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Impaired interferon-g signaling
promotes the development of silicosis

Zhouyangfan Peng,1,12 Mingwu Duan,1,12 Yiting Tang,2 Jianfeng Wu,3 Kai Zhao,1 Yanjun Zhong,6 Zhihui He,1

Jie Meng,4,5 Fangping Chen,1 Xianzhong Xiao,7,8 Haichao Wang,9 Timothy R. Billiar,10 Ben Lu,1,7,8,*

and Fang Liang1,11,*

SUMMARY

Silicosis is caused by inhalation of crystalline silica dust particles and known as one
of the most serious occupational diseases worldwide. However, little is known
about intrinsic factors leading to disease susceptibility. Single-cell sequencing
of bronchoalveolar lavage fluid cells of mine workers with silicosis and their co-
workers who did not develop silicosis revealed that the impaired interferon
(IFN)-g signaling in myeloid cells was strongly associated with the occurrence
of silicosis. Global or myeloid cell-specific deletion of interferon g receptor
(IFN-gR) markedly enhanced the crystalline silica-induced pulmonary injury in
wild-type but not in NLRP3 deficient mice. In vitro, IFN-g priming of macrophages
suppressed the crystalline silica-induced NLRP3 inflammasome activation partly
by inducing the formation of spacious phagosomes with relatively reduced ratio
of crystalline silica/phagosomal areas volumes to resistant crystalline silica-
induced lysosomal membrane damage. Thus, these findings provide molecular in-
sights into the intricate mechanisms underlying innate immunity-mediated host
responses to environmental irritants.

INTRODUCTION

Silicosis is a chronic interstitial pulmonary disease caused by the inhalation of free crystalline silica dust (The

LRM, 2019). It is characterized by granulomatous lung inflammation, delayed pulmonary interstitial fibrosis

and progressive respiratory dysfunction (Cao et al., 2020; Cullinan et al., 2017). Although preventive efforts

have beenmade, silicosis is still one of themost important occupational diseases worldwide (Cullinan et al.,

2017). China withmore than 500,000 cases recorded has more than 6000 new cases of silicosis each year and

more than 24,000 deaths annually (Leung et al., 2012). As a major problem for workers in small-scale mines,

silicosis is irreversible and not therapeutically curable. However, only a small proportion of workers with

prolonged inhalation of free crystalline silica eventually develop silicosis (Casey and Mazurek,2019;

Wang et al., 2020). It was previously believed that the susceptibility of silicosis might be because of individ-

ual genetic variation (Ohtsuka et al., 2006). Some studies report that the polymorphisms in genes encoding

proinflammatory cytokines or growth factors are associated with the occurrence of silicosis (Salum et al.,

2020a; Wang et al., 2012). However, the functional relevance of the gene polymorphisms to the develop-

ment of silicosis has not been validated (Salum et al., 2020b; Wu et al., 2008). Thus, the underlying

mechanisms of mammalian susceptibility to silicosis remain largely unknown.

Accumulating evidence shows that deregulated pulmonary immune responses drive the development and

progression of silicosis (Lee et al., 2017; Pollard,2016). Alveolar macrophages orchestrate lung inflamma-

tion in responses to both infectious and non-infectious agents. Phagocytosis of the inhaled crystalline silica

by alveolar macrophages results in lysosomal damage, which elicits the activation of NOD-like receptor

family pyrin domain-containing 3 (NLRP3) inflammasome, an intracellular protein complex that mediates

the activation of caspase-1 and the subsequent maturation of proinflammatory cytokines including inter-

leukin (IL)-1b and IL-18(Cassel et al., 2008; Dostert et al., 2008; Hornung et al., 2008). In murine silicosis

models, deletion of the genes encoding NLRP3 inflammasome components markedly attenuates silica

crystals-induced granulomatous lung inflammation and pulmonary fibrosis (Cassel et al., 2008; Dostert

et al., 2008). Similarly, other immune cells such as dendritic cells, lymphocytes and mast cells also occupy

important roles in silica crystals-induced pulmonary interstitial fibrosis(Benmerzoug et al., 2018; Liu et al.,
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2019), partly by releasing proinflammatory cytokines (e.g., tumor necrosis factor) and profibrogenic factors

(Li et al., 2016).

To investigate whether different immune states are critical for the susceptibility of silicosis, we performed

single-cell RNA sequencing analysis of cells from bronchoalveolar lavage fluid (BALF) obtained from small-

scale mine workers with or without silicosis. This led to the finding that the interferon (IFN)-g signaling is

significantly lacking in myeloid cells (e.g., macrophages and monocytes) from silicosis patients. The loss

of IFN-g signaling has long been considered as the key contributor of tumorigenesis and pathogen infec-

tion, but its role in environmental irritants-mediated diseases, especially silica crystal-mediated pulmonary

fibrosis, is still unknown. Based on the scRNA results, we will establish a murine silicosis model on IFN-g

receptor (IFN-gR)-deficiency mice to explore the relationship between IFN-g signaling deficiency and

silicosis susceptibility, and further to explore whether IFN-g signaling deficiency will lead to the activation

of NLRP3 inflammasome in silicosis. As IFN-g is a key player in both innate and adaptive immune responses,

this research will extend our understanding of how the immune system regulates host responses to

environmental irritants and suggest that IFNg signaling lacking-mediated immune suppression might be

a high-risk factor for the development of silicosis.

RESULTS

Reduced IFN-g signaling in myeloid cells was strongly associated with the occurrence of

silicosis in mine workers

The problem of silicosis is particularly prevalent in workers in small-scale mines because of chronic inhala-

tion of crystalline silica dust particles. Up to 20% of these workers have an accelerated form of the disease

(Wang et al., 2020). To examine whether different immune states contributes to individual susceptibility to

silicosis, we recruited patients with silicosis and sex-, age- and exposure time-matched co-workers without

silicosis from small-scale coal mines in Hunan province, a region that has the highest silicosis incidence in

the world. The diagnosis of silicosis was based on computed tomography (CT) (Figure 1A). The CT image of

silicosis patients presented increased reticular markings and several nodule formations in the upper part of

the lung when compared to the exposure miners (Figure 1A). Single-cell RNA sequencing analysis (scRNA-

seq) was performed on cells from bronchoalveolar lavage fluid (BALF) (Figure 1B). Intriguingly, two distinct

monocyte/macrophage subclusters (named as C1 and C2) were observed by an unbiased whole genome

analysis in both silicosis patients and their disease-free co-workers. Although C2 was enriched in mono-

cytes/macrophages from silicosis patients, cluster C1 was composed of cells predominantly from subjects

without silicosis (Figures 1B and 1C). The heatmap listed the gene that was found to have the most striking

difference in expression between the monocytes/macrophages from silicosis patients and disease-free

mine workers (Figure 1D). The differentially expressed genes in the monocyte/macrophage population

were analyzed to identify signaling pathways relevant to the occurrence of silicosis (Figure 1E). Among,

IFN-g signaling as one of the strikingly difference expression gene, had been confirmed to participate in

vesicle transport, immune and inflammation process in many kinds of diseases(Ivashkiv,2018; Langer

et al., 2019; Schnettger et al., 2017). Hence, we speculated that IFN-g signaling plays a vital role

in silicosis. Compared to control genes, genes associated with IFN-g signaling were notably lower in cells

from silicosis patients (Figures S1, 1E, and 1F). Monocytes/macrophages from silicosis patients hardly ex-

pressed IFN-gR1, IFN-gR2, STAT1, JAK2, IRF1, and IRF9, all of which are the key components of the IFN-g

pathway (Figure 1F). We confirmed this observation using real-time qPCR (Figure 1G). The development of

silicosis correlates with progressive loss of lung function, which is characterized by a decrease in forced vital

capacity (FVC), forced expiratory volume in 1 s (FEV1) and the ratio of FEV1 to FVC. To determine if loss of

IFN-g signaling genes was associated with respiratory dysfunction, we analyzed the correlation between

the expression of IFN-g signaling pathway components and lung function. IFN-gR1, IFN-gR2, STAT1,

and JAK2 mRNA levels were significantly correlated with FEV1, FVC, and FEV1/FVC (Figures 1H–1K).

Together, these observations establish that a failure to express IFN-g signaling components in lung

myeloid cells was strongly associated with the occurrence of silicosis.

Impaired IFN-g signaling promotes silica crystals-induced pulmonary interstitial fibrosis and

respiratory dysfunction

To test the functional relevance of impaired IFN-g signaling to the development of silicosis, we utilized a

murine silicosis model, in which wild-type (WT) mice and IFN-g receptor (IFN-gR)-deficient mice were intra-

tracheally injected with a silica crystal suspension. The degree of pulmonary interstitial fibrosis was visual-

ized using micro-computed tomography. Intratracheal atomizing injection of silica crystals (200 mg/kg
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Figure 1. Reduced IFN-g signaling in myeloid cells was strongly associated with the occurrence of silicosis in mine

workers

(A) Representative images of pulmonary CT from exposure miner and silicosis patients. (Red arrow: several nodule).

(B) t-Distributed stochastic neighbor embedding (t-SNE) plot and density plots of 10,000 RNA-sequenced (RNA-seq)

single cells from exposure miner and silicosis patient bronchoalveolar lavage fluid. (n = 2 biological replicates for

exposure miners and n = 3 biological replicates for silicosis patients).

(C) The distinct subclusters of monocyte-macrophages derived by reference to the ImmGen database with clusters

superimposed on the t-SNE plot.

(D) Heatmap of the expression of genes in bulk RNA-seq of monocyte-macrophages from bronchoalveolar lavage fluid

cells of exposure miners and silicosis patients.

(E) Functional enrichment analysis with GO Biological Processes for monocyte-macrophages was performed using

GOrilla with the significantly changed genes in silicosis patients compared to exposure miners.

(F) Feature plots demonstrating differential expression of selected alveolar monocyte-macrophage genes (IFNGR1,

IFNGR2, STAT1, JAK2, IRF1, IRF9).

(G) The mRNA expression detected by qPCR in bronchoalveolar lavage fluid cells from exposure miners and silicosis

patients. Data are represented as mean G SEM (n = 19 for exposure miners and n = 23 for silicosis patients).

(H) The mRNA levels of IFNGR1 are significantly correlated with the lung function indexes (FEV1/FVC) in exposure miners

and silicosis patients.

(I) The mRNA levels of IFNGR2 are significantly correlated with the lung function indexes (FEV1/FVC) in exposure miners

and silicosis patients.

(J) Principal component analysis (PCA) of the correlation between IFN-g signaling and lung function (PC1: IFNGR1 and

IFNGR2; PC2: FVC, FEV1, FEV1/FVC).

(K) Principal component analysis (PCA) of the correlation between IFN-g signaling and lung function (PC1: STAT1 and

JAK2; PC2: FVC, FEV1, FEV1/FVC).
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Figure 2. Impaired IFN-g signaling promotes silica crystals-induced pulmonary interstitial fibrosis and respiratory dysfunction

(A). Lung nodule of lung tissues was observed by 2D reconstruction of lung microstructure in wild type or IFN-gR knockout mice inhaled with or without silica

crystals. Morphometry analysis quantifying lung nodule area in the lungs. Data are represented as meanG SEM (n = 11 forWT-saline, n = 10 forWT-SiO2, n =

7 for IFNgR knockout-saline and n = 9 for IFNgR knockout-SiO2).
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mice) induced a severe pulmonary fibrosis in IFN-gR-deficient mice but only a mild fibrosis in WT controls

(Figure 2A). As revealed by hematoxylin-eosin (H&E) and Masson staining, IFN-gR deficient mice exhibited

many more contiguous fibrotic masses and air bubbles, and greater fibrous obliteration as compared to

their WT controls (Figures 2B and 2C). Deletion of IFN-gR markedly promoted silica crystals-induced

pulmonary interstitial fibrosis (Figure 2C). These changes were associated with a decrease in dynamic

compliance (Cdyn), tidal volume (TV) and minute volume (MV), and significantly increased respiratory

resistance index (RI) in IFN-gR deficient mice (Figure 2D). Unlike IFN-g, type 1 IFNs such as IFN-ɑ and

IFN-b activate JAK pathway through their receptor IFNɑbR (Ivashkiv and Donlin,2014). In contrast to

IFN-gR deficiency, the loss of IFNɑbR failed to affect silica crystals-induced pulmonary interstitial fibrosis

and respiratory dysfunction in the murine silicosis model (Figures 2E–2G). Together, these findings

demonstrate that the impaired IFN-g signaling promotes silica crystals-induced pulmonary interstitial

fibrosis and respiratory dysfunction, and establish a functional link between suppressed IFN-g signaling

and the susceptibility to silicosis.

Impaired IFN-g signaling in myeloid cells promotes silica crystals-induced pulmonary

interstitial fibrosis and respiratory dysfunction

Myeloid cells, such as macrophages and monocytes, express functional IFN-gR (Pietras et al., 2011).

Numerous studies suggest that alveolar macrophages play critical roles in lung inflammation and pulmo-

nary fibrosis, and are the major cells in the lungs that engulf inhaled crystalline silica (Dostert et al., 2008;

Hornung et al., 2008). Thus, we next determined whether impaired IFN-g signaling in myeloid cells drives

the development and progression of silicosis. Mice with selective IFN-gR deletion inmyeloid cells (IFN-gRf/f

Lyz2-cre+) were generated. These mice displayed no detectable defects under physiological conditions,

and exhibited normal lung histology after intratracheal injection of saline vehicle control (Figure 3A). In

the murine silicosis model, however, IFN-gRf/f Lyz2-cre+ mice exhibited many more contiguous fibrotic

lung masses and more pronounced pulmonary interstitial fibrosis as compared to IFN-gR+/+ Lyz2-cre-,

IFN-gR f/f Lyz2-cre- or IFN-gR f/+ Lyz2-cre+ mice that express IFN-gR in myeloid cells (Figures 3A–3C). In

agreement with these findings, selective deletion of IFN-gR in myeloid cells markedly decreased dynamic

compliance (Cdyn), tidal volume (TV) and minute volume (MV), and significantly increased respiratory resis-

tance index (RI) following intratracheal injection of silica crystal suspension (Figure 3D). Collectively, these

data indicate that impaired IFN-g signaling in myeloid cells promotes silica crystals-induced pulmonary

interstitial fibrosis and respiratory dysfunction.

Impaired IFN-g signaling promotes silica crystals-induced pulmonary interstitial fibrosis and

respiratory dysfunction through the NLRP3 inflammasome

Next, we investigated the mechanisms by which impaired IFN-g signaling promotes pulmonary interstitial

fibrosis and respiratory dysfunction in our model of silicosis. Because IL-1a、IL-1b、IL-17A、IL-23, IL-27,

MCP-1, and IL-10 as important proinflammatory cytokines that significantly associated with the progression

of silicosis(Liu et al., 2015; Cao et al., 2021; Chen et al., 2017; Luna-Gomes et al., 2015; Slavov et al., 2010),

we measured these cytokine levels in the BALF using a Cytometric Bead Array. Inhalation of silica crystals

increased the release of IL-1b, and to a lesser extent, IL-1ɑ, whereas the BALF levels of IL-17A, IL-23, IL-27,

Figure 2. Continued

(B) H&E staining of lung tissues in wild type or IFN-gR knockout mice presented with or without silica crystals. Morphometry analysis quantifying granuloma

area in the lungs. Data are represented as mean G SEM (n = 11 for WT-saline, n = 10 for WT-SiO2, n = 7 for IFNgR knockout-saline and n = 9 for IFNgR

knockout-SiO2).

(C) Masson staining of lung tissues in wild type or IFN-gR knockout mice inhaled with or without silica crystals. Morphometry analysis quantifying collagen

fiber area in the lungs. Data are represented as mean G SEM (n = 11 for WT-saline, n = 10 for WT-SiO2, n = 7 for IFNgR knockout-saline and n = 9 for IFNgR

knockout-SiO2).

(D) Wild type or IFN-gR knockout mice were subjected to lung function assessment. Resistance index (RI), dynamic compliance (Cdyn), tidal volume (TV) and

minute volume (MV) were measured. Data are represented as meanG SEM (n = 11 for WT-saline, n = 10 forWT-SiO2, n = 7 for IFNgR knockout-saline and n =

9 for IFNgR knockout-SiO2).

(E) H&E staining of lung tissues in wild type or IFNabR knockout mice inhaled with or without silica crystals. Morphometry analysis quantifying granuloma

area in the lungs. Data are represented as mean G SEM (n = 5).

(F) Masson staining of lung tissues in wild type or IFNabR knockout mice inhaled with or without silica crystals. Morphometry analysis quantifying Collagen

fiber area in the lungs. Data are represented as mean G SEM (n = 5).

(G) Wild type or IFNabR knockout mice were subjected to lung function assessment. Resistance index (RI), dynamic compliance (Cdyn), tidal volume (TV) and

minute volume (MV) were measured. Data are represented as meanG SEM (n = 5) *p < 0.05; **p < 0.01; ***p < 0.001; NS, no statistical difference (unpaired/

two-tailed t-test, one-way and two-way ANOVA test). Data are shown as mean G SEM of three independent experiments. Scale bar represents 5 mm.
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Figure 3. Impaired IFN-g signaling in myeloid cells promotes silica crystals-induced pulmonary interstitial fibrosis

and respiratory dysfunction

(A). Lung nodule of lung tissues was observed by 2D reconstruction of lung microstructure in IFN-gR+/+ Cre+, IFN-gRf/f

Cre�, IFN-gRf/+ Cre+ and IFN-gRf/f Cre+ mice inhaled with or without silica crystals. Morphometry analysis quantifying

lung nodule area in the lungs. Data are represented as mean G SEM (n = 7 for IFN-gR+/+ Cre+- SiO2, n = 7 for IFN-gRf/f

Cre�-SiO2, n = 7 for IFN-gRf/+ Cre+- SiO2 and n = 10 for IFN-gRf/f Cre+-SiO2).

(B) H&E staining of lung tissues in in IFN-gR+/+ Cre+, IFN-gRf/f Cre�, IFN-gRf/+ Cre+ and IFN-gRf/f Cre+mice inhaled with or

without silica crystals. Morphometry analysis quantifying granuloma area in the lungs. Data are represented as mean G

SEM (n = 7 for IFN-gR+/+ Cre+- SiO2, n = 7 for IFN-gRf/f Cre�-SiO2, n = 7 for IFN-gRf/+ Cre+- SiO2 and n = 10 for IFN-gRf/f

Cre+-SiO2).

(C) Masson staining of lung tissues in IFN-gR+/+ Cre+, IFN-gRf/f Cre�, IFN-gRf/+ Cre+ and IFN-gRf/f Cre+ mice inhaled with

or without silica crystals. Morphometry analysis quantifying collagen fiber area in the lungs. Data are represented as mean

G SEM (n = 7 for IFN-gR+/+ Cre+- SiO2, n = 7 for IFN-gRf/f Cre�-SiO2, n = 7 for IFN-gRf/+ Cre+- SiO2 and n = 10 for IFN-gRf/f

Cre+-SiO2).
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MCP-1 and IL-10 were not altered (Figure 4A). Previous findings have shown a pathogenic role of IL-1b in

the development of silicosis. Notably, IFN-gR deficiency was associated with significantly higher concen-

trations of IL-1b and IL-1ɑ in the BALF when compared to WT mice receiving intratracheal silica crystal

suspension (Figure 4A). IL-1b and IL-1ɑ exert biological functions through their receptor IL-1R. Deletion

of IL-1R in IFN-gR deficient mice almost completely prevented silica crystals-induced pulmonary interstitial

fibrosis and respiratory dysfunction (Figures 4B and 4C). In line with previous findings, silica crystals induce

the release of IL-1b and pulmonary interstitial fibrosis through the NLRP3 inflammasomes (Hornung et al.,

2008). Deletion of NLRP3 in IFN-gR deficient mice also blocked silica crystals-induced pulmonary interstitial

fibrosis and respiratory dysfunction in a manner similar to that seen with IL-1R deletion (Figures 4D and 4E).

These observations clearly suggest that IFN-gR deficiency promotes the activation of NLRP3 inflamma-

some upon crystalline silica stimulation.

To test this possibility, we incubated LPS-primed mouse macrophages isolated from WT or IFN-gR

deficient mice with silica crystals in the presence or the absence of recombinant IFN-g at physiological

concentrations. Stimulation with IFN-g markedly decreased silica crystals-induced release of IL-1b and

cleavage of pro-caspase-1 in a NLRP3-dependent manner in WT but not IFN-gR deficient macrophages

(Figures 4F and 4G) (L = LPS, IL = IFNg + LPS, LSi = LPS + SiO2 and ILSi = IFNg + LPS + SiO2). Intriguingly,

deletion of IFN-gR slightly increased IL-1b release and caspase-1 cleavage even in the absence of

recombinant IFN-g (Figures 4F and 4G). We further tested whether IFN-g is a broad-spectrum inhibitor

of inflammasome activation. LPS-primed WT macrophages were stimulated with ATP, nigericin, or mono-

sodium urate (MSU) to induce NLRP3-dependent inflammasome activation. Macrophages were also

transfected with either poly(dA:dT) or flagellin (FLA) to activate the AIM2 inflammasome or the NLRC4 in-

flammasome, respectively. In line with previous findings (Shenoy et al., 2012), priming with IFN-g enhanced

ATP- and nigericin-induced IL-1b release but failed to affect MSU-, poly(dA:dT)- or FLA-induced IL-1b

release (Figure 4H). Addition of IFN-g significantly increased E. coli-induced IL-1b release (Figure 4I), which

depends on the caspase-11 non-canonical inflammasome (Kayagaki et al., 2015). Although IFN-ɑ or IFN-b

could broadly inhibit the NLRP3 inflammasome activation when given at extremely high concentrations

(Guarda et al., 2011), they did not affect NLRP3 inflammasome activation at physiological concentrations

(Figure 4J). Together, these findings indicate that IFN-g signaling counter-regulates the silica crystals-

induced NLRP3 inflammasome activation.

IFN-g signaling inhibits silica crystals-induced NLRP3 inflammasome activation by preventing

lysosomal rupture

Interestingly, IFN-g priming significantly inhibited adjuvant aluminum-induced IL-1b release (Figure S2).

This observation is in line with a previous study showing that adjuvant aluminum is unable to induce robust

IL-1b release in IFN-g + lipopolysaccharide-primed macrophages (Shenoy et al., 2012). Unlike other NLRP3

stimuli, both silica crystals and adjuvant aluminum are able to trigger lysosomal rupture (Hornung et al.,

2008), which activates the NLRP3 inflammasome through potassium efflux (Hornung et al., 2008; Munoz-

Planillo et al., 2013). To confirm that priming with IFN-g prevents silica crystals-induced lysosomal rupture,

we isolated the cytosolic fraction of macrophages and measured the quantity of cathepsin D, a lysosomal

protease. Priming with IFN-g prevented the appearance of cathepsin D in the cytoplasmic compartment in

silica crystals-stimulated WT but not IFN-gR deficient macrophages (Figure 5A). Next, we used acridine or-

ange to quantitatively measure lysosomal integrity and found that IFN-g concentration-dependently in-

hibited silica crystals-induced lysosomal damage in WT but not IFN-gR-deficient macrophages (Figure 5B).

To provide further evidence that IFN-g inhibits silica crystals-induced NLRP3 inflammasome activation by

preventing lysosomal rupture, WT and IFN-gR-deficient macrophages were incubated with L-leucyl-L-

leucine methyl ester (Leu-Leu-OMe), a functionalized dipeptide that disrupts lysosomes when converted

to a membranolytic compound by the lysosomal enzyme dipeptidylpeptidase I in the lysosomes (Bonet-

Ponce et al., 2020; Hornung et al., 2008). Priming with IFN-g prevented Leu-Leu-OMe-induced lysosomal

damage and leakage of cathepsin D to the cytosol (Figures 5C and 5D). Accordingly, IFN-g markedly in-

hibited Leu-Leu-OMe-induced IL-1b release and caspase-1 cleavage in WT but not IFN-gR deficient

(D) IFN-gR+/+ Cre+, IFN-gRf/f Cre�, IFN-gRf/+ Cre+ and IFN-gRf/f Cre+ mice were subjected to lung function assessment.

Resistance index (RI), dynamic compliance (Cdyn), tidal volume (TV) and minute volume (MV) were measured. Data are

represented as mean G SEM (n = 6–10) *p < 0.05; **p < 0.01; ***p < 0.001; NS, no statistical difference (unpaired/two-

tailed t-test, one-way and two-way ANOVA test). Data are shown as mean G SEM of three independent experiments.

Scale bar represents 5 mm.
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Figure 4. Impaired IFN-g signaling promotes silica crystals-induced pulmonary interstitial fibrosis and respiratory

dysfunction through the NLRP3 inflammasome

(A) Heatmap and statistical data of cytokine levels in bronchoalveolar lavage fluid cells of wild type or IFN-g knockout

mice presented with or without silica crystals. Data are represented as mean G SEM.

(B) Masson and H&E staining of lung tissues in wild type, IFN-gR�/�, IFN-gR/IL1R�/� and IL1R�/� mice presented with

silica crystals. Morphometry analysis quantifying fibrosis degree in the lungs. Data are represented as meanG SEM (n = 6

for Wild type-SiO2, n = 7 for IFN-gR�/�-SiO2, n = 7 for IFN-gR/IL1R�/�- SiO2 and n = 6 for IL1R�/�-SiO2).

(C) Wild type, IFN-gR�/�, IFN-gR/IL1R�/�and IL1R�/� mice were subjected to lung function assessment. Resistance index

(RI) and dynamic compliance (Cdyn) were measured. Data are represented as meanG SEM (n = 6 forWild type-SiO2, n = 7

for IFN-gR�/�-SiO2, n = 7 for IFN-gR/IL1R�/�- SiO2 and n = 6 for IL1R�/�-SiO2).
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macrophages (Figures 5E and 5F). Taken together, these findings indicate that the IFN-g signaling inhibits

silica crystals-induced NLRP3 inflammasome activation by preventing lysosomal rupture.

IFN-g signaling generates spacious phagosomes and reduces the ratio of silica crystal/

phagosomal area

We next investigated the mechanisms by which IFN-g signaling prevents silica crystals-induced lysosomal

damage. As shown by both flow cytometry and fluorescent microscopy, IFN-g stimulation did not affect the

phagocytosis of Alex594-labeled silica crystals in macrophages (Figures 6A and 6B). To explore how IFN-g

signaling protects lysosomal membranes, WT and IFN-gR deficient macrophages were stimulated with

silica crystals in the presence or the absence of IFN-g and then subjected to transmission electron micro-

scope (TEM) analysis. We observed that priming with IFN-g generated much more spacious phagosomes

and markedly decreased the ratio calculated as silica crystals/phagosomal area in WT but not IFN-gR

deficient macrophages (Figures 6C–6E). To provide evidence to support the conclusion that reducing

the contact between silica crystals and phagocytic membrane inhibits silica inhibits lysosomal damage

and IL-1b release, the silica crystals were encapsulated in liposomes to reduce its direct contact with phag-

osomal membranes(Bollhorst et al., 2017) (Figures 7A and 7B). As revealed by acridine orange staining,

encapsulation of silica crystals by liposomes markedly reduced the lysosomal damage and IL-1b release

(Figures 7C and 7D). Importantly, priming with IFN-g did not further reduce liposome-coated silica crys-

tals-induced lysosomal damage and IL-1b release (Figures 7C and 7D). Together, these observations

may suggest that IFN-g signaling reduces the contact between crystalline silica and lysosomal membranes

and thereby protects silica crystals-induced lysosomal membrane damage.

DISCUSSION

This work establishes the critical role of IFN-g signaling in preventing crystalline silica-induced inflamma-

tory responses and pulmonary interstitial fibrosis, a process resembling the immunopathology of clinical

silicosis. IFN-g, the sole type-II IFN, can be secreted by several types of immune cells (e.g., T lymphocytes

and Natural killer cells) and functions as an activator for macrophages (Su et al., 2015). Activating IFN-g

signaling increases direct antimicrobial and antitumor activity and promotes antigen presentation (Baer

et al., 2016; Kammertoens et al., 2017; Karki et al., 2021; Kerner et al., 2020). IFN-g enhances the activation

of caspase-11 (human caspase-4) and NLRP3 inflammasome through its downstream factors, such as

guanylate-binding proteins and IRGB10 (Man et al., 2016; Meunier et al., 2014; Shenoy et al., 2012). These

interferon-g-inducible proteins directly target intracellular bacteria by assembling into a multi-protein

platform that liberates pathogen ligands for immune detection (Man et al., 2016; Wandel et al., 2020). In

the present study, however, we demonstrate an inhibitory role of IFN-g signaling in NLRP3-dependent

inflammatory responses induced by silica crystals, adjuvant aluminum and perhaps other types of

crystals that are capable of destabilizing lysosomes. As IFN-g is a key component in both innate and

adaptive immunity, our findings provide insights into how the immune system regulates host responses

to environmental irritants.

Figure 4. Continued

(D) Masson and H&E staining of lung tissues in wild type, IFN-gR�/�, IFN-gR/NLRP3�/� and NLRP3�/� mice presented

with silica crystals. Morphometry analysis quantifying fibrosis degree in the lungs. Data are represented as mean G SEM

(n = 6 for Wild type-SiO2, n = 7 for IFN-gR�/�-SiO2, n = 7 for IFN-gR/IL1R�/�- SiO2 and n = 6 for IL1R�/�-SiO2).

(E) Wild type, IFN-gR�/�, IFN-gR/NLRP3�/�and NLRP3�/� mice were subjected to lung function assessment. Resistance

index (RI) and dynamic compliance (Cdyn) were measured. Data are represented as mean G SEM (n = 6 for Wild type-

SiO2, n = 7 for IFN-gR�/�-SiO2, n = 7 for IFN-gR/IL1R�/�- SiO2 and n = 6 for IL1R�/�-SiO2).

(F) IL-1b secretion in wild type, IFN-gR�/�, IFN-gR/IL1R�/�, IL1R�/�, IFN-gR/NLRP3�/� and NLRP3�/� peritoneal

macrophages stimulated with SiO2 after LPS or LPS + IFN-g priming. Data are represented as mean G SEM.

(G) Immunoblotting for IL-1b, caspase-1, NLRP3, and b-actin in the supernatants (SN) or cell lysates (cell) of wild type and

IFN-gR�/� mouse peritoneal macrophages stimulated with SiO2 after LPS or LPS + IFN-g priming.

(H) IL-1b secretion in wild type peritoneal macrophages stimulated with ATP, nigericin, SiO2, dAdT or FLA after LPS or LPS

+ IFN-g priming. Data are represented as mean G SEM.

(I) IL-1b secretion in wild type peritoneal macrophages stimulated with E. coli after LPS or LPS + IFN-g priming. Data are

represented as mean G SEM.

(J) IL-1b secretion in wild type peritoneal macrophages stimulated with SiO2 after LPS, LPS + IFNa or LPS + IFNb priming.

Data are represented as mean G SEM (L = LPS, I = IFNg, Si = SiO2)*p < 0.05; **p < 0.01; ***p < 0.001; NS, no statistical

difference (unpaired/two-tailed t-test, one-way and two-way ANOVA test). Data are shown as mean G SEM of three

independent experiments. Scale bar represents 50 mm.
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Though IFN-g signaling does not affect the phagocytosis of silica crystals by macrophages, IFN-g stimula-

tion generates spacious phagosomes and thereby reduces the ratio of silica crystals/phagosomal area.

Presumably, this process significantly decreases the frequency of contact between silica crystals and

phagosomal membranes, and thereby preserves the integrity of silica crystals-containing phagosomes.

However, we still need to further prove this conclusion because of the potential gene expression and

cell function difference between peritoneal macrophages and bronchoalveolar alveolar lavage fluid

macrophages.

Not only do humans inhale environmental irritants under hazardous working conditions or as the result of

air-pollution but also lower species of animals (e.g., subterranean mammals) during evolution. It is likely

that the IFN-g signaling has offered protection against both environmental irritants and invading patho-

gens. During Mycobacterium tuberculosis (Mtb) infection, IFN-g preserves the Mtb phagosome integrity

for efficient pathogen elimination (Schnettger et al., 2017). As IFN-g is a key cytokine for host immune

Figure 5. IFN-g signaling inhibits silica crystals-induced NLRP3 inflammasome activation by preventing lysosomal

rupture

(A) Flow cytometry of wild type and IFN-gR�/� mouse peritoneal macrophages stained with acridine orange and then

treated with SiO2 after LPS or LPS + IFN-g priming. Data are represented as mean G SEM.

(B) Immunoblotting for Cathepsin D, Rab7, Lamp1, and b-actin in the cytosolic fraction from wild type and IFN-gR�/�

mouse peritoneal macrophages stimulated with SiO2 after LPS or LPS + IFN-g priming.

(C) Flow cytometry of wild type and IFN-gR�/� mouse peritoneal macrophages stained with acridine orange and then

treated with Leu-Leu-OMe after LPS or LPS + IFN-g priming. Data are represented as mean G SEM.

(D) Immunoblotting for Cathepsin D, Rab7, Lamp1, and b-actin in the cytosolic fraction from wild type and IFN-gR�/�

mouse peritoneal macrophages stimulated with Leu-Leu-OMe after LPS or LPS + IFN-g priming.

(E) IL-1a and IL-1b secretion in wild type and IFN-gR�/� mouse peritoneal macrophages stimulated with Leu-Leu-OMe

after LPS or LPS + IFN-g priming. Data are represented as mean G SEM.

(F) Immunoblotting for IL-1b, caspase-1, NLRP3, and b-actin in the supernatants (SN) or cell lysates (cell) of wild type and

IFN-gR�/� mouse peritoneal macrophages stimulated with Leu-Leu-OMe after LPS or LPS + IFN-g priming. (L = LPS, I

= IFNg, Si = SiO2). *p < 0.05; **p < 0.01; ***p < 0.001; NS, no statistical difference (unpaired/two-tailed t-test, one-way and

two-way ANOVA test). Data are shown as mean G SEM of three independent experiments.
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Figure 6. IFN-g signaling generates spacious phagosomes and reduces the ratio of silica crystals/phagosomal

area

(A) The Alex594 fluorescence intensity of wild type and IFN-gR�/� mouse peritoneal macrophages stimulated with

Alex594-binding SiO2 after LPS or LPS + IFN-g priming. Data are represented as mean G SEM.

(B) Confocal microscopy of wild type mouse peritoneal macrophages stimulated with Alex594-binding SiO2 after LPS or

LPS + IFN-g priming.

(C) Representative TEM images of wild type and IFN-gR�/�mouse peritoneal macrophages primed with LPS or LPS + IFN-

g.

(D) Representative TEM images of wild type and IFN-gR�/�mouse peritoneal macrophages stimulated with SiO2 after LPS

or LPS + IFN-g priming.

(E) The statistical data of the ratio of silica crystal/phagocytic vesicle area in wild type and IFN-gR�/� mouse peritoneal

macrophages stimulated with SiO2 after LPS or LPS + IFN-g priming. Data are represented as mean G SEM(L = LPS,

I = IFNg, Si = SiO2) *p < 0.05; **p < 0.01; ***p < 0.001; NS, no statistical difference (unpaired/two-tailed t-test, one-way

and two-way ANOVA test). Data are shown as mean G SEM of three independent experiments. Scale bar represents 5

mm.
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defense against Mtb infection, our finding that impaired IFN-g signaling promotes the development of

silicosis provides an explanation for the previously unsolved mystery of why tuberculosis risk is associated

with severity of silicosis.

Though many preventive efforts have been made over the decades, silicosis remains one of the most

important occupational diseases worldwide, particularly in countries of low- and middle-income (Knight

et al., 2015; Leung et al., 2012). As only a small proportion of workers exposed to inhaled crystalline silica

dusts eventually develop silicosis, identification of risk factors for disease susceptibility is of great impor-

tance. In addition to gene polymorphisms, measuring the gene expression signature for IFN-g signaling

in immune cells might be useful to identify workers who have high risks of developing silicosis. It is impor-

tant to note that another strategy to prevent this occupational disease is to boost host immune responses

with enhanced IFN-g production, especially for those with immune suppression. But excessive increase of

IFN-g level also can trigger inflammation and tissue damage (Langer et al., 2019). Adjuvants or immuno-

therapeutic agents that promote T lymphocyte proliferation and activation could be suitable options to

obtain normally physiological IFN-g levels. Interestingly, thymosin alpha 1, a naturally occurring polypep-

tide with an excellent safety profile in the clinic, significantly attenuates disease severity in murine model of

cystic fibrosis, a genetic disease lung fibrosis (Wandel et al., 2020). In addition, thymosin alpha 1 has been

proved to promote the IFN-g production in the respiratory tract of pulmonary tuberculosis patients (Wu

Figure 7. Reducing the contact between phagocytic membrane and silica crystals inhibits silica crystal-induced

lysosomal rupture and IL-1b release

(A) The diagram of liposome-coated silica crystals.

(B) Representative TEM images of liposome-coated silica crystals in the phagosomes of wild-type mouse peritoneal

macrophages.

(C) Flow cytometry of wild-type and IFN-gR�/� mouse peritoneal macrophages stained with acridine orange and then

treated with silica crystals (SiO2) after LPS or LPS + IFN-g priming. Data are represented as mean G SEM.

(D) IL-1b secretion fromwild-type or IFN-gR�/�mouse peritoneal macrophages stimulated with Leu-Leu-OMe after LPS or

LPS + IFN-g priming. Data are represented as mean G SEM(L = LPS, I = IFN-g) **p < 0.01; NS, no statistical difference

(one-way and two-way ANOVA test). Data are shown as mean G SEM of three independent experiments. Scale bar

represents 5 mm.
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et al., 2022). But whether thymosin alpha 1 administration could prevent the development of silicosis in

workers with inhaled crystalline silica exposure merits future studies. Taken together, this study provides

a link between immune suppression and susceptibility of silicosis with implications for the prevention of

this occupational disease.

Limitations of the study

We demonstrated that IFN-g signaling plays an important protective role in silicosis patients, mouse sili-

cosis models and in vitro systems. But the different sources of macrophage that were used in our study

may limit the mechanism research of follow-up study. Performing in vitro study in bronchoalveolar alveolar

lavage fluidmacrophages is a better choice. And whether maintaining a normal physiological IFNg levels in

minors can effectively inhibit the development of silicosis still needs further study.
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Fernández Álvarez, R., Martı́nez González, C.,
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-NLRP3 antibody AdipoGen Cat#: Cryo-2; RRID:AB_2490202

Anti-Caspase-1 antibody Abcam Cat#: ab179515; RRID:AB_2884954

Anti-IL1b antibody R&D Systems Cat#: AF-401-NA; RRID: AB_416684

Anti-LAMP1 antibody (clone 1D4B) eBioscience Cat#:14-1071-85; RRID: AB_65753

Anti-Rab7 antibody Cell Signaling Technologies Cat#: 9367S; RRID: AB_1904103

Anti-Cathepsin D antibody Abcam Cat# ab75852; RRID:AB_1523267

b-actin antibody (clone 8H10D10) Cell Signaling Technologies Cat#: 3700S; RRID: AB_2242334

Biological samples

Human bronchoalveolar lavage fluid

from exposure miners and silicosis patients

Hunan Prevention and Treatment

Institute for Occupational Diseases

N/A

Chemicals, peptides, and recombinant proteins

Ultra-pure LPS (E. coli 0111:B4) InvivoGen tlrl-3pelps

mouse recombinant interferon g R&D Systems 485-MI-100

mouse recombinant interferon a R&D Systems 10149-IF-010

mouse recombinant interferon b R&D Systems 8234-MB-010

Nano-SiO2 InvivoGen tlrl-sio

Fine ground silica U.S. Silica MIN-U-SIL 5

Aluminum crystal InvivoGen tlrl-aloh

Nigericin InvivoGen tlrl-nig

ATP InvivoGen tlrl-atpl

Poly (dA:dT) InvivoGen tlrl-patn

Flagellin InvivoGen tlrl-stfla

Leu-Leu-OMe$HCl Chem-Impex International Cat#: 04,578

Lipofectamine 3000 transfection reagent Thermo Fisher Scientific Cat#: L3000015

Alex594-labelled silica crystals School of Chemistry, Nankai University N/A

Critical commercial assays

Multi-Analyte Flow Assay Kit BioLegend Cat#: 740150

Mouse IL-1a Uncoated ELISA Kit InvivoGen Cat#: 88-5019-88

Mouse IL-1b Uncoated ELISA Kit InvivoGen Cat#: 88-7013-88

Deposited data

Human bronchoalveolar lavage fluid

scRNA-Seq digital gene expression (DGE) matrix

This study GEO: GSE174725

Experimental models: Cell lines

Mouse macrophages Prepared in B.L. Lab Described in current manuscript

Experimental models: Organisms/strains

C57BL/6 mice Jackson Laboratory Described in current manuscript

IFN-gR�/� mice Jackson Laboratory Stock No: 003,288

IFN-ɑbR�/� mice Naval Medical University, China Described in current manuscript

NLRP3�/� mice Jackson Laboratory Described in current manuscript

IL-1R�/� mice Jackson Laboratory Stock No: 003,245

IFN-gR�/� NLRP3�/� mice Described in current manuscript Described in current manuscript

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Fang Liang (liangfang924@163.com).

Materials availability

This study did not generate new unique reagents.

Data and code availability

The raw data, gene expression matrices, genotyping information and cell annotations have been depos-

ited in the Gene Expression Omnibus (https://www.ncbi.nlm.nih.gov/geo/) under accession number

GSE174725.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Clinical human samples

Patients were diagnosed with or without silicosis according to an occupational history of exposure to silica

crystal, associated with radiologic studies with characteristic findings (standard chest X-ray with a profu-

sionR1/1 according to the ILO classification) and exclusion of other possible entities(Fernandez et al.,

2015; Muszynska-Graca et al., 2016). A total of 42 patients including exposure co-workers (n = 19) and sili-

cosis patients (n = 23) from Hunan Prevention and Treatment Institute for Occupational Diseases from

August 2019 to December 2020 met the above conditions (Tables S1 and S2). The CT image were

performed to differentiate the exposure mines and silicosis patients. The silicosis grades were defined

as follows: exposure workers, no nodules present; grade I of silicosis patients, a few of nodules; grade II

of silicosis patients, several nodules with calcified spots; grade III of silicosis patients, several nodules

with calcified plaques. In addition, the miners that were diagnosed with silicosis will be undergo bronchos-

copy examination and who are suffered to tuberculosis and lung cancer will be excluded. The bronchoal-

veolar lavage fluid was obtained immediately after lung washing therapy. This study was approved by the

research ethics committee of the Third Xiangya Hospital of Central South University.

Mouse studies

Experimental protocols were approved by the Institutional Animal Care and Use Committees of the Central

South University. WT mice, IFN-gR�/� mice, IFN-abR�/� mice, NLRP3�/� mice and IL-1R�/� mice on a

C57BL/6J background were purchased from Jackson Laboratory. The IFN-gR/IL-1R�/� mice and IFN-gR/

NLRP3�/� mice were obtained by interbred with the IFN-gR�/� mice and IL-1R�/� mice or the IFN-gR�/�

mice and NLRP3�/� mice.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

IFN-gR�/� IL-1R�/� mice Described in current manuscript Described in current manuscript

Lyz2-cre+ mice GemPharmatech Described in current manuscript

IFN-gRf/f mice Jackson Laboratory Described in current manuscript

IFN-gRf/f Lyz2-cre+ mice Described in current manuscript Described in current manuscript

Software and algorithms

Cell Ranger v.4.0 (Human reference

genome GRCh38)

10X Genomics https://support.10xgenomics.com/

single-cell-gene-expression

Seurat (R package) v.3.2 SatijaLab https://satijalab.org/seurat

RadiAnt DICOM Viewer Medixant https://www.radiantviewer.com

ImageJ NIH https://imagej.nih.gov/ij/index.html

GraphPad Prism v.5 GraphPad Software https://www.graphpad.com/scientific-

software/prism/

FlowJo v.10 FlowJo https://www.flowjo.com/solutions/flowjo/

LEGENDplex Data Analysis Software BioLegend https://www.biolegend.com/legendplex/
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IFN-gRfl/fl mice (IFN-gRfl/fl allele) were purchased from Jax. IFN-gRfl/fl mice were interbred with heterozy-

gous stud males (Lys2-cre+, GemPharmatech Co. Ltd) to generate IFN-gRfl/fl Lys2-cre mice.

To obtained desired genotype, the targeted genome of F0 mice was amplified with PCR and sequenced

and the offspring were crossed with wild-type C57BL/6 mice (GemPharmatech Co. Ltd) to obtain the het-

erozygous mice. The F1 heterozygous mice were further crossed with F1 heterozygous mice to generate F2

knockout mice and littermate WT mice. Transgenic mice used for experiments were confirmed to be

desired genotype via standard genotyping techniques of tail DNA. The primer sequence is presented in

Table S4. The male mice were used in our animal experiments.

Animals were maintained in a specific pathogen-free environment at the Department of Laboratory

Animals of Central South University. In the current study, we used WT littermates as the controls for the

transgenic mice. All experimental animal protocols were approved by the Institutional Animal Care and

Use Committees of Central South University.

Macrophage preparation and stimulation

To obtain mouse peritoneal macrophages, mice (8-week-old) were injected with 3mL of sterile 3% thiogly-

collate broth intraperitoneally to elicit peritoneal macrophages. Cells were collected by lavage of the

peritoneal cavity with 10 mL of RPMI medium 1640 (GIBCO) 72 h later. After washing, cells were resus-

pended in RPMI medium 1640 supplemented with 10% fetal bovine serum and antibiotics (GIBCO).

METHOD DETAILS

Analysis of bronchoalveolar lavage fluid cells by single cell RNA-seq

Bronchoalveolar lavage fluid cells from exposure and silicosis patients were counted and loaded onto the

10x device (10x Genomics). Cells were processed the manufacturer’s protocol and sequenced on Illumina

NextSeq sequencer. Sample demultiplexing, barcode processing, alignment, filtering, UMI counting, and

aggregation of sequencing runs were performed using the Cell Ranger analysis pipeline (V4.1). Down-

stream analyses were performed in R using the Seurat package. For each cell, the total number of genes

detected and the proportion of UMIs contributed by mitochondrially encoded transcripts were calculated

to evaluate the cell quality. Cells in which fewer than 200 genes were detected and in which mitochondrially

encoded transcripts constituted more than 10% of the total library were excluded from further analysis. To

assess the genetic difference between samples, t-SNE projection was generated using 33,602 cells

(including 19,453 from exposure miners and 14,149 cells from silicosis patients, Table S3). Mean and disper-

sion values were calculated for each gene across these cells, and a subset of 1,667 highly variable genes was

selected for principal components analysis (PCA). Following PCA, the cell types were identified by the

markers on CellMarker (http://biocc.hrbmu.edu.cn/CellMarker/) and yielded 9 clusters, including T cells

(CD3+), CD4+ T cells (CD3+ and CD4+), CD8+ T cells (CD3+ and CD8+), monocytes (CD14+), macrophages

(CD68+), epithelial cell (EpCAM+), neutrophil (CD11b+), B cells (B220+) and hemopoietic stem cells (HSCs,

CD34+). For classification of monocyte-macrophage populations, differential expression analysis was

performed between each cluster and all other cells using a Wilcoxon rank sum test. The 11,643 mono-

cyte-macrophages were selected and the differential expression analysis was performed between all

monocyte-macrophages from exposure and silicosis patients using KEGG pathway analysis.

Fluorescent labeled silica nanoparticles

To obtained fuorescent labeled silica nanoparticles, 100ug of silica nanoparticles were mixed with 5ul of

ammonia solution (20%) and 5mL of absolute ethanol, ultrasonic for 10-20 minutes, adjust the pH to around

8, then add 2ul of APTES under vigorous stirring, stir for 24 hours at 35 �C. Centrifuge the reaction solution

at high speed under 10000 r/min, wash with ethanol for 3 times. Precipitate and suspend with 5mL of de-

ionized water, add 2ul of dye NHS, and stir overnight at 25�C. The reaction solution was centrifuged at 6000

r/min for 3 minutes, the supernatant was discarded, then 5ml acetone was added to suspend precipitate,

centrifuged at 10000 r/min for 10 minutes. The precipitate was washed alternately with ethanol and water to

obtain fluorescent labeled silica nanoparticles.

Silica crystals and liposome-coated silica crystals

The silica crystals with a diameter of less than 0.1 mmused in cell stimulation was purchased from InvivoGen,

and the ultrafine silica powderMIN-U-SIL 5 used in mice was purchased fromU.S. SILICA. To obtained nano
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silica crystals with a diameter less than 10 nm that used in our experiment, the silica crystal suspension was

ultrasound at 100Hz to scatter the silica crystal dusts and performed a dialysis by regenerated cellulose (RC)

membrane (5000D, Coolaber). To obtained liposome-coated silica crystals, the silica crystals were coated

with P3000 (Invitrogen) and then encapsulated by liposome lipofectamine3000 (Invitrogen).

Silicosis model

To established silicosis mice model, male mice that were 25 to 30 g in weight were anaesthetized by 1%

pentobarbital (50 mg/kg mice) and then fixed with mouse fixator. An aerosol injector was used to single

orotracheal atomizing injection of silica crystals (200 mg/kg) suspension from the throat into the bronchus.

Mice were exposed to silica crystals for 4 weeks to induce the development of silicosis. Mice in the control

group were exposure to saline. At the end of time point, mice were anesthetized and performed micro-CT

scanning or lung function test. The lung tissues were collected for pathological examination.

Macrophage stimulation

Peritoneal macrophages (106 cells per well) plated in 12-well plates were prestimulated with IFN-g (25Unit/

mL) for 16 hours before priming with ultra-pure LPS (1 ng/mL) for 4 h, and then stimulated with SiO2 crystal

(20 mg/mL) or Aluminum crystal (200ug/mL) for 6h, or pulsed with ATP (5 mM) or nigericin (10 mM) for 1 hour,

or infected with live E. coli (MOI = 10) for 16 h (stop the bacteria growth by adding antibiotics into culture

medium 2 h after infection). To study AIM2 inflammasome activation, IFN-g-prestimulated macrophages

were transfected with Poly (dA:dT) using Lipofectamine 3000 at a concentration of 1mM DNA plus 2.5ml

Lipofectamine 3000 per ml. To study NLRC4 inflammasome activation, IFN-g-prestimulated macrophages

were transfected with flagellin (FLA) using Lipofectamine 3000 at a concentration of 2mM FLA plus 2.5ml

Lipofectamine 3000 per ml. To study the role of type I interferon, macrophages were prestimulated with

IFNa (25Unit/mL) or IFNb (25Unit/mL) for 16 hours before priming with ultra-pure LPS (1 ng/mL) for 4 h,

and then stimulated with SiO2 crystal (20 mg/mL). To induce lysosomal disruption, Peritoneal macrophages

were prestimulated with IFN-g (25Unit/mL) for 16 hours before priming with ultra-pure LPS (1 ng/mL) for 4

hours, and then stimulated with Leu-Leu-OMe$HCl (1000mM, Chem-Impex International) for 5 hours. The

peritoneal macrophages were stimulated with liposome-coated silica crystals for 4 hours to induce

lysosomal disruption, for 6 hours to detect the IL-1b levels.

Micro-CT imaging

Before the scan, mice were anaesthetized by sodium pentobarbital (50 mg/kg) with sodium pentobarbital

(50 mg/kg). Until complete relaxation, all animals were scanned with a micro-CT imaging technique. The

micro-CT x-ray source was set to 50 kVp and 500 mA current. One hundred projections were acquired during

650 ms iso-pressure peak inspiration breath holds, with an exposure time of 450 ms per projection. All

micro-CT images were visually inspected by a radiologist, who marked the location of all the nodules using

the PointPicker2 ImageJ plugin.

Lung function

Before the test, mice were anaesthetized by sodium pentobarbital (50 mg/kg) with sodium pentobarbital

(50 mg/kg). Until complete relaxation, all animals were performed with a standard catheter (CNS5002)

provided by the Buxco equipment. After intubation or tracheostomy, mice were placed in a body plethys-

mograph and connected to a computer-controlled ventilator. The Buxco pulmonary function testing

system (Buxco, Sharon, Connecticut, CT, USA) was used to analyze dynamic compliance (Cdyn), tidal vol-

ume (TV), minute volume (MV) and respiratory resistance index (RI) of the mice.

H&E and masson staining

The lung tissues were fixed in 4% neutral formalin solution for 48 h. The samples were sequentially dehy-

drated, embedded in paraffin, and cut into 4 mm sections. The pathologic and morphologic characteristics

of the tissues were observed by haematoxylin & eosin (H&E) and Masson staining. The areas fraction of

granuloma that was detected by H&E staining were determined by the cell-counting across random non

co-incident microscopic fields at a magnification of3200. Polymorphonuclear, mononuclear and total cells

in lung parenchyma and granuloma were evaluated at x1,000 magnification. The thresholds for collagen

fibres that were detected by Masson staining were established after the contrast was enhanced up to a

point at which the fibres were easily identified as birefringent bands. The area occupied by collagen fibres

was determined by digital densitometric recognition. Bronchi and blood vessels were carefully avoided
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during themeasurements. The area occupied by fibres was divided by tissue area and expressed as fraction

area of collagen fibres. Four same visual fields of H&E and Masson staining in one mouse were selected to

evaluated the level of lung fibrosis.

Cytometric Bead Array

Mice were exposed to 50 ml suspensions of 5000 mg of silica crystals in PBS by direct orotracheal instillation.

Control mice received PBS. Animals were sacrificed 3 days after instillation and a bronchoalveolar lavage

(BAL) was carried out by repeatedly instillating and withdrawing 1 ml of 1% BSA/PBS solution three consec-

utive times. Cytokine levels of BAL weremeasured using aMultiplex Luminex assay (BD sciences). Reagents

for quantitative ProcartaPlex Luminex immunoassay were sourced fromAffymetrix eBioscience. Cytometric

Bead Array (Bio-legend) were used according to the manufacturer’s instructions. and results were read on

the Bio-Plex 200 instrument. In order to set up the heatmap, the heatmap value of same cytokines was

calculated as a fraction of the highest detected cytokines levels relative to the detected cytokines levels.

ELISA

Cell culture supernatant samples were analyzed using IL-1a and IL-1b ELISA kits (Invitrogen).

Immunoblotting

Proteins from cell-free supernatants were extracted by methanol-chloroform precipitation and cell

extracts. Samples were separated by SDS-PAGE and transferred onto PVDF membranes (Millipore). Anti-

bodies to mouse caspase-1 (Abcam) were used at 1:1000 dilution, IL-1b (RD systems) was used at 1:1000

dilution. Antibodies to mouse NLRP3 (adipogen) was used at 1:1000. Antibodies to LAMP1 (eBioscience),

Rab7 (CST) and cathepsin D (Abcam) were used at 1:1000 dilution. Blots were normalized to b-actin

expression.

Flow cytometry

For evaluation of lysosomal rupture, macrophage cells were incubated with 1 mg/mL acridine orange

for15 min, washed three times and subsequently stimulated as indicated. Lysosomal rupture can be

assessed by loss of emission at 600–650 nm using flow cytometry. All flow cytometry experiments were per-

formed on an LSRII cytometer (BD Biosciences). Data were acquired by DIVA (BD Biosciences) and analyzed

by FlowJo software (Tree Star Inc., Ashland, OR).

Quantification of silica crystals/phagosomal area

For the stereological analysis of the silica crystals/phagosomal area, each phagosomal area and the silica

crystal area that included in same phagosomal region were separately circled and circulated by ImageJ

software. Each relative volume silica crystal in independent phagosomes was calculated as a fraction of sil-

ica crystal area relative to the phagosomal area. A minimum of 30 profiles of different silica crystals/phag-

osomal area was analyzed per sample.

QUANTIFICATION AND STATISTICAL ANALYSIS

All data were analyzed using GraphPad Prism software (version 5.01). Data were analyzed using by

Student’s t test were used for comparison between two groups or one-way ANOVA followed by post

hoc Bonferroni test for multiple comparisons. p value <0.05 was considered statistically significant for all

experiments. All values are presented as the mean G SD
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