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Abstract
Background  Silicosis is a progressive and often fatal occupational lung disease. The NLRP3 inflammasome is an 
innate immune sensor that is activated by silica. Accumulating evidence has implicated a role for NLRP3 in silicosis 
pathogenesis. In this study, we mechanistically elucidated the contribution of NLRP3 to silica-induced pulmonary 
disease.

Methods  The in vivo role of NLRP3 was investigated following intranasal delivery of 2 mg of silica or diluent alone 
to wildtype, NLRP3 reporter, and NLRP3-deficient mice. Protein expression, inflammation, and histopathology were 
analyzed in the lung.

Results  Intranasal administration of silica recapitulated the key pathological features of human silicosis, including 
nonresolving inflammation, the formation of silicotic nodules, and diffuse lung fibrosis. A reporter mouse placed 
under the native NLRP3 promoter revealed silica rapidly upregulated NLRP3 expression throughout the lung. NLRP3-
deficient mice displayed marked early reductions in silica-induced IL-1β and IL-18 levels in the airways. Additionally, 
NLRP3 deficiency impaired the rapid infiltration of conventional Siglec-F− and fibrotic Siglec-F+ neutrophils, which 
correlated with reduced levels of neutrophil elastase. Deficiency in acute NLRP3-mediated inflammation correlated 
with significantly reduced pulmonary transforming growth factor beta and alpha smooth muscle actin expression, 
tissue damage, and fibrosis in the chronic phase of disease progression. Importantly, this included reduced silicotic 
nodule size and cellularity.

Conclusions  These findings highlight a major detrimental role for the NLRP3 inflammasome in driving silica-induced 
pulmonary neutrophil infiltration, TGFβ-mediated myofibroblast activation, tissue damage, and fibrosis.
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Introduction
Inhalation of crystalline quartz silica can lead to the 
development of silicosis, a devastating lung disease char-
acterized by nonresolving inflammation, tissue damage, 
and fibrosis [1]. Despite the implementation of safety 
standards in industries including mining, manufactur-
ing, and construction, silicosis remains a prevalent global 
burden [2]. The rapid deterioration of patients following 
a silicosis diagnosis, including some as young as 25 years 
old [3], has raised significant public health concerns. This 
has prompted revisions to global workplace safety regu-
lations. However, the standard for acceptable respirable 
crystalline silica exposure in India remains at three to six 
times greater than in countries such as the United States 
of America and Australia [4]. In response to this grow-
ing health crisis, as of July 2024, Australia mandated the 
compulsory reporting of silicosis cases and implemented 
a ban on the manufacturing, supply, and use of engi-
neered stone benchtops, which can be composed of up 
to 95% of crystalline silica [5]. The Global Programme 
for Silicosis Elimination, established by the International 
Labour Organisation and the World Health Organisation, 
aims to eliminate silicosis worldwide by 2030 [6]. Despite 
the establishment of global goals and initiatives, there are 
currently no effective treatments for silicosis due to its 
irreversible nature, with lung transplantation being the 
only viable option. Management of the disease is largely 
supportive, with a focus on alleviating symptoms and 
preventing further silica exposure [7].

Acute silicosis develops within a few years of expo-
sure to extremely high amounts of silica dust and often 
progresses to secondary pulmonary alveolar proteinosis 
[8]. In patients with acute silicosis, lungs show severe 
alveolitis, interstitial inflammation, and the formation of 
small nodules, which are characteristic features [9, 10]. 
The inhalation of silica dust initiates a cycle of persistent 
inflammation and chronic fibrosis in advanced stages of 
silicosis, which leads to respiratory failure and, in most 
cases, is fatal. Silica particles are engulfed by resident 
alveolar macrophages, leading to the activation of down-
stream inflammatory pathways [1]. The accumulation of 
silica within these cells impairs their ability to clear the 
particles, resulting in the exacerbation and preservation 
of inflammatory responses. This chronic response pro-
motes the formation of silicotic nodules, a key hallmark 
feature of severe silicosis [11, 12]. Silicotic nodules are 
initially composed of aggregates of inflammatory cells 
but become more fibrotic as the disease progresses, even-
tually forming dense whorls of collagen fibers. Repeated 
tissue injury caused by silica exposure leads to the expan-
sion and eventual coalescence of silicotic nodules to 
establish areas of progressive massive fibrosis.

The NLRP3 (nucleotide-binding domain and leucine-
rich repeat pyrin domain containing 3) inflammasome 

is a multiprotein unit responsible for the detection of 
various cellular stress signals, including environmen-
tal irritants such as silica dust [1, 13]. Specifically, silica 
has been shown to cause lysosomal damage and rup-
ture and mitochondrial dysfunction, which can be 
sensed by NLRP3 [14]. Interestingly, nearly free silanols 
(NFS) found on the surface of silica particles can dam-
age phagolysosomes, induce NLRP3-dependent proin-
flammatory responses, and drive toxicity [15, 16]. Upon 
activation, NLRP3 interacts with the adaptor protein 
ASC (apoptosis-associated speck-like protein containing 
CARD domain) to recruit the cysteine protease caspase-1 
to form an oligomeric protein complex [1, 17]. Autoca-
talysis of caspase-1 subsequently promotes enzymatic 
maturation of pro-IL-1β and pro-IL-18 to their bioac-
tive forms, IL-1β and IL-18, respectively. Silica-induced 
pyroptosis, a lytic form of cell death, also involves NLRP3 
inflammasome-mediated cleavage of the pore-forming 
effector gasdermin D (GSDMD) by caspase-1 [18]. Inser-
tion of the active N-terminal of GSDMD into the plasma 
membrane results in the formation of pores to facilitate 
the release of potent pro-inflammatory cytokines IL-1β 
and IL-18 [19, 20]. Eventual plasma membrane rup-
ture promotes the release of cellular contents, including 
damage-associated molecular patterns (DAMPs), thereby 
creating a positive feedback inflammation loop [21, 22]. 
It has also been proposed that silica particles may be 
released during cell lysis and re-ingested by surrounding 
cells in a cyclical process [23].

Animal models have been used to recapitulate the 
major features of human silicosis [24, 25]. A limited num-
ber of studies have implicated an in vivo role for NLRP3 
in silicosis, with gene-deficient mice displaying reduced 
gross tissue pathology, including inflammation and fibro-
sis at 2–3 months [26, 27]. However, NLRP3-dependent 
responses in the lung are not currently well characterized 
in the context of silicosis, and further work is required to 
mechanistically establish the significance of NLRP3 in 
the pathogenesis of silicosis.

In this study, we investigated a role for NLRP3 in 
acute and chronic silicosis to provide clearer insights 
into pathogenesis and the potential of NLRP3 as a ther-
apeutic target. Here, we demonstrated that intranasal 
administration of 2  mg of silica induces the key patho-
logical hallmarks of silicosis seen in humans, including 
the formation of silicotic nodules. Using a novel reporter 
mouse, we identified that silica delivery upregulated 
NLRP3 expression throughout the lung, particularly in 
the alveoli at day 3. Notably, NLRP3 deficiency signifi-
cantly reduced early IL-1β and IL-18 responses in the 
airways. Additionally, NLRP3 deficiency impaired the 
infiltration of classical Siglec-F− neutrophils into the air-
ways, as well as a unique population of Siglec-F+ neutro-
phils, which correlated with reduced neutrophil elastase 
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activity. Early NLRP3-mediated inflammation preceded 
later-stage lung fibrosis marked by collagen deposi-
tion and the formation of silicotic nodules. Lastly, mice 
deficient in NLRP3 displayed reduced fibrosis at day 28 
following silica delivery. Suggestive of diminished trans-
forming growth factor β (TGFβ)-mediated myofibroblast 
activation, NLRP3 deficiency reduced expression of alpha 
smooth muscle actin (α-SMA) and mature TGFβ in the 
lung. Importantly, global NLRP3 deletion led to reduced 
silicotic nodule size and cellularity at day 28. Together, 
these findings underscore a critical detrimental role for 
the NLRP3 inflammasome in driving silica-induced 
inflammation and unresolving pulmonary damage and 
fibrosis.

Methods
Animals
Wildtype, Nlrp3−/− and reporter NLRP3-CHCI (mCi-
trine-NLRP3-mCherry) C57Bl/6J mice (male and female, 
6–14 weeks) were housed in specific pathogen-free con-
ditions at the Monash Health Translational Precinct 
(Clayton, Victoria, Australia). NLRP3-CHCI reporter 
mice on a C57BL/6J background were generated by gene 
trap methodology [28, 29] in mouse embryonic stem 
cells with a vector containing the NLRP3 gene flanked by 
mCitrine and mCherry (hence called NLRP3-CHCI– i.e., 
mCitrine-NLRP3-mCherry).

Mouse model of silica-induced pulmonary disease
Natural, fine-ground silica (Min-U-Sil-5, > 99% purity 
and particle size of ≤ 5 μm) was kindly provided by U.S. 
Silica (Katy, USA). Mice were lightly anesthetized with 
isoflurane and intranasally administered 2  mg of silica 
in 50 µL phosphate buffered saline (PBS), as previously 
described [30]. Control mice received PBS alone.

Mice were weighed 3 times a week, and euthanized 
mice were sacrificed via intraperitoneal injection of 
sodium pentobarbital. Bronchoalveolar lavage (BAL) 
was immediately obtained by flushing the lung 3 times 
with 1 mL of PBS. BAL fluid was collected following 
centrifugation for cytokine analysis, and BAL cell pellets 
were analyzed by cytospin or flow cytometry. Lung tis-
sues, post-BAL collection, were removed and immedi-
ately frozen in liquid nitrogen for immunoblot analysis of 
protein expression. Additionally, in a separate cohort of 
mice, whole lung tissues were formalin-fixed and inflated 
with 10% neutral buffered formalin (NBF) for histologi-
cal analysis. Mice were randomly assigned to experimen-
tal groups where possible. All procedures were approved 
by the Hudson Animal Ethics Committee (Application 
MMCB/2021/18), which adheres to the Australian Code 
of Practice for the Care and Use of Animals for Scientific 
Purposes.

Visualization of BAL cells and silica particles using 
microscopy
BAL was centrifuged, and the pellet was resuspended in 
PBS. BAL was then cytocentrifuged onto glass micro-
scope slides (ThermoFisher Shandon Cytospin CytoCen-
trifuge), fixed, and stained with hematoxylin and eosin 
(H&E). Five fields of view (FOV) per slide were viewed 
on an Olympus BX60 microscope (Olympus, Japan) and 
photographed at 400x magnification with an Olympus 
DP74 color camera using Olympus cellSens Dimension 
software. Macrophages/monocytes, lymphocytes, neu-
trophils, and eosinophils were identified by their distinct 
nuclear morphologies. The same FOV was also visualized 
with a polarizer attachment, enabling the detection of 
birefringent silica particles [30].

To visualize silica in lung tissue sections, unstained 
lung sections were dewaxed and rehydrated. A custom-
ized chamber was built around the lung sample using 
reusable adhesive putty and filled with distilled water. 
Imaging was performed on an Olympus FV-MPERS 
upright multiphoton microscope fitted with an InSight x3 
laser, using a tunable laser line tuned to 900 nm. The sys-
tem was equipped with an Olympus 25x, 1.05 NA water 
immersion objective lens to ensure optimal resolution 
and depth penetration, and the laser power used was 100.

Immunoblot analysis of protein expression in lung tissues 
and BAL fluids
BAL was collected, and 1 mL of fluid from each mouse 
was concentrated using Strataclean resin (Agilent Tech-
nologies). Remaining lung tissue (i.e., post-BAL col-
lection) was homogenized in 5x SDS lysis buffer (250 
mM Tris-HCl (pH 6.8), 10% (w/v) SDS, 20% (v/v) glyc-
erol, supplemented with cOmplete™ Protease Inhibitor 
(Roche, Basel, Switzerland). Lung protein concentrations 
were measured using a colorimetric assay to ensure equal 
protein loading (Bio-Rad DC Protein Assay, Bio-Rad). 
Lung lysates and protein in BAL fluid were separated by 
4–12% SDS-PAGE (Life Technologies) and transferred to 
PVDF membrane (Merck Millipore). Membranes were 
blocked with 5% bovine serum albumin (BSA, Sigma-
Aldrich) in Tris-buffered saline with 0.05% Tween 20 
(TBST; Sigma Aldrich) and incubated with the selected 
antibody overnight. Antibody details are as follows: anti-
mouse NLRP3 (A41812012, AdipoGen Life Sciences), 
anti-mouse IL-1β (BAF401, R&D Systems), anti-mouse 
caspase-1 (clone Casper-1, AG-20B-0042-C100, Adi-
poGen Life Sciences), and anti-mouse α-tubulin (clone 
YL1/2; Abcam). Membranes were probed with the appro-
priate secondary antibody and visualized on the Bio-Rad 
ChemiDoc MP Imaging System via fluorescence.
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Quantification of cytokines and neutrophil elastase activity 
in BAL fluid
IL-1β and IL-18 were measured in BAL fluid by ELISA 
according to the manufacturer’s instructions (R&D Sys-
tems). Levels of IFNγ, IL-6, IL-10, IL-12p70, CCL-2/
MCP-1, and TNF were quantified by cytokine bead array 
(BD mouse inflammation kit, BD Biosciences).

Neutrophil elastase activity was quantified as previ-
ously described [31]. BAL fluid or serially diluted por-
cine neutrophil elastase (Sigma-Aldrich, DY4517-05) was 
incubated with an equal volume of substrate N-Methoxy-
succinyl-Ala-Ala-Pro-Val p-nitroanilide (Sigma-Aldrich, 
M4765) at 37  °C for 60  min and read at 405  nm. Sub-
strate was reconstituted in Methyl-2-pyrolidone (Sigma-
Aldrich) and then diluted in 110 mM Tris HCl (pH 8.0) 
for a final concentration of 0.5 mM per well.

Flow cytometry analysis of BAL cells
BAL cells were isolated from whole BAL via centrifu-
gation. Cell pellets were treated with a red blood cell 
(RBC) lysis buffer (Sigma Aldrich) for 5 min. Cells were 
resuspended in FACS buffer (PBS supplemented with 
2% (v/v) FBS and 2 mM EDTA) to quench the RBC lysis 
buffer reaction. BAL cells were incubated with specific 
fluorescently labeled antibodies at 4 °C for 30 min in the 
presence of Fc receptor-blocking monoclonal antibod-
ies against CD16/32 (clone 93, Thermo Fisher Scientific) 
to limit nonspecific antibody binding. BAL cells were 
stained with the following antibodies: CD11c (clone HL3, 
BD Biosciences), Ly6C (clone AL-21, BD Biosciences), 
CD64 (clone X54-5/7.1, BioLegend), CD3ε (clone 145-
2C11, BioLegend), NK1.1 (clone PK136, BioLegend), 
Ly6G (clone 1A8, BD Biosciences), CD11b (clone M1/70, 
BioLegend), CD24 (clone M1/69, BioLegend), I-Ab (clone 
AF6-120.1, BD Biosciences) and Siglec-F (clone E50-
2440, BD Biosciences). Viability was demonstrated using 
Zombie Aqua (BioLegend). Total live cells (viability dye−), 
neutrophils (Ly6G+ Ly6Cint SSClo), natural killer (NK) 
cells (NK1.1+ CD3−), T cells (NK1.1− CD3+), inflamma-
tory macrophages (IM; Ly6G− Ly6Chi), alveolar macro-
phages (AM; CD11c+ Siglec-F+ Ly6Cint), dendritic cells 
(DCs; CD11c+ I-Ab+) and eosinophils (CD24+ Siglec-
F+ Ly6G−) were quantified by flow cytometry using an 
Aurora flow cytometer (Cytek Biosciences) and FlowJo™ 
10 analysis software (BD Biosciences). Cell counts were 
determined using a standardized quantity of calibration 
particles/beads (ProSciTech) on a hemocytometer.

Lung histopathology
Formalin-fixed and inflated lung tissues were incubated 
in 10% NBF overnight, processed, and embedded in par-
affin wax. Each tissue block was serially sectioned (4 μm 
thickness) and stained with hematoxylin & eosin (H&E) 

or Masson’s trichrome. Separate unstained sections were 
imaged with multiphoton microscopy.

For morphometric analysis, Masson’s trichrome-
stained sections were analyzed for alveolitis and fibro-
sis, and H&E-stained sections were analyzed for silicotic 
nodules. Masson’s trichrome-stained lung sections were 
graded for alveolitis on a subjective scale of 0 to 5 (0 = no 
inflammation, 1 = very mild, 2 = mild, 3 = moderate, 
4 = marked, and 5 = severe inflammation), as previously 
described [32, 33]. Overall lung damage in Masson’s 
trichrome-stained lung sections was scored on a subjec-
tive scale of 0–4 using modified Ashcroft scoring criteria 
(0 = normal, 1 = minimal fibrous thickening of alveolar or 
bronchiolar walls, 2 = moderate thickening of walls with-
out obvious change to lung architecture, 3 = increased 
fibrosis with definite damage to lung structure and for-
mation of fibrous bands or small fibrous masses (includ-
ing epithelial denudation) and presence of nodules, 
4 = severe distortion of structure and large fibrous areas 
and total fibrous obliteration of the field). Sections were 
blinded and randomized, and samples corresponding to 
the least severe and most severe were assigned scores of 
0 and 4/5, respectively, and five random fields per mouse 
were graded by three independent researchers. Lung 
sections were viewed on an Olympus BX60 microscope 
and photographed at 10x magnification for the Masson’s 
trichrome-stained sections and 20x or 4x magnification 
for H&E-stained sections with an Olympus DP74 color 
camera using Olympus cellSens Dimension software. 
Masson’s trichrome staining intensity was quantified 
using ImageJ software (positive pixel intensity per FOV). 
In addition, the silicotic nodule number, size/area, and 
cellularity were analyzed using Olympus cellSens Dimen-
sion software.

Immunohistochemical and immunofluorescent imaging of 
lung tissue sections
For immunohistochemistry experiments, longitudi-
nal paraffin-embedded lung tissue sections (4  μm) were 
dewaxed, rehydrated, and then incubated in 3% hydro-
gen peroxide to quench endogenous peroxidase activity. 
Heat-induced antigen retrieval was performed using a 
citrate buffer (10 mM citrate, pH 6 at 100 °C for 6 min). 
Slides were then blocked with CAS-Block Histochemi-
cal Reagent (Thermo Fisher Scientific) for 1  h before 
incubation with primary antibodies at 4  °C overnight: 
transforming growth factor β1 (TGFβ; mature secreted 
form, ab92486, Abcam) and α-smooth muscle actin 
(α-SMA, ab7817, Abcam). Incubation with secondary 
antibodies was performed at room temperature for 2 h. 
On separate slides, Terminal deoxynucleotidyl transfer-
ase-mediated dUDP nick-end labeling (TUNEL) assay 
was performed using the ApopTag Peroxidase In Situ 
Apoptosis Detection Kit (Merck Millipore) according to 
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Fig. 1 (See legend on next page.)
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the manufacturer’s instructions. Sections were counter-
stained with hematoxylin and washed, and immunore-
activity was detected using diaminobenzidine (DAB) as 
the chromogen substrate (Agilent Dako, K3469). Slides 
were cover-slipped with D.P.X. mounting medium (Sigma 
Aldrich). Lung sections were visualized on an Olympus 
BX60 microscope, and five random FOVs per mouse 
were imaged at 40x magnification for TGFβ and α-SMA 
staining and 4x magnification for the TUNEL assay with 
an Olympus DP74 color camera using Olympus cellSens 
Dimension software. DAB staining (positive pixel count 
per FOV) was quantified using ImageJ software, as previ-
ously described [33].

For confocal imaging of lung tissue sections from 
NLRP3 reporter mice, paraffin-embedded sections were 
dewaxed and rehydrated. Slides were then washed with 
PBS and incubated with Hoechst 33342 nuclear staining 
(Thermo Fisher). Slides were mounted using Fluores-
cence Mounting Medium (Agilent) and imaged at 40x 
magnification using a Nikon A1R confocal microscope 
(Nikon, Japan) and processed using ImageJ software.

For immunofluorescence staining of lung tissue sec-
tions, paraffin-embedded sections were dewaxed and 
rehydrated. Heat-induced antigen retrieval was per-
formed with citrate buffer (10 mM citrate, pH 6 at 100 °C 
for 6  min). Slides were then blocked with CAS-Block 
Histochemical Reagent (Thermo Fisher Scientific) for 
1 h before incubation with an IL-17A primary antibody 
(PA579470, Thermo Fisher Scientific) at 4  °C overnight. 
Slides were then washed with PBS containing 0.01% 
Tween 20 and incubated with appropriate secondary 
antibodies (Thermo Fisher) for 1 h, followed by Hoechst 
33342 nuclear staining (Thermo Fisher). Slides were 
finally mounted using Fluorescence Mounting Medium 
(Agilent) and imaged at 40x magnification using a Nikon 
A1R confocal microscope and processed using ImageJ 
software. The % positive cells per FOV was analyzed 
using ImageJ software.

Culture and in vitro stimulation of bone marrow-derived 
macrophages
Bone marrow cells from wildtype and NLRP3 reporter 
mice were differentiated for 7 days in DMEM supple-
mented with 10% (v/v) FCS and 1% (v/v) penicillin/
streptomycin solution and M-CSF (20% (v/v) L929 

mouse fibroblast supernatant). Differentiated bone mar-
row–derived macrophages (BMDMs) were seeded at 
1 × 105 cells/96-well (ELISA, LDH) or 5 × 105 cells/12-well 
(immunoblot) 24 h prior to experimentation. Cells were 
incubated with LPS (O114:B5; 100 ng/mL, InvivoGen) for 
3 h and then stimulated with NLRP3 inflammasome acti-
vators silica (250 µg/mL; Min-U-Sil-5, U.S. Silica), nigeri-
cin (10 µM; InvivoGen), ATP (5 mM; Sigma-Aldrich) or 
poly(dA: dT) (200 ng; InvivoGen) transfected with Lipo-
fectamine 2000 (Life Technologies). After a further 6  h, 
cell supernatants and cell lysates were collected. Levels of 
IL-1β were quantified by ELISA according to the manu-
facturer’s instructions (R&D Systems). Cell supernatants 
were assayed for levels of lactate dehydrogenase (LDH) 
using a CytoTox 96 Non-radioactive Cytotoxicity Assay 
(Promega).

Statistical analysis
Data were tested for normality and analyzed by Graph-
Pad Prism Version 10 software (Graphstats Technolo-
gies, India). Student’s t-test (two-tailed, unpaired) was 
used when comparing two values. When comparing 
three or more sets of values, a One-way analysis of vari-
ance (ANOVA) was used with either Tukey’s or Dunnett’s 
multiple comparisons post-hoc test. A P value of < 0.05 
was considered statistically significant.

Results
Silica particles penetrate the distal lung following 
intranasal delivery, resulting in the formation of silicotic 
nodules and fibrosis
Short-term exposure to a bolus of silica dust can lead to 
the development of acute silicosis or silicoproteinosis, 
which is characterized by severe alveolitis and alveolar 
proteinosis [8]. To model silicosis, mice were admin-
istered 2  mg of silica via the intranasal route. Acute 
inflammation was analyzed on day 3, as well as chronic 
inflammation and fibrosis on days 14 and 28 (Fig.  1A). 
Mice were weighed 3 times a week but did not display 
any clinical signs of disease, including reduced mobil-
ity and significant weight loss, up to 28 days post-silica 
delivery (Supplementary Fig.  1). Cytospin analysis of 
H&E-stained cells recovered from the BAL at day 3 indi-
cated that intranasal delivery of silica increased overall 
airway cellularity (Fig.  1B). Notably, neutrophils were 

(See figure on previous page.)
Fig. 1  Silica particles persist in the lung, causing chronic inflammation, nodule formation, and fibrosis. (A-D) Groups of 5 C57BL/6J mice were intranasally 
administered 2 mg of silica. Control mice received PBS alone. Data are representative of at least 2 independent experiments. (A) Schematic of disease 
progression following silica delivery. (B) Cytospin analysis of H&E-stained bronchoalveolar lavage (BAL) at day 3. Representative brightfield images (top 
panels). Arrows indicate the presence of immune cells with morphology resembling neutrophils (N), lymphocytes (L), and macrophages (M) cells. The 
boxed area demonstrates macrophages containing silica crystals, providing a magnified view. Silica particles in the same field of view were additionally 
visualized under polarized light (bottom panels). 400x magnification (scale bar 100 μm). (C) Visualization of silica at day 14 in formalin-fixed lung tissue 
sections using multiphoton microscopy. 25x magnification (scale bar 100 μm). Yellow arrows indicate silica. Extracellular matrix (ECM), airways, and arter-
ies are indicated. (D) Representative images of Masson’s trichrome-stained, formalin-fixed lung tissue sections at day 14 and 28. 40x magnification (scale 
bar 100 μm). Gross histological changes characteristic of silicosis were observed. Silicotic nodules are indicated by the arrows
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Fig. 2 (See legend on next page.)
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frequently observed in silica but not PBS-treated mice. 
Under brightfield microscopy, silica particles were iden-
tified within macrophages. Visualization of BAL under 
polarized light also confirmed the presence of ‘free’ silica 
particles (i.e., not cell-associated). Consistent with the 
inability to clear silica, analysis of lung tissue sections 
using multiphoton microscopy indicated silica particles 
remained distributed around the airways on day 14 and 
throughout the parenchyma (Fig.  1B). Collagen fibers, 
which can also be observed under multiphoton micros-
copy, were increased around the airways and pulmonary 
arteries by day 14 (Fig. 1C), indicative of greater extracel-
lular matrix (ECM) deposition. By day 28, key features 
of silicosis were evident in Masson’s trichrome-stained 
tissue sections. This included hallmark silicotic nodule 
formation, airway thickening, damage to the lung struc-
ture, and increased detection of collagen fibers (Fig. 1D). 
Of note and in line with other studies [14, 27, 34], intra-
nasal inoculation of mice with a lower dose of silica (0.5 
or 1 mg) did not result in silicotic nodule formation (data 
not shown). Collectively, these results demonstrate the 
establishment of a progressive mouse model of silica-
induced persistent inflammation, fibrosis, and nodule 
formation.

Silica promotes NLRP3 expression and activation in the 
lung
A limited number of studies have implicated a role for 
the NLRP3 inflammasome in silicosis [14, 27, 35], how-
ever, the distribution of NLRP3 expression and its activa-
tion in the lung are currently not well characterized. We 
generated a novel reporter mouse (NLRP3-CHCI) that 
expresses mCitrine and mCherry at the N- and C-ter-
mini of NLRP3, respectively (Supplementary Fig.  2A), 
enabling real-time tracking of NLRP3 expression and 
localization in the lung. The reporter is placed under the 
native NLRP3 promoter, ensuring that the expression 
pattern reflects physiological regulation and not artifi-
cial overexpression. Importantly, macrophages generated 
from these mice respond to NLRP3 agonists such as nige-
ricin, adenosine triphosphate (ATP), and silica, secret-
ing IL-1β, undergoing cell death, and maturing caspase-1 
and IL-1β (Supplementary Fig.  2B-E) commensurate to 
wildtype macrophages, indicating the fluorescent tags 
do not interfere with inflammasome function. To exam-
ine NLRP3 expression in the lung, wildtype and NLRP3 
reporter mice were administered 2 mg silica or PBS alone 

via the intranasal route, and lung tissues were formalin-
fixed and inflated 3 days later. mCherry and mCitrine 
expression in lung tissue sections were visualized by con-
focal imaging. Silica delivery increased the expression of 
mCherry and mCitrine, particularly in the alveoli, indi-
cating greater NLRP3 expression throughout the lung 
(Fig. 2A).

To better understand the role of the NLRP3 inflam-
masome, wildtype and Nlrp3−/− mice were exposed to 
silica via the intranasal route. Immunoblot analysis indi-
cated silica delivery increased the expression of NLRP3 
and procaspase-1 in the lung at day 3 in wildtype mice 
(Fig. 2B-D). Increased expression of the mature p20 sub-
unit of caspase-1, which is indicative of inflammasome 
activation, was observed in the lungs of wildtype mice 
at day 3 post-silica delivery, with a trend for reduced 
expression in Nlrp3−/− mice (P = 0.08). Taken together, 
these results show silica delivery upregulates NLRP3 
expression and leads to NLRP3 activation in the lung.

NLRP3 deficiency limits silica-induced production of IL-1β 
and IL-18 in the airways
IL-1β and IL-18 are potent pro-inflammatory cytokines 
that are potential mediators of silica-induced inflamma-
tion. Caspase-1 within an active NLRP3 inflammasome 
cleaves the cytokine precursors pro-IL-1β and pro-IL-18 
into their bioactive and secretory forms, IL-1β and IL-18, 
respectively [1]. Levels of IL-1β and IL-18 in BAL fluid 
determined by ELISA were halved in Nlrp3−/− mice com-
pared to wildtype controls at day 3 following silica expo-
sure (Fig.  3A-B). Immunoblot analysis confirmed silica 
upregulated the expression of the mature p17 subunit 
of IL-1β in BAL fluid from wildtype mice (Fig.  3C-D), 
which is indicative of inflammasome activation. Impor-
tantly, NLRP3 deficiency correlated with significantly 
reduced expression of the cleaved p17 subunit of IL-1β 
in the airways. In addition, immunoblot analysis of lung 
tissue demonstrated silica increased the expression of the 
mature p17 subunit of IL-1β at day 3 in wildtype but not 
NLRP3-deficient mice (Fig.  3E-F). While the cytokines 
IL-6, TNF, and CCL-2 were all increased in BAL fluid fol-
lowing silica exposure, levels remained unchanged with 
NLRP3 deletion (Fig.  3G). Together, these findings sug-
gest that following silica delivery, NLRP3 inflammasome 
activity promotes maturation of IL-1β and IL-18 in the 
lung.

(See figure on previous page.)
Fig. 2  Silica drives the expression and activation of NLRP3 in the lung. (A) Reporter mice expressing mCitrine (green) and mCherry (red) at distal junctions 
of NLRP3 under the native promoter were intranasally administered 2 mg of silica. Control reporter mice received PBS alone. Wildtype (WT) mice were also 
included as a control. n = 5 per group. On day 3, NLRP3 expression in lung tissue sections was examined by confocal microscopy. Merged images show 
colocalization of mCitrine and mCherry with Hoechst (blue) at 40x magnification (scale bar 100 μm). (B-D) Nlrp3−/− mice and WT littermates were intra-
nasally administered 2 mg of silica. Control mice received PBS alone. (B) Immunoblot of NLRP3, procaspase-1 (p45), cleaved caspase-1 (p20), and tubulin 
proteins in lung tissue lysates. Expression of (C) NLRP3 and (D) cleaved caspase-1 (p20) relative to tubulin. (C-D) Data are presented as mean ± SEM, with 
each data point representing an individual animal. n = 5–6 per group. ****P < 0.0001, One-way ANOVA. Data are pooled from 3 independent experiments
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NLRP3 deficiency limits the infiltration of conventional and 
Siglec-F+ neutrophils into airways following silica delivery
Having initially established that silica induces the early 
infiltration of immune cells in the airways (Fig.  1B), 
we investigated whether NLRP3 deficiency alters the 
innate immune cell composition of the airways. Total 
cells, infiltrating neutrophils, inflammatory monocytes/
macrophages (IM), natural killer (NK) cells, dendritic 
cells (DCs), eosinophils, and T cells, as well as resident 
alveolar macrophages (AM) in the BAL, were enumer-
ated at day 3 post-silica by flow cytometry (Supplemen-
tary Fig.  3). Silica administration increased total airway 
cellularity (Fig.  4A), particularly infiltrating Ly6Chi IMs 
(Fig.  4C) and Ly6G+ neutrophils (Fig.  4D). Deletion of 
NLRP3 markedly reduced total neutrophil numbers 
(Fig.  4D) but had no impact on the recruitment of IMs 
(Fig.  4C). There was no significant change in the num-
ber of resident AMs following silica treatment (Fig. 4B). 
Numbers of DCs, eosinophils, NK cells, and T cells were 
also not altered by NLRP3 deficiency at day 3 (Supple-
mentary Fig. 4A-D).

Further flow cytometric analysis of Ly6G+ neutro-
phils in the airways revealed the presence of two distinct 
subpopulations (Fig.  4E). These included conventional 
Siglec-F− neutrophils, which contribute to the inflam-
matory response, as well as Siglec-F+ neutrophils, which 
are reported to be long-lived and involved in profibrotic 
processes, including aberrant wound healing under dis-
ease conditions [36]. As Siglec-F can also be expressed on 
murine eosinophils, we performed additional cytospin-
based analysis of BAL cells to confirm they morphologi-
cally resemble neutrophils (Supplementary Fig.  4E/F). 
Of note, in wildtype mice, Ly6G+ Siglec-F+ neutrophils 
represented ~ 50–60% of neutrophils on day 3. Total 
numbers of Siglec-F− and Siglec-F+ neutrophils were 
significantly reduced in the airways of NLRP3-deficient 
mice (Fig. 4F-G). Notably, the ratio of Siglec-F− to Siglec-
F+ neutrophils trended lower in silica-treated wildtype 
mice compared to PBS-treated controls (Fig.  4H). This 
ratio remained consistent in NLRP3-deficient mice, sug-
gesting that NLRP3 is critical for the early infiltration of 
Siglec-F− and Siglec-F+ neutrophils. Importantly, neutro-
phils are the major source of neutrophil elastase, which 
is known to contribute to tissue damage in silicosis [37]. 
Consistent with these previous observations, silica treat-
ment increased neutrophil elastase activity in BAL fluid 
at day 3 in wildtype mice (Fig. 4I). Critically, the reduced 
neutrophil numbers observed in NLRP3-deficient mice 
correlated with a significant reduction in neutrophil elas-
tase activity in the airways.

Lastly, IL-17A-producing cells, such as γδ T cells and 
T helper 17 (Th17) cells, have been implicated in driv-
ing silicosis [38]. We therefore quantified IL-17A+ cells 
present in lung tissue sections at day 28 via confocal 

microscopy. NLRP3 deficiency had no impact on the 
frequency of IL-17A+ cells within the airways (Supple-
mentary Fig. 5A-C). Additionally, no difference was seen 
in the presence of IL-17A+ cells within silicotic nodules 
(Supplementary Fig. 5D).

Together, these results demonstrate NLRP3 promotes 
the infiltration of conventional and a unique popula-
tion of Siglec-F-expressing neutrophils, which impacts 
fibrotic-associated airway elastase activity.

NLRP3 deficiency reduces silica-induced lung fibrosis, 
nodule size, and damage
Silicosis is characterized by irreversible lung tissue dam-
age driven by the excessive collagen deposition and 
severe alveolitis. Masson’s trichrome staining of lung sec-
tions from silica-treated mice revealed extensive tissue 
damage with localized collagen accumulation around air-
ways, as well as increased alveolar and lung inflammation 
by day 28 (Fig.  5A-D). Deletion of NLRP3 reduced the 
severity of these gross pathological features, implicating a 
role for NLRP3 in the chronic phase of silicosis.

A hallmark of silicosis is the formation of silicotic nod-
ules [11], which are granulomatous structures composed 
of clusters of inflammatory cells and fibrotic fibers. A 
potential role for NLRP3 in driving the formation of 
these nodules has not been explored. Quantification of 
H&E-stained lung tissue sections demonstrated a trend 
toward reduced nodule size and cellularity in NLRP3-
deficient mice compared to wildtype controls (Fig. 5E-F). 
NLRP3 activation results in pyroptosis, a lytic form of 
cell death [39]. Additionally, nonresolving inflammation 
can promote tissue injury. To assess the impact of NLRP3 
deficiency on cell death, TUNEL labeling was performed 
on lung tissue sections. Nlrp3−/− mice displayed reduced 
tissue and epithelial cell death relative to wildtype litter-
mates (Fig. 5G-H), further supporting a detrimental role 
for NLRP3. Together these indicate a previously unrec-
ognized role for NLRP3 in the formation of silicotic 
nodules, while reinforcing its established role in silica-
induced pulmonary immunopathology and fibrosis.

NLRP3 deficiency reduces silica-induced expression of 
TGFβ and α-SMA in the lung
Since alterations in lung tissue damage, including the 
formation of silicotic nodules, had been confirmed in 
NLRP3-deficient mice (Fig.  5), we next investigated 
potential downstream mechanisms driving these fibrotic 
processes. Myofibroblasts are contractile, fibrogenic cells 
that are primary ECM-secreting cells [40]. Examina-
tion of lung sections revealed that silica-induced α-SMA 
expression, a marker of myofibroblast activation, was 
reduced in NLRP3-deficient mice (Fig.  6A-B). Addi-
tionally, the profibrotic cytokine TGFβ plays a key role 
in driving epithelial-mesenchymal transition (EMT), a 
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Fig. 3 (See legend on next page.)
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process in which epithelial cells adopt a mesenchymal 
phenotype. This transition contributes to the deposi-
tion of ECM components, including collagen, which is 
the primary driver of lung tissue remodeling [40, 41]. 
Immunohistochemical staining of lung tissue sections 
was performed at day 28 to assess expression of the 
mature/active form of TGFβ (Fig.  6C-D). Silica delivery 
increased the expression of TGFβ specifically around air-
ways and in inflammatory cells in the lung parenchyma, 
with a greater effect observed in wildtype mice compared 
to NLRP3-deficient mice. Together these results dem-
onstrate for the first time that NLRP3 inflammasome 
responses play a critical role in driving TGFβ-mediated 
myofibroblast activation and fibrosis in response to sil-
ica-induced lung injury.

Discussion
Silicosis remains a prevalent global burden, affecting mil-
lions of workers annually [2]. Despite the devastating out-
comes of silicosis, there is a lack of effective therapeutic 
options available [7]. To identify new therapeutic strate-
gies, we need to better understand the pathogenesis of 
silicosis. The NLRP3 inflammasome is an innate immune 
sensor that was discovered in 2004 [42] and is now 
well described to be activated by disruptions in cellular 
homeostasis [43]. NLRP3 activation is tightly regulated 
to prevent excessive inflammation and to ensure that 
the immune response is appropriate without becoming 
dysregulated [14]. Early in vitro studies identified silica 
activates the NLRP3 inflammasome in macrophages [14, 
44], leading to the secretion of potent inflammatory cyto-
kines and plasma membrane rupture [14, 35, 45]. More 
recently, limited studies have implicated an in vivo role 
for NLRP3 in promoting lung pathology following silica 
exposure [26, 27]. Here, we provide mechanistic insights 
into the role of NLRP3 in driving silica-induced pulmo-
nary disease, further highlighting its potential as a thera-
peutic target. Specifically, we identified NLRP3 drives 
early silica-induced inflammation in the airways, includ-
ing the production of potent cytokines IL-1β and IL-18, 
as well as conventional and fibrotic neutrophil responses. 
NLRP3 deficiency limited subsequent pulmonary dam-
age and fibrosis, including silicotic nodule formation at a 
more advanced stage of silicosis. This reduced immuno-
pathology correlated with diminished expression of the 
profibrotic cytokine TGFβ, as well as myofibroblast acti-
vation, fundamental events that drive fibrosis.

Silica exposure has been shown to increase NLRP3 
expression as well as NLRP3-associated cytokines, 
including IL-1β, in lung epithelial cells [46, 47] and 
mouse and human macrophages [14, 27, 48]. However, 
these studies are limited to in vitro, cell-based assess-
ments, leaving critical in vivo mechanisms largely unex-
plored. NLRP3 expression is well described to be driven 
by NFκB responses [49]. Consistent with this, immunob-
lot analysis of lung tissues revealed silica delivery upregu-
lated the expression of NLRP3 within 3 days (Fig. 2). Our 
attempts to examine NLRP3 expression in lung tissue 
sections via confocal staining were unsuccessful due to 
non-specific staining with multiple commercially avail-
able antibodies, in tissues from Nlrp3−/− mice. Critically, 
using a novel NLRP3 reporter controlled under the native 
promoter, we identified that NLRP3 expression is rapidly 
increased diffusely throughout the lung following silica 
delivery. Of note, NLRP3 was observed in epithelial cells 
lining the alveoli, suggesting that its expression is not leu-
kocyte-specific and suggests that epithelial NLRP3 may 
play a role in driving silicosis pathology. Consistent with 
activation of NLRP3, silica treatment led to the cleav-
age and activation of caspase-1 (Fig. 2). There was also a 
trend toward reduced caspase-1 activation in the absence 
of NLRP3, further confirming NLRP3 activation follow-
ing silica exposure.

Caspase-1, within an active NLRP3 inflammasome 
complex, drives the cleavage and maturation of potent 
pro-inflammatory cytokines, IL-1β and IL-18. Levels of 
these cytokines in the airways were markedly reduced 
in NLRP3-deficient mice (Fig.  3). However, responses 
were not completely abrogated, suggesting they may be 
matured by an NLRP3-independent pathway. Silica-
induced release of cytoplasmic DNA from damaged or 
dead cells [50] could potentially be sensed by absent in 
melanoma 2 (AIM2) inflammasomes [51, 52], however, 
this has not been fully investigated in vivo. IL-1β and 
IL-18 can also be cleaved by other enzymes, including 
cathepsin-controlled proteases such as neutrophil elas-
tase [53]. Interestingly, we did observe reduced neutro-
phil elastase activity in NLRP3-deficient mice (Fig.  4), 
suggesting fewer neutrophil-derived proteases would be 
available to process IL-1β and IL-18, which likely contrib-
utes to the partial reduction in IL-1β and IL-18 levels due 
to reduced cleavage of pro-IL-1β and pro-IL-18. Other 
mechanisms may therefore compensate for the loss of 
these cytokines in the absence of NLRP3.

(See figure on previous page.)
Fig. 3  NLRP3 deficiency limits silica-induced IL-1β and IL-18 responses in the lung. (A-G) Nlrp3−/− mice and wildtype (WT) littermates were intranasally 
administered 2 mg of silica. Control mice received PBS alone. Analysis was performed on day 3. Levels of (A) IL-1β and (B) IL-18 in BAL fluid, determined by 
ELISA. (C) Immunoblot of equivalent volume of concentrated BAL fluid for pro-IL-1β (p31) and cleaved IL-1β (p17). (D) IL-1β p17 expression represented as 
optical density per mL of BAL fluid. (E) Immunoblot of lung tissue lysates for pro-IL-1β (p31), IL-1β (p17), and tubulin protein. (F) IL-1β (p17) expression in 
lung tissues relative to tubulin. (G) Levels of IL-6, TNF, and CCL-2 in BAL fluid determined by cytokine bead array. (A-G) Data are presented as mean ± SEM, 
with each data point representing an individual animal. n = 5–10 per group. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, One-way ANOVA. Data are 
pooled from 3 independent experiments. The detection limit of each assay is noted as a dotted line
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NLRP3-dependent IL-1β and IL-18 responses are cru-
cial for enhancing inflammatory responses by promot-
ing the recruitment and activation of immune cells such 
as neutrophils [54]. NLRP3 deficiency reduced num-
bers of Ly6G+ neutrophils in the airways, the key first 

responders (Fig.  4). These findings are consistent with 
our recent studies demonstrating that treatment of mice 
with the NLRP3 and NLRP1 dual inhibitor reduces sil-
ica-induced infiltration of neutrophils [55]. Additionally, 
our results implicating a major role for NLRP3 in driving 

Fig. 4  NLRP3 deficiency diminishes silica-induced neutrophil responses in the lung. (A-I) Nlrp3−/− mice and wildtype (WT) littermates were intranasally 
administered 2 mg of silica. Control mice received PBS alone. Numbers (#) of (A) total live cells, (B) alveolar macrophages (AMs), (C) Ly6Chi inflammatory 
macrophages (IMs), and (D) Ly6G+ neutrophils in the BAL on day 3, determined by flow cytometry. (E) Representative flow cytometry gating strategy 
for Siglec-F− and Siglec-F+ neutrophil subpopulations. Numbers (#) of live (F) Siglec-F− and (G) Siglec-F+ neutrophils. (H) Ratio of Siglec-F− to Siglec-F+ 
neutrophils. (I) Neutrophil elastase (NE) activity in BAL fluid. The detection limit of the assay was 12.5 pg/mL. (A-I) Data are presented as mean ± SEM, with 
each data point representing an individual animal. n = 6–10 per group. Data are pooled from 3 independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001, One-way ANOVA
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Fig. 5 (See legend on next page.)
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neutrophil responses are also consistent with studies 
involving inhibition of the NLRP3 inflammasome [56] or 
IL-1β [57] itself in other lung disease models. Critically, 
we describe here for the first time that silica drives the 
early infiltration of two distinct subpopulations of Siglec-
F− and Siglec-F+ neutrophils into the airways, which may 
have unique roles in silicosis disease progression (Fig. 4). 
Mice deficient in NLRP3 displayed reduced numbers of 
Siglec-F− and Siglec-F+ neutrophils, and this correlated 
with reduced levels of activated neutrophil elastase activ-
ity in the BAL. Conventional Siglec-F− neutrophils are 
traditionally short-lived cells involved in inflammatory 
processes. Siglec-F+ neutrophils have been described as 
long-lived cells that accumulate and have an activated 
phenotype in comparison to Siglec-F− neutrophils in lung 
and nasal mucosa models of cancer [58] and allergic rhi-
nitis [59], respectively. Interestingly, Siglec-F+ neutrophils 
have been shown to be essential for creating a profibrotic 
microenvironment in the kidney and lung [36, 60] pro-
ducing a greater amount of pro-inflammatory and pro-
fibrotic markers including IL-1β, TGFβ, collagen I, and 
α-SMA [36]. Tissue damage has been shown to trigger the 
transition of conventional Siglec-F− neutrophils to Siglec-
F+ neutrophils [60]. Shin et al. further demonstrated that 
the upregulation of Siglec-F+ neutrophils was dependent 
on the production of ATP and subsequent activation of 
the P2X1 receptor in a model of air-pollutant-induced 
asthma exacerbations [60]. Interestingly, ATP is a well-
characterized activator of NLRP3. Inhibition of the P2 X1 
receptor has been shown to reduce Siglec-F-expressing 
neutrophils [60], suggesting a potential therapeutic tar-
get for mitigating fibrosis. Taken together, these findings 
warrant further investigation of neutrophil activity in 
silicosis and the role of these cells in disease progression. 
Understanding the specific contributions of these dif-
ferent neutrophil subpopulations could provide insights 
into targeting neutrophil-mediated inflammation in sili-
cosis and other fibrotic lung diseases.

Silicosis progression involves an interplay between 
inflammation and aberrant tissue repair processes [61]. 
Our findings demonstrate that NLRP3 deficiency not 
only reduces early inflammatory cytokine production 
but also attenuates lung damage, cell death, and fibrosis 

(Fig.  5). These results correlated with reduced expres-
sion of profibrotic markers, including mature TGFβ and 
α-SMA (Fig.  6). In the lung, TGFβ is a key regulator of 
fibrosis [62], promoting the differentiation of fibroblasts 
into myofibroblasts, which are the primary producers of 
ECM proteins, including collagen. TGFβ is produced by 
many cells, including macrophages and lymphocytes [40]. 
The reduction in α-SMA, a hallmark of myofibroblast 
activation [40], suggests that NLRP3 signaling contrib-
utes to the activation of fibroblasts and subsequent tissue 
remodeling. In mouse models of silicosis, elevated and 
persistent expression of IL-1β precedes the development 
of fibrosis, suggesting a critical role for IL-1β in disease 
progression. Evidence suggests IL-1β promotes Th17, 
TGFβ, and platelet-derived growth factor responses, 
which contribute to ongoing disease. IL-18 has also been 
shown to induce EMT in a model of bleomycin-induced 
pulmonary fibrosis [63, 64]. Interestingly, NLRP3 defi-
ciency reduced early IL-1β and IL-18 responses (Fig.  3) 
but did not appear to play a key role in augmenting Th17 
responses (Supplementary Fig.  5). Importantly, NLRP3 
deficiency limits the size of silicotic nodules and overall 
lung fibrosis, further highlighting the contributions of 
NLRP3 in promoting hallmark features of silicosis. The 
protective effects of NLRP3 deficiency extend beyond 
reducing inflammatory and fibrotic mediators, as evi-
denced by decreased overall lung damage. This finding 
suggests that the NLRP3 inflammasome may directly 
influence cellular responses by increasing IL-1β and IL-18 
production in response to silica particles in both immune 
and structural cell populations. Silica-induced cell death 
and the release of cellular danger signals (i.e., DAMPs), 
which could also drive NF-κB and TGFβ responses, thus 
promoting IL-1β and fibrotic responses [1]. In line with 
this, it has been reported that neutralization of IL-1ɑ in 
the lung following silica delivery limits the production 
of IL-1β in the airways [65]. Future studies investigating 
cell-type-specific contributions of NLRP3, particularly in 
epithelial and mesenchymal cells, could provide valuable 
insights into mechanisms underlying inflammasome acti-
vation and fibrosis progression.

Therapeutic strategies targeting the NLRP3 inflamma-
some, either through direct inhibitors or by modulating 

(See figure on previous page.)
Fig. 5  Mice deficient in NLRP3 display reduced silica-induced lung damage and fibrosis. (A-H) Nlrp3−/− mice and wildtype (WT) littermates were intra-
nasally administered 2 mg of silica. Control mice received PBS alone. On day 28, lung tissues were formalin-fixed and inflated. Histological analysis of 
Masson’s trichrome-stained lung tissue sections was performed. (A) Representative images at 10x magnification. Scale bar 100 μm. Lung sections were 
randomized, blinded, and analyzed or scored for (B) collagen deposition (Masson’s trichrome staining intensity per field of view (FOV)), (C) alveolitis (scale 
0–5), and (D) lung damage (scale 0–4). (E) Representative images of H&E-stained lung tissue sections, imaged at 4x magnification. Scale bar 100 μm. The 
boxes on these images indicate the areas that are magnified to demonstrate silicotic nodules determined with Olympus cellSens Dimension software. 
Lung sections were randomized and analyzed for nodule (F) total count, average size (µm2), and cellularity (% positive pixel count per FOV). (G) Repre-
sentative images at 4x magnification of TUNEL assay labeling of cell death in lung tissue sections. Scale bar 100 μm. (H) Quantification of TUNEL staining 
determined with ImageJ software. Data are presented as the mean percentage positive pixel count per FOV. (A-H) Data are presented as mean ± SEM, 
with each data point representing an individual animal. n = 5–13 per group. Data are pooled from 3 independent experiments. *P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001, One-way ANOVA
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its upstream activators, may hold promise for prevent-
ing or treating silicosis. Studies assessing the efficacy of 
anti-NLRP3 or anti-IL-1β treatments following chronic 
exposure to silica have demonstrated the role of NLRP3 
activation in the progression of advanced disease. Treat-
ment with an anti-IL-1β monoclonal antibody, the IL-1 
receptor antagonist anakinra [38, 66], and the plant alka-
loid, tetrandrine [48], an inhibitor of NLRP3 responses, 

reduced the levels of inflammatory cells and cytokines 
in BAL from silica-exposed mice. Notably, inhibiting 
NLRP3 or IL-1β signaling has been shown to slow disease 
progression and reduce the severity of lung fibrosis by 
reducing collagen deposition and TGFβ activity [48]. Tar-
geting multiple pathways, including the NLRP3 inflam-
masome, as a therapeutic approach may be critical to 

Fig. 6  NLRP3 deficiency limits the expression of TGFβ and α-SMA in the lung following silica delivery. (A-D) Nlrp3−/− mice and wildtype (WT) littermates 
were intranasally administered 2 mg of silica. Control mice received PBS alone. On day 28, lung tissues were formalin-fixed and inflated. (A) Representative 
images at 20x magnification of immunohistochemical analysis of α-SMA in lung tissue sections. Scale bar 100 μm. (B) Quantification of α-SMA expression 
determined with ImageJ software. Data are presented as the mean percentage positive pixel count per FOV. (C) Representative images at 20x magni-
fication of immunohistochemical analysis of TGFβ (mature/active form) in lung tissue sections. Scale bar 20 μm. (D) Quantification of TGFβ expression 
determined with ImageJ software. Data are presented as the mean percentage positive pixel count per FOV. (A-D) Data are presented as mean ± SEM, 
with each data point representing an individual animal. n = 10–13 per group. Data are pooled from 3 independent experiments. *P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001, One-way ANOVA
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suppress the overstimulation of inflammatory pathways 
in silicosis.

Overall, these findings highlight for the first time the 
potential of inflammasome-related markers, such as 
NLRP3 expression levels and inflammasome-associated 
cytokines, as diagnostic or prognostic biomarkers for sili-
cosis. Critically, neutrophil elastase activity could serve 
as a surrogate marker for disease severity, given its role 
in cytokine maturation and tissue damage. It is, however, 
important to note that this study involved one single sil-
ica inhalation event, which does not fully reproduce the 
reiterated inhalation of an exposed worker. Furthermore, 
species-specific differences may produce different results 
in human inhalation outcomes as compared to mice. Tar-
geting the NLRP3 inflammasome, either through specific 
inhibitors or broader anti-inflammatories, may represent 
promising therapeutic strategies. Combining these strat-
egies with existing antifibrotics could further enhance 
treatment efficacy and improve overall patient outcomes.

Abbreviations
α-SMA	� Alpha smooth muscle actin
AM	� Alveolar macrophage
BAL	� Bronchoalveolar lavage
DAMPs	� Damage-associated molecular patterns
ECM	� Extracellular matrix
EMT	� Epithelial-mesenchymal transition
IL-1β	� Interleukin 1 beta
IL-18	� Interleukin 18
IM	� Inflammatory macrophages/monocyte
NLRP3	� NOD-, LRR- and pyrin domain-containing protein 3
NLRP3-CHCI	� NLRP3 reporter mouse
TGFβ	� Transforming growth factor beta

Supplementary information
The online version contains supplementary material available at ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​​1​1​8​6​​/​s​​1​2​9​3​1​-​0​2​5​-​0​3​1​9​2​-​y.

Supplementary Material 1

Acknowledgements
The authors acknowledge Monash FlowCore, Monash Histology Platform, and 
Monash Micro Imaging Platforms at the Monash Health Translation Precinct 
(MHTP) for the equipment, advice, and support used in this study.

Author contributions
Conception and design, ML, PJH, AM, MDT; Collection and/or assembly of 
data, ML, KTB, CJH, CMH, JDO, LD, SR, ACW, PJH, AM, MDT; Data analysis and 
interpretation, ML, KTB, CJH, CMH, JDO, LD, SR, ACW, PJH, AM, MDT; Manuscript 
writing, ML, AM, MDT; Financial support, MDT, PJH, AM. All authors reviewed 
the manuscript. MDT and AM contributed equally.

Funding
This work was funded by The Medical Research Future Fund (MDT and AM; 
2006197). This work was supported by the Victorian State Government 
Operational Infrastructure Scheme.

Data availability
Data is provided within the manuscript or supplementary information files.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 30 December 2024 / Accepted: 12 March 2025

References
1.	 Lam M, Mansell A, Tate MD. Another One Fights the Dust: Targeting the 

NLRP3 Inflammasome for the Treatment of Silicosis. Am J Respir Cell Mol Biol. 
2022;66:601–11.

2.	 Hoy RF, Jeebhay MF, Cavalin C, Chen W, Cohen RA, Fireman E, et al. Current 
global perspectives on silicosis—Convergence of old and newly emergent 
hazards. Respirology. 2022;27:387–98.

3.	 Merlo DF, Garattini S, Gelatti U, Simonati C, Covolo L, Ceppi M, et al. A mortal-
ity cohort study among workers in a graphite electrode production plant in 
Italy. Occup Environ Med. 2004;61:e9.

4.	 Prajapati SS, Nandi SS, Deshmukh A, Dhatrak S V. Exposure profile of 
respirable crystalline silica in stone mines in India. J Occup Environ Hyg. 
2020;17:531–7.

5.	 Kirby T. Australia bans engineered stone to prevent silicosis. Lancet Respir 
Med. 2024;12:e18.

6.	 Fedotov I. The ILO/WHO Global Programme for the Elimination of Silicosis. 
2006. Accessed 11 March 2025. ​h​t​t​​​​p​​s​:​/​/​w​​w​​w​​​​.​o​c​​c​h​e​a​​l​​t​h​​.​c​o​.​z​a​/​_​a​s​s​e​t​s​/​a​r​t​i​c​l​e​s​/​
1​6​2​/​6​7​3​.​p​d​f​​​

7.	 Barnes H, Lam M, Tate MD, Hoy R. Towards treatments for silicosis. Curr Opin 
Pulm Med. 2024;30:185–94.

8.	 Buechner HA, Ansari A. Acute silico-proteinosis. A new pathologic variant of 
acute silicosis in sandblasters, characterized by histologic features resembling 
alveolar proteinosis. Dis Chest. 1969;55:274–84.

9.	 Dee P, Suratt P, Winn W. The radiographic findings in acute silicosis. Radiology. 
1978;126:359–63.

10.	 Perkins TN, Peeters PM, Wouters EFM, Reynaert NL, Mossman BT. Pathogen-
esis and Mechanisms of Asbestosis and Silicosis. Pathobiol Hum Dis Acad 
Press. 2014;2654–64.

11.	 León-Jiménez A, Mánuel JM, García-Rojo M, Pintado-Herrera MG, López-
López JA, Hidalgo-Molina A, et al. Compositional and structural analysis of 
engineered stones and inorganic particles in silicotic nodules of exposed 
workers. Part Fibre Toxicol. 2021;18:41.

12.	 Crawford JA, Sanyal S, Burnett BR, Wiesenfeld SL, Abraham JL. Accelerated 
silicosis in sandblasters: Pathology, mineralogy, and clinical correlates. Am J 
Ind Med. 2024;67:179–99.

13.	 Mason DR, Beck PL, Muruve DA. Nucleotide-binding oligomerization domain-
like receptors and inflammasomes in the pathogenesis of non-microbial 
inflammation and diseases. J Innate Immun. 2012;4:16–30.

14.	 Hornung V, Bauernfeind F, Halle A, Samstad EO, Kono H, Rock KL, et al. Silica 
crystals and aluminum salts activate the NALP3 inflammasome through 
phagosomal destabilization. Nat Immunol. 2008;9:847–56.

15.	 Pavan C, Santalucia R, Leinardi R, Fabbiani M, Yakoub Y, Uwambayinema F, et 
al. Nearly free surface silanols are the critical molecular moieties that initiate 
the toxicity of silica particles. Proc Natl Acad Sci U S A. 2020;117:27836–46.

16.	 Pavan C, Leinardi R, Benhida A, Ibouraadaten S, Yakoub Y, Brule S van den, 
et al. Short- and long-term pathologic responses to quartz are induced 
by nearly free silanols formed during crystal fracturing. Part Fibre Toxicol. 
2024;21:52.

17.	 Ong JDH, Mansell A, Tate MD. Hero turned villain: NLRP3 inflammasome-
induced inflammation during influenza A virus infection. J Leukoc Biol. 
2017;101:863–74.

18.	 Newton K, Dixit VM, Kayagaki N. Dying cells fan the flames of inflammation. 
Science. 2021;374:1076–80.

19.	 Heilig R, Dick MS, Sborgi L, Meunier E, Hiller S, Broz P. The Gasdermin-D pore 
acts as a conduit for IL-1β secretion in mice. Eur J Immunol. 2018;48:584–92.

https://doi.org/10.1186/s12931-025-03192-y
https://doi.org/10.1186/s12931-025-03192-y


Page 17 of 17Lam et al. Respiratory Research          (2025) 26:109 

20.	 He WT, Wan H, Hu L, Chen P, Wang X, Huang Z, et al. Gasdermin D is an 
executor of pyroptosis and required for interleukin-1β secretion. Cell Res. 
2015;25:1285–98.

21.	 Gong T, Liu L, Jiang W, Zhou R. DAMP-sensing receptors in sterile inflamma-
tion and inflammatory diseases. Nat Rev Immunol. 2020;20:95–112.

22.	 Murao A, Aziz M, Wang H, Brenner M, Wang P. Release mechanisms of major 
DAMPs. Apoptosis. 2021;26:152–62.

23.	 Greenberg MI, Waksman J, Curtis J. Silicosis: A Review. Dis Mon. 
2007;53:394–416.

24.	 Zhao Y, Hao C, Bao L, Wang D, Li Y, Qu Y, et al. Silica particles disorganize the 
polarization of pulmonary macrophages in mice. Ecotoxicol Environ Saf. 
2020;193:110364.

25.	 Li B, Mu M, Sun Q, Cao H, Liu Q, Liu J, et al. A suitable silicosis mouse model 
was constructed by repeated inhalation of silica dust via nose. Toxicol Lett. 
2021;353:1–12.

26.	 Dekoster K, Decaesteker T, Berghen N, Van den Broucke S, Jonckheere AC, 
Wouters J, et al. Longitudinal micro-computed tomography-derived bio-
markers quantify non-resolving lung fibrosis in a silicosis mouse model. Sci 
Rep. 2020;10:16181.

27.	 Cassel SL, Eisenbarth SC, Iyer SS, Sadler JJ, Colegio OR, Tephly LA, et al. The 
Nalp3 inflammasome is essential for the development of silicosis. Proc Natl 
Acad Sci U S A. 2008;105:9035–40.

28.	 Li S, Brakebusch C. Reporter Mice for Gene Editing: A Key Tool for Advancing 
Gene Therapy of Rare Diseases. Cells. 2024;13:1508.

29.	 Friedel RH, Soriano P. Gene trap mutagenesis in the mouse. Methods Enzy-
mol. 2010;477:243–69.

30.	 Lam M, Mansell A, Tate MD. Preclinical mouse model of silicosis. Methods Mol 
Biol. 2023;2691:111–20.

31.	 King PT, Dousha L, Clarke N, Schaefer J, Carzino R, Sharma R, et al. Phagocyte 
extracellular traps in children with neutrophilic airway inflammation. ERJ 
Open Res. 2021;7:00883–2020.

32.	 Rosli S, Harpur CM, Lam M, West AC, Hodges C, Mansell A, et al. Gasdermin 
D promotes hyperinflammation and immunopathology during severe influ-
enza A virus infection. Cell Death Dis. 2023;14:727.

33.	 West AC, Harpur CM, Page A Le, Lam M, Hodges C, Ely LK, et al. Harness-
ing Endogenous Peptide Compounds as Potential Therapeutics for Severe 
Influenza. J Infect Dis. 2024;230:384–94.

34.	 Mayeux JM, Kono DH, Pollard KM. Development of experimental silico-
sis in inbred and outbred mice depends on instillation volume. Sci Rep. 
2019;9:141901.

35.	 Kang L, Dai J, Wang Y, Shi P, Zou Y, Pei J, et al. Blocking Caspase-1/Gsdmd and 
Caspase-3/-8/Gsdme pyroptotic pathways rescues silicosis in mice. PLoS 
Genet. 2022;18:e1010515.

36.	 Ryu S, Shin JW, Kwon S, Lee J, Kim YC, Bae YS, et al. Siglec-F–expressing 
neutrophils are essential for creating a profibrotic microenvironment in renal 
fibrosis. J Clin Invest. 2022;132:e15687.

37.	 Gregory AD, Kliment CR, Metz HE, Kim K-H, Kargl J, Agostini BA, et al. Neutro-
phil elastase promotes myofibroblast differentiation in lung fibrosis. J Leukoc 
Biol. 2015;98:143–52.

38.	 Song L, Weng D, Dai W, Tang W, Chen S, Li C, et al. Th17 can regulate silica-
induced lung inflammation through an IL-1β-dependent mechanism. J Cell 
Mol Med. 2014;18:1773–84.

39.	 Laghlali G, Lawlor KE, Tate MD. Die another way: Interplay between influenza 
A virus, inflammation and cell death. Viruses. 2020;12:401.

40.	 Kim KK, Kugler MC, Wolters PJ, Robillard L, Galvez MG, Brumwell AM, et al. 
Alveolar epithelial cell mesenchymal transition develops in vivo during pul-
monary fibrosis and is regulated by the extracellular matrix. Proc Natl Acad 
Sci U S A. 2006;103:13180–5.

41.	 Ricard-Blum S, Baffet G, Théret N. Molecular and tissue alterations of col-
lagens in fibrosis. Matrix Biol. 2018;68–69:122–49.

42.	 Dinarello CA. Unraveling the NALP-3/IL-1β inflammasome: A big lesson from 
a small mutation. Immunity. 2004;20:243–4.

43.	 Schroder K, Tschopp J. The Inflammasomes. Cell. 2010;140:821–32.
44.	 Peeters PM, Eurlings IMJ, Perkins TN, Wouters EF, Schins RPF, Borm PJA, et al. 

Silica-induced NLRP3 inflammasome activation in vitro and in rat lungs. Part 
Fibre Toxicol. 2014;11:1–15.

45.	 Jiang F, Jiang Q, Hou L, Zhao J, Zhu Z, Jia Q, et al. Inhibition of macrophage 
pyroptosis ameliorates silica-induced pulmonary fibrosis. Ecotoxicol Environ 
Saf. 2023;268:115693.

46.	 Peeters PM, Perkins TN, Wouters EFM, Mossman BT, Reynaert NL. Silica 
induces NLRP3 inflammasome activation in human lung epithelial cells. Part 
Fibre Toxicol. 2013;10:3.

47.	 Zhou H, Zhang Q, Liu C, Fan J, Huang W, Li N, et al. NLRP3 inflammasome 
mediates abnormal epithelial regeneration and distal lung remodeling in 
silica-induced lung fibrosis. Int J Mol Med. 2024;53:25.

48.	 Song M, Wang J, Sun Y, Han Z, Zhou Y, Liu Y, et al. Tetrandrine alleviates 
silicosis by inhibiting canonical and non-canonical NLRP3 inflammasome 
activation in lung macrophages. Acta Pharmacol Sin. 2022;43:1274–84.

49.	 Bauernfeind F, Horvath G, Stutz A, Alnemri ES, Speert D, Fernandes-alnemri 
T, et al. NF-kB activating pattern recognition and cytokine receptors license 
NLRP3 inflammasome activation by regulating NLRP3 expression. J Immunol. 
2010;183:787–91.

50.	 Benmerzoug S, Rose S, Bounab B, Gosset D, Duneau L, Chenuet P, et al. 
STING-dependent sensing of self-DNA drives silica-induced lung inflamma-
tion. Nat Commun. 2018;9:5226.

51.	 Pandey A, Li Z, Gautam M, Ghosh A, Man SM. Molecular mechanisms of 
emerging inflammasome complexes and their activation and signaling in 
inflammation and pyroptosis. Immunol Rev. 2025;329:e13406.

52.	 Taabazuing CY, Griswold AR, Bachovchin DA. The NLRP1 and CARD8 inflam-
masomes. Immunol Rev. 2020;297:13–25.

53.	 Karmakar M, Sun Y, Hise A, Rietsch A, Pearlman E. Cutting edge: IL-1β process-
ing during Pseudomonas aeruginosa infection is mediated by neutrophil 
serine proteases and is independent of NLRC4 and caspase-1. J Immunol. 
2012;189:4231–5.

54.	 Pyrillou K, Burzynski LC, Clarke MCH. Alternative Pathways of IL-1 Activation, 
and Its Role in Health and Disease. Front Immunol. 2020;11:613170.

55.	 Docherty CAH, Fernando AJ, Rosli S, Lam M, Dolle RE, Navia MA, et al. A novel 
dual NLRP1 and NLRP3 inflammasome inhibitor for the treatment of inflam-
matory diseases. Clin Transl Immunol. 2023;12:e1455.

56.	 Rosli S, Kirby FJ, Lawlor KE, Rainczuk K, Drummond GR, Mansell A, et al. Repur-
posing drugs targeting the P2X7 receptor to limit hyperinflammation and 
disease during influenza virus infection. Br J Pharmacol. 2019;176:3834–44.

57.	 Bawazeer AOS, Rosli S, Harpur CM, Docherty CAH, Mansell A, Tate MD. 
Interleukin-1β exacerbates disease and is a potential therapeutic target to 
reduce pulmonary inflammation during severe influenza A virus infection. 
Immunol Cell Biol. 2021;99:737–48.

58.	 Pfirschke C, Engblom C, Gungabeesoon J, Lin Y, Rickelt S, Zilionis R, et al. 
Tumor-Promoting Ly-6G + SiglecFhigh Cells Are Mature and Long-Lived 
Neutrophils. Cell Rep. 2020;32:108164.

59.	 Matsui M, Nagakubo D, Satooka H, Hirata T. A novel Siglec-F + neutrophil 
subset in the mouse nasal mucosa exhibits an activated phenotype and 
is increased in an allergic rhinitis model. Biochem Biophys Res Commun. 
2020;526:599–606.

60.	 Shin JW, Kim J, Ham S, Choi SM, Lee CH, Lee JC, et al. A unique population of 
neutrophils generated by air pollutant–induced lung damage exacerbates 
airway inflammation. J Allergy Clin Immunol. 2022;149:1253–1269.e8.

61.	 Liu TT, Sun HF, Han YX, Zhan Y, Jiang JD. The role of inflammation in silicosis. 
Front Pharmacol. 2024;15:1–15.

62.	 Biernacka A, Dobaczewski M, Frangogiannis NG. TGF-beta signaling in fibro-
sis. Growth Factors. 2011;29:196–202.

63.	 Zhang LM, Zhang Y, Fei C, Zhang J, Wang L, Yi ZW, et al. Neutralization of IL-18 
by IL-18 binding protein ameliorates bleomycin-induced pulmonary fibrosis 
via inhibition of epithelial-mesenchymal transition. Biochem Biophys Res 
Commun. 2019;508:660–6.

64.	 Zhang LM, Zhang J, Zhang Y, Fei C, Wang L, Yi ZW, et al. Interleukin-18 pro-
motes fibroblast senescence in pulmonary fibrosis through down-regulating 
Klotho expression. Biomed Pharmacother. 2019;113:108756.

65.	 Rabolli V, Badissi AA, Devosse R, Uwambayinema F, Yakoub Y, Palmai-Pallag 
M, et al. The alarmin IL-1α is a master cytokine in acute lung inflammation 
induced by silica micro- and nanoparticles. Part Fibre Toxicol. 2014;11:69.

66.	 Piguet PF, Grau GE, Thompson C. Interleukin 1 receptor antagonist (IL-1ra) 
prevents or cures pulmonary fibrosis elicited in mice by bleomycin or silica. 
Cytokine. 1993;5:57–61.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.


	﻿NLRP3 deficiency abrogates silica-induced neutrophil infiltration, pulmonary damage and fibrosis
	﻿Abstract
	﻿Introduction
	﻿Methods
	﻿Animals
	﻿Mouse model of silica-induced pulmonary disease
	﻿Visualization of BAL cells and silica particles using microscopy
	﻿Immunoblot analysis of protein expression in lung tissues and BAL fluids
	﻿Quantification of cytokines and neutrophil elastase activity in BAL fluid
	﻿Flow cytometry analysis of BAL cells
	﻿Lung histopathology
	﻿Immunohistochemical and immunofluorescent imaging of lung tissue sections
	﻿Culture and in vitro stimulation of bone marrow-derived macrophages
	﻿Statistical analysis

	﻿Results
	﻿Silica particles penetrate the distal lung following intranasal delivery, resulting in the formation of silicotic nodules and fibrosis
	﻿Silica promotes NLRP3 expression and activation in the lung
	﻿NLRP3 deficiency limits silica-induced production of IL-1β and IL-18 in the airways
	﻿NLRP3 deficiency limits the infiltration of conventional and Siglec-F﻿+﻿ neutrophils into airways following silica delivery
	﻿NLRP3 deficiency reduces silica-induced lung fibrosis, nodule size, and damage
	﻿NLRP3 deficiency reduces silica-induced expression of TGFβ and α-SMA in the lung

	﻿Discussion
	﻿References


