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Rheumatoid arthritis (RA) is a common inflammatory joint disorder characterized by

progressive joint destruction, leading to painful deformity and limited mobility, for

which there is currently no effective cure. While existing treatments offer symptom

relief, a significant unmet need persists due to inadequate disease control in many

patients. Global epidemiological studies estimate that the current incidence of RA

ranges from 20 to 50 cases per 100,000 people annually, with a prevalence of 0.5%

to 1.0%. The disease disproportionately affects women (2-3 times more than men)

and peaks in older age groups (65-69 years). This ongoing disease burden highlights

the importance of understanding its underlying mechanisms. RA is a complex

autoimmune condition with a multifactorial etiology involving genetic

susceptibility, environmental factors, and dysregulated immune responses

characterized by autoantibody production, chronic inflammation of the synovium,

and progressive joint damage. Its pathogenic process involves activating various

immune cells, which significantly contribute to disease development. Extensive

experimental research and clinical trials have demonstrated the different roles of

the Innate Immune System (IIS) in RA. However, the scientific community remains

divided on defining the composition and functions of the IIS during the onset and

progression of RA. Therefore, it is essential to further investigate the role of the IIS

and its relationship with the Adaptive Immune System (AIS) in RA treatment. This

review covers the regulatory effects and biological functions of the Innate Immune

Response (IIR), explores the underlying mechanisms of RA, and offers insights into

potential biomarkers and therapeutic strategies, enhancing current understanding of

the IIR for future research.
KEYWORDS

rheumatoid arthritis, innate immune response, innate immune system, adaptive immune
system, regulation
1 Introduction

RA is a chronic, autoimmune, systemic disease characterized by persistent joint

inflammation, leading to pain, swelling, stiffness, and functional impairment (1, 2).

These clinical manifestations stem from complex immunopathological processes that

remain incompletely understood. Globally, the incidence of RA is approximately 40 per
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100,000 individuals per year, with a prevalence of around 0.5%-1%,

and the average age of onset is between 40 and 60 years, with a sex

ratio of 1:2 to 1:3 (male: female) (3, 4). Recent studies provide more

granular epidemiological insights: According to Kim H. et al.,

seropositive RA is one of the most prevalent autoimmune

rheumatic diseases (AIRDs) in Korea, with 96,330 cases, which is

188.5 per 100,000 population (5), and a recent study shows that the

prevalence of RA in the USA ranges between 0.5-1.0% (6). The

causes and development of RA have been extensively explored, yet a

complete understanding of RA continues to elude us. Given the

complex interplay of genetic and environmental factors in RA

pathogenesis, increasing attention has focused on immune system

dysregulation as a key driver of disease progression. With the

deepening of research, it has become increasingly recognized that

the IIS plays an important regulatory role in the pathogenesis of

RA. (Figure 1).

To fully appreciate the IIS’s involvement in RA, it is essential to

first understand the immune system’s broader structure and

function. The immune system is one of the most complex

biological systems known to humans, second only in importance

and complexity to the nervous system (7). The immune system is a

delicate network composed of cells and effector molecules, designed

to defend against invaders while protecting the integrity of “self”

and facilitating recovery (8). This network operates through two

interconnected branches: It includes IIS and the AIS, which must
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collaborate effectively to guarantee the optimal operation of the

body (9). Of these two branches, the IIS is particularly relevant to

RA pathogenesis due to its role as the body’s first responder to

inflammation and tissue damage (10). IIS comprises numerous

components, including immune cells, soluble recognition

molecules, and the complement system (11). Within this

framework, key cellular constituents of IIS encompass phagocytes

(such as macrophages), antigen-presenting cells (such as dendritic

cells), and cytotoxic cells (such as natural killer cells) (12). Some

literature also includes NK T cells, neutrophils, basophils,

eosinophils, B-1 cells, and gsT cells within the IIS framework

(13). (Figure 2).

The transition from protective immunity to pathological

inflammation in RA involves specific IIS activation pathways. IIS

activates various immune cells and the complement system through

pattern recognition receptors (PRRs), pathogen-associated molecular

patterns (PAMPs), and damage-associated molecular patterns

(DAMPs), thereby generating and promoting inflammatory

responses (13). In the context of RA, the abnormal activation of

the IIS is a key element in its pathogenesis. In the synovial joint,

innate immune cells such as macrophages, dendritic cells,

neutrophils, natural killer cells, and mast cells are highly active in

RA (14). These activated cells drive disease progression through

multiple mechanisms: They can promote the development of

synovial joint inflammation by releasing inflammatory cytokines,
FIGURE 1

Developmental process of rheumatoid arthritis. (a) Healthy knee. (b) Schematic of the RA damage to half of the knee. (c) RA developed into the
whole knee. (d) Bone and cartilage injuries. (e) The occurrence of knee pain. (f) Impairment of motor function. (g) RA accumulation joints of the
whole body. (h) Different kinds of treatment for patients with RA in the early stage. (i) Total knee arthroplasty in advanced patients. (j) Postoperative
rehabilitation training.
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chemokines, activating the complement system, and performing

phagocytosis or antigen presentation functions (15). Therefore,

modulating the IIS response in RA, particularly controlling its

activation and the mediated inflammatory response, has become an

important strategy in treating RA (16). Recent advances have shed

new light on regulatory mechanisms targeting the IIR. While

challenges remain, to effectively modulate the immune response in

RA, it is necessary to overcome the sustained activation of IIS and

address the activation of AIS associated with autoantibody

production, which continuously fuels the chronic inflammatory

process in the synovium.

The therapeutic targeting of immune modulation has evolved

significantly over time. The concept of overcoming RA through the

supplementation of immune-modulating mediators is not novel; for

instance, in the late 1990s, IL-11 was considered an important

regulatory cytokine in RA (17). This early approach represented one

of the first attempts to rebalance the immune system rather than

simply suppress inflammation. Almost simultaneously, it was

proposed by scholars that interferon b (IFNb) could serve as an

anti-inflammatory mediator in RA (18). Initial optimism was

supported by findings that showed IFNb alleviated arthritis in

mice and demonstrated clinical relief of symptoms and signs in

preliminary studies on RA patients, yet later studies on IFNb in RA

yielded discouraging results (19). This pattern of initial promise

followed by disappointment characterized subsequent hypotheses

regarding immune-modulating mediators for treating RA, as these

approaches yielded either negative or mixed results, leading to

temporary abandonment of cytokine modulation strategies (20).

However, the field has experienced a renaissance with

discoveries reinvigorating the idea that specific anti-inflammatory

cytokines may inhibit RA disease progression, and even promote

joint cartilage repair, by modulating IIS or AIS. Modern approaches
Frontiers in Immunology 03
now focus on regulating macrophage polarization direction,

complement system activation, antigen-presenting cell function,

neutrophil activity, and effectively inhibiting B-cell or T-cell

activation through more targeted mechanisms. In light of these

developments, IIS plays a crucial role in the pathogenesis of RA.

Research into its regulatory mechanisms not only aids in deepening

our understanding of the pathological processes of RA but also

offers potential for developing new therapeutic strategies. Moving

forward, future research is needed to elucidate the targets through

which innate immune cells regulate inflammatory responses in RA

and how these targets can be effectively intervened upon to control

or reverse disease progression. This comprehensive review

examines the mechanisms by which key members of the IIS

regulate immune responses in RA, bridging historical perspectives

with contemporary therapeutic opportunities.
2 Regulation of macrophages in RA

Macrophages serve as central orchestrators of RA pathogenesis

through their dual roles in inflammation and tissue homeostasis.

Recent research indicates that various innate immune cells within

synovial tissue, particularly monocyte-derived macrophages,

contribute to the inflammatory response and play a pivotal role

in activating AIRDs (21). As the first responders in RA joints,

macrophages represent the earliest and most abundant immune

cells in affected synovium (22), where they drive pathology

through multiple mechanisms: production of pro-inflammatory

cytokines, including tumor necrosis factor-a (TNF-a), IL-1b, and
IL-6 (23), chemokines such as Chemokine (C-C motif) ligand 2

(CCL2), and tissue-destructive metalloproteinases (MMP-3, MMP-

12) (24).
FIGURE 2

The schematic picture of the innate immune response system. This picture highlights key cellular elements (monocytes/macrophages, dendritic
cells, neutrophils, basophils, eosinophils, mast cells, natural killer cells, and B-1 B cells) and complement system components involved in innate
immunity. Functional features like phagocytosis, antigen presentation, cytokine release, granulocyte-mediated cytotoxicity, and target cell
recognition play a role in synovial inflammation by working together in RA progression.
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Macrophage polarization exists along a spectrum with two well-

characterized extremes: classically activated M1 macrophages, which

promote joint erosion through secretion of pro-inflammatory

cytokines (TNF-a, IL-1) (25), and alternatively activated M2

macrophages that secrete anti-inflammatory mediators (IL-10,

TGF-b) to facilitate tissue repair and remodeling (26). This

polarization continuum includes intermediate states marked by

distinct surface marker profiles and functional outputs, including

nitric oxide and cytokine production (27). These factors collectively

delineate the morphological and functional states of macrophages.

RA is frequently linked to inappropriate interactions between

macrophages and T cells, where the activation of M1 or M2

macrophages can significantly influence the emergence of Th1 or

Th2 responses in helper T cells (28). The macrophage-T cell crosstalk

in RA creates a self-perpetuating inflammatory cycle. M1

macrophages preferentially drive Th1 responses through TLR/IFN

signaling (29), generating a cascade of destructive mediators

including TNFa, IL-12, IL-18, IFNg, and matrix metalloproteinases

that promote osteoclastogenesis and joint destruction (30).

Conversely, M2 macrophages induce Th2 responses characterized

by IL-4, IL-10, IL-13, and TGF-b secretion, which correlate with

clinical remission (31). This immunological imbalance - with

predominant M1/Th1 activation in RA - highlights the pathogenic

consequences of disrupted macrophage polarization.

The functional dichotomy between macrophage subsets is

central to RA pathogenesis. M1 macrophages are recognized as

pro-inflammatory cells, exhibiting elevated expression of major

histocompatibility complex (MHC) class II, CD80, CD86, CD38,

and TLR4, which contribute to the secretion of pro-inflammatory

cytokines, primarily IL-1b, IL-6, and TNFa, along with chemokines

such as CCR (32). While this response is protective against

pathogens, the swift production of pro-inflammatory cytokines

typically stimulates the IIS, facilitating the effective elimination of

pathogens. However, when self-tolerance is compromised,

inflammation can evolve into a chronic and maladaptive immune

response (33). Notably, CD80/CD86, co-stimulatory molecules

found on these macrophages and other immune cells, respond to

activation signals, which inhibit the proliferation of pathogens (34).

In contrast to their pro-inflammatory counterparts, the phenotype

of “anti-inflammatory” M2 macrophages is characterized by the

expression of various surface markers, including macrophage

scavenger receptors, mannose receptor-1, and the MER proto-

oncogene tyrosine kinase (MerTK) (35). To fulfill their primary

function in maintaining tissue homeostasis, these “alternative-

activated” macrophages facilitate proliferation, contribute to bone

and joint cartilage regeneration, and mitigate inflammatory

processes (36). Their reparative functions include clearing

apoptotic cells, synthesizing extracellular matrix (ECM)

components, as well as promoting angiogenesis and chemokine

activity. Additionally, IL-10 and TGF-b are produced endogenously

by M2 macrophages, which helps steer immune activation toward a

more favorable tissue repair process (37).

The clinical relevance of macrophage polarization is evident in

RA progression. Macrophages are prevalent in synovial tissue

during the active phase of RA, and their numbers decrease upon
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the attainment of clinical remission. This observation indicates that

macrophages possess considerable plasticity, allowing them to

respond to stimuli from their microenvironment, often through a

process referred to as polarization. Importantly, numerous studies

have indicated that alterations in the quantity of macrophages

present in synovial tissue can serve as predictors of treatment

outcomes. Notably, an imbalance in the subpopulations of

macrophages has been observed in the synovial fluid of RA

patients, who demonstrate a higher M1/M2 ratio in comparison

to individuals with osteoarthritis (OA) (38), highlighting the

patholog ica l consequences of disrupted macrophage

homeostasis. (Figure 3).
3 Regulation of neutrophils in RA

Neutrophils represent the most abundant circulating leukocytes

and serve as primary responders in RA synovitis. As the most

abundant circulating leukocytes, neutrophils serve as first

responders in RA pathogenesis. Comprising ~60% of peripheral

white blood cells, they rapidly infiltrate injured tissues and express

immune-modulating molecules including cytokines, chemokines,

and MHCI antigens (39). This functional versatility stems from

rapid gene expression changes during inflammatory activation (40).

While circulating neutrophils typically undergo apoptosis within 24

hours, synovial microenvironmental alterations in RA significantly

prolong their lifespan and enhance effector functions (41). The

sustained inflammatory milieu contains chemokines that regulate

neutrophil chemotaxis and activation alongside other innate

immune cells (42).

Chemokine networks orchestrate neutrophil recruitment in RA.

Murayama et al. demonstrated that chemokine receptor

interactions mediate leukocyte trafficking and synovitis, with

broad-spectrum inhibition showing superior efficacy to single-

target approaches due to pathway redundancy (43). This

chemokine-driven recruitment upregulates neutrophil gene

expression, modifying membrane receptor profiles and apoptosis

regulation to create long-lived inflammatory neutrophils (44).

Pathogenic neutrophil activities in RA involve multiple

synergistic mechanisms: enhanced migration, prolonged survival,

oxidative stress responses, and neutrophil extracellular trap (NET)

release (45). Notably, NETs have emerged as promising biomarkers,

with plasma cell-free nucleosomes demonstrating high diagnostic

specificity for early arthritis (46). Synovial infiltration engages

adhesion molecules (P/E-selectins, integrin a2b), chemokine

receptors (CXCR2, CCR1/2), and lipid mediators (LTB4) (47, 48).

Upon activation, neutrophils dynamically adjust receptor

expression to amplify synovial migration and release

inflammatory mediators (cytokines, prostaglandins, leukotrienes)

that perpetuate joint inflammation (49).

Anti-citrullinated protein antibodies (ACPAs) directly prime

neutrophils toward pro-inflammatory states, increasing ROS

production and upregulating MIP-1, IL-8, and IL-23 in vitro (50,

51). Synovial neutrophils further exacerbate inflammation through

IL-17B expression, which synergizes with TNF-a to enhance
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leukocyte migration (52). The emerging role of IL-20 as a pro-

inflammatory cytokine expressed by neutrophils and other synovial

cells correlates with disease activity and ACPA positivity (53, 54).

Neutrophil-derived enzymes drive joint destruction through

multiple pathways. Myeloperoxidase (MPO), abundant in

azurophilic granules, contributes to RA pathology through NET

formation and T-cell activation (55, 56). Similarly, neutrophil

elastase (NE) degrades cartilage components (elastin, collagen)

and activates PAR2-mediated p44/42 MAPK signaling to promote

joint injury (57, 58). Oxidative stress is amplified by NADPH

oxidase activity, which generates superoxide anions through

p47phox phosphorylation, elevating ROS levels that exacerbate

tissue damage (59, 60).
4 Regulation of complement in RA

The complement system’s dual role in protection and pathology

is particularly relevant in RA. The complement system constitutes a

fundamental component of the immune system, playing a pivotal

role in various protective immune processes (61). These processes
Frontiers in Immunology 05
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complexes, recognition of foreign antigens, regulation of both

humoral and cellular immunity, clearance of apoptotic and

necrotic cells, and participation in injury resolution and tissue

regeneration (62). However, in the context of RA, insufficient

regulation of complement activation may contribute to the

pathogenesis of numerous inflammatory and autoimmune

diseases in humans, including RA, which adversely affects

cartilage, bone, and synovium. Evidence supporting this link

includes the identification of complement deposition within

affected tissues, diminished levels of complement proteins in the

bloodstream and/or synovial fluid of patients, elevated levels of

complement activation fragments, and findings from experimental

models (63). A prime example of this dysregulation comes from

Sjöberg et al. who demonstrated that fibromodulin (FM), a cartilage

extracellular matrix component, binds to C1q, activating the

classical complement pathway while recruiting factor H (FH) to

limit membrane attack complex (MAC) formation and C5a release,

indicating a dual role in joint inflammation. The study revealed that

FM’s complement activation occurs through ionic interactions with

C1q, independent of its keratan sulfate chains. Conversely, FH
FIGURE 3

The regulatory effect of macrophages in RA. Circulating monocytes differentiate into synovial macrophages, which undergo activation and
polarization in response to local inflammatory signals. Compares healthy joint homeostasis (left) with RA-inflamed joint pathology (right), highlighting
characteristic synovial hyperplasia. M1 polarization dominates in RA, producing pro-inflammatory mediators (TNF-a, iNOS, IL-1b, IL-6, IL-12, IL-23)
that promote tissue damage and osteoclast activation. An imbalance between M1 and M2 creates a self-sustaining inflammatory cascade,
maintaining synovitis and joint destruction.
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binding to FM reduces terminal pathway activation, implicating FM

as a potential factor in sustained arthritis inflammation (64).

The transition from physiological protection to pathological

damage involves multiple complement functions. The essential

functions of the complement system comprise the elimination of

foreign microorganisms through specific recognition, regulation, and

lysis. Additionally, the system is instrumental in the clearance of

circulating immune complexes (CICs), apoptotic cells, apoptotic

bodies, and necrotic cells (65). Of particular relevance to RA,

among the various types of CICs—small, medium, and large—

medium-sized CICs are typically implicated in the majority of

tissue damage, as they tend to become entrapped within tissues or

joints (66). These protective functions offer significant advantages to

the host, even in the absence of adaptive immune responses. Under

normal conditions, the complement system regulates its pro-

inflammatory and anti-inflammatory functions through various

inhibitors under normal physiological conditions (67). However,

these natural complement inhibitors may become insufficient when

the system is excessively activated during acute inflammatory

episodes, potentially resulting in adverse effects. Furthermore, the

functionality of the complement system extends beyond serum or

plasma; it encompasses every tissue or organ within the body that

may act as a direct target for different complement components (68).

Complement activation in RA occurs through three

interconnected pathways. Most proteins of the complement

system are typically found in circulation in an inactive (zymogen)

state and are activated via proteolytic processes upon the

recognition of danger signals (69). Notably, the complement

system possesses multiple activation pathways, each employing

distinct recognition molecules, which underscores the system’s

complexity. Complement activation may occur through one of

three pathways: the classical, lectin, or alternative pathways (70).

These pathways converge to produce the activation of the

complement system facilitates pathogen removal by opsonizing

pathogens through surface deposition of complement component

C3b, enhancing immune cell chemotaxis via the generation of

anaphylatoxins such as complement C5a, and directly disrupting

pathogen surfaces through the formation of the MAC C5b-C9 (71).

In the rheumatoid joint, complement-mediated processes are

fundamental to inflammation and may transpire independently of

infection; thus, the inhibition of complement, such as through the

blockade of C5a, has long been regarded as possessing therapeutic

potential (72).

Therapeutic targeting of complement in RA requires careful

consideration. Assessing the role of complement inhibition in RA

presents considerable challenges. Complement is one of many

inflammatory mediators involved in the pathogenesis of complex

diseases like RA (73). While promising, numerous approved and

highly effective treatment regimens for RA include complement

inhibitors. Integrating complement inhibition within the expanding

repertoire of effective treatment options necessitates careful

deliberation. Moreover, complement deficiencies—particularly

those affecting classical pathway components like C1q—

predispose individuals to systemic lupus erythematosus (SLE),

suggesting that patients with this condition should avoid
Frontiers in Immunology 06
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classical pathway (74). In RA specifically, a potential trigger for

complement activation may stem from immune complexes

containing RA-associated antibodies. Approximately 60% of early

RA patients demonstrate positivity for autoantibodies, such as

ACPAs and/or rheumatoid factors (75). These antibodies interact

with antigens within synovial joints, leading to the formation of

immune complexes and subsequent local complement activation.

Additionally, molecules released from the ECM of chondrocytes—

including fibromodulin, osteomodulin, chondroadherin, the G3

domain of aggrecan, and cartilage oligomeric matrix protein

(COMP)—serve as potent activators of the complement

system (76).
5 Regulation of dendritic cells in RA

Dendritic cells (DCs) are fundamental members of the IIS

whose importance in rheumatoid arthritis pathogenesis has

become increasingly apparent. Since their discovery in 1973, our

understanding of their crucial role in innate immune responses has

expanded significantly (77). These specialized antigen-presenting

cells provide a critical immunological bridge between innate and

adaptive immunity through their unique capacity to continuously

monitor the microenvironment while capturing and processing

antigens (78). The clinical relevance of DCs in RA is underscored

by recent findings demonstrating that the proportion of precursor

DCs (pre-DCs) in peripheral blood shows strong correlation with

treatment resistance, with their gene markers proving more

predictive of therapeutic efficacy than established clinical

parameters including ACPA status and disease duration (79).

This growing body of evidence positions DCs as both valuable

biomarkers and promising therapeutic targets in RA management.

The human DC compartment comprises several functionally

distinct subsets that contribute differentially to RA pathogenesis.

Conventional DCs (cDCs), identified by their CD11c expression,

can be further subdivided into cDC1 and cDC2 populations. The

cDC1 subset expresses high levels of CD141 and specializes in CD8+

T cell activation through MHC class I cross-presentation (80), while

cDC2 cells, characterized by prominent CD1c expression,

predominantly activate CD4+ T cells (81). Plasmacytoid DCs

(pDCs), which express CD123, represent another major subset that

responds to viral infections through rapid production of type I

interferons (IFNs) and other cytokines (82). Beyond these

classical populations, monocyte-derived DCs (moDCs) have

emerged as important players in RA synovitis. These inflammatory

DCs, which retain CD14 expression, are capable of inducing naïve

CD4+ T cell differentiation into Th17 cells and promoting synovitis

development (83, 84). Conversely, exposure to specific growth

factors, cytokines or pharmaceutical agents can promote monocyte

differentiation into tolerogenic DCs (tOLDCs), suggesting potential

avenues for therapeutic intervention (85).

The functional state of DCs, particularly their maturation status,

profoundly influences their immunological impact in RA. Mature

DCs differ markedly from their immature counterparts in their ability
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to secrete copious amounts of cytokines and activate diverse antigen-

specific T lymphocyte populations (including Th1, Th2, Th17 and

Treg cells) within secondary lymphoid organs (86, 87). This

maturation process is driven by recognition of PAMPs, DAMPs,

and various inflammatory cytokines (88). During maturation, DCs

undergo significant phenotypic changes, upregulating surface

expression of CD80, CD86, and MHC-II while downregulating

phagocytic capacity - modifications that facilitate productive

interactions with T cells (89). In the rheumatoid joint, this

maturation process contributes to disease progression through

multiple mechanisms. Activated DCs not only initiate and

stimulate T cell responses that drive local and systemic

inflammation, but also secrete a wide array of inflammatory

mediators that promote innate immune cell activation.

Furthermore, they facilitate the development of ectopic lymphoid

structures within affected joints (90). Of particular relevance to RA,

collagen II has been shown to potently induce DC maturation, while

the resulting mature DCs reciprocally enhance collagen degradation

in joint tissues - establishing a self-perpetuating cycle that accelerates

joint destruction (91). The diverse DC subsets each exhibit distinct

functional and phenotypic characteristics in RA, with their altered

behavior intimately linked to disease pathogenesis.
6 Regulation of mast cell in RA

Emerging evidence highlights the pivotal yet complex role of

mast cells (MCs) in rheumatoid arthritis pathogenesis, where they

function as dynamic immunomodulators at the interface of innate

and adaptive immunity. MCs, originating from the hematopoietic

system, are innate immune cells that serve as one of the most crucial

sentinels for detecting danger signals; their main role bridges the

gap between the IIS and AIS (92). While their involvement in IgE-

mediated allergic inflammation is well-documented, recent studies

reveal their equally important participation in non-allergic

inflammatory processes, acting as an early warning system against

invaders and coordinating immune responses (93). Within the

rheumatoid joint, MCs are widely distributed in tissues directly

exposed to the external environment, and upon activation, they

rapidly degranulate, releasing a plethora of preformed mediators

and initiating the resynthesis of other mediators, including

proteases, growth factors, cytokines, and chemokines (94).

Although increased MC infiltration in the synovium has been

consistently reported in RA, the exact nature of their involvement

- whether as active participants or passive bystanders - remains a

subject of ongoing investigation.

The extensive mediator repertoire of MCs underscores their

multifaceted role in RA pathophysiology. MCs secrete diverse

products, including proteases (tryptase, chymase), proteoglycans

(heparin), biogenic amines (histamine), growth factors (VEGF,

PDGF), and an array of cytokines (TNFa, IL-1b, IL-6, IL-17)
(95). Notably, their ability to synthesize and release lipid

mediators like PGD2 and LTB4 adds another layer of complexity

to their inflammatory modulation, with degranulation serving as

the key regulatory point for mediator release (96). In the context of
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RA, this degranulation process differs from allergic responses,

relying instead on specific interactions between VAMP8 and

VAMP7 on MC granule membranes (97).

The immunoregulatory network involving MCs extends to their

dynamic crosstalk with other immune cells. The interplay between

regulatory T cells (T-regs) and MCs represents a particularly

intriguing pseudosymbiotic relationship, where T-regs attract

mast cells through IL-9 secretion, while MCs reciprocally support

T-reg proliferation via IL-2 release (98). Beyond this, MCs

demonstrate remarkable functional plasticity, serving as antigen-

presenting cells capable of activating T cells while also influencing B

cell differentiation and antibody production (99). This multifaceted

interactivity enables MCs to exert both pro-inflammatory and anti-

inflammatory effects, though the precise mechanisms governing this

duality remain incompletely understood (100).

In the synovial microenvironment, MCs participate actively in

joint destruction through multiple pathways. Human synovial MCs

are frequently found in proximity to monocytes/macrophages, T

cells, and B cells (101), where they promote inflammation by

enhancing vascular permeability and secreting chemokines like

IL-8 that drive neutrophil infiltration (102). Furthermore, MC-

derived mediators such as TNFa, IL-1, and IL-17 activate synovial

fibroblasts, while trypsin released by MCs activates MMPs that

degrade cartilage extracellular matrix components (103, 104). The

impact of MCs extends to bone remodeling, where they may

accelerate bone turnover through both direct effects on osteoclasts

and indirect cytokine-mediated mechanisms (105, 106).

Despite strong evidence supporting a pro-inflammatory role in

RA, MCs can also exhibit protective functions depending on

microenvironmental cues. While they can exacerbate inflammation

through TNF-a production (synergistically enhanced by IL-33), they

can also suppress immune responses via IL-10 and histamine release

when activated by immune complexes (107, 108). This functional

dichotomy highlights the need for careful therapeutic targeting of

MCs in RA, as their complex biology demands strategies that can

selectively modulate their detrimental effects while preserving

beneficial functions. Future research should focus on elucidating

the contextual factors that determine MC phenotype and function

in RA, paving the way for more precise therapeutic interventions.
7 Regulation of natural killer cells in
RA

Natural killer (NK) cells represent a critical component of the

innate immune system that plays complex and multifaceted roles in

RA pathogenesis. Initially discovered in the 1970s as large granular

lymphocytes derived from common lymphoid progenitors, NK cells

were first recognized for their potent cytotoxicity against virus-

infected cells and tumors (109). Subsequent research has

significantly expanded our understanding of NK cell biology,

revealing their classification as innate lymphoid cells capable of

bridging innate and adaptive immunity through diverse effector

functions (110). These unique lymphocytes lack T-cell or B-cell

receptors and are identified by CD3 negativity, but can be divided
frontiersin.org

https://doi.org/10.3389/fimmu.2025.1545625
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Muheremu et al. 10.3389/fimmu.2025.1545625
into functionally distinct subsets based on CD16 and CD56

expression patterns. The CD16+CD56dim subset specializes in

cytotoxic functions, while CD16-CD56bright cells produce

cytokines similar to CD4+ T helper cells, and a regulatory NK

subset producing IL-10 contributes to immune regulation (111).

The activation of NK cells represents a precisely balanced process

governed by the interplay of surface activating and inhibitory

receptors, with additional modulation by cytokines including IL-

2, IL-12, IL-15, and IL-18 (112). Through both direct cytotoxicity

and cytokine production, NK cells participate in the immune

dysregulation characteristic of RA, though their precise role at the

interface of innate and adaptive immunity requires further

investigation (113).

The functional diversity of NK cells extends to their

developmental biology and tissue-specific activities. Since their

discovery, extensive research has characterized NK cell subsets

with distinct developmental origins, anatomical distributions, and

effector capabilities (114). These include not only natural

cytotoxicity and antibody-dependent cellular cytotoxicity

(ADCC), but also the production of diverse cytokines that mirror

the functional specialization of CD4+ T helper subsets (114).

Emerging evidence highlights an important regulatory role for

NK cells through IL-10 production and selective targeting of

autoreactive cells, suggesting their involvement in maintaining

immune homeostasis (114). In the context of RA, both cytotoxic

mechanisms and cytokine production by NK cells contribute to

disease modulation, though their net effect remains controversial.

NK cells exhibit compartmentalized changes in RA that reflect

their complex involvement in disease pathogenesis. While

accumulating in the synovial fluid of RA patients (115), the

causal relationship between NK cell infiltration and disease

development remains unclear. Animal models yield seemingly

contradictory results, with NK cell depletion exacerbating

collagen-induced arthritis in some studies (116) while

ameliorating disease in others (117). Human studies demonstrate

a redistribution of NK cells from peripheral blood to synovial tissue,

with decreased circulating NK cells but increased synovial

infiltration, particularly of activated subsets (118, 119). This

spatial redistribution suggests active recruitment to inflamed

joints, where NK cells likely interact with other immune cells to

influence disease progression (120). Notably, synovial NK cells

demonstrate altered functional capacity, promoting osteoclast

differentiation when co-cultured with monocytes (121) while

potentially also lysing autoreactive immune cells (122). The CD56

bright subset appears particularly relevant in RA synovium (123),

where it may drive inflammation through production of pro-

inflammatory cytokines like TNF-a and IFN-g (124). These

cytokines not only perpetuate local inflammation but also

promote dendritic cell maturation and lymphocyte activation,

creating self-amplifying inflammatory loops (125). Paradoxically,

NK cells may also exert protective effects by suppressing Th17

differentiation and osteoclastogenesis through IFN-g production

(126), illustrating their functional duality in RA.

Multiple lines of evidence point to NK cell dysfunction in RA

patients. Compared to healthy controls, RA patients demonstrate
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reduced NK cell cytotoxic activity (127) and decreased frequencies

of perforin-positive NK cells (128). Despite these advances, the

precise role of NK cells in RA pathogenesis remains incompletely

understood. Current evidence suggests their impact may be

context-dependent, varying according to disease stage,

microenvironmental cues, and the specific NK subset involved

(129, 130). A more comprehensive understanding of NK cell

biology in the context of inflammatory arthritis will be essential

for developing targeted therapeutic strategies to modulate their

activity in RA.
8 Therapeutic strategies and future
perspectives

RA remains a challenging chronic inflammatory disorder

characterized by persistent synovitis that, when inadequately

controlled, progresses to irreversible joint damage and functional

impairment. While the implementation of treat-to-target strategies

and biologic therapies has significantly improved patient outcomes,

substantial therapeutic gaps persist, particularly for those failing to

achieve remission or developing refractory disease despite

available treatments. This unmet clinical need underscores the

necessity for novel therapeutic approaches targeting alternative

pathogenic pathways.

The current therapeutic arsenal for RA relies heavily on disease-

modifying antirheumatic drugs (DMARDs), with methotrexate

(MTX) maintaining its position as the cornerstone therapy due to

its well-established antimetabolite activity. However, the limitations

of MTX are apparent, as approximately half of patients show

insufficient radiographic improvement, driving the search for

more effective alternatives. This therapeutic shortfall has been

partially addressed by the development of biologic DMARDs,

with ten currently approved by the U.S. FDA, most targeting key

inflammatory mediators like TNF (Remicade) and IL-6 (Actemra).

Nevertheless, about 30% of patients exhibit either primary non-

response or secondary loss of efficacy to these biologics, highlighting

the complexity of RA pathogenesis and the involvement of

additional mechanisms beyond current therapeutic targets.

Emerging therapeutic strategies are increasingly focusing on

innate immune pathways, as systematically outlined in Table 1.

Notable developments include NK cell-targeted approaches such as

the CD16/CD30 bispecific antibody AFM13 (Phase II) and IL-15/

IL-2 cytokine therapy (Phase I) (131, 132), macrophage-directed

interventions featuring CSF1R inhibition (Phase II) and JAK

inhibitor-mediated polarization (clinically approved) (133), and

complement system blockade via anti-C5a (Phase III) and C1q

inhibitors (preclinical) (64, 135).

Particularly promising are first-generation combination

therapies like CAR-NK with anti-TNFa (Phase I), which

demonstrate synergistic modulation of both innate and adaptive

immune responses. While these advances reflect growing

recognition of innate immunity’s role in RA, clinical translation

still lags behind adaptive immune-targeted biologics, with

challenges including optimization of cell-based delivery systems
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and ov e r c om ing t h e immuno supp r e s s i v e s ynov i a l

microenvironment. (Table 1).

The future therapeutic landscape of RA is rapidly expanding

beyond conventional approaches, with several innovative strategies

under investigation. These include selective JAK inhibition (with

next-generation inhibitors in development), modulation of the GM-

CSF pathway, targeting of Bruton’s tyrosine kinase (BTK, currently

in phase II trials), manipulation of the PI3K pathway, neural

modulation approaches, and dendritic cell-based therapies. This

diversification of therapeutic options promises to yield more

balanced treatment paradigms that integrate biological DMARDs

with targeted small-molecule therapies, potentially addressing the

current limitations in RA management.
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33. Netea MG, Domıńguez-Andrés J, Barreiro LB, Chavakis T, Divangahi M, Fuchs
E, et al. Defining trained immunity and its role in health and disease. Nat Rev Immunol.
(2020) 20:375–88. doi: 10.1038/s41577-020-0285-6

34. Ma C, Wang C, Zhang Y, Li Y, Fu K, Gong L, et al. Phillygenin inhibited M1
macrophage polarization and reduced hepatic stellate cell activation by inhibiting
macrophage exosomal miR-125b-5p. BioMed Pharmacother. (2023) 159:114264.
doi: 10.1016/j.biopha.2023.114264

35. Zhang J, Muri J, Fitzgerald G, Gorski T, Gianni-Barrera R, Masschelein E, et al.
Endothelial lactate controls muscle regeneration from ischemia by inducing M2-like
macrophage polarization. Cell Metab. (2020) 31:1136–1153.e7. doi: 10.1016/
j.cmet.2020.05.004

36. Huang X, Wang X, Ma L, Wang H, Peng Y, Liu H, et al. M2 macrophages with
inflammation tropism facilitate cementoblast mineralization. J Periodontol. (2023)
94:290–300. doi: 10.1002/JPER.22-0048

37. Tardito S, Martinelli G, Soldano S, Paolino S, Pacini G, Patane M, et al.
Macrophage M1/M2 polarization and rheumatoid arthritis: A systematic review.
Autoimmun Rev. (2019) 18:102397. doi: 10.1016/j.autrev.2019.102397

38. Zhang H, Cai D, Bai X. Macrophages regulate the progression of osteoarthritis.
Osteoarthritis Cartilage. (2020) 28:555–61. doi: 10.1016/j.joca.2020.01.007

39. Yuan K, Zhu Q, Lu Q, Jiang H, Zhu M, Li X, et al. Quercetin alleviates
rheumatoid arthritis by inhibiting neutrophil inflammatory activities. J Nutr
Biochem. (2020) 84:108454. doi: 10.1016/j.jnutbio.2020.108454

40. Beck DB, Ferrada MA, Sikora KA, Ombrello AK, Collins JC, Pei W, et al.
Somatic mutations in UBA1 and severe adult-onset autoinflammatory disease. N Engl J
Med. (2020) 383:2628–38. doi: 10.1056/NEJMoa2026834

41. Liew PX, Kubes P. The neutrophil’s role during health and disease. Physiol Rev.
(2019) 99:1223–48. doi: 10.1152/physrev.00012

42. Zhao W, Zhao H, Li M, Huang C. Microfluidic devices for neutrophil
chemotaxis studies. J Transl Med. (2020) 18:168. doi: 10.1186/s12967-020-02335-7

43. Murayama MA, Shimizu J, Miyabe C, Yudo K, Miyabe Y. Chemokines and
chemokine receptors as promising targets in rheumatoid arthritis. Front Immunol.
(2023) 14:1100869. doi: 10.3389/fimmu.2023.1100869

44. Aga E, Mukherjee A, Rane D, More V, Patil T, van Zandbergen G, et al. Type-1
interferons prolong the lifespan of neutrophils by interfering with members of the
apoptotic cascade. Cytokine. (2018) 112:21–6. doi: 10.1016/j.cyto.2018.06.027

45. Kurowska W, Kuca-Warnawin EH, Radzikowska A, Maśliński W. The role of
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