chemical, mechanical, or thermal stimuli.
Nociceptors convert the signal into action potentials, transmitted
to the dorsal root ganglia (DRG), which contain the cell bodies of
all sensory neurons, including nociceptors. From the cell body,
sensory neurons extend a central axon that relays the painful
stimuli to the dorsal horn of the spinal cord and then to higher
levels of the neuraxis where they are decoded as conscious
aspects of pain.9

In recent years, a growing body of literature has identified
multiple nodes of interaction between the immune system and
the nervous system, and the bidirectional communication
between these 2 systems may provide many potential opportu-
nities for targeted, mechanism-based therapeutic interventions
for autoimmune and inflammatory diseases (reviewed in Ref. 19).
Neuroimmune interactions are also increasingly gaining attention
in the field of chronic pain.51 Like the immune system,
nociceptors are key for defending the body against potential
danger. Indeed, the International Association for the Study of Pain
defines pain as “an unpleasant sensory and emotional experience
associated with, or resembling that associated with, actual or
potential tissue damage.”116 In keeping with this warning function
of the nociceptive system, pattern recognition receptors (PRRs),
which recognize danger and pathogen signals that are released
from injured or dying cells, are not only expressed by innate
immune cells but also by sensory neurons.56 Prolonged tissue
damage results in multiple innate immune and nervous system
interactions, at the crossroads of which are cytokines and
chemokines that contribute to pain. There is a large tapestry of
cells that can contribute to the secretion of inflammatory and
nociceptive mediators in OA, including neuronal, immune, and
joint tissue cells such as chondrocytes and various bone cell
types. Macrophages in particular secrete many mediators that
can aid in both the induction and resolution of inflammation and
pain. In this narrative review, we aim to discuss what is currently
known about the role of macrophages in OA pain, both in
experimental models and in patients, based on a PubMed search

for key terms, including but not limited to: “osteoarthritis,s “pain,a
“macrophages,a “microglia,i “neuro-immunity,e “inflammation,n
“animal models,n “chronic pain,h “neuro-immune interactions,e
and “inflammatory pain.” We will first discuss the neuroimmune
interactome, and then, we will detail the various ways in which
macrophages may contribute to pain in OA.

2. Neuroimmune interactions in maintenance and
disruption of tissue homeostasis

Experiments dating back to 1874 by Goltz and Bayliss
demonstrated that electrically stimulating dorsal roots induced
skin vasodilation, which led these scientists to conclude that an
inflammatory response could be produced that was independent
of the immune system.10,40 This led to the concept of “neurogenic
inflammation,” which is mediated by neuropeptides (bioactive
peptides released from the peripheral terminals of sensory
afferents) such as substance P and calcitonin gene-related
peptide (CGRP).18,29,86 The latter is a potent vasodilator that can
act directly on endothelial and smooth muscle cells. In animal
models of rheumatoid arthritis (RA), denervation of the joint was
shown to drive attenuation of inflammation in a manner that was
dependent on neuronal expression of substance P.72,73 Clearly,
neuroimmune communications play major roles in the patho-
physiology of arthritis.

As the nervous system and immune system comprise complex
biological entities, with distinct structures and functions, they
have traditionally been studied separately. However, these 2
systems are highly integrated and function together to coordinate
host defense.18,142 Neuroimmunity exists as an evolutionary
adaptation to detect and react to dangers in the environ-
ment.18,142 This requires fine-tuned interactions between the 2
systems, to respond quickly and effectively. Examples of
interactions and concerted actions between the nervous and
the immune system are far reaching. These include observations
that (1) both sensory neurons and immune cells can directly
detect and respond to bacteria and danger signals through PRR
expression; (2) immune cells can increase nociceptor sensitivity
through the action of cytokines; (3) nociceptors can, in turn, alter
immune functions; and (4) autonomic neurons can globally
suppress inflammation.4,17,142,155

Nonsynaptic neuroimmune communication occurs through the
innervation of lymphoid tissues, as well as when immune cells
infiltrate the peripheral nervous system, including sensory and
sympathetic ganglia. It has long been known that the sympathetic
nervous system plays an important role in pain. In people and
experimental animals with neuropathic pain, sympathetic neurons
sprout in the DRG and form basket-like structures around the cell
bodies of sensory neurons.88,133 Sympathetic-sensory coupling has
in general been shown to be excitatory and pronociceptive.158 In
addition, it is now also becoming clear that the sympathetic nervous
system interacts with the immune system, and that the exchange
between the immune, sensory, and sympathetic nervous systems
can all modulate pain pathways (as reviewed in Ref. 139). Joints are
densely innervated with sympathetic neurons,14,62 and in models of
inflammatory arthritis, it has been described that sympathetic
neurons sprout in the joint and the overlying skin (Refs. 33 and
75). However, there are no reports yet of macrophage-sympathetic
neuron interactions in models of arthritis, including OA, and this may
be a fruitful direction for future research.

There are many types of immune cells that can play a role in
neuroimmune crosstalk and function,142 including dendritic cells,
neutrophils, macrophages, mast cells, and T cells. It is clear that
interactions between the nervous and immune systems are
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extremely common, and several recent reviews have discussed
the implications of specific interactions for tissue homeostasis,
inflammation, infection, and allergy.38,54,142 In the context of OA
pain, however, they have hardly been studied and only a small
number of reports, generally focused on macrophages, are just
starting to percolate, but already suggest a rich substrate for
potential therapeutic interventions. As discussed, pain is an
important signaling mechanism to prompt behavior that avoids
tissue damage or allows healing of injured tissues. Thus, pain is
vital for the maintenance and restoration of tissue homeostasis. It
may be considered the “first responder” in host defense because
the rapidity of responses to painful stimuli is an order of
magnitude higher than the speed at which the innate immune
system responds.18 The classical inflammatory response induces
immune cells to eliminate or remove pathogens, and damaged
cells and debris are cleared during the proinflammatory response,
during which immune cells are recruited and release proinflam-
matory mediators. After the proinflammatory phase, local tissue
repair and restoration of homeostasis occur during the resolution
phase, in which the appropriate release of anti-inflammatory
mediators is critical. In OA, there is a prolonged proinflammatory
phase and lack of tissue repair and remodeling that is necessary
for resolution of inflammation,125 and this may be a contributing
factor to persistent inflammatory pain. Whether resolution
happens or not depends for a large part on the participation of
macrophages.152 In models of neuropathic and inflammatory
pain, specialized proresolving mediators (SPMs) have been
shown to be important for resolution of pain. Specialized
proresolving mediators are a superfamily of endogenous chem-
ical mediators that promote the resolution of inflammation
(reviewed in Ref. 131). Among those SPMs, resolvins are
oxygenated metabolites of omega-3-fatty acids, and some
resolvins, including resolvins D1, D2, and D5, have shown
analgesic actions in models of neuropathic, inflammatory, or
postoperative pain (Refs. 78, 112, and 164). Another group of
SPMs, maresins, which are produced by macrophages, have
shown pain-relieving properties in a model of inflammatory
arthritis.30 Of interest, in patients with RA, it has been shown
that synovial fluid (SF) levels of SPMs were negatively associated
with pain.35 Furthermore, a meta-analysis of trials in patients with
inflammatory arthritis revealed that supplementation with omega‐
3 fatty acids for 3 to 4 months reduced patient‐reported joint pain
intensity and consumption of nonsteroidal anti‐inflammatory
drugs.39 These interesting observations suggest that SPMs
may represent a potential therapeutic approach to pain relief
and this topic needs further study in OA pain. A recent study
showed that exogenously administered, 17(R)-hydroxy-
docosahexaenoic acid (17[R]-HDoHE), a D-series resolvin pre-
cursor, reversed established pain behavior in 2 rat models of OA,
without affecting joint pathology, and this was associated with
elevated plasma levels of resolvin D2.52

The accumulating evidence that macrophages contribute to
the pathogenesis of pain inOAdiseasewill be summarized below.
First, we present a brief overview of macrophages and their
homeostatic functions.

3. Role of macrophages in osteoarthritis pain

3.1. Homeostatic functions of macrophages

Macrophages are present in almost every tissue of the body, where
they are critical for maintaining a state of homeostasis.25 At steady
state, macrophages perform different functions depending on their
tissue of residence.3,65 For example, brain-resident macrophages,

known as microglia, prune synapses in development, and red pulp
macrophages in the spleen recycle heme from erythrocytes.61–64

Thus, different tissue-resident macrophage populations exhibit
different phenotypes and patterns of gene expression.32,66 More
than 1 macrophage population may coexist in a single tissue, such
as alveolar and interstitial macrophages in the lung, and are believed
to fulfill different roles in tissue homeostasis.63,161 Tissue-resident
macrophages have 2 possible ontogenies: They may be derived
from embryonic precursors or from adult hematopoiesis through
monocytes.36,41,44,50,127,132 Many macrophage populations are
believed to be a combination of both, with monocytes differentiating
into macrophages and replacing the original cells over
time.45,47,57,101,147,159 In these cases, the monocyte-derived mac-
rophages eventually become phenotypically identical to the
embryonic derived cells they replace.121,128 This is possible through
tissue-specific transcription factors that reprogram macrophages in
response to environmental signals.42,66 The same process is likely to
play a role in development as tissue and cell-type factors work in
combination to specify the macrophage fate.43,85 Macrophages
have also been shown to be altered towards an inflammatory
phenotype as tissues age, which may be a natural part of
aging.27,109,137 Although much of our knowledge concerning
macrophages is based on mouse models, there is evidence to
suggest that macrophage ontogeny and function is conserved in
humans.7,11Macrophagesare consideredplastic, because theycan
adapt to different tissues, and heterogeneous, because different
populations may be found in a single tissue.

In addition to homeostatic functions, macrophages are well
known for their role in inflammation. In many models of tissue
inflammation, circulating monocytes infiltrate the tissue and
differentiate into proinflammatory macrophages.45,67,98,103

These monocyte-derived macrophages are distinct from those
that exist at steady state since they are specified by stimulus-
specific factors.34,49,55,111 They often maintain their monocyte
identity longer and are slow to demonstrate the tissue-resident
phenotype.99,130 Infiltrating macrophages have been shown to
be a major driver of fibrosis and tissue damage resulting from
inflammation.22,141,157 For example, recruitment of monocyte-
derived macrophages worsens outcome in mouse models of
acute lung injury and post-traumatic brain injury.21 By contrast,
macrophages exhibiting a tissue-resident phenotype are often
decreased in number during tissue inflammation and then
expand during resolution.67,165 It is unclear exactly what
mechanisms control this process or whether the eventual
expansion pattern is a result of proliferation or recruitment. It
has been suggested that tissue-resident macrophages exhibit an
anti-inflammatory role and promote recovery from inflammation
resulting in opposing interactions between different macrophage
populations in the tissue. This is in line with in vitro studies
suggesting a model for macrophage polarization from inflamma-
tory (M1) to alternative activation (M2).5,68,96 However, since in
vitro macrophages fail to recapitulate the complexity of in vivo
macrophages, this model has fallen out of favor.83,105 Instead,
current studies tend to focus on characterizing macrophages in
an unbiasedmanner to account for a spectrum of activation along
multiple dimensions.

Recent insight into the heterogeneity of macrophages has
greatly expanded our understanding of their role in RA, a common
autoimmune disease, where destruction of synovial joints is
characterized by chronic synovitis87 that includes influx of
inflammatory macrophages.82,146 In particular, macrophages
are found in the synovial lining as well as the sublining layer.58,146

In the murine K/BxN serum transfer model of RA, it has been
suggested that there are at least 2 subpopulations of synovial
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macrophages in the joint: MHCII1monocyte-derived andMHCII2

tissue-resident populations.98 It is possible that MHCII1 cells are
relatively recently recruited cells that have yet to fully differentiate
into tissue-resident cells. A recent article showed that CX3CR11

cells are themacrophages that form the synovial lining in the joints
of mice.23 These cells are critical to joint homeostasis, and their
loss leads to the development of inflammatory arthritis.23

Although Misharin and et al. did not distinguish macrophages
by CX3CR1, the study by Culemann et al.23 suggests that
CX3CR11 synovial lining macrophages are more likely to be
MHCII2. Therefore, theMHCII1macrophages fromMisharin et al.
may align with a subpopulation of interstitial macrophages
described by Culemann et al.

By contrast, a decrease in the number of sublining macro-
phages is a biomarker of response to treatment.12,151 Sublining
macrophages can be further subdivided into additional subpop-
ulations. The Accelerating Medicine Partnership performed
single-cell RNA-seq on synovial tissue from patients with OA
and RA.162 They identified 4 clusters of myeloid cells that differed
in their composition across patient groups. In particular, the
second cluster, NUPR11 cells, was found in greater proportions
in patients withOA and its gene expression profile suggests it may
correspond to the human equivalent of the CX3CR11 synovial
lining macrophages observed in mice. Another study described
RNA-seq data from macrophages isolated from synovial biopsy
tissue obtained from RA patients.82 Certain gene expression
modules were found to be associated with clinical characteristics
such as tender joint count and medications status. This study
suggested that the transcriptional profile of macrophagesmay be
used as a biomarker of disease state.

Finally, a recent single cell transcriptomics study profiled
synovial tissue macrophages from RA patients and reported
distinct subpopulations associated with distinct clinical states.2

Importantly, this study identified 2 subpopulations with unique
molecular signatures that were enriched in negative regulators of
inflammation, and a low proportion of one of those subpopula-
tions was associated with increased risk of diseases flare of
cessation of treatment.

Thus, increasingly, transcriptomic profiling of synovial macro-
phages in RA is revealing phenotypes that are associated with
specific disease states and characteristics. Comprehensive
studies such as those in RA have yet to be performed in OA. A
recent report compared synovial macrophages frompatients with
OA to those from patients with inflammatory arthritis.154 Within
the OA samples, the authors found 2 distinct subpopulations,
which they named classical OA macrophages that had cartilage
remodeling features, and inflammatory-like OA (iOA) macro-
phages, which were similar to macrophages from patients with
inflammatory OA, and had more proliferative capacity. Detailed
phenotyping studies such as these should greatly contribute to
our understanding of OA pathogenesis, and how macrophages
may contribute to pain phenotypes in this disease.

3.2. Macrophages modulate pain pathways through
bidirectional interactions with nociceptors

Recent years have seen the publication of many studies that
explore the bidirectional communication between nociceptors
and macrophages (for a recent review on this topic, see Ref. 16).
In brief, several communication mechanisms have been discov-
ered both in vitro and in a variety of in vivo models. First,
macrophages can release an array of mediators that bind
receptors expressed by nociceptors, activating signaling path-
ways that lead to increased excitability of neurons and

hypersensitivity to pain stimuli (sensitization). These mediators
include cytokines such as IL-1 and TNFa, as well as the
neurotrophin, nerve growth factor, which acts on nociceptors
through TrkA and increases their excitability.28 Furthermore,
reactive oxygen species can activate transient receptor potential
ankyrin 1 expressed by nociceptors.26 Second, nociceptors in
turn produce a range of molecules that can affect macrophages.
In particular, macrophages express receptors for neuropeptides
that are released by activated nociceptors, and the result is a
modification of their phenotype. For example, binding of sub-
stance P to its receptor, neurokinin-1, expressed on macro-
phages leads to an NFkB-driven production of IL-1 and TNFa.140

By contrast, neuronally derived CGRP seems to exert anti-
inflammatory actions. Calcitonin gene-related peptide modulates
TLR4-stimulated macrophages by enhancing regulatory cyto-
kines such as IL-10 and inhibits macrophage proinflammatory
cytokine production in vitro in a cAMP-response element binding
protein-dependent manner.8 This suggests neuroimmune com-
munication through CGRP that promotes a regulatory macro-
phage phenotype even in a proinflammatory microenvironment,8

and this may have implications in chronic pain pathways.
In the context of tissue injury, nociceptors can also produce

and respond to a large range of proinflammatory chemo-
kines—in particular, alarmins such as S100A8/9 that are
generated during tissue injury bind PRRs expressed by
nociceptors and cause them to produce chemokine (C-C
motif) ligand 2 (CCL2).91 Chemokine (C-C motif) ligand 2 is a
powerful chemotactic signal for monocytes/macrophages,
and, as we will discuss below, this specific communication
loop may be an important proalgesic mechanism in the context
of OA. Third, microRNAs have recently been implicated in pain,
with a potential role for microRNA-containing exosomes to
communicate between nociceptors and macrophages; eg, a
recent study described that nociceptors can secrete exo-
somes containing miR-21 in response to TRPV1 activation,
and phagocytosis of miR-21-exosomes by macrophages
affected their phenotype. Interestingly, miR-21 deletion in
sensory neurons inhibited macrophage infiltration and neuro-
pathic pain.134 Finally, as we already mentioned, macro-
phages are critical for the resolution of inflammation and pain.
IL-1b– and carrageenan-induced hyperalgesia are significantly
prolonged in LysM-GRK21/2 mice, which have reduced levels
of the G-protein-coupled receptor kinase 2 (GRK2) in LysM1

myeloid cells.153 Furthermore, adoptive transfer of wildtype,
but not of GRK21/2 bone marrow–derived monocytes nor-
malizes the resolution of IL-1b–induced hyperalgesia in LysM-
GRK21/2 mice.152 The authors also showed that GRK21/2

macrophages had diminished IL-10 production in vitro.
Together, these results suggest an important role for IL-10
signaling in macrophage control of transient inflammatory
pain.

3.3. Macrophages: contribution to osteoarthritis pain

In the context of OA, very few studies have specifically explored
direct macrophage–nociceptor interactions. Studies dealing with
macrophages have largely focused on macrophages in the af-
fected joints, particularly the synovium. In addition, however,
macrophages are present in many organs, including in nerves
and in DRG. Furthermore,microglia, the residentmacrophages of
theCNS, have receivedmuch attention for their modulating role in
chronic pain.114 Below, we summarize studies that have
addressed the role ofmacrophages inOA pain in synovium, DRG,
and dorsal horn, respectively (Tables 1 and 2).
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3.3.1. Synovial macrophages

3.3.1.1. Human studies

It is becoming increasingly accepted that synovial macrophages
play a role in onset and progression of OA joint pathology, as has
been discussed in several excellent recent reviews
(Table 1).77,156,163 Much less is known about the contribution
of synovial macrophages to OA pain,95 but several recent studies
in human subjects have suggested a correlation between synovial
macrophages and pain. In 1 study, activated macrophages
detected in vivo by etarfolatide, an agent that binds to folate-
receptor-b, were found in 76% of symptomatic OA knees (n5 50
knees).64 The presence of joint pain at fingers, wrists, ankles, and
great toes was also linked to the presence of activated
macrophages at these joints. In another study, several SF
biomarkers that were associated with radiographic progression
and symptom severity were highly correlated with SF levels of the
macrophage markers, CD163 and CD14.46 Levels of soluble
CD14 in SF were positively correlated with severity of joint space
narrowing and osteophyte formation in 2 cohorts with radio-
graphic knee OA.24 In addition, SF and plasma CD14 levels were

positively associated with self-reported knee pain severity.24

Stoppiello et al.138 evaluated the synovium and medial tibial
plateaux from subjects with OA harvested at time of total knee
replacement surgery (advanced OA group) and compared them
with postmortem donors who had not sought medical attention
for knee pain during the last year of life, but who had the same
extent of chondropathy (asymptomatic chondropathy group) (n5
29 per group). They reported that subjects in the advanced knee
OA group displayed increased synovitis and synovial NGF levels
comparedwith the nonsymptomatic group. Interestingly, synovial
NGF expression was localized mainly to fibroblasts, but also to
some macrophages. Altogether, these results suggest that
soluble macrophage biomarkers and macrophage expression
profiles exist that may predict OA disease severity and pain and
suggest that macrophages and associated pathways may
provide a source of targets for OA pain.

3.3.1.2. Studies in experimental models

Very few studies in experimental models of OA have explored
exactly how synovial macrophages might contribute to pain

Table 1

Clinical studies examining association between macrophages and osteoarthritis pain severity.

Patient population Methods Results Reference

Patients with OA undergoing TKR
surgery (advanced OA group) compared
with postmortem subjects who had not
sought medical help for knee pain in the
last year of life (non-OA group) (n5 26
per group); symptomatic chondropathy
vs asymptomatic chondropathy (n5 29
per group).

Medial tibial plateaus and synovium
collected for histology; CD68 and NGF were
histologically evaluated and quantified

Advanced OA subjects showed more
severe synovitis, increased synovial NGF
and CD681 macrophages, and cartilage
loss; NGF was localized to fibroblasts and
some macrophages; symptomatic
chondropathy group had increased
synovitis and synovial NGF compared with
the asymptomatic chondropathy group

Stoppiello et al. (2014). Arthritis
Rheumatol.

Radiographic knee OA patients (n5 25
cohort 1; n 5 159 cohort 2)

SPECT-CT imaging (n 5 25); n 5 159:
soluble CD14 and CD163 levels in synovial
fluid and blood evaluated; patient-reported
outcomes for knee pain (NHANES-I)

Synovial fluid CD14, CD163, and serum
CD163 were associated with abundance of
activated MQs in knee joint capsule and
synovium; synovial fluid CD14 levels
correlated positively with self-reported
knee pain severity and joint space
narrowing

Daghestani et al. (2015). Arthritis
Rheumatol.

Symptomatic knee OA patients (n 5
161); healthy controls (n 5 138)

Serum samples collected from OA or
healthy controls; synovial fluid samples
from patients with OA; patient-reported
outcomes (WOMAC) in patients with OA

CCL2 (MCP1) concentrations in synovial
fluid (not serum) of patients with OA were
independently and positively associated
with self-reported greater pain and physical
disability by WOMAC assessment; patients
with OA had higher serum levels of CCL2
compared with healthy controls

Li et al. (2015). Ann Clin Biochem.

Symptomatic knee OA patients (n5 25) SPECT-CT imaging after etarfolatide
(detects activated macrophages)

Activated macrophages found in 76% of OA
knees; quantity of activated macrophages
associated with OA pain severity (R 5
0.60, P , 0.0001) and radiographic OA
severity (R 5 0.66, P , 0.001); Haraden
et al. showed that several synovial fluid
inflammatory biomarkers were associated
with OA pain and radiographic severity as
well as synovial fluid levels of macrophage
markers CD163 and CD14.

Kraus et al. (2016). Osteoarthritis Cartilage.
Haraden et al. (2019). Arthritis Res Ther.

Symptomatic knee OA patients (n5 86) Synovial fluid levels of soluble receptors
and chemokines measured by
immunoassays; patient-reported outcomes
(KOOS and WOMAC)

Synovial fluid macrophages were most
abundant of all leukocytes; CD141
CD161 macrophages correlated with
synovial fluid CCL2 levels but not sCD163
or sCD14; the percentage of CD141
CD162 and the percentage of CD141
CD161macrophages were correlated with
overall KOOS and WOMAC scores;
CD14lowCD161 SF MQs were not
associated with pain

Gomez-Aristizabal et al. (2019). Arthritis
Res Ther.

CCL2, chemokine (C-C motif) ligand 2; OA, osteoarthritis; NGF, nerve growth factor; TKR, total knee replacement.
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(Table 2). Nonetheless, macrophage infiltration into the synovium
has been documented in several experimental models of OA,
albeit to different degrees.53,95,123,148 In a widely used surgical
model of OA in mice, induced by destabilization of the medial
meniscus (DMM),37 whole joint levels of Cd68 mRNA, a
macrophage marker, were significantly suppressed in Ccl22/2

and Ccr22/2 joints compared with wildtype mice, 6 hours after
surgery. These knock-out mice subsequently developed less
pain than wildtype mice, despite developing comparable joint
damage, indirectly suggesting a role for CD68 macrophages in
pain development.97

An interesting recent study examined involvement of synovial
macrophages in the rat monoiodoacetate-induced (MIA) model of
advanced knee OA.122 Monoiodoacetate-induced rats exhibited
severe cartilage damage and synovitis, with an influx of synovial
macrophages identified by Iba11 staining. In this model, cyclo-
oxygenase (Cox) inhibitors such as celecoxib and naproxen and the
steroid, dexamethasone, were ineffective, but an opioid and an anti-
NGF antibody were effective in reversing pain as assessed by grip
strength and weight-bearing deficits. Intravenous injection of
clodronate-laden liposomes (4 weeks after 5-mg MIA) depleted
synovial macrophages (decreased to 7.3% CD11b1 CD451
macrophages in the synovium compared with 15% in the vehicle
group), which decreased the levels of IL1b and NGF in the synovium
and the fat pad of the knee, leading to pain suppression in advanced
OA. The authors concluded that synovial macrophages may be
involved in advanced knee OA pain which was resistant to COX
inhibitors, and therefore, drugs targetingsynovialmacrophagesmight
have significant analgesic effects.122 It should, however, be noted
that the authors did not assess whether macrophage depletion
affected the severity of joint damage.

Studies by Lee et al. demonstrated that mice deficient in Irf4,
Ccl17, and Ccr4, but not TNF genes showed decreased cartilage
destruction, osteophyte size, and pain (measured as weight
distribution in the inflamed limb relative to noninflamed limb) in
the collagenase-induced OA (CiOA) model.70 Neutralization of
CCL17 and Jmjd3 attenuated both joint damage and pain in this
model. After sorting out synovial cells into neutrophils, macro-
phages, fibroblasts, endothelial cells, and other cell types and
evaluating gene expression, Ccl17 mRNA expression was found
only in macrophages in wildtype mice, but was absent in
macrophages from Irf42/2 and GM-CSF2/2 mice. Thus, CCL17
promotion of joint damage and pain is likely controlled by GM-CSF
and IRF4 signaling, and CCL17 may provide a target for OA.

3.3.2. Macrophages in the dorsal root ganglia

In many models of disease, including OA, neuroimmune crosstalk in
the DRG has been shown to contribute to maintenance of pain (for
reviews, see Refs. 16, 117, and 126). This has been best described in
models of neuropathic pain. Interestingly, a recent study using a nerve
injurymodel found that DRGmacrophages play a primary role in both
the initiation and maintenance of mechanical hypersensitivity as
opposed tomacrophages at the nerve injury site.160 In addition, a role
formacrophage infiltration into theDRGhasbeendescribed inmodels
of inflammatory arthritis aswell as OA. For example, in the rat antigen-
induced arthritis (AIA) model, a large increase in ED11macrophages
was observed bilaterally in knee-innervating lumbar level DRG but not
in the thoracic DRG 3 days after model induction.129 Blocking TNFa
with etanercept reduced the DRG infiltration. A follow-up study, again
using the rat AIA model at the 3-day time point, characterized these
macrophages as displaying a proinflammatory (LPS/IFNg-TNFa-IL1)
phenotype.84 In addition, bone marrow derived macrophages were
stimulated in vitro by various factors to determine which activator

induced a similar expression pattern as seen in vivo. The authors
found that TNFa-stimulatedmacrophages showed the most marked
similarity to the AIA DRG, correlating with their previous findings
demonstrating that etanercept could reduce macrophage
infiltration.84

Macrophage infiltration of the DRG has also been reported in
experimental OA induced by DMM, starting around 8 weeks after
surgery.93,94 This coincided with increased gene expression of Ccl2
andCcr2mRNA in the DRG, and onset of movement-provoked pain
behaviors.93Ccr2 null mice,while developing early-onsetmechanical
allodynia, did not show sustained allodynia past week 8 after surgery,
and did not develop movement-associated pain behaviors 8 to 16
weeks after DMM, in the presence of joint damage that was
comparable with wild type mice.93,97 These Ccr2 null mice did not
display macrophage infiltration in the DRG,93 suggesting a role for
DRG macrophages in the persistence of pain in this model. This is
compatiblewith the finding that pharmacological inhibition ofCCR2 in
early stages of the model was able to reverse weight-bearing deficits
in late-stage disease.76 More recently, pathway analysis of a
microarray study of knee-innervating DRG after DMM surgery
suggested that distinct molecular pathways drive early vs persistent
pain and also suggested a role for immune cell recruitment.94

Immunepathways becameactivated in early OApain, and continued
to develop during later phases of the model, when persistent pain
behaviors developed. Several genes (Ccl2, Cx3cr1, Ngf, and Tlr1)
were identified as being associated with neuroinflammation, and
these genes have been previously linked toOApain.20, 28, 76, 92, 93, 97

3.3.3. Microglia in osteoarthritis pain

As mentioned above, microglia are the resident macrophages of
the CNS, and they have received much attention for their
modulating role in chronic pain.114 Indeed, targeting glial activation
through minocycline or propentofylline has reduced experimental
neuropathic pain.69 In recent years, several studies have described
microglia activation in experimentalmodels ofOA. In theMIAmodel
in mice or rats, microglial activation in the dorsal horn develops as
early as day 7, accompanying development of mechanical
allodynia,71,104,108,120,136,144 while the upregulation of glial fibrillary
acidic protein1 astrocytes has been reported in some studies later
in the model by day 28.119,120 Specific ablation of spinal microglia
through intrathecal injections of the immunotoxin, saporin,
conjugated to the Mac1 antibody (Mac1-saporin), attenuated
mechanical allodynia by days 5 and 7 after MIA.104 The potent
microglia inhibitor, minocycline, selectively inhibits proinflammatory
macrophage activation state in vitro,60 and oral minocycline
treatment beginning on day 14 of the MIA model attenuated
mechanical allodynia and microglial activation by day 28.120

The MIA model is a rapidly progressive model of OA,80 and
microglia activationoccurs early in disease. It is important to note that
in more slowly progressive models, microglia activation only appear
in later stages of the disease. For example, in the CiOA model,
increases inmicroglial numbers in the dorsal horn become apparent
by 6 weeks after model induction, and inhibition of glial activation by
intrathecal injection of fluorocitrate at that time acutely reversed pain
behaviors (knee bend test and gait deficits).1

The surgical DMM model is an exceptionally slowly progressive
model of OA joint damage, and here, we reported microglial
activation beginning 8 weeks after surgery, associated with onset
of late-stage pain behaviors.145 The effects of specifically targeting
spinal microglia has not yet been tested in a surgical model of OA,
but drugs known to target glial activation may warrant further
investigation for OA pain.6 These studies also further highlight the
temporal regulation of neuroimmune changes in the neuraxis after
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the induction of joint damage, where temporally defined changes
progress from the periphery (DRG) to the spinal cord. This implies
that different interventions may be effective at different time points.

Although most studies report higher upregulation in the ipsilateral
dorsal horn, some studies have reported that the contralateral dorsal
horn still has higher levels of microglia compared with con-
trols.104,120,145 More work is required to understand the significance
of contralateral dorsal horn changes, but future studies should report
both ipsilateral and contralateral data.

4. Future directions

4.1. Sexual dimorphism in osteoarthritis-related pain: a role
for macrophages?

There are significant differences in underlying mechanisms driving
immune responses between the sexes, and this likely contributes to

the observed sex differences in pain.59,118 Studies that address the
role of microglial activation in chronic pain have largely been
conducted in male animals.100 Interestingly, experimental nerve
injury results inmechanical allodynia andmicroglial activation inmice
of both sexes, but inhibitors of microglial activation block allodynia
only in males. By contrast, female mice were found to rely on T cells
in the spinal cord to establish pain, and this was hormonally
dependent since female mice still used microglia to establish pain
when testosterone levelswere elevated.135 In theDRG,macrophage
expansion occurs in both male and female mice after nerve injury,
but is more pronounced in male mice. Depletion of macrophages
from the DRG is, however, effectively reduces mechanical
hypersensitivity in both sexes.160

In the context of OA, it is well known that there is a sexual
dimorphism in susceptibility to joint damage in different experimental
models, and more recently differences in pain-related behaviors
between male and female mice have been described.143,150

Table 2

Preclinical osteoarthritis models examining relationship between macrophages and pain.

OA model Time point(s) Results Reference

Rat MIA 2 or 4 wk after MIA Pain behaviors in 5-mgMIA rats were resistant to COX inhibitors and a steroid,
but sensitive to anti-NGF and morphine; MIA induced macrophage infiltration
in the synovium associated with high IL1b, NGF, NOS2, and COX2 expression
in knee joint; clodronate depletion reduced macrophage numbers and pain
behavior (grip strength and weight-bearing)

Sakurai et al., (2019). PAIN.

Mouse MIA 7 d after MIA TrkA knock-in mouse joints had significant leukocyte infiltration and mast
cells; Prostaglandin D2 synthase inhibitor prevented MIA-mechanical
hypersensitivity in TrkA KI mice at doses ineffective in WT mice; microglial
activation was observed 8 d after MIA

Sousa-Valente et al., (2018). Osteoarthritis
Cartilage.

Rat MIA 3 wk after MIA Increased ipsilateral expression of Cd11b1 microglia, but not astrocytes, in
MIA rats

Lee et al., (2011). Mol Pain.

Mouse MIA 7 and 28 d after MIA Increased ipsilateral microglial activation (Iba11) by day 7 and significantly by
day 28. GFAP expression in the dorsal horn was not changed.

Ogbonna et al., (2013). Eur J Pain.

Rat MIA 7, 14, 21, and 28 d after MIA Microglia in the ipsilateral spinal cord were activated by day 7 and continued
through day 28. Bilateral spinal GFAP (astrocytes) increases were seen at day
28, but not at earlier time points. Inhibition of glial activation by either
nimesulide or minocycline attenuated pain behavior, activation of microglia in
the ipsilateral spinal cord, and numbers of activated microglia and GFAP
immunofluorescence.

Sagar et al., (2011). Mol Pain.

MIA 7 d after MIA 2-mg MIA, but not 1-mg MIA, induced microglial activation in both the
ipsilateral dorsal and ventral horn by day 7

Thakur et al., (2012). PLoS One.

Rat MIA 7 d after MIA Increased microglia in the ipsilateral and contralateral dorsal horn by day 7;
specific ablation of spinal microglia through intrathecal injections of the
immunotoxin, saporin, conjugated to the Mac1 antibody (Mac1-saporin),
attenuated mechanical allodynia by days 5 and 7 after MIA

Mousseau 2018 Science Advances

Mouse DMM 4, 8, and 16 wk after DMM CCR2 null mice develop mechanical allodynia at 4 wk, but resolved by 16 wk;
CCR2 null mice lacked movement-provoked pain at 8 wks; macrophages
infiltrate DRG at 8 wk maintained up to 16 wk after DMM; CCR2 null mice have
no macrophage infiltration in DRG

Miller et al., (2012). PNAS.

Mouse DMM 4, 8, and 16 wk after DMM Increased activated CX3CR11 and Iba11 microglia at 8 and 16 wk in WT
mice, but not 4 wk; DRG cultures have increased CX3CL1 levels at 8 and 16
wk; Adamts5 null mice do not develop mechanical allodynia up to 16 wk after
DMM and do not have increased CX3CL1 levels.

Tran et al., (2017). Osteoarthritis Cartilage.

Mouse DMM 16 wk after DMM S100A8 and a2-macroglobulin treatment in DRG cultures stimulated MCP-1
release; TLR4 inhibition reversed this effect; TLR4 null mice were not
protected from mechanical allodynia or joint damage in DMM

Miller et al., (2015). Arthritis Rheumatol.

Mouse CiOA Day 20–42 after CiOA Irf4, CCl17, and CCR4, but not TNF knock-out mice showed decreased
cartilage destruction, osteophyte size, and weight-bearing pain behavior;
CCL17 and Jmjd3 neutralization attenuated both joint destruction and pain;
Ccl17 mRNA expression was only found in macrophages and was controlled
by GMCSF and IRF4 signaling

Lee et al., (2018). Arthritis Res Ther.

Rat CiOA 6 wk after CiOA GFAP expression on satellite glial cells in the DRG and on astrocytes in the dorsal
horn was significantly increased after CIOA; Iba11microglia were also upregulated
in the dorsal horn after CIOA; inhibition of glial activation by fluorocitrate improved
pain behaviors (knee-bend test and gait deficits) in CIOA mice

Adaes et al., (2017). Molecular Pain.

CiOA, collagenase-induced OA; DMM, destabilization of the medial meniscus; GFAP, glial fibrillary acidic protein; MIA, monoiodoacetate-induced; OA, osteoarthritis, WT, wild type.
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However, there are no studies yet that explore the role of
macrophages and their crosstalk with nociceptors in this observed
sexual dimorphism in OA-associated pain. It is noteworthy that
although there was no significant difference in macrophage
infiltration in the knee joints between male and female mice 3 days
after CiOA, there was a lower fold change (day 0–day 3) of
macrophage expansion in females compared with males (5- vs 8-
fold).102 Altogether, these studies highlight it will be important that
future studies on neuroimmune interactions and OA pain will be
conducted in models that allow for evaluation of both sexes.81

4.2. Conclusions

Accumulating evidence from human studies and experimental
models in animals increasingly suggests that macrophages
contribute to the generation and maintenance of pain in OA.
They can do this through secretion of soluble factors that
modify nociceptor activity, and, in turn, they can respond to
nociceptor-derived signals. Pain signaling and the immune
system both strive to maintain the homeostasis of organisms.
It is therefore not surprising that these 2 systems are
constantly interacting with one another and current tech-
niques, such as single-cell sqRNA, have demonstrated this
type of temporal plasticity. Indeed, in the words of the
philosopher Heraclitus living in Greece in the fifth century
BCE—“You cannot step into the same river twice”
—interacting nociceptors and macrophages continuously
alter one another’s transcriptional and functional identities in
response to external influences. There really is no such thing
as a single nociceptor or macrophage phenotype. Bidirec-
tional communication between the 2 systems can occur at
different levels of the pain neuraxis: in the affected joint (mainly
in the synovium) where free nerve endings of nociceptors and
tissue macrophages interact, in the DRG which can become
infiltrated by macrophages in response to peripheral in-
flammation, and in the dorsal horn, where microglia can
modify synapses between nociceptors and second-order
neurons. Hence, in the context of a chronic progressive
disease such as OA, the interactions between these cells at
these different levels may provide an ever-changing network

of signals that are important in perpetuating pain. It is currently
unknown which subtypes of macrophages may be optimal
targets for intervention and this question warrants further
study. Several transcriptomic studies are beginning to
elucidate the different subpopulations of macrophages that
exist in association with distinct clinical states, but little work
has been performed in targeting these populations. One could
speculate that increasing proresolving, proremodeling mac-
rophage numbers and/or activity, or—inversely—hindering
proinflammatory macrophages may constitute formidable
approaches for modifying pain.

In summary, the neuroimmune interactome clearly merits
detailed investigation, and it can be anticipated that a thorough
exploration of the communication between sensory neurons,
immune cells, and resident tissue cells (Fig. 1) will uncover new
strategies to alleviate and/or prevent chronic OA pain.
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