Exploration of Inmunology " Open Exploration

L))

Open Access Review

Rheumatoid arthritis unmasked: the immune complex as a key
driver of disease progression

Veshalini Kasiraja®, Noor Azlina Abu Bakar @, Noor Azuin Suliman™
Faculty of Medicine, Universiti Sultan Zainal Abidin, Kuala Terengganu 20400, Malaysia

*Correspondence: Noor Azuin Suliman, Faculty of Medicine, Universiti Sultan Zainal Abidin, Medical Campus, Jalan Sultan
Mahmud, Kuala Terengganu 20400, Malaysia. azuinsuliman@unisza.edu.my

Academic Editor: Manuela Neuman, University of Toronto, Canada

Received: February 10, 2025 Accepted: July 25, 2025 Published: August 11, 2025

Cite this article: Kasiraja V, Bakar NAA, Suliman NA. Rheumatoid arthritis unmasked: the immune complex as a key driver of
disease progression. Explor Immunol. 2025;5:1003208. https://doi.org/10.37349/ei.2025.1003208

Abstract

Rheumatoid arthritis (RA) is an inflammatory autoimmune disorder characterised by synovial joint
destruction and systemic complications. Central to its pathogenesis is the formation and deposition of
immune complexes (ICs), which result from antigen-antibody interactions involving autoantibodies such as
rheumatoid factor (RF) and anti-citrullinated protein antibodies (ACPAs). These ICs infiltrate joint tissues,
activate the complement system, and initiate a cascade of inflammatory responses. The ensuing
recruitment of polymorphonuclear leukocytes and release of pro-inflammatory cytokines and chemokines
contribute to sustained inflammation, tissue degradation, and joint deformity. RA is thus classified as a type
[1I hypersensitivity disorder, wherein IC-mediated mechanisms perpetuate a self-amplifying inflammatory
loop. This review explores the evolving understanding of IC-driven pathophysiology in RA, emphasising the
three-stage progression of IC formation, deposition, and inflammatory activation. By elucidating the
interplay between hypersensitivity reactions and immune-mediated mechanisms in RA, the review
underscores potential therapeutic targets that may help disrupt this pathogenic cycle. Enhanced
comprehension of IC dynamics not only deepens insight into RA progression but also opens avenues for
more precise and effective interventions in autoimmune diseases.
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Introduction

Rheumatoid arthritis (RA) is a multisystem and chronic inflammatory autoimmune disease primarily
affecting the joints. Affecting approximately 0.2% of the world population, the aetiology of RA is unknown.
A meta-analysis done in 2020 revealed that the prevalence of RA increased to 0.46% of the world
population between 1980 and 2019 [1]. The progression of RA can cause deformities and physical
impairments if not treated appropriately [2]. RA also comprises the symptoms of inflammatory
arthropathy, synovial hyperplasia, bone destruction, articular cartilage loss, and bone deformities.
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Immunologically, RA causes the production of autoantibodies such as rheumatoid factor (RF) and anti-
citrullinated protein antibodies (ACPAs) [2, 3]. Besides physical and immunological presentation, extra-
articular symptoms of RA are also presented by nodules, pericarditis, pulmonary fibrosis, peripheral
neuropathy, and amyloidosis. RA’s extended effect indirectly affects the cardiovascular, pulmonary,
neurological, and endocrine systems [2].

The mechanisms underlying the development of autoimmune diseases, caused by the immune system’s
failure to protect an organism against pathogens while avoiding self-destruction, remain unclear [4].
Though the exact cause of RA is unknown, specific immune response pathways involving immune and non-
immune cells secrete proinflammatory mediators, such as cytokines and enzymes, that disrupt the immune
balance [5]. The most prevalent multiple autoantibodies in RA patients are RF, ACPAs, and antibodies
against additional post-translationally modified proteins, such as anti-acetylated and anti-carbamylated
protein (anti-CarP) antibodies [6]. The development of the immune response is associated with the
interactions between established internal and external risk factors [3, 6]. Furthermore, the production of
autoantibodies that target the joints of the entire body is one of the critical reasons for RA onset [7].

Immune complexes (ICs) are antigen-antibody aggregations that develop when the body’s immune
system produces antibodies in response to antigenic determinants of host or foreign substances [8].
Usually, the cellular immune system removes excess ICs, protecting the tissues against immune-induced
destruction [9]. Deposition of ICs in tissues due to insufficient clearance results in IC-mediated disease,
known as type Il hypersensitivity reaction [10]. Its responses involve IgG and IgM antibodies—the antigen-
antibody complex deposits in the capillaries, surrounding tissues, and basement membrane [11].
Overproduction of immunoglobulin (IgM and IgG) against foreign or host antigens mediates the deposition
of insoluble intermediate-sized ICs. These complexes in observed in type III hypersensitivity reactions.
Subsequently, it may elicit activation of the classical complement, resulting in an overproduction of various
inflammatory mediators, leading to progressive damage [10].

This review aims to synthesise recent advances in the understanding of IC-mediated mechanisms in
RA, particularly within the framework of type III hypersensitivity reactions. To ensure relevance and rigor,
we conducted a literature search using four major databases, which were PubMed, Web of Science, Scopus,
and the Cochrane Library, focusing on publications from 2010 to 2025. Keyword combinations included
“rheumatoid arthritis”, “immune complex”, “type Il hypersensitivity”, and “autoantibodies”. Studies were
selected based on their focus on the immunopathogenesis of RA, the role of ICs, and relevance to disease
progression. By exploring the intersection of IC biology and hypersensitivity responses, this review offers
insights into the evolving landscape of RA pathogenesis and highlights potential therapeutic targets aimed

at disrupting the IC-driven inflammatory loop.

Overview of hypersensitivity

The immune system is essential for protecting the body against infections; however, in certain contexts, its
responses can become exaggerated, misdirected, or dysregulated, leading to tissue injury rather than
protection. These harmful immune reactions are collectively known as hypersensitivity reactions, defined
as pathological immune responses to normally harmless antigens or to self-antigens, often resulting in
persistent inflammation and tissue damage [12]. Hypersensitivity reactions arise from the same
mechanisms that eliminate pathogens, including antibody production, T lymphocyte activation, and
recruitment of effector cells. However, the immune stimuli in hypersensitivity, such as persistent
environmental antigens, microbial components, or self-antigens, are often difficult to clear. The presence of
intrinsic positive feedback loops within the immune system amplifies responses and contributes to the
chronicity and severity of tissue damage once a hypersensitivity reaction is triggered [13].

Tissue injury in hypersensitivity response is caused by the exact mechanisms that regularly act to
eradicate infectious pathogenic microorganisms with the assistance of antibodies, effector T lymphocytes,
and various other effector cells. This is because the stimuli for these abnormal immune responses, such as
self-antigen, persistent microbes, or environmental antigens, are challenging to eliminate. Moreover, the
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immune system has several intrinsic positive feedback loops, which commonly enhance protective
immunity, making it difficult to control or terminate a hypersensitivity reaction once initiated [12].

Since inflammation is a prominent component of the pathology of these diseases, they are grouped
under the term immune-mediated inflammatory illness. Based on the principal immunological mechanism
responsible for the condition, hypersensitivity reactions may be categorised into four types: the first three
categories are variants on antibody-mediated, and the fourth is T-cell mediated [12]. The type of immune
response and the effector mechanism responsible for cell and tissue injury are often used to classify
hypersensitivity disease [14]. An article by Dispenza [15] proposed a more refined classification of
hypersensitivity subtypes, incorporating effector mechanisms such as mast cell activation, complement
involvement, cytotoxic T cell-mediated responses, and eosinophilic inflammation (Figure 1).

Type | Type ll

* Ila — Antibody-mediated cytotoxic reactions,
complement involved
* IIb — Antibody-mediated cell-stimulating reactions

¢ Mast cell-mediated
reactions

Type lli Type IV

IVa — Thl cell-mediated macrophage activation
IVb — Th2 cell-mediated eosinophilic inflammation
IVc — Cytotoxic T cell-mediated reaction

IVd — T cell-mediated neutrophilic inflammation

* Immune complex-
mediated complement
activation

Figure 1. The modern classification of hypersensitivity reactions [15]

Over the past decade, multiple studies have linked different hypersensitivity mechanisms to the
pathogenesis of autoimmune diseases, including RA. Research articles have speculated that the involvement
of type 11, type III [16], and even type IV hypersensitivity reactions [17] correlated with RA occurrences.
However, this review article will focus on the involvement of type III hypersensitivity reactions as an
inducer of RA incidence.

Type III hypersensitivity

Type 11l hypersensitivity reaction features include the development of ICs triggered by the interaction of
IgG or IgM with a soluble antigen [4, 13]. Type III hypersensitivity reactions are an effect of normal or
abnormal immunisation exhibited in various autoimmune illnesses. An entry of a significant antigen
concentration into the bloodstream mediates the generalised type III hypersensitivity reactions [4]. In
contrast to the other hypersensitivity reactions, the type III reaction involves the production of ICs in the
circulation before deposition in tissues [13].

In pathogenic circumstances, the innate immune system causes local and systemic inflammation, which
destroys self-tissues. Conversely, in some cases, the immune system exaggerates, forcing the hosts to
become hypersensitive to the excess production of antigen-antibody IC [4]. Circulated ICs tend to
accumulate in filtration sites, such as in synovial joints, while the other ICs, generated at specific inoculation
sites, enhance the stimulation of the classical complement pathway [13, 18]. The rapid development of
symptoms and proliferation of ICs, combined with phagocytes and complement components, indicate the
involvement of nonspecific or innate immune systems. As the latter initiates the type III hypersensitive
mechanisms, it also leads to tissue damage by mediating the accumulation of inflammatory cells, lysosomal
enzymes, and free radicals around the ICs. Inflammation within the walls of blood arteries, caused by
complement activation and binding of leukocyte fragment crystallisable receptor (FcR) to antibodies in
deposited complexes, is the principal cause of tissue harm in IC disorders [13, 19].
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A hallmark feature of type III hypersensitivity is vascular inflammation (vasculitis), caused by FcR-
mediated leukocyte activation and complement component binding to deposited ICs within blood vessel
walls. This mechanism underpins a range of systemic IC-driven diseases [14], including RA, systemic lupus
erythematosus (SLE), and serum sickness. The pathophysiological sequence is illustrated in Figure 2.

Antibody-antigen

1eG SoEEE immmmmm B0 1 .
L
Immune e ) -
IgM complex
(I0)
L

leasing granules
i containing reactive
P species

Figure 2. lllustration of the mechanism of type lll hypersensitivity reaction, driven by immune complex (IC) deposition
and complement-mediated inflammation [13, 14]

RA, an autoimmune disease, exhibits the clinical features of type III hypersensitivity reactions [13-15].
The reaction occurs due to the build-up of the ICs involving the autoantibodies recognising the soluble
autoantigens, which are always present naturally and abundantly, besides the foreign antigens. The
involvement of IgG is reported to relate to the incidence of RA [18]. Recent insights have confirmed that the
dysregulated clearance of ICs in RA contributes to ongoing inflammation, suggesting that RA is not only
autoimmune but also fundamentally IC-mediated [20-22].

Crosslink between the immunological complex with rheumatoid arthritis

Generally, mononuclear phagocytes clear off the ICs, which have been fixed by the complement cascade.
The failure in the clearance of IC may result in IC-mediated disease [23]. The mononuclear phagocytes
prevent IC deposition by enhancing their binding to erythrocytes, subsequently assisting in carrying the ICs
to the spleen and liver for disposal by resident phagocytes [23, 24]. However, an insufficient amount of
complement caused by genetic, antibody-mediated, or drug-induced factors may result in the accumulation
of ICs and, thus, stimulate a chronic immune response. Besides, this condition can promote the formation of
autoantibodies on the cell surface and intracellular antigens of nuclear or cytoplasmic origin. It can also
activate systemic forms of autoimmune diseases such as RA [23].

ICs were discovered in RA 50 years ago, mostly in synovial fluid and the circulation of individuals with
extra-articular disease [25]. The autoantibodies and ICs were fundamental to early theories in the
pathogenesis of RA by sequentially activating the neutrophils and mast cells, allowing antibodies
accessibility to the joints, where they would initiate inflammation by binding to a specific antigen [26]. RA is
regarded as evidence of an innate immunity disorder, along with IC-mediated complement activation,
adaptive immune responses against host-antigens composed primarily of post-translationally modified
proteins, dysregulated cytokine networks, osteoclast activation, and activation of chondrocyte and resident
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stromal cells, which establish the semi-autonomous features that enhance the progression of disease [27].
The pathogenesis of RA, a systemic IC disease, can be categorised into three significant stages: formation of
IC, deposition of IC, and IC-mediated inflammation and tissue damage [12, 13].

This review was performed following an extensive literature search utilising four principal scientific
databases: PubMed, Web of Science, Scopus, and the Cochrane Library. The search focused on articles
published from 2010 to 2025 to ensure an inclusion of recent and relevant findings. A combination of

specific keywords was employed to extract essential literature, including: “immune complex”, “rheumatoid
arthritis”, “hypersensitivity”, and “immunology of rheumatoid arthritis”.

Stage 1: immune complex formation

A protein antigen causes an immunological response that produces antibodies within 4-10 days. The
immunological reaction is then activated by the antibody interaction with the antigen, which forms ICs.
Antibody production in the blood circulation is commonly triggered by endogenous or exogenous antigen
exposure [12, 13]. Exogenous antigens are foreign proteins, whereas endogenous antigens are autoantigens
that mimic foreign antigens directed at autoimmune diseases such as RA [12, 13, 28]. In both types of
antigens, circulating ICs will be formed by binding antigens to antibodies, which later move out of the
plasma and deposit in host tissues [13].

IC in joints can be formed by the autoantibodies observed in RA patients’ serum and synovial fluid [29].
The binding of autoantibodies to their specific target antigen forms the IC that triggers a downstream
inflammatory cascade [5, 30]. RF and ACPAs are the autoantibodies identified and recognised as
biomarkers for diagnosing RA [29, 31]. Autoantigens directed by several autoantibodies later can be
discovered in RA, including a diverse range of components in cartilage, such as stress proteins, nuclear
proteins, citrullinated proteins, and enzymes (illustrated in Figure 3). This accumulation of elements in RA
demonstrates that the disease is characterised by accumulated autoreactivities in both B and T cells. These
autoantigens and immunologically relevant epitopes vary in range during the disease course, and
individuals’ self-antigens may differ [32, 33].

Synovial fluid

Antibody-antigen
complex

¥

Downstream inflammatory
cascade

*  Rheumatoid factor (RF)

*  Anti-citrullinated protein antibodies (ACPAs)
*  Stress protein

*  Nuclear protein

* Citrullinated protein

* Enzymes

Figure 3. lllustration of the immune complex (IC) formation occurs in the synovial fluid [5, 30]
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The initial autoantibodies that have been characterised in RA are RF, as a target to the Fc region of IgG,
which is induced by and reactive towards IC [18, 34]. Three types of Ig are directly and indirectly involved
in exhibiting RA: IgG [35], IgA [36], and IgM [37], summarised in Figure 4. The IgG RF antibodies are unique
as they may form ICs by self-association without the presence of different antigenic molecules [36]. The
self-association characterisation of IgG RFs has a significant implication for pathogenic disease progression
in RA patients. Moreover, IgA RFs have also been identified in RA patients. By interacting with normal IgG,
these polymeric IgA RFs contributed to the development of intermediate complexes [36]. Furthermore, the
most common RF species in RA are IgM RFs, formed by ICs and polyclonal B-cell activators [34, 38].
Polyclonal low-affinity IgM RF formation is not disease-specific, but it is considered a normal physiological
response that assists host defence by accelerating the ICs’ development and clearance. Though high-affinity
RFs do not appear to induce RA, they are considered to contribute effectively to disease progression and
chronicity by stimulating IC development. This is because RFs are produced by IC derived from disease-
specific autoantibodies, which also facilitate the formation of IC and enhance the arthritogenicity of disease-
specific autoantibodies, including ACPAs [34].

IgG + RF (self association)

+ —

(IgA + RF) + IgG

G _

(IgM + RF) + B cell
Y

S —

Figure 4. Summary of the development of autoantibodies by RF observed in RA [35, 36, 38]. RA: rheumatoid arthritis; RF:
rheumatoid factor

The development of IC between citrullinated proteins and ACPAs, advanced by complement fixation, is
significant in RA synovium [39]. ACPAs are RA-specific and target epitopes focused on citrulline, a post-
translationally modified arginine. The IC and citrullinated protein comprising different citrullinated
antigens are more immunogenic and arthritogenic, while their existence in arthritic joints corresponds with
the severity of the disease [34, 40]. Autoantibodies to type II collagen (CII) are also detected in RA and may
develop IC in the joint as an essential factor in the early local onset of inflammation. The CII epitopes are
found on the synovium and cartilage, while the autoantibodies to CII are released by synovial fluid cells and
tissues in RA patients [41, 42] as illustrated in Figure 5. Besides, K/BxN mice, the most used autoimmune
arthritis model, secrete antibodies against glucose-6-phosphate isomerase (GPI) that form ICs with GPI in
the joints. These ICs also trigger arthritis in the same way as IC-mediated synovitis, considered to
contribute to RA in humans [43, 44].

In chronic inflammatory arthritis, autoantibodies targeting antigens in the inflamed joint worsen
inflammation by continuously producing ICs. Thus, persistent generation of ICs becomes the indicator of RA
chronicity [35]. These excessively formed ICs potentially deposit in tissues, inducing inflammatory damage
and the release of autoantigens and activating an autoimmune response [18].
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Figure 5. lllustration of the development of an immune complex (IC) by the antibodies released by B-cells triggered by
the association of collagen type Il [41, 42]

The major histocompatibility complex (MHC), known as human leukocyte antigen (HLA) in humans,
plays a crucial role in distinguishing self from foreign antigens [45]. While theories on immune responses to
altered self-antigens or cross-reactivity are plausible, there is limited mechanistic and epidemiological
evidence supporting them. Moreover, HLA alleles are linked to multiple immune-related diseases affecting
different tissues, raising questions about the specificity of antigen presentation [18, 46].

HLA class I alleles are strongly associated with autoimmune diseases, particularly seropositive RA
[47]. During T cell development, self-reactive T cells are eliminated, ensuring that CD4+ and CD8+ T cells
recognise only foreign antigens presented by self-HLA molecules [48]. However, certain HLA alleles,
including RA, can contribute to immune dysregulation and autoimmunity. CD4+ T cells are essential for
antibody maturation in germinal centres of lymph nodes, where they interact with B cells and secrete
cytokines that promote B cell proliferation, differentiation, and somatic hypermutation. B cell clones with
the highest antigen-binding affinity are selected through interactions with follicular dendritic cells, leading
to affinity maturation [48, 49].

Genetic factors account for approximately 60% of the risk for developing RA, with the HLA-DRf chain
containing a five-amino-acid sequence motif, known as the shared epitope (SE), a significant risk factor for
ACPA-positive RA [18, 50]. A review article by Sharma et al. [51] emphasises significant HLA loci related to
RA, which are the HLA class Il gene (a.a. position 9 of HLA-DPf1) and HLA class I genes (a.a. position 9 of
HLA-f and position 77 of HLA-a). In addition to HLA regions, non-HLA loci, such as protein tyrosine
phosphatase N22 (PTPN22), also contribute to the genetic risk of ACPA-positive RA. Up to 2024, more than
150 loci have been reported to be associated with RA risk. However, whether RA susceptibility is driven by
the HLA gene or other associated genes remains unclear, necessitating further research [18, 51].

ACPA-producing germinal centre B cells may escape stringent selection due to the abundance of
citrullinated antigens [52]. Activated CD4+ T cells likely support ACPA maturation. Evidence suggests the
HLA class Il locus is more linked to ACPA+ RA progression than initial ACPA formation, indicating its role in
ACPA maturation. This is reflected in isotype expansion, increased ACPA levels, and spreading epitope,
emphasising HLA class II's importance in ACPA development [52, 53].

Stage 2: immune complex deposition

IC disorder is induced by the soluble antigen-antibody complexes deposition in vessel walls or the
basement membrane of the kidneys or by the in-situ development of adherent IC from antibody binding to
tissue antigens [41]. The factors influencing the secreted IC to lead to tissue deposition and disease remain
unclear, but the properties of IC and local vascular alteration are the key influencing factors. The
pathogenicity of IC by depositing on tissues depends on its antigen-antibody ratio [12, 13]. As antibody
present in excess, ICs become insoluble, unable to circulate and phagocytosed by macrophages, which is
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considered pathogenic [10, 12, 13, 24]. Generally, ICs get concentrated and deposited in organs where
blood is filtered at high pressure to form other fluids, such as synovial fluids and damage the joints [12, 13].

With increased circulating ICs concentration, the complexes are prone to deposit in tissues and trigger
FcR-expressing immune cells [8, 24], initiate neutrophilic inflammation and cause host tissue damage [8,
54, 55]. Furthermore, the deposited ICs in the synovial region significantly mediate neutrophil activation
and tissue inflammation [56]. Figure 6 summarises the possible mechanism of synovial inflammation
observed in the early onset of RA.

i
1 . .
,-' —'r'Blood circulation to knee

Synovial postcapillary venules

1
1
7
7 ———--——--—-___--_—__—.
i Synovial fluid
N - e - -

J A
— —— C
Antibodies
released by B-cell Deposition of preformed ICs
B-cell

along the basement

Synovial fluid
@ 6 membrane

Epitope released by
synovial fluid S

Collagen type I

Figure 6. Possible mechanism of early synovial inflammation in rheumatoid arthritis. (A): IC or autoantibodies directly
enter the synovium from circulation [57]. (B): Specific antigens located at the cartilage bind directly to the autoantibodies that
may reach the synovial pannus tissue [25], as discussed earlier in stage 1: immune system formation. (C): IC deposited along
the basement membrane of synovial postcapillary venules from the circulation can initiate vasculitis [58, 59]. The binding of IC to
the circulated immune cell influences the release of vasoactive mediators, which causes the leakage of vascular synovial
vasculature and subsequently aids the entry of autoantibodies [60]. IC: immune complex

Stage 3: immune complex-mediated inflammatory reaction and tissue damage

Generally, ICs induce an acute inflammatory response via complement activation and interaction of
leukocyte FcR once deposited in tissues [12, 24]. The tissue damage is equivalent regardless of which ICs
are deposited. The resultant inflammation lesions that develop in the joints are arthritis [12, 13]. ICs
formation, complement fixation, chemotactic fragments release and stimulation of the event cascade trigger
innate and adaptive immune cell recruitment and facilitate stromal cell activation in RA pathogenesis [27].
Following FcR and complement receptor engagement, ICs activate various cell types, resulting in different
effector actions. FcR is involved in initiating and modulating various immunological responses [61, 62].
Deposition of IC into tissues causes cleavage of complement anaphylatoxins C3a and C5a [63], which
subsequently induces granule release from mast cells [64] and recruits the inflammatory cells into the
tissue. The lysosomal action of inflammatory cells promotes tissue injury through phagocytosis by
macrophages and polymorphonuclear neutrophils [65].

The complement systems, composed of several proteins, play crucial roles in immune processes, such
as processing and clearance of circulating ICs, foreign antigen recognition, humoral and cellular immunity
modulation, apoptotic and dead cells removal, and involvement in injury resolving and tissue regeneration
[66]. In RA, complement system activation mediates inflammation and tissue damage [67]. Table 1
summarises the complement protein associated with RA. As an antibody to ICs in RA, RF appears to be
implicated in complement system activation and the generation of chemotactic and inflammatory
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mediators, resulting in a state that may be maintained and reinitiated. They develop ACPA complexes or
other forms of ICs in the synovial cavity, resulting in non-resolving inflammation. Upon this, RF’'s second
wave of IC formation occurs as an antibody reactive to the initial ICs. These processes are linked to the
consumption of complement and the generation of inflammatory mediators [68, 69]. The presence of RF-
IgM or RF-IgA enhances the FcR-mediated immune response, promotes complement activation (classical,
alternative, and lectin cascade), and affects the functions of ACPA-ICs [68]. The ICs and ACPA activate the
same complement system [66], which is remarkably observable in RA patients’ serum, synovial lining, and
synovial fluid [67].

Table 1. Associated proteins in the complement system that play a variety of immunological activities

Protein Role Research findings References
C3a » Vasodilation, chemotaxis, and principal » A study of 430 RA patients revealed a strong [35, 55, 69,
mechanisms that cause inflammation through correlation between C3a levels and disease 70]
IgG ICs. activity, particularly in those without RF or

ACPA. This suggests that seropositive RA
patients have complement depletion.

» C3a has been shown to promote the expression
of proinflammatory cytokines (e.g., TNF-a and
IL-1B) in monocytes and synovial fibroblasts,
suggesting that it plays a direct role in
amplifying local joint inflammation.

C3b « As an opsonin to ICs and its complement Discovered in RA patients’ degenerating [69, 71]
receptor. cartilage but lacking in healthy cartilage,

suggesting the activation of the classical

pathway of the complement system.

Promote phagocytosis of complement-activated

cells.
C4b » As an opsonin to ICs and its complement + Significant reduction in seropositive RA [69, 72, 73]
receptor. patients, indicating complement consumption

due to IC development.

According to a 2012 genetic study, C4B gene
deficiency was twice as prevalent in RA patients
compared to controls, particularly in those who
had seropositive status and shared epitope.

Cbha » Vasodilation, chemotaxis, and principal + Cba regulates osteoclast formation and bone [35, 46, 70,
mechanisms that cause inflammation through resorption, linking it to RA joint destruction. The 74, 75]
IgG ICs. Activation of mast cells and C5a-CbhaR1 axis is being focused on to
macrophages enhances the expression of investigate bone-related pathologies in RA.

activating FcyRs and suppresses the expression

of inhibitory FoyRIIB. + Cba was shown to stimulate migration and

activation of synovial neutrophils, contributing to
pannus formation and chronic synovitis in RA
patients.

ACPA: anti-citrullinated protein antibodies; FcyR: fragment crystallisable gamma receptor; ICs: immune complexes; IL:
interleukin; RA: rheumatoid arthritis; RF: rheumatoid factor; TNF-a: tumour necrosis factor-a

In RA events, concentrated macrophages in the synovial lining secrete cytokines and chemokines that
induce inflammation, cartilage, and bone destruction [76]. Macrophages promote the progression of the RA
condition by increasing the expression of cytokines such as interleukin (IL), tumour necrosis factor-a (TNF-
a), chemokines, and matrix metalloproteinases. Secretion of macrophage-induced TNF-a drives most of the
articular and extra-articular pathology associated with RA [77]. An article by Nascimento et al. [78],
published in 2025, illustrates the role of TNF-a in intensifying inflammation in RA, suggesting the
immunosuppression agent as a treatment for the disease. Secretion of macrophage-induced cytokines in RA
conditions involves toll-like receptors (TLRs). These receptors identify the pathogen-associated molecular
patterns (PAMPs) and damage-associated molecular patterns (DAMPs) [27]. In the RA synovial tissues,
macrophages respond to the concentrated TLR-2 and TLR-4 [79]. Research done in 2025 by Glanville [80]
suggests that microparticles carrying the ICs activate TLR-4, activate a potent DAMP stimulus that drives
pro-inflammatory cytokines production and sustains synovial inflammation in RA.

Besides TRLs, cytokine production in RA conditions also involves FcR [81]. The presence of abundant
ICs stimulates FcR activation and leads to persistent neutrophilic inflammation by activating the neutrophil,
which causes tissue injury [8]. Activated neutrophil stimulates the secretion of IL-13, which drives synovial
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cells to form chemokines, responsible for more neutrophil recruitment [56]. Neutrophil FcRs ligation
effectively activates pro-inflammatory activities such as reactive oxygen species (ROS), degranulation, and
cytokine secretion [82, 83]. Stimulation of ROS secretion by neutrophils leads to tissue injury, endothelial
dysfunction, and immunoglobulin mutation, which further causes autoantibody secretion [82, 84]. The
cytokines secreted by the neutrophils enhanced the resorption of bone in RA. Neutrophils also stimulate
expression of the functionally active, membrane-bound receptor activator of nuclear factor kappa-light
chain-enhancer of activated B cells (NF-kB) ligand, which leads to an upsurge of NF-kB ligand in synovial
fluid of RA patients [85, 86].

[C-activated neutrophils produce a variety of inflammatory mediators, including significant neutrophil
chemoattractants like IL-8 and leukotriene B4, which leads to increased neutrophil recruitment and
progressive inflammation [87]. In the pathogenesis of RA, activated neutrophils are directly associated with
the expression of cytotoxic capacity [86]. It includes the inhibition of chondrocyte proliferation [79] and
activation of synoviocyte proliferation [88] and invasion [89], which leads to progressive joint damage. In
addition, activities of the inflammatory cell that expels the produced or deposited ICs on cartilage and the
[C-activated neutrophil that releases its granule enzyme into the cartilage surface create a harmful
condition termed “frustrated phagocytosis” [35].

Conclusions

By integrating recent immunological insights and emphasising current mechanisms of IC-mediated
pathology, this review offers an updated framework for understanding and targeting RA progression. ICs
play a dominant role in the pathogenesis of RA by acting as key activators. The formation of ICs in
circulation also initiates type III hypersensitivity reactions in RA. Autoantibodies such as RF and ACPAs in
RA target immunoglobulin antigens or Fc regions to develop ICs. As these complexes deposit in the joint
tissue surface, they initiate inflammatory responses and tissue damage. The inflammation is induced by
complement activation, while the recruitments of leukocytes, such as macrophages and neutrophils, by
complement products and FcR cause further tissue injury by releasing the pro-inflammatory cytokines and
chemokines. Consequently, the central pathogenic process in RA is mediated by ICs to induce
immunological responses. Continuous IC formation worsens RA chronicity by providing a positive feedback
loop, intensifying the arthritic inflammatory process. Thus, this review may assist in further understanding
the mechanisms of systemic IC-mediated RA and enable the development of effective therapeutic strategies
that improve life quality.

Abbreviations

ACPAs: anti-citrullinated protein antibodies
CII: type II collagen

DAMPs: damage-associated molecular patterns
FcR: fragment crystallisable receptor

GPI: glucose-6-phosphate isomerase

HLA: human leukocyte antigen

ICs: immune complexes

IL: interleukin

NF-kB: nuclear factor kappa-light chain-enhancer of activated B cells
RA: rheumatoid arthritis

RF: rheumatoid factor

ROS: reactive oxygen species

Explor Immunol. 2025;5:1003208 | https://doi.org/10.37349/ei.2025.1003208 Page 10



TLRs: toll-like receptors

TNF-o: tumour necrosis factor-a

Declarations
Author contributions

VK: Conceptualization, Investigation, Writing—original draft, Writing—review & editing, Visualization.
NAAB: Validation, Writing—review & editing, Supervision. NAS: Conceptualization, Investigation, Writing—
original draft, Writing—review & editing, Supervision. All authors read and approved the submitted
version.

Conflicts of interest

The authors declare that they have no conflicts of interest.

Ethical approval
Not applicable.

Consent to participate

Not applicable.

Consent to publication

Not applicable.

Availability of data and materials

Not applicable.

Funding

This study is funded by the Malaysian Ministry of Higher Education through Fundamental Research Grant
Scheme (FRGS) [Grant Number: FRGS/1/2019/WAB11/UNISZA/03/1]. The funders had no role in study
design, data collection and analysis, decision to publish, or preparation of the manuscript.

Copyright
© The Author(s) 2025.

Publisher’s note

Open Exploration maintains a neutral stance on jurisdictional claims in published institutional affiliations
and maps. All opinions expressed in this article are the personal views of the author(s) and do not
represent the stance of the editorial team or the publisher.

References

1. Almutairi K, Nossent ], Preen D, Keen H, Inderjeeth C. The global prevalence of rheumatoid arthritis: a
meta-analysis based on a systematic review. Rheumatol Int. 2021;41:863-77. [DOI] [PubMed]

2. Pabén-Porras MA, Molina-Rios S, Flérez-Suarez ]B, Coral-Alvarado PX, Méndez-Patarroyo P, Quintana-
Loépez G. Rheumatoid arthritis and systemic lupus erythematosus: Pathophysiological mechanisms
related to innate immune system. SAGE Open Med. 2019;7:2050312119876146. [DOI] [PubMed]
[PMC]

3. Mellado M, Martinez-Muiioz L, Cascio G, Lucas P, Pablos JL, Rodriguez-Frade JM. T Cell Migration in
Rheumatoid Arthritis. Front Immunol. 2015;6:384. [DOI] [PubMed] [PMC]

4. Jang S, Kwon E, Lee ]]. Rheumatoid Arthritis: Pathogenic Roles of Diverse Immune Cells. Int ] Mol Sci.
2022;23:905. [DOI] [PubMed] [PMC]

Explor Immunol. 2025;5:1003208 | https://doi.org/10.37349/€i.2025.1003208 Page 11


https://dx.doi.org/10.1007/s00296-020-04731-0
http://www.ncbi.nlm.nih.gov/pubmed/33175207
https://dx.doi.org/10.1177/2050312119876146
http://www.ncbi.nlm.nih.gov/pubmed/35154753
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8826259
https://dx.doi.org/10.3389/fimmu.2015.00384
http://www.ncbi.nlm.nih.gov/pubmed/26284069
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4515597
https://dx.doi.org/10.3390/ijms23020905
http://www.ncbi.nlm.nih.gov/pubmed/35055087
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8780115

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

Fang Q, Zhou C, Nandakumar KS. Molecular and Cellular Pathways Contributing to Joint Damage in
Rheumatoid Arthritis. Mediators Inflamm. 2020;2020:3830212. [DOI] [PubMed] [PMC(]

Derksen VFAM, Huizinga TW], van der Woude D. The role of autoantibodies in the pathophysiology of
rheumatoid arthritis. Semin Immunopathol. 2017;39:437-46. [DOI] [PubMed] [PMC]

Mufioz-Carrillo JL, Castro-Garcia FP, Chavez-Rubalcaba F, Chavez-Rubalcaba I, Martinez-Rodriguez JL,
Hernandez-Ruiz ME. Immune system disorders: hypersensitivity and autoimmunity. In: Athari SS,
editor. Immunoregulatory Aspects of Immunotherapy. London: InTechOpen; 2018. pp. 1-30. [DOI]
Karmakar U, Chu JY, Sundaram K, Astier AL, Garside H, Hansen CG, et al. Inmune complex-induced
apoptosis and concurrent immune complex clearance are anti-inflammatory neutrophil functions. Cell
Death Dis. 2021;12:296. [DOI] [PubMed] [PMC]

Wang T, Zhang M, Zhou H, Cui D, Xu X, Sun C, et al. Establishment and evaluation of a general
dissociation technique for antibodies in circulating immune complexes. Clin Exp Med. 2019;19:65-75.
[DOI] [PubMed] [PMC(]

Gelzleichter T, Wakshull E. Chapter 24 - Considerations on Immunogenicity. In: Bluemel ], Korte S,
Schenck E, Weinbauer GF, editors. The Nonhuman Primate in Nonclinical Drug Development and
Safety Assessment. Academic Press; 2015. pp. 457-67. [DOI]

Al-Ma’amouri MY. A Review Article: Hypersensitivity and its Disorders. ] Res Appl Sci Biotechnol.
2023;2:168-72. [DOI]

Kumar V, Abbas AK, Aster JC, editors. Robbins Basic Pathology. 10th ed. Elsevier: Health Sciences
Division; 2017.

Type Il Hypersensitivity Reaction [Internet]. Tresure Islan (FL): StatPearls Publishing; [cited 2025
Jan 4]. Available from: https://www.ncbi.nlm.nih.gov/books/NBK559122/

Marshall JS, Warrington R, Watson W, Kim HL. An introduction to immunology and immunopathology.
Allergy Asthma Clin Immunol. 2018;14:49. [DOI] [PubMed] [PMC(]

Dispenza MC. Classification of hypersensitivity reactions. Allergy Asthma Proc. 2019;40:470-73. [DOI]
[PubMed]

Zimmerman DH, Taylor P, Bendele A, Carambula R, Duzant Y, Lowe V, et al. CEL-2000: A therapeutic
vaccine for rheumatoid arthritis arrests disease development and alters serum cytokine/chemokine
patterns in the bovine collagen type Il induced arthritis in the DBA mouse model. Int
Immunopharmacol. 2010;10:412-21. [DOI] [PubMed]

Atkinson SM, Nansen A. Pharmacological Value of Murine Delayed-type Hypersensitivity Arthritis: A
Robust Mouse Model of Rheumatoid Arthritis in C57BL/6 Mice. Basic Clin Pharmacol Toxicol. 2017;
120:108-14. [DOI] [PubMed]

van Delft MAM, Huizinga TW]. An overview of autoantibodies in rheumatoid arthritis. ] Autoimmun.
2020;110:102392. [DOI] [PubMed]

Snyder PW. Diseases of Immunity. In: Zachary JF, editor. Pathologic Basis of Veterinary Disease. 6th
ed. Mosby: Elsevier Inc.; 2017. pp. 242-85.e5. [DOI]

Akbarzadeh R, Humrich JY, Németh T, Amber KT. Editorial: Innate immune dysregulation: a driving
force of autoimmunity and chronic inflammation. Front Immunol. 2025;16:1632416. [DOI] [PubMed]
[PMC]

Schneider K, Arandjelovic S. Apoptotic cell clearance components in inflammatory arthritis. Immunol
Rev. 2023;319:142-50. [DOI] [PubMed] [PMC(]

Alarcon MF, McLaren Z, Wright HL. Neutrophils in the Pathogenesis of Rheumatoid Arthritis and
Systemic Lupus Erythematosus: Same Foe Different M.O. Front Immunol. 2021;12:649693. [DOI]
[PubMed] [PMC]

Esmail H, Lai RP, Lesosky M, Wilkinson KA, Graham CM, Horswell S, et al. Complement pathway gene
activation and rising circulating immune complexes characterize early disease in HIV-associated
tuberculosis. Proc Natl Acad Sci U S A. 2018;115:E964-73. [DOI] [PubMed] [PMC]

Explor Immunol. 2025;5:1003208 | https://doi.org/10.37349/e1.2025.1003208 Page 12


https://dx.doi.org/10.1155/2020/3830212
http://www.ncbi.nlm.nih.gov/pubmed/32256192
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7103059
https://dx.doi.org/10.1007/s00281-017-0627-z
http://www.ncbi.nlm.nih.gov/pubmed/28451788
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5486798
https://dx.doi.org/10.5772/intechopen.75794
https://dx.doi.org/10.1038/s41419-021-03528-8
http://www.ncbi.nlm.nih.gov/pubmed/33741905
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7979711
https://dx.doi.org/10.1007/s10238-018-0523-4
http://www.ncbi.nlm.nih.gov/pubmed/30120614
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6394588
https://dx.doi.org/10.1016/B978-0-12-417144-2.00024-X
https://dx.doi.org/10.55544/jrasb.2.3.22
https://www.ncbi.nlm.nih.gov/books/NBK559122/
https://dx.doi.org/10.1186/s13223-018-0278-1
http://www.ncbi.nlm.nih.gov/pubmed/30263032
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6156898
https://dx.doi.org/10.2500/aap.2019.40.4274
http://www.ncbi.nlm.nih.gov/pubmed/31690397
https://dx.doi.org/10.1016/j.intimp.2009.12.016
http://www.ncbi.nlm.nih.gov/pubmed/20074669
https://dx.doi.org/10.1111/bcpt.12657
http://www.ncbi.nlm.nih.gov/pubmed/27553641
https://dx.doi.org/10.1016/j.jaut.2019.102392
http://www.ncbi.nlm.nih.gov/pubmed/31911013
https://dx.doi.org/10.1016/B978-0-323-35775-3.00005-9
https://dx.doi.org/10.3389/fimmu.2025.1632416
http://www.ncbi.nlm.nih.gov/pubmed/40552300
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12183245
https://dx.doi.org/10.1111/imr.13256
http://www.ncbi.nlm.nih.gov/pubmed/37507355
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10615714
https://dx.doi.org/10.3389/fimmu.2021.649693
http://www.ncbi.nlm.nih.gov/pubmed/33746988
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7969658
https://dx.doi.org/10.1073/pnas.1711853115
http://www.ncbi.nlm.nih.gov/pubmed/29339504
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5798330

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Aibara N, Ohyama K. Revisiting immune complexes: Key to understanding immune-related diseases.
Adv Clin Chem. 2020;96:1-17. [DOI] [PubMed]

Sohrabian A, Mathsson-Alm L, Hansson M, Knight A, Lysholm ], Cornillet M, et al. Number of individual
ACPA reactivities in synovial fluid immune complexes, but not serum anti-CCP2 levels, associate with
inflammation and joint destruction in rheumatoid arthritis. Ann Rheum Dis. 2018;77:1345-53. [DOI]
[PubMed] [PMC]

Ribon M, Seninet S, Mussard ], Sebbag M, Clavel C, Serre G, et al. Neutrophil extracellular traps exert
both pro- and anti-inflammatory actions in rheumatoid arthritis that are modulated by C1q and LL-37.
J Autoimmun. 2019;98:122-31. [DOI] [PubMed]

Firestein GS, Mclnnes IB. Immunopathogenesis of Rheumatoid Arthritis. Immunity. 2017;46:183-96.
[DOI] [PubMed] [PMC]

Ganapathy S, Vedam V, Rajeev V, Arunachalam R. Autoimmune disorders-immunopathogenesis and
potential therapies. ] Young Pharm. 2017;9:14-22. [DOI]

van Delft MAM, Verheul MK, Burgers LE, Derksen VFAM, van der Helm-van Mil AHM, van der Woude
D, et al. The isotype and IgG subclass distribution of anti-carbamylated protein antibodies in
rheumatoid arthritis patients. Arthritis Res Ther. 2017;19:190. [DOI] [PubMed] [PMC(]

Hundt JE, Iwata H, Pieper M, Pfiindl R, Bieber K, Zillikens D, et al. Visualization of autoantibodies and
neutrophils in vivo identifies novel checkpoints in autoantibody-induced tissue injury. Sci Rep. 2020;
10:4509. [DOI] [PubMed] [PMC]

Farinotti AB, Wigerblad G, Nascimento D, Bas DB, Urbina CM, Nandakumar KS, et al. Cartilage-binding
antibodies induce pain through immune complex-mediated activation of neurons. ] Exp Med. 2019;
216:1904-24. [DOI] [PubMed] [PMC(]

Dirks ], Fischer J, Haase G, Holl-Wieden A, Hofmann C, Girschick H, et al. CD21'°/-CD27 IgM" Double-
Negative B Cells Accumulate in the Joints of Patients With Antinuclear Antibody-Positive Juvenile
Idiopathic Arthritis. Front Pediatr. 2021;9:635815. [DOI] [PubMed] [PMC]

Sakuragi T, Yamada H, Haraguchi A, Kai K, Fukushi ], Ikemura S, et al. Autoreactivity of Peripheral
Helper T Cells in the Joints of Rheumatoid Arthritis. ] Immunol. 2021;206:2045-51. [DOI] [PubMed]
Gyebrovszki B, Acs A, Szabo D, Auer F, Novozanszki S, Rojkovich B, et al. The Role of IgG Fc Region N-
Glycosylation in the Pathomechanism of Rheumatoid Arthritis. Int ] Mol Sci. 2022;23:5828. [DOI]
[PubMed] [PMC]

Chang MH, Nigrovic PA. Antibody-dependent and -independent mechanisms of inflammatory arthritis.
JCI Insight. 2019;4:e125278. [DOI] [PubMed] [PMC(]

Ljungberg KR, Borjesson E, Martinsson K, Wetterd ], Kastbom A, Svard A. Presence of salivary IgA anti-
citrullinated protein antibodies associate with higher disease activity in patients with rheumatoid
arthritis. Arthritis Res Ther. 2020;22:274. [DOI] [PubMed] [PMC(]

Nicolo A, Amendt T, Ayoubi OE, Young M, Finzel S, Senel M, et al. Rheumatoid factor IgM
autoantibodies control IgG homeostasis. Front Immunol. 2022;13:1016263. Erratum in: Front
Immunol. 2023;13:1123117. [DOI] [PubMed] [PMC]

Marzoq HS, Yaser §]. Correlation between epstein barr virus Imp and rheumatoid arthritis patients.
Biochem Cell Arch. 2019;19:2023-6. [DOI]

McGonagle D, Watad A, Savic S. Mechanistic immunological based classification of rheumatoid
arthritis. Autoimmun Rev. 2018;17:1115-23. [DOI] [PubMed]

Trier N, Hansen P, Houen G. Peptides, Antibodies, Peptide Antibodies and More. Int ] Mol Sci. 2019;20:
6289. [DOI] [PubMed] [PMC(]

Liang B, Ge C, Lonnblom E, Lin X, Feng H, Xiao L, et al. The autoantibody response to cyclic
citrullinated collagen type II peptides in rheumatoid arthritis. Rheumatology (Oxford). 2019;58:
1623-33. [DOI] [PubMed]

Explor Immunol. 2025;5:1003208 | https://doi.org/10.37349/ei.2025.1003208 Page 13


https://dx.doi.org/10.1016/bs.acc.2019.11.001
http://www.ncbi.nlm.nih.gov/pubmed/32362316
https://dx.doi.org/10.1136/annrheumdis-2017-212627
http://www.ncbi.nlm.nih.gov/pubmed/29895567
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6104681
https://dx.doi.org/10.1016/j.jaut.2019.01.003
http://www.ncbi.nlm.nih.gov/pubmed/30704942
https://dx.doi.org/10.1016/j.immuni.2017.02.006
http://www.ncbi.nlm.nih.gov/pubmed/28228278
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5385708
https://dx.doi.org/10.5530/jyp.2017.9.4
https://dx.doi.org/10.1186/s13075-017-1392-z
http://www.ncbi.nlm.nih.gov/pubmed/28810902
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5558706
https://dx.doi.org/10.1038/s41598-020-60233-w
http://www.ncbi.nlm.nih.gov/pubmed/32161277
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7066238
https://dx.doi.org/10.1084/jem.20181657
http://www.ncbi.nlm.nih.gov/pubmed/31196979
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6683987
https://dx.doi.org/10.3389/fped.2021.635815
http://www.ncbi.nlm.nih.gov/pubmed/33937147
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8085394
https://dx.doi.org/10.4049/jimmunol.2000783
http://www.ncbi.nlm.nih.gov/pubmed/33846228
https://dx.doi.org/10.3390/ijms23105828
http://www.ncbi.nlm.nih.gov/pubmed/35628640
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9146365
https://dx.doi.org/10.1172/jci.insight.125278
http://www.ncbi.nlm.nih.gov/pubmed/30843881
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6483516
https://dx.doi.org/10.1186/s13075-020-02363-0
http://www.ncbi.nlm.nih.gov/pubmed/33225988
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7681967
https://dx.doi.org/10.3389/fimmu.2022.1016263
http://www.ncbi.nlm.nih.gov/pubmed/36341420
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9634112
https://dx.doi.org/10.35124/bca.2019.19.S1.2023
https://dx.doi.org/10.1016/j.autrev.2018.06.001
http://www.ncbi.nlm.nih.gov/pubmed/30213700
https://dx.doi.org/10.3390/ijms20246289
http://www.ncbi.nlm.nih.gov/pubmed/31847088
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6941022
https://dx.doi.org/10.1093/rheumatology/kez073
http://www.ncbi.nlm.nih.gov/pubmed/30892636

42.

43.

44,

45.

46.

47.

48.

49,

50.

51.

52.

53.

54.

55.

56.

57.

58.

Manivel VA, Sohrabian A, Wick MC, Mullazehi M, Hakansson LD, Rénnelid J. Anti-type II collagen
immune complex-induced granulocyte reactivity is associated with joint erosions in RA patients with
anti-collagen antibodies. Arthritis Res Ther. 2015;17:8. [DOI] [PubMed] [PMC(]

Leceta ], Garin MI, Conde C. Mechanism of Immunoregulatory Properties of Vasoactive Intestinal
Peptide in the K/BxN Mice Model of Autoimmune Arthritis. Front Immunol. 2021;12:701862. [DOI]
[PubMed] [PMC]

Grotsch B, Bozec A, Schett G. In Vivo Models of Rheumatoid Arthritis. Methods Mol Biol. 2019;1914:
269-80. [DOI] [PubMed]

Forsdyke DR. Aggregation-prone peptides from within a non-self-protein homoaggregate are

preferred for MHC association: Historical overview. Scand ] Immunol. 2023;98:e13306. [DOI]
[PubMed]

Naito T, Okada Y. HLA imputation and its application to genetic and molecular fine-mapping of the
MHC region in autoimmune diseases. Semin Immunopathol. 2022;44:15-28. [DOI] [PubMed] [PMC]
Berryman MA, Ilonen ], Triplett EW, Ludvigsson ]J. Important denominator between autoimmune
comorbidities: a review of class Il HLA, autoimmune disease, and the gut. Front Immunol. 2023;14:
1270488. [DOI] [PubMed] [PMC(]

Carlé C, Degboe Y, Ruyssen-Witrand A, Arleevskaya MI, Clavel C, Renaudineau Y. Characteristics of the
(Auto)Reactive T Cells in Rheumatoid Arthritis According to the Immune Epitope Database. Int ] Mol
Sci. 2023;24:4296. [DOI] [PubMed] [PMC(]

Rincén-Arévalo H, Rojas M, Vanegas-Garcia A, Mufioz-Vahos C, Orejuela-Erazo |, Vasquez G, et al.
Atypical phenotype and response of B cells in patients with seropositive rheumatoid arthritis. Clin
Exp Immunol. 2021;204:221-38. [DOI] [PubMed] [PMC(]

Zhuo ], Xia Q, Sharma N, Gao S, Lama S, Cui ], et al. The Role of Shared Epitope in Rheumatoid Arthritis
Prognosis in Relation to Anti-Citrullinated Protein Antibody Positivity. Rheumatol Ther. 2022;9:
637-47. [DOI] [PubMed] [PMC(]

Sharma SD, Leung SH, Viatte S. Genetics of rheumatoid arthritis. Best Pract Res Clin Rheumatol. 2024;
38:101968. [DOI] [PubMed]

Sokolova M. The Role of IgA Anti-Citrullinated Protein Antibodies (ACPA) in Rheumatoid Arthritis and
Glycosylation Differences of IgA Subclasses [dissertation]. Erlangen-Nuernberg: Friedrich-Alexander-
Universitaet; 2023.

Kissel T, van Wesemael T], Lundquist A, Kokkonen H, Kawakami A, Tamai M, et al. Genetic
predisposition (HLA-SE) is associated with ACPA-IgG variable domain glycosylation in the predisease
phase of RA. Ann Rheum Dis. 2022;81:141-3. [DOI] [PubMed]

Miyabe Y, Miyabe C, Murooka TT, Kim EY, Newton GA, Kim ND, et al. Complement C5a Receptor is the
Key Initiator of Neutrophil Adhesion Igniting Immune Complex-induced Arthritis. Sci Immunol. 2017;
2:eaaj2195. [DOI] [PubMed] [PMC]

Sophia S, Ramesha MM. An updated overview of immune complex mediated rheumatoid arthritis. Int ]
Res Med Sci. 2017;2:398-403. [DOI]

Wu C, Yang H, Lai ]J. Anti-Citrullinated Protein Antibodies in Patients with Rheumatoid Arthritis:
Biological Effects and Mechanisms of Immunopathogenesis. Int ] Mol Sci. 2020;21:4015. [DOI]
[PubMed] [PMC]

Mobarrez F, Fuzzi E, Gunnarsson I, Larsson A, Eketjall S, Pisetsky DS, et al. Microparticles in the blood
of patients with SLE: Size, content of mitochondria and role in circulating immune complexes. ]
Autoimmun. 2019;102:142-9. [DOI] [PubMed]

Dijkstra D], Joeloemsingh JV, Bajema IM, Trouw LA. Complement activation and regulation in
rheumatic disease. Semin Immunol. 2019;45:101339. [DOI] [PubMed]

Explor Immunol. 2025;5:1003208 | https://doi.org/10.37349/e1.2025.1003208 Page 14


https://dx.doi.org/10.1186/s13075-015-0523-7
http://www.ncbi.nlm.nih.gov/pubmed/25598326
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4349301
https://dx.doi.org/10.3389/fimmu.2021.701862
http://www.ncbi.nlm.nih.gov/pubmed/34335612
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8322839
https://dx.doi.org/10.1007/978-1-4939-8997-3_14
http://www.ncbi.nlm.nih.gov/pubmed/30729470
https://dx.doi.org/10.1111/sji.13306
http://www.ncbi.nlm.nih.gov/pubmed/38441340
https://dx.doi.org/10.1007/s00281-021-00901-9
http://www.ncbi.nlm.nih.gov/pubmed/34786601
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8837514
https://dx.doi.org/10.3389/fimmu.2023.1270488
http://www.ncbi.nlm.nih.gov/pubmed/37828987
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10566625
https://dx.doi.org/10.3390/ijms24054296
http://www.ncbi.nlm.nih.gov/pubmed/36901730
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10001542
https://dx.doi.org/10.1111/cei.13576
http://www.ncbi.nlm.nih.gov/pubmed/33459349
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8062998
https://dx.doi.org/10.1007/s40744-022-00427-y
http://www.ncbi.nlm.nih.gov/pubmed/35174462
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8964857
https://dx.doi.org/10.1016/j.berh.2024.101968
http://www.ncbi.nlm.nih.gov/pubmed/38955657
https://dx.doi.org/10.1136/annrheumdis-2021-220841
http://www.ncbi.nlm.nih.gov/pubmed/34385139
https://dx.doi.org/10.1126/sciimmunol.aaj2195
http://www.ncbi.nlm.nih.gov/pubmed/28529998
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5436313
https://dx.doi.org/10.5455/2320-6012.ijrms20140505
https://dx.doi.org/10.3390/ijms21114015
http://www.ncbi.nlm.nih.gov/pubmed/32512739
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7312469
https://dx.doi.org/10.1016/j.jaut.2019.05.003
http://www.ncbi.nlm.nih.gov/pubmed/31103269
https://dx.doi.org/10.1016/j.smim.2019.101339
http://www.ncbi.nlm.nih.gov/pubmed/31718864

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Bergqvist C, Safi R, Hasbani GE, Abbas O, Kibbi A, Nassar D. Neutrophil Extracellular Traps are Present
in Immune-complex-mediated Cutaneous Small Vessel Vasculitis and Correlate with the Production of
Reactive Oxygen Species and the Severity of Vessel Damage. Acta Derm Venereol. 2020;100:
adv00281. [DOI] [PubMed] [PMC(]

Cloutier N, Allaeys I, Marcoux G, Machlus KR, Mailhot B, Zufferey A, et al. Platelets release pathogenic
serotonin and return to circulation after immune complex-mediated sequestration. Proc Natl Acad Sci
USA.2018;115:E1550-9. [DOI] [PubMed] [PMC(C]

Lofano G, Gorman M], Yousif AS, Yu W, Fox JM, Dugast A, et al. Antigen-specific antibody Fc
glycosylation enhances humoral immunity via the recruitment of complement. Sci Immunol. 2018;3:
eaat7796. [DOI] [PubMed] [PMC]

Anania JC, Westin A, Adler ], Heyman B. A Novel Image Analysis Approach Reveals a Role for
Complement Receptors 1 and 2 in Follicular Dendritic Cell Organization in Germinal Centers. Front
Immunol. 2021;12:655753. [DOI] [PubMed] [PMC]

Galindo-Izquierdo M, Alvarez JLP. Complement as a Therapeutic Target in Systemic Autoimmune
Diseases. Cells. 2021;10:148. [DOI] [PubMed] [PMC]

Komi DEA, Shafaghat F, Kovanen PT, Meri S. Mast cells and complement system: Ancient interactions
between components of innate immunity. Allergy. 2020;75:2818-28. [DOI] [PubMed]

Houseright RA, Rosowski EE, Lam P, Tauzin SJM, Mulvaney O, Dewey CN, et al. Cell type specific gene
expression profiling reveals a role for complement component C3 in neutrophil responses to tissue
damage. Sci Rep. 2020;10:15716. [DOI] [PubMed] [PMC(C]

Holers VM, Banda NK. Complement in the Initiation and Evolution of Rheumatoid Arthritis. Front
Immunol. 2018;9:1057. [DOI] [PubMed] [PMC(]

Vogt LM, Talens S, Kwasniewicz E, Scavenius C, Struglics A, Enghild J], et al. Activation of Complement

by Pigment Epithelium-Derived Factor in Rheumatoid Arthritis. ] Immunol. 2017;199:1113-21. [DOI]
[PubMed]

Scherer HU, Haupl T, Burmester GR. The etiology of rheumatoid arthritis. ] Autoimmun. 2020;110:
102400. [DOI] [PubMed]

Rodriguez-Gonzalez D, Garcia-Gonzalez M, Gémez-Bernal F, Quevedo-Abeledo JC, Gonzalez-Rivero AF,
Ferndndez-Cladera Y, et al. Complete Description of the Three Pathways of the Complement System in
a Series of 430 Patients with Rheumatoid Arthritis. Int ] Mol Sci. 2024;25:8360. [DOI] [PubMed] [PMC]
Buelli S, Imberti B, Morigi M. The Complement C3a and C5a Signaling in Renal Diseases: A Bridge
between Acute and Chronic Inflammation. Nephron. 2024;148:712-23. [DOI] [PubMed]

Gankema AAF, Furumaya C, Fernandez-Hermira S, Hoogenboezem M, Matlung HL, van Bruggen R, et
al. Efficient complement-mediated clearance of immunosuppressed T cells by macrophages. Front
Immunol. 2023;14:1183180. [DOI] [PubMed] [PMC]

Rigby WFC, Wu YL, Zan M, Zhou B, Rosengren S, Carlson C, et al. Increased frequency of complement
C4B deficiency in rheumatoid arthritis. Arthritis Rheum. 2012;64:1338-44. [DOI] [PubMed] [PMC(]
Schmidt CQ, Smith RJH. Protein therapeutics and their lessons: Expect the unexpected when inhibiting
the multi-protein cascade of the complement system. Immunol Rev. 2023;313:376-401. [DOI]
[PubMed] [PMC]

Ruocco A, Sirico A, Novelli R, [annelli S, Van Breda SV, Kyburz D, et al. The role of C5a-C5aR1 axis in
bone pathophysiology: A mini-review. Front Cell Dev Biol. 2022;10:957800. [DOI] [PubMed] [PMC]
Sadik CD, Miyabe Y, Sezin T, Luster AD. The critical role of C5a as an initiator of neutrophil-mediated
autoimmune inflammation of the joint and skin. Semin Immunol. 2018;37:21-9. [DOI] [PubMed]
Kemble S, Croft AP. Critical Role of Synovial Tissue-Resident Macrophage and Fibroblast Subsets in
the Persistence of Joint Inflammation. Front Immunol. 2021;12:715894. [DOI] [PubMed] [PMC(C]

Cheng C, Liao H, Wu C. Tissue microenvironment dictates inflammation and disease activity in
rheumatoid arthritis. ] Formos Med Assoc. 2022;121:1027-33. [DOI] [PubMed]

Explor Immunol. 2025;5:1003208 | https://doi.org/10.37349/e1.2025.1003208 Page 15


https://dx.doi.org/10.2340/00015555-3363
http://www.ncbi.nlm.nih.gov/pubmed/31663600
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9274929
https://dx.doi.org/10.1073/pnas.1720553115
http://www.ncbi.nlm.nih.gov/pubmed/29386381
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5816207
https://dx.doi.org/10.1126/sciimmunol.aat7796
http://www.ncbi.nlm.nih.gov/pubmed/30120121
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6298214
https://dx.doi.org/10.3389/fimmu.2021.655753
http://www.ncbi.nlm.nih.gov/pubmed/33912182
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8072117
https://dx.doi.org/10.3390/cells10010148
http://www.ncbi.nlm.nih.gov/pubmed/33451011
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7828564
https://dx.doi.org/10.1111/all.14413
http://www.ncbi.nlm.nih.gov/pubmed/32446274
https://dx.doi.org/10.1038/s41598-020-72750-9
http://www.ncbi.nlm.nih.gov/pubmed/32973200
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7518243
https://dx.doi.org/10.3389/fimmu.2018.01057
http://www.ncbi.nlm.nih.gov/pubmed/29892280
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5985368
https://dx.doi.org/10.4049/jimmunol.1700018
http://www.ncbi.nlm.nih.gov/pubmed/28637898
https://dx.doi.org/10.1016/j.jaut.2019.102400
http://www.ncbi.nlm.nih.gov/pubmed/31980337
https://dx.doi.org/10.3390/ijms25158360
http://www.ncbi.nlm.nih.gov/pubmed/39125933
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11312865
https://dx.doi.org/10.1159/000538241
http://www.ncbi.nlm.nih.gov/pubmed/38452744
https://dx.doi.org/10.3389/fimmu.2023.1183180
http://www.ncbi.nlm.nih.gov/pubmed/37261342
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10228723
https://dx.doi.org/10.1002/art.33472
http://www.ncbi.nlm.nih.gov/pubmed/22076784
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3775471
https://dx.doi.org/10.1111/imr.13164
http://www.ncbi.nlm.nih.gov/pubmed/36398537
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9852015
https://dx.doi.org/10.3389/fcell.2022.957800
http://www.ncbi.nlm.nih.gov/pubmed/36003145
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9393612
https://dx.doi.org/10.1016/j.smim.2018.03.002
http://www.ncbi.nlm.nih.gov/pubmed/29602515
https://dx.doi.org/10.3389/fimmu.2021.715894
http://www.ncbi.nlm.nih.gov/pubmed/34539648
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8446662
https://dx.doi.org/10.1016/j.jfma.2022.01.026
http://www.ncbi.nlm.nih.gov/pubmed/35144834

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Nascimento MMP, Azuelos A, Nobrega ILP, Pitombeira MS, Martinez ATA, de Carvalho JF, et al. State of
the Art in Novel Treatment Strategies in Rheumatoid Arthritis: A Brief Review. Mediterr ] Rheumatol.
2025;36:149-58. [DOI] [PubMed] [PMC]

Sun Y, Guo Y, Zhang J, Chang L, Zhao H, Wang X. Sparstolonin B Exerts Therapeutic Effects on
Collagen-Induced Arthritis by Inhibiting the NLRP3 Inflammasome and Reducing the Activity of a1, 3-
Fucosyltransferase. Mediators of Inflamm. 2021;2021:1-3. [DOI]

Glanville JRW. Characterisation and utilisation of complementary murine and human models of
inflammation to investigate pro-resolution/anti-inflammatory pathways in rheumatoid arthritis.
London: University College London; 2025.

Geyer CE, Mes L, Newling M, den Dunnen J, Hoepel W. Physiological and Pathological Inflammation
Induced by Antibodies and Pentraxins. Cells. 2021;10:1175. [DOI] [PubMed] [PMC]

Liao Y, Wu S, Huang Y, Lo P, Chan T, Chen C, et al. NOX2-Deficient Neutrophils Facilitate Joint
Inflammation Through Higher Pro-Inflammatory and Weakened Immune Checkpoint Activities. Front
Immunol. 2021;12:743030. [DOI] [PubMed] [PMC(]

Jung N, Bueb ], Tolle F, Bréchard S. Regulation of neutrophil pro-inflammatory functions sheds new

light on the pathogenesis of rheumatoid arthritis. Biochem Pharmacol. 2019;165:170-80. [DOI]
[PubMed]

Lehman HK, Segal BH. The role of neutrophils in host defense and disease. ] Allergy Clin Immunol.
2020;145:1535-44. [DOI] [PubMed] [PMC(]

Sayegh S, Atat OE, Diallo K, Rauwel B, Degboé Y, Cavaignac E, et al. Rheumatoid Synovial Fluids
Regulate the Immunomodulatory Potential of Adipose-Derived Mesenchymal Stem Cells Through a
TNF/NF-kB-Dependent Mechanism. Front Immunol. 2019;10:1482. Erratum in: Front Immunol. 2019;
10:1961. [DOI] [PubMed] [PMC]

Rana AK, Li Y, Dang Q, Yang F. Monocytes in rheumatoid arthritis: Circulating precursors of
macrophages and osteoclasts and, their heterogeneity and plasticity role in RA pathogenesis. Int
Immunopharmacol. 2018;65:348-59. [DOI] [PubMed]

Chu JY, Dransfield I, Rossi AG, Vermeren S. Non-canonical PI3K-Cdc42-Pak-Mek-Erk Signaling
Promotes Immune-Complex-Induced Apoptosis in Human Neutrophils. Cell Rep. 2016;17:374-86.
[DOI] [PubMed] [PMC]

Pan W, Xin Q, Xu ], He ], Chen Z, Hu X, et al. IgD enhances the release of neutrophil extracellular traps

(NETs) via FcéR in rheumatoid arthritis patients. Int Inmunopharmacol. 2023;114:109484. [DOI]
[PubMed]

Cao C, Wu F, Niu X, Hu X, Cheng ], Zhang Y, et al. Cadherin-11 cooperates with inflammatory factors to
promote the migration and invasion of fibroblast-like synoviocytes in pigmented villonodular
synovitis. Theranostics. 2020;10:10573-88. [DOI] [PubMed] [PMC(]

Explor Immunol. 2025;5:1003208 | https://doi.org/10.37349/ei.2025.1003208 Page 16


https://dx.doi.org/10.31138/mjr.241124.ath
http://www.ncbi.nlm.nih.gov/pubmed/40757117
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12312483
https://dx.doi.org/10.1155/2021/8145412
https://dx.doi.org/10.3390/cells10051175
http://www.ncbi.nlm.nih.gov/pubmed/34065953
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8150799
https://dx.doi.org/10.3389/fimmu.2021.743030
http://www.ncbi.nlm.nih.gov/pubmed/34557202
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8452958
https://dx.doi.org/10.1016/j.bcp.2019.03.010
http://www.ncbi.nlm.nih.gov/pubmed/30862503
https://dx.doi.org/10.1016/j.jaci.2020.02.038
http://www.ncbi.nlm.nih.gov/pubmed/32283205
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8912989
https://dx.doi.org/10.3389/fimmu.2019.01482
http://www.ncbi.nlm.nih.gov/pubmed/31316519
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6611153
https://dx.doi.org/10.1016/j.intimp.2018.10.016
http://www.ncbi.nlm.nih.gov/pubmed/30366278
https://dx.doi.org/10.1016/j.celrep.2016.09.006
http://www.ncbi.nlm.nih.gov/pubmed/27705787
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5067281
https://dx.doi.org/10.1016/j.intimp.2022.109484
http://www.ncbi.nlm.nih.gov/pubmed/36450207
https://dx.doi.org/10.7150/thno.48666
http://www.ncbi.nlm.nih.gov/pubmed/32929367
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7482803

	Abstract
	Keywords
	Introduction
	Overview of hypersensitivity
	Type III hypersensitivity
	Crosslink between the immunological complex with rheumatoid arthritis
	Stage 1: immune complex formation
	Stage 2: immune complex deposition
	Stage 3: immune complex-mediated inflammatory reaction and tissue damage

	Conclusions
	Abbreviations
	Declarations
	Author contributions
	Conflicts of interest
	Ethical approval
	Consent to participate
	Consent to publication
	Availability of data and materials
	Funding
	Copyright

	Publisher’s note
	References

