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Osteoarthritis (OA) is an incurable, painful, and debilitat-
ing joint disease affecting over 500 million people
worldwide. The OA joint tissues are infiltrated by various
immune cells, particularly macrophages, which are able
to induce or perpetuate inflammation. Notably, synovitis
and its macrophage component represent a target of
interest for developing treatments. In this review, we
describe the latest advances in understanding the hetero-
geneity of macrophage origins, phenotypes, and
functions in the OA joint and the effect of current
symptomatic therapies on these cells. We then highlight
the therapeutic potential of anticytokines/chemokines,
nano- and microdrug delivery, and future strategies to
modulate macrophage functions in OA.
Keywords: macrophages; immune cells; synovitis; inflammation; osteoarthritis; joint; personalized therapy
Introduction
Osteoarthritis (OA) was long considered as a degenerative disease
affecting the cartilage but is now increasingly recognized as a
heterogeneous, multifaceted joint disease with multitissue
involvement of varying severity. OA is primarily characterized
by the degradation of articular cartilage, varying degrees of syn-
ovial inflammation, and osteophyte formation, which lead to
⇑ Corresponding author. Boutet, M.-A. (marie-astrid.boutet@univ-nantes.fr)
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the loss of joint function. Patients with OA were initially catego-
rized into three major clinical phenotypes related to the most
important risk factors of the disease: age-, trauma-, and obesity-
associated. However, recent studies have highlighted a greater
heterogeneity of these phenotypes, including metabolic
syndrome- and inflammatory-driven ones, highlighting that
OA is a phenotypically heterogeneous disease driven by a variety
www.drugdiscoverytoday.com 1
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of etiological and pathological factors.(p1),(p2) Despite a consider-
able number of clinical trials testing various therapeutic strate-
gies for patients with OA, to date, there is still no curative
treatment able to reduce or halt the progression of the disease.
In this context, the treatments are limited to symptomatic care,
including the administration of analgesics and anti-
inflammatory drugs, and, in the late stages, joint replacement
is often inevitable. Consequently, given its constantly increasing
prevalence, OA imposes a major and growing individual-level
and socioeconomic burden.(p3)

Over the course of OA, the synovial tissue undergoes major
changes even before the onset of cartilage degradation.(p4)

Synovitis, and in particular its macrophage infiltrate, correlates
with osteophyte formation, OA-related pain, disease severity,
and loss of joint function,(p4),(p5) thus representing a target of
interest for the development of treatments. In addition, resident
and infiltrating macrophages in other joint tissues, such as the
infrapatellar Hoffa's fat pad (IFP) in the knee, might also influ-
ence joint homeostasis by affecting intercompartmental cross-
talk, notably through the production of secreted mediators. In
summary, each joint tissue exerts multidirectional and multi-
modal effects on the surrounding ones, thereby establishing a
network of finely tuned interactions that can be disturbed in
the onset and development of chronic inflammatory joint dis-
eases, including OA.

Here, we will highlight the latest evidence related to joint
macrophage diversity in OA, considering their various locations,
origins, and phenotypes. We will then focus on the beneficial
and deleterious functions of macrophages in maintaining joint
homeostasis, with particular emphasis on the roles played by
these cells in orchestrating the communication between synovial
tissue, cartilage, and IFP, notably through the production of sol-
uble mediators released into the synovial fluid. We will then
report the current knowledge about the influence of OA symp-
tomatic treatments on macrophage biology and provide an
updated view of the development of macrophage-targeted thera-
peutic strategies in the context of OA.
Synovial macrophages in OA: a very heterogeneous
group of cells
Distribution of macrophages within the OA synovial tissue
The synovial tissue delimitates the joint capsule and is composed
of two layers: the lining layer or intima that is directly in contact
with the joint cavity and the synovial fluid, and the sublining
layer or subintima. As presented in Figure 1, in homeostatic con-
ditions, the intima is composed of one or two layers of macro-
phages and fibroblast-like synoviocytes (FLSs) (previously called
type A and type B synoviocytes, respectively), whereas the subin-
tima harbors a variety of resident cells such as macrophages,
fibroblasts, endothelial cells, and adipocytes. Beyond its key role
in regulating joint homeostasis and inflammation, as further
developed in the next sections, one of the significant functions
of synovial tissue is the production of the main components of
the synovial fluid [e.g. hyaluronic acid (HA), lubricin] by FLSs
to lubricate the joint and provide nutrients to chondrocytes.(p6)

The synovial tissue might present with major changes during
chronic joint diseases, such as OA. Indeed, the OA synovium
2 www.drugdiscoverytoday.com
often presents with a thickening of the intima and an infiltration
of the subintima by distinct innate and adaptive immune cell
types (e.g. inflammatory macrophages, B cells, or T cells) in vari-
able amounts. These changes are summarized in Figure 1. Cur-
rently, the histological characterization of OA synovial tissue is
mainly performed using the Krenn’s score,(p7) which is based
on the assessment of three reproducible histopathological crite-
ria among all types of arthropathies, including OA and rheuma-
toid arthritis (RA): (1) the thickness of the synovial intimal layer,
(2) the cellular density of the stroma, and (3) the presence of a
lymphocytic infiltrate. In 2019, we contributed to the improve-
ment of this score by defining the IMmunologic SYnovitis sCore
(IMSYC), which quantifies the cellular infiltrates of macro-
phages, T/B cells, endothelial cells, and proliferative cells.(p8)

In the context of RA, a prototypic synovitis-driven disease, the
presence of three synovial pathotypes based on the quantity and
distribution of synovial immune cells has been described. Specif-
ically, the lympho–myeloid pathotype is characterized by the
presence of B and T cells forming highly organized ectopic lym-
phoid structures (ELSs), plasma cells, and macrophages in the
subintima; the diffuse-myeloid pathotype is marked by a pre-
dominant infiltration of CD68+ synovial cells (monocytes,
macrophages) and diffuse lymphocytes without distinctly orga-
nized follicular structures; and the pauci-immune is defined by
a scant immune cell infiltrate and a fibroblast-rich stroma. In
RA, these pathotypes are associated with disease severity, predict
the radiographic progression of the disease, and enable stratifica-
tion of the clinical response to therapy.(p9),(p10),(p11) Importantly,
our recent work demonstrates that these pathotypes are also
observed in the OA synovium and could contribute to the strat-
ification of patients with OA, as they reflect different levels of
peripheral inflammation.(p2)

Within the OA synovium, macrophages and CD4+ T cells rep-
resent the main immune cell populations.(p12),(p13) Recently, we
further highlighted that the level of synovial immune cell infil-
tration in the pauci-immune and diffuse-myeloid pathotypes
appears similar between OA and RA. However, the T cells and
subintimal macrophages are present in higher proportions in
RA tissues presenting with a lympho–myeloid pathotype but
not in OA displaying the same pathotype.(p2) Notably, the spatial
distribution of macrophages is not homogeneous within the syn-
ovial tissue, allowing us to differentiate OA from RA.(p14) These
differences in cell distribution might have pathophysiological
implications in the development and perpetuation of chronic
joint diseases, as well as the response to treatment, and future
high-throughput studies assessing the spatial diversity of syn-
ovial macrophages will help address this burning question.(p15)

Origin of synovial macrophages
Macrophages are innate immune cells that play a major role in
the initiation, perpetuation, and resolution of inflammation. In
every organ, including the synovium, macrophages with differ-
ent origins can be distinguished. Tissue-resident macrophages,
such as osteoclasts, microglial cells, and Kupffer cells, mostly
derive from progenitors present in the tissues since the early
stages of embryonic development, marked by successive
hematopoietic waves involving different embryonic precur-
sors.(p16),(p17) Tissue-resident macrophages differ from infiltrating
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FIGURE 1
Histological and schematic representation of the cellular distribution in healthy and osteoarthritic (OA) synovial tissue. In the left panel, sections of either
healthy or OA synovial tissues were stained with hematoxylin and eosin (H&E) and CD68 (monocyte/macrophage) antibodies. Synovial tissue is composed of
two main layers: the intima and the subintima. The main changes occurring in the synovium during OA (e.g. thickening of the intima, immune cell infiltration,
neovascularization) are represented in the right panel.
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macrophages that derive from circulating monocytes, whose pre-
cursor cells are hematopoietic stem cells in the bone mar-
row.(p16),(p18) It is now clear that macrophages represent a
highly diverse group of cells, exhibiting various phenotypes
and functions and characterized by significant plasticity, which
are involved in maintaining homeostasis as well as in chronic
inflammation or disease development.(p19)

Currently, although most of our knowledge about synovial
macrophage origins comes from fate-mapping studies performed
in the context of rodent RA models, it is likely that a similar cel-
lular dynamism exists in OA. Recently, using cell lineage-tracing
approaches in a serum transfer-induced arthritis model, Cule-
mann and colleagues highlighted the existence of a dynamic
continuum in the differentiation of resident macrophages.(p20)

In particular, the authors revealed that a pool of proliferative
macrophages, expressing a high level of major histocompatibility
complex class II (MHC-II) molecules, is present in the synovial
tissue independently of the migration of infiltrating macro-
phages towards the inflamed tissue. These cells can differentiate
into interstitial and intimal macrophages displaying proresolv-
ing and anti-inflammatory properties (e.g. efferocytosis and the
production of anti-inflammatory mediators, respectively).

In addition to tissue-resident macrophages, circulating mono-
cytes travel within the bloodstream and infiltrate inflamed tis-
sues, where they differentiate into macrophages that can adopt
various phenotypes under the control of growth factors,
cytokines, and other molecules secreted in the microenviron-
ment. Three main populations of monocytes have been distin-
guished based on their expression of the markers cluster of
differentiation (CD)14 and CD16: classical CD14+ CD16- mono-
cytes (Ly6Chigh in mice), nonclassical CD14dim CD16+ mono-
cytes (Ly6Clow in mice), and intermediate CD14+ CD16+

monocytes (Ly6C+ TremL4+ in mice). Each population has a dif-
ferent role in homeostasis and disease.(p21),(p22) Nonclassical
Ly6C- monocytes, known as ‘patroller monocytes’, are involved
in the repair process and production of vascular endothelial
growth factors (VEGFs), and have been shown to be specifically
responsible for the development of inflammatory arthritis in
mice by migrating to the synovium and differentiating into
proinflammatory macrophages.(p23) Macrophages might then
be capable of adapting their phenotype in situ and participating
in the resolution of the disease. In addition, in a collagenase-
induced mouse model of OA, increased migration of Ly6C+

monocytes to the synovium has been observed under the influ-
ence of S100A8 and S100A9 alarmins released as a consequence
of cartilage degradation.(p24)

Interestingly, in OA, in vitro experiments have demonstrated
amplified migration of classical CD14+ CD16- monocytes, as
compared with intermediate CD14+ CD16+ monocytes and non-
classical CD14dim CD16+, subjected to conditioning medium
obtained from the OA synovium in a Transwell migration
assay.(p25)
www.drugdiscoverytoday.com 3
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Diversity of macrophage identities in joint tissues
Macrophages have long been divided into two subcategories
based on the T helper (Th)1/Th2 dichotomic classification: M1
(classically activated macrophages known to exert proinflamma-
tory functions) andM2 (alternatively activated macrophages that
broadly act to maintain or restore tissue homeostasis).(p26) M1
macrophages adopt their phenotype in response to bacterial
lipopolysaccharides (LPSs) or Th1 cytokines, such as tumor necro-
sis factor (TNF)-a and interferon (IFN). They in turn produce
numerous proinflammatory mediators, such as interleukin
(IL)-1b, IL-6, IL-12, IL-23, and cyclooxygenase (COX), which ulti-
mately participate in recruiting and activating other immune
cells. M2 macrophages are polarized by Th2-type cytokines such
as IL-4 and IL-13, and produce anti-inflammatory cytokines such
as transforming growth factor (TGF)-b and IL-10, thus playing a
role in maintaining tissue homeostasis.(p27) M1 and M2 macro-
phages are in vitro-differentiated subtypes often obtained under
nonphysiological conditions that, although useful for addressing
several mechanistic questions, represent only the two extremes of
a larger spectrum of possible phenotypes. Although the M1/M2-
restricting paradigm once provided an instructive framework, this
simplistic classification has notably been challenged in the con-
text of humandiseases, includingOA. Thanks to the development
of high-throughput transcriptomic and proteomic analyses, a
broader synovial macrophage repertoire including multiple phe-
notypes and a wide diversity of functions has recently been
revealed, especially in RA.(p18) The use of standardized protocols
for tissue collection by minimally invasive ultrasound-guided
biopsies, digestion, and analysis pipelines(p28),(p29) has con-
tributed to the deeper characterization of this complex synovial
state.(p30) For instance, Alivernini and colleagues have described
nine synovial macrophage subpopulations,(p31),(p32) including
five tissue-resident and four tissue-infiltrating macrophages. In
theOA synovium, similar high-throughput techniques have iden-
tified 12 distinct cell types with significant phenotypic diversity
amongmacrophages.(p33),(p34) Interestingly, Zhang and collabora-
tors recently identified 15 synovial myeloid populations, includ-
ing 4 resident macrophage populations, 6 infiltrating monocyte
populations, and 5 dendritic cell populations, present in patients
with OA and RA using a multiomic single-cell cellular indexing of
transcriptomes and epitopes (CITE)-seq approach.(p35) Among
these populations, three tissue-resident macrophage populations
expressing the phagocytic markers CD206, myeloid–epithelial–
reproductive tyrosine kinase (MERTK), andCD163were abundant
in OA tissues, although they were less represented compared with
in healthy tissues.(p31) Some similarities observed betweenOA and
RAmyeloid populations suggest that their participation in disease
progression might be more synovitis-driven rather than disease
specific, but further comparative studies are required. In a murine
post-traumatic OA model, nine subtypes of macrophages with
specific transcriptomic signatures, very similar to the ones
reported in human arthritic synovium,(p31) have been described,
emphasizing the strong correlation between human and mouse
macrophage populations.(p36)

Beyond the variety of phenotypes displayed by macrophages,
these cells also present with significant plasticity throughout
4 www.drugdiscoverytoday.com
their lifetime, which is enhanced in chronic inflammation.(p19)

Several epigenetic mechanisms, such as histone modification,
DNA methylation, and microRNA (miRNA) expression, partici-
pate in regulating the identity and functions of
macrophages.(p19),(p37) Infiltrating macrophages have an
increased plasticity compared with resident macrophages, influ-
enced by both the surrounding inflammation and the macro-
phage niche within the tissue.(p38) A recent preprint from
Knights and colleagues highlighted that synovial macrophage
phenotypes vary over time, mimicking early and late stages of
the disease in a post-traumatic mouse model of OA.(p39) This
underscores the need for longitudinal studies of changes in OA
synovial immune cells and macrophages across disease stages.

Although similarities between mouse and human synovial
macrophage phenotypes have been noted,(p20) the significant
disparities observed in other contexts must be considered when
translating in vivo findings to clinical application.(p40)

Role of macrophages in maintaining, restoring, and
disturbing synovial and joint homeostasis
Roles of synovial macrophages in the steady state and OA
Given their significant phenotypic diversity, the roles played by
macrophages within the synovial tissue are numerous.(p18) Under
physiological conditions, resident macrophages are the main
macrophage population in the synovial intima and subintima,
participating in the maintenance of tissue homeostasis primarily
by sensing their microenvironment.(p41) Their protective role is
notably illustrated by their phagocytic activity, which clears
potential cartilage debris and apoptotic cells(p42) through the
expression of markers such as T-cell immunoglobulin and mucin
domain containing 4 (TIMD-4) or MERTK. They also secrete
immunoregulatory cytokines such as IL-4, IL-13, TGF-b, IL-10,
and IL-1 receptor antagonist (IL-1Ra).(p43) Culemann and col-
leagues demonstrated the role of intimal-resident CX3C motif
chemokine receptor 1 (CX3CR1)+ macrophages in the mainte-
nance of an immune barrier separating the synovium from the
synovial cavity in mice.(p20) Consequently, given their distribu-
tion throughout the tissue and their complementarity, macro-
phages, together with FLSs, play a central and crucial protective
role in maintaining and restoring joint health.(p44) However, in
contrast to their protective functions, macrophage populations
can have deleterious effects within the OA synovium.(p5) Macro-
phages, especially infiltrating macrophages, are major producers
of proinflammatory mediators such as cytokines (e.g. TNF-a, IL-
1b, IFN-c), chemokines [e.g. C-X-C motif chemokine ligand 8
(CXCL8)], and alarmins (e.g. S100A12), which promote the
recruitment of immune cells (e.g. T and B cells) and contribute
to the thickening of the synovial tissue. Importantly, the activa-
tion of inflammatory pathways in macrophages also actively pro-
motes the restoration of homeostasis by fostering the subsequent
production of proresolving or anti-inflammatory mediators,(p45)

as recently reviewed in the context of OA.(p46)

Macrophages also produce metalloproteinases and reactive
oxygen species (ROS) involved in cartilage and extracellular
matrix (ECM) degradation,(p33) which contribute to overall joint
inflammation, as further described in Section 3.2. During OA,
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activated macrophages might also express MHC-II molecules,
highlighting their potential role in antigen presentation and T
cell-mediated immune responses, which could contribute to
the chronicity of synovial inflammation.(p18),(p34) Although OA
is not recognized as an autoimmune disease, understanding the
interplay between innate and immune cells in its pathophysiol-
ogy requires further investigation. Indeed, the presence of
autoantibodies against methionine adenosyltransferase 2 beta
(MAT2b)(p47) or post-translationally modified proteins(p48) in
the sera of patients with OA suggests a possible contribution of
self-reactivity mechanisms to its pathogenesis, and further stud-
ies investigating the role of macrophages in this process need to
be conducted.

Macrophages have also been shown to be key players in the
resolution of inflammation in various contexts, not only by
dampening inflammation but also by actively clearing dead cells
through efferocytosis and by promoting tissue repair.(p49) In an
obesity-associated OA model, the intra-articular injection of
growth arrest-specific gene 6 (Gas6) can prevent disease progres-
sion by restoring the phagocytic capacity of macrophages.(p50)

Moreover, proresolving mediators produced by macrophages,
such as resolvin D1, can reduce the severity of synovitis and car-
tilage degradation in vivo.(p51)

Altogether, the multiple functions of synovial macrophages
influence the physiological and pathophysiological processes
happening in the OA joint.

Role of macrophages from distinct joint structures in OA
development
In addition to their major role within the synovial tissue, macro-
phages are also present in other joint compartments, such as the
IFP in the knee and the synovial fluid, and can strongly influence
the phenotype of many other cells through complex mecha-
nisms.(p52) Indeed, intertissue communication plays a role in
maintaining homeostasis. As summarized in Figure 2 and Table 1
and further described in the following sections, in the context of
OA, synovial macrophages interact with the other main cell
types of the joint, thereby contributing to disease progression.

Role of synovial macrophages in cartilage breakdown in OA
Bidirectional communication between cartilage and synovium,
notably through chondrocytes and macrophages, has been
extensively studied in recent years.(p5) The ECM plays a key role
in the joint by absorbing and distributing mechanical stress and
ensuring joint homeostasis,(p53),(p54) and macrophages play a key
role in the maintenance of ECM integrity (Table 1). In particular,
three-dimensional cocultures of chondrocytes or cartilage
explants and macrophages highlight a direct influence of macro-
phage phenotypes/secretory function on chondrocytes, and vice
versa.(p55) Of note, the involvement of matrix metalloproteinases
(MMPs) and structural proteins, such as flightless I, has been rec-
ognized in driving these autocrine/paracrine effects through the
activation of specific intracellular signaling pathways (e.g.
mitogen-activated protein kinases (MAPKs)/extracellular signal-
regulated kinase (ERK) 1/2.(p54),(p56)

In 2020, using single-cell RNA sequencing of paired cartilage
and synovium samples from human patients with OA, Chou
and colleagues revealed the presence of 12 and 7 distinct cell
populations in these tissues, respectively.(p34) The authors
highlighted that the largest variety of cytokines and growth fac-
tors predicted to be associated with the development of OA are
expressed by synovial cells, particularly macrophages, when
compared with chondrocytes. Their work used single-cell analy-
ses to establish a predictive model of intercellular communica-
tion between cartilage and synovial cells through the synovial
fluid, and provided crucial information for the development of
novel therapeutic strategies for patients with OA through the tar-
geting of specific pathogenic cell populations (e.g. macrophages,
dendritic cells) and their associated surface proteins [e.g. Toll-like
receptor (TLR)] or mediators (e.g. IL-6, TNF).
Involvement of IFP macrophages in the development of knee OA
The IFP is an intracapsular but extrasynovial structure localized
in the knee joint that stabilizes and protects the joints from
mechanical damage.(p57) Richly vascularized and innervated,
the IFP also exerts a key endocrine function through the expres-
sion of adipokines (e.g. adiponectin, leptin) and is capable of
secreting various mediators, such as cytokines and growth fac-
tors, as summarized in a recent review (Table 1).(p58) The IFP is
therefore involved in the development of several joint dis-
eases.(p59) Notably, its size has been shown to increase with
age, and it is associated with the development of OA.(p60) More-
over, as the synovial tissue and fat pad form the same anatomo–
functional unit,(p61) the influence of soluble molecules produced
by synovial tissue on IFP, and vice-versa, should be considered.

Paired analysis of synovium and fat pad samples from patients
with OA by flow cytometry revealed similar percentages of
macrophages, mast cells, and T cells within both tissues.(p12)

Notably, the immune cells infiltrating the IFP present a specific
inflammatory phenotype distinguishing them from those infil-
trating other types of adipose tissue.(p62) Indeed, the IFP contains
more macrophages when compared with subcutaneous adipose
tissue samples. These macrophages express the surface marker
CD206, which typically identifies macrophages with a repair
phenotype, and conditioned medium prepared with OA IFP is
able to inhibit the catabolic process observed in cartilage
explant.(p63) Recent evidence highlights a crucial detrimental role
for apolipoprotein E (APOE) signaling in synovial and IFP fibrob-
lasts and macrophages in cartilage catabolism.(p64)

The precise functions and origins of IFP macrophages, as well
as the communication between IFP immune cells and the sur-
rounding tissues affected by OA, remain poorly understood and
should be addressed in future studies.
Pivotal role of the synovial fluid in the OA joint
The synovial fluid lubricates the joint, helps to overcome
mechanical constraints, and notably provides the nutrients nec-
essary for the survival of chondrocytes.(p65),(p66) Diverse immune
cells can also be found in the synovial fluid, and their numbers
vary during joint inflammation.(p67),(p68) Monocytes, macro-
phages, and neutrophils are the most abundant leukocytes in
the synovial fluid. In particular, compared with peripheral blood,
OA synovial fluid is enriched in proinflammatory CD14+CD16+

cells.(p68) In the same study, the authors reported that all macro-
phages found in the synovial fluid express a significant level of
major histocompatibility complex (MHC)-II molecules, reflecting
an activated phenotype.(p68)

Recently, four distinct subgroups of patients with OA have
been described based on the proportions and features of immune
www.drugdiscoverytoday.com 5
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FIGURE 2
Central role of synovial macrophages in osteoarthritis (OA) pathophysiology. Resident and infiltrating macrophages within the synovial tissue can interact
with different cells within the same compartment (e.g. fibroblasts, dendritic cells, B and T cells) or within other compartments of the joint (e.g. synovial fluid,
cartilage, subchondral bone, the infrapatellar Hoffa’s fat pad – not represented). Macrophages participate in the recruitment of other immune cells,
enhancing synovial hypertrophy and hyperplasia, and contribute to the production of inflammatory mediators such as cytokines or matrix metalloproteinases
(MMPs) and bone morphogenic proteins (BMPs).

TABLE 1

Summary of the main roles of macrophages in the joint environment described in recent studies

Macrophage
location

Target
tissues

Roles Mediators and related pathways Refs

Synovium Cartilage Promotion of ECM degradation and chondrocytes
hypertrophy

TNF, MMP9, and MMP14 via ATF2, STAT3, and NF-jB
pathways

(p54)

Flightless I and TLR4 via MAPK, ERK1, and ERK2 pathways (p56)
IFP Cartilage Inhibition of catabolic processes NO, MMP1 (p63)
IFP Cartilage Inhibition of cartilage anabolism and promotion

of cartilage catabolism
APOE through modulation of COL2A1, ACAN, SOX9, MMP,
and ADAMTS expression

(p64)

IFP All joint
tissues

Secretion of proinflammatory mediators and
adipokines

IL-6, adipsin, adiponectin, visfatin (p62)

Synovial fluid Cartilage,
synovium

Secretion of proinflammatory mediators VCAM-1, ICAM1, MMP3, TIMP-1, VEGF, MCP-1 (p70)

Abbreviations, ACAN, aggrecan; ADAMTS, a disintegrin and metalloproteinase with thrombospondin motifs; APOE, apolipoprotein E; ATF2, activating transcription factor 2; ERK, extracellular signal-
regulated kinase; ICAM1, intercellular adhesion molecule-1; IL, interleukin; MAPK, mitogen-activated protein kinase; MCP-1, monocyte chemoattractant protein-1; MMP, matrix metalloproteinase;
NF-jB, nuclear factor kappa B; NO, nitric oxide; SOX, SRY-box transcription factor; STAT, signal transducer and activator of transcription; TIMP-1, tissue inhibitor matrix metalloproteinase-1; TLR, Toll-
like receptor; TNF, tumor necrosis factor; VCAM-1, vascular cell adhesion molecule-1; VEGF, vascular endothelial growth factor.
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cells present in their synovial fluid.(p69) Interestingly, these
immune phenotypes, also described as ‘iPhens’, were related to
the clinical trajectory at 3–6 months postsampling. In particular,
low expression of C-X-C motif chemokine receptor 4 (CXCR4)
and C–C chemokine receptor type 7 (CCR7) in synovial fluid
macrophages correlates with clinical improvement of OA, con-
sidering the evolution of pain and joint effusion.(p69) In addition,
several synovial fluid biomarkers, described in Table 1, have
recently been associated with synovial inflammation and radio-
graphic severity (Kellgren–Lawrence grading) in OA.(p70) Of note,
these biomarkers significantly correlate with the synovial fluid
levels of soluble CD14 and CD163 shed by activated macro-
6 www.drugdiscoverytoday.com
phages. Another study, investigating cell phenotypes from
matched samples of synovial tissue and fluid, highlighted that,
although macrophages were predominant in the OA synovial tis-
sue, neutrophils constituted the predominant cell type in the
synovial fluid. These cells produce mediators specifically associ-
ated with radiographic OA severity and have been recognized
as being capable of identifying patients with a higher risk of dis-
ease progression (Table 1).(p67)

Altogether, the results presented in the above section highlight
the importance of considering phenotypic changes in all joint
compartments, including the synovial fluid, synovial tissue, and
the IFP, todesignnovelandeffectivepersonalizedtherapies forOA.
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Targeting macrophages in OA: current and future
perspectives
Impact of current symptomatic treatments on joint
macrophages
Thanks to their great plasticity, macrophages rapidly react to var-
ious stimuli arising from their environment. Among these stim-
uli, the effects of therapeutic agents used in the clinic to reduce
joint symptoms in OA have been reported.

Nonsteroidal anti-inflammatory drugs (NSAIDs)
Although there is currently no treatment available to slow down
or stop the progression of OA, symptomatic therapeutic strate-
gies are offered to patients to reduce pain and joint discomfort.
First-line therapies consist of the administration of oral
analgesics (e.g. acetaminophen) and oral or topical NSAIDs.
ccccccccSeveral studies have identified a role for NSAIDs in mod-
ulating macrophage phenotypes in the context of OA. Using a
cell type-specific depletion strategy, a study using a rat model
of OA identified macrophages as major players in the persistence
of pain in animals resistant to COX inhibitors.(p71) Two other
studies also showed that chronic COX inhibition could promote
macrophage differentiation into a proinflammatory pheno-
type.(p72),(p73) Despite the effect of NSAIDs on macrophages and
monocytes, these molecules have only a moderate impact on
pain relief, as patients are affected by a persistent pain regardless
of treatment monitoring, and they might even increase the risk
of adverse events like gastrointestinal toxicity or cardiovascular,
renal, and hepatic disorders.(p74)

Corticosteroids and HA
Second-line therapies are conditionally recommended by clini-
cians, mostly for patients with moderate-to-severe OA, and con-
sist of intra-articular injections of corticosteroids or HA (also
FIGURE 3
Influence of current symptomatic treatments on macrophages in the osteoarth
in vitro, ex vivo, and in vivo data available in the literature about the effects of no
acid (HA) on macrophages in OA. Overall, these drugs act as anti-inflammato
proresolving M2 macrophages. Abbreviations: GCs, glucocorticoids; HA, hyaluro
decreased number; !, stimulation; , inhibition.
called hyaluronan).(p75) In patients with OA, glucocorticoid
(GC) injections have been shown to impact the number of syn-
ovial macrophages and their secretion of proinflammatory and
procatabolic molecules when compared with placebo injec-
tions.(p76) However, in that study, the authors demonstrated that
the number of intimal macrophages was reduced by only 30%
following intra-articular injection of GCs. In vitro, dexametha-
sone, a synthetic GC, has also been shown to exert an anti-
inflammatory effect on OA synovial explants through modula-
tion of the balance between the expression of pro- and anti-
inflammatory cytokines by macrophages.(p77) However, despite
their beneficial effect on inflammation, intra-articular injections
of GCs fail to induce long-lasting pain relief, with an average of
4 weeks of pain alleviation seen after administration.(p78) Among
the treatments proposed for patients with OA to reduce joint dis-
comfort, intra-articular HA injections are often performed.(p79)

HA is a natural component of the synovial fluid and cartilage,
and it contributes to the viscoelastic properties of the synovial
fluid.(p80) In vitro, HA impedes the proinflammatory response of
macrophages through its binding to the CD44 receptor and inhi-
bition of nuclear factor kappa B (NF-jB) signaling, leading to
decreased production of proinflammatory cytokines and
increased production of anti-inflammatory cytokines.(p81),(p82)

Following intra-articular injections of HA in patients with OA,
IL-6 expression is downregulated in the synovial fluid, poten-
tially due to decreased secretion by macrophages.(p81),(p83),(p84)

Nonetheless, because of potentially underestimated placebo
effects, the efficacy of HA injections specifically for the treatment
of OA is still controversial.(p85) The Osteoarthritis Research Soci-
ety International (OARSI) 2019 guidelines only recommend HA
injections in very specific conditions, highlighting that they
Drug Discovery Today

ritic (OA) joint. Schematic representation summarizing the currently limited
nsteroidal anti-inflammatory drugs (NSAIDs), corticosteroids, and hyaluronic
ry therapies, dampening proinflammatory M1 macrophages and favoring
nic acid; Mø, macrophages; Mo, monocytes. %%, increased number; &&,
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might have beneficial effects on pain at 12 weeks post-
treatment.(p75) Overall, although NSAIDs, corticosteroids, and
HA injections exhibit relative effectiveness in OA pain allevia-
tion, to our knowledge, there is no extensive study recapitulating
the precise consequences of these treatments on macrophages.
Considering the difficulty of precisely studying local and sys-
temic molecular mechanisms triggered by these therapeutics in
macrophages, most studies are conducted in in vitro settings;
however, given the plasticity of macrophages, which is depen-
dent on their complex in vivo microenvironment, these results
should be interpreted very carefully. Figure 3 presents a summary
of the effects of NSAIDs, GCs, and HA on macrophage pheno-
types within the joint. Although there is currently no efficient
and targeted therapy for the treatment of OA, these studies high-
light the broad effects of current symptomatic drugs on joint
macrophages. Considering the recognized pathogenic role of
macrophages in the OA joint, it is now important to develop rel-
evant cell-specific therapeutic strategies for the treatment of this
disease. These strategies should not only induce anti-
inflammatory mechanisms but also exert effects in proresolutive
and proanabolic pathways.

Development of novel therapeutic strategies to target
macrophage subpopulations
Because of (i) the absence of treatments able to sustainably
restore normal joint function, (ii) the moderate efficacy of cur-
rent symptomatic therapeutic strategies for OA, (iii) their short-
lived effect, and (iv) the potential for adverse events, it is crucial
to highlight the importance of developing targeted and personal-
ized therapies. Over the last few years, different innovative ther-
apeutic approaches targeting various aspects of OA
pathophysiology, such as cartilage degradation, bone remodel-
ing, or inflammation (e.g. MMP inhibitors, anticytokine antibod-
ies, cell therapy), have been tested.(p86)

Cytokines and chemokine targeting
Synovial macrophages are able to produce proinflammatory
cytokines (e.g. IL-1b, IL-6, TNF-a) that contribute to cartilage
degradation and bone alterations.(p87) These cytokines can be
specifically targeted using neutralizing antibodies that are rou-
tinely and efficiently used in the clinic for the treatment of
autoimmune or inflammatory diseases. However, anti-IL-1 anti-
bodies demonstrate minimal-to-no effects with respect to OA
pain relief, with limited clinical benefit.(p88),(p89),(p90) Indeed, a
nonsignificant decrease in the Western Ontario and McMaster
Universities Osteoarthritis Index (WOMAC) pain score in lutik-
izumab (anti-IL-1a/b)-treated patients with OA, comparable with
the placebo group, has been observed and is characterized by an
absence of synovitis improvement.(p89) Similarly, strategies target-
ing the IL-6 signaling pathway have not proven their efficacy in
patients with OA, as shown in a recent clinical trial using tocilizu-
mab, an anti-IL-6R antibody, in patients with hand OA.(p91),(p92)

Additionally, anti-TNF-a therapies do not significantly impact
pain relief or OA symptoms, including synovitis.(p93),(p94) How-
ever, interestingly, a subgroup of etanercept-treated patients with
OA, characterized by a symptomatic erosive inflammatory disease
and persistent pain despite NSAID treatment, presented with
fewer bone marrow lesions on magnetic resonance imaging
(MRI) and more radiographic remodeling, as well as better pain
8 www.drugdiscoverytoday.com
alleviation, compared with the placebo group after 1 year of
follow-up, calling for further investigations to confirm these
observations.(p94) This suggests that subgroups of patients could
respond differently to anticytokine therapies and underlines that
primary outcomes should be carefully defined according to the
timing of interim and final analyses when designing clinical trials
in the context of OA. Finally, a recent clinical trial explored the
efficacy of otilimab, an antigranulocyte-macrophage colony-
stimulating factor (GM-CSF) antibody, for the treatment of hand
OA. They observed a nonsignificant reduction in pain and
functional impairment compared with the placebo group.(p94)

Therefore despite the demonstrated involvement of cytokine-
mediated inflammatory process in OA pathogenesis, and
encouraging preclinical data, these approaches have limited
effects with respect to pain relief and no significant effects on
OA manifestations, such as synovitis and bone remodeling. The
failure of specific cytokine-targeting strategies highlights that
these cytokines are not solely responsible for OApathophysiology
but take part in larger pathological mechanisms involving various
players, such as cytokines, degradation products, or cells. Of note,
although these biological drugs target the expression of specific
cytokines, they broadly modulate their expression without cell
or tissue-specific actions, whereas OA perturbations are mainly
local. Given the dual and sometimes divergent effects of the same
cytokine in different cell types or distinct niches, these results
overall underline the importance of a better understanding of
OA’s pathophysiological mechanisms to develop targeted and
personalized treatments.
Nano- and microdrug delivery strategies
The use of nano- and microdrug delivery strategies (e.g. nanopar-
ticles, liposomes, exosomes) has already proven effective in pre-
clinical models for the treatment of arthritis.(p18),(p95) Notably,
several studies demonstrate that using such delivery strategies
could improve the efficacy of NSAIDs(p96) and GCs(p97) and
induce the inhibition of OA progression and the restoration of
cartilage integrity in preclinical OA models. Recently, the US
Food and Drug Administration approved intra-articular injec-
tions of Zilretta, i.e. triamcinolone acetonide (TCA) combined
with poly(lactic-co-glycolic acid) (PLGA) microspheres, for the
management of knee OA. This drug demonstrated the ability to
improve the management of OA-related pain and stiffness com-
pared with TCA alone or placebo.(p98)

Nano- and microdrug delivery strategies have also been used
to demonstrate the relevance of novel therapeutic targets, favor-
ing a proresolving phenotype in macrophages. Nanoliposomes
loaded with resolvin D1, a proresolution mediator,(p99) were able
to enhance the recruitment of M2-like macrophages at the site of
inflammation in a surgically induced OA mouse model and
reduced the proinflammatory activity of synovial
macrophages.(p100) Likewise, the use of zeolitic imidazolate
framework-8 (ZIF-8)-modified nanoparticles with anti-CD16/32
antibody, targeting M1 macrophages, promoted a beneficial
proinflammatory/proresolving macrophage balance in an ante-
rior cruciate ligament transection (ACLT)-induced OA mouse
model.(p101) Another study, using immunoglobulin G-
opsonized nanoparticles coupled with the anti-inflammatory
agent berberine, showed preferential internalization by M1
macrophages in vitro, leading to polarization towards an M2
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FIGURE 4
Potential macrophage-specific targeting strategies for the development of personalized osteoarthritis (OA) treatments. This figure presents the pathways and
mechanisms that could be targeted in specific macrophage subpopulations using nano- and microdrug delivery systems. +, indicates stimulation; �,
inhibition.
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phenotype. In vivo, the same nanoparticles were used in an
ACLT-induced OA rat model and induced cartilage repair.(p102)

Interestingly, lipoplex-mediated targeting of macrophages
demonstrated successful silencing of the expression of several
genes in the context of inflammatory arthritis,(p103),(p104) leading
to reduced inflammation and the prevention of joint destruc-
tion. Considering the presence of proinflammatory infiltrating
macrophages in the OA synovium, such strategies could also be
tested in the context of OA.

Although encouraging, the results presented above highlight
some limitations that might limit the clinical translation of these
strategies in OA. First, proinflammatory cytokine inhibitors are
clinically relevant as they have previously been tested and
approved for the treatment of other joint diseases, but they lack
the capacity for local and specific targeting of macrophages,
increasing associated adverse events and reducing the specificity
of their actions, respectively. Therapeutic strategies aiming to
improve the tissue targeting of free drug therapies rely on
already-tested and short-lasting treatments for OA (e.g., NSAIDs).
These strategies have been shown to enhance the delivery and
effects of these therapies. However, so far, they have only been
tested in early-stage OA animal models following prophylactic
administration. Moreover, although being locally injected, they
require repeated injections over several weeks to be efficient with
respect to OA-related pain and symptoms, which could represent
an impediment for clinical translation, and no data are available
on their long-lasting effect after withdrawal. These strategies
often rely on the intrinsic capacity of macrophages for phagocy-
tosis, and improvement of delivery systems should allow more
precise targeting of macrophage subpopulations in the future.

Future directions for macrophages targeting
As described above, OA synovial macrophages present a multi-
tude of phenotypes and functions, and their specific targeting
could help reduce tissue inflammation and prevent joint dam-
age, as well as favoring proresolving mechanisms. As summarized
in Figure 4, such strategies could either induce apoptosis or inhi-
bit the action of deleterious macrophage populations, specifically
interfering with their secretion of proinflammatory and/or
chemoattractant cytokines and chemokines, or conversely stim-
ulate one or several beneficial macrophage populations by pro-
moting their production of anti-inflammatory molecules or
their proliferation or differentiation.(p5)

Future therapies should also consider the stage of the disease.
Indeed, macrophage infiltration and phenotype might change
according to the dynamics of the disease (e.g. disease stage, flare).
Although a significant link between radiographic OA severity
and macrophage activation is recognized,(p105) their temporal
phenotype changes have never been investigated in human
patients with OA across disease stages. In rat and murine OA
models, rapid activation of macrophages is observed in the early
stage of the disease and is sustained over time.(p106),(p107) Interest-
ingly, the proportion of macrophages changes throughout dis-
www.drugdiscoverytoday.com 9
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ease development and, specifically, the proportion of proresolu-
tive CD206+ macrophages was significantly increased in the syn-
ovium at a late stage in a post-traumatic OA model.(p108) As
detailed throughout this review, macrophage populations are
heterogeneous and can present various and distinct phenotypes
and associated functions in OA. Further studies are therefore
needed to better understand their dynamics across OA stages
and would benefit the development of novel personalized thera-
pies to be administered at the most appropriate time point of the
disease course.

Overall, given the interplay between and within joint tissues
in the physiological and inflammatory conditions presented
herein, the effect of targeting specific macrophage subpopula-
tions in OA should be carefully assessed in preclinical studies
using appropriate models. Moreover, according to the potential
difference in epigenetic, pathophysiological, or anatomical
changes between knee and hip OA development, and the current
lack of knowledge about joint-specific macrophage phenotypes,
further studies are needed to address this pressing question.

Defining relevant subgroups of patients, and associated pre-
clinical models, for a precise stratification of cellular and molec-
ular pathway involvement would be greatly beneficial for the
design of targeted therapeutic strategies for OA.

Concluding remarks
In the context of OA, synovial macrophages have been associ-
ated with disease severity and pain. Considerable advances have
recently been made in the field of rheumatic diseases, highlight-
ing the diversity in macrophage phenotypes, origins, and func-
tions. Moreover, recent improvements in nano- and microdrug
delivery systems have contributed to increased efficacy of pre-
existing OA symptomatic treatments in preclinical models. How-
ever, further research is needed to better stratify patients with OA
according to the diverse pathophysiological mechanisms under-
lying the disease’s various symptomatic presentations, with a
focus on macrophage subsets within and between the different
joint tissues. This will facilitate the design of relevant targeted
10 www.drugdiscoverytoday.com
and personalized therapeutic strategies for OA, helping to assign
‘the right drug to the right patient’ for efficient management of
this complex disease.
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