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Abstract

Rheumatoid arthritis (RA) is increasingly recognized as a mucosa-initiated autoimmune disease
rather than a disorder that begins within the joint itself. This review synthesizes epidemiological,
mechanistic, and experimental evidence supporting a model in which mucosal dysbiosis, altered
microbial metabolites, barrier dysfunction, and antigenic mimicry converge to prime systemic
autoimmunity. Across gut, oral, and pulmonary sites, RA and at-risk individuals exhibit reproducible
microbial shifts, reduced short-chain fatty acid production, increased succinate and indole signaling,
and elevated permeability. These changes skew dendritic cell activation, amplify IL-1{3/IL-6/IL-23—
dependent Th17 responses, impair Treg stability, and lower systemic immune tolerance thresholds.
In parallel, microbial citrullinated epitopes and cross-reactive peptides—particularly from Prevotella
and Streptococcus species—provide antigenic substrates that may drive ACPA maturation and
epitope spreading. While direct causality remains unresolved, we propose that RA initiation reflects
cumulative immune conditioning at mucosal interfaces, with joint inflammation emerging as a
secondary, tissue-focused consequence of a systemically primed inflammatory state.

Keywords: rheumatoid arthritis; mucosal immunity; dysbiosis; Th17/Treg imbalance; molecular
mimicry

Introduction

Rheumatoid arthritis (RA) is a chronic autoimmune disease characterized by persistent
inflammatory arthritis and systemic inflammation (Guo et al., 2018; Alivernini, Firestein and
McInnes, 2022). It is a heterogeneous disorder with multiple and highly individualized etiologies
(Alivernini, Firestein and Mclnnes, 2022). Epidemiological studies estimate that approximately 0.5~
1% of the adult population worldwide is affected by RA (Venetsanopoulou et al.,, 2023; Guo et al.,,
2018). According to the 2010 American College of Rheumatology (ACR) and European League
Against Rheumatism (EULAR) classification criteria for rheumatoid arthritis, RA is characterized by
several features, including small joint involvement, the presence of autoantibodies (i.e., rheumatoid
factor (RF) and anti-citrullinated peptide antibodies (ACPA)), elevated acute-phase reactants such as
C-reactive protein (CRP) or erythrocyte sedimentation rate (ESR), and symptom duration (Taylor,
2020). Please note, RA is featured by chronic arthritis condition, not all of the above criteria are
required for the diagnosis of RA, based on broad definition (Javed and Crowson, 2025). Hinted by
serological test, RA can be categorized into seropositive RA and seronegative RA according to the
presence or absence of RF and/or ACPA (Javed and Crowson, 2025). Significant progress has been
made in understanding RA pathogenesis over the past 30 years; however, therapeutic outcomes
remain suboptimal, partly due to interindividual differences in microbiome composition and lifestyle
factors (Li and Kuhn, 2025). Temporally, the preclinical RA phase is characterized by the emergence
of autoantibodies several years before the onset of clinical symptoms (Figure 1), during which
mucosal sites may play an important role (Li and Kuhn, 2025). The precise mechanisms by which
established RA symptoms are triggered remain poorly understood (Alivernini, Firestein and
McInnes, 2022). This uncertainty is partly due to the lack of definitive evidence demonstrating a
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causal relationship between RA onset and the presence of ACPA or RF, as some individuals are
ACPA/RFE-positive without clinical RA, whereas others develop RA despite being seronegative
(Smolen et al.,, 2018). Numerous studies have shown that dysbiosis of the gut, lung, or oral
microbiome correlates with RA development, implicating mucosal immune responses in initiating
systemic autoimmunity (Lu et al, 2025) (Holers et al., 2024). Therefore, this review integrates
emerging evidence to examine how mucosal immune dysregulation contributes to the initiation of
rheumatoid arthritis from a mechanistic perspective.

[Risk factors] [MALT hyperactivation] [RA onset]
* HLA-DRB1 SNPs * TLR2 / TLR4 / NOD activation « Joint specific inflammation
« Cigarette smoking » Reduced activation threshold * Memory formation
« Air pollution « Impaired Treg induction * Antibody dynamics?
* Dietary patterns » Enhanced Th17/Th1 differentiation L
o O IEENN@EEEENENENE@EENEEEEREQ®

[Mucosa dysbiosis] [Autoantibody/Autoreactive T/B Cell generation]

« Microbiota compositional changes « Molecular mimicry

* Altered microbial metabolites « Failure of peripheral tolerance?

« Epithelium barrier dysfunction LI

« Increased antigen and PAMP exposure

Figure 1. Conceptual model of mucosal-driven rheumatoid arthritis pathogenesis. Pathogenesis phases of RA
initiation are displayed from left to right and top to bottom. Environmental risk factors such as smoking, air
pollution, dietary habits predispose to mucosal dysbiosis characterized by altered microbial composition,
metabolite imbalance, epithelial barrier dysfunction. These perturbations promote hyperactivation of mucosa-
associated lymphoid tissue (MALT), with enhanced TLR2/TLR4/NOD signaling, reduced activation thresholds,
impaired Treg induction, and Th17/Thl skewing. Facilitated by HLA-DRB polymorphisms etc. genetic risk
factors, the pro-inflammatory and possibly tolerance-deficient milieu facilitates the generation of autoreactive T
and B cells through mechanisms including molecular mimicry and aberrant citrullination, leading to ACPA/RF
production. Systemic dissemination of inflammatory mediators and probably immune complexes dynamics

establishes a primed inflammatory niche in joint finally promote clinically manifest RA and memory formation.

Main

Mucosa Dysbiosis Contributes to RA Pathogenesis

Mucosal immunity plays a significant role in the constitution of the whole-body immune system.
Mucosal immune responses are crucial for frontline defense against potential infection and for
maintaining systemic immune homeostasis (Zhou et al., 2025). Based on a series of clinical studies,
mucosal dysbiosis and dysfunction are associated with a range of remote and systemic diseases,
including RA, inflammatory bowel disease (IBD), cardiovascular disease, and multiple sclerosis (MS)
(Alivernini, Firestein and McInnes, 2022; Santana et al., 2022; Mohsenzadeh et al., 2025; Ordonez-
Rodriguez et al., 2023). From a holistic perspective, mucosa-associated lymphoid tissue (MALT) is
the largest immune organ and acts as a first-line educator and activator of systemic immunity. It
influences the systemic immune system through multiple mechanisms. Classically, mucosal tissues
are routinely exposed to the external environment and pathogens (Velikova et al., 2024). They detect
and initially respond to pathogens at mucosal surfaces, including respiratory, urogenital, and
gastrointestinal mucosa, ideally before pathogens enter the bloodstream (Velikova et al.,, 2024).
MALT generates dimeric secretory IgA (sIgA), which controls microbial translocation and limits the
accumulation of microbes that induce infection and inflammation (Velikova et al., 2024). Studies also
show that gut-associated lymphoid tissue (GALT) induces circulating peripheral Treg cells (Atarashi
et al,, 2010; Velikova et al., 2024). In murine studies, oral induction of gut commensal bacteria
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ameliorates colitis and systemic immunoglobulin E responses (Atarashi et al., 2010). MALT also
contributes to barrier integrity as part of the immune response, preventing excessive systemic
activation by microbes and microbial products, such as lipopolysaccharide (LPS) and peptidoglycan
(Velikova et al., 2024). Altogether, mucosal immunity not only contributes to local immune defense
and homeostasis but also plays a central role in systemic immune regulation.

A growing body of epidemiological and immunological evidence supports the concept that RA
may originate at mucosal surfaces rather than in the joint itself. Several decades of research have
identified mucosal abnormalities in individuals at risk for RA, along with longitudinal observations
correlating lifestyle factors or biomarker changes prior to RA onset. Certain environmental exposures
are known to increase RA risk by affecting mucosal surfaces. Cigarette smoking is predominantly
associated with triple-positive RA (RF, ACPA, and anti-carbamylated protein antibodies) (Regueiro
et al.,, 2020; Ishikawa and Terao, 2020). Affected patients show bronchiolar mucosal inflammation,
skewed T helper (Th) cell subsets—including Th1, Th2, and Th17, varying among individuals—and
increased levels of pro-inflammatory cytokines, including tumor necrosis factor (TNF)-a, interleukin
(IL)-1e, IL-1pB, IL-5, IL-6, IL-8, IL-13, IL-15, IL-21, and interferon (IFN)-y (Ishikawa and Terao, 2020).
Smoking, as a representative example, illustrates how intrinsic and extrinsic factors interact in RA
pathogenesis. The strongest association between cigarette smoking and RA is observed in individuals
carrying HLA-DRB1*01:01, 01:02, or HLA-DRB110:01 shared-epitope (SE) alleles. In addition to
smoking, periodontal disease, air pollution, and specific dietary factors have also been associated
with RA onset (Bingham and Moni, 2013; Adami et al., 2021; Tedeschi et al., 2017; Maeda et al., 2016).
Collectively, these observations suggest that mucosal tissues represent a critical immunological
environment where RA-driving autoimmunity is initially primed.

Multiple high-throughput sequencing studies across mucosal sites demonstrate reproducible
dysbiosis in RA and in at-risk individuals (RF* or anti-CCP*). Across 29 studies, the gut microbiota of
RA patients often shows enrichment of Prevotells, Megasphaera, Lactobacillus, and Escherichia,
alongside depletion of SCFA-producing genera such as Roseburia and Bacteroides (Figure 2). Several
gut microbial taxa have been reported to correlate with immunological parameters: Ruminococcus
correlates with RF-IgA and anti-CCP titers, while Prevotella and Alloprevotella correlate with CRP
levels and susceptibility to mucosa inflammation and RA onset (Iljazovic et al., 2020; Sun et al., 2019;
Wu et al,, 2024; Scher et al., 2013). In the oral cavity, expansion of Prevotella and Porphyromonadaceae—
most notably P. gingivalis—is consistently observed. There is also expanded study identifying P.
gingivalis as a potential trigger to RA onset (lucchino et al., 2019) Systemic microbial signatures are
also detectable. In serum, taxa such as Achromobacter and Serratia, previously characterized as
lymphoid-tissue-resident commensals, are reduced in RA cohorts (Hammad et al., 2020).

In addition, seronegative RA (defined as RA negative for serum RF and ACPA) is highly
heterogeneous, less studied, and may involve distinct pathogenic mechanisms compared to
seropositive RA (Paroli and Sirinian, 2023; Pratt and Isaacs, 2014). Microbiota differentiation has been
observed between seropositive and seronegative RA subsets, suggesting that distinct mucosal-
immune pathways may underlie these clinical phenotypes (Wu et al., 2025). Together, these findings
highlight that RA and at-risk individuals display consistent mucosal dysbiosis with distinct microbial
and immune signatures across disease subsets, providing direction for mechanistic studies.

Several interventional studies further reveal possible mechanisms linking mucosal immunity to
RA pathogenesis. Haupl et al. (2023) demonstrated that short-term fasting rapidly reduced RA
disease activity: clinical scores improved in 19 of 20 participants after 7-10 days of fasting,
accompanied by declines in IL-6 and zonulin, critical markers of systemic inflammation and gut
mucosal barrier dysfunction, respectively. Shifts in gut microbiota (reduced Actinobacteria and
Firmicutes, increased Bacteroidetes and Akkermansia muciniphila) were also observed (Haupl et al., 2023).
Concordantly, Thl7 activation, reductions in Treg/Tfr populations, and increased intestinal
permeability have been reported in early RA (Haupl et al., 2023; Wu et al., 2024; Luo et al., 2023). In
vivo experiments show that collagen-induced arthritis (CIA) mice orally infected with P. gingivalis or
Treponema denticola exhibit exacerbated arthritis scores (Kim et al., 2022). Furthermore, Parabacteroides
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distasonis, a taxon downregulated in RA patients, suppresses Th17 responses and promotes M2

macrophage polarization in murine experiments (Sun et al., 2023).
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Figure 2. Literature screening workflow and distribution of RA-microbiota sequencing studies. (A) Flow
diagram of the systematic literature selection process. PubMed was utilized applying conditions “rheumatoid
arthritis” AND “microbiota” AND “sequencing” for studies published between 2004 and 2025 (n = 304). After
exclusion of irrelevant or non—-RA-focused studies, 40 records remained. Further exclusion of review articles,
meta-analyses and Mendelian randomization studies yielded 29 eligible original research articles for plotting
and downstream analysis. (B) Bubble plot summarizing characteristics of the included studies. Each dot
represents an individual study, stratified by sampling site and/or experimental category. Bubble size reflects

relative study weight (e.g., cohort size or frequency), and color denotes study grouping as defined in the analysis.

While dysbiosis is observed in patients, enrichment of specific bacteria alone cannot establish
causal immunopathology. Many RA-associated taxa are also present in healthy individuals and may
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vary due to diet, lifestyle, and other factors, making the causal relationship between specific microbes
and RA pathogenesis ambiguous and heterogeneous. Most in vivo experiments, including oral
administration of specific bacteria or fecal microbiota transplantation (FMT) in CIA models,
demonstrate promotion of arthritis only in the presence of co-requisites such as pre-established joint
inflammation or immune activation within the articular cavity. In contrast, such pre-established joint
immune responses are not present in at-risk human individuals. This suggests that isolated
introduction of susceptible taxa may not directly initiate RA pathogenesis. A second or third factor
or pathway may be required for RA onset. Although recent research has explored several possible
mechanisms, further studies are needed to clarify how microbes contribute to RA pathogenesis,
particularly the mechanisms linking systemic inflammation to chronic joint inflammation. Based on
recent efforts, several immunopathogenic pathways that may contribute to RA onset and initiation
are summarized below.

Integrated Mucosal Mechanisms in RA Initiation

A growing body of research in mucosal immunology and pathology suggests that the
development of RA at mucosal sites is typically driven by multiple converging factors, rather than
any single determinant such as bacterial infection or environmental exposure (Drago, 2019; Block et
al., 2016; Wu et al., 2010). In recent years, work on microbe-host interactions has provided increasing
evidence that many murine arthritis models, including the K/BxN model, show reduced clinical
severity under germ-free conditions (Wu et al., 2010; Block et al., 2016). On the other hand, in many
inducible arthritis models such as CIA, additional promoting factors —primarily mediated through
disturbances in mucosal homeostasis—have been shown to be key drivers of the heightened
inflammatory burden characteristic of arthritis.

However, most studies introduce specific microbial or environmental interventions into induced
arthritis models and then assess changes in clinical and immunological readouts, thereby indicating
the role of microbiota in promoting a pro-inflammatory shift associated with RA onset. In parallel,
recent research inspired by metagenomic studies of clinical RA cohorts has revealed potential
antigenic inputs for disease initiation derived from gut and oral microbiota (Brewer et al., 2023;
Chriswell et al., 2022). Thus, dysbiosis may contribute to RA initiation through both the induction of
a pro-inflammatory shift and the provision of antigenic stimuli.

Microbe Initiated Pro-Inflammatory Skewing Milieu

Mucosal dysbiosis reprograms mucosal immune tone from a tolerance-favoring state to a pro-
inflammatory one by (i) changing the repertoire and concentration of microbe-derived ligands that
engage pattern-recognition receptors (PRRs), (ii) biasing antigen-presenting cells (APCs) toward a
mature, co-stimulatory phenotype that preferentially primes inflammatory CD4* programs, and (iii)
reducing regulatory inputs that sustain FoxP3* Tregs and tolerogenic DCs. These combined
alterations lower the activation threshold of both innate and adaptive compartments, favoring the
expansion of RORyt* Th17 and IFN-y/GM-CSF-producing Th1-like cells systemically.

Microbe exposure mediated reprogramming | Facilitated by increased permeability, dysbiotic
communities expose epithelial and myeloid cells to an altered PAMP profile (e.g., lipoproteins,
atypical LPS, peptidoglycan), increasing signaling through TLR2/TLR4-MyD88 and NOD-like
receptors (Figure 3A). This repeatedly activates NF-kB and MAPK transcriptional programs in
mucosal APCs and epithelial cells, resulting in the secretion of IL-13, IL-6, and IL-23 —cytokines that
are canonical drivers of Th17 differentiation and systemic inflammatory skewing (Spindler et al., 2022;
Mansouri, Akthar and Miyamoto, 2025). PRR-activated dendritic cells upregulate MHC-II and
CD80/CD86, acquire migratory capacity, and traffic to draining lymph nodes, where they present
antigen in a strongly co-stimulatory, polarizing context that preferentially induces Th17 or Thl
differentiation, thereby amplifying systemic inflammatory cytokine production (Spindler et al., 2022;
Mansouri, Akthar and Miyamoto, 2025).
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Figure 3. Microbe, microbial metabolites and barrier integrity in mucosal-driven RA pathogenesis. (A) Pattern

recognition and epithelial sensing induced inflammatory milieu in intestine mucosa. Microbial components

activate epithelial and innate immune signaling pathways, including NOD1/2-NF-«B in enterocytes and
MyD88- and NLRP6-associated pathways in goblet cells. Dendritic cell (DC) activation is also facilitated by
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antigen presenting cell priming ability. Indole and its derivatives converted by tnaA-positive bacteria influence
immune system in varying ways. Indole promotes DC activation and migration ability and cause antibody
isotype switching. ILA promote IL-22 signaling and ILC3 development. SCFA exposure plays dual function for
both pro- and anti-inflammatory. SCFA promote acute inflammation and B cell inflammation. It also inhibits DC
and macrophage CD40 expression and promotes Treg differentiation. (C) Barrier disruption and systemic
inflammation. Gliadin and microbe up-regulates zonulin, stimulates PAR2 and EGFr mediated tight junction (T])
disassembly. Inflammatory cytokines like TNF-a contributes to TJ dysfunction by increase claudin-2 expression
and activates myosin light chain kinase (MLCK). Certain pathogens can pathogenically destroy intestine
epithelium permeability, though not identified as the major etiology of RA. SCFA and increased PAMP sensing

may increase TJ integrity by promote tight junction molecules expression and assembly to prevent infection.

The pro-inflammatory contribution of dysbiotic taxa such as Megasphaera, Ruminococcus, and
Bacteroides has been observed in both human cohorts and experimental models, where these taxa are
associated with heightened innate activation and Th17 bias (Menofy et al., 2022). For P. copri, its
expansion in new-onset RA correlates with higher systemic innate cytokine levels and a Th17-biased
response, and P. copri-stimulated DCs prime naive T cells to produce markedly more IL-17 than
commensal controls (Maeda and Takeda, 2019; Huang et al., 2020). In addition, according to Haupl
etal. (2023), short-term fasting in RA patients reduced disease scores and decreased serum IL-6 levels,
which could be attributed to reduced microbiota burden. These innate and early adaptive effects are
thought to lower the threshold for systemic autoimmunity, providing a pro-inflammatory
background that may contribute to RA initiation in susceptible hosts.

Microbial metabolites mediated reprogramming | Microbial metabolites can also serve as
important signals and modulators of immune homeostasis. Dysbiosis may contribute to pathogenic
metabolite accumulation and loss of anti-inflammatory signals, thereby promoting local and systemic
pro-inflammatory states (Figure 3B). For instance, succinate, a tricarboxylic acid (TCA) cycle
intermediate, acts as an immunoregulatory signal that can amplify inflammatory responses through
both intracellular metabolic reprogramming and extracellular receptor-mediated signaling (Wei et
al., 2023). Bacteria are recognized as important producers of succinate; multiple taxa, including
Bacteroides spp., Prevotella spp., and Firmicutes spp., contribute to succinate generation (Fernandez-
Veledo and Vendrell, 2019; Wei et al., 2023; Reichardt et al. 2014). Succinate binds to the SUCNR1
(GPR91) receptor and promotes IL-13 production in DCs, enhancing DC activation and migration,
accelerating T cell priming and Th17 generation—phenotypes observed in CIA and IBD models
(Saraiva et al., 2018; Connors, Dawe and Van Limbergen, 2018). In macrophages, succinate signaling
appears more complex. A pro-inflammatory secretory pattern and M1 polarization have been
observed (Harber et al., 2020; Wei et al., 2023; Huang, et al., 2024), whereas M2 polarization with
regulatory and tissue-repair functions has also been reported (Wei et al., 2023). Thus, succinate may
exert dual roles in promoting both M1 and M2 polarization, potentially forming a negative feedback
loop that supports anti-inflammatory and tissue-repair processes (Harber et al., 2020). Specifically,
pro-M2 signaling is mediated by the SUCNR1-PLC-IP3-Ca? pathway, accompanied by upregulated
SUCNRI1 expression on the macrophage plasma membrane, which is not observed in pro-Ml
polarization signaling (Trauelsen et al., 2017; Trauelsen et al., 2021; Wei et al., 2023).

Tryptophan metabolites derived from the microbiome also play significant roles in mucosal
immune modulation and disease progression. Gut microbes expressing tryptophanase (encoded by
tnaA) convert dietary tryptophan into indole and its derivatives, such as indole-3-lactic acid (ILA)
(Boya et al., 2021; Sakurai, Odamaki and Xiao, 2019). However, the immunoregulatory effects vary
among indole and its derivatives. Seymour et al. (2023) reported that indole supplementation under
low-tryptophan dietary conditions worsened arthritis development and increased serum IL-6 and
TNF levels in vivo. Human colonic lymphocytes exposed to indole exhibited increased IL-17
signaling and plasma cell activation (Seymour et al., 2023). In vitro stimulation of bone marrow DCs
with LPS supplemented with indole shifted the transcriptome toward a pro-Th17 profile compared
to LPS alone (Kuhn et al, 2025). Conversely, in DSS-induced colitis models, cesarean section—
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delivered mice showed higher susceptibility and impaired group 3 innate lymphoid cell (ILC3)
development, accompanied by reduced Lactobacillus abundance (Xia et al., 2023). Supplementation
with L. acidophilus or its metabolite ILA attenuated intestinal inflammation and restored ILC3
frequency and IL-22 levels (Xia et al., 2023). Mechanistically, Xia et al. demonstrated that ILA activates
ILC3 via aryl hydrocarbon receptor (AhR) signaling (Xia et al., 2023). Further studies are therefore
required to clarify how Lactobacillus species and their metabolites contribute to immune system
development and regulation. Dose-dependent effects and species-specific differences may underlie
divergent immunological outcomes.

In addition, short-chain fatty acids (SCFAs), produced by microbes such as Roseburia, Bacteroides,
and Parabacteroides distasonis, play important roles in regulating mucosal homeostasis and chronic
inflammation (Fusco et al., 2023). GPCR-deficient mice exhibit severe DSS-induced colitis, asthma,
and experimental arthritis (Sun et al., 2016; Maslowski et al., 2009). SCFAs inhibit BMDC activation
by suppressing LPS-induced CD40 expression and IL-6/IL-12p40 secretion. They also facilitate Treg
differentiation (Sun et al., 2016; Nastasi et al., 2015). SCFA deficiency—induced Treg suppression via
GPR41/GPR43 signaling has been confirmed in colitis models (Smith et al., 2013). SCFAs further
inhibit macrophage pro-inflammatory signaling, reducing CD40, PD-L2, and CD86 expression (Sun
et al., 2016; Chang et al.,, 2014). However, SCFAs also contribute to early infection defense by
promoting IL-6, IL-8, and IL-1f3 production (Sun et al., 2016), and they stimulate neutrophil migration
through GPR43 activation (Vinolo et al., 2009; Sun et al., 2016). Butyrate and acetate may differentially
modulate neutrophil activation (Vinolo et al., 2008; Sun et al., 2016). GPR41-/- and GPR43-/- mice
show reduced acute inflammatory responses and impaired host defense (Kim et al., 2013). In adaptive
immunity, GPR43-/- mice exhibit decreased antibody responses and increased susceptibility to
Citrobacter rodentium infection (Yang et al., 2019).

Altogether, microbial dysbiosis alters metabolite profiles, increasing pro-inflammatory
mediators such as succinate and certain indoles while reducing anti-inflammatory SCFAs, thereby
disrupting immune homeostasis and promoting Th17 activation, impaired Treg function, and
heightened inflammatory susceptibility.

Gastrointestinal epithelium integrity alteration | Mucosal barrier disruption and altered
permeability represent another crucial factor contributing to the pro-inflammatory shift in RA. This
may facilitate early microbial and metabolite translocation and is observed in multiple analyses of
RA pathogenesis (Figure 3C). Under physiological conditions, the intestinal epithelium, tight junction
complexes, mucus layer, and secretory IgA form a multilayered barrier that restricts luminal PAMPs
and microbial metabolites from accessing the systemic immune compartment (Capaldo, Powell and
Kalman, 2017). Clinically, patients with new-onset RA exhibit significantly elevated serum markers
of gut permeability, including LPS, LBP, I-FABP, and zonulin, along with enrichment of the
aforementioned taxa (Matei et al., 2021; Tajik et al., 2020). Certain dysbiotic taxa produce proteases
or expose high PAMP loads that directly contact epithelial cells (Nonaka, Kadowaki and Nakanishi,
2022; Chen et al., 2016). Porphyromonas gingivalis gingipains cleave junctional proteins (JAM1, ZO-
1, occludin), producing focal epithelial gaps (Nonaka, Kadowaki and Nakanishi, 2022). Collinsella
aerofaciens and other RA-associated taxa reduce tight-junction gene expression (Chen et al., 2016).

Pathologically, luminal bacterial and gliadin exposure induces epithelial zonulin (pre-
haptoglobin-2) release via MyD88-dependent CXCR3 signaling (Fasano, 2020). The precise signaling
mechanisms by which microbes induce zonulin-mediated tight junction disassembly remain unclear,
although the phenomenon is well documented (Serek and Oleksy-Wawrzyniak, 2021). Bacteria and
viruses can increase permeability by secreting enterotoxins that directly disrupt tight junctions and
the cytoskeleton or indirectly activate epithelial inflammatory signaling pathways (Paradis et al.,
2021). Zonulin triggers MLCK-mediated contraction of perijunctional actomyosin and tight junction
disassembly (Fasano, 2020). While this mechanism is physiologically transient, it becomes
pathological when chronically engaged (Fasano, 2020). Translocated PAMPs activate mucosal DCs
and macrophages (TLR/NOD — NF-kB, inflammasome), increasing IL-1 and IL-6 production and
sustaining local inflammation (Li and Kuhn, 2025). Inflamed mucosa produces additional zonulin
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and recruits inflammatory cells, further impairing epithelial repair and creating a self-reinforcing
loop absent in healthy individuals (Li and Kuhn, 2025; Matei et al., 2021). Consequently, translocated
microbial components and metabolites promote a pro-inflammatory state and provide antigenic
input, contributing holistically to RA pathogenesis. Outstanding questions remain: the precise role
of permeability in RA pathogenesis is not fully defined; the mechanisms underlying barrier repair
failure are unclear; and whether enriched junction-disrupting taxa uniquely drive chronic barrier
dysfunction requires further investigation. Clinically, permeability markers strongly support barrier
leakage as an early and convergent feature of RA pathogenesis, although temporal causality remains
to be established.

Collectively, these findings support an RA initiation model in which mucosal dysbiosis, altered
microbial metabolites, and barrier perturbation converge to establish a pro-inflammatory milieu
within MALT and systemic immune compartments. This model emphasizes the lowering of
activation thresholds across innate and adaptive immunity through enhanced Th17-skewing signals,
reduced regulatory pathways, and increased systemic exposure to luminal PAMPs. However, such
immunological conditioning does not directly determine antigen specificity; rather, it provides a
permissive context in which autoreactive lymphocytes may become activated and expanded.
Molecular Mimicry: Microbial Antigens Prime Cross-Reactive Adaptive Responses

Beyond the pro-inflammatory shift, molecular mimicry phenomenon counts as another
important mediator of joint inflammation in RA pathogenesis (Figure 4). In principle, potential
sources— primarily infectious triggers—may induce the generation of self-reactive lymphocytes that
subsequently target host molecules, particularly articular epitopes, thereby causing chronic
inflammation.

Lumen
Example: Prevotella copri,
Streptococcus pyogenes Example:
Subdohgranulum 07 Streptococcus pyogenes
(*5%) APC activation and priming process facilitated by chronic infection,
Increased NETosis, and failure of lesion clearance

Actlvallon
Activation by translocating microbes GS’QD
@ T cell priming “
Migration to secondary lymphoid organs @

Laminae propia

LT B cell
L activa-
IL-17, GM-CSF = ) tion
| @

L1, Somatic
hypermutation
| SIRCSF. L, : auloanr,bo,,\ ‘ Affinity Selection
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Joirt lesion lymphoid circulation Secondary lymphoid organs

Figure 4. Molecular mimicry —microbial antigens prime cross-reactive adaptive immune responses in RA.
Facilitated by chronic infection, continuous NETosis, and altered macrophage (M) clearance function,
microbial antigen is presented by DC cell to prime T cell. For some pathogens like Group A Streptococcus, they
can penetrate mucosa barrier and invade circulation system, thereby possibly inducing a greater activation and
exposure of antigen. Antigen presented to T cell can raise a auto-reactive immune response in RA by majorly
two pathways: direct mimicry to autoantigens or neoantigens; only becoming self-reactive after undergoing
somatic hypermutation and affinity selection. Potential failure or delay of peripheral tolerance mechanism may
contribute to self-reactive response towards joint tissue but not clearly explored in causal etiology perspective.
Self-reactive T cell and B cell migrates to synovium and raise an inflammatory response with the assistance of

phagocytes and granulocyte towards fibroblasts.

Citrullination mediated molecular mimicry | One major pathway involves microbiota-driven
citrullination. Citrullination is a physiological post-translational modification catalyzed by Ca2+
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depended PAD enzymes and plays essential roles in histone modification and functionally linked to
neutrophil NETosis formation, which consist of the normal antimicrobial defense (Pitter and Zou,
2025), (Yang et al., 2021). Citrullination is observed upregulated during infection and inflammation
mediating NETosis formation (Ciesielski et al.,, 2022). In RA pathogenesis, a strong correlation
between periodontal mucosa immune response initiated citrullination with RA severity is observed
(Gonzalez-Febles et al., 2020). Plus, PAD2 and PAD4 are highly upregulated in RA synovium,
associated with increased NETosis and ACPA recognition in synovium (Foulquier et al., 2007).
Pathogenetically, ACPA can amplify macrophage driven immune response by immune complexes
targeting citrullinated proteins epitopes in joint tissue (Laurent et al., 2014).

The question of how orally initiated ACPA responses transition to joint-reactive ACPAs has
recently been explored. As reported, “oral bacteria observed transiently in blood were broadly
citrullinated in the mouth, and their in situ citrullinated epitopes were targeted by extensively
somatically hypermutated ACPAs encoded by RA blood plasmablasts” (Brewer et al., 2023). Reactive
citrullinated antigens were primarily identified from Streptococcus spp. (Brewer et al., 2023). These
findings suggest that somatic hypermutation may expand epitope recognition toward human
(neo)antigens. This mechanism could represent a promising therapeutic direction for ACPA- and RF-
double-positive cases. However, the mediators and antigen-presenting mechanisms by which
citrullinated peptides trigger adaptive immune responses remain to be fully elucidated. Joint
(synovial) proteins are known to undergo citrullination in RA patients, as detected by mass
spectrometry analysis of synovial fluid (Kinloch et al., 2008). Furthermore, sera from seropositive RA
patients demonstrate ACPA binding to joint epitopes by ELISA (Ossipova et al., 2014). Nevertheless,
it remains unclear whether synovial citrullination plays a primary, sufficient, or even necessary role
in ACPA pathogenicity. There is insufficient evidence supporting the notion that joint-epitope—
reactive ACPAs alone, together with downstream humoral responses, are sufficient to initiate
arthritis.

Further research is needed to clarify the upstream inducers of synovial protein citrullination
(although studies conclude that synovial citrullination is PAD2- and PAD4-dependent, its origin
remains unclear) and its pathogenetic significance (Badillo-Soto et al., 2016). Disordered neutrophil
NETosis and impaired macrophage-mediated clearance may contribute, but definitive evidence is
still lacking (Alivernini, Firestein and McInnes, 2022). Importantly, a critical unresolved question
remains: what key factors drive the transition from an ACPA* individual to the onset of ACPA*joint
inflammation?

Classical molecular mimicry | The classical pathway of molecular mimicry induced by enriched
or commensal bacteria can mediate autoimmune responses in RA through cross-reactive epitopes
that activate self-reactive T and B cell clones. P. copri is one of the most studied expanded taxa in early,
untreated RA individuals (Scher et al., 2013). According to Pianta et al., two HLA-DR—presented
autoantigens —acetylglucosamine-6-sulfatase (GNS) and filamin A (FLNA)—were identified and are
highly expressed in synovial tissue of RA patients (Pianta et al., 2017). These proteins are homologous
to proteins belonging to Prevotella spp. and Parabacteroides spp. (for GNS), and to Prevotella spp. and
Butyricimonas spp. (for FLNA). Among them, GNS appears to be highly citrullinated (Pianta et al.,
2017). HLA-DR molecules encoded by shared-epitope (SE) alleles have been shown to confer higher
affinity binding to these microbial and self-antigens (Pianta et al., 2017). Between 2017 and 2021, five
HLA-presented and T cell-reactive Prevotella copri peptides were gradually identified (Pianta et al.,
2016; Pianta et al., 2021). Furthermore, mono-colonization of germ-free mice with specific strains from
the Subdoligranulum genus demonstrated a greater capacity to stimulate arthritis than P. copri,
accompanied by increased IgA production and Th1l7 skewing (Chriswell et al., 2022). Similarly,
accumulating studies have identified molecular mimicry epitopes with the potential to generate
autoantigens and elicit joint-specific immune responses. Examples include L-asparaginase from
Streptococcus and type Il collagen (Moten et al., 2022); ENO1 from Porphyromonas gingivalis and human
enolase (Lee et al., 2015); and VtaA1l0755-766 from Glaesserella parasuis and human collagen II
(Coll261-273) (Di Sante et al., 2021).
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Together, molecular mimicry derived from invading or commensal microbes may redirect
mucosal immune activation toward joint tissues, fostering systemic inflammation that ultimately
evolves into persistent, articular-focused autoimmunity.

Parallel Joint Inflammation Contributing to Mechanisms

Translocation of Microbes or Microbial Components | Limited but non-negligible evidence
indicates that microbial components may reach the synovial compartment, providing a potential
auxiliary pathway for joint-targeted inflammation in RA. This is supported by the verified presence
of bacterial DNA and bacterial peptidoglycans in the joints of patients with rheumatoid arthritis, as
well as bacterial peptidoglycan-loaded antigen-presenting cells in RA synovial tissues (Zhao et al.,
2018; Arslan et al., 2000; Heijden et al., 2020; Hammad, Liyanapathirana and Tonge, 2019).

Zhao et al., using 16S rRNA sequencing, specifically confirmed the presence of Porphyromonas in
both RA and OA synovial fluid samples, supporting the hypothesis of oral microbial participation in
RA and other arthritis pathogenesis (Zhao et al., 2018). However, current evidence is insufficient to
determine the extent to which microbial components at lesion sites contribute to RA or other arthritic
diseases. It also remains unclear whether microbial components are exclusively present in synovial
tissue or whether viable bacterial translocation occurs. Further research tracking the systemic
distribution of bacterial components and the temporal development of lesions would help clarify
these issues.

Immune Complex Kinetics and Deposition in Articular Tissue | Immune complex kinetics and
deposition in articular tissue may represent a potential pathogenic process in RA. Following the
generation of self-reactive antibodies, including RF and ACPA, immune complexes can infiltrate joint
tissues and initiate a cascade of inflammatory responses (Kasiraja, Bakar and Suliman, 2025). Immune
complex deposition has also been associated with other diseases, including models of diabetes and
renal injury (Hickey and Martin, 2013; Xiao et al., 2009; Watanabe et al., 1987; Abrass, 1984).

Under normal physiological conditions, antibody deposition is typically prevented through
clearance by mononuclear phagocytes via Fcy receptor-mediated phagocytosis, promoted by
complement activation (Esmail et al., 2018; Kasiraja, Bakar and Suliman, 2025). Studies suggest that
when antibody levels exceed clearance capacity, immune complexes accumulate and deposit in
organs where blood is filtered under high pressure to generate other fluids—such as synovial fluid —
thereby promoting inflammation (Kumar, Abbas and Aster, 2012; Torres and Annamaraju, 2025;
Kasiraja, Bakar and Suliman, 2025).

However, the phenomenon of immune complex deposition and its necessity in RA pathogenesis
have not been specifically or extensively studied in RA patients or experimental disease models
(Kasiraja, Bakar and Suliman, 2025). Altogether, immune complex deposition may contribute to
rheumatoid arthritis—associated inflammation, but its mechanistic and causal significance remains
insufficiently defined.

Conclusion

Collectively, current evidence supports a model in which mucosal dysbiosis, altered microbial
metabolites, barrier dysfunction, and antigenic mimicry converge to establish a pro-inflammatory
and tolerance-deficient immune landscape preceding joint inflammation. Rather than a single
microbial trigger, RA initiation likely reflects the cumulative lowering of immune activation
thresholds across mucosal and systemic compartments. However, several key questions remain
unresolved. What constitutes the critical “second hit” that converts systemic autoimmunity into
clinically manifest arthritis? Is gut barrier dysfunction causally upstream of joint inflammation, or
merely a parallel consequence of systemic immune activation? Does peripheral immune tolerance
failure occur at RA lesion sites, and how does it contribute to chronic inflammation? Finally, does
immune complex deposition actively drive early synovitis, or does it amplify an already primed
inflammatory niche? Addressing these questions will be essential to define the true initiating events
in RA pathogenesis.
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