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Attenuation of Rheumatoid Arthritis Through the Inhibition
of Tumor Necrosis Factor-Induced Caspase 3/Gasdermin
E-Mediated Pyroptosis

Zeqing Zhai, Fangyuan Yang, Wenchao Xu, Jiaochan Han, Guihu Luo, Yehao Lj, Jian Zhuang, Hongyu Jie, Xing Li,
Xingliang Shi, Xinai Han, Xiaoging Luo, Rui Song, Yonghong Chen, Jianheng Liang, Shufan Wu, Yi He,
and Erwei Sun

Objective. To determine the role of gasdermin E (GSDME)-mediated pyroptosis in the pathogenesis and progres-
sion of rheumatoid arthritis (RA), and to explore the potential of GSDME as a therapeutic target in RA.

Methods. The expression and activation of caspase 3 and GSDME in the synovium, macrophages, and monocytes
of RA patients were determined by immunohistochemistry, immunofluorescence, and Western blot analysis. The cor-
relation of activated GSDME with RA disease activity was evaluated. The pyroptotic ability of monocytes from RA
patients was tested, and the effect of tumor necrosis factor (TNF) on caspase 3/GSDME-mediated pyroptosis of mono-
cytes and macrophages was investigated. In addition, collagen-induced arthritis (CIA) was induced in mice lacking
Gsdme, and the incidence and severity of arthritis were assessed.

Results. Compared to cells from healthy controls, monocytes and synovial macrophages from RA patients showed
increased expression of activated caspase 3, GSDME, and the N-terminal fragment of GSDME (GSDME-N). The
expression of GSDME-N in monocytes from RA patients correlated positively with disease activity. Monocytes from
RA patients with higher GSDME levels were more susceptible to pyroptosis. Furthermore, TNF induced pyroptosis in
monocytes and macrophages by activating the caspase 3/GSDME pathway. The use of a caspase 3 inhibitor and
silencing of GSDME significantly blocked TNF-induced pyroptosis. Gsdme deficiency effectively alleviated arthritis in
a mouse model of CIA.

Conclusion. These results support the notion of a pathogenic role of GSDME in RA and provide an alternative
mechanism for RA pathogenesis involving TNF, which activates GSDME-mediated pyroptosis of monocytes and mac-

rophages in RA. In addition, targeting GSDME might be a potential therapeutic approach for RA.

INTRODUCTION

Rheumatoid arthritis (RA) is an autoimmune disease charac-
terized by persistent synovitis, systemic inflammation, cartilage
loss, and bone erosion, eventually resulting in disability and
decreased quality of life (1). A prominent feature of RA is persis-
tent inflammation (2). Identification of specific molecules and their
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roles in inflammation is important for understanding the patho-
genesis of RA and for developing novel therapies.

Pyroptosis is a gasdermin-mediated proinflammatory form of
programmed cell death, characterized by cell swelling, large bub-
ble blowing from the membrane, and eventual cell rupture, fol-
lowed by the release of inflammatory cytokines and danger
signals (3). After cleavage of full-length gasdermin proteins, their
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N-terminal fragments are released, which oligomerize and insert
into the cell membrane, forming pores (4,5). The best understood
member of the gasdermin family, gasdermin D (GSDMD), can be
cleaved by caspases 1, 4/5, 8, and 11, resulting in the induction
of pyroptosis and release of proinflammatory cytokines, such as
interleukin-1B (IL-1B) and IL-18 (6-10).

Similar to GSDMD, GSDME is specifically cleaved by cas-
pase 3, which results in the production of pore-forming N-terminal
fragments of GSDME (GSDME-N) (11). Caspase 3 generally
induces apoptosis in GSDME-negative cells and initiates pyropto-
sis in cells with high levels of GSDME, converting the non-
inflammatory apoptosis-inducing machinery to proinflammatory
pyroptosis programming in these cells (12-15). Currently, our
understanding of the role of GSDME-mediated pyroptosis is lim-
ited to chemotherapy-induced cell death and cancer therapy
(11,16-20). Owing to the highly proinflammatory character of pyr-
optotic cells, we speculated that GSDME-mediated pyroptosis
plays a critical role in triggering immunity and in driving the patho-
genesis of inflammatory and autoimmune diseases. However,
whether GSDME-mediated pyroptosis contributes to the patho-
genesis and progression of autoimmune diseases, including RA,
remains unknown.

Tumor necrosis factor (TNF) is abundant in the circulation as
well as in the synovial fluid and tissues of RA patients (21). It plays
a key role in sustained synovial inflammation by enhancing the
production of inflamsmatory cytokines, such as IL-6, and by induc-
ing NF-kB activation and metalloproteinase production (22).
Moreover, TNF inhibits bone formation and accelerates bone
absorption (23). Excessive production of TNF is associated with
the development of RA (24). TNF inhibitors, including monoclonal
antibodies and fusion proteins, are the most commonly recom-
mended clinical treatments for RA (25,26). TNF is a strong inducer
of apoptosis, owing to its ability to activate caspase 3 (27,28).
Activated caspase 3 reportedly cleaves and activates GSDME,
which results in pyroptosis in GSDME-expressing cells. In this
context, an important question related to RA pathogenesis arises
as to whether the abundance of TNF in patients with RA induces
pyroptosis in GSDME-expressing cells by activating the caspase
3/GSDME pathway, and thereby, promotes systemic and joint
inflammation.

To answer this question, we first tested the expression
and activation of caspase 3/GSDME in synovial macrophages
and circulating monocytes from RA patients. Second, we
investigated whether TNF induced GSDME-mediated pyrop-
tosis in monocyte/macrophages. Finally, we used Gsdme™/~
mice in a collagen-induced arthritis (CIA) model to further
assess the role of GSDME in the pathogenesis of RA. We
found that in RA patients, TNF induces the activation of cas-
pase 3/GSDME and initiates pyroptosis in monocytes and
macrophages. We also identified a critical role of GSDME-
mediated pyroptosis in the pathogenesis and progres-
sion of RA.

PATIENTS AND METHODS

Patients and healthy controls. The study was approved
by the Ethics Committee of the Third Affiliated Hospital of South-
ern Medical University (approval number 201608003). Fifty-eight
RA patients who met the American College of Rheumatology
(ACR) 1987 revised classification criteria for RA (29) or the
ACR/European Alliance of Associations for Rheumatology
2010 classification criteria (30) were recruited from the Depart-
ment of Rheumatology and Immunology at The Third Affiliated
Hospital of Southern Medical University between January 2018
and April 2021. All participants provided written informed con-
sent. The clinical characteristics of the RA patients are listed in
Supplementary Table 1, available on the Arthritis & Rheumatol-
ogy website at https://onlinelibrary.wiley.com/doi/10.1002/art.
41968.

Human synovial tissue samples were obtained from patients
with osteoarthritis (OA; n = 7) or RA (n = 7) who had undergone
knee replacement surgery. Tissue samples with suspected articu-
lar infections were excluded. For in vitro experiments, monocytes
were purified from peripheral blood mononuclear cells (PBMCs)
from healthy controls (n = 17) and RA patients (n = 58). Patients
with RA complicated by severe infection, malignancy, or neuro-
logic disease, and those with other autoimmune diseases, such
as myositis, scleroderma, or systemic lupus erythematosus, were
excluded. Patients with active RA received combination therapy
that included TNF inhibitors. Healthy volunteers and OA patients
were recruited as controls.

Cells and reagents. A THP-1 monocyte cell line was pur-
chased from ATCC. In some experiments, macrophages were
pretreated with 50 uM Z-DEVD-FMK (a caspase 3 inhibitor) (cata-
log no. HY-12466; MedChemExpress) and then incubated with a
specific medium for further investigation, as indicated below.
Cycloheximide (CHX; catalog no. 66-81-9) was purchased from
Sigma-Aldrich. All in vitro experiments were repeated at least
3 times.

In vitro isolation of peripheral blood CD14+ mono-
cytes. PBMCs were obtained from fresh whole blood from
healthy controls and RA patients and washed twice with phos-
phate buffered saline (PBS). Peripheral blood monocytes were
isolated from PBMCs using an EasySep human monocyte isola-
tion kit (catalog no. 19359; StemCell Technologies) according to
the manufacturer’s instructions. Purified monocytes were har-
vested and labeled with PerCP-Cy5.5-conjugated anti-CD14
antibody (BD Biosciences) for flow cytometry (Supplementary
Figure 1A, available on the Arthritis & Rheumatology website
at https://onlinelibrary.wiley.com/doi/10.1002/art.41963). Purified
monocytes from healthy controls and RA patients were cultured
in RPMI 1640 medium (Gibco) supplemented with 10% fetal
bovine serum (FBS; complete 1640 medium) for 4 hours, and
then examined by flow cytometric, immunofluorescence, and
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Western blot analysis. Lactate dehydrogenase (LDH) release was
also measured. In addition, purified monocytes from 8 untreated
RA patients and from 7 RA patients after effective treatment were
cultured in complete 1640 medium for 4 hours. Finally, Western
blot analysis was performed to determine the expression of
GSDME-N.

Differentiation of THP-1 cells and bone marrow-
derived cells into macrophages. THP-1 monocytes were
cultured in RPMI 1640 medium supplemented with 10% FBS
(Life Technologies) at 37°C under 5% CO,. For generation of
macrophages, THP-1 cells were incubated with 100 ng/ml phor-
bol 12-myristate 13-acetate (PMA; Sigma) for 48 hours, which
fully induced monocytes to differentiate into adherent macro-
phages (31) (Supplementary Figure 1B). THP-1 cell-derived mac-
rophages were cultured in complete 1640 medium. The purity of
differentiated macrophages was measured by flow cytometry
(Supplementary Figure 1C).

Bone marrow cells from the femurs and tibias of C57BL/6
wild-type mice or Gsdme ™~ mice were induced to differentiate
into macrophages. Bone marrow cells were collected in Dulbec-
co’s modified Eagle’s medium (DMEM; Gibco) with 10% FBS
(complete DMEM) and incubated with 10 ng/ml macrophage
colony-stimulating factor (catalog no. 315-02; PeproTech) for
6-7 days to generate bone marrow—derived macrophages
(BMMs) (32). Thereafter, murine BMMs were seeded in 24-well
plates at 2 x 10° cells/well in 0.5 ml fresh complete DMEM or in
6-well plates at 1.5 x 108 cells/well in 2 ml fresh complete DMEM
overnight. For assessment of purity, murine BMMs were labeled
with Alexa Fluor 647-conjugated anti-CD11b antibody (BD Bio-
sciences) and phycoerythrin-conjugated anti-F4/80 antibody
(BioLegend), and analyzed by flow cytometry (Supplementary
Figure 1D).

TNF stimulation of RA monocytes, THP-1 cell-derived
macrophages, and murine BMMs. Purified monocytes from
each RA patient were divided into 2 parts, seeded in 24-well or
6-well culture plates, and cultured in the presence or absence of
human TNF (100 ng/ml) for 24 hours. Immunofluorescence and
Western blot analyses were performed to measure cell death
and expression of the indicated proteins. THP-1 cell-derived
macrophages were seeded in 24-well or 6-well plates and incu-
bated with different concentrations of human TNF (catalog
no. 300-01A; PeproTech) for 36 hours. After complete adher-
ence to the walls of the plates, murine BMMs were cultured with
different concentrations of murine TNF (catalog no. 315-01A;
PeproTech) for 36 hours.

Small interfering RNA (siRNA)-mediated knock-
down of GSDME in THP-1 cell-derived macrophages. For
siRNA-mediated knockdown of GSDME, 100 pmoles of 2 specific
siRNAs (5-GCGGTCCTATTTGATGATGAA-3' and 5'-GATGAT

GGAGTATCTGATCTT-3'; synthesized by GenePharma) targeting
GSDME and 1 negative control siRNA (purchased from
GenePharma) were used. The siRNAs were transfected into
macrophages using Lipofectamine 3000 (Invitrogen). The effi-
cacy of transfection was detected by Western blot analysis and
real-time quantitative polymerase chain reaction.

Histologic, immunohistochemical, and immunoflu-
orescence analyses. Human synovial tissue samples were
fixed in 4% paraformaldehyde, and serial paraffin sections
were stained with hematoxylin and eosin (H&E). Mouse bones
were decalcified in 0.5M EDTA (pH 7.4) on a shaker for 3 weeks
and embedded in paraffin. After deparaffinization and rehydration,
serial sections were treated with 200 ug/ml proteinase K (Sigma)
for 30 minutes at 37°C or were soaked in citrate buffer (10 mM
citric acid, pH 6.0) for 16-18 hours at 60°C to unmask the anti-
gen. For immunohistochemical analysis, sections were incubated
with 3% hydrogen peroxide for 10 minutes, and then blocked with
1% sheep serum at room temperature for 1 hour. Serial sections
were incubated with anti-CD68 (catalog no. 14-0688-82; Ther-
moFisher), anti-GSDME (catalog no. ab215191; Abcam, and cat-
alog no. PA5-103976; ThermoFisher), anti-cleaved caspase
3 (catalog no. 9661; Cell Signaling Technology), antivimentin (cat-
alog no. sc-373717; Santa Cruz Biotechnology), anti-TNF (cata-
log no. A11534; ABclonal Technology), anti-IL-18 (catalog
no. 12242; Cell Signaling Technology), anti-CD14 (catalog
no. 60253-1-Ig; Proteintech, and catalog no. ab181470; Abcam),
and anti-F4/80 (catalog no. ab16911; Abcam, and catalog no. sc-
377009; Santa Cruz Biotechnology) antibodies overnight at 4°C.

For staining with secondary antibodies, species-matched Alexa
Fluor 594—labeled, Alexa Fluor 488-labeled, or horseradish peroxi-
dase (HRP)-abeled antibodies were used (1:400 in 1% bovine
serum albumin [BSA] for 1 hour at 37°C). 3,3'-diaminobenzidine
was used as a chromogen, and hematoxylin was used as a coun-
terstain in immunohistochemistry. For immunofluorescence stain-
ing, DAPI (Thermo) was used to label nuclei.

For immunofluorescence staining, cells were plated on
24-well culture plates with coverslips. After treatment, the
medium was aspirated and cells were washed twice with PBS,
fixed in 4% paraformaldehyde for 30 minutes, and permeabilized
in 0.2% Triton X-100 for 10-20 minutes at room temperature to
expose intracellular antigen. Cells were washed with PBS,
blocked with 1% BSA for 1 hour, and incubated with primary anti-
bodies, and then treated as described above.

Cell death assays. Flow cytometry. Purified monocytes or
macrophages were cultured under different conditions. The cells
were harvested, washed twice with cold PBS, and stained using
an Annexin V-FITC/PI Apoptosis Detection Kit (BD PharMingen),
according to the manufacturer’s instructions. Cells were then
analyzed using a BD FACSAria Il flow cytometer. Data were
acquired and processed using FlowJo software. Each experiment
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was repeated 3 times. Generally, the Annexin V/PI kit is used to
detect phosphatidylserine exposed on the external leaflet of the
plasma membrane in apoptotic cells. It can also label pyroptotic
cells due to membrane rupture, which allows for the recognition
of phosphatidylserine on the inner leaflet. Propidium iodide
(PI) was used to detect dying cells, according to the manufac-
turer’s instructions.

LDH-based cytotoxicity assay. In vitro, cell death was also
detected by an LDH release assay using a CytoTox 96 Non-
Radioactive Cytotoxicity Assay kit (catalog no. G1780; Promega),
according to the manufacturer’s instructions.

Microscopy and Pl staining. To morphologically distinguish
pyroptotic and apoptotic cells, cells were seeded in 24-well
plates, cultured to 40-60% confluency, and then treated as indi-
cated in the figure legends. Lytic cell death was visualized and
measured by P! incorporation, as described above. Cells were
stained with Pl (2 ug/ml; to label necrotic cells) for 10 minutes at
room temperature. Nuclei were stained with Hoechst 33342.
The cells were then observed and brightfield images were cap-
tured using an Olympus microscope. Fluorescent images were
captured using a fluorescence microscope and analyzed. All
image data displayed are representative of >3 randomly selected
fields.

Western blot analysis. Western blot analysis was per-
formed to detect protein expression in synovial tissue samples
and in in vitro experiments. Synovial tissue samples were frozen
and powdered by grinding in liquid nitrogen and then thawed in
radioimmunoprecipitation assay buffer supplemented with phe-
nylmethylsulfonyl fluoride. A bicinchoninic acid protein assay kit
(Beyotime) was used to quantify the proteins. Samples were sep-
arated by sodium dodecyl! sulfate—polyacrylamide gel electropho-
resis and transferred onto PVDF membranes. Primary antibodies
for the following proteins were used for immunodetection:
GSDME (catalog no. ab215191; Abcam), activated caspase
3 (catalog no. 9661; Cell Signaling Technology), and B-actin (cat-
alog no. APO71; Bioworld Technology). After washing with Tris
buffered saline—=Tween, the probed membranes were incubated
with HRP-labeled secondary antibodies (HRP-labeled goat anti-
rabbit IgG [heavy and light chains] [catalog no. 111-035-003;
Jackson ImmunoResearch] and HRP-labeled goat anti-mouse
lgG [heavy and light chains] [catalog no. 115-035-003; Jackson
ImmunoResearch]) and then visualized with an FDbio-Dura ECL
Kit (FD-bio science). Protein expression was analyzed using Ima-
ged software (National Institutes of Health).

Generation of a mouse model of CIA. Male C57BL/6
wild-type mice were purchased from the Laboratory Animal Cen-
ter of Southern Medical University. C57BL/6 Gsdme-knockout
(Gsdme™"") mice were generated by CRISPR/Cas-mediated
genome engineering (Cyagen Bioscience). CIA was induced in
8-week-old male wild-type and Gsdme ™'~ mice. Chicken type II

collagen (catalog no. 20012; Chondrex) was dissolved in 0.056M
acetic acid (final concentration 2 mg/ml) and then emulsified with
Freund’s complete adjuvant (CFA) containing heat-killed Myco-
bacterium tuberculosis H37RA (Chondrex). C57BL/6 mice were
injected intradermally with a 100-pul emulsion at the base of tail
ondays 1 and 21 (33). Clinical assessment of CIA was performed
daily for each limb as previously described (34).

CIA was generated in DBA/1J mice as previously described
(85). Eight-week-old male DBA/1J mice were immunized with
100 mg bovine type Il collagen (2 mg/ml; Chondrex) emulsified
1:1 in CFA (containing 1 mg/ml M tuberculosis; Chondrex) on
day 1 and then injected with Freund’s incomplete adjuvant
(Chondrex) on day 21.

All animals were maintained under specific pathogen—free
conditions in the Laboratory Animal Center of Southern Medical
University. The protocols for animal experimentation were
approved by the Southern Medical University Experimental Ani-
mal Ethics Committee (no. 00171035 and no. 00181785).

Quantitation of inflammatory cytokines. The plasma
levels of cytokines in mice were measured with commercially
available enzyme-linked immunosorbent assay kits for IL-18 (JM-
02323M2), IL-6 (JM-02446M2), and TNF (JM-02415M2).

Statistical analysis. Graphs were prepared and statisti-
cal data were analyzed using GraphPad software version
8.4 and IBM SPSS Statistics 25 software. Arthritis scores in
mice were compared using the nonparametric Mann-Whitney
U test. Data were compared between various groups by one-
way analysis of variance, Student’s t-test, or chi-square test.
Spearman’s correlation analysis was used to evaluate correla-
tions of the data. P values less than 0.05 were considered
significant.

RESULTS

Elevated expression and activation of GSDME in
synovial macrophages from RA patients. Persistent synovi-
tis is a hallmark of RA. Consistently, we noted infiltration of inflam-
matory cells into the synovial tissue (Figure 1A). To assess the
expression of GSDME, synovial tissue specimens were collected
from RA patients and sex-matched OA patients undergoing sur-
gery. By immunohistochemical analysis, we first demonstrated
higher expression of GSDME in synovial tissue samples from RA
patients than in those from OA patients (Figure 1B and Supple-
mentary Figure 2, available on the Arthritis & Rheumatology
website at https://onlinelibrary.wiley.com/doi/10.1002/art.41963).
We further verified that the expression of GSDME-N was higher
in synovial tissue samples from RA patients than in synovial tissue
samples from OA patients (Figure 1C). The increased expression
of GSDME-N in synovial tissue samples from RA patients led us
to presume that caspase 3, which specifically cleaves GSDME,
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Figure 1. Increased expression and activation of gasdermin E (GSDME) in synovial macrophages and CD14+ monocytes from patients with rheuma-
toid arthritis (RA), and positive correlation of GSDME level with RA disease activity. A, Representative images of hematoxylin and eosin—stained synovial
tissue samples from patients with osteoarthritis (OA) and patients with RA. Right panels show higher-magnification views (bars = 100 pm) of the boxed
areas in the left panels (bars = 200 um). B, Representative immunohistochemistry images of GSDME and activated caspase 3 (a-caspase 3) expres-
sion in synovial tissue samples from OA patients (n = 7) and RA patients (n = 7). Lower boxed areas show higher-magnification views (original magni-
fication x 400) of the upper boxed areas (original magnification x 100). C, Western blot (left) and quantification (right) of the expression of full-length
GSDME (GSDME-FL), the N-terminal fragment of GSDME (GSDME-N), and activated caspase 3 in synovial tissue samples from OA patients (n = 7)
and RA patients (n = 7). D, Immunofluorescence images showing the expression of GSDME in CD68-positive synovial macrophages and vimentin-
positive fibroblasts in synovial tissue samples from RA patients (n = 7). Bottom panels show higher-magnification views (original magnification x
800) of the boxed areas in the top panels (bars = 50 um). E and F, Representative images of immunostaining for DAPI, CD14, GSDME, and activated
caspase 3 in peripheral blood monocytes (Mo) from healthy controls (HCs) and RA patients. For the merged images, right panels show higher-
magnification views (original magnification x 1600) of the boxed areas in the left panels (original magnification x 400). G, Western blot (top) and quan-
tification (bottom) of GSDME-N expression in peripheral blood monocytes from healthy controls and RA patients. H, Correlation of GSDME-N expres-
sion, measured by Western blot analysis, in peripheral blood monocytes from RA patients (n = 18) with RA disease activity measured by the Disease
Activity Score in 28 joints using the C-reactive protein level (DAS28-CRP). I, Western blot (left) and quantification (right) of GSDME-N expression in
peripheral blood monocytes from patients with active RA before treatment (n = 8) and after treatment with combination therapy that included tumor
necrosis factor inhibitors (n = 7). In C and G, symbols represent individual subjects; bars show the mean + SD protein level relative to B-actin.

might also be activated. Indeed, the level of activated caspase Supplementary Figure 3, available on the Arthritis & Rheumatol-
3 was significantly increased in the synovial membrane of RA ogy website at https://onlinelibrary.wiley.com/doi/10.1002/art.
patients compared to OA patients (Figures 1B and C and 41963).
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Figure 2. Increased capacity for pyroptosis in GSDME-expressing peripheral blood monocytes from RA patients. CD14+ monocytes were purified
from healthy controls and RA patients, and cultured for 4 hours in vitro. A, Left, Brightfield and fluorescence microscopy images of peripheral blood
monocytes stained with Hoechst and propidium iodide (Pl; red) (positive staining indicates Iytic cell death). Bottom panels show higher-magnification
views (original magnification x 1600) of the boxed areas in the top panels (original magnification x 400). Arrows indicate pyroptotic cell bubbles. Right,
Percentage of Pl-positive cells in 5 randomly chosen fields in peripheral blood monocytes from healthy controls (n = 7) and RA patients (n = 7). B, Lactate
dehydrogenase (LDH) release from peripheral blood monocytes from healthy controls (n = 4) and RA patients (n = 4). C, Flow cytometric analysis (left)
and percentage (right) of Pl-positive monocytes from healthy controls (n = 3) and RA patients (n = 3). D, Western blot of the expression of GSDME-FL
and GSDME-N (left) and quantification of the expression of GSDME-N (right) in monocytes from RA patients (n = 6), left untreated or treated with tumor
necrosis factor (TNF) for 24 hours. Values are the protein level relative to B-actin. E, Left, Phase-contrast and fluorescence microscopy images of RA
peripheral blood monocytes stained with Hoechst (blue) and Pl (red). Phase-contrast microscopy and Pl staining images were merged. Bottom panels
show higher-magnification views (original magnification x 1600) of the boxed areas in the top panels (original magnification x 400). Arrows indicate pyr-
optotic cell bubbles. Right, Percentage of PI-positive cells among untreated RA monocytes (n = 7) and RA monocytes treated with TNF (n = 7). Symbols
represent individual subjects; bars show the mean + SD. See Figure 1 for other definitions. Color figure can be viewed in the online issue, which is avail-
able at http://onlineliorary.wiley.com/doi/10.1002/art.41963/abstract.
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Next, we determined the expression of GSDME in synovial
macrophages and fibroblasts, the 2 major cell populations
in the synovium of RA patients, by immunofluorescence. The
expression of GSDME was elevated in synovial macrophages
but not in synovial fibroblasts (Figure 1D and Supplementary
Figures 4 and 5, available on the Arthritis & Rheumatology web-
site at https://onlinelibrary.wiley.com/doi/10.1002/art.41963).

Strong correlation between GSDME-N expression in
RA peripheral blood monocytes and RA disease activity.
Similar to synovial macrophages, we found higher expression
of GSDME and GSDME-N in peripheral blood monocytes from
RA patients than in those from healthy controls (Figures 1E
and G and Supplementary Figure 6, available on the Arthritis &
Rheumatology website at https://onlinelibrary.wiley.com/doi/
10.1002/art.41963). Activated caspase 3 was consistently
up-regulated in peripheral blood monocytes from RA patients
(Figure 1F and Supplementary Figure 7, available on the
Arthritis & Rheumatology website at https://onlinelibrary.wiley.
com/doi/10.1002/art.419683). Interestingly, the expression of
GSDME-N correlated positively with the Disease Activity Score
in 28 joints using the C-reactive protein level (36) in RA patients
(Figure 1H). Moreover, the expression of GSDME-N was signif-
icantly reduced in RA patients after combination therapy that
included TNF inhibitors (Figure 1l). These data suggest
that GSDME is involved in the pathogenesis and progres-
sion of RA.

Propensity for pyroptosis in RA monocytes with
higher GSDME expression. Given the high expression of
GSDME in peripheral blood monocytes from RA patients, we puri-
fied peripheral blood monocytes from healthy controls and RA
patients to further investigate pyroptosis in RA peripheral blood
monocytes. After incubation in RPMI 1640 medium for 4 hours,
peripheral blood monocytes from RA patients exhibited typical
cell swelling and large bubble blowing from the plasma mem-
brane (Figure 2A). Using fluorescence microscopy, increased
numbers of Pl-positive cells were also observed in peripheral
blood monocytes from RA patients compared to healthy controls
(Figure 2A and Supplementary Figure 8, available on the Arthritis &
Rheumatology website at https://onlineliorary.wiley.com/doi/10.
1002/art.41963). Moreover, LDH release was notably increased
in the RA monocyte supernatant (Figure 2B). Flow cytometry
revealed a higher percentage of Pl-positive cells among peripheral
blood monocytes from RA patients than in those from healthy
controls (Figure 2C). These results indicate that peripheral blood
monocytes from RA patients are prone to spontaneous
GSDME-mediated pyroptosis.

Similar to previous studies, we found high TNF expression in
synovial tissue samples from RA patients (21) (Supplementary
Figure 9, available on the Arthritis & Rheumatology website at
https://onlinelibrary.wiley.com/doi/10.1002/art.41963). To determine

whether TNF induced GSDME-mediated pyroptosis, we isolated
peripheral blood monocytes from RA patients and treated them
with TNF. As expected, TNF dramatically increased the expres-
sion of GSDME-N in peripheral blood monocytes from RA
patients (Figure 2D), and simultaneously increased the induction
of pyroptosis, characterized by typical morphologic changes and
Pl staining (Figure 2E and Supplementary Figure 10, available on
the Arthritis & Rheumatology website at https://onlinelibrary.
wiley.com/doi/10.1002/art.41963). Taken together, these results
indicate that TNF alone induces pyroptosis in peripheral blood
monocytes from RA patients.

TNF induction of the expression of caspase 3/
GSDME and pyroptosis in macrophages. To examine
whether TNF triggers caspase 3/GSDME-mediated pyroptosis
in macrophages, we incubated THP-1 cells with PMA to induce
differentiation into macrophages. We considered TNF + CHX
treatment to be a positive control because it induces the activa-
tion of GSDME and results in pyroptosis. TNF + CHX dramati-
cally enhanced the expression of activated caspase 3 and
GSDME-N, and induced pyroptosis in THP-1 cell-derived mac-
rophages (Figure 3).

Interestingly, when THP-1 cell-derived macrophages were cul-
tured in the presence of different concentrations of TNF for 36 hours,
TNF alone also increased the expression of activated caspase
3, GSDME, and GSDME-N in a concentration-dependent manner
(Figure 3A and Supplementary Figures 11A and B, available on the
Arthritis & Rheumatology website at https://onlinglibrary.wiley.com/
doi/10.1002/art.41963). In parallel, cell sweling and large bubble
blowing were significantly evident after TNF treatment (Figure 3B).
The number of Pl-positive cells was increased after stimulation with
TNF, as demonstrated by fluorescence microscopy and flow
cytometry (Figures 3B and D). Moreover, TNF treatment resulted in
an increased release of LDH (Figure 3C). To determine whether
TNF had the same effect on pyroptosis in mouse macrophages,
we generated BMMs from C57BL/6 mice. TNF induced pyroptosis
in mouse BMMSs, characterized by increased expression of
GSDME-FL and GSDME-N and an increased number of Pl-positive
cells. These results suggest that TNF, a key factor in the pathogen-
esis of RA, promotes the induction of macrophage pyroptosis by
activating the caspase 3/GSDME pathway.

Reduction of TNF-induced macrophage pyroptosis
upon inhibition of the caspase 3/GSDME pathway. To fur-
ther verify the role of caspase 3 in TNF-induced macrophage pyr-
optosis, THP-1 cell-derived macrophages were pretreated with a
caspase 3-specific inhibitor (Z-DEVD-FMK) for 1 hour, followed
by treatment with TNF for 36 hours. Z-DEVD-FMK treatment
decreased the expression of activated caspase 3, GSDME, and
GSDME-N in macrophages treated with TNF (Figures 4A and
4B). Similarly, Z-DEVD-FMK reduced the induction of pyroptosis
by TNF in THP-1 cell-derived macrophages (Figures 4C and 4D).
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Figure 3. Tumor necrosis factor (TNF) induction of pyroptosis of macrophages through activation of the caspase 3/GSDME pathway in vitro.
THP-1 cell-derived macrophages were seeded in 24-well or 6-well plates and incubated with different concentrations of TNF (ng/ml) for 36 hours
or TNF and cycloheximide (CHX) (10 ug/ml; positive control) for 24 hours. A, Western blot (left) and quantification (right) of GSDME-FL, GSDME-N,
and activated caspase 3 expression in macrophage lysates treated as indicated. Values are the protein level relative to B-actin. B, Left, Phase-contrast
and fluorescence microscopy images of macrophages treated as indicated and stained with Hoechst (blue) and propidium iodide (PI; red). For the
merged images, right panels show higher-magnification views (original magnification x 1600) of the boxed areas in the left panels (original magnifica-
tion x 400). Right, Percentage of PI-positive cells. C, Lactate dehydrogenase (LDH) release from macrophages treated as indicated. D, Flow cyto-
metric analysis of cells stained with annexin V/PI to determine cell death (left) and percentage of Pl-positive cells (right) among macrophages
treated as indicated. Data are representative of 3 independent experiments. Bars show the mean + SD. * = P<0.05; ** = P<0.01;
*** = P < 0.001. NS = not significant (see Figure 1 for other definitions). Color figure can be viewed in the online issue, which is available at http://
onlinelibrary.wiley.com/doi/10.1002/art.41963/abstract.
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Figure 4. Reduction of tumor necrosis factor (TNF)-induced GSDME-mediated macrophage pyroptosis by the caspase 3-specific inhibitor
Z-DEVD-FMK. After treatment with Z-DEVD-FMK for 1 hour, THP-1 cell-derived macrophages were exposed to 50 or 100 ng/ml TNF. A, Represen-
tative immunofluorescence microscopy images showing the expression of GSDME in macrophages treated as indicated. Bars = 50 um. B, Western
blot of GSMDE-FL, GSDME-N, and activated caspase 3 expression (left), quantification of GSDME-N expression (middle), and quantification of acti-
vated caspase 3 expression (right) in lysates of macrophages treated as indicated. Values are the protein level relative to B-actin C, Left, Representative
fluorescence microscopy and brightfield images of macrophages treated as indicated and stained with propidium iodide (PI; red). Nuclei were counter-
stained with Hoechst (blue). For the merged images, the right panels show higher-magnification views (original magnification x 1600) of the boxed
areas in the left panels (original magnification x 400). Right, Percentage of PI-positive cells. D, Left, Flow cytometric analysis of cells treated as indicated
and stained with annexin V/PI. Data are representative of 3 independent experiments. Right, Percentage of Pl-positive cells. In B, C, and D, bars show
the mean + SD. * =P < 0.05; *™ = P < 0.001. See Figure 1 for other definitions. Color figure can be viewed in the online issue, which is available at
http://onlinelibrary.wiley.com/doi/10.1002/art.41963/abstract.
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Figure 5. Inhibition of tumor necrosis factor (TNF)-induced pyroptosis in macrophages by GSDME silencing. A and B, After transfection with
GSDME or negative control (NC) small interfering RNAs (siRNAs) for 48 hours, THP-1 cell-derived macrophages were left untreated or treated with
50 or 100 ng/ml TNF for the indicated times. A, Western blot of GSDME-FL and GSDME-N expression (left), quantification of GSDME-FL expression
(middle), and quantification of GSDME-N expression (right) in macrophages treated as indicated for 36 hours after the silencing of GSDME. Values are
the protein level relative to B-actin. B, Left, Representative brightfield and fluorescence microscopy images showing the morphology of macrophages
treated as indicated after the silencing of GSDME. For the merged images, right panels show higher-magnification views (original magnification x
1600) of the boxed areas in the left panels (original magnification x 400). Right, Percentage of propidium iodide (Pl}-positive cells. C, Western blot
(top) and quantification (bottom) of GSDME-FL expression in wild-type (WT) and Gsdme ™~ mice, showing the efficiency of Gsdme knockout. Values
are the protein level relative to B-actin. D, Western blot of GSDME-FL and GSDME-N expression (left), quantification of GSDME-FL expression (mid-
dle), and quantification of GSDME-N expression (right) in lysates of bone marrow—derived macrophages (BMMs) from WT and Gsdme ™~ mice, cul-
tured with the indicated concentrations of TNF for 36 hours. Values are the protein level relative to B-actin. E, Flow cytometric analysis of murine
BMMs treated as indicated and stained with annexin V/Pl. In A, B, and D, bars show the mean +£ SD. * = P<0.05; * = P<0.01;

** =P < 0.001. See Figure 1 for other definitions. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/
doi/10.1002/art.41963/abstract.

We successfully silenced GSDME with siRNAs in THP-1 cell- the Arthritis & Rheumatology website at https://onlinelibrary.
derived macrophages and then examined TNF-induced pyropto- wiley.com/doi/10.1002/art.41963). The silencing resulted in
sis in these cells (Supplementary Figures 12A and B, available on decreased expression of GSDME-N (Figure 5A) and reduction in
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Figure 6. Decreased arthritis incidence, clinical scores, and synovial inflammation in Gsdme-deficient mice with collagen-induced arthritis
(CIA) compared to wild-type (WT) mice with CIA. Male WT C57BL/6 mice (n = 10) and Gsdme ™'~ mice (n = 8) were immunized with chicken
type Il collagen emulsified in Freund’s complete adjuvant on days 0 and 21 for CIA induction. Mice of the same background without CIA were
used as controls (n = 6 WT and 6 Gsdme ™~ mice). A and B, Arthritis incidence (A) and clinical scores (B) in the indicated mouse groups. C,
Hematoxylin and eosin-stained joint sections from WT and Gsdme ™~ mice. Right panels show higher-magnification views (bars = 100 um)
of the boxed areas in the left panels (bars = 200 um). D, Immunofluorescence images showing the expression of gasdermin E (GSDME) in
F4/80-positive synovial macrophages from WT and Gsdme ™~ mice. Right panels show higher-magnification views (bars = 50 um) of the
boxed areas in the left panels (bars = 100 um). E, Plasma concentrations of the cytokines tumor necrosis factor (TNF), interleukin-1p (IL-1B),
and IL-6 in the joints of WT and Gsdme ™~ mice after CIA induction. Symbols represent individual mice; bars show the mean + SD. F, Immu-
nohistochemical staining for cytokines in the joints of WT and Gsdme ™~ mice after CIA induction. Right panels show higher-magnification
views (bars = 50 um) of the boxed areas in the left panels (bars = 100 um). G, Model of the pathogenesis of rheumatoid arthritis (RA). TNF
induces pyroptosis by activating the caspase 3/GSDME pathway, promoting an inflammatory response. TNFR = TNF receptor; GSDME-
N = N-terminal fragment of GSDME; GSDME-C = C-terminal fragment of GSDME; DAMPs = damage-associated molecular patterns.

=P < 0.05. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.41963/abstract.
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TNF-induced pyroptosis (Figure 5B). In addition, BMMs from
Gsdme™’~ mice showed decreased TNF-induced pyroptosis
(Figures 5D and E). Overall, these results indicate that inhibition
of the caspase 3/GSDME pathway could reduce TNF-induced
pyroptosis of macrophages.

Alleviation of experimental arthritis in GSDME-
deficient mice. Given that RA synovial macrophages and cir-
culating monocytes showed high expression of activated cas-
pase 3 and GSDME, and that TNF activated caspase
3/GSDME-mediated pyroptosis, we speculated that inhibition
of pyroptosis by Gsdme knockout could protect mice against
arthritis. To test our hypothesis, we immunized Gsdme ™~
C57BL/6 (Gsdme™~ B6) mice and wild-type C57BL/6
(BB) mice with collagen to induce arthritis, and evaluated clini-
cal and immunologic features.

Gsdme™~ B6 and wild-type B6 mice did not show any
significant differences in the absence of collagen exposure
(Figures 6A-C). However, compared with collagen-treated
wild-type B6 mice, Gsdme™~ B6 mice had a dramatically
decreased incidence of arthritis and decreased clinical arthritis
scores following collagen exposure (Figures 6A and B). Moreover,
synovitis was alleviated in H&E-stained joint sections from
collagen-treated Gsdme ™'~ B6 mice compared to joint sections
from collagen-treated wild-type B6 mice (Figure 6C). The expres-
sion of GSDME was up-regulated in synovial macrophages from
collagen-treated wild-type B6 mice (Figure 6D), as well as in those
from collagen-treated DBA/1J mice (Supplementary Figure 13,
available on the Arthritis & Rheumatology website at https://
onlinelibrary.wiley.com/doi/10.1002/art.41963), but was mark-
edly reduced in collagen-treated Gsdme ™'~ B6 mice (Figure 6D).
In parallel, the expression of activated caspase 3 was lower in
synovial macrophages from collagen-treated Gsdme ™~ B6 mice
than in those from collagen-treated wild-type B6 mice (Supplemen-
tary Figure 14, available on the Arthritis & Rheumatology website at
https://onlinelibrary.wiley.com/doi/10.1002/art.41963). The levels
of circulating and synovial proinflammatory cytokines were lower
in collagen-treated Gsdme ™~ B6 mice than in collagen-treated
wild-type B6 mice (Figures 6E and F).

DISCUSSION

GSDME shares ~45% sequence homology with other mem-
bers of the gasdermin family and possesses the most conserved
gasdermin-N domain, and forms pores to execute pyroptosis. In
tumors, GSDME also functions as a tumor suppressor by activat-
ing pyroptosis (16). The key role of GSDME in chemotherapy
drug-induced organ toxicity was demonstrated in an animal
experiment (12). However, the role of GSDME-mediated pyropto-
sis in autoimmune diseases remains to be elucidated. We found a
significant increase in the expression of GSDME and activated
caspase 3 in synovial macrophages and circulating monocytes

from RA patients. Activated caspase 3 specifically cleaves
GSDME in the linker region, generating GSDME-N. As expected,
the expression of GSDME-N was increased in monocytes and
synovial macrophages from RA patients, and correlated positively
with RA disease activity. Moreover, RA patients in remission
exhibited lower expression of GSDME-N. These findings provide
the first clinical evidence of the key role of GSDME, identifying
the close relationship between GSDME and RA pathogenesis.
Interestingly, deletion of Gsdme in mice had a protective effect
on clinical manifestations and synovitis in mice with CIA, support-
ing the notion of a pathogenic role of GSDME in RA.

Apoptosis and necrosis are 2 important programmed cell
death procedures with different effects on inflammation and
immune responses (37,38). In apoptosis, cells shrink and disin-
tegrate into apoptotic bodies that are usually engulfed by sur-
rounding macrophages, leading to the noninflammatory nature
of cell death (39). In necrosis, cells disrupt and release endoge-
nous danger signals, resulting in inflammatory and immune
responses (40). Unlike apoptosis, pyroptosis is a form of pro-
grammed necrosis with a highly proinflammatory nature (41).
Although caspase 3 activation has long been regarded as the
hallmark of apoptosis, the questions of why and how caspase
3 critically participates in the induction of pyroptosis are very
fascinating.

GSDME levels play a role in determining the form of cell death
in caspase 3-activated cells. Caspase 3 activation induces apo-
ptosis in cells with low levels of GSDME but pyroptosis in cells with
high levels of GSDME. We found that caspase 3 activation and
GSDME cleavage led to obvious cell swelling with the formation of
large bubbles, enhanced LDH release, and a high percentage of
Pl-positive RA monocytes. In addition, in Gsdme™"~ mice, the
expression of GSDME was decreased in synovial macrophages
and necrotic cell death was reduced in BMMs. Importantly, mani-
festations of arthritis and inflammatory cytokine release also
decreased in Gsdme ™~ mice after collagen challenge. We also
confirmed that other related phenotypes which may lead to arthritis
resistance, such as leukopenias or IgG synthesis problems, were
not found in Gsdme ™'~ mice (Supplementary Figure 15, available
on the Arthritis & Rheumatology website at https://onlinelibrary.
wiley.com/doi/10.1002/art.41963). Taken together, these results
suggest that GSDME-mediated pyroptosis may be strongly asso-
ciated with the pathogenesis and progression of RA, further verify-
ing the reliability of the “cell death immune recognition model.” We
previously proposed that apoptosis induces immune tolerance,
whereas necrosis initiates immune and inflammation responses
(42). A “cell death immune recognition model” can help explain
inflammation and autoimmunity in autoimmune diseases, and
investigations into the detailed mechanisms of cell death—-mediated
immune responses may provide novel strategies for the treatment
of autoimmune diseases (42,43).

Given that GSDME-mediated pyroptosis plays an essential
role in the pathogenesis and progression of RA, we were
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curious to identify the initial trigger for pyroptosis in RA patients.
In vitro, GSDME-mediated pyroptosis can be triggered by che-
motherapeutic drugs (11), metformin (44), apoptotic stimulators,
and ATP (45). Consistent with previous clinical and experimental
findings, our study indicates that TNF is abundant in synovial
tissue samples from RA patients. Since TNF, combined with
other stimulators, induces the activation of caspase 3, we won-
dered whether TNF itself could induce pyroptosis of monocytes
and macrophages with high GSDME expression in RA patients.
Indeed, TNF alone significantly enhanced the activation of cas-
pase 3 and GSDME, and induced GSDME-mediated pyroptosis
of RA monocytes. Moreover, monocytes from RA patients in
remission after treatment showed decreased expression of
GSDME-N and reduced pyroptosis. TNF also triggered
GSDME-mediated pyroptosis of THP-1 cell-derived macro-
phages and BMMs. Pharmacologic inhibition of caspase 3 or
genetic knockout of GSDME significantly blocked TNF-induced
pyroptosis. These results indicate that up-regulation of TNF in
RA patients might be an essential factor in promoting the acti-
vation of caspase 3 and GSDME and in the induction of pyrop-
tosis in vivo.

The fact that TNF is mainly produced and released by
monocytes and local macrophages further implies a feedback
loop wherein monocytes and macrophages produce TNF and
then respond to it by undergoing pyroptosis. Currently, TNF is
recognized as a key pathogenic factor in RA and plays impor-
tant roles in the development of T cells, production of antibod-
ies, and acceleration of arthritis by promotion of the activation
and proliferation of synovial fibroblasts (46-48). Therefore, inhi-
bition of TNF is a widely recommended treatment for RA. Our
findings provide another possible mechanism for the pathogen-
esis of RA, wherein TNF induces pyroptosis of monocytes and
macrophages through the activation of the caspase 3/GSDME
pathway.

In conclusion, our findings indicate that GSDME-mediated
pyroptosis is strongly involved in the pathogenesis of RA and that
targeting GSDME may be a potential therapeutic approach in RA.
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