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Abstract 

Silica-induced lung epithelial injury and fibrosis are vital pathogeneses of silicosis. Although the NOD-like 
receptor protein 3 (NLRP3) inflammasome contributes to silica-induced chronic lung inflammation, its role in 
epithelial injury and regeneration remains unclear. Here, using mouse lung stem/progenitor cell-derived 
organotypic systems, including 2D air-liquid interface and 3D organoid cultures, we investigated the effects of 
the NLRP3 inflammasome on airway epithelial phenotype and function, cellular injury and regeneration, and the 
potential mechanisms. Our data showed that silica-induced NLRP3 inflammasome activation disrupted the 
epithelial architecture, impaired mucociliary clearance, induced cellular hyperplasia and the 
epithelial-mesenchymal transition in 2D culture, and inhibited organoid development in 3D system. Moreover, 
abnormal expression of the stem/progenitor cell markers SOX2 and SOX9 was observed in the 2D and 3D 
organotypic models after sustained silica stimulation. Notably, these silica-induced structural and functional 
abnormalities were ameliorated by MCC950, a selective NLRP3 inflammasome inhibitor. Further studies 
indicated that the NF-κB, Shh-Gli and Wnt/β-catenin pathways were involved in NLRP3 inflammasome- 
mediated abnormal differentiation and dysfunction of the airway epithelium. Thus, prolonged NLRP3 
inflammasome activation caused injury and aberrant lung epithelial regeneration, suggesting that the NLRP3 
inflammasome is a pivotal target for regulating tissue repair in chronic inflammatory lung diseases. 
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Introduction 
The occurrence of chronic inflammation in the 

lung due to various insults is a pivotal etiology for the 
development of chronic obstructive pulmonary 
disease (COPD), corona virus disease 2019 
(COVID-19), idiopathic pulmonary fibrosis (IPF), 
occupational pulmonary disease, and other conditions 
[1-4]. Silicosis, an incurable and progressive 
pulmonary disease, is characterized by persistent 
inflammation and irreversible fibrosis caused by the 
inhalation of silica particles [5, 6]. Accumulating 
evidence supports the observation that sustained 
damage to the distal airway epithelium due to silica is 
the dominant cause of airway structure remodeling 

and lung fibrosis in silicosis [7]. Histologically, 
terminal bronchioles are particularly susceptible to 
silica particles, which cause mucous plugging [8], 
epithelial dysfunction [9, 10] and ultimately 
peribronchiolar fibrosis, bronchiolar obstruction or 
obliteration [11, 12]. 

Regarding pulmonary fibrotic diseases, previous 
studies have reinforced the importance of 
macrophages, fibroblasts and epithelial cells in 
maintaining the structural and functional integrity of 
the lung [13-16]. However, recent studies suggest that 
lung stem/progenitor cells (LSPCs) play an important 
role in lung tissue injury, repair and regeneration [17, 
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18]. Increasing experimental evidence has revealed 
that epithelial progenitor cell injury and aberrant 
repair lead to fibrosis and bronchiolitis obliterans-like 
conditions [19]. With repeated exposure to silica 
particles, LSPC proliferation and differentiation are 
impaired during the development of silicosis [10]. In 
IPF, ongoing injurious stimuli induce an aberrant 
environment that drives LSPCs away from terminal 
differentiation and initiates a profibrotic cascade [20]. 
In addition, distal airway stem/progenitor cells could 
ameliorate bleomycin-induced pulmonary fibrosis by 
promoting lung regeneration [21]. 

The NLRP3 inflammasome is a widely distribu-
ted cytosolic multiprotein complex comprising NOD- 
like receptor protein 3 (NLRP3), apoptosis-associated 
speck-like protein containing a CARD domain (ASC), 
and pro-Caspase-1. The assembled NLRP3 inflamma-
some promotes pro-Caspase-1 maturation and 
converts pro‐interleukin‐1β (IL‐1β) and pro‐IL‐18 into 
their bioactive forms [22, 23]. To date, the NLRP3 
inflammasome has been reported to play a central role 
in several inflammatory respiratory diseases, such as 
asthma [24], sarcoidosis [25], cystic fibrosis [26], acute 
lung injury [27] and COVID-19 [28, 29]. In addition, 
silica is a well-recognized activator of the NLRP3 
inflammasome, which induces inflammatory damage 
and mesenchymal transition of airway epithelial cells, 
thereafter promoting pulmonary fibrosis in silicosis 
[30, 31]. However, whether silica-induced NLRP3 
inflammasome activation mediates LSPC injury, 
repair and regeneration remains unclear. 

Lung organotypic models are stem/progenitor 
cell-derived and self-organizing structures. They 
simulate the morphogenesis, structures and functions 
of the respiratory system in vivo, providing a versatile 
and reliable in vitro culture system to study lung 
development and regenerative medicine, model 
diseases and screen drugs [32, 33]. During the past 
decade, lung organotypic models, including 2D 
air-liquid interface (ALI) and 3D organoid cultures, 
have become remarkable platforms to investigate the 
differentiation and repair of LSPCs, morphogenesis 
and function of ciliated epithelium, as well as mucus 
production and airway clearance [34, 35]. Recently, 
important advances in illustrating the mechanisms of 
COVID-19 have been reported using organoid 
platforms [36, 37]. In this study, we employed mouse 
LSPC-derived lung epithelial organotypic models 
(including ALI and organoid cultures) to unveil the 
effects and mechanisms of lung epithelial injury and 
regeneration in response to sustained silica 
stimulation. We discovered the critical role of NLRP3 
inflammasome activation in enhancing silica-induced 
lung epithelial injury and aberrant repair, providing a 

promising therapeutic target for inhalable particle- 
related lung injuries and diseases. 

Results 
Silica-induced NLRP3 inflammasome 
activation caused disorganization and 
pyroptosis of the LSPC-derived airway 
epithelium in the ALI model 

An airway epithelium-like structure from the 
lungosphere-dissociated LSPCs was successfully 
generated in our ALI culture system, as indicated by 
the formation of pseudostratified columnar ciliated 
epithelium-containing MUC5AC+ goblet cells (Figures 
S1 and S2). As shown in Figures 1A and 1B, both the 
immunohistochemistry and western blot results for 
the components and products of the NLRP3 inflam-
masome (including NLRP3, pro-Caspase-1, ASC, 
Caspase-1 p20 and IL-1β) confirmed that sustained 
silica stimulation resulted in significant activation of 
the NLRP3 inflammasome in the LSPC-differentiated 
airway epithelium, which was blocked by MCC950, a 
selective NLRP3 inflammasome inhibitor. Notably, 
routine hematoxylin and eosin (H&E), periodic acid–
Schiff (PAS), and Masson’s trichrome staining showed 
that sustained stimulation with silica for 28 days led 
to thickened and disorganized LSPC-differentiated 
airway epithelium that exhibited irregular surfaces, 
large cavities, overproduction of mucus, and 
accumulation of collagen fibers (Figures 1C-F). A 
single treatment with MCC950 alone had no 
significant effects on the generation of the airway 
epithelium, while it prevented the epithelial 
disorganization induced by silica (Figure 1C). 

Pyroptosis is a specific programmed cell death 
mediated by the activated NLRP3 inflammasome that 
is involved in various respiratory diseases, including 
pulmonary fibrosis [30, 38]. Once activated, the 
NLRP3 inflammasome downstream of Caspase-1 
cleaves cytoplasmic Gasdermin D (GSDMD) to 
release its N-terminal domain, thereafter forming 
membrane pores to induce pyroptotic cell death [39]. 
As shown in the western blot analysis, compared to 
that of the control group, silica treatment significantly 
increased the levels of GSDMD and the GSDMD 
N-terminal compared with the control group, changes 
that were reversed by the NLRP3 inflammasome 
inhibitor MCC950 (Figure 2A). Consistently, the 
immunofluorescence staining showed that sustained 
silica stimulation resulted in a greater number of 
membrane-distributed GSDMD+ cells in LSPC- 
derived airway epithelial cells in the ALI model, 
which was inhibited by MCC950 (Figure 2B). 
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Figure 1. Effects of silica-induced NLRP3 inflammasome activation on the disorganization of the LSPC-derived airway epithelium in the ALI model. (A) 
Representative photographs of immunohistochemistry for NLRP3, Caspase-1 and IL-1β staining in the z-stack of ALI cultures. Scale bar, 20 μm. (B) Representative images and 
western blot analysis of NLRP3, pro-Caspase-1, ASC and Caspase-1 p20 in ALI cultures. MCC950 markedly decreased silica-induced NLRP3 inflammasome activation in the 
LSPC-derived airway epithelium (n=3-4). Data are presented as the mean ± standard error of the mean (SEM): *P<0.05, **P<0.01, ***P<0.001. (C) Representative images of H&E, 
PAS and Masson’s trichrome staining in the z-stack of ALI cultures. Large cavities (H&E, black arrows), mucus overproduction (PAS, black arrows) and collagen fiber accumulation 
(Masson, black arrows). Scale bar, 20 μm. (D, E & F) MCC950 markedly reduced the thickness of silica-induced airway epithelium (D), area (E) and cell numbers (F) under high 
magnification (×400) (n=3). Data are expressed as the mean ± SEM: ****P<0.0001. 
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Figure 2. Effects of silica-induced NLRP3 inflammasome activation on pyroptosis of LSPC-derived airway epithelial cells in the ALI model. (A) 
Representative images and western blot analysis of GSDMD and GSDMD N-terminal domains in ALI cultures. MCC950 attenuated silica-induced pyroptosis with the 
downregulated expression of GSDMD and GSDMD N-terminal (n=5). Data are shown as the mean ± SEM: *P<0.05, **P<0.01, ***P<0.001. (B) Representative photographs of 
immunofluorescence staining for GSDMD in the z-stack of ALI cultures. White arrows indicate active GSDMD with an intense signal on the cell membrane. Scale bar, 50 μm. 

 

NLRP3 inflammasome activation led to 
abnormal mucociliary differentiation, 
multiciliogenesis and mucus hypersecretion 
from the LSPC-derived airway epithelium 

Since routine histological staining found that 
silica treatment resulted in abnormal architecture of 
the LSPC-derived airway epithelium, the cellular 
phenotype and function of epithelial cells were 
investigated further. Immunofluorescence staining 
showed that silica increased the number of acetylated 
tubulin-positive (ACT+) ciliated cells and mucin 
5AC-positive (MUC5AC+) mucus-producing goblet 
cells that were distributed in the LSPC-derived airway 
epithelium (Figures 3A-C). Moreover, compared to 
the mainly apical distribution in the control group, 
MUC5AC+ goblet cells were spread in the whole 
layer, while ACT+ ciliated cells were distributed in 
either the surface or inner layer of the LSPC-derived 
airway epithelium stimulated by silica. These 
multiple layers of ACT+ ciliated cells suggested that 
silica treatment resulted in epithelial layer stacking in 
the LSPC-derived airway epithelium (Figures 1A, 1C 
and 3A). A 3D reconstruction of the immunofluores-
cence results was obtained, which showed that mucin 
5B (MUC5B), another gel-forming mucin associated 
with airway hypersecretion [40], was also 

overexpressed in the airway epithelium in response to 
silica (Figure 3D). However, these abnormalities in 
mucociliary differentiation, multiciliogenesis and 
mucus hypersecretion induced by silica were 
significantly suppressed by the NLRP3 inflamma-
some inhibitor MCC950 (Figures 3A-D).  

NLRP3 inflammasome activation resulted in 
ciliary dysplasia and dyskinesia in the 
LSPC-derived airway epithelium 

Based on our findings of elevated numbers of 
ciliated cells and goblet cells by treatment with silica, 
we further studied the ultrastructural abnormalities of 
cilia in the LSPC-derived airway epithelium using 
scanning electron microscopy (SEM) and transmission 
electron microscopy (TEM). In the silica-treated 
group, the SEM analysis showed that cilia on the 
surface of the LSPC-derived airway epithelium were 
collapsed and entangled with an irregular length 
compared to those in the control group and MCC950 
groups (Figure 4A). Additionally, the overproduction 
of mucus induced by silica was also confirmed by 
SEM, as indicated by the greater accumulation of 
mucus globules on the apical surface of the 
epithelium (Figure 4A, red arrows). Moreover, TEM 
revealed that silica treatment disrupted the formation 
of a normal “9*2+2” microtubule organization (the 
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nine doublets and a central pair of singlet microtu-
bules with dynein arms) in the cilia structure [41, 42] 
and led to cilia fusion with the plasma membrane 
(Figure 4B). These silica-induced pathological changes 
in cilia on the surface of the LSPC-derived airway 
epithelium observed by electron microscopy were 
prevented by the selective NLRP3 inflammasome 
inhibitor MCC950. These structural abnormalities of 
cilia suggested that cilia motility was dysfunctional. 
Furthermore, the ciliary beat frequency (CBF) of cilia 

on the LSPC-derived airway epithelium was analyzed 
by ciliaFA software [41, 43]. As shown in Figures 4C 
and 4D, CBF was significantly inhibited by treatment 
with silica in the ALI model, which was reversed by 
the NLRP3 inflammasome inhibitor MCC950. Thus, 
NLRP3 inflammasome activation not only disrupted 
the normal structure but also impaired the mucus 
clearance function of cilia in the LSPC-derived airway 
epithelium. 

 

 
Figure 3. Effects of silica on mucociliary differentiation, multiciliogenesis and hypersecretion of the LSPC-derived airway epithelium in the ALI model. 
(A) Representative immunofluorescent images of ALI cultures in the z-stack. ACT (green): cilia marker, MUC5AC (red): mucus-producing goblet cell marker. Scale bar, 50 μm. 
(B) 3D reconstruction (xyz plane) of ACT (green) and MUC5AC (red) staining of ALI cultures. (C) MCC950 treatment decreased the percentage of ACT-positive or 
MUC5AC-positive stained area in the x-y plane of ALI cultures (n=3). Data are shown as the mean ± SEM: *P<0.05, **P<0.01, ****P<0.0001. (D) 3D reconstruction (xyz plane) 
of MUC5B (green) staining of ALI cultures. 
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Figure 4. Effects of silica on ciliary dysplasia and dyskinesia in the LSPC-derived airway epithelium in the ALI model. (A) Collapsed and entangled cilia and 
mucus globules (red arrows) were observed on the apical surface of the airway epithelium in the silica-treated group by scanning electron microscopy (SEM). MCC950 treatment 
partially alleviated the silica-induced distortion of cilia architecture and accumulation of large mucus globules. Scale bars, 10 μm and 1 μm (magnified picture). (B) Transverse 
sections of cilia on the apical surface of the airway epithelium revealed that the normal ultrastructure of “9*2+2” microtubules was damaged in the silica-treated group according 
to transmission electron microscopy (TEM). MCC950 treatment partially ameliorated the fusion of silica-induced cilia with the plasma membrane. Scale bar, 200 nm. (C) 
Representative ROI count results obtained from the ciliaFA plugin in ImageJ. (D) Selective NLRP3 inflammasome inhibitor MCC950 improved silica-induced ciliary dyskinesia as 
determined by measuring the ciliary beat frequency (CBF) (n=3). Data are presented as the mean ± SEM: *P<0.05, **P<0.01. 

 

NLRP3 inflammasome activation enhanced 
cell proliferation and the 
epithelial-mesenchymal transition (EMT) in 
the LSPC-derived airway epithelium 

Morphological studies showed that although 
silica-induced NLRP3 inflammasome activation 
enhanced pyroptotic cell death (Figures 2A and 2B), it 
thickened the LSPC-derived airway epithelium in the 
ALI model (Figures 1A, 1C, 1D and 3A). This result 
suggested that NLRP3 inflammasome activation 
might affect epithelial cell proliferation. As shown in 
Figures 5A and 5B, EdU staining confirmed that silica 
treatment significantly promoted cell proliferation in 

the LSPC-derived airway epithelium, which was 
inhibited by MCC950. 

EMT is an important indicator for organ fibrosis 
and epithelial cell dysfunction [31, 44, 45]. Our 
immunofluorescence study revealed that silica 
treatment decreased the expression of ZO-1 (an 
epithelial marker) while increasing the expression of 
Vimentin (a mesenchymal marker) in the LSPC- 
derived airway epithelium in ALI cultures (Figure 
5C). This result was confirmed by the western blot 
analysis, which showed that silica treatment 
significantly downregulated the expression of ZO-1 
and E-Cadherin (another epithelial marker) but 
upregulated the expression of Vimentin (Figure 5D). 
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Although MCC950 alone had no significant effects on 
the expression of EMT markers, it reversed the 
silica-induced downregulation of epithelial markers 
and upregulation of mesenchymal markers (Figures 
5C and 5D). 

NLRP3 inflammasome activation induced an 
ectopic distribution of LSPC-derived basal 
cells and high SOX2/SOX9 expression in the 
ALI model 

To further investigate the reparative behaviors of 
LSPCs in the ALI model in response to silica, the 
expression of important factors related to airway 
epithelial repair and regeneration, including p63, 
NGFR, SOX2, and SOX9, was examined [46-49]. P63 
and NGFR are markers of basal cells in the airway 
epithelium, and the ectopic presence of basal cell 
progenitor populations in the fibrotic areas has been 
observed in the bleomycin-induced injury murine 
model [50]. In our control or MCC950 alone group, 
p63- and NGFR- coexpressing basal cells exhibited a 

restricted distribution on the basal layer of the 
LSPC-derived airway epithelium (Figure 6A). 
However, in the silica-treated group, basal cells were 
distributed not only on the basal layer but also on the 
upper layer, but their ectopic distribution was 
restored by treatment with the NLRP3 inflammasome 
inhibitor MCC950 (Figure 6A). Furthermore, SOX2 
and SOX9 are two pluripotency-associated 
stem/progenitor cell transcription factors that drive 
the proliferation and differentiation of airway 
epithelial basal cells following injury [51-53]. Our 
immunofluorescence results indicated that after 
stimulation with silica, most ectopic basal cells on the 
upper layer were positive for SOX2 (Figure 6B, white 
arrows), with a significantly increased proportion of 
SOX2+ basal cells in the LSPC-derived airway 
epithelium (Figure 6C). Moreover, increased 
coexpression of SOX9 and SOX2 was observed in the 
dysplastic epithelial cells after 28 days of sustained 
stimulation with silica compared to those in the 
control and MCC950 groups (Figures 6D and 6E). The 

 

 
Figure 5. Effects of silica-induced NLRP3 inflammasome activation on cell proliferation and epithelial-mesenchymal transition (EMT) of the 
LSPC-derived airway epithelium in the ALI model. (A) Representative photographs of the EdU incorporation assay of ALI cultures in the x-y plane. Scale bar, 50 μm. (B) 
Quantification of EdU-positive cells in the x-y plane (n=3). The proportion of silica-induced EdU-positive cells was decreased by the NLRP3 inflammasome inhibitor MCC950. 
Data are presented as the mean ± SEM: ****P<0.0001. (C) Representative images of positive immunostaining of ZO-1 (red) and Vimentin (green) in the x-y plane. Scale bar, 50 
μm. (D) Representative photographs and western blot analysis of epithelial markers (ZO-1 and E-Cadherin) and a mesenchymal marker (Vimentin) in ALI cultures. MCC950 
treatment alleviated silica-induced EMT with upregulation of ZO-1 (n=4) and E-Cadherin (n=3) and downregulation of Vimentin (n=5). The data are expressed as the mean ± 
SEM: *P<0.05, **P<0.01. 
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western blot results showed consistently increased 
levels of p63 and SOX9 in the silica-treated group 
compared to the other groups (Figures 6F and 6G), 
while no significant differences in SOX2 levels were 
observed (Figure 6H). The aberrant reparative 
behaviors observed in the silica-stimulated group, 
including the ectopic distribution of basal cells and 
abnormal expression patterns of SOX2 and SOX9, 
were reversed by pharmacological inhibition of the 
NLRP3 inflammasome with MCC950 (Figures 6A-G). 

The NF-κB, Shh-Gli and Wnt/β-catenin 
pathways were involved in NLRP3 
inflammasome activation-mediated 
dysfunction in the LSPC-derived airway 
epithelium 

The nuclear factor-κB (NF-κB) signaling path-
way is a classical inflammatory signaling pathway 
that closely interacts with the NLRP3 inflammasome 
to drive the production of inflammatory mediators 
[54, 55]. Compared to the control, silica treatment 

 

 
Figure 6. Effects of silica-induced NLRP3 inflammasome activation on basal cell ectopic distribution and SOX2/SOX9 high expression in the ALI model. 
(A) Representative images of immunofluorescence staining for p63 (red) and NGFR (green) in the z-stack of ALI cultures. The selected region (white box) indicated the 
silica-induced ectopic distribution of airway epithelial basal cells in the ALI model. Scale bar, 50 μm. (B) Representative images of immunofluorescence staining for p63 (red) and 
SOX2 (green) in the z-stack of ALI cultures. The white arrows indicate the silica-induced ectopic distribution of SOX2+ basal cells in ALI cultures. Scale bar, 50 μm. (C) 
Quantification of SOX2+ basal cells in the z-stack of ALI cultures (n=3). The percentage of SOX2+ basal cells in the silica-treated group was decreased by MCC950. The data are 
presented as the mean ± SEM: **P<0.01, ***P<0.001. (D) Representative images of immunofluorescence staining for SOX9 (red) and SOX2 (green) in the z-stack of ALI 
cultures. The white arrows indicate silica-induced SOX9/SOX2 double-positive cells in the ALI model. Scale bar, 50 μm. (E) Quantification of SOX9/SOX2 double-positive cells 
in the z-stack of ALI cultures (n=3). The percentage of double-positive cells in the silica-treated group was reduced by MCC950. The data are presented as the mean ± SEM: 
***P<0.001, ****P<0.0001. (F, G & H) Representative photographs and western blot analysis of p63 (F), SOX9 (G) and SOX2 (H) in ALI cultures. MCC950 markedly reduced 
silica-induced increases in the protein levels of p63 (n=5) and SOX9 (n=3), while no significant differences in SOX2 levels (n=3) were observed. The data are expressed as the 
mean ± SEM: *P<0.05, **P<0.01, ***P<0.001. 
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significantly increased the phosphorylation-mediated 
activation of IκBα and NF-κB p65, and these effects 
were inhibited by MCC950 (Figure 7A). The hedgehog 
pathway is a vital signaling pathway for maintaining 
the homeostasis and regeneration of the epithelial 
barrier in response to the stress of inflammation [56]. 
As shown in Figure 7B, sonic hedgehog (Shh, one 
major ligand of the hedgehog pathway) and its 
downstream transmembrane protein smoothened 
(SMO), as well as responsive transcription factor 
glioma-associated oncogene homolog 1 (Gli1), were 
significantly upregulated by silica treatment in ALI 
cultures. However, this silica-induced increase in 
Shh-Gli signal transduction was suppressed by the 
NLRP3 inflammasome inhibitor MCC950 (Figure 7B). 

The wingless-related integration site (Wnt) pathway 
is another important signaling pathway in lung 
development, repair and regeneration, and it affects 
cellular processes including proliferation, fate 
decisions, and apoptosis [57, 58]. Wnt10a, a Wnt 
ligand involved in pulmonary fibrosis [59, 60], was 
upregulated in the silica-treated group compared to 
that in the control group (Figure 7C). Consistently, 
silica treatment led to the significant activation of Wnt 
downstream signaling including the phosphorylation 
of GSK-3β and accumulation of β-catenin in the 
LSPC-derived airway epithelium, which were blocked 
by the NLRP3 inflammasome inhibitor MCC950 
(Figure 7D). 

 
 

 
Figure 7. Effects of silica-induced NLRP3 inflammasome activation on the NF-κB, Shh-Gli and Wnt/β-catenin pathways in ALI culture. (A) Western blot 
analysis revealed that the phosphorylation-activation of IκBα (n=5) and NF-κB p65 (n=4) induced by silica was reversed by MCC950. Data are expressed as the mean ± SEM: 
***P<0.001, ****P<0.0001. (B) Western blot analysis showed that the increased expression of Shh-Gli pathway-related proteins Shh (n=4), Smo (n=3) and Gli1 (n=3) induced by 
silica could be reversed by MCC950. The data are presented as the mean ± SEM: *P<0.05, **P<0.01, ****P<0.0001. (C) The high expression of Wnt10a (n=4) in the silica-treated 
group was measured by western blot and was reduced by MCC950. The data are expressed as the mean ± SEM: **P<0.01, ***P<0.001. (D) Western blot results showed that 
the silica-induced increased expression of the canonical Wnt/β-catenin signaling pathway-related molecules phosphorylated GSK-3β (n=3) and β-catenin (n=5) was reversed by 
MCC950. The data are presented as the mean ± SEM: **P<0.01, ****P<0.0001. 
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Silica-induced NLRP3 inflammasome 
activation inhibited lung organoid 
development in 3D culture 

Subsequently, the effects of sustained NLRP3 
inflammasome activation on lung organoid develop-
ment were investigated by using the 3D Matrigel 
culture system. In our 3D model, LSPC-derived 
lungospheres successfully generated lung organoids, 
as indicated by the formation of polarized airway 
epithelium containing cilia that pointed toward the 
lumen and PAS-positive mucus on the lumen-facing 
surface or in the lumen (Figures S1 and S3). 
Compared to the control and MCC950 groups, NLRP3 
inflammasome activation in the silica-treated 
organoids was confirmed by strong signals for IL-1β 
immunostaining (Figure 8A), multiple cytoplasm- 
distributed ASC specks [61-63] (Figure 8B, white 
arrows), and the membrane distribution of active 
GSDMD (Figure 8C, white arrows). However, 
silica-induced NLRP3 inflammasome activation was 
significantly inhibited by MCC950 treatment. 
Notably, in the 3D culture system, the silica particles 
not only potently inhibited lung organoid develop-
ment from lungospheres (Figures 8D and 8E) but also 
suppressed cell proliferation (as indicated by Ki67 
immunostaining), which was alleviated by the NLRP3 
inflammasome inhibitor MCC950 (Figure 8F). 
Moreover, p63, SOX2 and SOX9 immunofluorescence 
staining showed that silica treatment significantly 
decreased the proportion of p63/SOX2 or SOX9/ 
SOX2 double-positive cells (Figures 8G-J) in the 3D 
organoid model, which was partially reversed by the 
NLRP3 inflammasome inhibitor MCC950. 

Discussion 
Long-term exposure to crystalline silica particles 

leads to silicosis, a progressive fibrotic lung disease. 
Although silicosis is an old disease, our 
understanding of the disease pathogenesis is limited 
and no effective treatment is currently available. Over 
the past two decades, silica has been shown to be a 
potent activator of the NLRP3 inflammasome, which 
is a molecular platform mediating either the 
maturation of inflammatory factors (such as IL-1β and 
IL-18) or inflammatory cell death (pyroptosis) [31, 64, 
65]. Increasing evidence confirmed that NLRP3 
inflammasome-mediated chronic inflammation 
participates in the development of silicosis [6]. In 
animal models of silicosis, the NLRP3 inflammasome 
was persistently activated in the lung, while genetic or 
pharmacological inhibition of the NLRP3 inflamma-
some alleviated the inflammation and fibrosis 
associated with silicosis [6, 66]. Once inhaled, silica 

particles deposit on the surface of distal airways and 
are difficult to remove or degrade, subsequently 
initiating a cycle of persistent inflammation and 
repeated lung epithelial injury. In lung macrophages 
and epithelial cells, silica triggered NLRP3 
inflammasome-mediated inflammatory cascades and 
the secretion of IL-1β and IL-18, which further 
induced the production of other proinflammatory and 
profibrotic cytokines, such as TGF-β1, IL-6, and 
TNF-α [67, 68]. Additionally, the silica-induced 
recurrent cycle of NLRP3 inflammasome activation in 
epithelial cells also led to the EMT, resulting in 
fibroblast differentiation and proliferation, as well as 
extracellular matrix deposition [31, 69]. Moreover, 
persistent activation of the NLRP3 inflammasome 
caused pyroptosis, a specific form of programmed cell 
death [30, 39], which exacerbated the tissue damage 
and fibrosis. Therefore, the NLRP3 inflammasome has 
become a promising target for the prevention and 
treatment of silica-related lung injuries and diseases. 

Although the NLRP3 inflammasome plays a 
major role in silica-driven inflammation and fibrosis, 
little is known about its effects on lung regeneration. 
Normal lung epithelial repair or regeneration is 
essential for restoring functions after lung injuries, 
while maladaptive or aberrant epithelial regeneration 
contributes to airway remodeling and fibrosis in 
chronic lung diseases, such as COPD and IPF [70]. In 
the past decade, significant advances have been 
achieved in understanding the molecular and cellular 
mechanisms of tissue repair and regeneration with the 
advent of stem/progenitor cell-based organoid 
technologies [32]. Regarding lung organoid studies, 
2D ALI and 3D organoid models of lung epithelial 
stem/progenitor cells are widely used due to their 
multidimensional niche, which mimics the morpho-
logical and cellular compositions of the airway 
epithelium in vivo [35]. In our study, 2D and 3D 
organotypic models using mouse LSPCs were 
successfully established, based on the results of 
morphological analyses (Figures S1-S3). Moreover, 
our organotypic systems recapitulated the architectu-
ral and functional properties of the airway epithelium 
in vivo, including mucous production and the 
movement of mucus globules across the epithelial 
surface by cilia (Videos S1-S3). By using these 
organotypic models, the role of the NLRP3 
inflammasome in silica-induced lung epithelial injury, 
repair and regeneration was investigated for the first 
time. Our results showed that silica constantly 
activated the NLRP3 inflammasome in both 2D and 
3D organotypic models.  
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Figure 8. Effects of silica-induced NLRP3 inflammasome activation on lung organoid development in 3D culture. (A) Representative photographs of the 
immunohistochemistry for IL-1β staining of lung organoids. Scale bar, 20 μm. (B) Representative photographs of immunofluorescence staining for ASC specks in lung organoids. 
The white arrows indicate silica-induced ASC speck formation in the 3D system. Scale bar, 50 μm. (C) Representative images of immunofluorescence staining for GSDMD in 
organoids. The white arrows indicate the signal intensity of active GSDMD on the cell membrane in the silica-treated group. Scale bar, 50 μm. (D) Representative images of the 
lung organoids and quantification of the organoid area (n=3). Silica inhibited lung organoid development in the 3D culture, which was improved by MCC950 treatment. Scale bar, 
100 μm. The data are presented as the mean ± SEM: ****P<0.0001. (E, F, G & H) Representative photographs of immunofluorescence staining for MUC5AC and ACT (E), Ki67 
(F), p63 and SOX2 (G), SOX9 and SOX2 (H) in the lung organoids. Scale bar, 50 μm. (I & J) Quantification of p63/SOX2 (I) and SOX9/SOX2 (J) double-positive cell numbers 
in the organoids (n=3). The data are expressed as the mean ± SEM: **P<0.01, ****P<0.0001. 
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In the 2D ALI system, silica acting on the apical 
surface of the LSPC-derived airway epithelium, which 
mimicked silica deposition in the distal airway, not 
only induced inflammatory cell death through 
pyroptosis but also increased cell proliferation. The 
disorganization and hyperplasia of silica-treated 
airway epithelium indicated that silica caused an 
imbalance between cell death and regeneration. In 
another words, although silica induced cell death, it 
exerted more potent effects on facilitating cell 
proliferation in the 2D ALI system. This opinion was 
supported by the results from the EdU incorporation 
proliferation assay. Although the mechanism remains 
unclear, a reasonable hypothesis is that, by activating 
the NLRP3 inflammasome, silica potentially creates 
an inflammatory niche enriched with IL-1β and 
TNF-α to facilitate epithelial progenitor proliferation 
[71]. Additionally, increased ACT and mucin 
expressions in the LSPC-derived airway epithelium 
suggested that silica enhanced mucociliary 
differentiation and mucus production in the 2D ALI 
system. Notably, although the silica treatment 
increased the number of ciliated cells, the 
ultrastructure and dynamics of cilia were damaged. 
These morphological and functional abnormalities of 
the LSPC-derived airway epithelium induced by silica 
were restored by the selective NLRP3 inflammasome 
inhibitor MCC950. Therefore, these findings from the 
2D ALI system suggest that the NLRP3 
inflammasome might be a key regulator of either the 
balance between cell injury and regeneration or 
mucociliary function of the airway epithelium under 
the stress of silica. 

Mucus overproduction and mucociliary 
dysfunction of the airway epithelium are involved in 
the pathogenesis of chronic lung diseases such as 
COPD and fibrosis [72, 73]. Increased mucin product-
ion occurs in response to various inflammatory 
cytokines, including IL-1β, IL-6, IL-9, IL-13, and 
TNF-α [74-76], and excessive mucus aggregation in 
the distal airways leads to recurrent injury/ 
inflammation/repair cycles with impaired mucus 
clearance and mucosal host defense [50, 77]. During 
the repair of the injured mucociliary epithelium in the 
ALI system, silica-induced NLRP3 inflammasome 
activation led to either MUC5AC or MUC5B overpro-
duction, multiciliogenesis, and ciliary disorientation, 
structural defects and dyskinesia. Based on accumu-
lating evidence, excessive mucus production presents 
a challenge for the function of ciliated epithelial cells. 
MUC5AC is produced mainly in superficial airway 
goblet cells with pathological roles in the progression 
of airway hyperresponsiveness, mucous metaplasia 
and airway mucus plugging [78, 79]. MUC5B is 
predominantly expressed in submucosal glands and 

performs physiological functions to clear inhaled 
particulates or pathogens [79, 80]. It is also 
upregulated in primary ciliary dyskinesia [74, 81], and 
its overexpression results in airway epithelial injury 
and fibrillar collagen accumulation that expands and 
displaces normal lung tissue [50, 74, 77]. In patients 
with cystic fibrosis, mucus accumulation and 
dehydration on the surface of the airway epithelium 
increased the concentration and viscosity of epithelial 
lining fluid, resulting in the collapse and reduced 
motility of cilia [73]. Overexpression of MUC5B in 
bronchoalveolar epithelium directly impairs 
mucociliary clearance, which plays a causative role in 
bleomycin-induced pulmonary fibrosis [73]. More 
recently, one study using the ALI culture of human 
bronchial epithelial cells and a mouse model of lung 
fibrosis induced by bleomycin reported that MUC5B 
overproduction led to cilia gene expression in IPF 
airway epithelial cells, which subsequently enhanced 
multiciliogenesis, as evidenced by both the number of 
ciliated cells and the disrupted motile cilia structure 
[50]. Notably, the administration of one dose of the 
cytotoxic agent bleomycin was sufficient to initiate the 
long-term activation of the NLRP3 inflammasome in 
the mouse lung [82]. In the present study, we found 
that silica treatment also caused MUC5AC/MUC5B 
hypersecretion and mucociliary dysfunction during 
the differentiation of LSPCs into the airway 
epithelium in the 2D ALI system. However, these 
silica-induced structural and functional abnormalities 
in the airway epithelium were reversed by pharma-
cological inhibition of the NLRP3 inflammasome. 
Together, these findings suggest that, in fibrotic lung 
diseases of different etiologies, the release of 
inflammatory factors mediated by the activated 
NLRP3 inflammasome might be an upstream event 
driving mucus hypersecretion and cell death. 
Thereafter, the changes in cytokines and matrix of the 
extracellular niche trigger aberrant airway epithelial 
regeneration from basal progenitors, including 
abnormal proliferation and differentiation, which 
finally results in distal airway epithelium remodeling. 

During normal development, lung epithelium 
originates from multipotent progenitors expressing 
the transcription factor SOX9 (SOX9+), which undergo 
branching morphogenesis to build the respiratory tree 
and differentiate into daughter cells that give rise to 
both proximal air-conducting airways and distal 
gas-exchanging alveoli [83-85]. On the one hand, 
SOX9+ progenitors directly differentiate into the major 
lung epithelial cell types in either conducting airways 
or alveoli in the injured lungs of adult mice [86]. On 
the other hand, SOX9+ progenitors differentiate into 
SOX2+ daughter cells to establish proximal 
conducting airways with specific SOX9+/SOX2+ 
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proximodistal patterns as branching proceeds [48, 87]. 
SOX2 is another important transcription factor 
responsible for the emergence of basal cells and 
bronchoalveolar stem cells in the lung [88]. In the 
airway epithelium, SOX2 not only facilitates the 
expression of basal cell-specific transcription factor 
gene p63 to generate the basal cell lineage [18, 88] but 
also drives basal cells into a hyperproliferative state to 
renew the mucociliary epithelium after injuries [52, 
89]. The specific spatiotemporal distribution of SOX9 
and SOX2 contributes to proper cell proliferation and 
differentiation, allowing lung development, repair 
and regeneration. In response to injury caused by 
smoking, SOX9 drives the generation of airway basal 
cells and leads to the repair of the mucociliary 
epithelium [52, 53]. In bleomycin-induced lung injury, 
SOX2 regulates alveolar epithelial plasticity by 
inducing the emergence of progenitor-like cells, but 
continuous proliferation of SOX2+ cells disrupts 
alveolar structure, including septal rupture [90]. In 
addition to its effects on cell proliferation, SOX2 is 
also essential for the differentiation of basal cells into 
ciliated and secretory cells [91]. In our research, SOX9 
expression was upregulated and the proportion of 
SOX9+/SOX2+ cells was increased in silica-treated ALI 
cultures, which contributed to the hyperproliferation 
and abnormal differentiation of the LSPC-derived 
airway epithelium. Nevertheless, the SOX9- and 
SOX2-mediated silica-induced hyperplasia of the 
airway epithelium was effectively ameliorated by 
NLRP3 inflammasome inhibition, indicating that 
NLRP3 inflammasome activation might be a central 
event in aberrant epithelial regeneration observed in 
this injury model. Although evidence for the direct 
regulatory effects of the NLRP3 inflammasome on the 
expression of SOX superfamily genes is lacking, the 
inflammatory microenvironment induced by the 
activated NLRP3 inflammasome might alter the 
development-related signals in the LSPC niche to 
modulate subsequent regeneration. 

The epithelial stem/progenitor cell niche is 
composed of supporting cells, extracellular matrix, 
and various growth signaling molecules that orches-
trate normal development or regeneration following 
injury. Accumulating evidence indicates that NF-κB is 
an important inflammatory signal that not only 
mediates the expression of the NLRP3 inflammasome 
components but also increases the production of 
cytokines (such as IL-1β) induced by the NLRP3 
inflammasome [55, 92]. Although increased activity of 
the NF-κB signal promoted inflammatory responses 
to repair the epithelium during acute damage, its 
continuous upregulation created a chronic inflamma-
tory microenvironment, leading to LSPC dysfunction 
including pyroptotic cell death, EMT and abnormal 

mucociliary differentiation. Notably, the activation of 
NF-κB directly promotes the transcription of vital 
targeted genes in different cells including Shh and 
Wnt [93-96]. The Shh-Gli and Wnt/β-catenin 
pathways are two lung development-related signals 
and involved in maintaining the quiescence of 
progenitor cells and regenerative responses to injury 
[58, 97, 98]. During the repair of lung injury, Shh-Gli 
signaling promotes cell proliferation [99], but the lack 
of this signaling leads to aberrant epithelial repair and 
regeneration [58, 100]. Similarly, Wnt/β-catenin 
signaling is another pathway that is critical for lung 
homeostasis and regeneration by promoting the 
function and behavior of LSPCs. Following tracheal 
damage, canonical Wnt/β-catenin signaling is 
activated within basal cells to regenerate the airway 
epithelium, and the constitutively active β-catenin 
protein drives the generation of ciliated cells [97]. 
Previous reports showed that SOX9 is a downstream 
target of canonical Wnt/β-catenin signaling, and its 
activation alters the spatial expression of SOX9 and 
SOX2 in developing airways [101]. Furthermore, 
Wnt10a is a ligand that binds with the Fzd/LRP 
receptor to activate downstream β-catenin in the 
canonical Wnt/β-catenin signaling pathway, and its 
overexpression in lung-resident mesenchymal stem 
cells was correlated with Shh-Gli signaling activation 
[60], indicating crosstalk between the Shh-Gli and 
Wnt/β-catenin signaling pathways. In our silica- 
treated ALI cultures from LSPCs, key molecules, 
including receptor ligands and downstream signaling 
molecules, in the Shh-Gli and Wnt/β-catenin 
signaling pathways were significantly upregulated, 
which were efficiently inhibited by treatment with the 
NLRP3 inflammasome inhibitor MCC950. This result 
indicated that in addition to initiating inflammation, 
NLRP3 inflammasome activation also participated in 
the regulation of development- and regeneration- 
associated signals. Based on the significant role of the 
two pathways in regeneration, we believe that these 
reactivated pathways drove LSPC proliferation and 
differentiation to repair injured tissue and reestablish 
structural integrity. However, silica-induced sus-
tained activation of the NLRP3 inflammasome caused 
continuous inflammatory responses, leading to 
persistent exaggerated activation of the Shh-Gli and 
Wnt/β-catenin pathways, subsequent epithelial 
disorganization, multiciliogenesis, mucociliary 
dysfunction and basal cell ectopic distribution. These 
morphological and functional abnormalities were 
considered a consequence of aberrant regeneration 
stimulated by prolonged and chronic Shh-Gli and 
Wnt/β-catenin activity. Therefore, silica-induced 
NLRP3 inflammasome activation might enhance 
IL-1β-NF-κB signaling to subsequently promote the 
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expression of ligands mediating the Shh and Wnt 
signals. Subsequently, overactivation of the Shh-Gli 
and Wnt/β-catenin pathways resulted in upregula-
tion of the transcription factors SOX9/SOX2 and 
aberrant repair and regeneration of the LSPC-derived 
airway epithelium. 

Interestingly, in the 3D organoid culture system, 
silica-induced NLRP3 inflammasome activation 
induced potent pyroptosis, reduced cell proliferation, 
and inhibited epithelial differentiation in lung 
organoids derived from lungospheres. Furthermore, 
sustained silica stimulation decreased the coexpres-
sion of SOX9/SOX2 in the organoids, and inhibited 
organoid morphogenesis and epithelial regeneration. 
These results were different from the findings 
obtained from the LSPC-derived airway epithelium in 
2D ALI cultures. Considering the action of silica on 
apical surface cells (ciliated and secretory cells) in the 
2D model but on outside cells (basal cells or 
progenitors) in the 3D model, these differences 
between the two models suggest that the epithelial 
apical-basal polarity influences cell vulnerability to 
damage. Cell apical-basal polarity plays a vital role in 
lung epithelial homeostasis [102], as well as cellular 
behaviors such as migration and asymmetric division 
in shaping the complex 3D architecture [103]. In the 
airway epithelium, epithelial cells have structurally 
and functionally distinct apical and basal faces [104], 
and distinct alterations in apical-basal polarity can 
dictate the differentiation of the airway epithelium 
[105]. Specifically, tight junctions and cilia on the 
apical surface are crucial for the establishment and 
maintenance of the epithelial barrier [104], while the 
basal surface attached to the basement membrane is 
responsible for adhesion and signaling [106]. 
Therefore, in the 2D and 3D models, silica stimulation 
of apical differentiated cells or basal stem/progenitor 
cells led to different responses and results. In the 2D 
ALI system, LSPCs differentiated along the vertical 
axis and were polarized in a single direction, and the 
apical surface of the epithelial cells was exposed to the 
atmosphere as well as silica particles during prolife-
ration and differentiation. In this microenvironment, 
sustained stimulation with silica on the apical surface 
of the airway epithelium damaged upper layer 
differentiated progeny cells damage and subseq-
uently induced compensatory hyperproliferation of 
basal cells or progenitors, resulting in dysregulated 
epithelial repair and airway remodeling with 
irreversible structural changes. However, in the 3D 
organoid model, the basal layer of lungosphere- 
derived organoid was polarized and oriented 
outward in the Matrigel. In this lumen-like structure, 
basal cells or progenitors were predominantly distri-
buted in the outermost layer, while differentiated 

progeny cells were located inside the lumen of the 
organoids. Thus, once cocultured with silica in the 3D 
system, the outer progenitor cells in lungospheres 
were directly exposed to the injury caused by silica 
particle, which constantly activated NLRP3 inflam-
masome to induce continuous pyroptosis of 
progenitors. The loss of basal cells (p63+) and 
progenitors (SOX9+, SOX2+) reduced the number of 
proliferative cells and finally resulted in organoid 
formation failure. Based on the results from 2D ALI 
and 3D organoid systems, sustained NLRP3 
inflammasome activation in cells from the apical layer 
or basal layer of the LSPC-derived airway epithelium 
produced different outcomes for epithelial regene-
ration, indicating that the NLRP3 inflammasome 
might play a complex but central role in lung 
epithelial repair and regeneration after silica-induced 
injuries. 

Conclusions 
Collectively, our data from LSPC-derived 

organotypic models suggest that the NLRP3 
inflammasome plays a vital role in airway epithelial 
injury, repair and regeneration. Pharmacological 
blockade of continuous NLRP3 inflammasome 
activation might reduce excessive epithelial cell death 
and prevent aberrant lung epithelial repair and 
regeneration induced by silica. The NLRP3 
inflammasome potentially represents a promising 
therapeutic target for inhalable particle-related lung 
injuries and diseases. 

Materials and methods 
Reagents 

Crystalline silica (CAS14808-60-7; purity 99%; 
particle diameter 0.5-10 μm) was purchased from 
Sigma‒Aldrich. The silica particles were incubated at 
180°C for 2 h to inactivate endotoxins and remove 
water and were then suspended in 0.9% sterile saline 
to a concentration of 10 mg/ml. The silica suspension 
was sonicated for 20 min and mixed thoroughly prior 
to use. 

The NLRP3 inflammasome selective inhibitor 
MCC950 (CAS256373-96-3) was purchased from 
Selleck Chemicals and dissolved in sterile normal 
saline to prepare a 10 mM stock solution. MCC950 
was added 30 min prior to silica stimulation. 

Mice 
Lung tissues were obtained from neonatal 

C57BL/6 mice. All procedures involving animals 
were approved by the Institutional Animal Care and 
Use Committee of Nanjing Medical University 
(NJMU/IACUC-2012034). 
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Lungosphere formation assays [107] 
Peripheral lung tissue without the trachea and 

bronchi was mechanically dissociated with scalpels 
and digested by a solution of 2 mg/ml collagenase A, 
2 mg/ml trypsin, and 50 μg/ml gentamicin (Sigma) in 
DMEM/F-12 (Gibco) for 45 min at 37°C with shaking. 
The digestion was stopped by the addition of 10% 
(v/v) fetal bovine serum (Gibco). The cell suspension 
was filtrated by a 100 μm cell strainer (Falcon) to 
eliminate tissue debris and cell clumps and was then 
collected by centrifugation at 4°C for 10 min. After 
being washed with DMEM/F-12 and undergoing 
centrifugation, the cell pellet was treated with red 
blood cell lysis buffer (Beyotime) 3 times for 2 min 
each. The cells were centrifuged again and 
resuspended in 20 U/ml DNase I (Sigma). After a 
final wash with DMEM/F-12, the cell suspension was 
filtrated through a 40 μm cell strainer (Falcon) and 
then seeded into nonadherent 25 cm2 flasks pretreated 
with poly-HEMA (Sigma) in lungosphere medium 
[1×B-27, 100 U/ml penicillin, 100 μg/ml streptomycin 
(Gibco), 4 μg/ml heparin (STEMCELL), 20 ng/ml 
murine epidermal growth factor (mEGF; Peprotech), 
10 ng/ml murine fibroblast growth factor 2 (mFGF2; 
Peprotech), and 10 μM Y-27632 (STEMCELL) in 
DMEM/F-12] (1.0×106 cells/ml). The flasks were 
incubated in a humidified atmosphere at 37°C and 5% 
CO2, and half the volume of medium was changed 
every 2 to 3 days. 

Airway epithelium-like structures at the 
air-liquid interface (ALI) 

The lungospheres were washed with 
DMEM/F-12 and resuspended in TrypLE™ Express 
(Gibco). After incubation for 5-10 min at 37°C, the 
lungospheres were gently pipetted to generate single- 
cell suspensions. The cell suspension was passed 
through a 40 μm cell strainer to remove undigested 
cell clumps. The resulting single cells were again 
centrifuged and resuspended in PneumaCult™-Ex 
Plus Medium (STEMCELL) supplemented with 20 
ng/ml mEGF. Transwell inserts (Corning) were 
seeded with 1.0×105 cells in 0.5 ml medium per insert 
(apical chamber), and 1 ml medium was added to one 
well of the 12-well plate (basal chamber). The plates 
were incubated in a humidified atmosphere at 37°C 
and 5% CO2, and fresh culturing medium changes 
were performed on both sides of the inserts every 2 
days using PneumaCult™-Ex Plus Medium. Once 
confluence was achieved in the submerged growth 
phase, the ALI culture was initiated by gently 
aspirating the medium from both the basal and apical 
chambers and adding only 1 ml of PneumaCult™-ALI 
Medium (STEMCELL) (supplemented with 20 ng/ml 
mEGF) to the basal compartment [108]. Silica 

suspension was added to the apical chamber at the 
same time, and the remaining liquid was removed 
after settling, thereby exposing the luminal surface to 
the atmosphere (day 1 post-ALI). The medium in the 
basal chamber was changed with fresh medium every 
2 days until day 28 post-ALI, leaving the apical 
chamber empty. 

Lung organoids in Matrigel 
The lungospheres were collected from the 

nonadherent flasks, washed with DMEM/F-12, and 
then mixed with Growth Factor Reduced Matrigel 
(Corning) and silica particles. The Matrigel-silica- 
lungosphere mixture was pipetted into a 24-well plate 
in domes and incubated at 37°C for 30 min for 
solidification. PneumaCult™-ALI Medium supple-
mented with 20 ng/ml mEGF was added to each well. 
The plate was incubated in a cell culture incubator 
(37°C, 5% CO2) in which the medium was replaced 
with fresh medium every 3 days. 

Histological, immunohistochemical and 
immunofluorescence analyses 

Lung organoids harvested from Matrigel by Cell 
Recovery Solution (Corning) and ALI cultures were 
fixed with 4% (w/v) paraformaldehyde for 20 min 
and washed with phosphate buffer solution (PBS). 
Then, the samples were processed via a standard 
procedure for paraffin and optimal cutting tempera-
ture compound (SAKURA) embedding. Paraffin or 
frozen sections were cut into 5 and 15 μm thicknesses, 
respectively. For histological staining, paraffin 
sections were stained using standard protocols for 
hematoxylin and eosin (H&E), periodic acid-Schiff 
(PAS) and Masson’s trichrome staining reagents. For 
the immunohistochemistry studies, paraffin sections 
were cleared twice with xylene and rehydrated. 
Microwave antigen repair was carried out at 95°C for 
20 min. The slides were blocked with QuickBlock™ 
Blocking Buffer (Beyotime) for 30 min at room 
temperature and then incubated at 4°C overnight with 
NLRP3 (Novus, 1:50), Caspase-1 (Abcam, 1:100) and 
IL-1β (Abcam, 1:200) antibodies. Subsequently, the 
sections were incubated with secondary antibodies 
followed by avidin-biotin solution (Vector Labora-
tories). The chromogen was developed with DAB 
(3,3’-diaminobenzidine) (Vector Laboratories) for 
visualization. For the immunofluorescence analysis, 
incubations were performed overnight at 4°C with the 
following primary antibodies diluted as indicated: 
rabbit anti-GSDMD antibody (Affinity) 1:400, mouse 
anti-acetylated tubulin (ACT) antibody (Proteintech) 
1:200, rabbit anti-MUC5AC antibody (Absin) 1:100, 
mouse anti-MUC5B antibody (Abcam) 1:200, rabbit 
anti-ZO-1 antibody (Proteintech) 1:200, mouse 
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anti-Vimentin antibody (Abcam) 1:200, rabbit anti-p63 
antibody (GeneTex) 1:1000, rabbit anti-p63 antibody 
(Abcam) 1:200, rat anti-p75 NGF Receptor antibody 
(Abcam) 1:200, rat anti-SOX2 antibody (Invitrogen) 
1:200, rabbit anti-SOX9 antibody (Abcam) 1:400, rabbit 
anti-ASC antibody (Cell Signaling Technology) 1:800, 
and rabbit anti-Ki67 antibody (Affinity) 1:200. The 
sections were washed with PBST and incubated with 
goat anti-mouse-Alexa 488 (Invitrogen), goat anti- 
rabbit-Alexa 555 (Invitrogen) and goat anti-rat-Alexa 
647 (Abcam) at a 1:1000 dilution in PBST for 1 h at 
room temperature and then counterstained with 
DAPI (Beyotime) for 10 min. For the x-y plane and 3D 
reconstruction observations, the Transwell mem-
branes were removed from the plastic support and 
placed onto glass slides. All samples were covered 
with ProLong™ Gold antifade reagent (ThermoFisher 
Scientific). Images were captured using a Leica 
Stellaris STED, Zeiss LSM710 confocal microscope, 
Leica Thunder DMi8 Imager or Olympus VS200 slide 
scanner. 

Proliferation assay 
After stimulation with 50 μg/cm2 silica for 28 

days, the polyester (PET) membranes of Transwell 
inserts were removed for further research. To assess 
cell proliferation in ALI cultures, we used a 5-ethynyl- 
2’-deoxyuridine (EdU) detection kit (RiboBio). 
Fluorescent slides were observed on a Leica Thunder 
DMi8 microscope. Three duplicates were performed 
for each group, and twenty randomly selected fields 
(40× objective) were analyzed to calculate the 
proportion of positive cells. 

Western blot analysis 
Total proteins of ALI cultures were extracted 

with RIPA buffer (ThermoFisher Scientific) containing 
protease and phosphatase inhibitor cocktail (Roche) 
for western blot. Equal protein samples (40 μg) were 
subjected to electrophoresis in 8-12% SDS‒PAGE gels 
and subsequently transferred onto PVDF membranes 
(Millipore). The blots were blocked and then 
incubated overnight at 4°C with the following 
primary antibodies: rabbit polyclonal antibodies 
against NLRP3 (1:500, Novus), Caspase-1 p20 (1:1000, 
Proteintech), GSDMD (1:1000, Affinity), ZO-1 (1:2000, 
Proteintech), p63 (1:1000, GeneTex), SOX2 (1:1000, 
Abcam), IκBα (1:1000, Cell Signaling Technology), 
Smo (1:1000, Abcam), Gli1 (1:2000, Novus), Wnt10a 
(1:1000, Abcam), p-GSK-3β (1:1000, Cell Signaling 
Technology), β-actin (1:2000, Proteintech), and 
GAPDH (1:2000, Proteintech); rabbit monoclonal 
antibodies against pro-Caspase-1 (1:1000, Cell 
Signaling Technology), ASC (1:1000, Cell Signaling 
Technology), SOX9 (1:1000, Cell Signaling Techno-

logy), p-IκBα (1:1000, Cell Signaling Technology), 
p-NF-κB p65 (1:1000, Cell Signaling Technology), 
NF-κB p65 (1:1000, Cell Signaling Technology), 
GSK-3β (1:1000, Cell Signaling Technology), and 
β-catenin (1:1000, Cell Signaling Technology); and 
mouse monoclonal antibodies against E-Cadherin 
(1:1000, Cell Signaling Technology), Vimentin (1:1000, 
Abcam), and Shh (1:500, OriGene). After incubation 
with horseradish peroxidase (HRP)-conjugated 
secondary antibodies (Jackson ImmunoResearch), the 
protein bands were detected using WesternBright 
Quantum (Advansta) and quantified by a 
ChemiDocTM XRS+ system with Image Lab software 
(Bio-Rad). 

Cilia beat frequency (CBF) evaluation  
On day 28 post-ALI, five visual fields per group 

were randomly selected to obtain video recordings of 
beating cilia using a 40× objective coupled with a 
Nikon video camera (Ti-S) (MP4). According to these 
digital video files, the ciliaFA plugin in ImageJ 
(National Institutes of Health, NIH) was used to 
assess CBF on the epithelial surface of differentiated 
ALI cultures [43]. 

Scanning electron microscopy (SEM) 
The ALI cultures were washed in PBS and fixed 

in 2.5% (v/v) glutaraldehyde solution overnight at 
4°C. They were then dehydrated through increasing 
concentrations of ethanol and incubated in hexame-
thyldisilazane before being placed in a desiccator 
overnight. The membranes were detached from the 
inserts and mounted on aluminum stubs. The samples 
were sputter coated with gold before analysis on a 
JEOL JSM-7900F scanning electron microscope. 

Transmission electron microscopy (TEM) 
The samples were washed in PBS and fixed in 

2.5% (v/v) glutaraldehyde solution overnight at 4°C. 
Then, they were postfixed in 1% (v/v) osmium 
tetroxide solution for 30 min at room temperature. 
The ALI cultures were dehydrated in a series of 
graded ethanol solutions and embedded in epoxy 
resin. They were cut into 100 nm thin sections on a 
Leica ultramicrotome. The sections were stained with 
lead citrate and uranyl acetate for TEM using a JEOL 
JEM-1400Flash microscope. 

Statistical analysis 
All quantitative data from at least three 

independent experiments are presented as the mean ± 
standard error of the mean (SEM). SPSS 18.0 software 
(SPSS Inc.) was used to perform the statistical 
analyses. One-way ANOVA followed by Fisher’s LSD 
test were used to determine statistically significant 
differences, and statistical significance was confirmed 
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at p < 0.05. 
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