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Inflammatory pathways usually utilize negative feedback regulatory systems to prevent
tissue damage arising from excessive inflammatory response. Whether such negative
feedback mechanisms exist in inflammasome activation remains unknown. Gasdermin
D (GSDMD) is the pyroptosis executioner of downstream inflammasome signaling.
Here, we found that GSDMD, after its cleavage by caspase-1/11, utilizes its RFWK
motif in the N-terminal $1-f2 loop to inhibit the activation of caspase-1/11 and
downstream inflammation in a negative feedback manner. Furthermore, an RFWK
motif-based peptide inhibitor can inhibit caspase-1/11 activation and its downstream
substrates GSDMD and interleukin-1f cleavage, as well as lipopolysaccharide-induced
sepsis in mice. Collectively, these findings provide a demonstration of the N-terminal
fragment of GSDMD as a negative feedback regulator controlling inflammasome
activation and a detailed delineation of the underlying inhibitory mechanism.

Gasdermin D | inflammasome | antiinflammation

Inflammation is a double-edged sword. In response to infection or tissue injury, it plays
a beneficial role in the body to ensure elimination of invasive pathogens and facilitate
the repair of damaged tissues (1, 2). However, inflammation sometimes can lose con-
trol to become excessive and persistent, which causes pathological damage of tissues
and diverse inflammatory diseases, including sepsis, diabetes, cardiovascular disease,
inflammatory bowel disease, and neurodegenerative disease (3—8). Thus, the inflamma-
tory response needs to be tightly controlled and resolved in a timely manner. The
immune system of our body has evolved to have a variety of negative feedback regula-
tory mechanisms to precisely control the inflammatory response: for example, IkBa
suppressing the NF-kB inflammatory pathway (9), A20 inhibiting TRAFG6 signaling
(10), IRAK-M inhibiting the Toll-like receptor (TLR) pathway (11), SOCS3 suppress-
ing JAK2/STAT?3 signaling (12), and MSK inhibiting the MAPK pathway (13). Over-
all, these studies highlight the vital role of negative feedback regulation in controlling
inflammation.

Inflammasomes are signaling platforms triggered by pathogen-associated molecular
patterns and host-derived danger associated molecular patterns, leading to the initiation
of inflammatory responses in myeloid cells (14, 15). Upon the recognition of stimuli
signals, the core proteins of inflammasome—such as NLRs, AIM2, and Pyrin—are
assembled into cytosolic multiprotein complexes together with apoptosis-associated
speck-like protein and proinflammatory caspases (caspase-1 and -11), which leads to
caspase autoactivation and then processing of interleukin-18 (IL-1p) and IL-18 precur-
sors into their mature forms (16). Moreover, inflammatory caspases cleave Gasdermin
D (GSDMD) in its central linker domain to induce the proinflammatory form of pro-
grammed cell death, termed pyroptosis (17). Dysregulation of inflammasome activation
has been involved in human inflammatory diseases, such as type 2 diabetes, atheroscle-
rosis, gout, multiple sclerosis (MS), and sepsis (18-22). Additionally, gain-of-function
mutations in the NLRP3 gene contribute to autoinflammatory diseases, including
familial cold autoinflammatory syndrome (FCAS) and Muckle-Wells syndrome
(MWS) (23). Although several regulatory mechanisms, such as s-nitrosylation of
NLRP3 by nitric oxide (NO) (24), phosphorylation of NLRP3 by PKA (25), and the
removal of inflammasomes by autophagy (26), have been identified to suppress inflam-
masome overactivation, the self-regulating negative feedback mechanisms in inflamma-
some activation remain to be fully delineated.

GSDMD is a pore-forming protein that drives pyroptosis, downstream of inflamma-
some activation, and is a member of the human Gasdermin family that also includes

GSDMA, GSDMB, GSDMC, GSDME (DFNA5), and GSDMF (DENB59) (27).
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Significance

The negative feedback system that
tempers inflammasome activation
and downstream inflammation
remains unknown. To date, there
has been intensive study of the
role of Gasdermin D as a central
player in executing pyroptosis, the
cell death pathway downstream of
inflammasome activation. We now
unexpectedly found that the
N-terminal fragment of
Gasdermin D can also directly
target and inhibit caspase-1/11,
the effector caspases in
inflammasome pathways, and so
suppress downstream triggering
of inflammation. We further
identify the RFWK motif of the
B1-p2 loop of the N-terminal
fragment as a critical molecular
feature for manifesting the
inhibitory effects on caspase-1/11
activity. We also designed a
molecule based on the RFWK
motif that shows strong
antiinflammatory efficacy.
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Upon inflammasome activation, an L2/L2" bundle from auto-
processed caspase P20/10 dimers builds an exosite to recognize
a hydrophobic pocket in the GSDMD/C-terminal domain
(GSDMD-C), that engages the interdomain linker of GSDMD
into the catalytic pocket of caspases for cleavage (28, 29). Next,
the N-terminal domain of GSDMD (GSDMD-N) is cleaved
and released from the autoinhibitory effects of the GSDMD-C
domain followed by its conformational change and oligomeri-
zation via three protein—protein interfaces of neighboring subu-
nits: ®2 helix and B11 strand from one subunit with 2 strand
and o3 helix from its neighbor; al helix and p3 strand from
one subunit with the neighboring a1 helix; and antiparallel f3
and P8 strands from the neighboring subunits (30). Addition-
ally, the GSDMD-N fragments binds lipids through the al
and a3 helices, the B1-2 loop, or the p7-p8 sheet and translo-
cate to the plasma membrane to form oligomerized pores,
which induces cell lytic death and release of inflammatory
mediators, such as IL-1 and IL-18 (31, 32).

In this study, we reveal that the N-terminal fragment of
GSDMD can also act as a negative feedback regulator of proin-
flammatory caspase activation. The REWK motif of the p1-p2
loop in the N-terminal fragment binds the caspase-1/11 cata-
lytic pocket to inhibit caspase activity, and this serves as a novel
regulatory mechanism to negatively control GSDMD-N during
inflammasome activation. Furthermore, the administration of a
RFWK motif-based peptide inhibitor can inhibit the caspase-1/
11 activation and septic death in mice, which may provide
important clues for new drug development to target inflamma-
some caspases.

Results

GSDMD Deficiency Exacerbates Inflammasome Activation.
We initially studied canonical NLRP3 inflammasome activation
in GSDMD ™~ bone marrow-derived macrophages (BMDMs)
treated with lipopolysaccharide (LPS) plus nigericin (Nig). As
expected, GSDMD deficiency blocked LPS-Nig—induced release
of lactate dehydrogenase (LDH), Caspase-1(CASP1), and IL-1p,
but not tumor necrosis factor (TNF)-a into the supernatants (57
Appendix, Fig. S1 A-D). However, we unexpectedly observed
that the proteolytic processing of CASP1/11 and IL-1p was
enhanced in the pooled culture supernatants and cell extracts
from GSDMD™'~ BMDM:s compared with WT counterparts, as
indicated by less pro-CASP1/11 and pro-IL-1f but greater levels
of precursor CASP1 (p20) and IL-1B (pl7) in LPS-Nig-
stimulated GSDMD ™"~ cells (Fig. 1 A and B). This suggested to
us that GSDMD may be capable of exercising a negative regula-
tory effect on NLRP3 inflammasome activation. Next, we exam-
ined the role of GSDMD in regulating inflammasome activation
by other stimuli, including poly(dA:dT) to activate AIM2-
dependent inflammasome, infection with Salmonella typhimu-
rium that activates NLRC4 canonical inflammasome, as well as
Escherichia coli infection and LPS electroporation to engage the
noncanonical inflammasome pathway. Like LPS-Nig stimuli,
GSDMD™"~ BMDMs exhibited enhanced cleavage of pro-CASP1/
11 and pro-IL-1f after poly(dA:dT) treatment, S. Typhimurium
and E. coli infection, and intracellular LPS transfection in pooled
samples compared with BMDMs from WT mice (Fig. 1 4
and B), although GSDMD deficiency impaired pyroptosis and
the release of CASP1 and IL-1 in supernatants in response to
each of these stimuli (87 Appendix, Fig. S1 A-D). We also ut-
lized the FLICA probe to specially label active caspase-1/11 and
found a marked increase of CASP1/11% staining in GSDMD™"~
BMDMs relative to WT cells in response to canonical or
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noncanonical inflammasome stimuli by fluorescence-activated
cell sorting (FACS) analysis (Fig. 1 Cand D).

To further validate the negative regulatory feedback role of
GSDMD in human cells, GSDMD ™'~ THP-1 cells were gener-
ated by CRISPR-Cas9-mediated targeting. In response to LPS-
Nig stimuli, the cleavage of caspase-1 and IL-1f was enhanced
greatly in GSDMD ™'~ THP-1 cells, although LDH release was
blocked (S Appendix, Fig. S1 E-G). Moreover, to clarify that
the enhancement effects of GSDMD deficiency on caspase
activity and IL-1B processing is direct and not due to an indi-
rect effect of cell lysis, we used the osmoprotectant glycine to
prevent pyroptosis-related membrane rupture and so create a
“hyperactivation” situation (SI Appendix, Fig. S2 A-C). We
found that under “hyperactivation” conditions, the proteolytic
processing of CASP1/11 and IL-1f was still enhanced in the
pooled culture supernatants and cell extracts from GSDMD ™"~
BMDMs compared with WT counterparts (SI Appendix, Fig.
S2 D and E). FACS analysis in glycine-treated unruptured cells
also revealed a significant increase of CASP1/11% staining in
GSDMD™~ BMDMs relative to WT cells in response to
inflammasome stimuli (S/ Appendix, Fig. S2 F and G). Collec-
tively, these data demonstrate that GSDMD, a pyroptosis exe-
cutioner in the downstream effector phase of inflammasome
activation, can feedback to negatively regulate upstream inflam-
masome activation.

The N-Terminal Fragment of GSDMD Inhibits Caspase-1/11
Activity during Inflammasome Activation. To understand how
GSDMD regulates CASP1/11 activity, we cotransfected Flag-
tagged full-length (mGSDMD-Full), N-terminal (mnGSDMD-N),
and C-terminal (mGSDMD-C) mouse GSDMD with Myc-
tagged mouse CASP1/11(mCASP1/11) and HA-tagged full-
length mouse GSDMD (HA-mGSDMD) into HEK293T
cells, and then investigated which fragment of GSDMD could
affect caspase-1/11-mediated cleavage of HA-mGSDMD.
Immunoblot analysis showed that the N-terminal but not
the full-length or C-terminal fragment of GSDMD strongly
inhibited the cleavage of HA-mGSDMD by CASP1/11 (87
Appendix, Figs. S3A4 and S44) with the inhibitory effects of the
N-terminal fragment being apparent in a dose-dependent man-
ner (SI Appendix, Figs. S3B and S4B). Similarly, the cleavage of
mPro-IL-1p by CASP1 was strongly inhibited by N-terminal
fragment of GSDMD (S Appendix, Fig. S4 C and D). As
control, we also used the cotransfection system to analyze the
possible role of IL-1f, another substrate of the downstream
of inflammasome activation, in affecting CASP1/11 activity,
but full length (mIL-1p-Full), N-terminal (mIL-18-N), and
C-terminal (mIL-1p-C) mouse IL-1p showed no such inhibi-
tory effect on the cleavage of HA-mGSDMD by CASP1/11 (87
Appendix, Fig. S3C). Thus, these data suggest a unique role of
GSDMD N-terminal fragment in negatively regulating CASP1/11
activity during inflammasome activation.

To further validate this inhibitory function of the GSDMD
N-terminal fragment, immortalized BMDMs (iBMDMs) stably
expressing mGSDMD-Full, mGSDMD-N, or mGSDMD-C
fragments were generated by use of the pLV lentivirus system.
Notably, the expression of exogenous GSDMD-N in stable cell
lines is closer to endogenous levels of GSDMD. While this stable
expression of exogenous GSDMD-N does not cause cytotoxicity
to cells, more toxic effects are observed when cells are stimulated
with relevant stimuli (S Appendix, Fig. S5B). Immunoblot analy-
sis showed that the stably expressing mGSDMD-N but not
mGSDMD-Full or mGSDMD-C fragment in BMDMs signifi-
canty blocked both canonical (as stimulated by LPS-Nig) and
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Fig. 1. GSDMD deficiency exacerbates inflammasome activation. (4) Immunoblot analysis of pooled cell extracts and supernatants from WT and GSDMD ™"~
BMDMs primed with LPS (200 ng/mL) for 4 h followed by Nig (10 pM) stimulation for 1 h, or poly(dA:dT) (2 mg/mL) transfection for 16 h, or S. Typhimurium
(multiplicity of infection [MOI] 30) and E. coli (MOI 50) infection for 16 h, or LPS electroporation (2 pg) for 6 h. L, longer exposure; S, Shorter exposure. (B)
Relative quantification analysis based on grayscale values of A. Referring to Actin, the signal intensity of pro-CASP1, pro-IL-1B, and pro-CASP11(M1-N373)
were calculated by the gray value of shorter exposure; the CASP1, IL-1p, and pro-CASP11(M61-N373) were calculated by the gray value of longer exposure.
An asterisk (*) indicates the bands used for grayscale analysis. (C and D) Flow-cytometric analysis of CASP1/11 activation probed by FLICA* staining in WT
and GSDMD~'~ BMDMs during canonical or noncanonical inflammasome activation as indicated. Data are representative of three independent experiments
(A and C) or are pooled from three independent experiments (B and D). Error bars show means + SEM **P < 0.01, ***P < 0.001, ns, not significant. Two-way
ANOVA with Sidak’s multiple comparisons test for B and D.
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noncanonical (as stimulated by LPS electroporation)-triggered
processing of pro-CASP1/11 and pro-IL-1p (Fig. 2 A and B),
although mGSDMD-N-expressing iBMDMs exhibited greater
release of pro-CASP1, pro-IL-1B, and LDH into supernatant
in response to inflammasome stdmuli (S/ Appendix, Fig. S5 A
and O). FACS analysis also revealed that the stably expressing
mGSDMD-N fragment markedly reduced the staining of FLICA
probe in iBMDMs treated with LPS-Nig and LPS electropora-
tion (Fig. 2 C and D). We also reconstructed the full-length
(hGSDMD-Full), N terminus (hGSDMD-N) and C terminus
(hGSDMD-C) of human GSDMD into THP-1 cells, and simi-
larly observed that the inhibition of caspase-1/4 autoprocessing
and IL-1p cleavage was only evident in THPI cells stably
expressing the hGSDMD-N fragment under the stimulation of
LPS-Nig (S Appendix, Fig. S5 D-I). These data add further sup-
port to our hypothesis that GSDMD inhibits CASP1/11 activity
though its N-terminal fragment and so act as feedback mecha-
nism to suppress excessive inflammasome activation.

The Expression of GSDMD N-Terminal Fragment in Peripheral
Myeloid Cells Suppresses Neuroinflammation and Pathogene-
sis of Experimental Autoimmune Encephalomyelitis. We next
investigated whether the N-terminal fragment of GSDMD
could inhibit NLRP3 inflammasome in vivo. To this end, we
generated a knockin mouse by inserting 3xFlag-GSDMD-N
fragment with loxp-flanked stop cassette into the Rosa26 locus,
and then crossed them with LysA-Cre mice to delete the stop
cassette and produce myeloid-specific GSDMD-N fragment
expressing mice (GSDMD-N"";LysM-Cre) (SI Appendix, Fig.
S6 A and B). The expression of exogenous GSDMD-N in mice
is comparable with endogenous levels of GSDMD (Fig. 3E)
and the development and immunophenotype of the mice were
normal. However, consistent with iBMDMs expressing
mGSDMD-N, primary BMDMs from GSDMD-N"St;LysM-
Cre mice exhibited significantly decreased cleavage of CASP1
and IL-1P but more pyroptosis in response to LPS-Nig and
LPS electroporation stimuli compared with control BMDMs
from littermates (S/ Appendix, Fig. S6 Cand D). We performed
LPS-induced sepsis model on GSDMD-N* SL,'LysM—Cre mice
and found that the knockin mice were more susceptible to sep-
sis (SI Appendix, Fig. S6E). This is in line with the findings of
more pyroptosis in primary knockin BMDMs in response to
stimuli and also consistent with previous reports that
GSDMD-mediated pyroptosis is primarily responsible for LPS-
induced sepsis (33, 34).

Given the sensitive response of knockin mice in LPS-sepsis,
and inflammasome activation heavily required for the develop-
ment of experimental autoimmune encephalomyelitis (EAE)
(35, 36), we thus performed the EAE model on GSDMD-
N LysM-Cre mice to further evaluate the inhibitory effect of
GSDMD-N fragment on inflammasome activation in vivo.
Notably, GSDMD-N"*";LysM-Cre mice were more resistant to
EAE development relative to their littermate controls, as indi-
cated by less severe clinical and histopathological scores (Fig. 3
A and B). Furthermore, FACS revealed a marked reduction of
T cells (CD45"CD4* and CD45"CD8"), and myeloid cells
and activated microglia cells (CD45™8"CD11b*) in the central
nervous system (CNS) of GSDMD—NLSL;LysM—Cre mice dur-
ing EAE (Fig. 3C). Additionally, the percentages and absolute
numbers of both Thl and Th17 cells were greatly reduced in
the CNS of GSDMD—NLSL;L)/:M—Cre mice compared with
controls. The percentages of Thl and Th17 cells were also
markedly reduced in the spleen of GSDMD-N"**;LysM-Cre

mice, while the absolute numbers were comparable with
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control mice (Fig. 3D). Immunoblot analysis demonstrated the
greatly decreased processing of CASP1/11 and GSDMD in
both CNS and peripheral spleen of GSDMD-N"**;LysM-Cre
mice compared with control mice during the peak of EAE (Fig.
3E). The levels of IL-1f in sera were also lower in GSDMD-
NLSL;L}/SM—Cre mice (Fig. 3F). All these data further suggest
that the GSDMD-N fragment in peripheral myeloid cells
blocks inflammasome activation and suppresses neuroinflam-
mation associated with EAE.

The N-Terminal Fragment of GSDMD Binds Caspase-1/11
Catalytic Domain via Its RFWK Motif in the p1-2 Loop. To
understand the structural basis to the inhibitory effects of the
GSDMD-N fragment on CASP1/11 activity, we next explored
the possible binding between GSDMD-N fragment and
CASP1/11 catalytic domain (p20/p10 for CASP1 and p22/p10
for CASP11) by crystal structure docking analysis. The murine
CASP1 (p20/p10) model was generated based on the structure
of human CASP1 (C285A)-p20/p10 (PDB ID code 6KNO) (28)
by homology-modeling (SWISS-MODEL). The caspase-11
(C254A)-p22/p10 structure (PDB ID code 6KMU) (28) was
used as murine CASP11 (p22/p10) model. The inactivating con-
formation of murine GSDMD-N fragment in full-length
mGSDMD with cleavage linker (nGSDMD-N;) was generated
based on the structure of full-length murine GSDMD (PDB ID
code 6NIN) (31) by the program Modeler (SI Appendix; Fig. S7A).
Moreover, the activating conformation of murine GSDMD-N frag-
ment with flexible cleavage linker (nGSDMD-N,) was constructed
based on the activating structure of the murine GSDMA3 (PDB ID
code 6CB8) (30) and human GSDMD (PDB ID code 6VFE)
(32). Next, we performed the random docking analysis by using
ZDOCK SERVER. The results demonstrated that the preferred
interaction between GSDMD-N fragment and CASP1/11 cata-
lytic subunits is via the GSDMD-N-terminal $1-p2 loop binding
to the CASP1/11 catalytic pocket, as indicated by Rank 1-2, 4,
and 5 in the top 10 docking interactions of mGSDMD-N; and
CASP1 (p20/p10), Rank 1-2 and 5 in the top 10 docking inter-
actions of mGSDMD-N; and CASP11 (p22/p10), Rank 1-4
and 6 in the top 10 docking interactions of mGSDMD-N, and
CASP1 (p20/p10), as well as Rank 1-3 in the top 10 docking
interactions of mGSDMD-N, and CASP11 (p22/pl10) (87
Appendix, Fig. S7 B—E). Similar docking results were obtained by
the Schrodinger analysis. Next, we chose Rank 1 docking struc-
tures of mGSDMD-N; and CASP1/11 catalytic domain to further
analyze their detailed binding interface.

Close inspection of the binding interface between mGSDMD-N;
and CASP1 (p20/p10) revealed the 4RFWKs, residues (Arg49,
Phe50, Trp51, Lys52) in the mGSDMD-N; B1-p2 loop were
modeled to dock onto the catalytic groove of mCASP1 formed
by L1 to L4 loops, with such docking being mediated by hydro-
phobic interactions and hydrogen bonds. In brief, Phe50 in the
B1-p2 loop of mGSDMD-N; forms hydrophobic contacts with
Leul75 of L1, Ala283 and Gly286 of L2, and Val336 and
Trp338 of L3 from mCASPI. Trp51 in the f1-p2 loop forms
hydrophobic interactions with Phel72 and Vall79 of L1,
Ala283 of 12, and Val336 and Trp338 of L3. The hydro-
phobic interactions are further strengthened by nearby hydrogen
bonds between RFWK and the residues of L1-4. Arg49 from
mGSDMD-N; forms hydrogen bonds with Glu287, Lys288,
and GIn289 of L2, and Trp338 of L3 in mCASPI. Phe50 of
mGSDMD-N; forms hydrogen bonds with Cys284, Arg285,
and Glu287 of 12, and Ser337 of L3. Trp51 of mGSDMD-N;
forms hydrogen bonds with Prol77 and Argl78 of L1, Gln282
of L2, and Ser337 and Arg339 of L3. Lys52 from mGSDMD-N;
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Fig. 2. The N-terminal fragment of GSDMD inhibits CASP1/11 activity during inflammasome activation. (4) Immunoblot analysis of pooled cell extracts and
supernatants from iBMDMs stably expressing full-length (mGSDMD-Full), N-terminal (mMGSDMD-N), or C-terminal (mMGSDMD-C) fragments of mouse GSDMD
during canonical (LPS-Nig, Nig for 1 h) or noncanonical (LPS electroporation for 6 h) inflammasome-triggered processing of pro-CASP1/11 and pro-IL-1p. (B)
Relative quantification analysis based on grayscale values of A. Referring to Actin, the signal intensity of pro-CASP1, pro-IL-1B, and pro-CASP11(M1-N373)
were calculated by the gray value of shorter exposure; the CASP1, IL-1p, and pro-CASP11(M61-N373) were calculated by the gray value of longer exposure.
An asterisk (*) indicates the bands used for grayscale analysis. (C and D) Flow-cytometric analysis of CASP1/11 activation probed by FLICA™ staining
in iBMDMs stably expressing mGSDMD-Full, mGSDMD-N, and mGSDMD-C upon inflammasome activation as indicated. Data are representative of three
independent experiments (A and C) or are pooled from three independent experiments (B and D). Error bars show means + SEM *P < 0.05, **P < 0.01,
**%P < 0.001; ns, not significant. Two-way ANOVA with Sidak’s multiple comparisons test for B and D.
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Fig. 3. The expression of GSDMD N-terminal fragment in peripheral myeloid cells suppresses neuroinflammation and pathogenesis of EAE. (A) Mean clini-
cal score of age-matched female GSDMD—NLSL;LysM—Cre and littermate control mice subjected to MOGss_ss-induced EAE (n = 5 mice per group). (B) Represen-
tative images and histological scores of H&E staining and LFB staining of spinal cord sections from mice in A. Inflammatory cell infiltration and demyelination
indicated by arrow. (Scale bars, 200 um.) Histological scores: 0, no inflammatory cell infiltration and no demyelination; 1, slight inflammatory cell infiltration
or demyelination observed; 2, moderate inflammatory cell infiltration or demyelination in several spots; 3, substantial inflammatory cell infiltration and large
area of demyelination. (C) Flow-cytometric analysis of immune cells (including CD45*CD4* T cells, CD45*CD8" T cells, and CD45*CD11b* monocytes) infil-
trated to the spinal cord and brain (CNS) of MOGss_ss-immunized GSDMD-NLSL,'LysM-Cre and littermate control mice at day 18 after immunization. Data are
presented as a representative plot and summary graph of quantified percentage and absolute cell numbers. (D) Flow-cytometric analysis of Th1 (IFN-y*) and
Th17 (IL-17A*) cells from CD4* T cells in CNS (Upper) and spleen (Lower) of MOGss_ss-immunized GSDMD—NLSL;LysM—Cre and littermate control mice at day 18
after immunization. Data are presented as a representative plot, quantified percentage, and absolute cell numbers. (E) Immunoblot analysis of the cleavage
of CASP1/11 and endogenous GSDMD in CNS (Left) and spleen (Right) of MOGss_ss-immunized GSDMD-N"*";LysM-Cre mice compared with control mice at
day 18 after immunization. An asterisk (*) indicates nonspecific bands. (F) ELISA analysis of IL-1p in sera collected in MOGss_ss-immunized GSDMD—NLSL;LysM—Cre
and littermate control mice at day 18 after immunization. Data are pooled from three independent experiments (A-f). Error bars show means + SEM *P < 0.05,
**P < 0.01, ***P < 0.001; ns, not significant. Unpaired t test for A B, and F, and multiple unpaired t test for C and D.
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Fig. 4. The RFWK motif in the p1-p2 loop of the N-terminal fragment of GSDMD is critical for binding to the catalytic domain of caspase-1/11. (A) Rank 1
docking structure of mGSDMD-N; and mCASP1(p20/p10) and detailed binding interface. (Upper) mGSDMD-N; and mCASP1(p20/p10) are colored green and
cyan, respectively. (Lower) RFWK residues of mGSDMD-N; are colored green, p20 and p10 subunits of mCASP1 are colored cyan and yellow, respectively. (B)
Rank 1 docking structure of mMGSDMD-N; and mCASP11(p22/p10) and detailed binding interface. (Upper) mGSDMD-N; and mCASP1(p20/p10) are colored
green and cyan, respectively. (Lower) RFWK residues of mGSDMD-N; are colored green, p22 and p10 subunits of mCASP11 are colored cyan and yellow,
respectively. (C, Left) domain architecture of Flag-tagged mGSDMD-N fragment and mGSDMD-N fragment mutants (MGSDMD-Ngsk/L193pm: MGSDMD-
Nrrwkm, @and mMGSDMD-N; spm) and mGSDMD-C fragment and Myc-tagged CASP1/11(C/A) p20/p10 or p22/p10 subunits. (Right and Center) Immunoblot analy-
sis of Myc and Flag proteins in immunoprecipitated Flag and lysate (input) samples from HEK293T cells transfected with constructs encoding Myc-tagged
mouse CASP1/11(C/A)-p20/p10 and Flag-tagged mouse GSDMD-N fragment and mGSDMD-N mutants (MGSDMD-Nggwim and mGSDMD-N{spm)- (D) In vitro
glutathione S-transferase (GST) pull-down assay. mMGSDMD-N, mGSDMD-Nggwkm, OF MGSDMD-N_spm Was used to pull down the enzyme inactive p20/p10 or

p22/p10 form of CASP1/11.

forms hydrogen bonds with Trp338 of L3 and Arg381 of
L4 (Fig. 4A4). Similar to mGSDMD-N; binding to CASP1
(p20/p10), the RFWK residues of mGSDMD-N; were also
docked onto the catalytic center of mCASP11 to form a bind-
ing interface via hydrophobic interactions and hydrogen bonds.
Phe50 in the P1-f2 loop forms hydrophobic contacts with
Ala253, Gly256, and Gly257 of L2, and Leu307 and Tyr309

PNAS 2022 Vol.119 No.45 2210809119

of L3. Trp51 forms hydrophobic interactions with Tyr149 of
L1, and Leu307, Tyr309, and Gly315 of L3. Hydrophilic
interactions also contribute to the extensive interactions.
Arg49 residue forms hydrogen bonds with Ser146 of L1, and
Asn258 and Ser259 of L2. Phe50 forms hydrogen bonds with
Argl48 of L1, GIn252 and Cys254 of L2, and Ser308 and
Arg310 of L3. Trp51 forms hydrogen bonds with Arg310 and
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Asp311 of L3. Lys52 forms hydrogen bonds with His352 of
L4 (Fig. 4B).

To further affirm that the REWK motif structure is required
for the interaction of the GSDMD-N fragment with CASP1/
11 catalytic subunits, we performed alanine substitution on the
RFWK motif to generate a Flag-tagged mGSDMD-Ngrpwkm
mutant, and then conducted CASP1/11 catalytic subunits inter-
action studies by coimmunoprecipitation analysis in HEK293T
cells. mGSDMD-C was used as a positive control for interaction
with the caspase subunits. Notably, mGSDMD-N, but not the
mGSDMD-Nggwkm, mutant was shown to coimmunoprecipi-
tate with the p20/pl0 and p22/pl0 subunits. Additionally, a
mutant of mGSDMD-N with mutation of its oligomerization
site (MGSDMD-NE151/1.1930m) of a form of mGSDMD with
mutation of its cleavage-site tetrapeptide (mGSDMD-N;p,)
still retained binding of the GSDMD-N fragment to the
CASP1/11 catalytic subunits (Fig. 4C). To further investigate
the direct association of the GSDMD-N fragment with CASP1/
11 via the RFWK motif, GST-mGSDMD-N, GST-mGSDMD-
Nrrwkm and GST-mGSDMD-Njsp,, recombinant proteins
were used, respectively, to pull-down the enzymatically inactive
p20/pl0 or p22/pl0 forms of CASP1/11. We found that
mGSDMD-N and mGSDMD-N|{sp.s but not mGSDMD-
Nrpwkm protein, could directly bind to CASP1/11(C/A)
p20/p10 or p22/p10 forms (Fig. 4D). Overall, these data suggest
that the N-terminal fragment of GSDMD directy binds to
CASP1/11 catalytic domain through its RFEWK motif.

The N-Terminal Fragment of GSDMD Inhibits Caspase-1/11
Activity and Inflammasome Activation via Its RFWK Motif.
Given that our data strongly indicate that the GSDMD-N frag-
ment utilizes its REWK motif to bind the CASP1/11 catalytic
domain, we next examined if the RFWK motif was required to
manifest the negative inhibitory effects of GSDMD-N frag-
ment on CASP1/11 activity. Using a cotransfection system, we
found that mGSDMD-N, mGSDMD-Ng;sk/1193pms and
mGSDMD—NLLSDm, but not mGSDMD-NR}:WKm, strongly
inhibit the cleavage of HA-mGSDMD by CASP1/11 (87
Appendix, Fig. S8). Additionally, recombinant mGSDMD-N
and mGSDMD-Njspm, but not mGSDMD-Ngpwim pro-
tein, could inhibit the cleavage of full-length GSDMD by
CAPS1/11 enzyme in vitro (Fig. 54). These data demonstrate a
critical role for the RFWK motif in mediating the inhibitory role
of N-terminal fragment of GSDMD on CASP1/11 activity.
Furthermore, immunoblot analysis showed that stably expressing
mGSDMD-N and mGSDMD-Nji;spn,, but not mGSDMD-
Nrrwkm in iBMDMs, significantly blocked both canonical and
noncanonical inflammasome-triggered cleavage of pro-CASP1/11
and pro-IL-1p (Fig. 5 Band Cand SI Appendix, Fig. S9B). How-
ever, mMGSDMD-Ngpwkm—expressing cells exhibited less release
of pro-CASP1, pro-IL-1, and LDH than cells expressing
mGSDMD-N or mGSDMD-Ny sp, after stimuli (S/ Appendix,
Fig. S9 A and Q). This is consistent with the lower ability of the
GSDMD-N mutant in the B1-p2 loop than that of WT to
anchor the lipid to form the pores in plasma membrane and
induce pyroptotic cell death (31). FACS analysis also revealed
that  mGSDMD-N and mGSDMD-N;;spm, but not
mGSDMD-Nggwkm, inhibited the staining of active CASP1/11
enzyme in iBMDMs treated with LPS-Nig and LPS electropora-
tion (Fig. 5 D and E).

To further exclude the contribution of any processing of
endogenous GSDMD, we next reconstituted GSDMD-deficient
iBMDMs with different forms of GSDMD to examine their
effect on CASP1/11 activity and inflammasome activaton.
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Therefore, we generated GSDMD ™"~ iBMDMs stably expressing
mGSDMD-Full, mGSDMD-N, mGSDMD-C, and mGSDMD-
N-RFWKm. Immunoblot analysis showed that the stably express-
ing mGSDMD-N but not mGSDMD-Full, mGSDMD-C or
mGSDMD-N-RFWKm in GSDMD ™~ iBMDMs significantly
blocked both LPS-Nig and electroporated LPS-triggered process-
ing of pro-CASP1/11 and pro-IL-1B (S/ Appendix, Fig. S10 A
and B). FACS analysis also revealed that mGSDMD-N markedly
reduced the staining of FLICA probe of active CASP1/11 enzyme
in GSDMD™"~ iBMDMs treated with LPS-Nig and LPS electro-
poration (S Appendix, Fig. S10 C and D). Meanwhile, we
demonstrated the release of LDH, CASP1, and IL-1p under
stimuli were rescued in GSDMD ™'~ iBMDMs stably expressing
mGSDMD-Full and mGSDMD-N, whereas mGSDMD-C and
mGSDMD-N-RFWKm  expressing GSDMD™~  iBMDMs
exhibited no release of LDH, CASP1, and IL-1f (SI Appendix,
Fig. S10 E and A. Additionally, we generated GSDMD ™'~
iBMDMs stably expressing full-length REWK mutant (nGSDMD-
Fullgpwiy) and examined canonical or noncanonical inflamma-
some activation. We found the RFWK mutant blocked the
release of LDH, CASP1, and IL-1p into the supernatants (S/
Appendix, Fig S11 E and F), which is consistent with previous
reports showing the B1-p2 loop is indispensable for lipid binding
and pyroptosis (31, 32). However, the processing of CASP1/11
and IL-1f was significantly enhanced in the pooled culture
supernatants and cell extracts from GSDMD '~ iBMDMs
reconstituted with the GSDMD RFWK mutant compared with
WT counterparts (S Appendix, Fig. S11 A-D). Thus, all these
data further suggest that the N-terminal fragment of GSDMD
inhibits caspase-1/11 activity and inflammasome activation in a
manner that is critical, dependent on its REWK motif.

A RFWK Motif-Based Peptide Inhibitor Suppresses Inflammasome
Activation and LPS-Induced Sepsis in Mice. Given the critical
importance of the RFWK motif in manifesting the inhibitory
effects of the N-terminal fragment of mGSDMD-N on CASP1/11
activity, we designed an Ac-RFWK-CMK peptide that contains
an acetyl moiety and chloromethyl ketone, like other caspase
inhibitors, to target inflammatory caspases (Fig. 64). The ther-
mal shift assay showed a marked shift of the melting temperature
for the recombinant CASP1/11(C/A) catalytic domain in the
presence of the inhibitor, suggesting the inhibitor can bind to
CASP1/11 enzyme (Fig. 6B). Moreover, the cleavage of recombi-
nant mGSDMD by CASP1/11 enzyme was strongly inhibited in
the presence of Ac-RFWK-CMK to similar extent as the pan-
caspase inhibitor z-VAD-FMK (Fig. 6C). Immunoblot analysis
showed that AccRFWK-CMK could inhibit the cleavage of pro-
CASP1 to p20/p10, pro-IL-1f to p17, and GSDMD to p30 in
BMDMs after LPS-Nig stimulation. Notably, while pan-caspase
inhibitor z-VAD-FMK has litde effect on LPS-Nig-induced
CASP1-p10 cleavage, it blocked formation of the 20-kDa frag-
ment and significantly inhibited the cleavage of IL-1f and
GSDMD (Fig. 6 D and E). Additionally, like the pan-caspase
inhibitor z-VAD-FMK, Ac-RFWK-CMK impaired LPS-Nig—
induced cell death in macrophages (Fig. 6F). To investigate
the in vivo inhibitory effect of Ac-RFWK-CMK, we examined
LPS-induced sepsis in C57BL/6 mice. Mice were administered
intraperitoneally with vehicle or the Ac-RFWK-CMK inhibitor
(25 mg/kg) before challenge with LPS (25 mg/kg) and then
evaluated for survival. We observed that LPS challenge resulted
in the death of all mice within 48 h, but AccRFWK-CMK treat-
ment reduced the lethal rate to about 30% (Fig. 6G). The
levels of IL-1P in the sera of mice treated with Ac-RFWK-CMK
inhibitor were strongly decreased at 12 h after LPS challenge
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Fig. 5. The RFWK motif in the N-terminal fragment of GSDMD is critical for inhibiting caspase-1/11 activity and inflammasome activation. (A) Recombinant
full-length GSDMD protein cleaved by CASP1/11 in the presence of mGSDMD-N, mGSDMD-Ngpwkm, and mGSDMD-N, spm, protein in vitro. (B) Immunoblot
analysis of pooled cell extracts and supernatants from iBMDMs stably expressing mGSDMD-N, mMGSDMD-N|spm, and mMGSDMD-Nggwim during canonical
LPS-Nig (Nig for 1 h) or noncanonical LPS electroporation (6 h)-triggered processing of pro-CASP1/11 and pro-IL-1p. (C) Relative quantification analysis based
on grayscale values of B. Referring to Actin, the signal intensity of pro-CASP1, pro-IL-18, and pro-CASP11(M1-N373) were calculated by the gray value of
shorter exposure; the CASP1, IL-1p, and pro-CASP11(M61-N373) were calculated by the gray value of longer exposure. An asterisk (*) indicates the bands
used for grayscale analysis. (D and E) Flow-cytometric analysis of CASP1/11 activation probed by FLICA™ staining in iBMDMs stably expressing mGSDMD-N,
mMGSDMD-N| spm, and MGSDMD-Ngewim Upon inflammasome activation as indicated. Data are pooled from three independent experiments (A-E) or
representative of three independent experiments (4, B, and D). Error bars show means + SEM ***P < 0.001; ns, not significant. Two-way ANOVA with Sidak’s

multiple comparisons test for C and E.
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Fig. 6. RFWK motif-based inhibitor Ac-RFWK-CMK suppresses inflammasome activation and LPS-induced sepsis in mice. (A) Chemical structure of Ac-RFWK-
CMK inhibitor. (B) Thermal shift assay between the Ac-RFWK-CMK inhibitor and the mouse CASP1/11(C/A) catalytic domain. (C) Recombinant full-length
GSDMD protein cleaved by CASP1/11 in the presence of Ac-RFWK-CMK (10 pM) and z-VAD-FMK (10 pM) in vitro. (D) Immunoblot analysis of pooled cell
extracts and supernatants from primary wild-type BMDMs in the presence of Ac-RFWK-CMK (10 pM) upon NLRP3 inflammasome activation (LPS-Nig, Nig for
1 h). (E) Relative quantification analysis based on grayscale values of D. An asterisk (*) indicates the bands used for grayscale analysis. (F) Effects of Ac-RFWK-
CMK inhibitor on NLRP3 inflammasome-mediated pyroptosis as measured by LDH release and permeability of cells to SYTOX green in BMDMs. (G) Integra-
tion of the survival data from GSDMD-N"*“;LysM-Cre mice and mice treated with Ac-RFWK-CMK inhibitor (25 mg/kg) before challenge with LPS (25 mg/kg)
(n = 6). (H) ELISA analysis of IL-1p in sera of mice treated with vehicle or Ac-RFWK-CMK inhibitor (n = 6 mice per group) 8 h after 25 mg/kg LPS challenge.
(/) Immunoblot analysis of the cleavage of CASP1, IL-18, and GSDMD in peritoneal macrophages from septic mice after 6 h of LPS challenge. Data are pooled
from three independent experiments (B and E-H) or are representative of three independent experiments (C, D, and /). Error bars show means + SEM
**p < 0.01, ***P < 0.001, ns, not significant. Two-way ANOVA with Sidak’s multiple comparisons test for E; one-way ANOVA with Dunnett's multiple compari-
sons test for LDH assay and unpaired t test for SYTOX Green assay (F); log rank (Mantel-Cox) test for G and unpaired t test for H.

compared to vehicle-treated control mice (Fig. 6H). Moreover,
Ac-RFWK-CMK  strongly inhibited the cleavage of CASPI,
GSDMD, and IL-1P in peritoneal macrophages collected at 6 h
post-LPS challenge (Fig. 6J).

To discount a role for the CMK moiety in mediating the
inhibitory effects, we also evaluated the effect of the unmodi-
fied parent RFWK peptide (Ac-RFWK) on caspase activity and
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found that Ac-RFWK could significantly inhibit pyroptosis and
inflammasome activation in BMDMs after LPS-Nig stimula-
tion, with the inhibitory effects being comparable to the effect
of AcRFWK-CMK (87 Appendix, Fig. S12 A-C). Additionally,
Ac-RFWK showed similar inhibitory effects as Ac-RFWK-CMK
on CASP1/11-mediated cleavage of recombinant mGSDMD
protein (S Appendix, Fig. S12D). Collectively, all these in vivo
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and in vitro experiments suggest that the RFWK inhibitor,
with its design based on the RFWK motif, can significantly
control the inflammation by blocking inflammasome caspase
activity.

Discussion

In the long-term evolution of the immune system, negative
feedback regulatory mechanisms have been developed to con-
trol excessive inflammatory response. At present, many studies
have reported a wide range of negative feedback mechanisms
involved in the regulation of the inflammatory pathway. How-
ever, it has not been reported whether inflammasomes have
their own negative feedback systems. In this study, we describe
a negative feedback regulatory mechanism in which the cleaved
N-terminal fragment of GSDMD can inhibit caspase-1/11
activity after inflammasome activation.

Using random structural docking analysis and mutant stud-
ies, we identified the specific RFWK motif in the p1-f2 loop of
GSDMD N terminus as a critical requirement for the inhibi-
tory effects on caspase-1/11 activity. This region within the
B1-p2 loop is masked by the GSDMD-C domain in the auto-
inhibited full-length structure (37). After GSDMD cleavage,
the P1-B2 loop, together with the adjacent al and a3 helix,
form a positively charged surface patch to bind lipids (31, 32).
While a previous study has suggested that the cleavage-site tet-
rapeptide of GSDMD binds to the catalytic groove of caspase-1
(38), our studies showed that the RFWK residues of the f1-f2
loop were predicted to be more important binding sites for the
caspase catalytic center. Accordingly, a recent study found that
the cleavage tetrapeptide in GSDMD contributes litte to its
recognition by caspase-1/11 (28). Thus, our studies expand the
new function of the f1-p2 loop and propose insight into a reg-
ulatory system in which caspase activation is regulated by a neg-
ative feedback system via the N-terminal fragment p1-p2 loop
of GSDMD (8! Appendix, Fig. S13): Briefly, the autoprocessed
caspase subunits produce an exosite to recruit and recognize
the GSDMD-C terminus of full-length GSDMD; second, the
GSDMD N- and C-terminal domain linker tetrapeptide is
engaged into the catalytic pocket of caspases for cleavage. Next,
the N-terminal fragment of GSDMD is released and can render
its f1-p2 loop, via the RFWK motif, accessible to interaction
with the caspase catalytic pocket, thereby controlling caspases
activity terminating inflammasome activation.

While we have demonstrated the key role of the RFWK
motif of GSDMD N-terminal fragment in manifesting negative
feedback regulation of inflammasome activation, the exact struc-
ture and nature of interaction between caspases-1/11 enzyme
pockets and the p1-2 loop still needs to be determined by crys-
tal studies. How the dynamic changes of GSDMD N-terminal
fragment after cleavage adapt to the binding and inhibition of
caspase active sites via its RFWK motf of the p1-f2 loop
remains to be investigated.

Inflammasomes play critical roles in many inflammatory
disorders. Caspase-1/11 is a key target for the treatment of
inflammation-associated disease (39, 40). Based on the REWK
inhibitory motif, we designed an RFWK peptide inhibitor to
target caspase-1/11 activity and found the inhibitor substan-
tially suppresses GSDMD cleavage and IL-1p release, as well as
LPS-induced sepsis in mice. Thus, the identified RFWK inhibi-
tory motif may provide new valuable clues to develop novel
drugs that target caspase-1/11 enzymes and so treat inflamma-
tory diseases. Notably, we found that the Pan-caspase inhibitor
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z-VAD-FMK, while inhibiting the cleavage of IL-1p and
GSDMD, as well as pyroptosis, did not inhibit the production
of the caspase-1 P10 fragment but blocked processing to gener-
ate a protein larger than 20 kDa in size. This finding contrasts
with a previous report that the P10 product autoactivated by
caspases is sufficient for cleaving GSDMD and pyroptosis (28).
The nature of this larger than 20-kDa fragment awaits further
investigation by N-terminal sequencing and mass spectrometry.
Other Gasdermin family molecules, such as GSDME and
GSDMB, can be cleaved by caspase-3 and Granzyme A or B
(41-43). Whether there is a negative feedback regulation mech-
anism similar to GSDMD and caspase-1/11 in their activation
process is worthy of investigation in future studies. Our study
found that the N-terminal of GSDMD plays an alternative role
in inhibiting the activation of caspase-1/11 and processing of
IL-1P, and so acting to terminate such proinflammatory signal-
ing. This finding may also provide the mechanistic basis to the
recent report that showed excessive cell lysis to inhibit the
release of IL-1p (32). Thus, the dualist pro- and antiinflamma-
tory effects of the N-terminal fragment of GSDMD can help
the body dynamically regulate inflammation and provide that
yin-yang balance in immune system to avoid pathological con-
sequences of excessive and uncontrolled inflammation.

Materials and Methods

Details of experimental procedures and reagents can be found in S/ Appendix,
Materials and Methods. All experiments were performed in accordance with the
procedures approved by the Research Ethics Committee of Nanjing Medical Uni-
versity. All mice were kept in a barrier facility, and all animal experiments were
conducted in accordance with the procedures approved by the Ethical Review
Committee for Laboratory Animal Welfare of Nanjing Medical University.

Data, Materials, and Software Availability. Requests for the prOtOCOlS,
resources and reagents should be directed to and will be fulfilled by author S.Y.
(shuoyang@njmu.edu.cn). All other study data are included in the main text and
Sl Appendix.
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