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Abstract: Osteoarthritis (OA) is the most common degenerative joint disease that causes chronic pain
and disability. Different innate immune components, including macrophages, T cells, and neutrophils,
participate in OA pathophysiology. Neutrophils are the most abundant circulating leukocytes with
multiple specialized functions contributing to innate and adaptive immune functions. Although
neutrophils produce proinflammatory cytokines and chemokines, reactive oxygen species (ROS),
matrix-degrading enzymes, and neutrophil extracellular traps (NET) that promote joint degradation
as the first recruit cells in an inflamed joint, these cells also play an important role in joint repair
by regulating the immune response, releasing anti-inflammatory factors, and activating certain
protective genes. In this review, various aspects of neutrophil biology, their role in inflammation
and its association with OA, and possible therapeutic approaches to target neutrophils for the
treatment of OA are described. Since neutrophils play a complex role in the pathophysiology of
osteoarthritis, contributing to joint degradation as well as joint repair, targeting these cells is likely
to pave the way for a potential therapeutic approach for the management of OA. Future studies are
needed to investigate the use of targeted therapies to modulate neutrophil function and identify their
subpopulations that are associated with osteoarthritis progression or response to treatment.
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1. Introduction

OA is the most common form of arthritis. Several other types of arthritis with differ-
ent etiologies, including autoimmune processes (rheumatoid arthritis, psoriatic arthritis,
ankylosing spondylitis, juvenile idiopathic arthritis, psoriasis), crystal deposition (gout),
and infections (Lyme’s arthritis, septic arthritis), have been described [1,2]. OA is a muscu-
loskeletal disease that differs from osteoporosis in that its pathogenic process involves the
degradation of articular cartilage in a diseased joint and compromises periarticular struc-
tures [3]. It is a painful chronic degenerative disease that causes limited movement, bone
remodeling, and osteophyte formation, leading to the deterioration of joint function [4].
Although the precise cause of this condition is unknown, several known risk factors, in-
cluding age, obesity, gender, acute trauma, repetitive high-load activities, and irregular or
repetitive overload of articular structures, all increase the likelihood of developing OA [5].
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OA is a complication that affects humans and animals, particularly horses. According
to some researchers, OA is the leading cause of lameness in horses, and approximately
250 million people worldwide are affected by knee OA [6]. OA is distinguished by the
progressive destruction of articular cartilage and commonly affects the interphalangeal
joints, spine, hips, knees, and foot [7]. Neutrophils contribute to the advancement of OA
through a variety of pro-inflammatory and degenerative mechanisms [3]. Despite recent
advancements, a definitive treatment for OA remains challenging due to its complexity of
pathophysiology [3,8,9]. Numerous therapeutic strategies are recommended, including
the following: 1. conventional drug therapy for pain relief and inflammation reduction;
2. biological surgical procedures, such as the transplantation of mesenchymal stem cells
(MSCs); and 3. rehabilitation treatments that contribute to the improvement of patients’
functionality and quality of life [8–11].

This review discusses recent findings on neutrophil involvement in OA pathophysi-
ology, focusing on secreted cytokines, chemokines, metalloproteinases, and microRNAs.
Understanding the mechanisms of action of neutrophils may lead to developing novel
treatments to slow the progression of OA and restore joint homeostasis.

2. Osteoarthritis
2.1. Osteoarthritis Epidemiology in Human

OA is the most prevalent joint disease, leading to disability and the reduced quality
of life. Epidemiologic principles can be applied to describe the prevalence of OA in the
population and to investigate risk factors for its onset and progression. Most of the current
information on the epidemiology of OA comes from population-based radiographic sur-
veys [12]. A higher rate of OA has been associated with several factors, including lifestyle,
gender, and jobs with high mechanical demand. In addition, the chance of suffering from
OA can be influenced by age and the obesity epidemic. Obesity is a risk factor since the
extra strain on the joints over time may result in unnecessary tension and damage [13,14].
Furthermore, metabolic obesity-related factors can contribute to the progression of joint
diseases. It is believed that the adipose tissue augments the accumulation of metabolites in
the peripheral space of the joints, leading to cartilage breakdown [15]. Strength is related
to physical function—increasing quadriceps strength reduces pain and improves function.
Research shows that quadriceps muscle strengthening is essential for knee joint protection,
and strong thigh muscles may help prevent OA worsening [16]. Based on abundant evi-
dence, synovitis is a characteristic feature of OA. It has been possible to diagnose synovitis
through histology and immunohistochemistry. Moreover, modern imaging techniques,
namely magnetic resonance imaging and ultrasound, can show the features of synovitis,
such as increased vascular flow, hypertrophic synovium, and effusion [17]. Mechanisms
can be elucidated and prevention opportunities are identified with the help of advances
in risk factor measurement via imaging, systemic and local biomarkers, and improved
methods of measuring symptoms and their impact [18].

2.2. Pathogenesis

The pathogenesis of OA is characterized by continuous molecular and cellular changes
in subchondral bone, articular cartilage, ligaments, synovium, and periarticular mus-
cles [19]. Modern imaging technology identifies OA as a joint disease involving multiple
tissues that confer various phenotypes. In particular, the subchondral bone is a critical
part of the pathogenesis of OA. Extracellular matrix (ECM) interactions are mediated by
cell surface integrins, which play a crucial role in the pathophysiology of articular carti-
lage. Integrins regulate cell/ECM signaling in physiological conditions. It is necessary for
controlling maturation, differentiation, and cartilage homeostasis [20].

During the OA process, overuse and mechanical stress result in the induction of
pro-inflammatory cytokines and regulators. One of the most critical cytokines in the in-
flammatory cycle of OA is IL-1, which has several roles and induces the release of certain
matrix metalloproteinases (MMPs) as the leading cause of the enzymatic destruction of the
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joint capsule. In addition, IL-1 stimulates fibroblasts in chronic inflammation to increase
the production of types I and III collagen, which could lead to the fibrosis of articular carti-
lage [6,21]. Tumor necrosis factor-α (TNF-α) stimulates the release of proteases, namely
aggrecanases, collagenases, and MMPs, which degrade aggrecan and collagen [6]. Further-
more, these cytokines also stimulate the synthesis of prostaglandin E2 (PGE2) and nitric
oxide (NO) [6].

Other important cytokines include insulin-like growth factor-1, transforming growth
factor beta (TGF-β), and some pro-catabolic cytokines, which have been shown to trigger
the enzymatic degradation of the cartilage matrix. Mediators of inflammation and oxidative
stress conspire to damage chondrocyte function and viability by reprogramming them to
undergo hypertrophic differentiation [5].

The two most notable structural changes associated with OA are the loss of cartilage
and the development of osteophytes. These changes are readily noticed radiographically,
and the objective measurement of disease severity is based on the degree of joint space
loss (reflecting cartilage loss) and the existence of osteophytes. Moreover, subchondral
osteosclerosis was present in the early phases of the OA, a procedure possibly accompanied
by microfractures and recommended as a pathogenic factor in cartilage degeneration. In
addition to these structural changes, OA has multiple joint and periarticular soft tissue
modifications. These may include synovial hyperplasia and synovial fluid retention [22].

3. Involvement of Neutrophils in the Pathophysiology of Osteoarthritis
3.1. Immune Cells in Joint Injury and Repair

The innate immune system is essential in the host’s defense against microbial invasion
and the modulation of various types of tissue injury and repair [23]. Immune responses
within the joint cavity have regulatory roles in driving cartilage injury toward repair or
destruction. Restoration and healing, if they occur, are accompanied by the secretion of anti-
inflammatory factors from immune cells and chondrogenesis. However, once damaged,
the affected cartilage cannot regenerate itself. In this pathological condition, augmented
inflammatory responses develop cartilage injury to OA [24]. Articular cartilage has a
limited repair capacity due to the absence of lymph tissue, blood vessels, and nerves.
Macrophages, T cells, natural killer cells, dendritic cells (DCs), and neutrophils are among
the immune cells primarily involved in cartilage injury and repair (Figure 1) [24]. Under
osteoarthritic conditions, neutrophils are the first immune cells to enter the synovium and
affect tissue degeneration via neutrophil elastase (NE) and the release of inflammatory
cytokines and chemokines [5]. This review focuses on the importance of neutrophils in OA
and its therapeutic prospects.

3.2. Trafficking of Circulating Blood Neutrophils to the Synovial Cavity

Synovial fluid in a healthy joint contains no or few immune cells. The synovium
is the most critical joint structure in its ability to mount an inflammatory response [25].
Neutrophils are the most common immune cell found in inflamed joint synovial fluid.
Neutrophils in synovial fluid were highly activated, as evidenced by increased CD11b and
CD66b [26]. The stimulation of nuclear factor κB (NF- κB) ligand (RANKL) expression
in extravasated neutrophils is primarily received by Toll-like receptor 4 (TLR4). In more
detail, TLR4 activation and downstream signaling pathways are triggered by endogenous
products, such as fibronectin, hyaluronic acid, and tenascin C released from the digested
matrix. In turn, the expression of transcription factor NF-κB in neutrophils results in the
accumulation of other leukocytes and the production of chemokines and pro-inflammatory
cytokines in involuting joints [27].
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Figure 1. Primary pathophysiological mechanisms of OA. The roles that cytokines, chemokines, and 
the innate immune response play in the development and progression of OA. 
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3.3. Neutrophil-Derived Cytokines, Chemokines, and Enzymes

The role of neutrophils in bone repair is still being debated, and many studies are being
conducted to manipulate neutrophils to improve healing. These investigations include
targeting neutrophil maturation, interfering with neutrophil accumulation at the injury site,
and reversing the detrimental changes in neutrophil function [28]. In acute and chronic in-
flammatory states, neutrophils are activated and release superoxide, cytokines, chemokines,
and destructive tissue proteinases, such as elastase, in response to various stimuli [29]. The
C-C motif chemokine ligands, including CCL2, CCL3, and CCL4, and the C-X-C motif
chemokine ligand CXCL8 (IL-8), are the most chemokines released by neutrophils detected
in active synovial inflammation. Chemokines, such as monocyte chemoattractant protein
(MCP-1) or CCL2 and macrophage inflammatory protein (MIP-1) or CCL4, have a positive
association with joint pain. CCL19 and CCR7 are highly expressed in OA, leading to
vascular endothelial growth factor (VEGF) secretion and further neoangiogenesis [30]. In
addition, the expression of CXCL8 and CXCR2 as neutrophil chemoattractants is elevated
during OA [31]. Cytokines are involved in cartilage homeostasis, degeneration, synovial
activation, and inflammation. TNF-α accelerates chondrocyte apoptosis by increasing
ROS and altering mitochondrial activity (Figure 1) [32,33]. Chondrogenic progenitor cells
(CPCs) are more famous for their anti-inflammatory function and cartilage repair during
joint disturbance. These cells are attracted to the site of injury by the chemoattractant
high-mobility group box I protein (HMGB1) [34]. However, neutrophilic TNF-α inhibits
CPCs migration and interferes with joint healing [35]. IL-1 plays a role in tissues’ physio-
logical and pathological processes [36]. IL-1 signaling can induce neutrophil production,
recruitment, degranulation, and NET formation directly or indirectly. In turn, neutrophil
proteases can activate IL-1 family members, potentially amplifying inflammation at the
sites of injury or infection. IL-1 beta stimulates the expression of MMP-13, a collagenase
and a critical enzyme that promotes the irreversible destruction of cartilage collagen in
OA (Figure 2) [37,38]. IL-22 plays a crucial role in the development of arthritis. In the face
of the large body of studies about the function of fibroblast-like synoviocytes (FLSs) in
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rheumatoid arthritis (RA) pathogenesis, little evidence is available about the interaction of
FLSs with neutrophils in the joint microenvironment of OA. Carrion et al. showed that in
addition to synovial fluid neutrophils as a source of alarmins, the expression of S100A8/A9
heterodimer is also incited by IL-22 in OA FLSs. In a feed-forward loop, S100A8 and
S100A9, as the ligands of TLR4, activate the IL-22/IL-22R1 axis leading to the exacerbation
of joint inflammation [39]. IL-17 and IL-22 are mainly released by Th17 and evoke immune
responses by activating and recruiting neutrophils and increasing these cells’ life span
in the inflamed synovium. Deligne et al. found that these cytokines are expressed at
higher levels in inflamed synovium than non-inflamed synovium and promote the OA
pathophysiology. In this process, TGFB1, IL-23, and IL-6 improve the production of IL-17
and IL-22 by regulating the differentiation of Th17 cells [40]. Furthermore, IFN-γ and
IL-17 aggravate cartilage erosion by the up-regulation of Fc gamma receptors (FcgammaR)
in macrophages and neutrophils and by raising local FcgammaR-carrying neutrophils,
respectively (Supplementary Table S1) [41].
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3.4. Neutrophil Elastase

As polymorphonuclear leukocytes, neutrophils are usually the first to be recruited to
the inflammatory site [42]. During inflammation, neutrophils release NE, a granule serine
protease, which is a functional biomarker for the progression of OA. NE is a neutrophil ser-
ine protease found in neutrophil cytoplasmic blue granules. The degeneration of articular
cartilage, menisci, ligaments, and capsules may be caused by NE [43,44]. Elastase, a novel
pro-MMP-13 activator, impacts cartilage collagen destruction in OA patients with synovitis
(Figure 1) [38].
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3.5. MicroRNAs Expression by Neutrophils

MicroRNAs (miRNAs) are small non-coding RNAs essential in regulating gene expres-
sion. They bind to their cognate mRNAs, degrade the target mRNA, or block the translation
process. Several miRNAs are released from neutrophils and other cells and modulate dif-
ferent molecular mechanisms, such as cytokine and chemokine secretion, apoptosis, and
chondrogenesis [45,46]. These miRNAs’ high stability and specificity provide a foundation
for their use as biomarkers for diagnostic purposes. The feasibility of profiling circulating
cell-free miRNAs as biomarkers for various diseases has been demonstrated in cancer,
myeloproliferative disorders, cardiac hypertrophy, failure, viral infections, nervous system
disorders, and OA [47]. Sequence analyses on many mRNAs and miRNAs revealed the
differential expression between lesioned and preserved OA cartilage [48]. Neutrophils
secrete miRNAs, which can be upregulated or downregulated in OA environments. Spe-
cific miRNAs, such as miRNA-141, have been proposed to be essential in bone resorption
inhibition [5]. MiR-223 is found in granulocytes, namely macrophages, and neutrophils,
which secrete matrix proteases and inflammatory cytokines. MiR-223 expression was sig-
nificantly related to keratan sulfate derived from articular cartilage degradation and was
more abundant in OA synovium than in healthy synovium. Moreover, it is thought to be
an essential factor in osteoclastogenesis and to likely participate in cartilage destruction,
particularly in the early stages of OA [49]. While the expression miR-223 increases during
the early stages of OA, the high amount of miR-155 is more related to late-stage OA [48].
Additionally, miR-146a-5p and miR-155-5p overexpression is reported to reduce the secre-
tion of pro-inflammatory cytokines from neutrophils. MiRNAs play a critical role in the
pathogenesis of OA [5].

3.6. Neutrophils in Cartilage Degradation

Multiple inflammatory mediators released into joint synovial fluid are key in synovial
inflammation and cartilage degradation. Metalloproteinases’ degradation of type II col-
lagen is the primary cause of progressive joint damage [50]. Neutrophils are recruited to
the injury site as inflammatory cells to initiate tissue repair. Serine proteases, such as NE,
released by immune cells in inflammatory areas damage articular cartilage and subchondral
bone [51]. When NE and ROS are combined, they aid in the degradation of phagocytic
microorganisms in phagocytic lysosomes, which controls inflammation and the immune
response. Furthermore, NE was found in significantly higher concentrations in the synovial
fluid of OA patients, indicating that NE may play a significant role in the pathophysiology
of OA [42].

3.7. Synovium, Cartilage, Subchondral Bone, and Innate Immunity

All the pathological stages of OA are affected by innate immunity. The high expres-
sion of TLR4-mediated inflammatory pathway proteins, including TLR4, MyD88, and
NF-κB, positively correlates with more severe tissue damage [52]. The synovium is the
primary site of articular inflammation in OA and is frequently characterized by synovial
lining cell hyperplasia and fibrosis, combined with the infiltration of inflammatory cells.
Synovitis may cause progressive ossification and articular cartilage deterioration in the
early stages of OA. Therefore, synovial membrane lesions can be predictive markers for
the progression of articular cartilage damage. However, it is not completely clear how
these changes are related. The activation of pattern-recognition receptors (PRRs) within
tissues, such as the joint, causes rapid-onset inflammatory responses, followed by the
initiation of adaptive immune responses, and, finally, healing reactions in the case of tissue
injuries [23,53]. Interactions between immune cells localized in the synovium initiate enzy-
matic activity and aberrant inflammatory reactions in the afflicted areas. Well-documented
evidence implicates those macrophages and neutrophils are drivers of the cellular and
molecular mechanisms of sterile and inflammatory arthritis pathology in a significant
number of patients. A high neutrophil-to-lymphocyte ratio (NLR) in the synovial fluid of
patients with severe knee OA corresponds to OA perpetuation [54–57]. Macrophages are
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the most common type of immune cells in the synovium of OA patients. The response of
synovial macrophages to cartilage fragments and intracellular proteins released by necrotic
cells induces the production of cytokines, including IL-1β and TNF-α, both of which con-
tribute to the degradation of cartilage and alterations in bone [17,58]. However, neutrophil
activity heavily influences the progression of OA by releasing different cytokines and
chemokines within the synovial fluid, subchondral bone remodeling, and by triggering
cartilage destruction and chondrocyte apoptosis [54].

OA is a “whole joint” malady, as articular cartilage degradation is positively related to
synovium, ligament, and subchondral bone disorders [59]. OA is generally accompanied
by substantial cellular alterations as well as the overexpression of inflammation-related
factors in joint tissue, which have catabolic effects on chondrocytes. Subchondral bone
differs from cartilage because it is highly vascularized, allowing significant tissue turnover
and remodeling to adapt to mechanical loads. Subchondral bone inflammation can cause
the production of angiogenic factors and local MMPs, which are thought to promote
cartilage degeneration and osteophyte formation [60]. Although OA results from the
inappropriate activation of formerly stable articular chondrocytes, new evidence suggests
that subchondral bone disturbance and synovial inflammation can initiate and exacerbate
the disease [61]. In this regard, some researchers have shown that structural changes
in the subchondral bone region may be a precursor to the degeneration of the cartilage.
They pointed out that subchondral bone advancements in thickness, volume, and stiffness
increase the load transfer to the articular cartilage, causing the dysfunction of the cartilage.
However, the precise mechanism behind the potential role of deficient subchondral bone
in the deterioration of articular cartilage or vice versa during the development of OA is
mainly unclear. Due to the close contact between cartilage and bone, it is more likely that
abnormalities in one tissue will affect the features and functions of the other joint elements
throughout the onset and development of OA [62].

CXCL10 may be used as a biomarker for disease activity in arthritis. Neutrophil-
derived CXCL10 is up-regulated in inflamed synovial fluids and chondrocytes and plays
an essential role in inflammation enhancement and disease establishment [63,64]. The
CXCR3/CXCL10 axis controls the neutrophil–NK cell reciprocal interaction. More specifi-
cally, the localization of CXCR3-expressing cells, including NK cells, T cells, and B cells,
in the synovial fluid of OA patients is regulated by neutrophils. To exert their pathogenic
role, neutrophils activate the CXCR3/CXCL10 axis, leading to cartilage breakdown and
bone remodeling [63]. The neutrophil–osteoclast crosstalk and subsequent osteoclastogenic
processes are initiated by the secretion of neutrophil CXCL2, which activates the NF-kB
pathway within osteoclast precursor cells. Osteoclasts are also important cells in subchon-
dral bone remodeling. Osteoclasts are recruited to the subchondral bone plate, creating
calcified chondral microcracks and causing focal subchondral bone loss. Microfissures and
invading blood vessels facilitate the diffusion of osteoclast mediators into the cartilage
interface and enhance cartilage matrix degradation [65].

4. Neutrophil Biology, Recruitment, and Function in Inflammation
4.1. Neutrophil Life Cycle (Neutrophil Mobilization, Clearance, and Circulation)

Neutrophils are produced and stored in the bone marrow in a large “bone marrow
reserve storage pool.” During inflammation or in response to infection, these mature
neutrophils can be quickly mobilized, resulting in a drastic increase in circulating neu-
trophils [66]. This rapid egress of mature neutrophils from the bone marrow can lead to a
10-fold rise in circulating neutrophils within hours. The process of neutrophil mobilization
represents an essential step in the trafficking of these cells to inflammation sites [67,68]. For
several years, it has been demonstrated that most inflammatory responses are associated
with the selective and rapid mobilization of mature neutrophils from the bone marrow;
however, the exact factors that mediate these reactions have remained unknown.

Nevertheless, a wide variety of chemotactic factors, such as the chemokines inter-
leukin IL-8, C5a, and B4, can induce a rapid increase in blood neutrophils when injected
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intravenously into mice and rabbits, indicating these factors create chemotactic gradients
that in turn lead to a neutrophil exit from the bone marrow [67,68]. Chemokines generated
at the sites of inflammation generally organize the recruitment of neutrophils from the
blood into tissues [69]. Following the recruitment of neutrophils to the sites of inflamma-
tion, there is an urgent need for the clearance of infiltrating cells to prevent tissue damage
caused by the excessive release of cytotoxic mediators from dying cells. Neutrophils die
by a process called apoptosis, and tissue macrophages, which are present at the site of
inflammation, recognize and phagocytize apoptotic neutrophils by the specific molecules
expressed on their surface [70,71]. The spleen and liver have been considered the primary
sites that destroy mature neutrophils. However, it has recently been demonstrated that
radioactivity can be detected in the bone marrow up to 24 h after the intravenous injection
of radiolabeled neutrophils [72,73]. The distribution of neutrophils was 29% in the liver,
32% in the bone marrow, and 31% in the spleen, which shows that these three sites equally
contribute to neutrophil clearance [74].

4.2. Neutrophils in Acute and Chronic Inflammation

Under normal conditions, neutrophils are the first responders to acute inflammation.
These cells contribute to tissue repair and resolution by phagocytizing dead and necrotic
cells to prevent them from absorbing more immune cells. They also express some proteases
essential for tissue repair, such as serum MMP-9, a critical extracellular matrix-digesting
enzyme. Serum MMP-9 degrades various intracellular matrix components: annexin, actin,
tubulin, and HMGB1 [75]. Metalloproteinase also promotes revascularization by activating
VEGF at an injured site [76]. In addition, neutrophils directly release VEGFA to promote
angiogenesis. Neutrophils also actively synthesize and secrete inflammatory mediators,
such as chemokines, cytokines, prostaglandins, and leukotrienes [77]. In OA and synovial
inflammation, neutrophils are recruited into the injury site and release proinflammatory
mediators that promote OA progression. Serine proteases, including protease 3 (PR3),
NE, trypsin, and cathepsin G (CG), can cause damage to joint cartilage [44]. Furthermore,
neutrophilic proinflammatory cytokines, such as TNF-α, IL-6, IL-7, and TGF-β, are found
in the synovial fluid of OA joints [78].

Neutrophils have also been shown to play an important role in chronic inflammation
in recent years. These white blood cells continuously migrate to the sites of chronic inflam-
mation and help drive the process by releasing some enzymes, such as serine proteases,
forming NETs, and activating different immune cells [79].

4.3. Neutrophil Crosstalk/Interaction with Other Circulation Cells (Platelets, Adaptative Immune
Cells, Monocytes/Macrophages)

In chronic inflammation, the mutual activation of platelets and neutrophils leads
to a prothrombotic state. Several kinds of neutrophil–platelet complexes are detected in
humans with diverse inflammatory diseases. This interaction between neutrophils and
platelets triggers critical neutrophil processes, such as forming NETs and adhesion to
the endothelium. For example, it has been shown that in type 2 diabetes mellitus, the
number of platelets increases due to NET secretion. NETs affect thrombopoietin and
platelet production [75,76]. Neutrophils can interact with adaptive immune cells, including
B cells, by secreting contact-independent signals, such as B-cell activating factor. The
level of this factor, expressed on the surface of neutrophils and in intracellular stores,
increases chronic inflammation and is involved in the differentiation, maturation, and
survival of B cells. Some populations of neutrophils, such as myeloid-derived suppressor
cells (MDSCs), also interact with T cells in inflammatory conditions [80]. At the site of
inflammation, neutrophils release certain factors, such as cathepsin G, proteinase 3, LL-37,
and human neutrophil peptides 1–3, leading to monocyte recruitment. Neutrophils can
help macrophage polarization and monocyte differentiation [76,77,81]. Macrophages can
recruit neutrophils to the site of inflammation by releasing various chemotactic factors,
such as the chemokine C-X-C motif ligand 1 and the C-C motif chemokine ligand CCL2. In
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addition, macrophages can extend the neutrophil lifespan by secreting TNF-α, granulocyte
colony-stimulating factor (G-CSF), and granulocyte-macrophage colony-stimulating factor
(GM-CSF) [76,77,82].

The crosstalk of neutrophils in chronic arthritis inflammation is limited to RA or indi-
rectly related to OA [83,84]. The expression of serine elastase gives this ability neutrophils
to transmigrate extracellular matrices and altering their endothelial-associated chemotactic
activities, modulate the trafficking of different leukocyte subsets, including T cells [85].

4.4. Neutrophil Heterogeneity in Chronic Inflammation

It has been proven that, similar to other immune cells, neutrophils also can switch
into various phenotypes with different functions during inflammation. These differences
reflect the developmental stage of neutrophils as well as their activation status. Therefore,
neutrophils differ in surface markers, nuclear morphology, NET generation, buoyancy, mi-
gratory and phagocytic capacity, and immunomodulatory function. Inflammation-related
neutrophils have different characteristics than neutrophils involved in other diseases, and
these cells have significant heterogeneity even in a similar environment [81]. In chronic
inflammation, a heterogeneous population of immature and mature neutrophils, known
as low-density neutrophils (LDNs), are present in the mononuclear cell fraction [82]. The
LDNs were first described in RA and systemic lupus erythematosus [86]. The LDNs
include granulocytic/polymorphonuclear MDSCs (PMN-MDSCs), which have immuno-
suppressive effects. In addition, low-density granulocytes (LDGs) are a group of the LDN
population characterized by pro-inflammatory properties [80].

4.5. New Insights into NET in Inflammation

Neutrophils are crucial cells that play a significant role in the innate immune system’s
fight against invading pathogens. During acute inflammation, they are the first responders
that kill microbes through phagocytosis and degranulation [87]. These cells also release
certain structures known as NETs into the extracellular environment to kill pathogens.
NETs mainly comprise histones, chromatin DNA, and granular proteins [88]. The granule
proteins include myeloperoxidase (MPO), NE, proteinase 3, pentraxin 3, cathepsin G,
peptidoglycan-binding proteins, lactoferrin, and DNA-free histones [89]. In addition to
their role in killing extracellular pathogens, NETs can be a source of autoantigens in cases
of autoimmune diseases [90]. During NET formation, neutrophils may undergo a cell death
program. In this process, the citrullination of histone and activation of NADPH oxidase
is essential. Histone citrullination helps chromatin decondensation, a vital part of NET
formation. Nuclear peptidyl arginine deiminase-4, expressed by neutrophils, catalyzes
histone hypercitrullination. Furthermore, by promoting nuclear membrane disappearance,
ROS also helps chromatin and granule proteins to be released into the cytoplasm [88,91].

It has been shown that NETs and NE play a crucial pathogenic role in promoting
synovial inflammation and cartilage damage. In addition, during NET formation, some
potent enzymes that can promote tissue injury are secreted into the extracellular space.
Khandpur et al. (2013) showed accelerated NETosis in RA pathogenesis, which may
promote aberrant adaptive and innate immune responses in the joint [92].

5. Neutrophils as a Target for Osteoarthritis Treatment

As one of the major immune cells, neutrophils have a dual role in the pathogenesis
of arthritis. On the one hand, these cells act as a mediator with considerable potential to
destroy the articular cartilage and other joint components by releasing pro-inflammatory
cytokines, destructive enzymes, and chemotactic factors that stimulate the migration of
other immune cells. On the other hand, neutrophils have long-term homeostatic functions,
including orchestrating the resolution of inflammation and contributing to articular carti-
lage repair as a regulator of immune response and a player in changing their phenotypic
plasticity [24,93,94]. Because of the intimate role of neutrophils in arthritis, they have
emerged as therapeutic targets [5]. Several aspects of neutrophil biology may be thera-
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peutically targeted, including production, recruitment, function, and apoptosis (Figure 3,
Supplementary Table S2) [95,96].
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5.1. NSAIDs, Glucocorticoids, and Hyaluronic Acid

Neutrophils contribute to producing and releasing many cytokines, chemokines, and
enzymes within the joint that promote OA progression [5]. Non-steroidal anti-inflammatory
drugs (NSAIDs), glucocorticoids, and hyaluronic acid are the most commonly used medi-
cations for OA to alleviate joint pain, inflammation, and function [97,98].

NSAID-mediated anti-inflammatory mechanisms independent of inhibiting COX and
PGE2 release have been proposed [99]. These medicines inhibit neutrophil aggregation and
degranulation [100]. Moreover, NSAIDs can reduce C5a- and CXCL8-induced neutrophil
migration and F-actin polymerization through integrin downregulation or PI3K/Akt path-
way [99]. Despite the immunosuppressive effect glucocorticoids have on immune cells,
they exert multiple and even contradictory effects on neutrophils. They can inhibit or
induce apoptosis in neutrophils. Likewise, glucocorticoids may have anti-inflammatory
or pro-inflammatory effects on neutrophils [101]. Glucocorticoids also influence neu-
trophils’ maturation, extravasation, adhesion, metabolism, and activation via signaling
pathways. Hyaluronic acid exerts protective effects against arthritis through different
mechanisms [101,102].

Hyaluronic acid interacts with joint cells, including synoviocytes, chondrocytes, os-
teocytes, and immune cells, and affects inflammatory mediators [103,104]. AKT has a
pivotal role in OA, and it was found that hyaluronic acid significantly reduced the p-AKT
expression level in synovial-fluid neutrophils. Furthermore, hyaluronic acid can reduce
the levels of phosphorylated p38MAPK, NF-κB, p53, Bax, and Caspase-3 in synovial fluid
neutrophils, which indicates the modulatory effect of hyaluronic acid on pro-inflammatory
responses and pro-apoptotic events [105].

5.2. Anti-Cytokine Strategies

Although cytokine-modulating therapies have been considered for arthritis treatment,
a question of interest is whether cytokine-modulating therapies with just one cytokine
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or chemokine will be sufficient to stop inflammation and improve OA. It is important to
note that neutrophils and other immune cells contribute to releasing many cytokines and
chemokines with a potential synergistic effect in a cascade reaction during OA initiation
and progression. Therefore, blocking one member can interrupt this synergy [6,106], and
different pro-inflammatory and anti-inflammatory cytokines and their interactions can
be considered for new therapeutic approaches to arthritis [107]. Different anti-cytokine
strategies, including antibodies against pro-inflammatory cytokines, such as TNF-a and
IL-1β, or the use of anti-inflammatory cytokines, namely TNF-β, IL-4, and IL-10, have been
investigated for arthritis treatment.

5.2.1. TNF-α Blockers

TNF-α is a pro-inflammatory cytokine produced by neutrophils with a considerable
role in inflammatory arthritis and cartilage and bone degeneration [69,108–111]. Differ-
ent TNF-α blockers have been evaluated for treating arthritis, especially inflammatory
RA [109,110]. A reduction in peripheral blood neutrophil count was reported following
treatment with anti-TNF-α in arthritic patients [111]. TNF-α inhibitors may affect neu-
trophils in different ways. They attenuate the generation of pro-inflammatory cytokines,
chemokines, and MPO by neutrophils and also contribute to the upregulation of adhesion
molecules expression and priming of respiratory burst in adherent neutrophils [112,113].

Moreover, anti-TNF-α agents can reduce neutrophil ROS production and the in-
flux of neutrophils from inflamed joints [112]. CD69 is a type II membrane protein ex-
pressed on T and B cells, platelets, eosinophils, and activated neutrophils with a crucial
role in inflammatory joint diseases [113,114]. Anti-TNF-α has been capable of inhibiting
CD69 expression on arthritic neutrophils and downregulating neutrophil chemoattractant
IL-8. Therefore, these cells can be targets for anti-TNF-α treatment [115,116]. It has been
demonstrated that TNF-α inhibition did not modify neutrophil immune functions against
pathogen agents and was tolerated in terms of serious adverse effects. However, it has
been suggested that neutropenia caused by TNF inhibitors may be due to accelerated
apoptosis and patients at higher risk of developing neutropenia had a low baseline neu-
trophil [111,115,117].

5.2.2. IL-1 and IL-6 Inhibitors

The IL-1 family, particularly IL-1β and interleukin-1 receptor, is the key component
linked to the pathogenesis of arthritis [118,119]. Consequently, the reduced synthesis of
proteoglycans by chondrocytes and the increased synthesis of proteolytic enzymes, NO,
and other cytokines mediated by IL-1β cause cartilage destruction in OA [120,121]. This cy-
tokine induces neutrophil production, recruitment, degranulation, and NETosis. Moreover,
it delays neutrophil apoptosis through different mechanisms, such as upregulating neu-
trophil chemoattractants (i.e., CXC- and CCL- chemokines), inducing adhesion molecule
expression and local chemokine production (IL-8), as well as upregulating anti-apoptotic
agents (i.e., Bcl-2 family and Mcl-1) [37,122]. Furthermore, releasing IL-1β by neutrophils
causes positive feedback during the autoinflammatory process by binding to the type
1 IL-1 receptor [123]. IL-1Ra inhibits cytokine-induced catabolism, and IL-1 deficiency
protects joints from inflammation in induced arthritis [120,124]. It has been proposed that
the therapeutic function of IL-1 receptor antagonist (IL-1Ra) may be more effective by
reducing neutrophil recruitment into the joint cavity rather than increasing apoptosis or
inhibiting the activation of neutrophils [122]. Evidence of the beneficial role of IL-1Ra as a
disease-modifying OA drug (DMOAD) was demonstrated in experimental autoimmune
arthritis and OA models [124]. Anakinra is a recombinant form of IL-1Ra indicated for
improving clinical signs and slowing the progression of structural damage in OA, RA, and
other immune-mediated arthritis types [117,120,125]. A recent in vitro study suggested
that anakinra inhibited NET formation in neutrophils, and this process was dependent
on IL-1β signaling pathways [126]. Canakinumab is a human monoclonal anti-IL-1β an-
tibody with an indication for RA and juvenile idiopathic arthritis [113]. Different studies
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demonstrated that canakinumab decreased OA symptoms and had a chondroprotective
effect. This agent induces neutrophil apoptosis through MAPK14, NF-κB downregulation,
and GRP78 upregulation [127–129]. The blockade of anti-IL-6 receptors through reducing
neutrophil infiltration and NET formation can have a therapeutic role in arthritis [130].

5.3. Recombinant IL-37

Data from an experimental model of arthritis showed that the administration of
recombinant IL-37 suppressed joint inflammation associated with the decreased neutrophil
influx into the joint parallel with a reduction in neutrophil chemo-attractant chemokines
(C-X-C motif) ligand 1 (CXCL1), macrophage inflammatory protein 1-alpha (MIP1α/CCL3),
and IL-1α. In addition, reduction in pro-inflammatory cytokines TNF-α, IL-1β, and IL-6,
and the neutrophil enzyme MPO were related to the therapeutic potential of IL-37 [125].

5.4. miRNA Modulation

Recent evidence identified that miRNAs play an important role in regulating cartilage
and bone homeostasis, catabolism, and anabolism ad repair [131,132]. miRNAs are a group
of endogenous small noncoding RNAs, and their up- or downregulation has been suggested
to be linked to the pathogenesis of arthritis. Anti-cytokine therapy can affect miRNAs
due to interactions between cytokines and them [133–135]. It has been suggested that
treatment with anti-TNF-α and anti-IL-6 receptors modulates miRNA levels in neutrophils
and attenuates inflammation [136]. The in vitro treatment of RA neutrophils with anti-
TNF-α and anti-IL-6 receptors has been accompanied by diminished miRNA levels in
neutrophils and enhanced inflammatory profile [137].

5.5. NE and NET Inhibition

NE, secreted by neutrophils during inflammation, can potentially be targeted for
OA treatment. NE is a degenerative protease that can induce cartilage destruction and
pain correlated with arthritis severity during OA [43,138]. NE participates in neutrophil
migration by cleaving adhesion molecules and modifying chemokine and cytokine activ-
ity and interaction with specific cell surface receptors [139]. Sivelestat sodium hydrate
is a synthetic, potent, selective inhibitor of NE, which is used for treating acute lung
injury and has raised considerable interest in arthritis treatment. Sivelestat can reduce
inflammation and pain by inhibiting TNF-α, IL-6, NO secretion and PAR2, p44/42 MAPK
activity [43,138,140,141]. Furthermore, in the OA condition, sivelestat inhibited NF-κB and
HMGB1, which is known to be contributed to the NET formation and neutrophil recruit-
ment [140,142,143]. Besides inhibiting NE, targeting the MMPs produced by neutrophils
may also be influential for arthritis therapy [144]. However, the inhibition of MMPs has
so far provided only limited therapeutic benefits probably due to the bilateral function of
different MMPs in pathological conditions [95,145,146]. Another promising therapeutic
approach for arthritis is considering pathways with the ability for NET formation inhi-
bition or have an effect on the component in NETs [147]. It was found that polydatin, a
natural precursor of resveratrol treatment, markedly inhibited NET formation mediated by
neutrophils and protected the joint against arthritis [148].

5.6. G-CSF Receptor Blockers

As a hemopoietic growth factor, G-CSF and its receptor are essential in neutrophil
release, activation, and function [149,150]. It has been shown that G-CSF receptor block-
ade attenuated the progression of the inflammatory joint disease by blocking neutrophil
trafficking with the suppression of chemokines (KC, MCP-1) and pro-inflammatory cy-
tokines (IL-1β, IL-6) production as well as changes to cell adhesion receptors, including
decreased CXCR2 and increased CD62L expression. This therapeutic strategy could be
achieved without adverse effects on the immune response [150]. The inhibition of the
pro-inflammatory pathway of the CXCR2 receptor via reducing neutrophils to the inflamed
joints may be effective in arthritis treatment. Similar successful results have been reported
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using CXCR1/2 inhibitors on neutrophil recruitment in different inflammatory arthritic
models [151].

The inflammatory response in OA is driven by many different molecules, making it
difficult to identify a single target for treatment [152]. Inhibiting cytokines can have unin-
tentional and harmful effects, raising concerns about the safety of such interventions [153].
Moreover, the treatment of the disease has been challenged by the suboptimal transfer of
therapeutic products into inflamed joints. In this context, novel therapies, such as biologic
therapies, regenerative medicine, and nanoparticle compartments, have garnered a lot of
attention as potential treatments for OA.

5.7. Biologic Therapy

APPA (apocynin and paeonol) is a plant-derived compound with anti-inflammatory
and chondroprotective properties that are considered a novel medication for OA treatment.
It is currently being tested in clinical trials for human application [154–156]. An in vitro
study on the effect of APPA on neutrophils showed that while APPA does not significantly
impair neutrophil defense function, it modulates the pathological aspects of neutrophil
functions. APPA reduces neutrophil degranulation and NET formation. In addition, it
dysregulates TNF-α and the TNFα-mediated IL-8 expression of and ROS generation by
neutrophils, as well as the inhibition of cytokine-driven signaling pathways (i.e., TNF-α-
mediated activation of NF-κB and the GM-CSF activation of Erk1/2) [155].

5.8. Regenerative Medicine

Applying mesenchymal stem cells (MSC) for OA treatment holds immense potential
and has been increasingly applied as a therapeutic method. MSCs isolated from distinct
sources have strongly suggested that MSCs benefit arthritis treatment [156–159]. Although
stem cells have been proposed to have unique abilities associated with tissue regeneration,
the underlying mechanisms of MSCs remain largely unknown. However, other studies have
concentrated on the interaction of MSCs with the immune system [156,160–162]. It seems
that MSCs might exert their positive effect on arthritis by modulating neutrophil migration
and function. Several mechanisms, including the suppression of NO secretion, decreasing
N-Formyl-L-Methionine-L-leucyl-L-phenylalanine, and the induction of respiratory burst
have been postulated to explain the effect of MSCs on neutrophils [163]. During the
initial stage of inflammation, the first-respondent cells recruited to the inflammation site
are neutrophils; their survival is the central arm for inflammation resolution and tissue
repair [163,164]. It has been reported that MSCs can inhibit neutrophil apoptosis through
IL-6, which is signaled by activating the STAT-3 transcription factor, the downregulation of
Bax, and the upregulation of MCL-1 [160,164]. The secretion of IL-6, IFN-β, and GM-CSF
by MSCs can sustain neutrophil viability and function. MSCs also can reduce the adhesion,
infiltration, and recruitment of neutrophils through the TNF-stimulated gene 6, CXCL2,
and CXCR2 [160,163,165]. The crosstalk between MSCs and neutrophils contributes to
tissue repair and regeneration [166,167]. MSCs can polarize the pro-inflammatory N1
subset into the immune modulatory N2 subset by modulating the extracellular signal-
regulated kinase pathway. Furthermore, an interplay between MSCs and neutrophils
plays a role in vascular regeneration during the healing process via the effect on IL-6,
PDGF, angiopoietin-1, HGF, and VEGF expression [167]. Chondrogenic progenitor cells
(CPCs) are defined as stem cell-like cells in articular cartilage and are identified in different
stages of OA. These cells have recently raised great interest in OA treatment because of
their self-renewal, multilineage differentiation, and immunomodulatory and phagocytic
properties [168,169]. Both the pro- and anti-inflammatory actions of CPCs have been
identified, and different treatment strategies related to CPCs are focused on their effects
on the regulation of neutrophils [5,160]. Several inflammatory cytokines, chemokines, and
MMPs, such as IL-6, CXCL-12, macrophage inhibitory factor, and MMP-13, are expressed
by CPCs. CPCs may have an essential role in attracting neutrophils and their degranulation
via IL-8 production in the early stage of cartilage injury [170]. TNF-α and IL-1β released
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by neutrophils inhibit the migration of CPCs. In contrast, CPCs produce an IL-1 receptor
antagonist (IL-1Ra) that inhibits the binding of IL-1β [5].

5.9. Nanomedical Approaches in Osteoarthritis
Drug Delivery

Cell membrane-coated nanoparticles (NPs) as a biomimetic delivery system are re-
cently considered another promising strategy for arthritis treatment [171]. By using NPs as
delivery systems, it may be possible to overcome certain issues or limitations associated
with traditional drug delivery methods. Cell membrane-coated NPs consist of an NP core
coated with membranes derived from natural cells, including white blood cells, and have an
excellent biological interface and natural characteristics of source cells properties [172,173].
Neutrophil-NPs can absorb and interact with various inflammatory cytokines, including
IL-1β and TNF-α. As a result, pro-inflammatory factors are neutralized, and synovial
inflammation is inhibited [174–176]. Moreover, neutrophil-NPs mimic the natural adhe-
sion between neutrophils and chondrocytes, which increases their cartilage penetration
for targeting chondrocytes [176,177]. Anti-inflammatory activity and apoptosis inhibition
of inflamed chondrocytes have been demonstrated for NPs in OA [178]. Evaluating the
effect of neutrophil-NPs on the arthritis model showed their effectiveness in ameliorat-
ing joint damage and suppressing overall arthritis severity [171]. Neutrophil-based drug
delivery systems were applied in treating various inflammatory conditions, including
arthritis. This method has considerable biological potential to target different tissue mecha-
nisms, overcome multiple physiological barriers, and enhance accumulation in the target
tissue [179–181].

Qianqian and colleagues developed a neutrophil-cell membrane-based biomimetic
nanomaterial (NM-LANPs@Ru) consisting of self-assembled PEGylated L-arginine nanopar-
ticles (LANPs) coated with neutrophil cell membrane. This platform can be used as a
NO-delivery system (theranostic nanoplatform). By mimicking the natural interactions
between neutrophils and inflamed tissues, these biomimetic nanoparticles could effectively
target and deliver therapeutic agents to the site of inflammation while minimizing off-target
effects and toxicity. This platform suppresses the expression of inflammatory factors or
is loaded with a Ru complex to facilitate the release of a large amount of ROS by cells.
In addition, this therapeutic scheme was found to be effective in preventing apoptosis in
inflamed chondrocytes through autophagy modulation [178].

Several studies have identified the evidence of cellular communication among differ-
ent types of cells in the joints and their roles in OA pathogenesis [168,182,183]. Extracellular
vesicles (EVs) are a novel form of intercellular communication, contributing to the spec-
trum of physiological and pathophysiological processes by transferring bioactive cargo,
including lipids, proteins, nucleic acids, and metabolites, to target cells [184–186]. EVs are
spherical lipid structures secreted by nearly all cell types. They are categorized into three
main subtypes, microvesicles (MVs), exosomes, and apoptotic bodies, for their therapeutic
potential [184–190]. Meanwhile, researchers have been inspired by the way neutrophils nav-
igate towards areas of inflammation in the body. They developed some neutrophil-derived
exosomes, which inherit the natural ability of neutrophils to target areas of inflamma-
tion and also selectively neutralize pro-inflammatory factors. Ultrasmall Prussian blue
nanoparticles (uPB-Exo) are an example of these novel particles coated with extremely
small ultrasmall Prussian blue nanoparticles, which mimic antioxidative enzymes. This na-
noenzyme has been shown to alleviate inflammatory stress in fibroblast-like synoviocytes,
macrophages, and chondrocytes. Moreover, these exosomes have relieved inflammation in
synovitis and ameliorated cartilage damage via inducing Th17/Treg cell balance regulation
to suppress overall arthritis severity [191].

Neutrophil-derived microvesicles (NDMVs) tend to do so at higher levels than other
types of microvesicles that come from different types of leukocytes. They inhibit inflamma-
tion by limiting recipient cells’ immune responses, which could encourage further research
into targeting arthritis with NDMVs [190,192]. These microparticles have been reported to
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selectively downregulate the TNFα-induced expression of IL-5, IL-6, IL-8, MCP-1, IFNγ,
and MIP-1β in FLS isolated from OA patients [193]. FLS have been shown to produce
MMPs, which can degrade cartilage. So, using NDMVs may be an innovative way to treat
OA and could potentially improve the outcomes of treatment. Zhan et al. suggested that
microRNAs found in NDMVs may have the ability to regulate gene expression in FLS.
However, further investigation is needed to understand the precise mechanism by which
these microvesicles enter FLS and function.

Annexin A1 has the ability to disrupt leukocyte adhesion to endothelial cells, which
can help suppress inflammation. In more detail, during the early stages of neutrophil
migration towards the inflammatory site, the AnxA1 protein moves to the plasma mem-
brane and interacts with a G-protein-coupled receptor. This interaction helps to regulate
the number and speed of neutrophils that can leave the bloodstream and enter the tis-
sue space surrounding blood vessels, where inflammation is occurring. Evidence from an
in vitro investigation and an in vivo study suggests that neutrophil MVs enriched in AnxA1
caused TGF-β production, matrix deposition, and chondrocyte homeostasis by inducing
FPR2/ALX signaling and protecting the joint. Furthermore, neutrophil EVs reduce the
loss of sulfated glycosaminoglycans. They could exert their protective effect on joints via
EV mediator Annexin A1 (AnxA1) and its receptor Fpr2/3 on the chondrocyte as well as
polarizing macrophages towards a more anti-inflammatory phenotype characterized by
higher levels of CD206 and a lower expression of MHCII and CD86. Similarly, neutrophil
MVs enriched in AnxA1 interact with their receptor formyl peptide receptor 2/ALX and
induce TGF-b1 production which causes ECM deposition and chondrocytes protection [94].

Studies have shown that neutrophils can interact with nanoparticles in complex ways
that can enhance their therapeutic efficacy. The biomimetic nanoparticles have received
significant research interest because they are highly biocompatible and possess strong
targeting abilities. Yang et al. (2023) developed peptide-anchored neutrophil membrane-
coated biomimetic nanoparticles (R4F-NM@F127) for targeted drug delivery in rheumatoid
arthritis. In their study, R4F-NM@F127-Cel showed a significant reduction in hepatotoxicity,
effectively inhabited synovial inflammation, and alleviated joint damage [194].

Zhang et al. developed biomimetic nanoparticles for the treatment of RA by fusing
neutrophil membranes with polymeric cores. These nanoparticles were designed to have
a high affinity for IL-1β and TNF-α, allowing them to specifically target the inner layers
of cartilage and counteract the effects of pro-inflammatory cytokines, thereby reducing
synovial inflammation. The researchers observed the significant therapeutic efficacy of
these biomimetic nanoparticles in the mouse models of collagen-induced arthritis (CIA)
and transgenic arthritic mice [171].

6. Conclusions

OA is a progressive disease in which neutrophils play an integral role in its patho-
genesis and the degradation of cartilage through the production of numerous cytokines
and other inflammatory factors, as well as degrading enzymes. Furthermore, neutrophils
contribute to the resolution of inflammation and cartilage repair via the regulation of
immune responses. A better understanding of the mechanisms by which neutrophils
contribute to inflammation and cartilage degradation in OA, including investigating the
role of inflammatory factors produced by neutrophils and signaling pathways, would allow
for promising therapeutic strategies for osteoarthritis. Additionally, by developing targeted
therapies that specifically modulate neutrophil activity in OA, such as novel drugs that
specifically inhibit or enhance neutrophil activity, we can hope to improve outcomes for
patients with this debilitating disease and ultimately find a cure for this condition.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/immuno3030017/s1, Table S1: Neutrophil-derived Products and
their role in osteoarthritis; Table S2: The potential pharmacological function. Ref. [195] is cited in
Supplementary Table S1.
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