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Abstract Silicosis is a leading cause of occupational disease-related morbidity and mortality world-

wide, but the molecular basis underlying its development remains unclear. An accumulating body of evi-

dence supports gasdermin D (GSDMD)-mediated pyroptosis as a key component in the development of
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Pyroptosis;

Macrophage;

Pulmonary fibrosis
various pulmonary diseases. However, there is little experimental evidence connecting silicosis and

GSDMD-driven pyroptosis. In this work, we investigated the role of GSDMD-mediated pyroptosis in sili-

cosis. Single-cell RNA sequencing of healthy and silicosis human and murine lung tissues indicated that

GSDMD-induced pyroptosis in macrophages was relevant to silicosis progression. Through microscopy

we then observed morphological alterations of pyroptosis in macrophages treated with silica. Measure-

ment of interleukin-1b release, lactic dehydrogenase activity, and real-time propidium iodide staining

further revealed that silica induced pyroptosis of macrophages. Additionally, we verified that both cano-

nical (caspase-1-mediated) and non-canonical (caspase-4/5/11-mediated) signaling pathways mediated

silica-induced pyroptosis activation, in vivo and in vitro. Notably, Gsdmd knockout mice exhibited

dramatically alleviated silicosis phenotypes, which highlighted the pivotal role of pyroptosis in this dis-

ease. Taken together, our results demonstrated that macrophages underwent GSDMD-dependent pyrop-

tosis in silicosis and inhibition of this process could serve as a viable clinical strategy for mitigating

silicosis.

ª 2022 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Silicosis is a fibrotic lung disease caused by long-term inhalation
of free crystalline silicon dioxide or silica1. Due to its high
morbidity and mortality, silicosis is one of the most fatal occu-
pational diseases worldwide2,3. Silicosis is characterized by
diffuse interstitial pulmonary fibrosis and the formation of silicon
nodules, which leads to impaired lung function or eventual res-
piratory failure and death1. Despite aggressive enforcement pol-
icies intended to lower the permissible occupational limits for
respirable dust, millions of workers are still exposed to silica,
especially in developing countries4. Exacerbating this issue, no
effective drugs or other treatments have yet been developed, pri-
marily due to a lack of understanding for the complex mechanisms
underlying silicosis. In order to develop effective therapeutic
strategies, research is therefore urgently needed to comprehen-
sively clarify these mechanisms that drive silicosis progression.

It is widely accepted that macrophages, fibroblasts, and
epithelial cells comprise the main effector cells of silicosis, all of
which exert essential functions in the development of lung
inflammation and fibrosis4. Among them, macrophages are the
initiators of the silicosis-associated inflammatory signal cascades,
as they are the first cells to encounter the inhaled silica particles
via scavenger receptors (SRs) on the macrophage surface5.
Phagocytosis of crystalline silica causes the alveolar macrophage
to rupture and release cytotoxic oxidants, proteases, and inflam-
matory cytokines, especially interleukin (IL)-1b, into the extra-
cellular space, which eventually result in diffuse alveolitis and
subsequent fibrosis4. However, these events can be partially
reversed through neutralization of IL-1b6,7, suggesting that this
cytokine likely performs essential roles in the pathogenesis of
silicosis. Considering that IL-1b release is dependent on gasder-
min D (GSDMD)-mediated pore formation8e12, it is reasonable to
speculate that GSDMD-induced pyroptosis also participates in the
progression of silicosis.

Pyroptosis, which is largely elicited by GSDMD, features
plasma membrane rupture, cellular swelling, and chromatin
condensation13,14. GSDMD is composed of an N-terminal pore-
forming domain and a C-terminal inhibitory domain, with a
cleavage site targeted by caspase-1 or caspase-4/5/1115. As
mentioned above, loss of membrane integrity and cell lysis
subsequently lead to a robust release of numerous cytokines and
alarmins, which elicits an undue immune response and inflam-
mation16. Accumulating evidence has shown that GSDMD-
dependent pyroptosis drives an excessive inflammatory response
and macrophage depletion in a variety of pulmonary diseases, in
addition to exerting other unexpected effects16, such as pulmonary
fibrosis17, asthma18,19, acute respiratory distress syndrome
(ARDS)20,21, and others. Despite considerable attention and
research, the relationship between GSDMD-driven pyroptosis and
silicosis remains unclear. Thus, in this work, we investigated
whether GSDMD-driven pyroptosis participates in the progression
of silicosis.

To this end, we utilized single-cell RNA sequencing (scRNA-
seq) to analyze GSDMD transcript levels in different lung tissue
cells of human silicosis patients and a murine experimental model
of silicosis. We found that pyroptosis-associated genes, including
GSDMD, caspase-1, and caspase-4/5/11, were specifically over-
expressed in macrophages of both human and murine silicosis
lungs. We then verified the activation of GSDMD-induced
pyroptosis and its canonical and non-canonical pathways during
silicosis in vivo and in vitro through multiple lines of evidence.
Additionally, Gsdmd knockout (Gsdmd�/�) mice were protected
against silicosis progression, suggesting that inhibition of pyrop-
tosis may exert beneficial therapeutic effects on silicosis. These
findings showed that silicosis macrophages indeed underwent
GSDMD-induced pyroptosis and interrupting this process resulted
in remarkable attenuation of silicosis. Taken together, this study
provided a viable target for therapy of silicosis.

2. Materials and methods

2.1. Reagents

Crystalline silica (CAS7631-86-9; purity 99%) was obtained from
Forsman Science Co., Ltd. (Beijing, China). The particles were
baked at 180 �C for 2 h to remove endotoxins and water, then
suspended in sterile phosphate buffered saline (PBS). The pre-
pared silica suspension was sonicated for 20 min and vortexed for
30 s before use.

Specific caspase-1 inhibitor belnacasan (Beln; HY-13205) and
caspase-11 inhibitor wedelolactone (Wede; HY-N0551) were

http://creativecommons.org/licenses/by-nc-nd/4.0/
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purchased from MCE Co., Ltd. (NJ, USA) and were dissolved in
dimethyl sulfoxide (DMSO) to prepare stock solution of 10mmol/L.

2.2. Human samples

Human lung tissue samples of silicosis were obtained from lung
transplantation surgery patients (n Z 3) with no history of lung
disease of other etiology from China-Japan Friendship Hospital
(Beijing, China). The control lung tissue sample was collected
from the donor (n Z 3). All included subjects provided written
informed consent and all the procedures of this study were per-
formed according to the Clinical Research Ethics Committee of
the China-Japan Friendship Hospital (Beijing, China), which
meets the ethical guidelines of the 1975 Declaration of Helsinki.

2.3. Animals

Gsdmd gene knockout C57BL/6J mice were generously presented
by Feng Shao laboratory (National Institute of Biological Sci-
ences, Beijing, China). All C57BL/6J mice were raised in specific
pathogen free facilities under a 12 h light/dark cycle and standard
rodent chow with controlled temperature (20e25 �C). All mice
used in the experiments were male and approximately 8 weeks
old. The Animal Protection and Use Committee of Peking Union
Medical College (Beijing, China) approved all animal protocols in
this study.

The silicosis model was established by intratracheal silica
administration as previously described22. Briefly, 20 mL of silica
suspended solution (600 mg silica were solute in 1 mL sterile PBS)
was delivered into murine trachea after mice were anesthetized
with 2% pentobarbital (i.p., 0.05 mL/10 g, SigmaeAldrich, USA).
The control counterparts underwent sham surgery and were
administrated with an identical volume of PBS.

To investigate the essential role of pyroptosis involved in
silicosis, we divided Gsdmd knockout mice into two groups,
including PBS and silica groups (9 mice per group), and divided
the wild type (WT) littermate into two groups, containing PBS and
silica groups (9 mice per group). The modeling method is the
same as above.

2.4. Cell culture

Murine peritoneal macrophages were obtained from peritoneal
lavage fluid after administered with 3% thioglycolate by intra-
peritoneal injection for 72 h. The peritoneal macrophages were
cultured in Dulbecco’s modified Eagle medium (DMEM) sup-
plemented with 10% fetal bovine serum (FBS) and 1% penicillin
and streptomycin at 37 �C under 5% carbon dioxide. To observe
the morphology alteration in macrophages treated with silica, we
divided peritoneal macrophages into five groups, including PBS þ
vehicle, PBS þ lipopolysaccharide (LPS, 50 ng/mL, L2630,
SigmaeAldrich), silica (50 mg/cm2) þ vehicle, silica þ LPS, and
LPS þ nigericin (Nig, 20 mmol/L, MZ2157, Maokangbio, Carls-
bad, CA, USA) groups. Peritoneal macrophages were treated with
LPS for 3 h, subsequently stimulated by silica or Nig for another
3 h23.

To investigate whether silica stimulation could elicit pyropto-
sis, peritoneal macrophages were divided into control group and
silica-triggered group, in which continue to be divided into two
identical parts by primed with or without LPS. Peritoneal mac-
rophages were primed with LPS (50 ng/mL) for 3 h before
administrated with silica (50 mg/cm2). Cell supernatant was
collected and then assayed after silica stimulation for 3 h, or at the
indicated time.

Specific caspase-1 inhibitor Beln and caspase-11 inhibitor
Wede were used to validate whether silica-induced pyroptosis was
dependent on caspase-1 and/or caspase-11. For each inhibitor,
primary peritoneal macrophages were randomly selected for 6
treatment groups: PBS þ DMSO, PBS þ high dose of inhibitor,
silica þ DMSO, and silica þ low, moderate, or high dose of in-
hibitor, respectively. Primary macrophages were treated with
different doses of Beln (5, 10, and 20 mmol/L) for 2 h and Wede
(20, 40, and 80 mmol/L) for 30 min before silica stimulation for
3 h.

2.5. Single-cell RNA sequencing

The human scRNA-seq data was first processed using Cell Ranger
software (version 4.0.0) to perform sequence alignment and get
the feature-barcode matrices. For each sample, we discarded cells
whose nFeature_RNA < 200. Genes that were expressed in less
than 3 cells were also not included in further analysis. The scrublet
software was used to remove the potential doublets from the
datasets using default parameters. Then Seurat software was used
to integrate samples and conduct unsupervised clustering. The
clusters of cells were annotated with canonical cell type markers.

For mice, one sample from PBS control and one sample from
silica models were integrated and clustered using Seurat R
package (v3.1.2), approximately 31,767 single cells passed QC
and annotated to 16 distinct clusters based on gene expression
patterns of each cell. Cell Ranger (v3.1.0) software from
10�genomics and scrublet Python packages were hired to perform
read alignment and quality control.

2.6. Lung function

Lung function was accessed by Buxco� Research Systems,
Data Sciences International (St. Paul, MN, USA). After anes-
thesia, all mice were tracheostomized and inserted with a
tracheal cannula connected with a computer-controlled venti-
lator. Under mechanical respiration, respiratory flow and airway
pressure were measured to compute dynamic compliance (Cdyn)
and airway resistance (RI). To measure the chord compliance
(Cchord) and inspiratory capacity (IC), pressureevolume ma-
neuvers were performed. Specially, Cchord was calculated from
the related volumes and pressures where lungs slowly inhale
with the pressure ranged between 0 and 10 cm H2O. All in-
dicators were evaluated based on the average from three
duplicate values.

2.7. Histology

Human and murine lung tissue were fixed in 4% para-
formaldehyde overnight. Samples were embedded in paraffin, and
5 mm sections were obtained for following staining. Hematoxylin
and eosin (HE) staining was applied to quantitatively verify the
state of inflammation according to Szapiel’s method which con-
sists of no inflammation (grade 0), mild (grade 1þ), moderate
(grade 2þ), and severe (grade 3þ). The inflammation score was
based on the average of the scores of two persons familiar with
pathology reading24. Masson’s trichrome staining was used to
evaluate the Fibrotic lesion Scores according to King’s method25.
The calculation of Fibrotic lesion Scores were determined as
previously described22. In detail, different silicotic nodules were
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first evaluated the fibrotic extent based on King’s method, whose
levels were ranging from 0 to 5. Then, every silicotic nodule got
corresponding Fibrotic lesion Scores calculated as the fibrotic
level score (0e5) multiplied by its percentage of area (over the
whole sample). Finally, the sum of all nodules’ scores was Fibrotic
lesion score of each sample. All histological sections were
visualized with 3D HISTECH digital scanner (Hungary). For
immunohistochemistry (IHC), human and murine lung sections
were stained with the anti-GSDMD antibody (1/200 dilution) at
4 �C overnight, then washed and incubated with secondary anti-
body for 1 h at room temperature. Positive stained area was blindly
determined by two pathologists and reported as percentage. For
immunofluorescent staining (IF), human and murine lung sections
were blocked for 30 min in 5% fetal goat serum and subsequently
incubated with anti-GSDMD (1/200 dilution) and anti-CD68
(1/500 dilution) at 4 �C overnight, and counterstained with sec-
ondary antibodies (Alexa Fluor� 488 for CD68 and AlexaFluor�
594 for GSDMD, respectively) for 1 h at room temperature. Nu-
clear was labeled with 40,6-diamidino-2-phenylindole (DAPI). For
murine lung sections, we also colocalized GSDMD with surfactant
associated protein C (SP-C) (1/200 dilution) and a-smooth muscle
actin (a-SMA; 1/200 dilution), respectively.

2.8. Right ventricular systolic pressure (RVSP) and right
ventricular hypertrophy index (RVHI)

RVSP equals to pulmonary artery systolic pressure (PASP) when
the right ventricular outflow obstruction is absent according to the
modified Bernoulli equation. RVSP was measured by inserting an
eight-gauge needle with high-fidelity pressure transducer to right
ventricle. The value of RVSP was recorded and analyzed by Power
Lab Data Acquisition and Analysis System (PL 3504, AD In-
struments, Australia). RVHI is identical to right ventricle over the
sum of left ventricle plus septum (RV/LV þ S) according to the
Fulton index measurement.

2.9. Hydroxyproline assay (HYP) assay

HYP content of lung tissue was measured by a HYP kit (NBP2-
59747, Novus Biologicals, Littleton, CO, USA) according to
manufacturer’s instructions. Approximately 20 mg of lung tissue
was applied to calculate the HYP content.

2.10. Bronchoalveolar lavage fluid (BALF)

The collection of BALF refers to our previous study22. Briefly,
after mechanical ventilation, we lavaged the lung through tracheal
cannula with 0.9% saline 0.4 mL for three times and collected the
lavage fluid. Samples were centrifuged at 1000 r/min (Eppendorf,
Centrifuge 5424R) for 5 min at 4 �C and then the supernatant of
BALF was stored at �80 �C waiting for testing.

2.11. Quantitative polymerase chain reaction (qPCR)

RNAwas isolated with TRIzol reagent (Invitrogen, Carlsbad, CA,
USA) according to the manufacture’s procedures. DNA was syn-
thesized by the Tiangen reverse transcription kit (KR103, Tiangen
Biotechnology, Beijing, China). The mRNA levels were quanti-
tated by using SYBR Green I Q-PCR kit with Bio-Rad IQ5 system
(Bio-Rad, Hercules, CA, USA) and normalized to b-actin
expression. Additional information about all the primers in this
study were listed in the Supporting Information Table S1.
2.12. Western blot

Fresh tissue or cells were lysed with modified Radio Immunopre-
cipitation Assay (RIPA, P0013B, Beyotime, China) plus protease
and phosphatase inhibitor cocktail (5872S, Cell Signaling Tech-
nology, MA, USA). For Western blot assay, tissue and cell protein
(10 mg) were subjected to electrophoresis in 8%e15% SDS-
polyacrylamide gradient gels and immunoblotted with the indi-
cated antibodies. All the images were analyzed using Image J soft-
ware (Image J 1.53a, National Institudes of Health, USA). See the
Supporting Information Table S2 for all the antibodies in this study.

2.13. Enzyme-linked immunosorbent assay (ELISA)

The protein levels of IL-1b and IL-6 in cell supernatant and BALF
were detected by enzyme-linked immunosorbent assay (ELISA)
kit according to the instructions of the kit. See the Supporting
Information Table S3 for specific kit information.

2.14. Lactate dehydrogenase (LDH) assay

LDH quantitative enzyme activity was detected by the LDH Assay
kit (Abcam, ab102526, USA). We strictly followed the in-
structions, then measured the OD450 value, and finally calculated
the amount of LDH according to the standard curve.

2.15. Microscopy imaging of pyroptosis

Peritoneal macrophages were fixed with 2.5% glutaraldehyde
overnight, and then washed with PBS for three times. Cells were
dehydrated by a grade series of ethanol (30%, 50%, 70%, 95%,
and 100%) and dried with tertiary butanol. Specimens were
sputter coated with gold-palladium for imaging. Pyroptotic
morphology of macrophages was observed with a field-emmission
scanning electron microscope (SEM, HITACHI SU8010, Japan).

To monitor the process of pyroptosis, we took photos of peri-
toneal macrophages plated onto 12-well plate bottom (Nest) for 8 h
continuously by time-lapse phase contrast microscope (EVOS Evos
FL Auto 2, Thermo Fisher Scientific, USA). We set an interval of
15 min in the first hour and an interval of 30 min in the last 7 h.

Propidium iodide (PI; 5 ng/mL) was added to the buffer for
monitoring cell membrane integrity. Static images of pyroptotic
cells were captured using a Nikon Eclipse Ti inverted microscope
with a Nikon DS-Ri2 camera (Nikon, Tokyo, Japan). These pic-
tures were analyzed using Image J software.

2.16. Statistical analysis

Data statistical analysis was performed using Prism 8.0 software
(GraphPad Software, Inc.). Values were shown as mean� standard
error of the mean (SE). The Student-Newan-Keuls test was utilized
between two groups and comparison between multiple groups with
two variables was evaluated by two-way ANOVA. For all statistical
methods, P < 0.05 were considered significance.

3. Results

3.1. GSDMD is upregulated in macrophages of human and
murine silicosis lungs

In order to determine the relevant cell types and their specific
patterns of pyroptosis-associated gene expression, we conducted
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scRNA-seq-based analyses of silicosis lung tissue sampled from
silicosis lung transplant patients and silicosis mouse models
established by intratracheal administration of silica suspension
(Fig. 1A). In silicosis patients, we identified 15 different cell
populations (Fig. 1B). Since caspase-4/5/11 and caspase-1 have
been previously established as upstream initiators of pyroptosis, we
hypothesized that these factors would be activated in silica-induced
pyroptotic cells. Supporting this hypothesis, we found that caspase-1,
caspase-4/5, and GSDMD were mainly expressed in macrophages
and monocytes at basal (Fig. 1C). Moreover, GSDMD (Supporting
Information Fig. S1A), caspase-1 (Fig. S1B), and caspase-4
(Fig. S1C) expression were markedly increased in silicosis lung
macrophages compared with those of the donor controls. In contrast,
monocytes exhibited no significant alterations in GSDMD and cas-
pase-4, except remarkably up-regulated trend in caspase-1. In light
of these results, we selected macrophages as the focus of subsequent
experiments.
Figure 1 Up-regulated GSDMD-dependent pyroptosis in pulmonary ma

healthy and silicosis lung tissue from human lung transplant patients and do

cluster analysis in silicosis patient lung tissue. (C) mRNA expression leve

silicosis patient lung tissue. (D) Cell clusters in lung tissue of silicosis m

different cell types in lung tissue of silicosis mice. (F, G) IF staining of mac

sections from human silicosis patients and silicosis mice. Dashed boxes sh

CD68 and GSDMD. Scale bar, 10 mm (short) and 5 mm (long).
scRNA-seq of murine silicosis and control lung tissue revealed
16 distinct cell populations (Fig. 1D). Among these cell types,
macrophage and dendritic cell (DC) expressed the highest levels
of caspase-11, caspase-1, and Gsdmd (Fig. 1E). This up-regulation
of Gsdmd in macrophages and DCs were clearly detectable in
samples from silicosis mice, compared with controls (Fig. S1D),
whereas caspase-1 (Fig. S1E), the upstream molecules of Gsdmd,
only increased in macrophages. As for caspase-11, it is down-
regulated both in macrophages and DCs (Fig. S1F). Hence, we
focused on macrophages rather than DCs as the prime candidates
for activated pyroptosis in murine silicosis lung tissue.

In order to verify these RNA-seq data, we used IF staining of
GSDMD and CD68 to further confirm that these pyroptosis-
associated markers were expressed in macrophages of silicosis
patients (Fig. 1F) and silicosis mice (Fig. 1G). Additionally, other
effector cells, including epithelial cells (Fig. S1G) and fibroblasts
(Fig. S1H), were also verified by IF staining to express low levels
crophages of silicosis lungs from human and mice. (A) scRNA-seq of

nors as well as control and silicosis C57BL/6J mouse models. (B) Cell

ls of GSDMD, CASP1, CASP4, and CASP5 in different cell types of

ice. (E) mRNA expression levels of Gsdmd, Casp1, and Casp11 in

rophage marker CD68 (green), GSDMD (red), and DAPI (blue) in lung

ow magnified field of view. Arrowheads indicate the colocalization of
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of GSDMD. Taken together, these findings confirmed that
pyroptosis actively occurred in macrophages of both human and
murine silicosis lung tissue.

3.2. Silica induces pyroptosis-associated morphological
changes, cell damage, IL-1b release, elevated LDH and
GSDMDNT in macrophages

Recently, the debate whether inflammatory caspases in macro-
phages could be activated without pre-stimulus is heating up.
Classically, pyroptosis in macrophages usually requires LPS
priming23, such as pyroptotic positive control induced by
LPS þ Nig. However, some study provided proof that macro-
phages without pretreatment were still available for the activation
of inflammasome26. We therefore set groups treated with silica
alone and LPS þ silica to investigate the pathophysiologic fea-
tures and the underlying mechanisms of silica-induced pyroptosis.

The morphological features associated with pyroptosis have
been widely reported to include plasma membrane rupture, for-
mation of pyroptotic bodies, cellular swelling, and chromatin
condensation23. In order to observe these morphological features
of pyroptosis in silicosis lung tissue, and thereby distinguish
pyroptosis from other programmed cell death modalities, we uti-
lized phase contrast microscopy and SEM.

We found that the ultrastructures of PBS and LPS-pretreated
macrophages exhibited similar morphology, whereas the silica and
LPS þ silica groups produced bubble-like cell protrusions, similar
to those of the positive control (LPS þ Nig) (Fig. 2A). Pyroptotic
cells displayed swelling and cytoplasm flattening before rupture of
the plasma membrane. Following membrane rupture, cytosolic
LDH and high concentration of IL-1b could be observed in the
extracellular space, and PI staining confirmed disruption of the
cell membrane27,28.

To further validate that pyroptosis was the relevant pathway,
we quantified the concentration of IL-1b in cell supernatant
(Fig. 2B) and mRNA level of Il-1b (Supporting Information
Fig. S2A), in addition to performing LDH activity assays
(Fig. 2C). We also observed that PI-positive cells increased over
time after silica or LPS þ silica treatment, indicating a decrease in
cell viability and loss of membrane integrity (Fig. 2D). We found
that Gsdmd mRNA levels were elevated in a time-dependent
manner under silica stimulation and peaked at 3 h (Fig. S2B).
Hence, we selected 3 h as an appropriate timepoint to detect
pyroptosis and its related markers in the following experiments.

In order to detect the activation of pyroptosis, we measured
protein and mRNA levels of full-length (GSDMDFL) and cleaved
GSDMD N terminal domain (GSDMDNT), since GSDMDNT

mediates pyroptosis-associated pore formation. We found that
mRNA (Fig. S2C) and protein levels of GSDMD (Fig. 2E and F)
were elevated by treatment with silica and LPS þ silica. Taken
together, these results confirmed that silica could induce
morphological changes, cell damage, release of effector cytokine
IL-1b, and increasing levels of LDH and GSDMDNT associated
with GSDMD-dependent pyroptosis in macrophages.

3.3. GSDMD-induced pyroptosis is via both canonical and non-
canonical pathways in silica-treated macrophages in vitro

To better understand the molecular mechanisms underlying silica-
induced pyroptosis, we further investigated two upstream path-
ways previously reported to trigger GSDMD-induced pyroptosis,
including the caspase-1 mediated inflammasome pathway (i.e., the
canonical inflammasome pathway) and the caspase-4/5/11-medi-
ated pathway (i.e., the non-canonical pathway)29. There are at
least two hypotheses of how caspase-1 mediated canonical
pathway is activated in macrophages: the indirect two-step process
and the direct one-step process. The former one requires both
priming signal and the subsequent activating signal, however, the
later one triggers caspase-1 without primed stimulus. Classically,
in the canonical inflammasome pathway, activation of NOD-like
receptor family, pyrin domain containing 3 (NLRP3) inflamma-
some requires both priming and activating steps. Priming is
usually mediated by the Toll-like receptor 4 (TLR4)emyeloid
differentiation factor 88 (MyD88) pathway30, whereas activating
signals promote NLRP3, apoptosis associated speck-like protein
containing a CARD (ASC), and pro-caspase-1 to assemble the
NLRP3 inflammasome30. Upon inflammasome activation, pro-
caspase-1 is cleaved to form mature caspase-1, which in turn
mediates cleavage of GSDMDFL into GSDMDNT and maturation
of pro-IL-1b and pro-IL-18 into IL-1b and IL-18, respectively. In
contrast to the well-documented “two-hit” model, some studies
found that some silica-treated macrophages, like THP-1, do not
always require LPS priming to trigger the NLRP3 inflammasome
and the subsequent caspase-126,31. Similarly, caspase-11 can be
triggered directly to induce GSDMD-dependent pyroptosis. First,
we detected essential components of canonical inflammasome
pathway following silica and LPS þ silica stimulation in primary
macrophages, depicting an increase in the mRNA and protein
levels of caspase-1 (Fig. 3A, D, and E), NLRP3 (Fig. 3B, D, and
F), TLR4 (Fig. 3D and F; Supporting Information Fig. S3A), and
MyD88 (Fig. 3D and F; Fig. S3B), whereas no significant
alteration in ASC (Fig. 3D and F; Fig. S3C) in silica-triggered
macrophages. With regards to non-canonical pathway, it is
observed that caspase-11 mRNA (Fig. 3C) and protein (Fig. 3D
and G) levels were also up-regulated in silica and LPS þ silica
macrophages. Interestingly, our data supported that both
pretreated with and without LPS, silica alone was capable of
inducing activation of NLRP3 inflammasome and pyroptosis.

Furthermore, we applied caspase-1 inhibitor Beln and
caspase-11 inhibitor Wede to further verify whether GSDMD-
induced pyroptosis is mediated by the canonical and/or non-
canonical pathways. At first, we validated that Beln and Wede
inhibited the functional caspase-1 and caspase-11 in a dose-
dependent manner, respectively (Fig. S3D and E). Then, we pre-
treated cells with three different doses of Beln and Wede,
respectively, and then exposed the primary macrophages to silica
before detecting GSDMDNT levels by Western blot. The results
showed that both Beln and Wede inhibited the expression of
GSDMDNT in a dose-dependent manner (Fig. 3H and I). More-
over, the combined intervention with Beln and Wede was superior
to the monotherapy of either Beln or Wede to suppress the vast
majority of GSDMD expression (Fig. 3J), which suggested that
pyroptosis is indeed mediated by these two pathways in macro-
phages treated with silica.

3.4. Silica induces GSDMD-dependent pyroptosis in lung tissue
of silicosis mice and patients in vivo

In light of verification that GSDMD-dependent pyroptosis is
involved in macrophages treated with silica in vitro, we next
detected pyroptosis-associated events in lung tissue of silicosis
patients and mice in vivo. We first used C57BL/6J mice to
construct a murine model of silicosis, as previously described22,
and found that silicosis mice had remarkably enhanced lung



Figure 2 Silica induces GSDMD-dependent pyroptosis in macrophages. (A) Cell morphology was visualized by phase contrast microscope

(top) and SEM (bottom). The arrows indicate bubbling of pyroptotic cells. (B) Concentration of IL-1b and (C) activity of LDH in cell supernatant.

(D) Cell viability was monitored by PI detection for 120 min. (E) Western blot of GSDMDFL and GSDMDNT. (F) The statistical analysis of band

densities in E. The data are reported as the mean � SE. All experiments were repeated independently for three times (n Z 3 per group).

**P < 0.01, ***P < 0.001.
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inflammation, indicated by the Szapiel Scores (Supporting
Information Fig. S4A and B), significantly up-regulated mRNA
levels of the pro-inflammatory cytokines Il-1b (Fig. 4I), Il-6
(Fig. S4D), and Tnf-a (Fig. S4E). We also observed substantial
progression of lung fibrosis indicated by Masson staining and
significantly higher Fibrotic lesion Scores (Fig. S4A and C) as
well as mRNA and protein levels of fibronectin-1 (FN-1) (Fig. S4F
and H) and mRNA levels of collagen-I (Col-I) (Fig. S4G). Then,
we employed IHC staining to observe GSDMD levels in murine
silicosis lung tissue (Fig. 4A). Notably, we found that GSDMD
levels were higher in the silicotic foci than in the control (PBS)
group (Fig. 4B), indicating the occurrence of GSDMD-induced
pyroptosis. Consistent with this result, mRNA (Fig. 4CeE) and
protein (Fig. 4F and G) levels of pyroptosis markers (GSDMD,
caspase-1, and caspase-11) were up-regulated in silicosis mice. In
addition, IL-1b translational level in BALF (Fig. 4H), and Il-1b
transcription level in murine silicosis lung tissue (Fig. 4I) were
both elevated by silica treatment, suggesting that GSDMD-
dependent pyroptosis likely contributes to inflammatory cytokine
release in silicosis. More importantly, detection of GSDMD levels
by IHC in human silicosis lungs (Fig. 4J and K) revealed higher
accumulation of this marker compared to that in donor lungs,
which further supported the involvement of GSDMD-dependent
pyroptosis in pulmonary silicosis macrophages observed in
mouse model. Collectively, these findings revealed that GSDMD-
driven pyroptosis is closely related to the onset and progression of
silicosis.

3.5. Gsdmd�/� mice are resistant to developing silicosis

To further verify the critical role of pyroptosis in the pathogenesis of
silicosis, mouse models were established inGsdmd�/�mice andWT
mice (Fig. 5A). Compared with the silica-exposed WT mice, lung
resistance and compliance, which are specifically associated with
pulmonary fibrosis, were both improved in Gsdmd�/� mice, indi-
cated by Cchord (Fig. 5B), RI (Fig. 5C), and Cdyn (Supporting
Information Fig. S5B), whereas pulmonary ventilation function,
indicated by IC (Fig. S5A), was not significantly increased in



Figure 3 GSDMD-induced pyroptosis is mediated by canonical and non-canonical pathways in macrophages treated with silica. (AeC) Casp1,

Nlrp3, and Casp11 mRNA levels in LPS- or vehicle-activated macrophages exposed to silica or not. (D) Western blots of pro-caspase-1, cleaved

caspase-1, pro-caspase-11, cleaved caspase-11, NLRP3, ASC, TLR4, and MyD88 in macrophages under same treatments as AeC. (EeG)

Statistical analysis of protein levels from Western blots in Fig. 3D. (H) Western blots of GSDMD in macrophages treated with different doses of

caspase-1 inhibitor Beln (5, 10, and 20 mmol/L). The lower statistical graph indicates GSDMDNT protein levels. (I) Western blots of GSDMD in

macrophages treated with different doses of caspase-11 inhibitor Wede (20, 40, and 80 mmol/L). The lower statistical graph indicates GSDMDNT

protein levels. (J) Western blots of GSDMD in macrophages treated with high dose of Beln (20 mmol/L) and Wede (80 mmol/L). The lower

statistical graph indicates GSDMDNT protein levels. The data are reported as the mean � SE. All experiments were repeated independently for

three times (n Z 3 per group). *P < 0.05, **P < 0.01, ***P < 0.001, and ns indicates not significant.
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Figure 4 Silica induces GSDMD-dependent pyroptosis in mouse and human lungs. (A) GSDMD expression in silicosis or control lung tissue of

mice by IHC. Scale bar, 100 mm. (B) Statistical analysis of GSDMD expression in images of A. (CeE) Gsdmd, Casp1, and Casp11, relative

mRNA levels in lung tissue of silicosis and control mice. (F) Western blot detection of GSDMDFL, GSDMDNT, pro-caspase-1, cleaved caspase-1,

pro-caspase-11, and cleaved caspase-11 in silicosis or control mouse lung tissue. (G) Statistical analysis of band densities from images in F. (H)

IL-1b concentration in BALF from silicosis and control mice. (I) Il-1b relative mRNA levels in lung tissues of silicosis and control mice. The red

and blue columns in BeE and GeI represent the PBS group and silica group, respectively. (J) GSDMD expression in silicosis and donor lung

tissue of human patients by IHC. Scale bar, 100 mm for mice and 50 mm for human. (K) Statistical analysis of GSDMD-positive areas in images

from J. The data are reported as the mean � SE (n Z 9 mice per group). *P < 0.05, ***P < 0.001.
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silicosis. These lung function indicators demonstrated that Gsdmd
deficiency was protective against silicosis development and pro-
gression. The extent of pulmonary hypertension and the subsequent
right ventricular remodeling, indicated byRVSP (Fig. 5D) and RVHI
(Fig. S5C), were decreased in silica-exposedGsdmd�/�mice. These
data suggested that Gsdmd deficiency exerted protective effects on
cardiopulmonary function in silicosis mice. The diffuse alveolitis
assessed by HE staining (Fig. 5E; Fig. S5D) and mRNA and protein
levels of pro-inflammatory cytokines IL-1b (Fig. 5F and G) and IL-6
(Fig. S5E and F) were both down-regulated, suggesting Gsdmd
knockout inhibited pulmonary inflammation during silicosis.
Masson staining (Fig. 5H; Fig. S5G) depicted that collagen deposi-
tion was decreased and silicotic nodule lesions reduced in size in
silica-exposed Gsdmd�/� mice compared with control mice,
confirmed by the hydroxyproline assay (Fig. 5I). Furthermore,
mRNA level of Col-I (Fig. 5J) and mRNA (Fig. 5K) and protein
(Fig. 5L; Fig. S5H) levels of FN-1, were lower in Gsdmd�/� mice,
indicating that knocking out Gsdmd reduced the formation of sili-
cotic nodules to suppress fibrosis. Collectively, Gsdmd gene defi-
ciency resulted in a more anti-inflammatory and anti-fibrotic
pulmonary microenvironment during silicosis, rendering mice more
resistant to the silica stimulus.



Figure 5 Gsdmd�/� mice are resistant to silicosis progression. (A) Gsdmd�/� and WT C57BL/6J mice were used to establish silicosis models

by a single intratracheal silica administration and these mice were sacrificed at Day 42 after silica exposure. There were four groups (WT-PBS,

WT-Si, Gsdmd�/�-PBS, and Gsdmd�/�-Si groups) with 9 mice per group. (B) Lung function test of Cchord and (C) RI of mice in different

experimental groups. (D) RVSP of mice treated as in A. (E) Representative images of HE saining of lung sections from mice. (F) mRNA level of

Il-1b in lung tissue from mice. (G) Concentration of IL-1b in BALF from mice. (H) Representative images of Masson saining of lung sections

from mice. (I) Hydroxyproline assay of lung tissue from mice. (J) mRNA levels of Col-I and (K) Fn-1 in lung tissue from mice. (L) Western blot

of FN-1 in lung tissue from mice. The data are reported as mean � SE (n Z 9 mice per group). Significance for each figure: *P < 0.05,

**P < 0.01, ***P < 0.001.
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4. Discussion

In this work, we found that GSDMD-induced pyroptosis is involved
in both human and murine silicosis. scRNA-seq of lung tissue from
silicosis lung transplant patients and mice indicated that GSDMD-
dependent pyroptosis (triggered by caspase-1 and caspase-4/5/11)
occurred in the macrophages of this tissue. Further, in vivo and
in vitro results verified the findings of scRNA-seq, which indicated
the active occurrence of pyroptosis in silicosis-related macro-
phages, through observation of pyroptosis-associated alterations in
cell morphology and biochemical markers, including IL-1b
release, LDH activity, and PI staining of compromised cells. Since
caspase-1 and caspase-4/5/11-dependent cleavage of GSDMD are
primarily responsible for eliciting pyroptosis15, investigation of
canonical and non-canonical pathways revealed that both are active
during silicosis. We therefore proposed that macrophage in silicosis
lung underwent GSDMD-driven pyroptosis which was mediated by
both caspase-1 and caspase-11 in silicosis. Importantly, our results
showed that knocking out Gsdmd markedly attenuated silicosis
in vivo. Collectively, based on our study, we could demonstrate that
GSDMD-driven pyroptosis indeed occurs in the development of
silicosis and inhibition of this type of cell death could ameliorate
silicosis, underscoring the importance of this process as new drug
target for silicosis.

Pyroptosis has been described as a potent regulator of cyto-
kine release and cell death in various inflammatory and
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fibrogenetic lung diseases14,32. Recent work has shown that
caspase-4/5/11-induced pyroptosis in human and murine mac-
rophages is associated with allergic airway inflammation, which
has important implications for the pathogenesis of asthma33.
Further, a loss-of-function mutation in the gasdermin-encoding
gene has been closely linked to reducing risk of asthma, impli-
cating pyroptosis as an underlying basis of asthma rather than
secondary inflammation19,34. Similarly, suppression of pyropto-
sis alleviates acute lung injury (ALI)/ARDS by limiting the
disruption of effector cells and consequently reducing IL-1b
release35e37. For example, miRNA-495 was shown to attenuate
LPS-induced lung injury by negatively regulating NLRP3
inflammasome-mediated pyroptosis in alveolar macrophages35.
In addition, a recent study demonstrated that lycorine, an alka-
loid extract of Amaryllidaceae plants, can ameliorate bleomycin-
induced pulmonary fibrosis by inhibiting pyroptosis and the as-
sembly of the NLRP3 inflammasome, suggesting that attenuation
of early pyroptotic hyper inflammation contributes to reversing
late-stage fibrosis17. In line with these published results, our data
demonstrated that silicosis macrophages in mice also exhibit up-
regulation of GSDMD-induced pyroptosis. More importantly,
inhibition of this pyroptosis by knocking out Gsdmd gene could
attenuate silicosis progression in mice. As discussed above,
pyroptosis in effector cells can thus frequently lead to detri-
mental consequences associated with various lung diseases, and
our study firstly proved that suppression of GSDMD-induced
pyroptosis impedes silicosis progression.

Recently, GSDMDNTwas identified as a predominant mediator
of pyroptosis, indicating its viability as a promising therapeutic
target for inflammatory diseases15,37. Researchers have identified
several small molecule inhibitors that inactivate GSDMDNT to
block pyroptosis, including necrosulfonamide (NSA), disulfiram,
Bay 11-7082, and LDC755938e40. Among these, both NSA and
disulfiram target the Cys191/192 residue in GSDMD that is
indispensable to pore formation in plasma membrane. These two
inhibitors exhibited considerable efficacy against pyroptosis by
blocking IL-1b release and prolonging the survival of pyroptotic
monocytes/macrophages during sepsis38e40. Unfortunately, both
NSA and disulfiram still block other targets, indicating that their
activity is not pyroptosis-specific. Hence, there is a significant
need to research and develop the specific GSDMD inhibitor to
treat these inflammatory diseases. Since it is a lack of effective
GSDMD inhibitor, we selected genetic deletion Gsdmd to treat
silicosis, harvesting good therapeutic effects. Our findings sug-
gested that inhibition of GSDMD-dependent pyroptosis may be a
viable clinical therapeutic strategy for silica-induced pulmonary
inflammation and fibrosis.

At last, given the low availability and hence small sample size
of transplanted silicosis lungs in this study, the statistical power
necessary for reliable correlations is extremely limited. Future
study will include more samples from silicosis patients, and in
particular, BALF samples will be used to further verify the
occurrence of GSDMD-dependent pyroptosis in macrophages.

5. Conclusions

Our work verified active occurrence of GSDMD-induced
pyroptosis in silicosis macrophages as well as in silicosis pa-
tients and mice. In silicosis, GSDMD-induced pyroptosis is
mediated by canonical (caspase-1) and non-canonical (caspase-4/
5/11) signaling pathways in vitro and in vivo. Inhibition of
pyroptosis exhibited favorable therapeutic outcomes in vivo,
suggesting GSDMD may be a promising target for developing
anti-silicosis drugs. Hence, expanding the availability of specific
and effective drugs for inhibiting GSDMD should be a research
priority for silicosis treatment. Moreover, GSDMD-driven
pyroptosis and the concurrent secretion of alarmins that
together are termed damage-associated molecular patterns
(DAMPs), usually serve as key drivers of inflammatory and
immune cell death37. Further investigation should therefore focus
on the identity and function of specific DAMPs, beyond IL-1b, in
the silicosis-related pyroptosis milieu.

In summary, we provide the first report to our knowledge of the
presence of GSDMD-induced pyroptosis in macrophages of sili-
cosis lung tissue and showed preliminary evidence that capsase-1
and caspase-4/5/11 mediate its activation and mice knocking out
Gsdmd are resistant to silicosis development and progression. This
discovery provides novel insights for a comprehensive under-
standing of silicosis and suggests promising targets for its
treatment.
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