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Abstract

Considerable evidence indicates that autoimmune disease expression depends on both genetic and 

environmental factors. Among potential environmental triggers, occupational airway exposure to 

crystalline silica and virus infections have been linked to lupus and other autoimmune diseases in 

both humans and mouse models. Here, we hypothesized that combined silica and virus exposures 

synergize and induce autoimmune manifestations more effectively than single exposures to either 

of these factors, particularly in individuals with low genetic predisposition. Accordingly, infection 

with the model murine pathogen lymphocytic choriomenigitis virus (LCMV) in early life, 

followed by airway exposure to crystalline silica in adult life, induced lupus-like autoantibodies to 

several nuclear self-antigens including chromatin, RNP and Sm, concurrent with kidney lesions, in 

non-autoimmune C57BL/6 (B6) mice. In contrast, given individually, LCMV or silica were largely 

ineffectual in this strain. These results support a multihit model of autoimmunity, where exposure 

to different environmental factors acting on distinct immunostimulatory pathways complements 

limited genetic predisposition and increases the risk of autoimmunity above a critical threshold.
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1. Introduction

Systemic autoimmune diseases encompass several disorders with limited therapeutic options 

and leading to significant health and economic burdens. Systemic lupus erythematosus 

(SLE), the prototypic systemic autoimmune disease, is characterized by hyperactivation of T 
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cells, B cells and DCs, and production of autoantibodies to nucleic acids and other 

associated molecules, leading to immune complex-mediated inflammatory damage in 

kidneys and other organs [1]. Mechanistically, innate immune pathways of nucleic acid 

sensing have been implicated in lupus pathogenesis, including activation of endolysosomal 

Toll-like receptors (TLRs) in B cells and plasmacytoid dendritic cells (pDCs), production of 

type I interferons (IFN-I), and induction of an IFN-I-dependent gene expression signature 

[2–6].

Why these innate immune pathways are aberrantly activated in lupus and other autoimmune 

diseases remains unclear. Genetic factors are clearly crucial for lupus susceptibility, as 

documented by multiple studies in human SLE [7, 8] and mouse models [9]. However, the 

low concordance for SLE (<30%) in monozygotic twins [10–13] indicates that, in a 

significant portion of individuals, the set of inherited predisposing alleles is insufficient, and 

additional triggers are required for disease expression. Although stochastic events, such as T 

and B cell antigen receptor generation and epigenetic changes, may contribute to 

differentiate genetically identical individuals, incomplete concordance for autoimmunity is 

most likely a reflection of differences in environmental exposures. In fact, lupus and other 

systemic autoimmune diseases have been associated with several non-genetic factors, most 

notably silica exposure and virus infections [14–17].

The contribution of crystalline silica to systemic autoimmunity is supported by significant 

epidemiologic evidence [16, 17]. Silica (silicon dioxide, SiO2) is one of the most abundant 

components of rocks, sand and soil. Exposure to respirable crystalline silica is particularly 

prominent in occupational settings such as mining, construction and other trades, where 

silica-containing dust is generated by drilling, grinding or cutting [18, 19]. The most 

common complication of silica inhalation is silicosis, a chronic lung disease characterized 

by inflammation, tissue damage, and fibrosis [19, 20]. In addition, silicosis is often 

associated with autoimmune manifestations, sometimes leading to overt disease [21, 22]. 

Specifically, SLE was found to be ~10 times more prevalent among individuals exposed to 

high levels of silica than in the general population [18, 21]. Moreover, silica accelerated 

systemic autoimmunity in lupus-prone mice [23–26], as well as in a fraction of diversity 

outbred (DO) mice [27], a heterogeneous stock derived from 8 founder strains and 

maintained by randomized breeding [28–30], but not in non-autoimmune strains such as 

C57BL/6 (B6) mice [23–26].

Viruses have also been suggested to be important environmental triggers of lupus. The 

strongest virus/SLE association has been reported for Epstein-Barr virus (EBV), a 

ubiquitous DNA virus that latently infects ~95% of the human population [31, 32]. EBV 

promotes B cell proliferation and encodes the EBV nuclear antigen 1 (EBNA1), which may 

induce via mimicry antibodies that crossreact with ribonucleoproteins (RNPs) such as Ro, 

Sm B/B’ and Sm D1, which are typical SLE autoantigens [33–38]. Moreover, recent studies 

showed that another EBV protein (EBNA2) may participate in allele-dependent formation of 

transcription complexes at SLE risk loci, potentially leading to disease-related alterations in 

gene expression programs [39]. In addition to EBV, SLE has been tentatively linked to 

cytomegalovirus [40], parvovirus B19 [41], and polyomavirus [42]. More directly, the 

potential contribution of virus infection to systemic autoimmunity has been documented in 
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animal studies. In this regard, we recently used the lymphocytic choriomeningitis virus 

(LCMV) in mice with different degrees of predisposition to lupus-like autoimmunity as a 

model to investigate mechanisms of virus-induced disease acceleration [43]. LCMV was 

selected because it is one of the best characterized murine viruses, is available in different 

variants, and can induce either acute or persistent infection depending on the variant and the 

time of inoculation [44]. In particular, neonatal LCMV inoculation was shown to cause a 

lifelong persistent infection due to deletion or suppression of virus-specific T cells [45]. We 

found that a chronic LCMV infection established early in life potently enhanced lupus-like 

autoantibodies, kidney pathology and mortality in mice with moderate genetic 

predisposition, but not in non-predisposed B6 mice [43].

These epidemiological and experimental studies provided significant support for the 

potential role of silica and viruses in systemic autoimmunity, suggesting that these 

environmental triggers may enhance the risk of disease in individuals with moderate to high 

genetic predisposition. However, the specific mechanisms of disease exacerbation, and in 

particular the compound effects of multiple exposures have not been investigated. Here, we 

hypothesized that silica, viruses, and genetic factors synergize by activating distinct 

immunostimulatory pathways that together lead to more effective break of tolerance, earlier 

disease onset, and enhanced severity. We tested this hypothesis in B6 mice, which as 

mentioned are resistant to autoimmunity induction following exposure to either silica or 

LCMV [26, 43]. Remarkably, we found that unlike LCMV infection or silica exposure 

alone, the sequential induction of a persistent LCMV infection early in life followed by 

silica exposure in adult life induced lupus-like autoantibodies and kidney pathology in this 

non-autoimmune mouse strain. Thus, this model appears suitable for studies aimed at 

dissecting mechanisms of synergy between viruses, silica, and genetics in the pathogenesis 

of systemic autoimmunity.

2. Materials and Methods

2.1. Mice

C57BL/6 (B6) mice (males and females) and BXSB mice (females) were purchased from 

The Scripps Research Institute Animal Facility or Jackson Laboratory (Bar Harbor, ME) and 

housed under specific pathogen-free conditions. All experimental protocols were performed 

according to the NIH Guide for the Care and Use of Laboratory Animals and approved by 

The Scripps Research Institute Animal Care and Use Committee. Individual mice were 

randomly assigned to experimental groups and analyzed under identical experimental 

conditions, but without blinding except for lung and kidney pathological assessments and 

scoring.

2.2. Virus infection

LCMV Cl13 stocks were prepared by serial passage in BHK-21 cells [46], and purity 

verified by sequencing [47]. To establish life-long chronic infection, mice were inoculated 

<24 h after birth using 103 plaque-forming units (PFU) per mouse, and serum titers were 

determined as described [43, 48].
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2.3. Silica exposure

Crystalline silica (Min-U-Sil-5, average particle size 1.5–2 μm, U.S. Silica Company, 

Frederick, MD) was washed in 1 M HCl (2 h at 100°C), rinsed with sterile water, autoclaved 

(1 h at 121°C), dried, resuspended in PBS and, immediately prior to use, dispersed by 

sonication [49]. Mice were exposed to a single dose of crystalline silica (5 mg in a total 

volume of 50 μl of PBS) by transoral (oropharyngeal) instillation as described [27]. The 

dose used for mouse exposure was calculated based on the National Institute for 

Occupational Safety and Health (NIOSH) recommendations for human lifetime exposure 

limit to respirable crystalline silica [26], and a single instillation was applied in 

consideration of the reported association between the intensity of silica exposure and 

autoimmunity [18].

2.4. ELISA

Serum levels of polyclonal (total) and anti-chromatin autoantibody IgG were determined by 

ELISA, using 96-well plates coated with goat anti-mouse immunoglobulin (Jackson 

ImmunoResearch Laboratories) or chromatin, respectively. Bound antibodies were detected 

using alkaline phosphatase-conjugated goat anti-mouse IgG (Southern Biotech), and 

standard curves were generated using calibrated mouse serum (Nordic Immunology). Serum 

IgG autoantibodies to extractable nuclear antigen 5 (ENA5, encompassing RNP, Sm, SS-A 

60 and 52 kDa, SS-B, and Scl-70 antigens), and IgG autoantibodies to RNP and Sm, were 

analyzed using commercial ELISA kits (QUANTA Lite ELISA Inova Diagnostics, San 

Diego, CA), which were modified to detect murine samples using horseradish peroxidase-

conjugated goat-anti mouse IgG (Thermo Fisher).

2.5. Anti-nuclear autoantibodies

Serum levels of anti-nuclear autoantibodies (ANA) were assessed by incubating HEp-2 

slides (Inova Diagnostics, San Diego, CA) with mouse serum diluted 1/100, followed by 

detection of bound autoantibodies using Alexa-Fluor 488-conjugated goat anti-mouse IgG 

(Invitrogen). Slides were then mounted using Vectashield Mounting Medium (Vectorlabs, 

Burlingame, CA) and visualized with 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). Fluorescence 

intensity of autoantibody binding to HEp-2 cell nuclei was quantified for each mouse using 

ImageJ (National Institute of Health).

2.6. Lung pathology

Lungs were excised and fixed for 24 h in zinc formalin. Paraffin-embedding, sectioning (5 

μm), and staining (hematoxylin and eosin or trichrome) were done at the Scripps Histology 

Core. Stained slides were scanned, and images were stored on Slidepath Digital Image Hub 

(Leica Microsystems). For mice exposed to PBS or silica alone, four of the five lung lobes 

(superior, middle, inferior, and left) were scored under blinded conditions for the percent of 

tissue affected by either peribronchitis and perivasculitis or alveolitis, and the average 

percent values were determined. For mice exposed to LCMV alone or both LCMV and 

silica, a single lobe per mouse was examined, and the assigned score was directly used for 
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graph representations. In addition, lungs were scored on a 0 to 4 scale for the levels of 

lymphocytic infiltration and granuloma, alveolar macrophage proliferation, proteinosis, and 

fibrosis.

2.7. Kidney pathology

Proteinuria was determined using Albustix strips (Bayer Corporation) and graded 

semiquantitatively (0 = negative to traces; 1 = 30 mg/dL; 2 = 100 mg/dL; 3 = 300 mg/dL; 4 

≥ 2000 mg/dL). Kidneys were fixed in zinc formalin and sections stained with Periodic 

Acid-Schiff (PAS). Slide images were scanned and stored on Slidepath Digital Image Hub 

(Leica Microsystems). The severity of glomerulonephritis (GN) was determined as described 

[50] by analyzing > 50 representative glomeruli, which were graded blindly on a 0 to 4 scale 

based on the extent of histopathological features including glomerular cellularity and size, 

mesangial thickening, inflammatory exudates, capsular adhesion, obliteration of glomerular 

architecture, PAS-positive deposits, and tubular changes. A score ≥ 2.0 was considered 

pathologic.

2.8. Data analysis and statistics

Data were analyzed with GraphPad Prism 6 (San Diego, CA). Comparisons of 3–4 

experimental groups were performed using one-way ANOVA with Tukey’s multiple 

comparison test. Comparisons of 2 experimental groups were performed using unpaired two-

tailed t-test. p < 0.05 was considered significant. Hierarchical cluster analysis was done with 

Cluster 3.0 and Java TreeView, using a relative change value for each phenotype. Briefly, 

relative change values were calculated using the formula [(S – SAVG) ÷ SAVG], where S = 

mouse data point, and SAVG = average of all mouse samples (including PBS controls). A 

one-dimensional self-organizing map was constructed along each axis, followed by binary, 

agglomerative, hierarchical clustering using centered correlation similarity metric and a 

complete linkage clustering method.

3. Results

3.1. Severe lung pathology in B6 mice exposed to LCMV and silica

To investigate potential synergistic effects of silica and viruses in systemic autoimmunity, 

B6 mice were inoculated with LCMV at birth to establish a chronic infection [43], and then 

exposed to 5 mg of crystalline silica at the age of 3.5 mo to induce chronic pulmonary 

inflammation [27]. Control groups included mice that received only LCMV, silica, or PBS. 

As previously reported [43], neonatal inoculation with LCMV caused a lifelong persistent 

infection, shown by serum virus titers > 8×104 PFU/mL in adult (2–3 mo-old) mice. The 

magnitude of silica-induced lung inflammation was verified by histopathological analysis at 

experiment termination, i.e. age 6.5 mo for mice exposed to either PBS or silica, and 8 mo 

for mice exposed to either LCMV or both LCMV and silica (LCMV+silica). Lungs of silica-

exposed mice showed extensive inflammatory cell infiltrates typically associated with 

silicosis, including lymphocytes, macrophages and neutrophils, in peribronchial and 

perivascular areas (affecting 28.0 ± 4.9 % of these areas) as well as in alveolar areas (47.8 

± 6.8 %), which were significantly increased compared to PBS controls (0.15 ± 0.07 % in all 

areas) (Figure 1A). Chronic LCMV infection was also associated with marked peribronchial 
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and perivascular inflammatory infiltrates (21.4 ± 2.9 %) compared to PBS controls, whereas 

the increase in alveolar infiltrates (22.0 ± 6.4 %) did not reach statistical significance (Figure 

1A). Strikingly, lung pathology was much more severe in mice exposed to LCMV+silica, 

which showed enhanced peribronchitis and perivasculitis (83.3 ± 4.0 %) and alveolitis (90.0 

± 8.0 %) compared to PBS or LCMV infection alone (Figure 1A). LCMV+silica also 

induced more severe lung pathology compared to silica alone, although the silica-only group 

was analyzed at an earlier time point (12 weeks post-silica) than the LCMV+silica group (18 

weeks post-silica). Additional features of pulmonary silicosis significantly increased in mice 

given LCMV+silica compared to LCMV alone were lymphocytic infiltration and 

granulomas, alveolar macrophage proliferation, proteinosis, and fibrosis (Figure 1B). Thus, 

LCMV infection and silica exposure promoted severe lung inflammation in B6 mice.

3.2. LCMV and silica synergistically induce lupus-like autoantibodies in B6 mice

To examine the effects of virus and/or silica on autoantibody production, serological analysis 

was performed on samples obtained at age 6.5 mo (12 weeks post-silica) from B6 mice 

given PBS, LCMV, silica, or LCMV+silica. Total polyclonal IgG levels were not 

significantly different between mice exposed to LCMV, silica, or both (Figure 2A). In 

contrast, IgG antinuclear autoantibodies (ANA) were significantly increased in mice given 

LCMV+silica, but not in mice given either LCMV or silica alone (Figure 2B). Serum 

samples were further analyzed for autoantibodies to chromatin and ENA5, a mixture of 

extractable nuclear self-antigens encompassing RNP, Sm, SS-A, SS-B and Scl-70, which are 

typically targeted in lupus. IgG anti-chromatin and anti-ENA5 autoantibodies were 

minimally induced by either LCMV or silica but were significantly elevated following 

LCMV+silica exposure (Figure 3A-B). Further dissection of the ENA5 specificities showed 

increases in anti-RNP and anti-Sm autoantibodies in mice exposed to LCMV+silica, but not 

in mice given LCMV or silica alone (Figure 3C-D). Collectively, these results clearly 

document a marked synergistic effect of chronic LCMV infection and pulmonary silicosis in 

eliciting lupus-like autoantibodies in non-autoimmune B6 mice.

3.3. LCMV and silica synergistically promote kidney pathology in B6 mice

To evaluate the impact of silica exposure, virus infection, and the associated autoantibody 

production on kidney function, levels of proteinuria were monitored at bimonthly intervals. 

Consistent with earlier studies in this non-autoimmune mouse strain [26, 43], B6 mice given 

either silica or LCMV showed very low to undetectable levels of proteinuria (≤ 30 mg/dL) 

up to the age of 6.5 mo, and the same was observed for mice exposed to LCMV+silica 

despite the high levels of autoantibodies (Figure 4A). As a comparison, the effect of chronic 

LCMV infection and silica exposure on renal function was examined in female BXSB mice 

with moderate predisposition to lupus. Unlike male BXSB mice, which spontaneously 

develop early-onset severe lupus due to a Y chromosome-associated Tlr7 gene duplication 

[51, 52], female BXSB mice develop a late-onset mild disease that can be significantly 

accelerated by chronic LCMV infection [43]. We found that LCMV+silica induced higher 

levels of proteinuria (≥ 300 mg/dL in 4 of 5 mice) than LCMV alone (≤ 30 mg/dL in 4 of 4 

mice) in 5 mo-old female BXSB mice 10 weeks post-silica administration (Figure 4B), 

which was associated with significant increases in serum IgG anti-chromatin autoantibodies 

(6.2 ± 1.5 μg/mL in mice given LCMV+silica vs. 0.9 ± 0.4 μg/mL in mice given LCMV 

Gonzalez-Quintial et al. Page 6

Clin Immunol. Author manuscript; available in PMC 2020 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



alone, p<0.01). To determine whether, with time, progressive silica- induced inflammation 

and/or chronic virus infection might lead to more pronounced renal dysfunction, B6 mice 

given LCMV or both LCMV and silica were followed for an additional 6 weeks, up to the 

age of 8 mo. Even at this advanced time-point, however, proteinuria remained undetectable 

(Figure 4A).

We next examined whether potential nephritogenic effects of silica and/or LCMV could be 

more efficiently revealed by histopathological analysis. At the age of 6.5 mo (12 weeks post-

silica), kidneys of silica-exposed B6 mice showed no significant increases in 

glomerulonephritis (GN) scores compared to PBS controls (Figure 4C). In contrast, 

prominent kidney pathology was observed in 8 mo-old LCMV-infected B6 mice, most of 

which (4 of 5) exhibited GN scores ≥ 1.8 (Figure 4C). Notably, silica exposure further 

increased kidney disease severity in LCMV-infected B6 mice, with 5 of 6 mice showing GN 

scores ≥ 3.0 (Figure 4C).

3.4. Concurrence of autoimmune features in mice exposed to LCMV and silica

Hierarchical clustering analysis was performed to define unbiased relationships between B6 

mice exposed to different triggers (silica, LCMV, or LCMV+silica), as well as between 

autoimmune features (total IgG, ANA, anti-chromatin, anti-ENA5, anti-RNP, anti-Sm, and 

GN) induced in these mice (Figure 5A). Remarkably, most mice clustered according to 

treatment, largely consistent with patterns of low autoantibody and GN levels in the silica-

only group, low autoantibody but high GN levels in the LCMV-only group, and high 

autoantibody and GN levels in the LCMV+silica group. As an exception, despite severe lung 

inflammation (total score 185 out of 200) consistent with effective silica exposure, one 

mouse of the LCMV+silica group exhibited a high GN score (3.5) but low autoantibody 

titers, and accordingly this mouse co-clustered with mice of the LCMV-only group (Figure 

5A). Overall, no significant differences were noted between female and male B6 mice in 

these serologic and histopathologic analyses (not shown). Moreover, hierarchical clustering 

analysis of autoimmune phenotypes identified two main clusters, one including GN, anti-

ENA5, and anti-RNP, and the other ANA, anti-chromatin, and anti-Sm (Figure 5A). In 

contrast, total IgG titers segregated separately, consistent with the observation that this 

feature was not significantly affected by silica and/or LCMV exposure. As an additional 

approach to evaluate the concurrence of autoimmune features induced by LCMV and/or 

silica, for each mouse we calculated an aggregate autoimmunity score, defined here as the 

sum of the relative change from the average for all the autoimmune phenotypes examined 

(Figure 5B). This analysis showed significant increases in mice exposed to both LCMV and 

silica compared to mice exposed to either trigger alone. Together, these results indicate that a 

persistent LCMV infection can cause significant kidney damage, which is further augmented 

in association with increased autoantibody production in mice given both LCMV and silica.

4. Discussion

In this study, we examined the impact of multiple environmental exposures on systemic 

autoimmune disease onset and severity. We used crystalline silica and virus infection as 

environmental triggers, based on their reported associations with lupus and other systemic 

Gonzalez-Quintial et al. Page 7

Clin Immunol. Author manuscript; available in PMC 2020 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



autoimmune diseases. We found that silica airway exposure more efficiently induced lupus-

like autoantibodies in mice chronically infected with LCMV than in non-infected mice. 

Conversely, the autoimmunity-promoting effect of LCMV infection was amplified by silica 

exposure. These results have significant implications for our understanding of how 

environmental triggers affect autoimmune disease susceptibility and pathogenesis.

A critical finding of this study was that, in combination, virus infection and silica exposure 

induced lupus-like disease manifestations in B6 mice with low genetic predisposition, 

whereas individually these triggers were ineffectual. In contrast, silica exposure alone was 

sufficient to exacerbate anti-nuclear autoantibody production and kidney pathology in lupus-

prone NZM2410 and NZBWF1 mice [23–26], while LCMV infection alone aggravated 

autoimmune manifestations in predisposed NZB and female BXSB mice [43]. Notably, in 

female BXSB mice, LCMV infection followed by silica exposure elicited higher 

autoantibody titers and more severe kidney disease than LCMV infection alone. The additive 

effects of virus infection and silica exposure suggest that different environmental triggers 

contribute in non-redundant ways to systemic autoimmunity in specific genetic backgrounds. 

Interestingly, although the B6 genetic background contributes less susceptibility to lupus 

than the BXSB genetic background, B6 mice (both females and males) exposed to LCMV

+silica exhibited earlier and more severe autoimmunity than unmanipulated female BXSB 

mice. Thus, studying the synergistic effects of xenobiotics, infections, and susceptibility 

genes appears crucial to fully understand autoimmune disease pathogenesis and more 

precisely determine one individual’s risk of developing such conditions.

In addition to increased autoantibody production, combined silica and virus exposures 

caused more severe lung inflammation than silica or virus alone. Because silica-exposed 

mice were analyzed at an earlier time-point than dual-exposure mice, it is possible that, 

given sufficient time, lung pathology induced by silica alone would be as severe as that 

induced by LCMV and silica together. However, considering that silica induced more severe 

lung lymphoplasmacytic infiltration and ectopic lymphoid tissue-like structures in 

autoimmune than in non-autoimmune mice [26], it is possible that the aggravated lung 

inflammation in mice given LCMV+silica vs. silica alone might be a consequence of 

enhanced autoimmunity in addition to the extended time of silica exposure. Further studies 

with fixed virus and/or silica exposure times and mice with deficiencies in genes or cell 

types essential for autoimmunity will help to clarify this issue.

In most instances, exposure to both LCMV and silica induced severe GN concurrent with 

high autoantibody levels, suggesting lupus-like immune complex-mediated kidney 

immunopathology. However, mice that were LCMV-infected but not exposed to silica, as 

well as one mouse of the dual-exposure group, showed moderate to severe GN despite low 

autoantibody titers. Although these mice could have developed nephritogenic autoantibody 

specificities not tested in this study, another possibility is that kidney histopathology was due 

in part to the direct effect of virus infection and/or immune complex deposits containing 

viral proteins and specific antibodies.

In our model of multiple environmental exposures, virus infection was induced early after 

birth to establish lifelong persistence, while silica oropharyngeal aspiration was provoked at 
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adult age to simulate occupational exposure. Neonatal inoculation with LCMV was 

previously shown to induce persistent infection of conventional DCs, pDCs, monocytes and 

macrophages, concurrent with upregulation of MHC and costimulatory molecules, and 

activation or hyperresponsiveness of T and B cells [43]. The chronicity of these 

immunostimulatory effects is likely critical for the increased susceptibility to silica- induced 

autoimmunity in mice with persistent LCMV infection. Another potentially critical factor is 

the time of infection. Early life represents a window of time that is fundamental for the 

functional maturation of the immune system and establishment of immunological tolerance 

[53–58]. Moreover, certain early life infections were shown to significantly affect 

inflammatory responses later in life, including after the infectious agent has been cleared 

[59–63]. Accordingly, neonatal LCMV infection may enhance susceptibility to silica- 

induced autoimmunity by altering normal immune development, tolerance, and/or 

homeostasis. Therefore, additional investigations comparing the effect of persistent vs. acute 

infections established at different time-points in life, including after silica administration, 

will be important to define the temporal requirements of virus and silica exposures for the 

induction of autoimmune responses. Moreover, this model will allow examination of the 

effect of other viruses, particularly mouse variants of EBV, cytomegalovirus and 

polyomavirus, which as mentioned earlier have been linked to human lupus in some reports.

A key question raised by the present study relates to the mechanistic basis of the synergisms 

between virus and silica in autoimmunity. Considering the essential role of the innate 

immune system in spontaneous lupus, we hypothesize that virus and silica might contribute 

by inducing distinct innate immune pathways that, acting in concert, more efficiently 

promote inflammatory cell activation both in the lungs and systemically, break of tolerance, 

and autoimmune disease onset and severity. Silica has been reported to induce NLRP3 

inflammasome activation and production of the inflammatory cytokines IL-1β and IL-18 in 

affected lungs [64–72]. Silica also promoted cell death and release of nucleic acids that 

mediated cGAS-dependent or independent STING activation and production of IFN-I [73]. 

These pathways were shown to be critical for lung inflammation and silicosis, but their 

requirement for silica- induced autoimmunity has not been investigated [17]. On the other 

hand, LCMV-associated viral RNA activates both endolysosomal (TLR-mediated) and 

cytosolic (MAVS-mediated) pathways of immunostimulation [74–80]. We found that, in the 

absence of silica, TLR activation is required for LCMV-induced lupus acceleration in 

predisposed mice [43], but the role of the MAVS-dependent pathway in this model is 

currently unknown. Further studies using relevant gene-deleted mice will be required to 

differentiate the contribution of inflammasome activation, cytosolic and endolysosomal 

nucleic acid sensing, and the induced inflammatory factors in this model of autoimmunity 

mediated by multifactorial environmental exposures.

In conclusion, the present study provides evidence that a chronic viral infection can 

significantly enhance the risk of developing autoimmunity following silica exposure and 

vice versa. Thus, susceptibility to lupus, and likely other autoimmune diseases, appears to 

depend on the additive effects of a sufficient number of genetic and environmental factors to 

which an individual is progressively exposed throughout life. Future investigations with 

appropriate mouse models will allow dissection of the complex mechanistic interplays 

underlying the synergisms between predisposing genes and combinations of environmental 
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triggers, providing novel perspectives on autoimmune disease pathogenesis and potential 

therapeutic approaches.
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Figure 1. 
Severe lung pathology in B6 mice exposed to LCMV and crystalline silica. Mice were 

infected with LCMV < 24 h after birth and exposed to 5 mg of crystalline silica by 

oropharyngeal instillation at the age of 3.5 mo. Control mice received LCMV, silica, or PBS 

alone. Lung pathology was assessed at the age of either 6.5 mo (for mice exposed to either 

PBS or silica only) or 8 mo (for mice exposed to either LCMV or both LCMV and silica). 

A) Representative histological sections and lung pathology scores indicating the level of 

peribronchitis and perivasculitis or alveolitis in each mouse. Data are expressed as percent of 

affected lung tissue. B) Lung histological sections scored for the levels of lymphocytic 

infiltration and granuloma, alveolar macrophage proliferation, proteinosis, and fibrosis. Si, 

silica; dots in graphs, individual mice; horizontal bars, mouse group averages; asterisks, 

statistical significance (*, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001); ns, 

statistically non-significant.
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Figure 2. 
Combined LCMV and silica exposures induce anti-nuclear autoantibodies in B6 mice. Mice 

were infected with LCMV < 24 h after birth and exposed to 5 mg of crystalline silica by 

oropharyngeal instillation at the age of 3.5 mo. Control mice received LCMV, silica, or PBS 

alone. Serological analysis was performed at the age of 6.5 mo (12 weeks post-silica 

instillation). A) Total IgG titers determined by ELISA. B) IgG anti-nuclear autoantibody 

(ANA) titers determined by measuring binding to HEp-2 cell nuclei and 

immunofluorescence quantification. Data are expressed as percentage of binding compared 

to a positive control (MRL-lpr mouse serum). Si, silica; AU, arbitrary units; dots in graphs, 

individual mice; horizontal bars, mouse group averages; asterisks, statistical significance 

(**, p<0.01; ****, p<0.0001); ns, statistically non-significant.
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Figure 3. 
Combined LCMV and silica exposures induce diverse autoantibodies in B6 mice. Mice were 

infected with LCMV < 24 h after birth and exposed to 5 mg of crystalline silica by 

oropharyngeal instillation at the age of 3.5 mo. Control mice received LCMV, silica, or PBS 

alone. Serological analysis was performed at the age of 6.5 mo (12 weeks post-silica 

instillation) by ELISA. A) Anti-chromatin IgG autoantibodies. B) Anti-ENA5 (extractable 

nuclear antigen 5, encompassing RNP, Sm, SS-A 60 and 52 kDa, SS-B, and Scl-70) IgG 

autoantibodies. C) Anti-RNP (ribonucleoprotein) IgG autoantibodies. D) Anti-Sm (Smith 

antigen) IgG autoantibodies. Si, silica; OD, optical density; dots in graphs, individual mice; 

horizontal bars, mouse group averages; asterisks, statistical significance (*, p<0.05; **, 

p<0.01; ***, p<0.001; ****, p<0.0001); ns, statistically non-significant.
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Figure 4. 
Combined LCMV and silica exposures induce kidney histopathology in B6 mice. Mice were 

infected with LCMV < 24 h after birth and exposed to 5 mg of crystalline silica by 

oropharyngeal instillation at the age of 3.5 mo (B6 mice) or 2.5 mo (female BXSB mice). 

Control mice received LCMV, silica, or PBS alone. Proteinuria was assessed at the indicated 

ages, while kidney histological lesions were examined at the age of either 6.5 mo (for mice 

exposed to either PBS or silica only) or 8 mo (for mice exposed to either LCMV or both 

LCMV and silica). A) Proteinuria in B6 mice. No significant differences were detected 

among groups. B) Proteinuria in lupus-predisposed female BXSB mice. C) Kidney 

histopathological lesions in B6 mice. Representative histological sections and 

glomerulonephritis (GN) scores for all mice are shown. Si, silica; dots in graphs, individual 

mice; horizontal bars, mouse group averages; asterisks, statistical significance (*, p<0.05; 

***, p<0.001; ****, p<0.0001); ns, statistically non-significant.
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Figure 5. 
Concurrence of autoimmune features in B6 mice exposed to both LCMV and silica. Mice 

were infected with LCMV < 24 h after birth and exposed to 5 mg of crystalline silica by 

oropharyngeal instillation at the age of 3.5 mo. Control mice received LCMV, silica, or PBS 

alone. Autoantibody titers were examined as in Figures 2 and 3 at the age of 6.5 mo, while 

glomerulonephritis (GN) was assessed as in Figure 4 at the age of either 6.5 mo (for mice 

exposed to either PBS or silica only) or 8 mo (for mice exposed to either LCMV or both 

LCMV and silica). A) Hierarchical cluster analysis of samples and autoimmune phenotypes. 

Values are reported as relative changes from the average of all samples (PBS, silica, LCMV, 

LCMV+silica) and expressed as a heatmap, where red = positive relative change, black = no 

change, and green = negative relative change. Mice of the PBS-only group are not shown. 

Each column represents an individual mouse. B) Aggregate autoimmunity score, defined as 

the sum of all relative changes detected in each mouse. Si, silica; dots in graph, individual 

mice; horizontal bars, mouse group averages; asterisks, statistical significance (****, 

p<0.0001); ns, statistically non-significant.
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