
R E V I E W Open Access

© The Author(s) 2025. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you 
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the 
licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit  h t t p :   /  / c r e a t i  
v e c  o m m  o n  s  . o  r  g /  l i c  e n s   e s  /  b y  - n c  -  n d / 4 . 0 /.

Wu et al. Journal of Orthopaedic Surgery and Research          (2025) 20:279 
https://doi.org/10.1186/s13018-025-05679-2

Introduction
Osteoarthritis (OA) is a prevalent chronic degenerative 
joint disease characterized primarily by damage to hya-
line cartilage, synovial inflammation, and abnormal sub-
chondral bone metabolism [1–3]. The persistent joint 
pain and stiffness caused by OA can severely reduce 
patients’ daily activity levels and quality of life, impose 
a heavy economic burden on society, and pose signifi-
cant challenges to public health [4–6]. Epidemiological 
reports indicate that by 2017, there were approximately 
303  million hip and knee OA patients worldwide, with 
around 61.2 million OA patients in China alone. Due to 
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Abstract
Osteoarthritis (OA) is a common chronic degenerative joint disease. Recent studies have emphasized the crucial 
role of macrophages, particularly tissue-resident macrophages (Tissue-Resident Macrophages, TRMs), in the 
pathogenesis and progression of OA. Under physiological conditions, TRMs maintain joint homeostasis, but under 
various stimuli, they can polarize into pro-inflammatory M1 or anti-inflammatory M2 phenotypes. An imbalance 
in macrophage polarization, favoring the M1 phenotype, leads to sustained inflammation, cartilage degradation, 
and osteophyte formation, further exacerbating OA symptoms and structural damage. This article reviews the 
current understanding of macrophage polarization in OA, with a particular emphasis on the mechanisms by which 
TRMs influence the joint microenvironment. It explores the therapeutic potential of drug molecular platforms 
aimed at regulating macrophage polarization, shifting the balance from pro-inflammatory M1 to anti-inflammatory 
M2. The discussion includes various pharmacological agents such as corticosteroids, hyaluronic acid derivatives, 
monoclonal antibodies, and bioactive molecules like Squid Type II Collagen (SCII) in modulating macrophage 
function and slowing OA progression. Additionally, the article examines advancements in gene therapy methods 
targeting macrophages, utilizing nanotechnology-based delivery systems to enhance the specificity and efficiency 
of macrophage phenotype regulation. Targeting TRMs through sophisticated drug molecular platforms presents a 
promising strategy for developing novel diagnostic and therapeutic interventions for osteoarthritis.
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population aging and the exacerbation of global obesity 
issues, the global prevalence of OA is increasing annually 
[7–9].

OA is a chronic disease with complex etiologies, and its 
specific pathogenesis remains not fully understood. It can 
affect the entire joint function through multiple causal 
pathways, characterized by pathological changes in all 
joint tissues, including cartilage, subchondral bone, joint 
capsule, and synovium [10]. Early OA pathogenesis is 
often attributed to mechanical wear of these tissues, lead-
ing to the release of matrix metalloproteinases (MMPs) 
and inflammatory mediators, which cause subchondral 
bone matrix remodeling and secondary inflammatory 
changes [11]. However, recent clinical evidence suggests 
that, in addition to mechanical load, sustained low-level 
inflammation (especially synovitis) exacerbates the radio-
logical and pain progression of OA. OA is now reclassi-
fied as a low-grade inflammatory joint disease involving 
the innate immune system [12, 13]. Macrophages, as 
the main effectors maintaining joint homeostasis and 
inflammation, are the most abundant immune cells in the 
synovium and the primary leukocyte population in the 
synovial fluid, playing a crucial role in the symptoms and 
structural progression of OA [12, 14].

Recent studies have highlighted the significant role 
of tissue-resident macrophages (TRMs) in maintaining 
joint homeostasis and contributing to OA pathogen-
esis. TRMs reside permanently within the synovial tis-
sue, independent of circulating monocytes, and exhibit 
distinct phenotypic and functional characteristics com-
pared to infiltrating macrophages. These cells originate 
from embryonic progenitors and self-renew within the 
synovial environment, providing a stable population that 
responds rapidly to local changes. TRMs are involved 
in regulating local immune responses, tissue repair, 
and remodeling [15]. In the context of OA, TRMs can 
modulate the inflammatory environment by produc-
ing anti-inflammatory cytokines and growth factors that 
promote tissue repair and maintain joint integrity. How-
ever, under chronic inflammatory conditions, TRMs may 
adopt a pro-inflammatory phenotype, contributing to 
the persistence of inflammation and joint degradation. 
Understanding the interactions between TRMs and other 
synovial cells is essential for elucidating the mechanisms 
underlying OA progression and for developing targeted 
therapies that modulate TRM function to restore joint 
health (Fig. 1).

Macrophage polarization and its role in OA
Origin and activation of macrophages
Under normal physiological conditions, macrophages 
reside in the joint synovium, maintaining a relatively sta-
ble population through local proliferation of the mono-
cyte pool. These monocytes embed within the synovial 

tissue, performing functions related to homeostasis 
maintenance [6, 16]. During the development of OA, res-
ident synovial macrophages detect the presence of exog-
enous or endogenous pro-inflammatory stimuli, lose 
their stable state, and become activated in various ways. 
One activation pathway involves acute trauma or chronic 
joint wear that generates damage-associated molecular 
patterns (DAMPs) such as cartilage fragments, aggre-
can (ACAN), and fibronectin [17]. Xie et al. found that 
these molecules bind to pattern recognition receptors 
(PRRs) on macrophages, initiating downstream intracel-
lular effects such as the activation of the nuclear factor 
kappa-light-chain-enhancer of activated B cells (NF-κB) 
pathway, thereby secreting pro-inflammatory cytokines 
and chemokines [18]. Another major activation pathway 
is through the inflammasome pathway. Schroder and 
Chang demonstrated that during OA, damaged chon-
drocytes produce reactive oxygen species (ROS), which 
mediate the assembly of the NLR family pyrin domain 
containing protein 3 (NLRP3) and Caspase-1 into the 
NLRP3 inflammasome within macrophages, inducing the 
maturation and secretion of pro-inflammatory cytokines 
(e.g., IL-1β, IL-1α, IL-18), thus generating an inflamma-
tory cascade [19–21].

Polarization and imbalance of macrophages during OA
Once activated, synovial macrophages exert various 
effects within the joint microenvironment either directly 
or indirectly (i.e., by stimulating other cells). Macro-
phages can be classified into classically activated (M1) 
and alternatively activated (M2) types based on their acti-
vation states and functions. M1 macrophages, induced by 
interferon-γ (IFN-γ), lipopolysaccharide (LPS), or tumor 
necrosis factor-α (TNF-α), clear pathogens by produc-
ing reactive oxygen species, nitric oxide, and releasing 
lysosomal enzymes. They also secrete various chemo-
kines and pro-inflammatory cytokines, such as TNF-α, 
interleukin (IL)-1, IL-6, IL-12, and cyclooxygenase-2 
(COX-2), which participate in inflammatory responses, 
clear some cell debris, but also damage chondrocytes and 
tissue repair [22–24]. M2 macrophages, also known as 
wound-healing macrophages, are activated by IL-4 and 
IL-13, express pro-chondrogenic genes such as trans-
forming growth factor-β (TGF-β) and insulin-like growth 
factor (IGF), thereby promoting the synthesis of type II 
collagen (COL2) and glycosaminoglycans (GAGs), and 
exhibit anti-inflammatory and cartilage repair functions 
[22, 25]. Macrophages play a crucial role in the inflam-
matory response: M1 macrophages phagocytose patho-
gens, while M2 macrophages regulate the inflammatory 
microenvironment by secreting anti-inflammatory fac-
tors like IL-10, favoring cartilage tissue regeneration and 
repair. The M1/M2 ratio of macrophages within the joint 
cavity maintains a dynamic balance, rapidly converting 
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in response to different stimuli. Timely shifts in macro-
phage polarization states are essential for the resolution 
of inflammation [18].

Macrophages can amplify inflammatory responses and 
disrupt the polarization balance by coordinating with 
other synovial cells [13]. Culemann et al. summarized 
that macrophages secrete related signaling molecules, 
such as pro-inflammatory cytokines (IL-1β, TNF-α, 
IL-6, IL-12, and IL-23) and chemokines (CC-chemokine 
ligand 2 and CXC-chemokine ligand 8), leading to the 
continuous recruitment of monocytes and other leu-
kocytes [16]. Zhang et al., by collecting synovial tissues 
from OA patients, found that newly recruited mono-
cytes differentiated into M1 macrophages through the 

aforementioned mechanisms. The persistent accumu-
lation of these cells in the synovium ultimately leads to 
synovial thickening and the occurrence of synovitis [26]. 
Therefore, during the progression of OA, activated mac-
rophages continuously accumulate and become polarized 
out of balance within the joint cavity. Liu et al. collected 
synovial fluid from 80 knee OA patients and 80 healthy 
controls, and flow cytometry analysis indicated that the 
M1/M2 macrophage ratio in the synovial fluid positively 
correlated with the Kellgren-Lawrence grade (severity of 
OA on imaging) in OA patients [27]. Macrophages play 
a dual role in the course of osteoarthritis. Inflammation 
can clear some cell debris and mediate the joint micro-
environment towards a normal state, but due to the 

Fig. 1 Overview of various therapeutic approaches for osteoarthritis treatment. The diagram highlights different strategies, including liposome, exo-
some, polyuric nanoparticles (NPs), and metal NPs-based treatments, as well as stem cell therapy, gene therapy, compound drugs, and dendrimer-based 
interventions
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imbalance in the M1/M2 macrophage ratio, the synthesis 
of extracellular matrix (ECM) components like ACAN by 
M2 macrophages is limited, while the continuous release 
of pro-inflammatory factors by M1 macrophages causes 
further damage to the cartilage matrix, gradually devel-
oping into chronic low-level joint inflammation [28]. Fur-
ther exploration of the imbalance in macrophage M1/M2 
polarization and dynamic polarization mechanisms will 
aid in preventing OA onset and progression.

TRMs contribute significantly to the polarization 
imbalance observed in OA. Under homeostatic condi-
tions, TRMs predominantly exhibit an M2-like pheno-
type, promoting tissue repair and anti-inflammatory 
responses. However, in the OA environment, persistent 
exposure to DAMPs and pro-inflammatory cytokines can 
shift TRMs towards an M1-like phenotype. This pheno-
typic switch exacerbates the inflammatory milieu, further 
recruiting and activating additional macrophages and 
other immune cells, thereby sustaining the inflammatory 
cascade. Additionally, TRMs interact with synovial fibro-
blasts and chondrocytes, influencing their behavior and 
contributing to synovial hyperplasia and cartilage deg-
radation. Understanding the specific factors that drive 
TRMs towards pro-inflammatory states in OA is crucial 
for developing strategies to restore their homeostatic 
functions and rebalance macrophage polarization.

Macrophages promote cartilage degradation and inhibit 
cartilage formation
Chondrocytes are responsible for the synthesis and deg-
radation balance of the cartilage matrix to ensure the 
correct distribution of biomechanical loads, thereby 
reducing joint wear [12]. In OA, M1 macrophages in the 
joint synovium secrete inflammatory cytokines, MMPs, 
and reactive oxygen species, which not only induce chon-
drocyte senescence and apoptosis but also reduce the 
synthesis of key ECM components such as ACAN, GAG, 
and COL223. Additionally, pro-inflammatory cytokines 
promote the synthesis and release of various proteolytic 
enzymes, including MMPs and a disintegrin and metal-
loproteinase with thrombospondin motifs (ADAMTS), 
which degrade joint cartilage. Beyond driving inflamma-
tory responses in OA, Bondeson et al. found that IL-1β 
and TNF-α also stimulate osteoblasts to secrete MMPs 
and pro-inflammatory cytokines detrimental to bone 
and adjacent cartilage [29]. Moreover, macrophages 
can directly inhibit the differentiation of chondrocytes 
by downregulating the expression of COL2 and GAG-
related genes in mesenchymal stem cells [30]. These 
effects are primarily exploited by M1-like pro-inflamma-
tory macrophages, as confirmed by selectively remov-
ing synovial macrophages [29, 31]. Therefore, synovial 
macrophages are key inductors of excessive MMPs and 

inflammatory cytokine expression, ultimately leading to 
cartilage degradation.

TRMs significantly influence cartilage dynamics in 
OA. By maintaining an M2-like phenotype under nor-
mal conditions, TRMs support cartilage health through 
the secretion of anti-inflammatory cytokines and growth 
factors that promote ECM synthesis and chondrocyte 
survival. However, in the OA environment, the shift of 
TRMs towards an M1-like phenotype leads to increased 
secretion of pro-inflammatory cytokines and MMPs, 
which directly degrade cartilage ECM and inhibit the 
anabolic processes of chondrocytes. Furthermore, TRMs 
interact with other synovial cells, such as fibroblasts, 
enhancing their pro-inflammatory and catabolic activi-
ties. Targeting TRMs to maintain or restore their M2-like 
phenotype could mitigate cartilage degradation and sup-
port the reparative processes essential for joint health.

Macrophages promote osteophyte formation
Macrophage polarization is also associated with osteo-
phyte formation. Activated macrophages mediate bone 
formation under mechanical load by regulating growth 
factor signaling pathways such as TGF-β [32]. In two 
mouse OA models induced by collagenase, Van and 
Blom et al. found that selectively removing synovial mac-
rophages significantly reduced the formation of joint 
osteophytes and synovial fibrosis [33, 34]. The reduction 
in bone proliferation due to macrophage depletion was 
associated with decreased production of TGF-β, bone 
morphogenetic protein (BMP)-2, and BMP-4 in the syno-
vial lining. This effect could be reversed by intra-articu-
lar injection of TGF-β, indicating that macrophages are 
critical mediators of TGF-β effects [34]. Zhang et al. dis-
covered that R-spondin-2 secreted by M1 macrophages 
in the synovial tissue of OA patients induced hypertro-
phy and apoptosis of chondrocytes, promoting cartilage 
degeneration and osteophyte formation, thereby exac-
erbating OA structural progression [26]. Aprepati et 
al., through imaging analysis of OA patients, found that 
synovitis was significantly associated with osteophyte 
formation in the anterior and medial tibial regions [35]. 
These data suggest that research aimed at altering mac-
rophage function in OA can improve osteophyte and 
synovitis formation, thereby alleviating OA progression. 
These studies are of significant importance for drug dis-
covery and the identification of new therapeutic targets 
for OA.

Peripheral sensitization mechanisms mediated by 
macrophages in OA pain
Synovial macrophages, as the main effectors maintain-
ing joint homeostasis and inflammation, act as sentinel 
cells sensing joint damage. Studies on macrophage-neu-
ronal receptor interactions have shown that when joint 
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damage occurs, pro-inflammatory mediators released 
by macrophages can directly activate pain receptors, 
leading to peripheral sensitization of the joint [36]. M1 
macrophages primarily induce the upregulation of volt-
age-gated channel proteins NaV1.3, NaV1.8, and CaV3.2 
by secreting TNF-α, triggering ectopic impulses in dor-
sal root ganglion (DRG) neurons and mediating pain 
hypersensitivity [37, 38]. Segond et al. demonstrated 
that using etanercept or infliximab to neutralize TNF-α 
expression reduced macrophage infiltration in DRGs and 
was accompanied by decreased mechanical pain in OA 
joints [39]. Macrophage-secreted chemokines induce 
peripheral sensitization by activating the transient recep-
tor potential vanilloid 1 (TRPV1) and recruiting macro-
phages from actual injury or inflammation sites to the 
DRG, triggering prolonged neuroinflammation, which 
is a key factor in OA joint pain [40, 41]. Additionally, 
TNF-α and IL-1β can regulate the expression of nerve 
growth factor (NGF) in synovial macrophages. NGF is a 
primary growth factor causing peripheral pain sensitiza-
tion, enabling nociceptors to synthesize neuropeptides 
and sensitize sensory nerve endings, resulting in OA pain 
[42]. Therefore, the mutual interference between synovial 
macrophages and dominant primary nociceptors is con-
sidered one of the peripheral sensitization mechanisms 
causing pain in the peripheral nervous system. The pres-
ence and activation state of synovial macrophages are of 
significant clinical importance in the intervention and 
treatment of OA-related pain.

Applications and limitations of Pharmacological 
regulation of macrophage polarization in OA 
treatment
Compound drugs
Corticosteroids, potent anti-inflammatory hormone 
drugs, exhibit cell type-specific activities, affecting den-
dritic cells, macrophages, chondrocytes, and other joint 
tissue cells. Synovial macrophages may be one of the 
targets of corticosteroids in OA [43]. Utomo et al. estab-
lished an in vitro acute synovitis model induced by IFN-γ 
and TNF-α to simulate OA synovium. Gene expression 
analysis showed that dexamethasone improved synovial 
inflammation by inhibiting M1 macrophage polarization 
(downregulating pro-inflammatory factors like IFN-γ 
and TNF-α) and promoting M2 macrophage polariza-
tion (upregulating anti-inflammatory factors like IL-4 
and IL-10) compared to the control group, although 
this finding was derived from an in vitro setup only [44]. 
Bryan et al. used intra-articular injections of dexametha-
sone in a surgically induced post-traumatic OA rabbit 
model, which protected cartilage from degeneration and 
improved synovial inflammation within the joint [45, 46]. 
However, the exact mechanism—specifically whether 
these protective effects were driven by M2 macrophage 

repolarization—was not directly demonstrated in vivo. 
Therefore, additional in vivo studies are warranted to 
clarify whether dexamethasone indeed drives macro-
phages toward the M2 phenotype in OA. Kinsenoside 
(KD), another corticosteroid immunosuppressant, was 
studied by Zhou et al. in a mouse OA model induced 
by anterior cruciate ligament transection. The results 
showed that KD dose-dependently upregulated M2 
macrophage-related genes arginase-1 (Arg-1), IL-10, and 
CD206, improved proteoglycan loss, and increased joint 
cartilage thickness [47]. However, due to various reported 
side effects of corticosteroid treatments, such as extreme 
immunosuppression, electrolyte imbalances, abnormal 
blood lipid metabolism, adrenal cortex dysfunction, men-
tal disorders, osteoporosis, and femoral head necrosis, 
their use in OA is typically limited to short-term intra-
articular injections [48, 49].

Hyaluronic acid (HA) is a naturally occurring glycos-
aminoglycan widely distributed throughout the body, 
available in various forms. The traditional therapeutic 
mechanism of HA is to provide a viscoelastic fluid that 
reduces intra-articular friction and stress, thereby mini-
mizing chondrocyte damage. Recent studies have found 
that different molecular weights of HA also affect mac-
rophage phenotype changes. Specifically, low molec-
ular weight HA fragments appear to bind Toll-like 
receptors (TLR-2 and TLR-4), activating NF-κB sig-
naling and upregulating pro-inflammatory genes such 
as inducible nitric oxide synthase, TNF-α, and IL-12β. 
By contrast, high molecular weight HA (HMW-HA) 
tends to engage CD44, a receptor capable of suppress-
ing inflammatory cascades and facilitating the clearance 
of apoptotic cells, ultimately promoting an M2 (alterna-
tively activated) phenotype. In addition, the HA receptor 
RHAMM (receptor for hyaluronan-mediated motility) 
may also play a role in cytoskeletal rearrangements that 
foster M2 polarization [50, 51]. Shu et al. established a 
mouse medial meniscus destabilization OA model and 
used an HMW-HA derivative (Hymovis®) with extended 
joint residence time for intra-articular injection, resulting 
in a 25% increase in the proportion of M2 macrophages 
in the synovium [52]. Jin et al. conducted a prospective 
single-arm study involving 16 patients, who received 
intra-articular injections of HMW-HA. Follow-up to 
the fifth week involved collecting synovial fluid for cyto-
kine detection and flow cytometry analysis. The results 
showed that the levels of IL-6 and IL-8 cytokines in the 
synovial fluid rapidly decreased by over 50% post-injec-
tion, while the proportion of M2 macrophages continued 
to increase by 40% [53]. These findings underscore how 
the molecular weight of HA can selectively influence 
receptor-binding pathways and thereby shift macrophage 
polarization states in vivo. However, higher levels of evi-
dence are needed to translate these findings into clinical 
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practice, including more detailed mechanistic studies 
that validate how HMW-HA engages CD44 (and poten-
tially other receptors) to promote M2 repolarization in 
human patients with OA.

Bioactive molecules
Monoclonal antibody therapies targeting macrophage 
polarization have begun to be applied in OA treatment, 
although the extent to which they induce M2 macro-
phage polarization remains under investigation. Wang 
et al. found that subcutaneous injection of adalimumab 
(an antibody that interferes with macrophage TNF-α 
pro-inflammatory signaling) effectively improved knee 
joint pain and function scores in patients with moderate 
to severe knee OA, but the specific mechanism involv-
ing M2 polarization has not been definitively established 
[54]. Additionally, fesinumab, by inhibiting NGF produc-
tion by macrophages to induce anti-inflammatory effects, 
improved walking pain and joint function in knee/hip 
OA patients within eight weeks through weekly subcu-
taneous injections [55]. However, clinical trials target-
ing NGF monoclonal antibodies reported severe adverse 
events due to osteonecrosis, leading the U.S. Food and 
Drug Administration to suspend related monoclonal 
antibody clinical trials [56]. Although molecular engi-
neering has enabled the fine-tuning of monoclonal 
antibody functions to enhance therapeutic effects and 
minimize immunogenicity and side effects, monoclonal 
antibodies targeting TNF-α have also been reported to be 
associated with other severe infections and malignancies 
[57]. To clarify whether these effects are directly attrib-
utable to M2 repolarization, additional preclinical and 
clinical studies are crucial for confirming and improv-
ing the safety of monoclonal antibody therapies in OA 
treatment.

Squid type II collagen (SCII) is a classic collagen com-
ponent that plays an important role in the development 
and maturation of joint chondrocytes [58]. Studies have 
found that SCII or SCII-derived bioactive materials can 
induce macrophage polarization towards the M2 phe-
notype, thereby inhibiting pathological apoptosis and 
hypertrophy of chondrocytes, promoting cartilage repair, 
and alleviating OA progression. Dai et al. established a rat 
OA model through anterior cruciate ligament transection 
combined with partial medial meniscectomy. The results 
showed that SCII significantly reduced MMP-13 immu-
nostaining in cartilage regions, increased proteoglycan 
content, and improved the structural integrity of carti-
lage tissue in OA rats [59]. In vitro experiments demon-
strated that SCII enhanced the phosphorylation of signal 
transducer and activator of transcription 6 (STAT6) while 
inducing the expression of TGF-β and IGF, promoting the 
transition of macrophages from the M0 to the M2 phe-
notype, thus exerting immunomodulatory activity. SCII 

also inhibited pathological apoptosis and hypertrophy of 
chondrocytes, ultimately promoting cartilage repair [60]. 
Currently, SCII remains in the preclinical research stage 
but may represent a novel bioactive material for cartilage 
repair.

Transient receptor potential vanilloid 1 (TRPV1), a 
non-specific cation channel, regulates pain perception 
and immune cell activity, mediating CD4⁺ T cell acti-
vation and M2 macrophage polarization [61]. Lv et al. 
established a rat OA model through medial meniscec-
tomy and intra-articular injection of a TRPV1 agonist. 
They found that the agonist effectively improved syno-
vial inflammation scores, reduced the content of M1 
macrophages, thereby decreasing cartilage destruction 
and osteophyte formation [62]. In vitro studies indi-
cated that TRPV1 inhibits M1 macrophage polarization 
and reduces M1 macrophage migration [62]. A Phase IIb 
clinical trial investigated the effects of a TRPV1 agonist 
(CNTX-4975) administered via intra-articular injection 
for treating OA-related knee pain. The results showed 
that CNTX-4975 significantly improved patients’ knee 
joint pain and stiffness [63]. Future intervention strat-
egies targeting TRPV1 may become viable treatment 
methods for OA.

Stem cells
Mesenchymal stem cells (MSCs) are multipotent stem 
cells found in various tissues, including bone marrow, 
skeletal muscle, periosteum, and spinal bone. MSCs can 
regulate various innate immune cells by secreting growth 
factors, chemokines, cytokines, or other substances, 
improving the joint cavity microenvironment, promoting 
inflammation suppression, and repairing damaged carti-
lage [64, 65]. Accumulating evidence suggests that MSC-
induced macrophage reprogramming toward the M2 
phenotype involves multiple signaling pathways—most 
notably the PI3K/AKT, NF-κB, and JAK/STAT pathways. 
For instance, MSC-derived exosomes have been shown 
to differentially modulate AKT isoforms by activating 
phosphorylation of AKT1 (favoring M2 polarization) 
while suppressing AKT2 phosphorylation (commonly 
associated with M1 polarization) [66]. Simultaneously, 
MSC-secreted factors may inhibit the IκB phosphoryla-
tion upstream of NF-κB, thereby reducing the nuclear 
translocation of NF-κB p65 and dampening the expres-
sion of pro-inflammatory cytokines [66–68]. Addition-
ally, MSC-conditioned medium has been observed to 
activate STAT3 while downregulating NF-κB activity, 
further promoting an anti-inflammatory, M2-like pheno-
type in macrophages [68]. Topoluk et al. found that after 
co-culturing macrophages (M1/M2), OA chondrocytes, 
and placental MSCs, placental MSCs could reduce the 
M1/M2 macrophage polarization ratio, increase chon-
drocyte activity, and enhance GAG production [69]. Woo 
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et al. established a mouse OA model with medial menis-
cus destabilization and injected extracellular vesicles 
derived from human adipose-derived stem cells into the 
joint cavity. The results showed that the number of M1 
macrophages in the mouse knee synovium decreased by 
about threefold, IL-1β expression in the synovium and 
cartilage was inhibited, effectively improving cartilage 
proteoglycan content and alleviating OA progression. 
Previous studies have primarily focused on enhancing 
the chondrogenic differentiation of MSCs, necessitating 
more research to explore the mechanisms by which stem 
cell-secreted bioactive factors influence the immune 
microenvironment within the joint cavity [70].

Prospects and challenges of gene therapy 
regulating macrophage polarization for OA 
treatment
Unlike conventional pharmacological methods, gene 
therapy provides a more ideal treatment approach for 
OA by achieving long-term expression of nucleic acids, 
replacing the frequent administration of compounds, 
bioactive molecules, or stem cell drugs [71]. Gene ther-
apy involves modifying or manipulating gene expression 
to alter the biological characteristics of living cells to 
achieve therapeutic effects [72]. Advances in molecular 
biology methods, synthetic biology, and bioengineering 
have expanded the repertoire of gene drugs for thera-
peutic applications, including plasmid DNA (pDNA), 
clustered regularly interspaced short palindromic 
repeats (CRISPR), small interfering RNA (siRNA), and 
microRNA (miRNA) [73].

The uptake of nucleic acid molecules primarily relies 
on endocytosis mechanisms, necessitating the use of 
carriers for effective transport to the cell nucleus or 
cytoplasm. Free nucleic acids face poor macrophage tar-
geting, easy degradation in joint cavity/cell contents, and 
low bioavailability. Viral vectors, including lentivirus, 
adenovirus, and adeno-associated virus, can be used for 
efficient targeted transfection of macrophages. However, 
their immunogenicity, limited gene loading capacity, 
and complex preparation processes restrict their clinical 
application [74]. Nanotechnology-based non-viral gene 
carriers (nano gene delivery systems) offer more ideal 
delivery systems with advantages such as low immunoge-
nicity, extended in vivo half-life, simple preparation, and 
targeted delivery [75].

Research progress in gene therapy regulating macrophage 
polarization
Multiple transcription pathways are involved in mac-
rophage polarization within the molecular network of 
activated macrophages. Transcription factors NF-κB, 
nuclear transcription factor-activated protein 1, CCAAT/
Enhancer Binding Protein Alpha (C/EBPa), and IFN-γ 

participate in TLR-induced macrophage polariza-
tion towards the M1 type; whereas STAT6, peroxisome 
proliferator-activated receptor γ (PPAR-γ), IFN-4, and 
Kruppel-like factor 4 (KLF4) are involved in macrophage 
polarization towards the M2 type [76]. With a deeper 
understanding of the molecular mechanisms controlling 
macrophage polarization and function, precise regulation 
of macrophage phenotypes through gene therapy holds 
promise as a therapeutic approach to improve OA [36].

miRNAs are a class of novel non-coding small RNAs 
that regulate the expression of various proteins by inhib-
iting mRNA translation at the post-transcriptional level. 
As key factors in epigenetic regulation, miRNAs can alter 
gene expression without changing the DNA sequence 
encoding proteins, potentially offering a safer method 
for regulating macrophage gene expression [77]. Among 
known miRNAs, miRNA-let7c, when overexpressed in 
M1 macrophages, targets C/EBPδ to reduce M1 pheno-
type expression while promoting polarization towards 
the M2 phenotype [78]. Additionally, multiple in vitro 
studies targeting macrophages have indicated that miR-
223, miR-124, and miR-125a-5p are potential therapeu-
tic strategies for repolarizing M1 macrophages to M2 
[79–81].

Similarly, siRNA-mediated transient inhibition of pro-
inflammatory cytokines has been shown to effectively 
alleviate the progression of joint inflammation. Silenc-
ing related pro-inflammatory pathways with siRNA can 
reduce the expression of M1 macrophage markers, repo-
larizing M1 macrophages to M2, thereby helping to alle-
viate inflammation. Among various pro-inflammatory 
cytokine-specific siRNAs, TNF-α siRNA-based therapies 
have been widely used to treat inflammatory diseases. 
Intracellular injection of TNF-α siRNA via electropora-
tion needles can partially alleviate collagen-induced 
arthritis (CIA) in mice [82]. Khoury et al. used liposome-
encapsulated siRNAs targeting three cytokines—IL-1, 
IL-6, and IL-18—and effectively improved arthritis 
inflammation and cartilage destruction in CIA mice [83].

Plasmid DNA (pDNA) expressing anti-inflammatory 
mediators represents another gene therapy strategy. 
IL-10 is a cytokine with potent anti-inflammatory activ-
ity, but its clinical application is increasingly limited due 
to severe cytokine-related side effects. pDNA expressing 
IL-10 has become a preferred therapeutic strategy for 
upregulating IL-10 cytokines in CIA inflammatory tis-
sues. Fellowes et al. constructed a CIA mouse model and 
administered intra-peritoneal injections of cationic lipo-
some-encapsulated IL-10 pDNA. The results showed that 
IL-10 pDNA effectively improved the degree of arthritis 
in mice [84]. Additionally, Zheng et al. prepared human 
serum albumin-loaded IL-10 pDNA and dexamethasone 
phosphate nanoparticles, treating CIA mouse models via 
intravenous injection. The results demonstrated that this 
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treatment reduced the secretion of pro-inflammatory 
factors (TNF-α, IL-1β), increased the expression of anti-
inflammatory factors (IL-10), promoted the polarization 
of macrophages from the M1 to the M2 phenotype, and 
alleviated joint swelling and bone erosion [85].

Biological barriers in gene therapy regulating macrophage 
polarization for OA treatment
Bioactive therapeutic genes encounter multiple biological 
barriers when reaching synovial macrophages and exhib-
iting regulatory effects. Due to the presence of nucleases 
in body fluids such as synovial fluid, naked therapeutic 
genes are rapidly degraded within the joint cavity [86]. 
The limited quantity of therapeutic genes taken up by 
macrophages is captured in lysosomes, where the acidic 
environment and abundant enzymes lead to the degrada-
tion of therapeutic genes [87]. The active sites of siRNA 
are located in the cytoplasm, and other therapeutic genes 
must further transfer from the cytoplasm to the nucleus 
for gene expression. However, the nuclear membrane and 
nuclear pore complexes only allow molecules smaller 
than 40 kDa to pass through, thus limiting the penetra-
tion of nucleic acid molecules [88, 89]. Compared to 
most other primary mammalian cells, therapeutic genes 
entering the nucleus in macrophages face greater chal-
lenges. In other animal cells, the nuclear membrane 
disassembles during mitosis, allowing exogenous thera-
peutic genes to freely enter and exit the nucleus. How-
ever, macrophages are typically non-dividing terminally 
differentiated cells [90]. Additionally, macrophages pos-
sess pattern recognition receptors that can detect thera-
peutic genes as potential foreign and dangerous viral 
invaders, triggering inflammatory signaling cascades that 
lead to nucleic acid denaturation or macrophage apopto-
sis [91]. Therefore, designing nano gene delivery systems 
to ensure effective nucleic acid payloads and circumvent 
macrophage phagocytosis and digestion effects is essen-
tial [92].

Advances in nano gene delivery systems transfecting 
macrophages
Liposomes, as nano gene delivery systems, offer advan-
tages such as simple preparation, biodegradability, bio-
compatibility, and large gene-loading capacity. Cationic 
liposomes can neutralize the negative charges on thera-
peutic genes like DNA, compressing and encapsulating 
them to reduce electrostatic repulsion between thera-
peutic genes and cell membranes, facilitating transmem-
brane entry of therapeutic genes. However, attempts to 
transfect primary macrophages or bone marrow cell lines 
using lipid-based reagents in vitro typically result in low 
transfection efficiency (< 5%), with transgene expres-
sion lasting no more than 24  h. Further improvements 

to liposomes are necessary to enhance their transfection 
capabilities in macrophages [93].

Metal nanoparticles, with their excellent stabil-
ity and biocompatibility, hold great potential in gene 
delivery. Representative metal nanoparticles include 
gold nanoparticles and magnetic iron oxide ions. Gold 
nanoparticles possess surface inertness but can be cova-
lently functionalized through various techniques, allow-
ing for the binding of specific groups like amino groups 
and interaction with therapeutic genes for gene deliv-
ery. Lee et al. used oligodeoxynucleotides (glutamate) 
end-labeled Cas9 proteins to facilitate their loading onto 
arginine-functionalized gold nanoparticles containing 
CRISPR-Cas9 pDNA. This carrier complex was intrave-
nously injected into mice, resulting in gene editing effi-
ciencies of 8% and 4% in liver and spleen macrophages, 
respectively [94]. This formulation lays the foundation for 
developing macrophage-mediated immunotherapies.

To overcome the low transfection efficiency of macro-
phages, researchers have begun utilizing various recep-
tors on macrophages (mannose, scavenger, and cluster of 
differentiation proteins) to target specific endocytic path-
ways within macrophages, thereby increasing the gene 
transfection efficiency of existing gene carriers. Jain et al. 
evaluated the gene transfection efficiency of mannose-
modified alginate nanoparticles delivering IL-10 pDNA 
to macrophages. The results showed that approximately 
9% of macrophages were transfected 24 h after nanopar-
ticle transfection [95]. Zhang et al. used polyglutamic 
acid as a linker to engineer mannose segments onto the 
surface of their gene delivery system, promoting interac-
tion with macrophage mannose receptors. This method 
provided a higher transfection efficiency in primary mac-
rophages (approximately 30%) [96]. Nano gene delivery 
systems targeting specific endocytic pathways in mac-
rophages hold potential for successfully editing macro-
phage repolarization.

Summary and outlook
Synovial macrophages, as immune cells, play a crucial 
role in the progression of OA symptoms and structural 
changes through various mechanisms. DAMPs in the 
synovial fluid activate macrophages, which differenti-
ate into different phenotypes, predominantly M1 mac-
rophages that produce pro-inflammatory mediators and 
various MMPs. These factors further affect chondrocytes 
and the cartilage matrix, promoting the release of carti-
lage fragments and fibronectin into the synovial fluid, 
continuously inducing macrophage differentiation into 
the M1 phenotype. This ongoing interaction between the 
synovium and cartilage forms a vicious cycle that drives 
OA progression. Additionally, tissue-resident macro-
phages (TRMs) are integral to maintaining joint homeo-
stasis but can become pro-inflammatory under chronic 
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OA conditions, further exacerbating inflammation and 
joint degradation.

Due to the formation of a chronic low-level inflam-
matory state in OA, which may be related to an imbal-
ance in the M1/M2 macrophage polarization ratio, 
promoting macrophage differentiation towards the M2 
phenotype or inducing the conversion of M1 macro-
phages to M2 macrophages could be effective therapeu-
tic strategies for alleviating OA structural and symptom 
progression. Corticosteroids, HMW-HA, monoclonal 
antibodies, SCII, and stem cells are potential therapeutic 
agents targeting this intervention mechanism to alleviate 
OA. However, specific therapeutic effects and biologi-
cal safety require further research and validation. Recent 
studies suggest that gene therapy interventions target-
ing macrophage repolarization, particularly focusing on 
tissue-resident macrophages, may offer a more ideal OA 
treatment method. Despite the multiple biological barri-
ers to safely and efficiently delivering therapeutic genes to 
macrophages, significant progress has been made in nano 
gene delivery systems’ ability to target specific endo-
cytic pathways in macrophages. With advancements and 
applications in nano gene delivery systems, gene therapy 
research and application in OA macrophages, especially 
TRMs, will reach new heights.
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