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ABSTRACT

Pollution has long been incriminated in many cardiovascular and respiratory diseases. More
recently, studies evaluated the potential role for particulate pollutants in autoimmune
diseases, including rheumatoid arthritis (RA). The incidence of RA was found to be higher
in urban areas. Living near air pollution emitters was associated with higher risks of
developing RA and of producing RA-specific autoantibodies. Nevertheless, no strong
epidemiological evidence exists to link one or more specific air pollution particles to RA.
The presence in the bronchi of lymphoid satellite islands (inducible bronchus-associated
lymphoid tissue, iBALT) is strongly associated with both inflammatory lung disease and
RA-associated lung disease. Diesel exhaust particles can stimulate iBALT formation. The
induction by air pollution of an inflammatory environment with high citrullination levels in
the lung may induce iBALT formation, thereby causing a transition toward a more specific
immune response via the production of anti-citrullinated peptide antibodies. Air pollution
not only triggers innate immune responses at the molecular level, increasing the levels of
proinflammatory cytokines and reactive oxygen species, but is also involved in adaptive
immune responses. Thus, via the aryl hydrocarbon receptor (AHR), diesel exhaust particles
can trigger a T-cell switch to the Th17 profile. Finally, in the murine collagen-induced

arthritis model, animals whose lymphocytes lack the AHR develop milder arthritis.
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1.

Introduction

Rheumatoid arthritis (RA) is an autoimmune disease that is mediated by both genetic
and environmental factors. Although the joints are the chief targets of RA [1], other tissues —
most prominently the lung — can be involved. Lung disease is common in RA, notably
during the phase leading up to the disease, when biological markers are found despite the
absence of symptoms. Although all the anatomic structures of the lung may be affected,
studies suggest predominant involvement of the airways in early asymptomatic RA [2—4].
Vital capacity diminishes, bronchiectasis develops, and an infiltrate of lymphocytes and
plasma cells indicates chronic inflammation [2]. These abnormalities are strongly associated
with the presence of anti-citrullinated peptide antibodies (ACPAS) in serum, alveolar, and
bronchial biopsy specimens. Usual interstitial pneumonitis, (UIP), i.e., diffuse idiopathic
interstitial lung disease, is found in nearly 60% of patients with established RA [5].

The posited involvement of the lung in the pathophysiology of RA has received
support over the last decade from studies into the effects on the disease of several inhaled
environmental factors. The role for smoking is now firmly established [6]: smoking is
strongly associated with the development, severity, and treatment response of RA. In HLA-
DRB1-positive individuals, cigarette smoke initiates the protein citrullination process that
leads to ACPA production. Silica, which is also found in ambient air, has been incriminated
in the pathophysiology of RA [7-9].

Air pollution is also a focus of research in the field of autoimmunity. That air pollution
is linked to mortality and morbidity from respiratory and cardiovascular diseases was
recognized as early as the 1950s [10]. More recently, studies have addressed the potential
role for air pollution in the development of autoimmune diseases such as RA. Evidence

suggests that, instead of a mere interface between air and the bloodstream, the airway tissues



may be capable of transforming air particles and presenting them as antigens. Thus, the
particles in ambient air act as precursors and generators of autoimmunity.
Here, the epidemiological evidence linking air pollution to RA is discussed, as well as

the potentially relevant cellular and molecular mechanisms.

Effect of air pollution

The pollutants found in air are produced by human activity (e.g., vehicles,
manufacturing, smoking, and agriculture) and by natural sources (e.g., forest fires and
volcanic eruptions). Both anthropogenic and geogenic pollutants are a mixture of gases
(nitrogen dioxide [NOz2], sulfur dioxide [SO2], ozone [Oz], and carbon monoxide [CO]) and
particulate matter (PM). PM can be classified based on the nature of the particles, i.e.,
chemical (hydrocarbons), metallic (nickel, iron), mineral (silica, quartz), or biological (e.g.,
pollen and endotoxins). However, particle size is the most relevant classification criterion.
Coarse particles (PM1o) measure less than 10 um in diameter, fine particles (PM2s) less than
2.5 um, very fine particles (PMz1,o) less than 1 um, and ultrafine particles (PMo.1 or UFPS)
less than 100 nm (i.e., are nanoparticles). The World Health Organization has stated that
annual mean concentrations per cubic meter of ambient air should not exceed 40 ug for
PMyo and 25 pg for PM2s in the European Union [11]. Before the 1980s, the chief sources of
PM were wood- and coal-burning heating devices, gasoline, and diesel fuel. These sources
produce coarse sulfur-rich particles that are now less abundant proportionally in ambient air,
due to advances in industrial emissions control. PUFs have largely taken their place and
contribute most of the PM burden. PUFs come chiefly from gas-to-particle conversions but
are also produced by internal combustion engines, power plants, incinerators, airplanes, and

other sources. PUFs are too small to be cleared effectively by the airway mucociliary



apparatus or by alveolar macrophage phagocytosis. They consequently deposit preferentially

within the alveoli.

2.1.Epidemiological evidence linking air pollution to rheumatoid arthritis (RA)

RA is a common diseases that occurs throughout the world [12]. Nevertheless, both the
incidence and the prevalence of RA vary widely across geographic areas. The estimated
incidence is 20-50/100 000 in North America and northern Europe compared to 9-

24/100 000 in southern Europe [13]. These differences may be partly ascribable to variations
in genetic susceptibility factors and to methodological bias. RA may be less common in
developing countries, i.e., in countries with lower levels of industrial activity, suggesting an
effect of pollution in the occurrence of RA. Further support for this hypothesis came from
evidence that, within a given country, urban areas had a higher incidence of RA compared to
rural areas [14,15].

Seven large epidemiological studies have specifically addressed the links between air
pollution and the incidence of RA. All of them were conducted in industrialized countries
(Canada, Sweden, Taiwan, and US). A study of 90 297 women from the Nurses’ Health
Study in the US found that traffic exposure assessed as the distance from residence to road
was associated with a higher incidence of RA. After adjustment for age, smoking, ethnicity,
and body mass index, women living less than 50 m from a road had a 31% higher risk of
developing RA compared to women living at more than 200 m from a road [16]. These
findings were then partly corroborated by a case-control study from Canada [17]. Living less
than 50 m from a road was associated with an odds ratio (OR) of 1.37 (95% confidence
interval [95%Cl], 1.11-1.68) of developing RA. Distance from industrial emitters of air

pollutants was studied in the CARTaGENE cohort from Quebec [18]. For each additional



kilometer of distance from emitters of PM2s and SOz, the OR for developing RA was 0.81
(95%Cl, 0.69, 0.96) and the OR for developing ACPAs was 0.92 (95%Cl, 0.84-1.00).

These data prompted epidemiological surveys designed to assess direct links between
exposures to various pollutants and the incidence of RA [17,19-22]. None of these studies
found statistically significant links. Several factors may explain these negative findings.
First, cohort studies assessed exposures to pollutants near the place of residence but
disregarded potential exposures at the workplace or recreational areas. Second, air pollution
is a complex mixture, and focusing on specific components (e.g., gases or PM) may decrease
the likelihood of demonstrating significant associations. According to one hypothesis, the
higher incidence of RA in people living near roads [16—18] may be ascribable specifically to
cadmium exposure and not to other pollutants [23]. Cadmium is a heavy metal that is found
in diesel fuels and was used to manufacture tires and brake pads. Cadmium levels are very
high within 20 m of asphalt-paved roads and may therefore act as a confounding factor in
studies of vehicle-related air pollution. In rats, cadmium exposure was shown to worsen the

manifestations of collagen-induced arthritis [24].

2.2.Effect of air pollution on other autoimmune diseases
These conflicting results contrast with the more robust data from studies of lupus and
other systemic autoimmune rheumatic diseases (SARDs). The association between PM. 5
exposure and the activity of systemic lupus erythematosus (SLE) assessed using the SLE
Disease Activity Index version 2000 (SLEDAI-2K) was studied in patients living on the
island of Montreal [25]. SLEDAI-2K scores were not associated with PM2 s exposure.
However, anti-ds-DNA titers were significantly associated with the PM. s level measured

24-48 h before blood sampling, suggesting a rapid effect of PM2 s variations on SLE flares.



A genome sequencing study established that living within 300 m of a highway was
significantly associated with hypomethylation at three DNA sites in SLE patients but not in
controls [26]. These three sites correspond to a single gene, UBE2U, which encodes an
enzyme involved in protein ubiquitination and DNA repair.

Another study from Canada assessed associations between air pollution and SARDs,
which include SLE, scleroderma, Sjogren’s syndrome, dermatopolymyositis, and
undifferentiated connective tissue disease [27]. Exposure to PMs levels above 5.2 mg/m?®

was associated with a greater risk of developing an SARD (OR, 2.44; 95%Cl, 2.32-4.07).

. The lung is an inducible lymphoid organ

The identification of ACPASs in 1998 was a major stride toward elucidating the
pathophysiology of RA. ACPAs are valuable diagnostic aids, given their greater specificity
compared to rheumatoid factor. However, their discovery also shed light on the epigenetic
modifications that precede the development of RA. ACPAs have strong affinity for
citrullinated proteins such as vimentin, fibronectin, histones, o-enolase, fibrinogen, and
collagen type Il. Citrullination is an epigenetic change produced by enzymes that convert
arginine to citrulline. Protein arginine deiminases 2 and 4 are among these enzymes.
Bronchoalveolar lavage fluid from smokers without RA contains high levels of PADs [28]
and ACPAs [6]. This finding suggests that cigarette smoke or other causes of local
inflammation may activate PADs in lung tissue and induce protein citrullination, thereby
leading to ACPA production. Furthermore, ACPAs have been proven to exert direct
pathogenic effects on joints [29] and have been detected up to 10 years before the onset of
RA symptoms [30]. Thus, the lung may be an autoimmunity initiation site in RA. Bronchus-

associated lymphoid tissue (BALT) may be at the hub of the autoimmunity process.



Inducible BALT (iBALT) (Box 1) develops during infectious, inflammatory, allergic,
and tumoral lung diseases. Furthermore, iBALT is more often found, more extensive, and
better organized in patients with respiratory disease related to RA or Sjogren’s syndrome
compared to those with usual interstitial pneumonitis or hypersensitivity pneumonitis [36].
Both the presence and the size of iBALT islands show positive correlations with serum and
alveolar ACPA titers. These data argue against the induction of BALT by isolated local
inflammation and suggest that an antigenic stimulus is needed. Also, iBALT may be capable
of activating and differentiating B cells into plasma cells with autoantibody-producing
potential.

We are aware of a single in vivo study establishing a direct link between diesel
emission particles (DEPs) and iBALT formation [35]. Wild-type mice were exposed for 3
months to low or high DEP concentrations (100 pg/m® and 3 mg/m?, respectively) then
killed. The histological examination of the lungs showed iBALT only in the group exposed
to high concentrations. ACPAs were not assayed.

This study built on previous experiments demonstrating a role for cigarette smoke and
silica in iIBALT formation. A study reported as early as 1992 demonstrated iBALT
formation in mice exposed to cigarette smoke for 2 months [37]. In human lung, iBALT was
identified in 82% of smokers vs. only 14% of nonsmokers [38]. Finally, mice exposed to
aerosolized silica (70 mg/m?®) for 12 days developed numerous large iBALT structures [34].

Thus, iIBALT seems to develop in response to chronic environmental proinflammatory
stimuli (silica or PM) and is associated with RA-specific autoantibodies (ACPAs) and RA-
related lung disease. The data suggest that iBALT may be a site of antigen presentation and,
therefore, of transition from an innate immune response to an antigen-specific adaptive

immune response in RA (Figure 1).



4. Molecular mechanisms

Numerous experimental studies have been conducted in vitro and in animal models to
assess the effects of pollution at the cellular and molecular levels. Within iBALT structures,
cells involved in both innate and adaptive immune responses coexist and play a role in the

formation and function of iBALT upon stimulation by airborne PM.

4.1. Innate immune responses induced by air pollution

PM inhalation leads to a rapid and massive influx of neutrophils and to the release of
proinflammatory cytokines (e.g., TNF-ae and IL-1 B) [39]. This inflammatory response
depends not only on the amount but also on the nature and diameter of the particles. Thus,
compared to larger particles, PMo.1 induce a stronger inflammatory response [40] and greater
IL-6 release, whereas IL-8 release is similar across particle sizes [41].

These data have been corroborated in humans. Changes in proinflammatory cytokine
levels induced by various exposures have been evaluated in healthy individuals [42]. A
retrospective study showed that Oz and SO, exposure was followed by a significant rise in
serum IL-6 levels [43]. The IL-6 elevation was greatest within 4 days after exposure to high
Oszor SO levels and diminished subsequently. Furthermore, TNF-a., prostaglandin, C-
reactive protein, and IL-1 [ levels were considerably higher in children living in Mexico city
compared to their counterparts in a small town with less air pollution [44].

In addition to local inflammation, air pollution induces oxidative stress. PUFs seem to
have the strongest effect in this regard [45,46]. Reactive oxygen species, which are released
by neutrophils and macrophages, induce alterations in proteins, particularly those associated

with DNA, and cause cell necrosis and apoptosis. Reactive oxygen species are also



responsible for the activation and release of neutrophil extracellular traps (NETS), a process
known as NETosis. Dying neutrophils release a net of chromatin strands coated with
proteins from the granules. NETosis is accompanied with elevation of the levels of IL-23
and IL-17 [47], which are involved in iBALT formation [48]. Interestingly, the molecular
structure of NETSs can allow exposure of citrullinated peptides [49]. Thus, in RA, NETs may
be among the mediators that promote the transition from an innate immune response to an

antigen-specific adaptive immune response.

4.2.Adaptive immunity induced by air pollution and role for the aryl hydrocarbon
receptor (AHR) (Figure 2)

Human T cells exposed to DEPs in vitro undergo changes in both function and
phenotype. Thus, exposure to nanoparticles from diesel engines led to a significant decline in
CD25 expression by CD4+ T cells, as well as to decreased production of IL-2 and IFN-y
suggesting inhibition of regulatory T cells (Tregs) and Thl cells [50]. PM exposure also
induced changes in lymphocyte phenotype in animal models. In mice, lung CD4+ T cells
chronically exposed to PMa2 s switched from the Th1 to the Th17 profile [51]. After PM2s
exposure, the proportion of Tregs remained very low in the lungs but increased in the
bloodstream and spleen. Th17 polarization was investigated in greater detail in a study of
cell cultures and in wild-type and ARH”" mice. PM25s exposure led to increased IL-17
production and to Th17 expansion both in vitro and in vivo, and these effects were closely
related to AHR activation [52].

AHR is a transcription factor belonging to the basic-helix-loop-helix/Per-Arnt-sim
(bHLH/PAS) family of proteins. The main function of the AHR is regulation of the
expression of xenobiotic-metabolizing enzymes and of their clearance from the body.

(Xenobiotics are small molecules not naturally found in the body, such as pesticides and

10



medications.) Under stable conditions, AHR is found in the cytosol, within complexes that
also include other molecules such as heat shock protein 90 and protein p23. AHR ligands are
lipophilic and therefore readily cross through the cell membrane. AHR bound to a ligand is
translocated to the nucleus, where it binds to xenobiotic responsive elements (XRESs) located
within the promoters of the target genes (such as cytochrome p450). AHR controls the
transcriptional activity of the target genes by establishing protein interactions with other
transcription factors. Some of these factors exert well-established functions within the
immune system. Examples include signal transducers and activators of transcription (STAT),
NFkB, and receptors for retinoic acid and estrogens [53]. Many in vivo studies have
demonstrated a ubiquitous pattern of AHR expression. Nevertheless, the highest expression
levels in adults are found in the placenta, lung, and liver [54].

AHR was first identified as a receptor for dioxins such as 2,3,7,8-tetrachlorodibenzo-p-
dioxin (TCDD, also known as Seveso dioxin), which are released in the environment during
natural and industrial combustion processes. Since then, other ligands, both agonistic and
antagonistic, have been identified. Many of these ligands are found in food (e.g., fruit,
vegetables, and tea). The most abundant are certain flavonoids, i.e., pigments that give their
color to flowers and fruit. Other environmental factors, such as ultraviolet radiation, can
activate AHR. Thus, AHR is a key mediator of the role for the environment on the
metabolism and immune system.

That AHR is involved in inflammatory processes has been established by many
studies. Thus, TCDD activates the expression of the genes encoding IL-6 and TNF-a [55].
AHR also plays a role in adaptive immune responses. It is expressed by Langerhans cells
and T cells [56]. AHR controls the expression of IL-21 and IL-22. The binding of AHR to
TCDD stimulates the differentiation of Th17 cells [57], which are key actors in autoimmune

diseases such as RA, multiple sclerosis, and spondyloarthritis. In keeping with this effect, in
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vivo activation of AHR by its ligand 6-formylindolo[3,2-b]carbazole (FICZ) stimulates the
Th17 response and worsens the phenotype of experimental autoimmune encephalomyelitis,
which is an animal model of multiple sclerosis.

Nevertheless, AHR activation can also induce an antiinflammatory response [58] and
expand the Treg cell pool. Thus, binding of TCDD to AHR induces expansion of the CD4+
CD25+ Foxp3+ Treg population, thereby suppressing the development of experimental

autoimmune encephalomyelitis [59].

4.3.Role for the aryl hydrocarbon receptor (AHR) and its ligands in rheumatoid arthritis
(RA)

In mice with collagen-induced arthritis, intranasal administration of DEPs dose-
dependently increased both the incidence and the severity of the joint disease [60]. In the
same model, compared to wild-type mice, AHR knockout mice showed lower values for the
incidence of arthritis, clinical severity score, IL-6 level, and proportion of Th17 cells [61]. In
this Cre-Lox model, the arthritis improved only when the AHR was lacking in the T cells
and not when it was absent from the macrophages [61]. Thus, the development of collagen-
induced arthritis is closely dependent on the presence within T cells of the AHR, whose
main ligand is TCDD, a commonly found air pollutant. Finally, AHR expression was higher
in synovial tissue from patients with RA than from patients with osteoarthritis [62].

AHR may also be a key player in bone tissue. AHR expression was increased in
osteoblasts from mice with collagen-induced arthritis, and TCDD downregulated osteoblast
proliferation [63]. This anti-anabolic effect is magnified by a concomitant pro-catabolic
effect, as TCDD stimulates bone resorption in vivo by stimulating the proliferation of

osteoclasts [64].
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Taken together, these experimental data suggest that air pollution may be involved in
the initiation of RA and in the structural damage typical of the disease, and that these effects

may be mediated by the AHR.

Conclusion

Findings from cellular and molecular studies add to epidemiological evidence that PM

is involved in the development of iBALT. The role for iBALT in initiating RA highlights the

central part played by the lung in the pathophysiology of this disease and the consequences

of prolonged inflammation. No evidence is available to date for hierarchizing the effects of

intrapulmonary antigen presentations on the initiation or perpetuation of RA.
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FIGURE LEGENDS

Figure 1: Potential role for air pollution in the production of anti-citrullinated peptide
antibodies (ACPAS) via the formation of inducible bronchus-associated lymphoid tissue

(iIBALT)

ACPA, anti-citrullinated peptide antibody; ©, citrullinated peptide; DC, dendritic cell; FDC,
follicular dendritic cell; CO, carbon monoxide; CxCL13, chemokine ligand 13; iBALT,
inducible bronchus-associated lymphoid tissue; IL, interleukin; LB, lymphocyte B; LT,
lymphocyte T; NO», nitrogen dioxide; Os, ozone; PAD, protein arginine deiminase; PM,
particulate matter; ROS, reactive oxygen species; SO, sulfur dioxide; TNF, tumor necrosis
factor

Air pollutants, most notably fine particles, induce the release of reactive oxygen species
(ROS) and IL-6, thereby causing local inflammation. Citrullination of neighboring proteins
is promoted not only by the local inflammation, but also by the production of PED induced
by fine particles. Exposure to fine particles can also result in the production of other
proinflammatory cytokines (IL-17, IL-23, TNF-a) and of several chemokines (including
CXCL13) incriminated in the formation of tertiary lymphoid structures known as iBALT.
Within the T zone of iBALT structures, citrullinated proteins, acting as antigens, are
presented by dendritic cells to naive T cells. These T cells then interact with B cells, which
become activated and differentiate into plasma cells. The plasma cells produce anti-

citrullinated peptide antibodies, which can be identified in bronchoalveolar lavage fluid.

Figure 2: Effects of the aryl hydrocarbon receptor (AHR) on lymphocyte

differentiation
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AhR, aryl hydrocarbon receptor; IL, interleukin; PM, particulate matter; ThO, naive helper T

cell; TNF, tumor necrosis factor; HSP, heat shock protein

Fine particles are lipophilic and can therefore cross through the cell membrane. Within the
cell, they bind to the aryl hydrocarbon receptor (AHR). Under stable conditions, the AHR is
found in the cytosol within complexes with other molecules such as HSP-90 and protein p23.
Once the particle is bound to the AHR, the complex translocates to the nucleus, where it
binds to xenobiotic response elements (XRE) located within the promoters of target genes

such as IL-17, IL-21, and IL-22, which are involved in Th17 differentiation.
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Box 1: Inducible bronchus-associated lymphoid tissue (iBALT)

The lymphoid system is composed of primary structures (bone marrow and thymus) and
secondary structures (spleen, lymph nodes, and mucosa-associated lymphoid tissue). These
structures are constitutively present in humans but can enlarge and acquire greater structural
complexity in response to antigenic stimuli. Inducible lymphoid tissues are tertiary structures
that can be found in many organs (e.g., pancreas, thyroid, salivary glands, brain, liver, and
kidney). They develop only after prolonged exposure to environmental factors (e.g.,
microorganisms and proinflammatory factors such as cigarette smoke) [31]. Thus, iBALT is
a typical tertiary lymphoid structure, as it is absent from the normal lung and develops only
in response to antigenic stimuli [32].

The formation of iBALT can be induced by bacterial infections (e.g., due to Mycoplasma
pulmonis, Streptococcus, Pseudomonas aeruginosa, or Mycobacterium tuberculosis) and
viral infections (e.g., by the cytomegalovirus or influenza virus). In this situation, iBALT
combats the infection by expediting the clearance or limiting the spread of the pathogens,
most notably in tuberculosis. In other conditions, such as inflammatory lung diseases
(asthma, pulmonary arterial hypertension, chronic obstructive pulmonary disease,
hypersensitivity pneumonitis) and autoimmune diseases (pulmonary manifestations of RA
and Sjogren’s syndrome), iBALT structures are involved in perpetuating the inflammation
and producing autoantibodies [31]. The full spectrum of stimuli responsible for iBALT
formation in these diseases has not yet been identified but has been shown to include
cigarette smoke [33], inhaled silica [34], and diesel exhaust particles [35]. The iBALT
structures are preferentially found near the basal side of the bronchial epithelium and, in
some cases, within the perivascular spaces, that is, at sites of contact with antigens that enter
the airway lumen then cross through the bronchial wall. As occurs within secondary

lymphoid structures, the iBALT leukocytes are organized in B-cell and T-cell zones. The B
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cells form follicles, which contain germinal centers in active iBALT areas. Germinal centers
also contain activated follicular B-helper T cells. The T-cell zone comprises CD4+, CD8+,

and dendritic cells and surrounds the follicles.
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