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Epidemiological studies have confidently linked occupational crystalline silica exposure 
to autoimmunity, but pathogenic mechanisms and role of genetic predisposition remain 
poorly defined. Although studies of single inbred strains have yielded insights, under-
standing the relationships between lung pathology, silica-induced autoimmunity, and 
genetic predisposition will require examination of a broad spectrum of responses and 
susceptibilities. We defined the characteristics of silicosis and autoimmunity and their 
relationships using the genetically heterogeneous diversity outbred (DO) mouse popula-
tion and determined the suitability of this model for investigating silica-induced autoim-
munity. Clinically relevant lung and autoimmune phenotypes were assessed 12 weeks 
after a transoral dose of 0, 5, or 10 mg crystalline silica in large cohorts of DO mice. Data 
were further analyzed for correlations, hierarchical clustering, and sex effects. DO mice 
exhibited a wide range of responses to silica, including mild to severe silicosis and impor-
tantly silica-induced systemic autoimmunity. Strikingly, about half of PBS controls were 
anti-nuclear antibodies (ANA) positive, however, few had disease-associated specificities, 
whereas most ANAs in silica-exposed mice showed anti-ENA5 reactivity. Correlation and 
hierarchical clustering showed close association of silicosis, lung biomarkers, and anti-
ENA5, while other autoimmune characteristics, such as ANA and glomerulonephritis, 
clustered separately. Silica-exposed males had more lung inflammation, bronchoalveolar 
lavage fluid cells, IL-6, and autoantibodies. DO mice are susceptible to both silicosis and 
silica-induced autoimmunity and show substantial individual variations reflecting their 
genetic diverseness and the importance of predisposition particularly for autoimmunity. 
This model provides a new tool for deciphering the relationship between silica exposure,  
genes, and disease.

Keywords: silica, diversity outbred, autoimmunity, silicosis, autoantibody, inflammation, lung, environmental 
autoimmunity

inTrODUcTiOn

Crystalline silica is an abundant mineral found in rock, sand, and soil, and exposure is an environ-
mental or occupational hazard in construction, mining, and other dusty trades (1, 2). Silicosis results 
from the inhalation and deposition of respirable crystalline silica in the lungs, which causes a range 
of pathologies, including inflammation, tissue damage, necrosis, and fibrosis (1–3). Silica exposure 
is also associated with autoimmunity [systemic lupus erythematosus (SLE), rheumatoid arthritis 
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(RA), and scleroderma] in humans, however, little is known of 
the mechanisms responsible (2, 4–11). Although these diseases 
occur predominantly in females (12), silica-induced autoimmun-
ity is most often described following occupational exposure in 
males (8). While several human studies have found an association 
between the intensity of silica exposure with autoimmune disease 
and autoantibodies, silica-induced autoantibody production can 
occur without significant lung damage (13–15). Silica exposure 
results in more pronounced lung responses and exacerbates auto-
immunity in susceptible mice; however, the limited animal stud-
ies of silica-induced autoimmunity have revealed little regarding 
the mechanisms involved (9, 16–19). This paucity of information 
is a significant barrier to furthering our understanding of how 
silica-mediated pathology leads to autoimmunity.

Genetic predisposition and environmental exposure to silica 
likely interact to drive susceptibility or resistance to silicosis and 
silica-induced autoimmunity. Disease features associated with 
silica exposure occur with variable frequency in humans suggesting 
a significant gene–environment interaction in both silicosis and 
silica-induced autoimmunity (2). A similar spectrum of disease 
features are found in murine silicosis, which exhibits a clear dose 
response (16, 20), however variation among inbred mouse strains 
suggests a strong genetic component. Although this variability of 
disease phenotypes is observed when multiple inbred mouse strains 
are exposed to silica, it is not found in any single inbred mouse 
strain because the restricted genetic content recapitulates only 
some features of disease (9, 16, 20). These animal studies suggest 
that many of the pathological features described in human silicosis 
and silica-induced autoimmunity are heavily influenced by genetic 
background. However, studies to elucidate the genetic contribution 
to disease have been hampered by the lack of animal models that 
exemplify the genetic heterogeneity of human populations.

One approach to broaden the genetic heterogeneity in murine 
studies is to use outbred strains, such as the diversity outbred (DO) 
mouse (21–24). The DO mouse is a heterogeneous stock derived 
from eight founder strains (A/J, C57BL/6J, 129S1/SvImJ, NOD/
ShiLtJ, NZO/HiLtJ, CAST/EiJ, PWK/PhJ, and WSB/EiJ) that is 
maintained by randomized breeding. The DO exhibits significant 
phenotypic variability because it captures the same set of allelic 
variants as the eight founder strains (25) and is, therefore, well 
suited to model the range of immunological responses that fol-
low exposure to environmental agents known to induce disease 
in humans (26, 27). The DO mouse also provides a powerful tool 
for genome-wide association studies that could better model the 
genetic heterogeneity of human populations than inbred mice for 
the study of silicosis and silica-induced autoimmunity.

In this study, we sought to determine if DO mice could be 
used to model the diversity of immunological and pathological 
changes found in human silicosis and silica-induced autoimmun-
ity. Here, we identify biomarkers of silica-induced lung pathology 
and autoimmunity and describe the range of responses to silica 
in the DO mouse establishing it as a model of population-based 
silicosis and silica-induced autoimmunity. Biomarkers associated 
with human pulmonary silicosis, bronchoalveolar lavage fluid 
(BALF) cell numbers and protein, TGF-β, TNF-α, and lactate 
dehydrogenase (LDH) activity, were increased in silica-exposed 
mice. Silica-induced autoimmunity, including serum IgM, IgG, 

anti-nuclear antibodies (ANA), and anti-ENA (RNP and Sm) 
specificity were increased with silica exposure along with lupus-
like glomerulonephritis. Significantly, our findings also suggest 
that expression of some features of autoimmunity do not closely 
reflect silica-induced lung pathology, and that male mice can 
display more severe parameters of both silicosis and autoim-
munity. Finally, these results provide a new model to study the 
effects of genetic diversity on the pathogenesis of silicosis and 
silica-induced autoimmunity.

MaTerials anD MeThODs

Mice
Male and female DO mice (J:DO, Stock No: 009376) were pur-
chased from Jackson Laboratory (Bar Harbor, ME, USA) and 
have been described previously (22). Handling and maintenance 
were performed under specific pathogen-free conditions at 
TSRI’s Animal Facility. Experiments were carried out with 8- to 
10-week-old animals. Animal rooms were kept at 68–72°F and 
60–70% humidity, with a 12/12  h light–dark cycle, and steri-
lized cages were replaced each week with fresh water and food 
(autoclaved standard grain diet 7012, Teklad, Envigo, Madison, 
WI, USA) to which the mice had access ad libitum. Behavioral 
enrichments, such as paper breeder huts, goat chow, and nylabo-
nes, were provided as needed. All procedures were approved by 
The Scripps Research Institute Institutional Animal Care and Use 
Committee (IACUC).

exposure to crystalline silica
Mice were exposed to a single dose of crystalline silica (Min-
U-Sil-5, average particle size 1.5–2  µm; U.S. Silica Company, 
Frederick, MD, USA) by transoral (or oropharyngeal) instillation 
in a volume of 25 μl of PBS under isoflurane anesthesia. Briefly, 
mice were anesthetized and the tongue pulled forward and to 
the side (to block the swallow reflex) so that the silica solution 
is delivered into the back of the throat and aspirated into the 
lungs (28). A total of 210 8- to 10-week-old mice were exposed 
to crystalline silica, of which 90 received 5 mg and 120 received 
10 mg. These doses were chosen based on calculations of human 
lifetime exposure to respirable crystalline silica and an equivalent 
exposure for mice, and represent approximately 60–120% of a 
human lifetime exposure at the recommended NIOSH exposure 
limit (19). A single instillation was used because of evidence 
of an association between the intensity of silica exposure and 
autoimmunity (8). A control group of 70 mice received PBS 
alone. Each treatment group consisted of equal numbers of male 
and female mice. Silica was acid washed in 1 M HCl at 100°C 
for 2 h and then autoclaved for 1 h at 121°C and allowed to dry 
(29). Immediately prior to use silica was disbursed by sonication. 
Use of crystalline silica was approved by The Scripps Research 
Institute Department of Environmental Health and Safety.

Bronchoalveolar lavage and lung 
histology
Mice were sacrificed at 12 weeks post-exposure and BALF was 
collected. Total cell counts were determined using a Countess II 
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FL Automated Cell Counter (Thermo Fisher Scientific, Waltham, 
MA, USA) before BALF was stored at −80°C. Lungs were 
excised and fixed for 24 h in zinc formalin. Paraffin-embedding, 
sectioning (5  µm), and staining (hematoxylin and eosin and 
trichrome) were done by TSRI’s Histology Core. Formalin fixed 
paraffin-embedded slides were scanned and images stored on 
Digital Image Hub (Slidepath, Dublin, Ireland). Lungs were 
scored under blinded conditions. The four right lobes and the 
single left lung was scored for the percent of the lobe affected 
by alveolitis (maximum score of 500) as well as peribronchitis 
and perivasculitis (maximum score of 500). A total lung score 
(TLS) (maximum score of 1,000) was determined by combining 
the amount of alveolitis, peribronchitis, and perivasculitis. The 
presence of silicosis was defined as a TLS greater than the mean 
plus 2 SDs of the PBS controls (9.6).

immunofluorescence and elisas for 
serum immunoglobulins and 
autoantibodies
Blood was collected from the retro-orbital sinus pre-silica 
exposure and at 4, 8, and 12 weeks post-exposure. Serum ANA 
were detected as previously described (30) using a 1:40 dilu-
tion of serum on Hep2 ANA slides as an initial screen (Innova 
Diagnostics, San Diego, CA, USA). Bound antibody was detected 
with goat anti-mouse IgG Alexa Fluor 488 (Life Technologies, 
Carlsbad, CA, USA). Slides were mounted using Vectashield 
Mounting Medium containing DAPI (Vectorlabs, Burlingame, 
CA, USA), and observed using an Olympus BH2 microscope. 
Digital images of ANA patterns were captured using a LEICA 
DFC 365 FX camera and analyzed using Leica Application Suite 
AF software (Leica Microsystems, Buffalo Grove, IL, USA).

Total serum IgG and IgM were measured by ELISA (30) 
as specified by the manufacturer (Immunology Consultants 
Laboratory, Portland, OR). To measure autoantibodies in the 
serum, ENA5 (designed for the detection of anti-Sm, -RNP, -SS-A 
(60 and 52 kDa), -SS-B, and -Scl-70 antibodies), anti-chromatin, 
anti-dsDNA, anti-SSA, anti-SSB, anti-RNP, and anti-Sm ELISA 
kits (QUANTA Lite ELISA Inova Diagnostics, San Diego, CA, 
USA) were modified to detect murine samples using a goat-anti 
mouse IgG HRP antibody (Thermo Fisher #62-6520). As cali-
brated mouse IgG of defined ANA specificities are not available 
the determination of antibody units in DO mice sera was achieved 
using human negative, low positive, and high positive controls and 
anti-human IgG HRP as described by the manufacturer (Innova 
Diagnostics). The units for each sample were calculated by divid-
ing the average OD of the DO mouse sample by the average OD of 
the human Low Positive. The result was multiplied by the number 
of units assigned (by the manufacturer) to the human Low Positive 
(25 Units). Serum from MRL-FasLpr mice was used as positive 
controls for reactivity of mouse sera for all ELISAs and a murine 
monoclonal antibody against chromatin, MoAb 2–3 (courtesy of 
Dr. Marc Monestier, Temple University, Philadelphia, PA, USA) 
was additionally used for the anti-chromatin ELISA. For the 
measurement of IgM RF, a sandwich ELISA was performed by 
coating IgG1κ (BD Pharmingen, San Diego, CA, USA) at 1 μg/ml 
onto NUNC plates (Thermo Fisher Scientific) and blocked with 

PBS containing 1 mg gelatin/ml. Serum was diluted 1:200, and 
bound RF detected with goat anti-mouse IgM HRP (Invitrogen, 
Carlsbad, CA, USA) at 1:1,000.

elisa for Biomarkers in BalF
TNF-α (BioLegend, San Diego, CA, USA), IL-6 (BioLegend, 
San Diego, CA, USA), and activated TGF-β (R&D Systems, 
Minneapolis, MN, USA) were determined by ELISA according 
to the manufacturer’s instructions. LDH activity was measured 
using a colorimetric assay (Sigma-Aldrich, St. Louis, MO, USA). 
Protein in BALF was determined using the Pierce BCA Protein 
Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA).

renal Pathology
Kidneys were fixed for 24 h in zinc formalin then paraffin sec-
tions (5 µm) were stained with Periodic Acid–Schiff (PAS). Slide 
images were stored on Digital Image Hub (Slidepath, Dublin, 
Ireland). Glomerulonephritis was scored on a 0–4 scale under 
blinded conditions (31). Proteinuria was determined using Roche 
Diagnostics Chemstrip 2 GP Urine Test Strips (Fisher Scientific).

statistical analysis
Unless otherwise noted, data are expressed as mean and SE. 
Statistical analysis was performed with GraphPad Software V6 
(San Diego, CA, USA). Comparisons were performed using 
Kruskal–Wallis test or two-way ANOVA with Sidak’s multiple 
comparisons. Correlations were calculated using pairwise 
deletion and reported in Spearman’s correlation coefficient (rs). 
Hierarchical Cluster Analysis was done using Cluster 3.01 and 
Java TreeView2 using a relative change value for each pheno-
type. Briefly, relative change values were calculated using the 
equation: s s

s
− avg

avg
, s  =  sample data point and savg  =  the average 

of the combined treatment samples (0, 5, and 10  mg). A one-
dimensional self-organizing map was constructed along each 
axis (x-axis =  samples, 20,000 iterations; y-axis =  phenotypes, 
100,000 iterations) followed by binary, agglomerative, hierarchi-
cal clustering using the Spearman Rank Correlation similarity 
metric, and a complete linkage clustering method. P < 0.05 was 
considered significant.

resUlTs

silica exposure and lung Pathology
To determine the association of silicosis with autoimmunity, 
mice were given a single exposure to 0, 5, or 10 mg of crystalline 
silica and analyzed after 12 weeks. Silica exposure was well toler-
ated with no evidence of increased morbidity or any significant 
changes to whole body weight. Five animals died post exposure. 
Of these, two were PBS animals that died with mortal fighting-
related wounds and three were silica-exposed animals with no 
fighting-related wounds, but all had high ANA positivity. One 

1 http://bonsai.hgc.jp/~mdehoon/software/cluster/software.htm (Accessed: July 6, 2017).
2 http://jtreeview.sourceforge.net/ (Accessed: July 6, 2017).
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FigUre 1 | Indices of silica-induced lung pathology in diversity outbred mice. Mice were exposed transorally to 0 mg (n = 70), 5 mg (n = 90), or 10 mg (n = 120)  
of crystalline silica in PBS for 12 weeks before H&E stained lung sections were reviewed and scored for (a) total lung score, (B) alveolitis, and (c) peribronchitis  
and perivasculitis. Images of slides with (D) H&E staining of the left lung lobe from mice exposed to 0 (left), 5 (middle), and 10 mg (right) of crystalline silica in PBS. 
Trichrome staining of the (e) left lung lobe and (F) tracheobronchial lymph node with white arrows indicating granulomas containing lattice-like fibrous connective 
tissue (inset with red outline).
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silica-treated animal exhibited extreme morbidity and edema 
during the exposure period and was sacrificed early. Mice 
exposed to either dose of silica developed prominent alveolar, 
peribronchial, and perivascular inflammatory cell infiltrates 
containing varying amounts of lymphocytes, macrophages, and 
neutrophils. Accordingly, the total lung, alveolitis, and perivas-
culitis/bronchitis pathology scores in silica-exposed mice were 
much greater than unexposed controls and exhibited a strong 
dose response (Figures 1A–D). Furthermore, there was a wide 
range of responses to the silica consistent with the genetic diver-
sity of DO mice.

Several pathologic findings occurred in only subsets of 
silica-exposed DO mice, including fibrosis, granulomas, and 
enlarged tracheobronchial lymph nodes. Fibrosis was seen in 
both the lungs and the draining tracheobronchial lymph nodes of 
silica-exposed mice primarily within granulomas (Figures 1E,F). 
Tracheobronchial lymph node hypertrophy was not observed in 

PBS mice, but was observed in 23% of mice receiving 10 mg silica 
(p = 0.001). The frequency and size of granulomas varied widely 
within each dosage group, but was much more frequent at the 
higher dose.

BalF characteristics and Biomarkers  
of silicosis
When corresponding BALF was examined, mean cell numbers 
and the percent of mice with elevated cell counts (greater than 
the mean + 2SD of PBS group) were substantially elevated in mice 
given 5 or 10 mg silica compared to PBS (Figure 2A; Table S1 
in Supplementary Material). Furthermore, while the mean cell 
number was higher for the 10 versus 5 mg group, this did not 
reach statistical significance. Contrastingly, mean BALF protein 
levels and percent of mice with elevated protein levels were only 
increased in mice exposed to 10 mg of silica and unexpectedly 
mice receiving 5  mg of silica had slightly lower BALF protein 
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FigUre 2 | Biomarkers of inflammation and fibrosis in bronchial alveolar lavage fluid (BALF) of silica-exposed diversity outbred mice. Mice were exposed transorally 
to crystalline silica in PBS (see Figure 1) before BALF was collected for the measurement of (a) BALF cell number, (B) BALF protein levels, (c) lactate 
dehydrogenase activity, (D) TNF-α, (e) TGF-β, and (F) IL-6.
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levels than controls (Figure 2B). Thus, lower amounts of silica 
are sufficient to stimulate BALF cell increases, while higher doses 
are required to increase BALF protein levels.

We next determined whether BALF biomarkers of human 
silicosis (32) were also represented in silica-exposed DO mice. 
Indeed, mean levels of LDH activity, TNF-α, and TGF-β, but not 
IL-6 were elevated in mice exposed to silica (Figures 2C–F; Table 
S1 in Supplementary Material). Mean LDH activity increased 
with dose of silica, but only reached statistical significance with 
the 10 mg dose. Likewise, the percent of mice with elevated LDH 
activity was significantly higher in the 10 mg group. Similar find-
ings were observed for TNF-α, however, the increases in mean 

values were only modest. In contrast, mean TGF-β levels were 
substantially higher in both silica dose groups. Taken together, 
our findings show that three of four reported BALF biomarkers for 
human pulmonary silicosis were elevated in a significant percent-
age of silica-exposed DO mice particularly at the higher exposure.

autoimmunity
To assess the frequency of systemic autoimmunity induced by silica 
exposure in the DO population, we examined immunoglobulin 
and autoantibody levels, spleen size, and kidney pathology. Mean 
serum IgM and IgG levels were significantly elevated 12 weeks after 
exposure in mice given 10, but not 5 mg of silica when compared 
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FigUre 3 | Indices of silica-induced autoimmunity in diversity outbred mice. Mice were exposed transorally to crystalline silica in PBS (see Figure 1) before blood 
was collected for determination of serum (a) IgG and (B) IgM and (c) spleen weight. (D) Glomerulonephritis was determined by reviewing and scoring Periodic 
Acid–Schiff-stained kidney sections and (e) proteinuria was measured in the urine using Chemstrips. (F) Blood was collected prior to exposure and every 4 weeks 
thereafter for determination of serum anti-nuclear antibodies by immunofluorescence.
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to PBS controls, consistent with greater activation of the adaptive 
immune response with higher silica exposure (Figures  3A,B; 
Table S2 in Supplementary Material). Serial ANAs were measured 
prior to and every 4 weeks after PBS or silica exposure. Strikingly, 
45% of mice in the PBS group became positive for ANA (≥1+) at 
4 weeks (12–14 weeks of age) despite only two mice being ANA 
positive (both 1+) at the start of the experiment (Figure 3F; Table 
S2 in Supplementary Material). By 12 weeks, a similar 50% of PBS 
mice were ANA positive, however, the average ANA score was 
increased compared to 4 weeks (p < 0.0001). The 5 mg-exposed 
mice were 77% ANA positive at 4 weeks and 66% at 12 weeks. 
Mean ANA scores also increased over the course of the 12 weeks 
exposure (p < 0.0001) and were significantly higher than the PBS 

group (p = 0.006). In contrast, mice exposed to 10 mg of silica 
exhibited ANA positivity (50 and 53%, 4 and 12 weeks) and scores 
that were not significantly different from PBS controls.

Anti-nuclear antibodies specificities were further examined 
for IgG anti-chromatin and anti-ENA5 (Sm, RNP, SS-A 60 and 
52 kDa, SS-B, and Scl-70). Anti-chromatin antibodies at 12 weeks 
were detected in only 3% (2/68), 16% (14/86), and 4% (5/118) of 
mice in the 0, 5, and 10 mg groups, respectively, a much lower 
percentage than ANAs (Figure 4A; Table S2 in Supplementary 
Material). In contrast, when ANA-positive mice were examined, 
silica exposure was associated with substantially higher levels and 
percentages of anti-ENA5 antibodies compared to unexposed 
controls (p < 0.0001) (Figure 4C). Most of the ENA5 reactivity 
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FigUre 4 | Serum autoantibodies in silica-exposed diversity outbred mice. Mice were exposed transorally to crystalline silica in PBS (see Figure 1) before blood 
was collected for determination of serum autoantibodies: (a) IgG anti-chromatin, (B) IgM rheumatoid factor, (c) ENA5 [designed for the detection of IgG anti-Sm, 
-RNP, -SSA (60 and 52 kDa), -SSB, and -Scl-70 IgG antibodies], (D) IgG anti-RNP, (e) IgG anti-Sm, (F) IgG anti-SSA, (g) IgG anti-SSB, and (h) IgG anti-dsDNA.
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was to RNP (85 and 96% for 5 and 10 mg exposures) and Sm (58 
and 84%), whereas anti-SSA (60 and 52 kDa) (12 and 20%) and 
anti-SSB (15 and 28%) specificities were present, but occurred 
less frequently (Figures 4D–G). IgM rheumatoid factor (RF) and 
anti-dsDNA were also elevated in a subset of silica-exposed mice 
with higher levels present in mice exposed to the lower dose of 
silica (Figures 4B,H).

In addition to the serological changes, a modest increase in 
spleen weight was observed in both groups of silica-exposed mice 
compared to controls (Figure 3C). Glomerulonephritis ranging 
from mild to severe was also observed by histology in a few 
silica-exposed mice at both doses, but in none of the PBS mice 
(Figure 3D). Two of the mice with glomerulonephritis developed 
significant proteinuria at 12 weeks (Figure 3E).

correlations Between lung Pathology, 
Biomarkers of silicosis, and autoimmunity
We next looked for correlations between the severity of silica-
induced lung pathology, biomarkers of silicosis in BALF, and 
autoimmune disease manifestations in silica-exposed mice at 
12  weeks. A significant correlation with TLS was found for all 
biomarkers, except IL-6, with TGF-β and TNF-α having strong 
and LDH activity moderate Spearman’s correlation coefficient 
(rs) values (Figure  5A; Table S3 in Supplementary Material). 
Similarly, several immune parameters, including total IgG and 

IgM, anti-ENA5, and anti-chromatin exhibited moderate correla-
tion with lung pathology (Figure 5A; Table S4 in Supplementary 
Material). As expected, the anti-ENA5 response was strongly 
correlated with anti-RNP and anti-Sm, the most common ENA5 
autoantibodies induced by silica (Figure 5A).

Hierarchical clustering analysis was also performed to deter-
mine unbiased relationships between biomarkers of silicosis, 
BALF and lung pathology, and autoimmunity, as well as between 
PBS and silica-exposed DO mice. Accordingly, DO mice showed 
clear distinction between the 10 mg dose and other groups due in 
large part to greater severity of lung pathology, BALF cytokines, 
immunoglobulin levels, and ENA5 antibodies, while there was 
less demarcation of the 0 and 5 mg silica groups (Figure 5B, hori-
zontal clustering). The pulmonary and autoimmune phenotypes 
were divided into four main groups: RF, pre-bleed ANA, and 
proteinuria (cluster a); ANA, anti-dsDNA, anti-SSA, anti-SSB, 
and glomerulonephritis (cluster b); BALF protein and IL-6, 
and serum IgG, IgM, and anti-chromatin (cluster c); and lung 
pathology, BALF cell numbers, TGF-β, TNF-α, LDH activity, and 
antibodies to ENA5, Sm, and RNP (cluster d) (Figure 5B, vertical 
clustering). These results confirmed the connection between lung 
and BALF pathology and with the development of anti-ENA5, 
specifically anti-RNP and anti-Sm (cluster d). The separate cluster 
c contained mainly other immunopathologic consequences of 
pulmonary silicosis and inflammation. Finally, cluster b consisted 
of manifestations associated with systemic autoimmune diseases, 

FigUre 5 | Continued
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FigUre 5 | Correlations of biomarkers in silica-exposed diversity outbred mice. (a) Correlation matrix of Spearman’s correlation coefficient (rs) values for mice 
exposed transorally to 5 or 10 mg of crystalline silica. Spearman’s rs values were calculated using pairwise deletion and represented by a color gradient scale with 
red = 1, yellow = 0, and green = −1. (B) Hierarchical cluster analysis of phenotypes and samples using a complete linkage clustering method and Spearman Rank 
Correlation as the similarity metric. Values are reported as relative change from the average of all samples for each phenotype with red = positive relative change, 
black = no difference, green = negative relative change, and gray = no data available. Dose groups are indicated by the color bar below the sample cluster with 
blue = 0 mg, purple = 5 mg, and yellow = 10 mg. Separate clusters are defined by a, b, c, and d. Abbreviations: TLS, total lung score; Peri, perivasculitis and 
peribronchitis; Alv, alveolitis; BALF cell, bronchial alveolar lavage fluid (BALF) total cell number; BALF Prot, BALF protein levels; LDH, lactate dehydrogenase (LDH) 
activity; SPW, spleen weight; ANA12, anti-nuclear antibody (ANA) score after 12 weeks of exposure; ENA5, designed for the detection of anti-Sm, -RNP, -SS-A 
(60 kDa and 52 kDa), -SS-B, and -Scl-70 IgG antibodies; RNP, anti-RNP IgG; Sm, anti-Sm IgG; SSA, anti-SSA IgG; SSB, anti-SSB IgG; dsDNA, anti-dsDNA IgG; 
Chrom, anti-chromatin IgG, ANA4, ANA score after 4 weeks of exposure; ANA8, ANA score after 8 weeks of exposure; ANAPre, ANA score before exposure; BW, 
body weight; GN, glomerulonephritis; ProtStrip, urine protein using ChemStrip assay.
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such as lupus, but was more separated from silica-induced lung 
pathology. Thus, in DO mice certain autoimmune manifesta-
tions, such as anti-Sm and -RNP, are more strongly associated 
with the severity of pulmonary silicosis whereas others such as 
anti-dsDNA and glomerulonephritis are also dependent on other 
factors, possibly genetic predisposition.

sex effects
We next looked for potential sex effects on lung pathology, bio-
markers of silicosis in BALF and autoimmunity. Using a two-way 
(sex and dose) ANOVA with Sidak’s multiple comparisons we 
found a significant sex effect in BALF cell number (p  <  0.01), 
ENA5 (p  <  0.05), urine protein levels (p  <  0.0001), and body 
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FigUre 6 | Sex differences in silica-exposed diversity outbred mice. Mice were exposed transorally to crystalline silica in PBS (see Figure 1) and females and males 
analyzed separately for sex effects by two-way ANOVA using Sidak’s multiple comparisons. Males exposed to 10 mg were found to have higher (a) alveolitis, (B) 
bronchoalveolar lavage fluid (BALF) cell number, (c) BALF IL-6, and (D) ENA5 autoantibodies compared to females at the same dose.
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weight (p < 0.0001). Additionally, males had significantly higher 
alveolitis, BALF cell numbers, BALF IL-6, and ENA5 autoanti-
bodies than females in the 10 mg dose group (Figures 6A–D). 
Therefore, major sex differences are reflected in greater lung 
inflammation, BALF cells and IL-6, and silica-induced anti-ENA5 
autoantibodies in male DO mice.

DiscUssiOn

In this study, we characterized the range of crystalline silica-
associated pathology in the genetically heterogeneous DO mouse 
population to determine whether this model was suitable for 
defining causal mechanisms of both pulmonary silicosis and silica-
induced autoimmunity. Indeed, a number of novel observations 
from this study provide strong support for that premise. First, DO 
mice were found to exhibit a wide variation in lung involvement, 
cytokine production, and importantly systemic autoimmune 
disease manifestations after a single inhalation exposure to silica. 
Second, cytokine and enzyme biomarkers associated with human 
pulmonary silicosis were also increased in silica-exposed mice. 
Third, circulating immunoglobulins and ANAs were increased 
with silica exposure along with the acquisition of anti-ENA 
specificity. Fourth, hierarchical clustering revealed that while 
anti-ENA5, -Sm, and -RNP responses are linked to lung pathol-
ogy, other autoantibody responses (anti-DNA, -SSA, -SSB) as 
well as GN, are more distantly linked to the effects of silica on 
the lung. Additionally, about half of PBS-treated DO control 
mice were also ANA positive, but in contrast to silica-exposed 
mice, almost all lacked reactivity to common RNA and DNA 
antigens associated with autoimmune disease. Fifth, lupus-like 

glomerulonephritis although uncommon, only developed in 
silica-exposed mice. Finally, unlike the female bias of idiopathic 
systemic autoimmunity (33), sex effects of silica exposure on DO 
mice were more evident in males. These findings provide new 
insights into the effects of genetic diversity on the pathogenesis 
of silicosis and silica-induced autoimmunity.

In this study, a single dose of 5 and 10 mg of silica was used, 
which might be considered high when compared to calculated 
human exposures (19). However, in the absence of a standardized 
dose and method of administration (1, 3, 8, 16, 19, 20, 34), we 
selected, after comparing different routes and doses, amounts of 
silica in the range that produced lung pathology similar in sever-
ity to chronic human silicosis. Furthermore, the single dose by 
transoral instillation resulted in the most uniform presence of 
silica in the lung (data not shown) and reprodu cibility.

Silica exposure resulted in a range of lung pathologies, from 
mild to severe with varying degrees of peribronchial, perivascu-
lar, and alveolar inflammation even within a single dosage group. 
There was also a clear dose response with the 10 mg exposure 
group having significantly greater lung involvement and sever-
ity. These findings are consistent with previous studies in a few 
mouse strains that documented significant differences in the 
severity and type of pulmonary lesions after inhalation of silica-
containing particles (9, 16, 19, 35). Less responsive strains include  
C57BL/6, BALB/c, and NZW while more responsive strains 
include C3H/HeN, MRL/MpJ, NZB, NZM2410, and (NZBxNZW)
F1 (9, 16, 20), many of which are predisposed to lupus. Among 
the reported strains, only the less susceptible C57BL/6 is 
included in the DO founders. These findings are consistent 
with the variations observed in human exposures (2, 4–11) and 
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support the importance of genetic influences on susceptibility to  
silicosis.

Several potential biomarkers of human silicosis identified 
in human exposure studies, TGF-β, TNF-α and LDH (3, 32, 
36), were also elevated in the BALF of silica-exposed DO mice. 
Among these, TGF-β appeared to be the most robust as it was 
increased in both low and high dose silica exposure groups and 
had the strongest association with lung pathology score. In con-
trast, IL-6, which was only elevated in a small subset of, mainly 
male, DO mice exposed to the higher dose, may not be a suitable 
marker of silicosis, but might indicate extreme exposure. Taken 
together, these results are consistent with similar silica-mediated 
inflammatory mechanisms occurring in the lungs of humans and 
DO mice.

Silica-induced autoimmunity in DO mice included mild sple-
nomegaly, autoantibodies to nuclear antigens commonly detected 
in lupus and mixed connective tissue disease, and glomerulo-
nephritis. Autoimmunity was slightly more severe in the lower 
silica dose group, with higher levels of ANA, anti-chromatin, 
anti-dsDNA, RF, and glomerulonephritis than both the PBS and 
higher dose groups. Interestingly, and of significance in studying 
autoimmunity in the DO mouse, was the high prevalence (~50%) 
of ANAs in PBS-controls, which suggests the presence of ANA-
promoting variants in many of the founder strains. Indeed, 
although lupus is not a major characteristic of any DO founders, 
lupus-predisposing loci have previously been identified in three 
strains, B6, 129, and NOD (37, 38). Moreover, treatment of predia-
betic NOD mice with a single dose of intravenous Mycobacterium 
bovis (M. bovis) suppresses diabetes and induces lupus-like 
manifestations, including autoimmune hemolytic anemia, 
ANAs, and immune complex-mediated glomerulonephritis (39). 
Consequently, as silica exposure substantially enhances lupus in 
mainly susceptible strains (9, 19), the aforementioned predispos-
ing loci responsible for spontaneous and M. bovis-induced lupus 
are also likely relevant to silica-induced autoimmunity. Thus, the 
DO model provides the means to identify common and unique 
genetic variants predisposing to spontaneous and silica-induced 
autoimmunity spanning a broad repertoire of laboratory and wild 
mouse-derived genomes.

Another striking finding was the high frequency of ENA 
reactivity of ANAs in both silica-exposed groups compared to 
PBS controls (~50 vs 6%), which included antibodies to mainly 
RNP and Sm, but also to SSA and SSB. In contrast, nearly all ANA 
positive PBS-treated mice lacked reactivity to any of the com-
mon lupus-associated autoantigens tested despite only slightly 
lower ANA scores than mice in the silica-exposed groups. 
Such DNA and ENA-negative ANAs have been associated with 
nonpathogenic autoantibodies such as anti-DFS70 and reduced 
incidence of systemic autoimmune rheumatic disease (40). Thus 
in DO mice, silica-induced ANAs can be distinguished from 
spontaneous ANAs by the presence of anti-ENA specificity, 
which studied in mice indicate that it is primarily mediated by 
TLR7 signaling (41). Similarly, anti-ENA specificities analyzed 
in ~1,800 uranium miners exposed to silica dust found increased 
prevalence of anti-SSA and anti-SSB antibodies particularly 
in miners with SLE or heavy exposures, however, antibod-
ies to RNP and Sm were uncommon (42). Taken together, 

these findings are consistent with both genetic variation and 
silica exposure influencing the development of ANAs and ANA  
specificities.

Correlation and hierarchical clustering analyses of silica-
exposed DO mice further documented the connections between 
lung pathology and BALF biomarkers (TGF-β, TNF-α, and 
LDH activity) as well as the association of these pulmonary 
pathologies with anti-RNP and anti-Sm. The dependence of 
anti-ENA5 ANAs on silica exposure is not simply secondary to 
inflammation, since autoimmunity induced by chronic mercury 
exposure leads to autoantibodies to other nuclear antigens, but 
not anti-ENA (43). The development of anti-ENA in nearly all 
ANA-positive DO mice suggests a high frequency of genetic 
variants predisposing to this specificity among DO founders or 
less likely that anti-ENA induction by silica is independent of 
background. In contrast, other autoimmune manifestations, such 
as ANA, anti-dsDNA, anti-SSA/SSB, and glomerulonephritis 
clustered together and were less associated with silica-induced 
lung pathology. These autoimmune traits are likely more depend-
ent on genetic susceptibility than anti-ENA5 in DO mice or the 
responsible genetic variants are less common. Nevertheless, in 
either situation, our findings indicate that these autoimmune 
manifestations are enhanced by silica exposure similar to the 
early induction of severe autoimmune disease in lupus-prone 
strains (9, 19). Moreover, these findings argue that silica exposure 
in itself without the development of silicosis can contribute to 
autoantibody production, a finding consistent with the presence 
of autoantibodies in silica-exposed, but silicosis-free, humans (8). 
Taken together, these findings establish a new definable model to 
investigate genetic and pathogenic mechanisms of silica-induced 
autoimmunity.

Here, we document a wide variation in lung inflammatory and 
autoimmune disease phenotypes within the DO mouse popula-
tion following inhalation of crystalline silica and also define 
their major associations. Consequently, our results indicate the 
presence of both silica-specific as well as genetically imposed 
autoimmune manifestations, such as anti-ENA and ANA positiv-
ity. Thus, exposure of the DO mouse to silica provides a model of 
the diverse pathologic and autoimmune responses of the human 
population to environmental silica. Accordingly, the DO system 
provides a unique opportunity to investigate the genetic pathways 
and pathophysiologic mechanisms critical for promoting silica-
associated autoimmune disease and supports the application 
of this model in investigating population wide environmental 
effects.
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