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Autoreactive B cells recruited to
lungs by silica exposure
contribute to local autoantibody
production in autoimmune-
prone BXSB and B cell receptor
transgenic mice

Lanette Fee1,2, Advika Kumar1, Robert M. Tighe1,2

and Mary H. Foster1,2*

1Department of Medicine, Duke University Health System, Durham, NC, United States,
2Medical Service, Durham Veterans Affairs (VA) Medical Center, Durham, NC, United States
Occupational exposure to inhaled crystalline silica dust (cSiO2) is linked to

systemic lupus erythematosus, rheumatoid arthritis, systemic sclerosis, and

anti-neutrophil cytoplasmic autoantibody vasculitis. Each disease has a

characteristic autoantibody profile used in diagnosis and implicated in

pathogenesis. A role for cSiO2 in modulating humoral autoimmunity in vivo

is supported by findings in mice, where respirable cSiO2 induces ectopic

lymphoid structures as well as inflammation in exposed lungs across

genetically diverse backgrounds. In lupus-prone mice cSiO2 exposure also

leads to early onset autoantibody production and accelerated disease. Elevated

autoantibody levels in bronchoalveolar lavage fluid (BALF) and lung

transcriptome analysis suggest that the lung is a hub of cSiO2-evoked

autoimmune activity. However, mechanisms by which cSiO2 and lung

microenvironments interact to promote autoantibody production remain

unclear. We previously demonstrated elevated anti-DNA Ig in BALF but not in

lung cell cultures from cSiO2-exposed C57BL/6 mice, suggesting that BALF

autoantibodies did not arise locally in this non-autoimmune strain.

Autoantibodies were also elevated in BALF of cSiO2-exposed lupus-prone

BXSB mice. In this report we test the hypothesis that dysregulated autoreactive

B cells recruited to cSiO2-exposed lungs in the context of autoimmune

predisposition contribute to local autoantibody production. We found that

anti-DNA and anti-myeloperoxidase (MPO) Ig were significantly elevated in

cultures of TLR ligand-stimulated lung cells from cSiO2-exposed BXSB mice.

To further explore the impact of strain genetic susceptibility versus B cell

intrinsic dysfunction on cSiO2-recruited B cell fate, we used an anti-basement

membrane autoantibody transgenic (autoAb Tg) mouse line termed M7. In M7

mice, autoAb Tg B cells are aberrantly regulated and escape from tolerance on

the C57BL/6 background. Exposure to cSiO2 elicited prominent pulmonary B

cell and T cell aggregates and autoAb Tg Ig were readily detected in lung cell

culture supernatants. Taken together, diverse disease-relevant autoreactive B
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Abbreviations: ANCA, anti-neutrophil cytoplasmic

ANCA associated vasculitis; BALF, bronchoalveolar

crystalline silica; MPO, myeloperoxidase; NZB, New

rheumatoid arthritis; SLE, systemic lupus erythem

sclerosis; TLR, Toll-like receptor.
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cells, including cells specific for DNA, MPO, and basement membrane, are

recruited to lung ectopic lymphoid aggregates in response to cSiO2 instillation.

B cells that escape tolerance can contribute to local autoantibody production.

Our demonstration of significantly enhanced autoantibody induction by TLR

ligands further suggests that a coordinated environmental co-exposure can

magnify autoimmune vulnerability.
KEYWORDS

silica, autoimmunity, BXSB, autoantibody transgene, TLR
Introduction

Considerable evidence indicates that gene-environment

interactions underlie susceptibility to autoimmunity. This

disease spectrum has potentially devastating clinical

consequences that affect approximately 5% of the US

population (1). Systemic autoimmunity poses a particular

threat because of its multi-organ involvement and chronic

relapsing nature, as is typical for systemic lupus erythematosus

(SLE), rheumatoid arthritis (RA), systemic sclerosis (SS), and

anti-neutrophil cytoplasmic antibody (ANCA) vasculitis (AAV).

A fundamental defect in these diseases is the perturbation in

immune regulation that allows escape from normal recognition

of self, resulting in activation of autoreactive lymphocytes. It is

thus not surprising that variants in genes encoding immune-

related proteins are prominent within susceptibility loci linked

to autoimmunity (2). Many of these systemic autoimmune

disorders, including SLE, RA, SS, and AAV, are also linked to

occupational exposure to inhaled crystalline silica dust (cSiO2)

(3, 4). Silicon dioxide is a principal component of the earth’s

crust and is prevalent in silica-rich rocks and soil. Aerosolization

of cSiO2 particles and exposure to respirable dust are common

in farming, rock grinding, mining, blasting, and construction.

Understanding how cSiO2 inhalation interacts with genetic

susceptibility and modulates immune regulation will provide

important insight into mechanisms underlying human

autoimmunity and inform design of novel interventions for

these debilitating disorders.

The mechanisms by which inhaled silica influences humoral

immunity are of particular interest because of the key role

autoantibodies play in the diagnosis and pathogenesis in

autoimmune diseases. In SLE, a prototypical systemic

autoimmune disease, major disease manifestations are
autoantibodies; AAV,

lavage fluid; cSiO2,

Zealand Black; RA,

atosus; SS, systemic
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attributed to deposition of autoantibodies or immune

complexes in tissues, organs, or blood cell surfaces (5–7). SLE

diagnosis relies on identification of serum autoantibodies and in

some clinical settings autoantibody levels correlate with disease

activity (8–10). Similarly, anti-citrullinated protein Ig, anti-

topoisomerase Ig, and anti-myeloperoxidase (MPO) or anti-

proteinase 3 autoantibodies are central to diagnosis and

pathogenesis in RA, SS, and AAV, respectively (11–13).

Antibody deposition may alter cell activation or function or

lead to activation of complement and Fc receptors. In addition,

agents specifically targeting B cells are among the immune

modulators approved or under investigation to control disease

(14–18).

In autoimmune-prone mice, pulmonary instillation of

cSiO2, when compared to vehicle-instilled counterparts,

increases levels of circulating autoantibodies. The specific

composition of autoantibodies following cSiO2 can vary.

While comparisons across studies are difficult due to

differences in cSiO2 dosing, duration, mouse strain, sex,

autoantibody specificity, and isotype, it is clear that cSiO2

elicits anti-nuclear autoantibodies, a hallmark of SLE. In

certain strains with aggressive lupus (i.e. NZM2410, NZBWF1,

and New Zealand Black, or NZB, lupus mice), cSiO2 exposure

increases ANA, anti-histone, anti-dsDNA, anti-ssDNA, and/or

anti-RNP, Sm, Ro/SSA, and La/SSB Ig (19–28). In cSiO2-

exposed female NZBWF1 mice, plasma assayed by an

autoantigen protein microarray also revealed autoantibodies

reactive with a diverse assortment of cytoplasmic, extracellular,

and matrix proteins (27, 28). Supporting pathogenic

consequences from these autoantibodies, cSiO2-exposed

NZM2410 and NZBWF1 mice exhibit accelerated autoimmune

renal pathology, including increased kidney IgG and

complement deposition, proteinuria, and histopathologic

changes consistent with glomerulonephritis (20, 22–24, 26).

Enhanced autoantibody production may not be limited to

spontaneous disease models; in diversity outbred mice, cSiO2

exposure increases serum levels of ANA+ IgG reactive with

ENA5, RNP, Sm and dsDNA (29). This supports the notion that

cSiO2 exposure in mice broadly induces autoantibody
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production, though the mechanisms for this induction are not

well understood.

Understanding how cSiO2 exposure modulates humoral

immunity in vivo and the relative role of systemic versus local

immune cSiO2 responses are topics of active investigation. In

animals, cSiO2 respiratory instillation leads to well characterized

acute and chronic inflammatory responses, as reviewed in (30).

Infiltrating neutrophils, monocytes, and macrophages release

proinflammatory and profibrotic cytokines such as TNFalpha,

IL-1, and TGFbeta, and contribute to progressive lung fibrosis

reminiscent of silicosis in humans (22, 26, 29, 31–33). This injury

may be a causative factor in autoantibody generation as cycles of

macrophage cell death and impaired apoptotic cell clearance

increase availability of lupus autoantigens (34, 35). Lymphocytes

are also recruited to cSiO2-damaged lungs and form ectopic

lymphoid structures, a phenomenon observed across genetically

diverse backgrounds, including non-autoimmune strains (22, 25,

29, 32, 33). In addition this may lead to activation of T cells and B

cells in these structures, as it has been shown that cSiO2 exposure

in NZBWF1 female mice upregulates lung expression of multiple

genes engaged in lymphocyte activation and function, including

Blnk, Cd19, Cd180, Tlr9, Cd80, Cd86, Fcgr2b, Tnfrsf4, and Ctla4,

and leads to detectable B cell activating factor (BAFF) levels in

BALF (36, 37). These changes are also associated with increased

autoantibody levels in BALF. Anti-dsDNA Ig are significantly

elevated in BALF of cSiO2-exposed NZBWF1 mice (23, 24, 26).

Interestingly, these BALF IgG autoantibodies appear several weeks

prior to their detection in plasma and IgG-producing plasma cells

are detected in inflamed cSiO2-exposed lungs (22, 27, 28),

suggesting local autoantibody production in lupus-prone

NZBWF1 mice. We confirmed this possibility in autoimmune-

prone MRL/MpJ mice, in which anti-DNA IgG levels are elevated

not only in BALF from cSiO2-exposed mice but also in culture

supernatants of stimulated lung cells (25).

In the current studies we directly test the hypothesis that anti-

DNA and anti-MPO autoreactive B cells recruited to the lungs of

cSiO2-exposed female lupus-prone BXSB mice are a source of

autoantibodies. BXSB mice are genetically distinct from other

common inbred lupus strains and are predisposed to develop

autoimmune membranoproliferative glomerulonephritis (38). We

show that anti-DNA and anti-MPO Ig are significantly elevated in

culture supernatants from Toll-like receptor (TLR)-stimulated

lung cells isolated from cSiO2-exposed BXSB mice. Consistent

with the observations described by Pestka and colleagues in

NZBWF1 mice (23, 27, 28), our findings suggest that

genetically-determined preexisting immune dysregulation

facilitates autoantibody production by lung-recruited B cells in

the cSiO2-damaged microenvironment. To extend these

observations and test the impact of preexisting B cell

dysregulation in the context of a non-autoimmune genetic

background, we used a unique mouse autoantibody (autoAb)

transgene (Tg) reporter line termed M7 (39, 40). AutoAb Tg B

cells in these mice express an Ig that binds to basement membrane
Frontiers in Immunology 03
laminin, an autoantibody target in several autoimmune diseases

including SLE and a specificity detected in BALF and serum of

NZBWF1 mice exposed to cSiO2 (27, 41, 42). M7 Tg B cells are

aberrantly regulated and escape from tolerance on the C57BL/6

background (39, 40). We show that exposure of these autoAb Tg

mice to instilled cSiO2 elicits prominent pulmonary lymphoid

aggregates and recruits autoreactive Tg B cells to the lung, as

documented by recovery of anti-laminin Tg Ig in lung cell culture

supernatants. Collectively, our results demonstrate that diverse

disease-relevant autoreactive B cells, including anti-DNA, anti-

MPO, and anti-laminin B cells, can be recruited to the lung by

cSiO2 exposure, and that B cells that escape regulation can

contribute to local autoantibody production in the lung. The

requirement for TLR ligands to activate the autoreactive B cells

further suggests that a superimposed environmental stimulus may

magnify the risk of autoimmunity after cSiO2 exposure.
Materials and methods

Mice

Young adult autoimmune female BXSB mice were

purchased from Jackson Labs and used at 1.6 months of age.

Individual mice were randomly assigned to silica or vehicle

instillation prior to tissue harvest 2 or 3 months later. A subset

of BXSB mice (n=12) were also administered 50 mg
lipopolysaccharide (LPS) (UltraPure LPS-B5, In vivogen, San

Diego, CA) in 500 mL PBS intraperitoneally (i.p.) 24 or 48 hours

before harvest at 3 months after cSiO2 or vehicle exposure. Lung

histopathology and serum and BALF autoantibody levels for the

subset of BXSB mice not subjected to i.p. LPS administration

were previously reported, and Materials and Methods are more

fully described in that study from our lab (25).

Generation and characterization of the LamH IgMa+ autoAb

Tg DNA construct and the aberrant M7 autoAb Tg line

expressing the dominant anti-laminin LamH Ig heavy chain

were previously described (39, 40). To restrict Tg antibody

specificity, a subset of M7 autoAb Tg mice were bred to

heterozygosity (Tg/KI) for the Vk8/Jk5 V8R Ig light chain (LC)

knock-in (43). TheM7 autoAb Tg and Vk8/Jk5 V8R Ig LC knock-

in were crossed onto the non-autoimmune C57BL/6J (B6) strain

>20 generations. Experimental autoAb Tg mice were bred in our

colony and included adult male and female mice at approximately

2.5 months of age. Mice were housed in microisolators at

maximum 4 per cage with free access to food and water in a

specific pathogen-free facility with constant temperature and

humidity and a 14:10-h light/dark cycle. The care and use of all

experimental animals were in accordance with institutional

guidelines and all studies and procedures were approved by the

local Institutional Animal Care and Use Committees and conform

to institutional standards and to the National Institutes of Health

guide for the care and use of laboratory animals.
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Silica administration

Heat-sterilized endotoxin-free crystalline silica (Min-U-Sil-

5, average particle size 1.5-2 mm) was kindly donated by Andrew

Ghio, Ph.D, and administered once by oropharyngeal instillation

as a suspension in sterile phosphate-buffered saline at 0.2 mg/gm

(4 mg per 20 gm mouse) in a total volume of 60 ml, as described
(25). This dose of silica was chosen because it results in

substantial delivery of cSiO2 to the lungs with resultant lung

inflammation and is consistent with the total dose used by Bates

et al. to approximate half of a human lifetime exposure to

respirable cSiO2 based on occupational health guidelines (23).

Saline alone was administered as vehicle control.
Tissue and organ harvest and cell
preparation and culture

Mice were sacrificed at indicated times after silica or vehicle

administration using CO2 euthanasia and organs harvested as

previously described (25). Briefly, blood was collected, and serum

stored at -20°C. The spleen was removed, cells dissociated, and red

blood cells lysed prior to culture. After organ perfusion with saline

via the right ventricle and trachea cannulation, lungs were lavaged

with PBS and BALF collected, centrifuged, and supernatant stored

at -80°C. Cells in the BALF cell pellet were enumerated using a

Cellometer K2 (Nexcelom Bioscience, Laurence, MA). The right

lung was removed, digested with collagenase and DNase I, cells

collected through a 70 mm strainer, and red blood cells lysed prior

to culture. The left lung was inflated with 10% formalin to a

pressure of 20 cm H20, fixed in formalin overnight, then stored in

70% ethanol prior to paraffin-embedding and sectioning at the

Duke Surgical Pathology Core.

Lung and spleen cells were cultured as described (25).

Briefly, one million cells/mL were cultured in an incubator

(5% CO2 at 37°C) for 7–8 days with medium +/- TLR ligands,

at which time culture supernatants were collected and stored

with 0.01% sodium azide at −20°C. Medium included RPMI

1640 (Sigma, St. Louis. MO) containing 10% heat inactivated

fetal bovine serum (HI-FBS) and additives as described (25).

TLR ligands included 50 mg/mL LPS (TLR4 agonist, Sigma) or a

combination of 2 mg/mL resiquimod (R848, TLR7 agonist,

Sigma) and 1 mg/mL ODN 1668 CpG oligos (CpG, TLR9

agonist, Invivogen, San Diego, CA).
Quantitation of lung lymphoid follicles
and injury

To enumerate lymphoid collections, deparaffinized FFPE

lung sections were subject to antigen retrieval, stained for

mouse CD3 and B220 using antibodies with fluorescent

markers, and counterstained with DAPI to aid localization of
Frontiers in Immunology 04
cell clusters, as described (25). (DAPI fluorescence is omitted in

figure photomicrographs to facilitate visualization of CD3 and

B220 staining.) Slides were scanned at the Alafi Neuroimaging

Core (Washington University, St, Louis, MO) and lymphoid

collections identified, outlined, and enumerated on whole lung

sections using NDP Viewer software (Hamamatsu) as described

(25), by an investigator blinded to experimental study group.

Lung injury was scored on H&E or PAS stained tissue using a 5-

point scale by a veterinarian pathologist blinded to experimental

conditions, as described (25).
Quantitation of autoantibodies and Ig
concentration by ELISA

Ig concentrations, anti-DNA and anti-MPO IgM and IgG,

and anti-laminin IgMa autoantibodies in BALF, culture

supernatants, and serum were determined by ELISA, as

described (25, 44). Autoantibody levels are reported as OD405

for binding to antigen minus binding to diluent-only using

samples in duplicate. BALF and cell culture supernatants were

assayed undiluted, and serum was diluted as indicated in the text

and figure legends.
Statistical analysis

Differences between groups were assessed using the

Wilcoxon rank sum test, with p<0.05 considered significant.

Analyses were performed using JMP software (SAS, Cary, NC).

Data are reported as mean ± SD unless otherwise indicated.
Results

Lung inflammation, lymphoid
aggregates, and autoantibodies in female
BXSB mice exposed to cSiO2 with and
without intraperitoneal TLR4 ligand

To determine if B cells recruited to the lungs of cSiO2-

exposed BXSB mice contribute to local autoantibody

production, we studied tissues collected from 26 female BXSB

mice exposed to cSiO2 or saline. This includes 14 female BXSB

mice for which organ harvest, lung, BALF, and serum phenotype

were described in our previous report (25) as well as an

additional 12 female BXSB mice exposed and studied

concurrently with the original cohort, but also injected i.p.

with the TLR4 ligand, LPS, at 24 or 48 hours before organ

harvest. The LPS injection was to test if a superimposed systemic

secondary environmental stimulus mimicking bacterial infection

would unmask or enhance humoral immunity associated with

cSiO2 exposure in the lupus-prone BXSB mice. The subset of
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cSiO2-exposed mice administered i.p. LPS demonstrated

extensive lung inflammation and injury and ectopic lymphoid

structures (Figure 1), similar to histopathologic findings

reported in their LPS un-injected cSiO2-exposed littermates

(25). Analysis revealed little difference in measured parameters

between mice that did and did not receive i.p. LPS within 48

hours prior to harvest (not shown). Based on these results, all

subsequent studies to assess autoantibody production in

cultured lung cells are pooled regardless of i.p. LPS

administration. For these groups (cSiO2 or vehicle, n=13 per

group), comparison of key disease features confirms that lung

damage and inflammation are limited to the cSiO2-exposed

mice, as demonstrated by lung injury scores (5.0 ± 4 vs. 0.1 ± 0.4,

p<0.0001), BALF cell counts (1.29 ± 0.75 vs. 0.03 ± 0.02, in

millions, p<0.0001), and number of lung lymphoid aggregates

(36.1 ± 18.6 vs. 0 ± 0, p<0.0001), cSiO2 vs. vehicle (Figures S1

A, B).

To assess effects of cSiO2 exposure on local and systemic

humoral autoimmunity in BXSB female mice, we measured

autoantibodies in BALF and serum. Levels of anti-MPO IgM

(OD405: 0.071 ± 0.043 vs. 0.005 ± 0.013, p<0.0001) and anti-
Frontiers in Immunology 05
DNA IgG (OD405: 0.588 ± 0.470, vs. 0.034 ± 0.031, p<0.0001)

were significantly higher in BALF of cSiO2- compared to

vehicle-exposed mice (Figure S1C). Levels of anti-DNA IgG

were also significantly higher in serum (OD405: 0.706 ± 0.680 vs.

0.261 ± 0.182, p<0.05) of cSiO2-exposed mice (Figure S1D).

Anti-MPO IgM autoantibodies were also detected in serum, but

levels were not different between cSiO2- and vehicle-exposed

mice (OD405: 0.110 ± 0.174, vs. 0.053 ± 0.054, p=0.8917),

suggesting that the higher anti-MPO Ig levels observed in

BALF of cSiO2-exposed mice arose from local lung

autoantibody production.
Autoantibody production by lung and
spleen cells from cSiO2-exposed BXSB
female mice

To assess potential locations of autoantibody production

induced by cSiO2 exposure, we measured spontaneous and TLR-

ligand-induced autoantibodies produced by cells isolated from

lungs and spleens. Cells were harvested, washed, and plated with
A

B

C

FIGURE 1

Lung inflammation and lymphocyte infiltration in female BXSB mice exposed to respiratory crystalline silica or vehicle and i.p. lipopolysaccharide
(LPS). (A) Representative sections of lungs from mice exposed by oropharyngeal aspiration (OPA) at 3 months, and to Toll-like receptor-4 ligand
LPS by i.p. injection at 2 days, prior to organ harvest. PAS, magnification indicated by micron bar. Thin black arrows indicate ectopic lymphoid
aggregates; short thick white arrows indicate chronic inflammation. (B, C) Immunofluorescence staining of ectopic lymphoid structures in lung
sections from three different mice exposed to silica, and one mouse exposed to vehicle (saline), by OPA and to LPS i.p. injection. Lung sections
were stained with anti-B220 (B cells, red) and anti-CD3e (T cells, green); b = bronchiole; v = blood vessel. (B) Images are derived from the same
silica-exposed mouse; the two right images show details within the lower power image on the left. Two lymphoid structures each
encompassing a small blood vessel and adjacent to a bronchiole are indicated by thin white arrows. Diffuse lung injury and inflammation are
also evident in the lung sections; the short thick white arrow indicates a granuloma.
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medium alone or with ligands to TLR4 or to both TLR7 and

TLR9, using ligands previously determined to induce optimal

autoantibody production from responding cell cultures (25).

Anti-MPO IgM were not detected in medium from

unstimulated lung cells (Figure 2A). Anti-MPO IgM were also

not detected in supernatants from TLR-stimulated lung cells

extracted from mice exposed to vehicle (Figure 2A, left panels).

Conversely, anti-MPO IgM were detected in most supernatants

of lung cells extracted from cSiO2-exposed mice and stimulated

in vitro with TLR4 ligand (OD405: 0.257 ± 0.471, n=10, vs. 0.0 ±

0.0, n=5, cSiO2 vs. V, p<0.01) or the TLR7/TLR9 ligand mixture

(OD405: 1.232 ± 1.100, n=10, vs. 0.025 ± 0.043, n=3, p<0.05), in

some instances reaching high levels (Figure 2A). These results of

lung cell cultures indicate that anti-MPO autoreactive B cells are

recruited to the lungs of cSiO2-exposed BXSB female mice and

can produce autoantibody locally upon stimulation.

Low levels of anti-DNA IgG were detected in medium from

unstimulated lung cells from cSiO2-exposed mice (OD405:

0.067 ± 0.095, n=10), suggesting the presence of preexisting

activated anti-DNA IgG B cells or plasma cells in the BXSB

cSiO2-damaged lungs (Figure 2A, right panels). For these cSiO2-

exposed mice, anti-DNA IgG levels in supernatants from TLR4

ligand-stimulated lung cells were similar to those of

unstimulated cells (OD405: 0.084 ± 0.096, n=9) (Figure 2A).
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Higher levels of anti-DNA IgG were recorded in supernatants

from TLR7/TLR9 ligand-stimulated cells (OD405: 0.213 ± 0.310,

n=9). In contrast, no autoantibody was detected in supernatants

from TLR ligand-stimulated lung cell cultures from vehicle-

exposed mice (OD405: 0.0 ± 0.0, n=7, for TLR4, and 0.001 ±

0.001, n=4, for TLR7/TLR9; p<0.005 and p<0.05, respectively, vs.

cSiO2-exposed mice) (Figure 2A). Thus, anti-DNA IgG B cells

are also recruited to cSiO2-exposed BXSB lungs.

To determine if exposure to instilled cSiO2 had systemic

effects on humoral autoimmunity, we assessed autoantibody

levels in spleen cell culture supernatants. Little anti-MPO or

anti-DNA autoantibody was recovered from unstimulated

splenocytes (Figure 2B, left panels). In contrast, TLR ligand

stimulated abundant anti-MPO IgM from splenocytes; however,

levels did not differ between the cSiO2 vs. vehicle exposure

groups: OD405, 0.863 ± 0.351 vs. 0.806 ± 0.287, p=NS, for TLR4,

and 0.707 ± 0.200 vs. 0.628 ± 0.257, p=NS, for TLR7/TLR9

(Figure 2B). Notably, substantial levels of anti-MPO Ab were

recovered from splenocytes of all BXSB mice tested, irrespective

of cSiO2 exposure, indicating the presence of numerous non-

tolerized anti-MPO B cells in the BXSB strain.

Low but significantly higher levels of anti-DNA IgG were

measured in TLR4 ligand-stimulated supernatants from

splenocytes of cSiO2 compared to vehicle-exposed mice
A

B

FIGURE 2

Autoantibodies produced by cultured lung and spleen cells from female BXSB mice exposed to respiratory crystalline silica or vehicle, with or
without intraperitoneal lipopolysaccharide (LPS). Culture supernatants from isolated (A) lung cells and (B) splenocytes were assayed for anti-
MPO IgM and anti-ssDNA IgG levels. Cells were cultured with medium alone or with either TLR4 ligand (TLR4-L) LPS or a mixture of TLR7 and
TLR9 ligands (TLR7/9-L) R848 and CpG oligos, from mice of indicated exposure. Results are shown for all exposed mice, including those with or
without i.p. LPS administered 1-2 days prior to organ harvest. Each circle represents an individual mouse; the bar indicates the mean for each
group; *p < 0.05; **p < 0.01; ***p < 0.001; # p < 0.005; ns, not significant; for silica- vs. vehicle-exposed mice, Wilcoxon rank sum test.
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(OD405: 0.082 ± 0.054 vs. 0.035 ± 0.011, p<0.001), and there was

a trend for higher anti-DNA IgG levels after TLR7/9-L

stimulation (OD405: 0.065 ± 0.052 vs. 0.026 ± 0.014,

p=0.0611) (Figure 2B, right panels).
Silica exposure in B6 mice bearing an
aberrantly-regulated M7 autoAb
transgene (Ig Tg)

Our resu l t s showing ant i -MPO and ant i -DNA

autoantibody production by B cells recovered from lungs of

cSiO2-exposed female BXSB mice mirror those in cSiO2-

exposed MRL/MpJ mice, a genetically distinct lupus-prone

strain for which anti-DNA IgG, but not anti-MPO IgM, are

detected in supernatants of lung cell cultures (25). Collectively

the findings indicate that cSiO2 exposure recruits autoreactive

B cells of diverse specificities to the lungs in the context of an

autoimmune-prone background, with strain-dependent

differences in autoantigen specificity reflecting genetic

contributions to the final phenotype. These findings contrast

with those from cSiO2-exposed non-autoimmune C57BL/6

mice, for which lung cell anti-DNA IgG production is low

despite presence of abundant pulmonary lymphoid aggregates

and CD19+ B cells and using in vitro TLR ligand

stimulation (25).

To further examine the relative role of an intrinsic B cell

defect versus a broader genetic autoimmune predisposition in

the immune dysregulation that facilitates local autoantibody

production after cSiO2 exposure, we leveraged the aberrant

M7 autoantibody transgenic (Tg) mouse line. This unique

mouse line was derived from the M7 founder, generated using

the LamH anti-laminin IgM DNA construct. Notably, three

other concurrently generated LamH Tg founder lines had a

different phenotype, in which the anti-laminin Ig Tg B cells were

tightly regulated by tolerance mechanisms, including deletion,

anergy, and light chain editing, when bred on the C57BL/6

background (44, 45). In the non-M7 Ig Tg lines in which Tg B

cell tolerance is intact, Tg autoantibodies are rarely detected in

serum or in spleen cell supernatants, including in Tg mice

exposed to cSiO2 (25). However, in contrast to the non-M7

lines, Tg B cells in mice in the aberrant M7 line have decreased B

cell surface Tg expression and demonstrate escape from

tolerance when expressed in C57BL/6 mice (39, 40). By

exposing C57BL/6 M7 Tg mice to cSiO2, we can test the

capacity of silica exposure to recruit dysregulated autoreactive

B cells to the lung within the context of a healthy (non-lupus-

prone) genetic background, as well as test the lung recruitment

of B cells with a distinct auto-specificity (anti-basement

membrane laminin).

In the current study, all experimental M7 Tg mice express

the M7 anti-laminin autoAb Tg IgM heavy chain. This is a
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dominant Ig heavy chain previously shown to confer anti-

laminin reactivity to a large number of B cells when paired

with the diverse repertoire of endogenous Ig light chains

generated by wildtype C57BL/6 LC genomic loci (40). In the

current studies, mice expressing the M7 autoAb Tg with

wildtype endogenous light chains are termed Tg/WW. Tg Ig

are readily detected using anti-IgMa allotype reagents, because

the endogenous IgM expressed in C57BL/6 mice are

IgMb allotype.

To evaluate the impact of respiratory silica exposure in M7

autoAb Tg mice, all mice were exposed to cSiO2 or vehicle by

OPA concurrently and tissues were harvested 5.3 to 5.9 weeks

later. This time point was chosen because we previously

observed extensive lung injury by one month after cSiO2

exposure in wildtype C57BL/6 mice (25). Analysis of M7 Tg/

WW mice revealed that mice that received saline (vehicle) by

OPA demonstrated little lung damage (Figure 3B) a finding

confirmed by quantitation of BALF leukocytes (Figure 3C) and

lymphoid aggregates (Figure 3D). In contrast, lungs of M7 Tg/

WW mice instilled with cSiO2 demonstrated extensive

inflammation, granuloma formation, hemorrhage, and alveolar

proteinosis as well as infiltration by lymphocytes and

development of perivascular and peribronchial lymphoid

aggregates (Figures 3A–D).

Measurement of Tg antibodies in serum confirmed that Tg/

WW mice expressed a phenotype of impaired tolerance. Tg/

WW mice had high levels of Tg-encoded serum IgMa and most

had high levels of Tg anti-laminin IgMa autoantibodies,

regardless of cSiO2 or saline exposure, compared to

background levels in non-transgenic littermates, which have

no Tg Ig (Figure 4A). The presence of abundant autoreactive

Tg B cells in the Tg/WW mice was also suggested by high levels

of Tg autoantibody detected in supernatants of TLR-ligand

stimulated spleen cells, regardless of cSiO2 exposure

(Figure 4B). Serum and spleen cell supernatant Tg

autoantibody levels were not different between vehicle and

cSiO2-exposed Tg/WW mice (p>0.05, not shown), consistent

with the presence of abundant non-tolerized (dysregulated) anti-

laminin autoreactive B cells in these mice.

Low levels of Tg autoAb were detected in BALF of several Si-

exposed Tg/WW mice, though overall levels did not differ

significantly from V-exposed mice (OD405: 0.060 ± 0.021 vs.

0.038 ± 0.013, p=0.1011) (Figure 4C). The presence in cSiO2-

exposed lungs of Tg autoreactive B cells was determined by

incubation of isolated lung cells with TLR7/9 ligand. Low to

modest levels of Tg autoAb were detected in culture

supernatants of cSiO2-exposed mice, with overall levels higher

compared to cultures from V-exposed Tg/WW mice (OD405:

0.131 ± 0.152 vs. 0.032 ± 0.011, p<0.05) (Figure 4D). Thus, anti-

laminin M7 Tg B cells are recruited to the lungs of C57BL/6 mice

by cSiO2 exposure and can contribute to local autoantibody

production if stimulated.
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FIGURE 3

Lung inflammation and lymphoid aggregates in lungs of autoantibody M7 transgenic (Tg) Tg/WW mice exposed to respiratory crystalline silica or
vehicle. Representative sections of lungs from M7 Tg/WW mice exposed to silica or saline (vehicle) by oropharyngeal aspiration at 5 to 6 weeks
prior to organ harvest are stained with: (A) H&E; and, (B) Anti-B220 (B cells, red) and anti-CD3e (T cells, green); overlap of B and T cells yields
yellow color in some sections. Magnification is indicated by micron bar. Lung sections from 3 different silica-exposed Tg/WW mice are shown in
(A) and from 3 different silica-exposed mice and a vehicle-exposed mouse in (B). Example lymphoid aggregates are indicated by the thin arrows
and example granulomas by the short thick arrows; b = bronchiole; v = blood vessel. In (A) the middle image in the top row shows detail within
the lower power image on its left. (C) Leukocyte counts in bronchoalveolar lavage fluid (BALF). (D) Number of lymphoid structures per whole
lung section. For scatterplots each circle represents an individual mouse; the bar indicates the mean for each group. *p < 0.05; for silica- vs.
vehicle-exposed mice, Wilcoxon rank sum test.
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A role for intrinsic B cell dysregulation in the autoantibody

production by lung B cells in the M7 Ig Tg mice is also supported

by results in a mutant variant of the M7 Tg line. A subset of M7

Tg mice (termed Tg/KI) were bred to heterozygosity for a

productively rearranged Vk8/Jk5 Ig light chain knock-in (KI)

(43). Thus, Tg/KI mice express the M7 autoAb Tg heavy chain as

well as the kappa KI light chain at one kappa locus and the

wildtype unrearranged light chain allele at the second kappa

locus. Combination of an Ig light chain encoded by this KI

construct with the Ig heavy chain encoded by the LamH

construct in vitro yields Ig crossreactive with laminin and

DNA (44). In mice bearing both the autoAb Tg heavy chain

and light chain KI, the B cell repertoire is restricted to primarily

this specificity. As previously reported, in Tg+Vk8/Jk5 mouse

lines derived from founders other than M7, B cell tolerance is

intact and Tg autoantibodies are rarely recovered, indicating that

dual Ig Tg B cells are highly regulated in this setting (44).
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M7 Tg/KI mice in the current studies were littermates of and

studied concurrently with the Tg/WW mice described above.

Similar to Tg/WW mice, M7 Tg/KI mice develop lung

inflammation, lymphoid aggregates, and elevated BALF cell

counts after cSiO2 exposure (Figures 5A, B). Measurement of

Tg autoantibody levels in serum and spleen cell supernatants

suggest that tolerance is better maintained in M7 Tg/KI mice

with a more restricted B cell repertoire. Serum Tg Ig levels are

significantly lower compared to M7 Tg/WWmice (ng/mL, 126 ±

7 vs. 155 ± 9, KI vs. WW, p<0.05), and there is a trend to lower

serum Tg autoAb levels (OD405: 0.293 ± 0.112 vs. 1.291 ± 1.016,

KI vs. WW, p=0.0526) (Figure 5C). Tg autoantibody levels are

also significantly lower in supernatants of TLR ligand-stimulated

spleen cell cultures (OD405: 0.746 ± 0.066 vs. 1.262 ± 0.428,

TLR7/9, p<0.05; and 0.515 ± 0.134 vs. 1.239 ± 0.467, TLR4,

p<0.05; KI vs. WW) (Figure 5D). These findings are mirrored in

lung autoantibody levels in cSiO2-exposed Tg/KI vs. Tg/WW
A B

DC

FIGURE 4

Autoantibody production in silica-exposed autoantibody transgenic (Tg) M7 Tg/WW mice. (A) Serum, (B) Spleen cell culture supernatants, (C)
Bronchoalveolar lavage fluid (BALF), and (D) Lung cell culture supernatants were assayed for transgene IgMa concentration or transgene anti-
laminin IgMa autoantibody levels by ELISA. In (A) serum was obtained at the time of organ harvest for cSiO2- and vehicle-exposed Tg/WW
mice; sera from 3 non-transgenic littermates were used as negative control for Tg Ig. Autoantibodies were measured in samples in duplicate
using undiluted BALF and culture supernatants and serum diluted 1/20 for anti-laminin Ig. Isolated spleen and lung cells were cultured with
medium alone or with a mixture of TLR7 and TLR9 ligands (TLR7/9-L) R848 and CpG oligos. Each circle represents an individual mouse; the bar
indicates the mean for each group; *p < 0.05; ***p < 0.001; ns, not significant; Wilcoxon rank sum test.
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mice. Tg autoantibodies are significantly lower in BALF (OD405:

0.034 ± 0.007 vs. 0.060 ± 0.021, p<0.05) and trend toward lower

in supernatants of TLR ligand-stimulated lung cells (OD405:

0.048 ± 0.002 vs. 0.131 ± 0.152, p=0.0719; KI vs. WW)

(Figure 5E). These results in Tg/KI mice in which Tg B cells

appear better regulated are reminiscent of those in wildtype

C57BL/6 mice. Thus production of autoantibodies from lung-

recruited B cells is limited to Tg/WW mice with substantially

impaired B cell tolerance.
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Discussion

In this study we used two murine models, lupus-prone BXSB

mice and an autoantibody Tg line carried on the C57BL/6

background, to probe the contribution of lung-recruited B cells

and genetic background to local autoantibody production after

inhalation to cSiO2. Mice in both models spontaneously produce

autoantibodies due in part to B cell-intrinsic impaired tolerance.

We find that superimposed SiO2 exposure elicits abundant B
A

B

D E

C

FIGURE 5

Lung inflammation and autoantibody production in silica-exposed M7 Tg/WW versus M7 Tg/KI mice. (A) Representative sections of lungs from 3
different M7 Tg/KI mice exposed to silica by oropharyngeal aspiration at 5 to 6 weeks prior to organ harvest; H&E; v = blood vessel. (B)
Leukocyte count in bronchoalveolar lavage fluid (BALF). (C–E) Transgene IgMa concentration and anti-laminin IgMa autoantibody levels in (C)
serum, (D) supernatants of spleen cell cultures, and (E) BALF and supernatants of lung cell cultures. Antibody levels were determined by ELISA
for samples in duplicate using undiluted BALF and culture supernatants and serum diluted 1/20 for anti-laminin Ig. Isolated spleen and lung cells
were cultured with a mixture of TLR7 and TLR9 ligands (TLR7/9-L) R848 and CpG oligos. All M7 mice carry the dominant LamH Ig heavy chain
Tg that encodes anti-laminin Ig. Tg/WW mice carry the wildtype (W) Ig light chain gene at both kappa loci, enabling a diverse light chain
repertoire; Tg/KI mice are heterozygous for a Vk8Jk5 kappa light chain knock-in (KI) gene, restricting the expressed light chain repertoire. Each
circle represents an individual mouse; the bar indicates the mean for each group; *p < 0.05; Wilcoxon rank sum test.
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cell-rich pulmonary lymphoid follicles in both models.

Additional observations provide new insight into silica’s role

in promoting autoimmunity. Using cultures of lung cells isolated

from exposed mice and assayed for secreted autoantibodies, we

directly demonstrate that autoreactive B cells are recruited to the

cSiO2-damaged lungs. These include B cells with diverse auto-

specificities implicated in silica-associated diseases, including

reactivity to soluble and basement membrane proteins as well as

nucleic acid. Autoantigen specificity of recruited B cells in BXSB

mice is distinct from that previously reported in cSiO2-exposed

MRL mice, a genetically and immunologically distinct lupus-

prone strain, providing evidence that genetic background

influences the phenotype of silica-exacerbated lupus.

Autoantibodies are also produced by stimulated lung B cells

from cSiO2-exposed autoAb M7 Tg C57BL/6 mice, indicating

that a concomitant autoimmune genetic background is not

essential for lung cell recruitment of dysregulated autoreactive

B cells. Recruited lung B cells are induced to produce

autoantibodies in vitro by stimulation with TLR ligands.

Collectively, these findings indicate that the lung milieu

created by cSiO2 exposure attracts and supports survival of

dysregulated autoreactive B cells that can be readily induced to

produce autoantibodies.

In both models used in these studies, autoreactive B cells

escape tolerance in vivo by mechanisms that include intrinsic

B cell defects. Defective immune regulation in BXSB mice is

due to underlying polygenic autoimmune susceptibility that

has been mapped to at least six non-MHC autosomal loci (46).

A locus in the telomeric region of chromosome 1 overlaps with

susceptibility loci from other lupus-prone strains, including

the NZM2410-derived Sle1 and NZB-derived Nba2 loci that

have been associated with loss of B cell tolerance in

experiments using congenic mouse strains (47, 48). B cell

intrinsic abnormalities identified in BXSB, as well as in

genetically distinct lupus strains, include increased

phosphorylation of Akt and other molecules involved in B

cell receptor signaling and activation (49). An unknown

mechanism, presumably a consequence of the transgene

random insertion and associated with Ig allelic inclusion, is

engaged in aberrant B cell tolerance in the M7 autoAb Ig Tg

mouse line carried on the non-autoimmune C57BL6

background (39). Our experiments with cSiO2 exposure in

BXSB and autoAb Tg mice suggest that autonomous B cell

dysregulation facilitates cSiO2-enhancement of humoral

autoimmunity in the lung. Preexisting dysregulation is key

for autoantibody production by recruited lung B cells in the Ig

Tg model. Whereas cSiO2 exposure recruits autoAb Tg B cells

to lungs of M7 Tg mice, as shown here, as well as to lungs of

mice bearing the anti-laminin autoAb Tg but in which the Tg

B cells are tightly regulated, as we previously reported (25),

autoantibody production by stimulated cultured lung cells is

observed only with the M7 Tg line with the aberrant B cell

tolerance phenotype.
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While preexisting B cell dysregulation facilitates local

autoantibody production after cSiO2 exposure, it is likely that

neither preexisting dysregulation, auto-specificity, nor B cell

activation are necessary for the lung recruitment of these

autoreactive B cells. Denton et al. demonstrated using an anti-

hen egg lysozyme (HEL) Ig Tg model that naive antigen-

irrelevant anti-HEL B cells are readily recruited to influenza-

induced lung lymphoid follicles in non-autoimmune mice (50).

Thus, lung recruitment occurs independent of B cell receptor

specificity or signaling. Our demonstration that B cells of diverse

auto-specificities are recruited to BXSB and M7 Tg mouse lungs

is consistent with this observation. B cell accumulation in the

lung also occurs in bone marrow-reconstituted Rag2-/-IL2rg-/-

mice lacking lymph nodes, further indicating that lymph node

trafficking and activation are dispensable for lung lymphoid

aggregate formation (50). In the influenza virus-infected lung, B

cell recruitment relies on type 1 interferon-driven induction of

the CXCL13 chemokine (50). It remains to be determined if

similar cytokine and chemokine circuits drive B cell recruitment

in lungs exposed to cSiO2 or within the autoimmune milieu of

lupus-susceptible mice or individuals. It is nonetheless notable

that a sustained interferon signature and CXCL13 expression

have been identified in the lung transcriptome of cSiO2-exposed

lupus-prone NZBWF1 mice (36).

Our experiments with cSiO2 exposure and local

autoantibody production in BXSB and M7 autoAb Tg mice

raise the possibility that humoral autoimmunity after cSiO2

exposure may also be facilitated in previously healthy (non-

autoimmune) individuals who develop a superimposed

transient defect in tolerance. In this regard, acquired defects in

negative selection of autoreactive cells associated with

autoantibody production have been described after exposure to

a variety of environmental agents. Exposure to one of over 80

drugs of dissimilar chemical structure can precipitate reversible

SLE-like autoimmunity (51). Multiple mechanisms for drug-

induced loss of tolerance have been invoked. Mazari et al.

demonstrated that preculture of bone marrow cells with

hydralazine, a common anti-hypertension drug known to cause

human lupus, induces high titers of anti-nucleosome

autoantibodies in syngeneic recipients in a humanized Ig

mouse model (52). Hydralazine was shown to impair B cell

receptor editing, a major mechanism of B cell tolerance that is

also impaired in some patients with SLE and RA (52).

Hydralazine and procainamide, an antiarrhythmic medication,

inhibit human CD4+ T cell DNA methylation and alter

expression of immune regulatory genes (53). Adoptive transfer

of procainamide-treated mouse CD4+ T cells elicits lupus-like

autoantibodies and glomerulonephritis in vivo (54). Additional

postulated mechanisms underlying drug-induced loss of

tolerance include molecular mimicry, presentation of cryptic

self-antigens, and disruption of thymocyte selection resulting in

specific induction of chromatin-reactive T cells and IgG

autoantibodies (55). A variety of viral infections are also
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associated with autoantibody production, indicating transient

immune dysregulation and an acquired window of

autoimmune susceptibility. Proposed mechanisms include

virus-induced lymphopenia that depletes regulatory

lymphocytes, epitope spreading, superantigen activation of T

cells, activation of bystander T helper cells, in part as a

manifestation of the cytokine storm, and expansion of

autoimmune-prone extrafollicular B cells (56, 57). It is thus

plausible that a transient acquired tolerance defect could

magnify the risk of autoimmunity from cSiO2 exposure in

non-autoimmune individuals.

The requirement for TLR ligands to stimulate autoantibody

production by the cultured lung cells further suggests that cSiO2-

promoted autoimmunity can be unmasked by a superimposed

immune stimulus. We stimulated cell cultures with TLR ligands

known to be potent mouse B cell activators, including LPS, a

potent polyclonal B cell activator (58), and a combination of

ligands to TLR7 and TLR9, based on previous evidence of synergy

between these two endosomal TLRs in activating B cells in the

mouse cell culture assay (25). TLR7 and TLR9 bind ssRNA and

dsDNA, respectively, and have been demonstrated to support

enhanced activation of B cells specific for these nuclear antigens,

via antigen-IgG immune complexes that signal both the B cell

receptor via antigen and the endosomal TLR after Fc-receptor-

mediated endocytosis of the immune complex (59, 60). Notably,

elimination of endosomal TLR signaling in multiple lupus-prone

mouse strains, including BXSB, not only abolishes anti-nuclear

IgG production and disease but also partially and significantly

blocks production of antibodies to nonnuclear lupus-related

autoantigens, including MPO, cardiolipin, and beta2-

glycoprotein1 in MRL/lpr mice and red blood cells in NZB mice

(61, 62). Results from mixed bone marrow chimeric mice further

indicate that the major effect of endosomal TLR signaling on

autoantibody production in vivo is B cell-intrinsic (62). Thus, a

mouse or individual with a cSiO2-damaged lung containing

lymphoid aggregates populated by autoreactive B cells may be

particularly susceptible to local B cell activation and autoantibody

production if subsequently exposed to an appropriate cellular

pattern recognition receptor ligand. Common sources of

exogenous TLR ligand include microbial infection or inhalation

of airborne environmental allergens that either directly activate

TLR or are contaminated with TLR ligands such as LPS or

peptidoglycan (63). The cSiO2-damaged lung tissue itself is a

potential source of endogenous TLR ligand. However, the absence

of spontaneous autoAb production in supernatants from cells

cultured with medium alone suggests that endogenous TLR

ligands have limited influence in the experimental conditions

used here. Alternatively, local autoreactive cell activation may be

held in check in vivo, and autoantibody production averted, by

immunosuppressive influences within the cSiO2-modulated lung

microenvironment. Consistent with this possibility, a regulatory T

cell mRNA signature, CD4+Foxp3+ regulatory T cells, and

immunomodulatory mediators IL-10 and TGFbeta are increased
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in cSiO2-damaged mouse lungs (36, 64). In this case, a strong

immune stimulus that overcomes local immune regulation would

be needed to trigger autoreactive cell activation (65).

Collectively, our findings and those of other investigators

suggest that a multi-step model is involved in cSiO2-induced

autoimmunity. It is clear that cSiO2 exposure creates lung

inflammation that recruits lymphocytes and promotes formation

of abundant pulmonary tertiary lymphoid follicles in diverse

mouse strains, including non-autoimmune mice. Dysregulated

autoreactive B cells, as well as regulated autoreactive and non-

autoreactive B cells, are readily recruited to lung lymphoid

aggregates. A superimposed stimulus, such as ligand to TLR

introduced by inhalation, infection, or via the circulation, can

promote B cell activation locally either directly by engaging B cell

TLR or indirectly by activating innate immune cells and

modulating the local immune microenvironment. Dysregulated

B cells with intrinsic genetically-determined or acquired transient

defects in immunological tolerance may be particularly susceptible

to activation in the setting of an immunologically-relevant

environmental co-exposure. Such a scenario is supported by the

observations of Gonazalez-Quintial and colleagues (66). Although

not focused specifically on local lung autoimmune interactions,

these investigators observed elevation of circulating anti-nuclear

IgG levels three months after cSiO2 instillation in C57BL/6 mice

with underlying persistent lymphocytic choriomenigitis virus

infection but not in virus-naive C57BL/6 mice (66).

It is interesting that injection of LPS i.p. 24 to 48 hours prior

to tissue harvest had little impact on parameters measured in our

studies. The rationale for this approach was to mimic a common

environmental co-exposure (bacterial infection) associated with

potent polyclonal B cell activation in mice (58, 67). It is possible

that the in vivo response to LPS in injected mice was dampened

by preconditioning or other effects related to the systemic

inflammatory response associated with cSiO2 lung exposure

(68). In this regard, elevated circulating levels of several

immune mediators that modulate B cell function, including

BAFF, osteopontin, and TNFalpha, have been documented in

cSiO2-exposed mice (22, 23). Alternatively, our study time frame

may have been too short to detect an increase in autoantibodies,

although it is reported that NFkB nuclear translocation and

TLR4 signaling in peripheral tissue cells peak within an hour

after in vivo LPS injection in mice (69). It is possible that a longer

interval or in vivo exposure to a higher dose of LPS or alternative

TLR agonist(s) such as a TLR 7 or TLR 9 ligands will induce a

different response in the setting of cSiO2-induced lung injury.

Our findings also raise additional questions for future study

about the interaction of the humoral immune system within the

cSiO2-induced lung microenvironment. The degree to which

lung-recruited autoreactive B cells become activated locally or

are held in check by local immunosuppressive factors requires

further study. The results may explain our finding of

autoantibodies in BALF but not in unstimulated cultures of

lung cells from cSiO2-exposed mice. It is also not clear if the
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cSiO2-induced local microenvironment or systemic factors

directly promote loss of tolerance, or simply amplify

autoantibody production by cells that have already escaped

tolerance. The stimulants (autoantigen, TLR ligands, or other

factors), T cells and other immune cells, and immune

microenvironments (including follicular vs. extrafollicular

sites) that trigger local autoreactive B cell activation are not yet

identified. The relative contribution of lung versus systemic B

cells to generation of circulating autoantibodies is unknown, as is

the impact of lung-derived soluble and cellular mediators on

autoimmune responses in distant lymphoid organs. In this

regard, different mechanisms may be operative in different

genetic backgrounds. In contrast to findings in female C57BL/

6, BXSB, and MRL/MpJ mice, we observed elevated serum anti-

DNA IgG with no difference in BALF anti-DNA Ig levels in

cSiO2-exposed lupus-prone NZB mice, suggesting that the effect

on humoral autoimmunity was primarily systemic in NZB (25).

Finally, the role of B cell-derived cytokines (70) on pathogenesis

in cSiO2-induced autoimmunity deserves further study.

In conclusion, dysregulated autoreactive B cells of diverse

disease-relevant specificities are recruited to cSiO2-exposed lungs

and can contribute to local autoantibody production. A

superimposed immune stimulus, such as exposure to an

exogenous TLR ligand, may be necessary to unmask cSiO2-

promoted autoimmunity. Elucidation of pathogenic mechanisms

will provide insights into human autoimmunity and help identify

novel therapeutic targets for autoimmune disease.
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SUPPLEMENTARY FIGURE 1

Lung inflammation, lymphocyte infiltration, and autoantibodies in
bronchoalveolar lavage fluid (BALF) and serum of female BXSB mice

exposed to respiratory crystalline silica or vehicle (saline), with or
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without intraperitoneal (i.p.) TLR4 ligand. Mice were exposed by
oropharyngeal aspiration (OPA) at 2 or 3 months before tissue harvest,

with or without i.p. injection of TLR4 ligand lipopolysaccharide (LPS) at 2
days prior to harvest. (A) Leukocyte count in BALF. (B) Number of ectopic

lymphoid aggregates per whole lung section, quantified on FFPE lung
sections stained with fluorescently-labeled anti-B220 (B cells) and anti-

CD3 (T cells) antibodies. (C, D) Autoantibodies measured in samples in
duplicate using (C) undiluted BALF and (D) serum diluted 1/100 for anti-

DNA Ig and 1/20 for anti-myeloperoxidase (MPO) Ig. Each circle

represents an individual mouse; the bar indicates the mean for each
group; *p < 0.05; ***p < 0.0001; ns, not significant, for silica- vs. vehicle-

exposed mice, Wilcoxon rank sum test.
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