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ment of ADs.

Particulate matter

Autoimmune diseases (ADs) are immunological disorders arising from the breakdown of immune tolerance,
influenced by various internal and external factors. Persistent exposure to environmental factors, particularly air
pollution, is linked to systemic inflammation, oxidative stress, and apoptosis, which contribute to the develop-

This review examines the impact of air pollutants, including particulate matter, silica, and TCDD, by analyzing
epidemiological studies, animal models, and in vitro assays. It focuses on how air pollution disrupts the immune
system, leading to apoptosis, increased oxidative stress, cytokine production, autoantigen release, autoantibody

Silica
TCDD production, and autoreactivity, which are particularly significant in ADs like rheumatoid arthritis, systemic lupus
Environment erythematosus, Sjogren’s syndrome, and systemic sclerosis. In essence, this approach aims to provide a profound

understanding of how exposure to air pollution can initiate or contribute to ADs, offering potential avenues for
more targeted preventive and therapeutic strategies.

1. Introduction

Autoimmune diseases (ADs) represent a diverse group of chronic
conditions characterized by the breakdown of immunological tolerance,
leading to dysfunctions in both the innate and adaptive immune sys-
tems. In this process, the inappropriate activation of the immune
response leads to inflammation-mediated tissue damage and production
of autoantibodies [1]. Consequently, this results in elevated rates of
morbidity and mortality, presenting a significant public health challenge
[2]. It is estimated that ADs affect approximately 10-12 % of the pop-
ulation [3], exhibiting a distinct gender bias with up to 78 % of cases
occurring in women [4]. ADs are categorized into two groups:
organ-specific, affecting a single organ (e.g., type 1 diabetes mellitus,
Graves’ disease), and systemic, affecting multiple organs (e.g., systemic
lupus erythematosus (SLE), rheumatoid arthritis (RA), and Sjogren’s
syndrome (SS)) [5]. Despite variations in their epidemiological, patho-
logical, and clinical characteristics, these diseases share common im-
munogenetic mechanisms, a phenomenon referred to as "autoimmune
tautology" [6].

The development of ADs is influenced by multiple factors, including
endogenous elements such as gut microbiota, genetic susceptibility,
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epigenetic changes, and hormonal activity, as well as external factors
like infections, exposure to environmental pollution, medications, and
vaccines [7]. Large-scale studies have revealed that susceptibility loci
contribute to 50 % of the etiology of these disorders [8]. Twin studies
have shown that some ADs, like celiac disease, have a strong genetic
component, with monozygotic twin concordance rates ranging from 75
% to 83 %. In contrast, diseases like RA, SLE, and SSc have lower
concordance rates, suggesting a greater influence of environmental
factors [9]. The interactions between individuals and their environment,
leading to the breakdown of immune tolerance and, consequently, the
development of one or more ADs is known as ’autoimmune ecology’
[10].

In recent years, the confluence of climate change, biodiversity loss,
and demographic expansion has markedly contributed to the escalation
of environmental pollution, particularly the degradation of air quality
[11]. Epidemiological studies have demonstrated a correlation between
air pollution and non-communicable chronic diseases, including car-
diovascular and respiratory diseases, cancer, and ADs [12,13]. Notably,
findings from the 2015 Global Burden of Disease Study underscored the
severe impact of air pollution, linking it to 6.4 million deaths worldwide.
Specifically, deaths attributed to particulate matter (PM) surged from
3.5 million in 1990 to 4.2 million in 2015. This increase can be
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List of abbreviations

ACPA Anti-citrullinated protein antibodies
ADs Autoimmune diseases

AhR Aryl hydrocarbon receptor

ANAs Anti-nuclear antibodies

ANCA  Anti-neutrophil cytoplasmic antibodies
APC Antigen-presenting cells

BAFF B cell activation factor

BALF Bronchoalveolar lavage fluid
CENP-B Centromere protein B

CTD Connective tissue disorders

DCs Dendritic cells

DNMTs DNA methyltransferases

ds-DNA  Double stranded DNA

EBV Epstein-Barr virus

ERK Extracellular signal-regulated kinase
FGFR2  Fibroblast growth factor receptor 2

GM-CSF Granulocyte-macrophage colony-stimulating factor

iBALT  Induced bronchial-associated lymphoid tissue
IFN Interferon

IL Interleukin

MCP Monocyte chemoattractant protein

MDA-5 Melanoma differentiation-associated protein 5
MIP Macrophage Inflammatory proteins
MPO Myeloperoxidase

NETs Neutrophil extracellular traps
NFxB Nuclear factor kappa B

PBMCs Peripheral blood mononuclear cells
PM Particulate matter

PR3 Proteinase 3

RA Rheumatoid arthritis

RNP Ribonucleoproteins

RNS Reactive nitrogen species

ROS Reactive oxygen species

SLE Systemic lupus erythematosus

Sm Smith antigen

SS Sjogren’s syndrome

SSc Systemic sclerosis

TCDD 2,3,7,8-tetrachlorodibenzo-p-dioxin
TCR T cell receptor

TGF Transforming growth factor

TIF-1 Transcriptional intermediary factor 1
TLR Toll-like receptor

TNF Tumor necrosis factor

Tregs Regulatory T cells

attributed to demographic and epidemiological changes, as well as to
the growing levels of air pollution in low- and middle-income countries
[14]. Annually, around 8.34 million excess deaths are due to fine par-
ticulate and ozone air pollution, with approximately 5.13 million linked
to fossil fuel use. Consequently, this indicates that up to 82 % of these
deaths could be prevented by transitioning away from fossil fuels [15].

Understanding the processes by which air pollutants modulate the
immune response and contribute to the pathogenesis of ADs is impera-
tive. Thus, this review aims to delineate the key mechanisms by which
PM, 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), and silica induce a
state of both local and systemic inflammation, triggering and exacer-
bating ADs. Understanding these processes is essential for developing
targeted interventions and mitigating the impact of environmental fac-
tors on the increasing prevalence of ADs.

2. Air pollution

Air pollution refers to the presence of harmful substances in the
Earth’s atmosphere, resulting from human activities or natural pro-
cesses, with adverse effects on the environment, human health, and
other living organisms [16]. These pollutants constitute a complex
mixture of biological, chemical, or physical elements, existing in solid,
liquid, or gaseous forms and frequently occurring at elevated concen-
trations, thereby compromising environmental integrity. The primary
components of air pollutants include PM, ground-level ozone, carbon
monoxide, toxic metals, sulfur oxides, nitrogen oxides, lead, and mi-
croorganisms [17]. Additionally, highly toxic substances such as TCDD
and silica contribute to air pollution.

2.1. Particulate matter

PM forms in the atmosphere as a heterogeneous mixture of solid and
liquid particles suspended in the air, resulting from chemical reactions
among various pollutants. It primarily consists of a combination of
polycyclic aromatic hydrocarbons, polychlorinated biphenyls, pesti-
cides, volatile compounds, endotoxins, metals, salts, and carbonaceous
compounds [18]. According to its origin, PM can be classified as primary
particles (i.e., emitted directly into the air) or secondary (i.e., the
product of chemical reactions between primary particles). It can also be

categorized by size, shape, and composition, using aerodynamic diam-
eter classification, with sizes ranging from 0.005 to 100 pm [18].
Experimental studies classify PM by aerodynamic diameter into three
groups: I) Ultrafine PM (PM 1): These are particles with a size equal to
or less than 0.1 pm. They are of secondary origin or consist of ultrafine
carbon particles; II) Fine PM (PMy 5): Particles with a size greater than
0.1 pm and less than 2.5 pm. They can be of secondary origin or fine
particles composed of organic carbon, heavy metals, nitrates, sulfates,
and clays; III) Coarse PM (PMjg): Particles with a size between 2.5 pm
and 10 pm. They are usually of primary origin or consist of coarse
particles such as fugitive dust and pollen [19].

2.1.1. Molecular and cellular mechanisms of autoimmunity induced by
particulate matter

Numerous epidemiological studies have established a robust asso-
ciation between exposure to PM and the onset of ADs, as detailed in
Table 1. Specifically, the evidence indicates that PM exposure signifi-
cantly contributes to the incidence and exacerbation of conditions such
as SLE, systemic sclerosis (SSc) and SS. Research consistently demon-
strates that exposure to these particles correlates with increased hospi-
talizations, heightened relapse risks, worsened disease severity, and
elevated mortality in SSc patients.

The mechanisms underlying this association involve intricate pro-
cesses, including systemic inflammation, oxidative stress, epigenetic
modifications, dysregulation of the immune response, and mitochon-
drial damage [20,21]. In humans, lungs are the most exposed organ to
the environment, with highly vascularized tissues and essential func-
tions [22]. PM primarily affects the airway epithelium and alveolar
spaces, rich in oxidation-sensitive components. PM generates reactive
oxygen species (ROS) that induce antioxidant and inflammatory re-
sponses in epithelial cells [20]. This leads to lung inflammation,
including the formation of inducible bronchial-associated lymphoid
tissue (iBALT) [13]. In vivo studies have shown that PM exposure leads to
the migration and infiltration of neutrophils into the lungs. Huang et al.
[23], exposed BALB/c mice to PM, eliciting a confluence of mixed Th1
and Th2 inflammatory responses. This exposure resulted in the
recruitment of neutrophils and the release of Thl cytokines, such as
tumor necrosis factor (TNF)-a and interferon (IFN)-y. In addition, neu-
trophils endocytose PM3 5, inducing inflammatory responses through
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oxidative stress and the release of TNF-a and IL-6 via TLR4 and MyD88
[24]. Moreover, PM; induced eosinophil recruitment along with the
release of Th2 cytokines, including interleukin (IL)-5 and IL-13. Addi-
tionally, Valderrama et al. [25], revealed that exposure to PM;q in
murine models induced in vivo inflammation. Elevated PM;o concen-
trations induced adverse effects on neutrophils, characterized by
cellular apoptosis and release of lactate dehydrogenase. This exposure
also increased the production of ROS, IL-8, myeloperoxidase (MPO),
neutrophil elastase, and the release of neutrophil extracellular traps
(NETs). Consequently, neutrophils infiltrated bronchoalveolar lavage
fluid (BALF), leading to histopathological signs of inflammation,
coupled with a notable upregulation of CXCL1 expression. These find-
ings strongly support the hypothesis that PM-induced lung inflammation
is orchestrated by neutrophils activation (Fig. 1).

Alveolar macrophages play a vital role in the pulmonary immune
response by capturing PM and releasing various inflammatory media-
tors. Importantly, when murine peritoneal macrophages are exposed to
low levels of PM, this exposure may predispose cells to an exaggerated
inflammatory response upon encountering additional stimuli, such as
bacterial toll-like receptor (TLR) ligands like lipopolysaccharide [26].
This phenomenon, commonly referred to as "trained immunity," is
characterized by the initial priming of macrophages with one substance,
leading to an enhanced production of cytokines upon subsequent
re-stimulation with another [27]. In the context of autoimmune pro-
cesses, the prolonged and elevated reactivity of macrophages could
potentially contribute to the deregulation of the immune system,
fostering an environment conducive to autoimmune reactions. The
development of innate immune memory through the extended activity
of these macrophages emphasizes the potential implications of exposure
to PM in the development of autoimmunity.

The quantity and duration of exposure to PM can result in various
forms of cell death, including apoptosis, autophagy, and necrosis [28,
29]. Low levels of PM exposure are linked to apoptosis, characterized by
caspase-3 activation. Moderate exposure is associated with autophagy
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induced by stress signals that inhibit the mechanistic target of rapa-
mycin. On the other hand, intense exposure leads to necrosis, driven by
increased production of ROS, DNA damage, and the activation of
poly-ADP-ribose-polymerase-1 [29]. Inflammatory mediators generated
by neutrophils and macrophages, with a focus on ROS and reactive ni-
trogen species (RNS), trigger protein alterations, particularly those
associated with DNA, resulting in cell necrosis and apoptosis [30].
Furthermore, ROS and RNS play a role in the initiation and liberation of
NETs. This phenomenon is linked to elevated levels of IL-17 and IL-23,
contributing to the development of iBALT [31,32]. iBALT can activate
B cells and differentiate them into plasma cells with autoantibody pro-
duction potential. Furthermore, several components of NETs, including
double-stranded (ds) DNA, granule proteins, and histones, have the
potential to trigger autoantibody production and the onset of ADs [33].

In individuals with SLE, the combination of insufficient DNA repair
mechanisms and the generation of endogenous DNA damage due to
oxidative stress may contribute to heightened apoptosis rates, subse-
quently triggering the synthesis of autoantibodies [34]. In a study
involving NZBW mice, predisposed to lupus and exposed to PMjs,
exacerbation of certain SLE manifestations was observed. This included
an augmentation in circulating neutrophils, an early onset of protein-
uria, and an increase in kidney weight accompanied by the enlargement
of the renal cortex [35]. Furthermore, elevated levels of PM; 5 have been
correlated with anti-dsDNA and the presence of cellular casts in a cohort
of SLE patients [36]. On the other hand, PM has been implicated in
increasing the incidence and severity of collagen-induced arthritis. This
is concomitant with heightened serum levels of anti-collagen type II IgG,
anti-citrullinated protein antibodies (ACPA), and proinflammatory cy-
tokines such as IL-6 and TNF-a [37].

PM increases the production of ROS by activating TLR-2 and TLR4.
This activation occurs through damage-associated molecular patterns
and pathogen-associated molecular patterns. These patterns serve to
incite an inflammatory and immune response within alveolar macro-
phages and airway epithelial cells [38]. Inhibition of TLR2 and TLR4
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Fig. 1. Cellular Dynamics in PM-Induced Autoimmunity. The progression of autoimmunity induced by exposure to PM encompasses several pivotal stages. These
include the consequential effects on lung tissues, intricate cellular responses, mechanisms leading to cell death, inflammatory processes, alterations in the lymphocyte
profile, engagement of the AhR pathway, modulation of DNA methylation, and the ensuing transcriptional effects. Abbreviations: AhR: Aryl hydrocarbon receptor,
NETs: Neutrophil extracellular traps, PM: Particulate matter, ROS: Reactive oxygen species, Th: T helper cells, Tregs: Regulatory T cells.
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expression has the potential to prevent PMj; s-induced cardiovascular
diseases [39]. PMjys-treated skin keratinocytes produced IL-6. This
process is initiated when PMj 5 binds to TLR5, triggering intracellular
signaling through MyD88 and leading to the translocation of nuclear
factor-kappa B (NFkB) into the nucleus, where it binds to the IL-6 pro-
moter. Furthermore, the enhanced transcription of IL-6 induced by
PM; 5 is regulated through epigenetic modifications involving DNA
methylation and histone methylation [40]. Additionally, upon exposure
to PM, human bronchial epithelial cells secrete a range of inflammatory
markers, including leukemia inhibitory factor, granulocyte-macrophage
colony-stimulating factor (GM-CSF), IL-1a, IL-1p, IL-6, and IL-8. These
markers play a significant role in both local and systemic inflammatory
responses [41-43].

Exposure to PM also causes changes in the lymphocyte profile to-
wards an effect and inflammatory phenotype. In mice, chronic exposure
to PMa 5 caused a transition in lung CD4" T cells from a Th1 to a Th17
profile. Notably, the proportion of regulatory T cells (Tregs) in the lungs
remained low, whereas it increased in the bloodstream and spleen [44].
Exposure of peripheral blood mononuclear cells (PBMCs) from patients
with ADs and healthy individuals to PM in the air of Krakow led to the
upregulation of Th1l and Th17 cells [45]. This indicates changes in the
polarization of CD4" T cell subsets towards a proinflammatory state.
This Th17 polarization is dependent on the aryl hydrocarbon receptor
(AhR) [46]. AhR is a transcription factor responsible for regulating the
expression of enzymes that metabolize xenobiotics. Additionally, it is
activated by persistent organic pollutants, including PM and dioxins.
Under stable conditions, AhR resides in the cytosol and translocates to
the nucleus when bound to a ligand. It interacts with xenobiotic
responsive elements in target gene promoters, controlling their tran-
scription. AhR’s interactions with other transcription factors, some
involved in the immune system, influence gene expression [47]. The
AhR pathway plays a role in inflammatory processes and adaptive im-
mune responses, influencing the equilibrium between effector and
Tregs, thus contributing to the development of ADs [20].
Collagen-induced arthritis and the Th1/Th17 balance depend on the
presence of AhR [48].

Another mechanism at play involves the antigen-presenting cell
(APC) maturation through oxidative stress [49,50], providing them with
the co-stimulatory molecules necessary for T lymphocyte activation.
Supporting this, Castaneda et al. [51], demonstrated that PM enhances
dendritic cell (DCs) activation, steering the differentiation of naive T
cells toward a Th17-like phenotype in both in vitro and in vivo. PM can
act as adjuvants, stimulating the development of active immune re-
sponses against antigens. Mouse models exposed to PM exhibit an
elevated production of antigen-specific cytokines and immunoglobulins
[52-54]. Consequently, exposure to air pollution induces oxidative
stress in the respiratory pathways, an increase in proinflammatory cy-
tokines, and the maturation of resident DCs that migrate to local lymph
nodes [55]. These activated DCs present autoantigens, triggering an
autoimmune response.

Numerous studies have emphasized the transcriptional effects after
exposure to PM. Vrijens et al. [56], demonstrated alterations in gene
expression and activated pathways following PM, 5 and PM;( exposure
in healthy individuals. Investigations on human bronchial epithelial
cells exposed to PM during distinct seasons revealed variations in the
transcriptome profile [57]. Huang et al. [58], reported genome-wide
alterations in gene expression and DNA methylation patterns in bron-
chial epithelial cells after exposure to PM, 5. Tsai et al. [59], observed
that PM induces inflammatory responses in RA fibroblast-like synovio-
cytes, identifying microRNA-137 as a mediator in PM-induced inflam-
matory pathways. In vivo findings in PM-exposed rats demonstrated that
activation of MAPK pathways, increased expressions of IL-6 and COX-II
through the negative regulation of hsa-miRNA-137, exacerbating RA. A
study involving PBMCs from healthy donors and patients with athero-
sclerosis, RA, and multiple sclerosis exposed to air particles from Kra-
kow revealed increased gene expression associated with chemokine and
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cytokine signaling, cell adhesion, apoptosis regulation, TLR signaling,
cellular metabolism, and Thl and Th2 cell differentiation [60]. The
regulated genes suggest potentially implicated biological mechanisms in
the development and progression of ADs.

The intricate interplay between PM and DNA methylation encom-
passes diverse pathways. PM-generated ROS initiate the oxidation of 5-
hydroxy-mC, culminating in consequential DNA methylation. Simulta-
neously, the presence of ROS triggers interactions between histone
deacetylase and DNA methyltransferases (DNMTs)-1, instigating modi-
fications in DNA methylation levels [61]. Furthermore, PM disrupts the
normal function of DNMTs binding with DNA and inducing hypo-
methylation of CpG cytosine residues, thereby perturbing the delicate
machinery of DNA methylation [62]. Hypomethylated regions of
IFN-regulated genes in naive CD4" T cells, B cells and monocytes from
SLE patients may be epigenetically poised for rapid induction upon
stimulation by air pollution [63]. In a study by Lanata et al. [64], sig-
nificant hypomethylation associated with a single gene, UBE2U, was
observed at three sites in SLE patients residing near a major highway.
However, another study, which specifically assessed the association
between PM, 5 levels and DNA methylation in a cohort of SLE patients,
revealed hypomethylation in various genes, including TTC17, SGCB,
CCDC26, AFF3, KCP, VGLL4, CNTN2, NPHP4, and GAPVDI. It is note-
worthy that no CpG site in UBE2U reached statistical significance [65].

Prolonged exposure to PM has the potential to induce systemic
inflammation and contribute to the development of ADs [66]. Fine and
ultrafine particles can easily penetrate the blood-air barrier and accu-
mulate in tissues, thereby enhancing their potential to exert toxic effects
as their size decreases [67]. In NOD mice, an experimental model for SS,
exposure to PM resulted in peribronchial lymphocytic infiltrates
accompanied by a reduction in alveolar space [68]. This suggests that air
pollution has the potential to worsen pre-existing lung injuries in in-
dividuals with SS. These findings suggest that air pollution may exac-
erbate pre-existing lung injuries in individuals with ADs, emphasizing
the broader impact of prolonged PM exposure on respiratory health and
autoimmune conditions.

2.2. Silica

Silica, or silicon oxide, is a naturally occurring compound commonly
found in nature as quartz, presenting itself in various forms, including
both crystalline and amorphous structures. While silica is ubiquitous
and has numerous industrial applications, its impact on human health
has garnered significant attention. Continuous exposure to respirable
crystalline silica, especially particles smaller than 10 pm, has been
linked to various pulmonary pathologies. These include well-known
conditions such as silicosis, bronchitis, and an increased risk of devel-
oping cancer [69]. Silicosis, in particular, is a progressive and irre-
versible lung disease caused by the inhalation of crystalline silica dust
over an extended period [70].

Moreover, recent research has unveiled another dimension to the
health effects of silica exposure. There is accumulating evidence sup-
porting a connection between prolonged exposure to crystalline silica
dust in occupational settings and the development of systemic ADs [71].
Occupational settings notorious for silica exposure are often termed
"dusty trades," with mining and construction being primary examples. In
these environments, materials containing crystalline silica are
frequently reduced to dust or small particles, creating an inhalation risk
for workers [72]. The implications of silica exposure extend beyond
pulmonary issues, raising broader concerns about its potential role in
contributing to ADs.

2.2.1. Silica-driven autoimmunity: exploring molecular and cellular
mechanisms

When respirable crystalline silica enters the lungs, it initially in-
teracts with macrophages, triggering the activation of diverse cellular
and molecular pathways. Through scavenger receptors, macrophages
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ingest silica crystals, leading to the release of cytokines such as IL-1f,
IFN-y, TNF-a, transforming growth factor (TGF)-p, macrophage inflam-
matory proteins (MIP), and monocyte chemoattractant protein (MCP)-1
[73,74]. This process initiates a potent inflammatory response, resulting
in lung damage. Moreover, the ingestion of these crystals by macro-
phages leads to lysosomal dysfunction, with the subsequent release of
cathepsin B, prompting macrophage death and the release of ingested
silica particles. These silica particles are then phagocytosed again by
other macrophages, creating an inflammatory loop and promoting
fibrogenesis. Similarly, macrophages derived from human monocytes
display impaired efferocytosis, leading to the prolonged presence of
apoptotic cells and the subsequent release of intranuclear components.
The reduced efferocytosis and the emergence of an M1 phenotype,
suggests a potential mechanism contributing to the exacerbation of
systemic ADs associated with silica exposure [75,76]. This environment
may provide an excess of antigens that are then ingested by activated
macrophages or DCs, subsequently migrating to local lymph nodes.
Within these lymph nodes, these APC, loaded with apoptotic material,
activate T and B cells, thereby inducing an autoimmune response [77].
The body’s challenge in eliminating silica from the lungs prolongs this
cycle, progressing from an autoimmune response to a systemic AD
(Fig. 2).

The exposure to silica in various experimental models has illumi-
nated potential mechanisms underlying autoimmune responses. In a
study conducted by Foster et al. [78], wildtype mice, comprising both
healthy and lupus-prone strains, along with mice carrying an autoanti-
body transgene, were subjected to silica exposure. This exposure led to
lung damage and elicited autoimmune responses across all strains.
Surprisingly, this exposure did not significantly disrupt central B cell
tolerance, even in genetically susceptible environments, suggesting that
silica may impact alternative checkpoints or require additional in-
teractions for tolerance loss. The unique autoantibody transgene system
revealed the presence of transgenic B cells and antibodies in various
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tissues. Furthermore, silica-induced lung injury subtly altered the
regulation of autoreactive B cells, potentially modulating B cell anergy,
unmasked by exposure to TLR ligands. In New Zealand mixed mice
prone to SLE, silica exposure led to a significant increase in serum
antinuclear antibodies (ANAs) and anti-histone antibodies. Elevated ti-
ters of these autoantibodies may result from silica-induced apoptosis,
leading to an excess of apoptotic material presented to the immune
system. Additionally, increased mortality rates were observed, along
with indicators such as proteinuria, circulating immune complexes,
pulmonary fibrosis, and complement C3 deposition within the kidney
[79]. The immune activation observed in this experimental model
coincided with an elevation in Bla B and CD4" T cells in the superficial
cervical lymph nodes, an increase in TNF-a levels in BALF, and a
decrease in Tregs, favoring a profile of auto-reactivity [80]. Following
exposure to crystalline silica in the BALF of NZBWF1 mice, Rajasinghe
etal. [81], observed a strong IgG and IgM autoantibody response against
lupus-associated autoantigens, including DNA, histones, ribonucleo-
protein (RNP), Smith antigen, Ro/SSA, La/SSB, and complement.
Moreover, crystalline silica induced the production of autoantibodies
targeting autoantigens associated with various autoimmune conditions.
These conditions include RA (collagen II, fibrinogen IV, fibrinogen S,
fibronectin, and vimentin), SS (a-fodrin), SSc (topoisomerase I), vascu-
litis (MPO and PR3) and myositis (Mi-2, TIF1-y, and MDA-5). Conse-
quently, exposure to sodium silicate resulted in heightened levels of
serum ANAs and anti-RNP antibodies in Brown Norway rats [82].
Another way in which autoantigens can be released, thereby promoting
an autoantibody response, is through the recognition of charged mo-
lecular silica particles by neutrophils, triggering the process of NETosis
[83].

Exposure to crystalline silica in lupus-prone NZBWF1 mice induced
robust inflammatory responses in the lungs, leading to the formation of
ectopic lymphoid tissue. Elevated levels of autoantibodies and proin-
flammatory cytokines, including MCP-1, TNF-a, and IL-6, were observed
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in both plasma and BALF [84]. This suggests a close correlation between
pulmonary inflammation, ectopic lymphoid neogenesis, and systemic
autoimmune responses. Similarly, in a study by Chauhan et al. [85],
elevated secretion of IL-1a, IL-1f, IL-6, IL-18, TNF-a, MCP-1, and B cell
activation factor (BAFF) was observed in NZBWF1 mice after crystalline
silica exposure.

Epidemiological studies have established associations between ADs
such as RA, SSc, SLE, and vasculitis/nephritis with anti-neutrophil
cytoplasmic antibodies (ANCA) and silica exposure (Table 1). Specif-
ically, silica exposure is associated with an increased risk of these con-
ditions, affecting disease onset, severity, and patient outcomes. In the
case of SSc, silica exposure is linked to earlier disease onset, greater
severity, and higher mortality rates. For RA, silica exposure is correlated
with a higher risk of disease development and elevated autoantibody
levels, particularly in ACPA-positive RA. Regarding SLE, silica exposure
is associated with an increased risk, especially among those with pro-
longed industrial exposure.

Prolonged exposure to crystalline silica leads to silicosis, marked by
persistent lung inflammation and fibrosis. Individuals diagnosed with
silicosis are prone to developing autoimmune conditions characterized
by a prominent humoral immune component [72]. Silica exposure
combined with smoking in men is associated with a higher risk of
developing ACPA-positive RA [86]. Silicosis patients test positive for
autoantibodies like ANA, SS-A, CENP-B, and even autoantibodies
against molecules associated with apoptosis such as Fas and caspase-8
[87]. Brilland et al. [88], demonstrated that exposure to crystalline
silica is associated with notable alterations in the T cell compartment.
Specifically, the researchers observed a reduction in the frequency of
Tregs, an elevation in the activation status of T cells, and a breakdown in
tolerance against autoantigens. Furthermore, individuals exposed to
crystalline silica displayed an increased detection of serum autoanti-
bodies, offering additional support for early changes in the T cell
compartment before the onset of silicosis or ADs.

2.3. TCDD

2,3,7,8-Tetrachlorodibenzodioxin is a highly toxic organic chemical
compound, a member of the dioxin family. Identified as TCDD, it is
generated as a byproduct in diverse chemical activities and industrial
processes involving chlorophenols and other chlorinated compounds,
such as herbicide and bactericide production (e.g., hexachlorophene), as
well as the combustion of chlorinated organic compounds.

The persistence of TCDD in the environment raises significant con-
cerns for human health. It is detected in various sources, ranging from
meat and fat-rich foods to water and air, commonly associated with
environmental contamination and occupational exposure through
inhalation, ingestion, or dermal contact. The toxic effects of TCDD are
initiated through the formation of the receptor-dioxin complex at the
AhR receptor, a pivotal component for the body’s detoxification pro-
cesses. This complex, facilitated by a translocating protein, translocates
to cellular DNA, activating genes related to biotransformation enzymes
and cell growth/division. If dioxin remains bound, continuous enzyme
production ensues. Although a small amount of dioxin undergoes
metabolism and elimination, the majority accumulates in body fat [89].
Adverse health effects linked to TCDD exposure encompass dermal
toxicity, immunotoxicity, and reproductive consequences (teratoge-
nicity, endocrine disruption, and potential carcinogenic effects).
Recognizable signs of severe acute poisoning include chloracne,
porphyria, transient hepatotoxicity, as well as peripheral and central
neurotoxicity. The estimated half-life of TCDD in humans ranges from 6
to 10 years [90].

2.3.1. TCDD: influence on autoimmune mechanisms

In recent studies investigating the impact of TCDD exposure on
various immune-related conditions, significant findings have emerged,
shedding light on the intricate relationship between TCDD,
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inflammatory pathways, and ADs such as RA and SLE.

In a study conducted by Kobayashi et al. [91], the stimulation of RA
synoviocytes with TCDD resulted in an increase in the expression of
inflammatory cytokines, including IL-1p, IL-6, and IL-8, mediated
through the activation of the AhR. This regulatory effect involved two
crucial signaling cascades, namely the NFxkB and ERK pathways.
Furthermore, investigations in Vietnamese individuals with dioxin
exposure revealed a positive correlation between elevated dioxin levels
and the expression of AhR, IL-1p, TNF-a, and IL-6. The higher incidence
of RA in this exposed group compared to the general Vietnamese pop-
ulation, suggests a potential link between dioxin exposure and the
development or exacerbation of RA [92]. The correlation identified
between AhR expression and inflammatory cytokine levels provides
insights into a plausible molecular mechanism through which TCDD
exposure may contribute to RA pathophysiology.

Additionally, perinatal exposure to TCDD can lead to more severe
and persistent immunosuppression than exposure in adults, as demon-
strated in rodent studies. TCDD, crossing the placenta, disrupts the
normal maturation of prenatal thymocytes and influences the expression
of T-cell receptors and MHC class II molecules in the thymus. During the
juvenile stage, mice prenatally exposed to TCDD show an increased
presence of peripheral T cells with autoreactive variable beta receptors.
These findings suggest that gestational exposure to TCDD may interfere
with the typical development of central tolerance in the thymus [93].
Prenatal exposure to TCDD significantly exacerbated the progression of
SLE in SNF1 mice, marked by renal immune complex deposition,
glomerulonephritis, and mesangial proliferation. Moreover, this expo-
sure had persistent effects on the immune systems, disrupting B cell
development and altering immune cell populations. Females displayed
reduced IL-10 production, while males exhibited decreased IL-4 pro-
duction. Notably, both genders showed increased autoreactive T cells,
with a distinctive observation that only male mice had elevated levels of
anti-dsDNA and cardiolipin autoantibodies [94]. Likewise, the admin-
istration of TCDD to time-pregnant high-affinity AhR C57BL/6 mice
during gestation revealed significant gender-specific immune dysregu-
lation. Changes were observed in thymic weight, thymocyte percent-
ages, spleen T cell populations, bone marrow B cell progenitors, and an
increase in autoantibody titers (dsDNA, ssDNA, and cardiolipin) [95].
Neonatal exposure to TCDD in NFS/sld mice, a model for SS, resulted in
autoimmune lesions in the salivary glands and later-phase inflammatory
cell infiltrations in various organs. Furthermore, alterations in thymic
selection, increased production of Th1 cytokines, and elevated levels of
autoantibodies were evident [96]. These findings suggest that prenatal
exposure to TCDD induces persistent humoral immune dysregulation
and alters cell-mediated responses, potentially elevating the risk of ADs
in adulthood.

On the other hand, chronic exposure to TCDD exhibited immuno-
suppressive effects in a murine model of SLE. Mice exposed to TCDD
demonstrated a decreased incidence of albuminuria, diminished levels
of anti-DNA antibody and total IgG, as well as alterations in immune
parameters, including reduced thymic and splenic weights, shifts in the
percentages of specific immune cell populations (such as CD4" CD8™"
thymocytes and splenic CD4 " T cells), an increased percentage of splenic
B220+ IgM + B cells, and elevated serum IFN-y concentration when
compared to the control group [97]. Similarly, in Dutch workers occu-
pationally exposed to herbicides and chlorophenoxy contaminants,
including TCDD, significant decreases in fractalkine, TGF-a, and fibro-
blast growth factor 2 were observed, suggesting that exposure to TCDD
can suppress the immune system, and alterations in chemokine- and
growth factor-dependent pathways could contribute to TCDD toxicity
and associated health effects [98]. To further affirm this immunosup-
pressive effect, it has been demonstrated that TCDD induces the gener-
ation of Tregs via the AhR, thereby preventing autoimmune responses in
various models, including graft-versus-host response [99], experimental
autoimmune encephalitis [100], and Type 1 diabetes in NOD mice
[101].
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Table 1
Epidemiological evidence demonstrating the association between air pollution and autoimmune diseases.

Disease Air pollution Population studied Result/immune alteration References

Autoimmune rheumatic PM, 5 Population of Canada (n = 6 million). Significant association between the incidence of ADs and PM; 5, [103]

diseases

Autoimmune rheumatic PMy 5 Population of Canada. Exposure to PM; 5 may be associated with an increased risk of systemic [104]

diseases ADs, including SLE, SSc, SS, dermatopolymyositis, and undifferentiated
connective tissue disease.

CTD include RA, SLE, SSc Silica Patients from France (n = 764). SSc was significantly more prevalent in the Silica-associated CTD group. [105]

and dermatomyositis Silica-associated CTD was characterized by the frequency of radiological
pulmonary fibrosis, altered lung function tests, secondary SS, and ANAs.

CTD include RA, SLE, SSc,  Silica Cases of silicosis from the United Individuals diagnosed with silicosis have a heightened risk, ranging from [106]

and vasculitis States (N = 790). two to eight times more likely, of developing RA and SLE. Notably, there is
a substantially increased risk of 24 times for the occurrence of SSc and
ANCA-associated vasculitis in these individuals.

SLE PM, 5 Patients from Chile (n = 4062). The acute increase in air pollution raises the risk of hospitalization with a [107]
primary diagnosis of SLE.

SLE PM, 5 Patients from Brazil (n = 32). There was no statistical association between PM levels and the activity of [108]
SLE.

SLE PM, 5 Patients from China (n = 546). Elevated levels of PM, 5 are associated with hospital admissions for SLE as [109]
well as the risk of relapse.

SLE PM, 5 Patients from China (n = 8552). PM, 5 is a risk factor for lupus nephritis within one month after exposure. [110]

SLE PM, 5 Patients from Taiwan (n = 1292). PM, 5 is associated with an increased risk of SLE. [111]

SLE PM;5 Patients from the United States (n = Differential methylation signature in SLE patients with higher exposureto  [65]

271). PM,s.

SLE PM;o Patients from Brazil (n = 22). PM; is a risk factor for the activity of juvenile-onset SLE (SLEDAI-2K score [112]
>8) approximately 2 weeks after exposure.

SLE Silica SLE patients (n = 265) and healthy Patients with SLE have a history of medium to high silica exposure in [113]

individuals (n = 355) from the United  agriculture or commerce compared to controls.
States.
SLE Silica SLE patients (n = 95) and healthy Exposure to silica in various industrial occupations in urban settings is [114]
individuals (n = 191) from the United  linked to an elevated risk of SLE. Prolonged exposure to silica dust is
States. associated with higher risks.

SLE Silica SLE patients (n = 258) and healthy Exposure to silica was associated with an increased risk of SLE, especially [115]

individuals (n = 263) from Canada. in those who never smoked.
RA PMy 5 Individuals from Taiwan’s National Higher risk of RA in participants exposed to PMj s. [116]
Health Insurance system (N =
244,413).

RA PMy 5 Individuals from South Korea (n = The incidence of RA was positively associated with the increase in PMj s, [117]
230,034). but not with coarse particles.

RA PM, 5 Patients from the United States (n = Exposure to PM s is linked to elevated concentrations of ACPA. [118]
557).

RA PM First-degree relatives of a patient with ~ The autoantibodies related to RA, as well as sensitive or inflamed joints, [119]
RA from the United States (n = 1767). are not linked to environmental PM concentrations.

RA Silica Patients from Sweden (n = 31,139). The study reveals a statistically significant elevation in odds ratios for both [120]
seropositive and seronegative RA in men with silica dust exposure.

RA Silica Workers exposed to silica from Workers in foundries exposed to silica encountered a 57 % increase in the ~ [121]

Sweden (n = 2551). likelihood of developing RA. This heightened risk was more pronounced
among individuals with prolonged exposure, advanced age, and higher
levels of dust exposure during their occupational activities.

RA Silica RA patients (n = 11,285) and healthy Male workers exposed to silica face an increased risk of RA, with [122]

individuals (n = 115,249) from seropositive RA rising in correlation with the number of years exposed to
Sweden. silica.
RA Silica Incident cases of RA (n = 577) and Subjects exposed to silica have a moderately higher risk of ACPA-positive  [86]
controls (n = 659) from Sweden. RA. Moreover, a significantly increased risk of ACPA-positive RA was
observed among current smokers exposed to silica, suggesting an
interaction between these exposures.

RA Silica derived Miners from Colorado, New Mexico, Workers in hard rock and other underground and surface mining [123]

from hard rock and Utah (n = 1988). occupations exhibited a three to fourfold elevated risk of developing RA.

RA Silica Workers exposed to silica from Korea More workers exposed to silica without a diagnosis of pneumoconiosis [124]

(n = 149,948). were hospitalized for RA than the general population.

RA Silica Patients with RA and the general Women with RA exhibit elevated levels of silica exposure, primarily [125]

population of France. stemming from cleaning and dusty laundry tasks.

RA Dioxins Individuals exposed (n = 60) and non- A significantly higher incidence RA was observed in the exposed group, in ~ [92]

exposed (n = 20) from Vietnam. contrast to the general Vietnamese population.

RA and SSc Silica General Population (n = 2911) and In both RA and SSc patients, as well as the control group, the significant [126]

patients with RA (n = 97) and SSc (n lifetime exposure gap to silica was primarily attributed to occupational
= 100) from France. exposure. Moreover, within both diseases, men consistently exhibited
higher exposure scores than women.

SS PM Patients from Argentina (n = 30). Patients with SS showed a significant association between high levels of air ~ [127]
pollution and ocular surface diseases, tear breakup time, vital staining, and
impression cytology.

SS PM, s and PM;, Patients from China (n = 1119). Exposure to PM; 5 and PM; o was significantly associated with an increased [128]
risk of hospitalizations for SS.

SSc PM, 5 Patients from Thailand (n = 2094). The exposure to PM, 5 increased the risk of overall mortality, as well as [129]

death due to pneumonia, pulmonary fibrosis, cardiac involvement, renal
impairment, and cancer among patients with SSc.

(continued on next page)
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Table 1 (continued)

Disease Air pollution Population studied Result/immune alteration References

SSc PM, s and PM;o Patients from Italy (n = 87). PM; and PM, 5 significantly worsened the severity of the Raynaud [130]
phenomenon in patients with SSc.

SSc PM, s and PM; Patients from France (n = 181). No association was found between exposure to PM and the severity of the [131]
disease at the time of diagnosis.

SSc Silica Patients from Canada (n = 1439). Exposure to silica was associated with an earlier age at diagnosis and [132]
increased severity and mortality of the disease.

SSc Silica Patients from Australia (n = 1670). The highest percentage of silica exposure was identified in males. These [133]

patients were more inclined to manifest specific clinical symptoms, as well
as the Scl-70 antibody, which is associated with a poorer prognosis.
SSc Silica Patients from Australia (n = 100). In patients with SSc, the existence of mediastinal and hilar thoracic [134]
lymphadenopathy in high-resolution computed tomography was linked to
silica exposure and significantly correlated with a more severe progression
of interstitial lung disease.

SSc Silica SSc patients (n = 160) and healthy Silica exposure is a determinant factor in male SSc, exhibiting a prolonged ~ [135]
individuals (n = 83) from Australia. latency and clinical features indistinguishable from idiopathic disease.

SSc Silica SSc patients (n = 80) and healthy Occupational exposure to silica dust was documented in a significant [136]
individuals (n = 50) from Italy. proportion of SSc patients. Micro and nanoparticles of silica were detected

in the serum of all exposed patients, with significantly higher silicon levels
in SSc patients compared to controls. Furthermore, higher silicon levels
were observed in patients with occupational exposure, diffuse cutaneous
SSc, myositis, and/or pulmonary fibrosis.

Abbreviations: ACPA: anti-citrullinated protein antibody, ADs: Autoimmune diseases, ANAs: antinuclear antibodies, CTD: connective tissue disorders, PM: particulate
matter, RA: rheumatoid arthritis, SLE: systemic lupus erythematosus, SLEDAI-2K: Systemic Lupus Erythematosus Disease Activity Index 2000, SS: Sjogren’s syndrome,
SSc: Systemic Sclerosis, TCDD: 2,3,7,8-tetrachlorodibenzo-p-dioxin.

In the midst of an expanding body of research that unveils the meticulous analyses of saliva samples, the study reveals how TCDD
complex interconnections between exposure to TCDD, inflammatory amplifies the transcription of the BZLF1 gene, orchestrating the transi-
pathways, and ADs such as RA and SLE, the investigation by Inoue et al. tion from latent to lytic EBV infection. These findings not only provide
[102], explores a distinctive dimension. Their exploration centers on the fresh perspectives on the physiological effects of dioxins but also

capacity of the AhR, activated by TCDD, to trigger the reactivation of the contribute to advancing our comprehension of the AhR-dependent
Epstein-Barr virus (EBV) in individuals affected by primary SS. Through pathogenesis underlying ADs.

Perinatal exposure :
p Chronic exposure
° Juvenile stage ’g
|
> f 1
Disregulation Autoimmunity Immunosuppression Immunosuppression Inflammation-RA
of the immune system progression ¢ ¢ ¢
¢ ¢ SLE model « Decrease in fractalkine, AhR expression
+ Maturation of thymocytes Peripheral T cells « Decrease in the incidence of TGF-a, and FGFR2
and expression of the TCR with autoreactive beta albuminuria and anti-DNA + Increase in Tregs-AhR
« Central tolerance receptors antibodies
- Bcell development ¢ « Changesin CD4+ CD8_+ NFKB-  IL-1B, IL-6,
thymocytes and splenic ERK pathways  IL-8 and TNF-a
SLE model CD4+T cells cytokines
+ Immune complex deposition « Increase in the percentage of
in the kidney, B cells (B220+ IgM+) in the
glomerulonephritis, and Ispleen in IEN
mesangial proliferation * iherease TGNy
« Anti-dsDNA and cardiolipin
autoantibodies
SS model
+ Autoimmune lesions in the
salivary glands and infiltrations of

inflammatory cells
« Production of Th1 cytokines and
autoantibodies

Fig. 3. Timeline and Impact of TCDD on Autoimmune Diseases. The timeline includes the stimulation of inflammatory pathways, perinatal influences, con-
trasting roles in the immune system, and the unique dimension of EBV reactivation. The intricate balance between pro-inflammatory and immunosuppressive effects
highlights the complexity of TCDD’s impact on autoimmunity.

Abbreviations: AhR: Aryl hydrocarbon receptor, EBV: Epstein-Barr virus, ERK: Extracellular signal-regulated kinase, FGFR2: Fibroblast growth factor receptor 2,
IFN: Interferon, IL: Interleukin, NFkB: Nuclear factor kappa B, RA: rheumatoid arthritis, SLE: systemic lupus erythematosus, SS: Sjogren’s syndrome, TCDD: 2,3,7,8-
tetrachlorodibenzo-p-dioxin, TCR: T cell receptor, TGF: Transforming growth factor, Th: T helper cells, TNF: Tumor necrosis factor, Tregs: Regulatory T cells.
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TCDD exhibits a dual role in the immune system, with proin-
flammatory effects implicated in AD development, particularly in RA
and SLE (Fig. 3). Conversely, chronic exposure to TCDD demonstrates
immunosuppressive effects, affecting immune cell populations and
promoting Tregs generation. The intricate balance between these con-
trasting effects suggests that TCDD’s impact on autoimmunity is com-
plex and context-dependent. Further research is needed to fully
comprehend the mechanisms involved, enabling the development of
targeted therapeutic strategies for immune-mediated diseases.

3. Conclusions

The expanding body of research elucidating the intricate relationship
between exposure to air pollutants and ADs underscores the multifac-
eted nature of immune responses within the context of environmental
factors. The association between PM exposure and the development of
ADs is characterized by a cascade of events, including inflammatory
responses, oxidative stress, and epigenetic modifications. Inhalation of
respirable crystalline silica initiates autoimmune responses by acti-
vating macrophages and releasing cytokines, creating a recurrent in-
flammatory loop that contributes to fibrogenesis and promotes
autoimmunity. Conversely, despite its highly toxic nature, TCDD plays a
dual role in the immune system. While it activates inflammatory re-
sponses associated with ADs such as RA and SLE, chronic exposure re-
veals immunosuppressive effects, impacting cellular populations and
promoting the generation of regulatory T cells.

Both experimental and epidemiological studies consistently support
the link between air pollutant exposure and ADs, emphasizing the
imperative need to comprehend these mechanisms to address health
risks. These findings not only have critical implications for public health,
but also underscore the necessity of environmental regulations to pre-
vent and mitigate the burden of ADs in the population. As our under-
standing of these complex immunological mechanisms increases, it
becomes more and more evident that a holistic approach is essential to
address the challenges posed by environmental factors in the realm of
ADs.
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