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Introduction

Inflammasomes are the critical platforms that integrate environ-
mental stimuli to initiate appropriate and necessary innate and
adaptive immune responses to maintain homeostasis, particu-
larly at mucosal surfaces in organs that interface with microbial
communities, including the gastrointestinal tract (1-5). In this
context, increasing evidence also indicates that dysregulated
inflammasome activity intimately contributes to chronic intesti-
nal inflammation, such as that observed in inflammatory bowel
disease (IBD) (6-8). Myeloid cells, predominantly macrophages,
have been the focus of inflammasome research as they are consid-
ered to be a major reservoir of IL-1B (9), a classic proinflammatory
cytokine known to amplify innate immune responses. More recent
studies, however, have demonstrated that inflammasome acti-
vation in nonmyeloid compartments can also serve as abundant
sources of IL-1B, which is critical for the development of inflam-
matory pathologies in both humans and mouse models (10-14).
In fact, it has long been established that epithelial-derived IL-1
and its family members play a primary role in the pathogenesis of
IBD (15, 16). These data collectively suggest temporal and spatial
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Gasdermin D (GSDMD) induces pyroptosis via the pore-forming activity of its N-terminal domain, cleaved by activated caspases
associated with the release of IL-1p. Here, we report a nonpyroptotic role of full-length GSDMD in guiding the release of IL-1-
containing small extracellular vesicles (sEVs) from intestinal epithelial cells (IECs). In response to caspase-8 inflammasome
activation, GSDMD, chaperoned by Cdc37/Hsp90, recruits the E3 ligase, NEDDA4, to catalyze polyubiquitination of pro-IL-1p,
serving as a signal for cargo loading into secretory vesicles. GSDMD and IL-1f colocalize with the exosome markers CD63 and
ALIX intracellularly, and GSDMD and NEDD4 are required for release of CD63* sEVs containing IL-1, GSDMD, NEDD4, and
caspase-8. Importantly, increased expression of epithelial-derived GSDMD is observed both in patients with inflammatory
bowel disease (IBD) and those with experimental colitis. While GSDMD-dependent release of IL-1B-containing sEVs is detected
in cultured colonic explants from colitic mice, GSDMD deficiency substantially attenuates disease severity, implicating GSDMD-
mediated release of IL-1§ sEVs in the pathogenesis of intestinal inflammation, such as that observed in IBD.

nonredundant roles of different cellular sources of IL-1 during
pathogenic inflammatory responses, for which the cellular and
molecular mechanisms responsible for specific IL-1B production,
especially in nonmyeloid cells such as the intestinal epithelium,
are not completely understood.

IL-1B is synthesized as inactive pro-forms with no secretory
signal sequence (9-12). The recent discovery of the lipid bind-
ing protein, GSDMD, and its requirement for IL-1B release in
response to caspase-1/11 (14, 17) and caspase-8 (18, 19) inflam-
masome activation via pore formation and associated pyroptotic
activities in myeloid cells, has introduced paradigm shifting con-
cepts in this area of investigation (20-22). Recent studies have
begun to unravel the mechanistic role(s) of GSDMD in mediating
IL-1pB release, a process that had been regarded as a byproduct
of nonselective discharge of cellular contents during pyroptosis
(20-22). An increasing number of studies have reported GSDMD-
dependent, pyroptosis-independent release of IL-1B (23-25)
in a variety of cell types. Notably, it has long been documented
that IL-1B can be released in the absence of cell lysis via various
mechanisms (23-28), including IL-18 accumulation within mem-
brane vesicles (exosomes and/or secretory autophagy) for export
into the extracellular space (29-39). However, whether and how
GSDMD participates in these nonpyroptotic pathways of IL-1B
release remains unclear.

Herein, we report what the seemingly novel observation that
the lack of GSDMD effectively reduces the severity of dextran
sodium sulfate-induced (DSS-induced) colitis and that the major
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source of GSDMD within the gut mucosa of colitic mice is IECs.
We also report for what we believe is the first time that GSDMD
transcripts in mucosal biopsies from patients with ulcerative colitis
(UC), and to a lesser extent Crohn’s disease (CD), the 2 main
idiopathic forms of IBD, are dramatically increased compared
with intestinal tissues from healthy controls. Increased epithelial-
specific GSDMD was confirmed in IBD patients versus healthy
controls, as well as in UC inflamed versus UC noninflamed tis-
sues, by single-cell (sc)RNA-Seq of gut mucosal biopsies, identi-
fying several different subpopulations of high GSDMD-express-
ing IECs, particularly secretory progenitor cells and colonocytes/
crypt top colonocytes. Importantly, we also discovered a previ-
ously undocumented, nonpyroptotic role of GSDMD in guiding
release of polyubiquitinated IL-1f via sEVs in response to
caspase-8 inflammasome activation in colonic IECs. Through pro-
teomic analysis, we identified a set of novel GSDMD-interacting
proteins in IECs, including NEDD4 (an E3 ligase) and the Hsp90
cochaperone Cdc37. Ablation of either GSDMD, NEDD4, or
caspase-8 abolished LPS plus ATP-induced IL-1B production from
IECs. Moreover, GsdmdP?%4 (mutation at cleavage site Asp276),
with abolished pore-forming and pyroptotic activities, did not
lose the ability to guide IL-1B secretion from IECs. Mechanistical-
ly, LPS+ATP stimulation induced polyubiquitination of pro-IL-1p
proteins, which were secreted and processed into mature forms,
along with a complex containing chaperoned-GSDMD (full-
length GSDMD/Hsp90/CDC37), NEDD4, and caspase-8, but not
caspase-1. NEDD4, an E3 ligase known to interact with LC3 and
promote cargo loading into secretory vesicles, catalyzed the poly-
ubiquitination of pro-IL-1p. Whereas GSDMD was associated with
LC3-positive vesicles, GSDMD-dependent release of sEVs (<200
nm) was detected by electron microscopy, which contained chap-
eroned-GSDMD/NEDD4/caspase-8/IL-1p. This GSDMD-guided
IL-1B release is crucial for the development of intestinal inflamma-
tion. While polyubiquitinated pro-IL-1B, mature IL-1B, and sEVs
were induced in a GSDMD-dependent manner in colon explants
from DSS-treated mice, GSDMD deficiency attenuated the severity
of colitis in these mice. These data collectively demonstrate the
association, increased expression, and epithelial localization
of GSDMD in patients with IBD, particularly UC, and a novel
GSDMD-dependent pathway for IL-1B secretion that is a funda-
mental process in the pathogenesis of experimental colitis.

Results

GSDMD is increased and localizes to IECs in DSS colitic mice and
IBD patients, and its deficiency leads to attenuated intestinal inflam-
mation during experimental colitis. To examine the impact of
GSDMD deficiency on acute intestinal inflammation, Gsdmd-KO
mice (Gsdmd”") and heterozygous control littermates (Gsdmd*")
were challenged with 3% DSS in drinking water to induce colitis.
Gsdmd”~ mice were protected from DSS-induced colitis, as mea-
sured by weight loss, disease activity index (DAI), colon length
(more severe colitis = decreased colon length), and histologic eval-
uation of intestinal inflammation (Figure 1, A-D), compared with
Gsdmd*”~ controls. The reduction in disease severity was accom-
panied by attenuated infiltration of neutrophils, macrophages,
and T cells (Figure 1E), and decreased expression of inflammatory
mediators (Figure 1F) in colonic tissues of Gsdmd”~ versus Gsdmd*/~
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littermate controls. Notably, IHC revealed that GSDMD expression
was highly induced in inflamed tissues from colitic mice and local-
ized to the colonic epithelium (Figure 1G).

In order to assess the translational relevance of these find-
ings, GSDMD expression was analyzed using the Genomic Spatial
Event (GSE) database system in 5 separate expression data sets
derived from endoscopically obtained intestinal mucosal biopsies
from IBD patients and healthy controls (Supplemental Table 1 and
Figures 2 and 3; supplemental material available online with this
article; https://doi.org/10.1172/JCI1138103DS1). In a cohort that
included both CD and UC patients (GSE75214 [ref. 40]), GSDMD
was increased in the colons of CD patients compared with healthy
controls, but while both colon samples from UC patients and ileal
biopsies from CD patients showed an increased trend for GSDMD
versus healthy controls, these differences did not reach statistical
significance (Figure 2A, upper left and middle). Closer scrutiny of
the cohort samples, however, revealed that biopsies were derived
from both involved and noninvolved areas of patients with active
disease, with the most affected sites taken at a distance from ulcer-
ations in UC patients, which, by inclusion of noninvolved areas,
likely normalized GSDMD levels toward that of healthy controls.
Therefore, to first confirm whether GSDMD is increased in the gut
mucosa of CD patients, 2 larger CD data sets were analyzed: one
consisting of gut mucosal biopsies from 1 of 4 anatomic locations
(terminal ileum and sigmoid, ascending and descending colon)
compared with location-matched healthy controls (GSE20881),
and the other from ileal biopsies of CD patients suffering from
moderate-to-severe disease (GSE112366 [ref. 41]). Both data sets
showed an overall significant increase in GSDMD, comparing CD
patients with healthy controls (Figure 2A, upper right and lower
left, respectively). Differences in GSDMD, however, comparing
IBD phenotype against their respective controls, appear to be
more robust in UC versus CD patients. Analyzing 2 UC data sets,
one derived from colonic biopsies sampled in consecutive active
and quiescent (remission) stages of disease at the same site in indi-
vidual UC patients (GSE53306 [ref. 42]), and the other comparing
involved and noninvolved areas from active UC and inactive UC
(remission) (GSE38713 [ref. 43]), GSDMD was found to be mark-
edly increased in active UC compared with healthy controls. Inter-
estingly, while GSDMD appeared to remain elevated in the same
sites of individual UC patients, regardless of disease state (Figure
2A, lower middle), GSDMD generally decreased in noninvolved
areas in active UC and in UC patients during remission compared
with involved (inflamed) areas from active UC patients (Figure 2A,
lower right), indicating elevated GSDMD in active IBD.

Furthermore, based on the immunolocalization studies show-
ing increased epithelial-derived GSDMD in DSS colitic Gsdmd”~
mice (Figure 1G), we evaluated the relative presence of GSDMD
protein in freshly isolated IECs from IBD patients with active
disease and healthy controls, and found increased GSDMD pro-
tein in IECs from both CD and UC patients (Figure 2B). To con-
firm IEC localization in both the animal (Figure 1G) and human
(Figure 2B) studies and its modulation during active colitis, we
performed a biased analysis for GSDMD in a previously published
large-scale scRNA-Seq data set compiled from profiled single
colonic IECs isolated from inflamed and noninflamed areas of
active, immunomodulatory-naive UC patients and from normal,
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administration of 3% DSS in drinking water. Severity of colitis, assessed

by (A) weight loss, (B) disease activity index (DAI), and (C) colon length
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images of H&E-stained colons from DSS-treated mice (left), with histologic
analysis of colitis performed on day 9 (right). Scale bars: 50 puM. (E) Repre-
sentative images of immunofluorescence staining for CD4, F4/80, and LyG6
on frozen sections of inflamed colons taken at day 9 (left), with number

of infiltrating immune cells enumerated and averaged over 10 HPF/section
(right). Original magnification, x40. (F) RT-PCR showing relative differences
of indicated proinflammatory gene transcripts in colon tissues harvested on
day 9 from experimental mice. Data are presented as fold induction over the
mean of Gdsmd*/~ group. (G) Representative IHC images showing immuno-
localization of GSDMD to IECs in colons of DSS-challenged Gsdmd*/~ control
mice, with total absence in Gsdmd~" littermates. Scale bars: 50 pM. Data
are presented as mean + SEM with *P < 0.05, ***P < 0.0001 by Student’s

t test. All experiments were repeated twice and yielded consistent results.
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Figure 2. Increased expression of GSDMD in biopsies and isolated IECs from gut mucosa of IBD patients compared with healthy controls. (A) Analysis

of 5 different IBD gene array expression data sets (Supplemental Table 1) derived from intestinal mucosal biopsies from CD, UC, and healthy controls (HC)
displayed as box plots (25th, 50th, and 75th quantiles shown), with differences expressed as FDR between IBD patients and healthy controls. 25.

Act, active disease; Act-1, active involved area; Act-NI, active noninvolved area; Remiss., remission from IBD. (B) Representative Western blots of whole-
cell lysates (WCLs) showing differences in GSDMD protein levels in freshly isolated IECs from IBD patients versus controls (n = 4),with relative densitomet-

ric values calculated as ratio of GSDMD/GAPDH and reported as mean + SEM; **P < 0.005 versus control (Cont.) by 2-tailed unpaired Student’s t test.

noninflamed healthy controls (44). In this prior study, novel IEC
subpopulations were identified, including those that are unique
to the pathogenesis of IBD (Supplemental Figure 1). Our analysis
revealed that GSDMD displayed both differential distribution and
differences in relative expression among IEC subtypes when com-
paring experimental groups (Figure 3) with the general trend of
increased expression in IECs from inflamed compared with non-
inflamed UC patients and healthy controls. Specifically, GSDMD
was predominantly expressed in IEC subpopulations of secretory
progenitor cells, as well as in colonocytes, crypt top colonocytes,
and absorptive progenitor cells (Figure 3).

To mechanistically address potential IEC-derived GSDMD
function, specifically whether GSDMD deficiency impairs IL-1p
release during colitis, we went back to the DSS colitis model and
analyzed supernatants from explant cultures of healthy control
mice (no DSS) and inflamed colon tissues from both Gsdmd*~
and Gsdmd”~ mice after DSS challenge. Associated with the
induction of GSDMD expression in inflamed colons (Figure 1G),
mature IL-1B was released from inflamed but not naive colon
explants, and IL-1f release was abolished in GSDMD-deficient

colons (Figure 4A). Interestingly, IL-1p released from inflamed
colon tissues was found in a complex with full-length GSDMD,
which was highly modified ina GSDMD-dependent manner (Fig-
ure 4A). In fact, immunoprecipitation studies under denaturing
conditions indicated that these IL-1B molecules were conjugated
with polyubiquitin chains (Figure 4A). Taken together, these data
demonstrate a pivotal role for GSDMD in promoting intestinal
inflammation and suggest a unique form of GSDMD-dependent
IL-1p release in the colon.

GSDMD mediates the release of polyubiquitinated IL-1f via
a caspase-8-dependent, nonpyroptotic pathway in colonic IECs.
Intrigued by the ex vivo observations, we asked whether GSDMD
mediatesapreviouslyundocumented mechanismofIL-1Bsecretion
that ultimately promotes intestinal inflammation. While myeloid
cells are known to be a critical source of IL-1B (3), a recent study
showed that LPS can also induce IL-1f and GSDMD expression in
colonic IECs (45). Noting that epithelial-derived GSDMD is highly
induced in both IBD patients with active disease (Figures 2 and 3)
andinDSScoliticmice (Figure 1G),we generated GSDMD-deficient
(Gsdmd”") young adult mice colonic (YAMC) epithelial cells as
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an in vitro model system. In response to activation of the NLRP3
inflammasome (LPS priming followed by ATP stimulation), highly
modified pro-IL-1B and mature IL-1p were released by WT, but
not Gsdmd”~ YAMC cells (Figure 4B). By performing IP under
denaturing conditions, we confirmed that the modified pro-IL-1f
proteins from YAMC cells were also conjugated with polyubiqui-
tin chains (Figure 4C), recapitulating our observations in inflamed
colon explants (Figure 4A).

Pyroptotic activation of GSDMD is triggered via cleavage
at D276 located in its linker region by either caspase-1 or -8 in
response to inflammasome assembly (14). Surprisingly, LPS+ATP
did not induce the activation of either caspase-1 (p20 fragment),
caspase-8 (pl8 fragment), or GSDMD cleavage (p30 fragment)
in YAMC cells (Figure 4, D and E). Instead, full-length GSDMD
was released along with caspase-8 (both full-length and cleaved
forms), but not caspase-1, into supernatants upon stimulation
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(Figure 4, D and E). The secretion of caspase-8, like polyubiquiti-
nated pro-IL-1pB, was also dependent on GSDMD (Figure 4, D and
E). Consistently, both WT and the D276 A-GSDMD mutant that
is resistant to proteolytic activation (GsdmdP?*4) restored secre-
tion of highly modified IL-1f in a complex with GSDMD from
Gsdmd’- YAMC cells (Figure 5, A and B). Of note, co-IP suggests
that caspase-8 is released in a complex with highly modified
pro-IL-1p. Although we did not detect any activated, intracellular
caspase-8, the enzymatically active caspase-8 (p18) was readily
found in supernatants from LPS+ATP treated cells (Figure 4E).
Furthermore, propidium iodide (PI) uptake indicated that
LPS+ATP did not induce GSDMD-dependent pyroptotic pores in
YAMC cells (Figure 5C). In fact, nonlytic IL-1B secretion is now
appreciated as having distinct physiological significance from
pyroptotic IL-1p release because the source of IL-1p remains via-
ble and continues to participate in the inflammatory response (23,
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26). Indeed, we found that LPS + ATP treatment induces the pro-
duction of IL-1p target genes (45) in an IL-1B-dependent manner
in YAMC cells (Figure 5D). Taken together, these data suggest that
the GSDMD axis mediates the release of polyubiquitinated IL-1B
via a nonpyroptotic pathway, specifically in colonic epithelial cells.

Knockdown of Casp8 greatly attenuated LPS+ATP-induced
release of modified pro-IL-1B, mature IL-1f (p17), and GSDMD
(Figure 5E), suggesting that caspase-8-mediated processing of
IL-1B might take place within the extracellular space. We pre-
viously reported that LPS stimulation can specifically engage
caspase-8 by instigating its recruitment to the receptor prox-
imal kinase, IRAKM (46). In support of this concept, co-IP

showed that GSDMD formed a complex with caspase-8 and
IRAKM, but not with caspase-1, in response to LPS stimula-
tion of YAMC cells (Figure 5F). These data imply that IRAKM-
dependent caspase-8 engagement occurs in colonic epithelial
cells and may underlie the selective involvement of caspase-8
inflammasome activity.

A chaperoned pool of GSDMD guides assembly of a secretory com-
plex required for nonpyroptotic IL-18 release. To delineate the path-
way of GSDMD-dependent nonpyroptotic release of IL-1B, we
performed co-IP of GSDMD from LPS-treated YAMC cell lysates
followed by mass spectrometry, which led to the identification
of 2 previously unknown GSDMD-interacting proteins, Cdc37
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Figure 5. Polyubiquitinated IL-1B from colonic IECs is released via a caspase-8-dependent nonlytic pathway. (A and B) Gsdmd~- YAMC cells were stably
restored with either WT or D276A GSDMD (Gsdmd®”%), and stimulated as indicated. (A) Supernatants from stimulated cells were subjected to IP with
anti-IL-1B (WCLs were directly analyzed). (B) Total protein in cell supernatants was extracted and analyzed, alongside WCLs. (C) Pore-forming ability was
assessed by kinetic analysis of propidium iodide (PI) uptake in LPS- and ATP-stimulated WT and Gsdmd~- YAMC cells, with triton treatment used as a
positive control. Error bars are shown as SEM of technical replicates (1 = 3). (D) IL-1B-deficient (IL-13-K0) and WT control YAMC cells were left untreated
or stimulated with LPS followed by ATP, and analyzed for indicated genes. (E) WT YAMC cells transduced with scramble (Scr) or caspase-8 targeting
(Casp8 KD) shRNA were subjected to co-IP with anti-IL-1B. Precipitated supernatant proteins and WCLs were analyzed by Western blot. (F) WT YAMC
cells were subjected to co-IP with anti-GSDMD and Western analysis as indicated. All experiments were repeated 3 times and yielded consistent results.
All error bars show SEM with *P < 0.05, **P < 0.01, ***P < 0.001 by 2-tailed unpaired Student’s t test.

and NEDD4 (Figure 6A and Supplemental Table 2). Cdc37 is a
cochaperone of Hsp90 (47-51), a known player in assisting IL-1f
loading into membrane vesicles (39), whereas NEDD4 is an E3
ligase that participates in the cargo loading, formation, and traf-
ficking of membrane vesicles, such as exosomes (52-56). By co-IP,
we found that full-length GSDMD formed a constitutive complex
with Cdc37 and its partner protein, Hsp90 (Figure 6A), whereas
NEDD4 was recruited to GSDMD upon LPS stimulation (Figure
6A). Importantly, these newly identified GSDMD-interacting
partners were all released into the supernatant upon LPS+ATP
stimulation in a GSDMD-dependent manner (Figure 6, A-C).
Furthermore, co-IP experiments showed that these GSDMD-
interacting partners, including NEDD4, Cdc37, and Hsp90, were
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present in a secretory complex with modified pro-IL-1p and
caspase-8-NLRP3 inflammasome (Figure 6C). Taken together,
these data suggest a chaperoned pool of GSDMD that recruits
NEDD4 to mediate nonpyroptotic release of IL-1p.

NEDD4 catalyzes polyubiquitination of pro-IL-1f to facilitate
its secretion through a Casp8-dependent GSDMD-guided nonpyro-
protic pathway. Knockdown of Nedd4 suppressed the release of
polyubiquitinated IL-1p in response to LPS+ATP stimulation (Fig-
ure 7A), indicating a fundamental role for NEDD4 in LPS+ATP-
induced secretion of IL-1f from YAMC cells. Given the reported
function of NEDD4/E3-mediated ubiquitination in exosome cargo
loading, we hypothesized that NEDD4 may facilitate GSDMD-
guided pro-IL-1B secretion by catalyzing the ubiquitination of
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and Gsdmd~~ YAMC cells with indicated treatments subjected to IP with anti-IL-18, and probed for indi-
cated proteins. All experiments were repeated at least 3 times and yielded consistent results.

pro-IL-1B. Indeed, in vitro ubiquitination assays showed that
NEDD4/E3 efficiently catalyzed the ubiquitination of pro-IL-1p
(Figure 7B). Next, we sought to determine the impact of NEDD4-
catalyzed polyubiquitination of pro-IL-1p on its secretion. Using
mass spectrometry, we identified 3 lysine residues in pro-IL-1B
that were conjugated to polyubiquitin chains by NEDD4 in vitro
(Supplemental Table 3). Mutation of these ubiquitination sites
(K132/K59/K79 to arginines, IL16*®) inhibited the release of the
IL-1B-containing secretory complex, comprised of GSDMD and
NEDD4, in response to LPS+ATP (Figure 7C). In line with these
findings, knockdown of Nedd4 substantially reduced the release
of components comprising the GSDMD-containing secretory
complex (Figure 7D). Taken together, these data demonstrate that
NEDD4-mediated polyubiquitination of pro-IL-1p is required for
release of the secretory complex comprised of pro-IL-18, GSDMD,
NEDD4, and caspase-8.

GSDMD promotes NEDD4-dependent biogenesis and release
of extracellular vesicles for IL-1f3 secretion. Previous studies have
shown that IL-1B can be secreted as cargo within extracellular
vesicles (EVs) in response to inflammasome activation (32, 33),
and that NEDD4-mediated polyubiquitination can promote the
inclusion of cytosolic protein into membrane structures, such
as exosomes for extracellular release. Thus, we tested whether
GSDMD/NEDD4 mediates IL-1§ secretion via biogenesis and

release of EVs. We indeed found that LPS+ATP stimulation
induced a robust GSDMD-dependent release of SEVs (<200 nm)
(Figure 8, A and B), which was confirmed by electron microscopy
(Figure 8, C and D). Western blots of the validated sEVs frac-
tions detected modified and mature IL-1B, GSDMD, caspase-8,
NEDD4, and CD63 (Figure 8E), confirming these proteins as
cargo components of GSDMD-dependent EVs (37, 57). Corrob-
orating these findings, proteomic profiling of IL-18 immuno-
precipitates not only validated the association of the GSDMD-
complex (GSDMD/CDC37/Hsp90, NEDD4, and Casp8) with
IL-1B, but also identified a set of proteins known to participate
in IL-1p secretion or exosome formation, including the SNARE-
protein, Sec22b (implicated in IL-1p secretion) (37), autophagy
proteins (Atg3/7) (58, 59), SNARE-binding proteins (Stxbp2 and
Stxbp3) (57), as well as components of ESCRT (60) (endosomal
sorting complexes required for transport), ALIX, Vps28, and
Vps4b (Supplemental Tables 2 and 4).

We then performed image analysis to determine the localiza-
tion of GSDMD, NEDD4, and IL-1p in relation to known subcel-
lular structures involved in the biogenesis of EVs. Transmission
electron microscopy suggested that LPS+ATP treatment induced
the generation of multivesicular bodies (MVBs) containing intra-
luminal vesicles (ILVs) (Figure 9A), which are known to give rise
to exosomes when released into the extracellular space. Con-
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Figure 7. Polyubiquitination of pro-IL-1§ by NEDD4 facilitates its secretion via caspase-8-dependent GSDMD-guided nonlytic pathway. YAMC cells were
lentivirally transduced with either scramble (Scr) or NEDD4-targeting shRNA (Nedd4-KD), and stable clones treated as indicated; cells with no guide RNA
were used as controls (Ctr). Representative Western blots of (A) total protein from supernatants pulled down with anti-IL-1B, and (B) in vitro ubiquitination
assays with recombinant human proteins E1(Ube1), E2 (UbcH5c/Ube2D3), E3 (NEDD4), and IL-1B as a substrate followed by mass spectometry analysis
(Supplemental Table 3). (C) IL-1B-deficient YAMC cells were restored with either WT or mutant (IL-18%) cDNA. Cells were treated as indicated, and total
protein from supernatants was directly analyzed or subjected to IL-1B IP followed by Western blotting. (D) WCLs and protein extracts from supernatants
were probed for indicated proteins. Except for mass spectrometry analysis, all experiments were repeated 3 times and yielded consistent results.

focal analysis, indeed, revealed a high level of colocalization
between GSDMD and CD63, a marker for MVBs, as well as exo-
somes (Figure 9A). Notably, crystallography studies show that
NEDD4 binds to LC3 through a conserved LC3-binding motif
(W266/1268/1269) (61, 62), which promotes NEDD4 E3 ligase
activity. Interestingly, LPS+ATP stimulation induced the redis-
tribution of GSDMD to the LC3* membrane structure (Figure
9B). In addition, GSDMD also colocalized with IL-1B, forming
punctate structures similar to that observed with GSDMD-LC3
upon LPS+ATP stimulation in YAMC cells (Figure 9B). Further-
more, NEDD4 family interacting protein (NDFIP1), an adaptor
that mediates the interaction between NEDD4 and its substrate,
was also found in similar structures with IL-1B in response to
LPS+ATP (Figure 9B). Importantly, NDFIP1 was shown to pro-
mote release of NEDD4 substrates into EVs that contain ALIX,
a marker for small EVs, such as exosomes (53, 54). IL-1B also
colocalized with ALIX in LPS+ATP-treated cells (Figure 9B).
Collectively, these data support a role for GSDMD/NEDD4-
mediated biogenesisand release of EVsin mediating IL-1B release
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from colonic IECs. In further support of this concept, NEDD4
was required for LPS+ATP-induced release of sEVs (<200 nm)
(Figure 10A). Remarkably, GSDMD-dependent release of CD63
positive sEVs was also detected from colon explants from DSS-
colitic WT and Gsdmd~- mice (Figure 10, B and C) that contain
polyubiquitinated IL-1B, GSDMD, caspase-8, and NEDD4 (Fig-
ure 10C). These data suggest that GSDMD-guided secretion of
IL-1 likely requires vesicle biogenesis, and results in the release
of a GSDMD/NEDD4/IL-1p complex via SEVs.

Discussion

Herein, we report a novel nonpyroptotic role of GSDMD in guid-
ing release of IL-1B-containing vesicles from IECs in response
to caspase-8 inflammasome activation. Interestingly, while this
GSDMD-guided secretory pathway led to pro-IL-1f polyubiquiti-
nation, NEDD4, known for promoting cargo loading into secre-
tory vesicles (52-56, 63), also catalyzed the polyubiquitination of
IL-1pB. Previous studies, in fact, have described NEDD4’s role in EV
generation for exporting ubiquitinated target proteins (52-56, 63),
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and NEDD#4 itself has been detected in EVs (53). In line with these
findings, we found that an IL-1p ubiquitination mutant failed to be
released from activated IECs, but detected GSDMD-dependent
release of sEVs that contained chaperoned-GSDMD/NEDD4/
caspase-8/IL-1p, together indicating a novel, nonpyroptotic role
for GSDMD in IL-1 secretion from nonmyeloid cells.

The impact of GSDMD-guided IL-1p secretion from colonic
IECs is reminiscent of the autocrine IL-18 function of T 17 and

RESEARCH ARTICLE

Figure 8. Characterization of GSDMD-associated proteins released
from isolated IEC-derived sEVs. WT and Gsdmd~- YAMC cells were

left untreated or stimulated with LPS+ATP. (A) Total concentrations of
particles (15-285 nm), and (B) average diameters of particles, in indicated
supernatants. Adjusted P values were calculated by Turkey’s multiple
comparisons test (n = 3). (C) Representative images of transmission
electron microscopic scanning of counterstained EVs from supernatants
of untreated and LPS+ATP-treated cells, with (D) examples of EVs of
varying sizes. Scale bars: 100 nM. (E) Representative Western blots of
EVs from indicated supernatants after enrichment by size exclusion
column-based fractionation. All experiments were repeated 3 times and
yielded consistent results. Electron microscopy was performed on sam-
ples from 2 independent repeats, which generated vesicles of consistent
morphology and range of diameters.

microglia cells that we previously reported (46, 64). In all cases,
a caspase-8-dependent pathway is initiated, in lieu of caspase-1
inflammasome activation, with resulting IL-1p serving as a pos-
itive feedback signal to promote cell survival/proliferation and
inflammation (46, 64). In fact, we found that GSDMD-guided
IL-1p secretion also operates in T 17 cells (Supplemental Figure
2A). Moreover, while GSDMD-LC3 colocalization was observed
in ATP-treated T,17 cells (Supplemental Figure 2C), CD3+ATP
induced robust exosome production from polarized T,17 cells,
which was substantially impaired by Gsdmd-deficiency (Sup-
plemental Figure 2B). Importantly, Gsdmd-deficiency reduced
CD3+ATP-induced expression of Ifng, Csf2, and Tnfa, which col-
lectively signals the transition to inflammatory T, 17 cells that
drive intestinal inflammation (Supplemental Figure 2D). Using a
T cell-dependent mouse model of colitis, we found that donor T
cells derived from either Asc- or Gsdmd-deficient versus WT mice
exhibited reduced colitigenicity when transferred into recipients
(Supplemental Figure 2, E-H), which was associated with a reduc-
tion in inflammatory CD4" T cells (Supplemental Figure 2, Iand J).
Together, these data suggest that GSDMD-guided IL-1f secretion
from T,17 cells, similar to IECs, can also enable autocrine IL-1B
signaling, in this case for T cell-mediated colitis.

Of note, unlike pyroptosis-mediated IL-1p release, we did not
detect generation of the pyroptotic-inducing GSDMD fragment
in YAMC cells. Instead, chaperoned full-length GSDMD formed
a caspase-8-containing secretory complex with IL-1f to guide its
export. Although caspase-8 was not initially identified as a pyro-
ptotic caspase, recent studies have shown that it is also competent
at cleaving GSDMD (18, 19); thus, a key question is how GSDMD
evades cleavage by caspase-8. Interestingly, GSDMD was consti-
tutively chaperoned by Hsp90-Cdc37 complexes in IECs. Previ-
ous studies have reported that GSGSFG, a glycine-rich motif; is
required for the stable client protein’s interaction with Cdc37 (65),
followed by interaction with Hsp90 to form a ternary complex (47,
48,50, 51). There is, indeed, a GSGSFG-like glycine-rich motif in
the N-terminal region of GSDMD. Based on structural modeling,
we posit that cleavage at D276 might be masked by the GSDMD/
Cdc73/Hsp90 complex in IECs, as well as T, 17 cells, preventing
caspases from accessing this site. Future mutagenesis studies of
these glycine-rich motifs will be required to test this possibility.
Notably, fully activated caspase-8 (p18) was only detected in super-
natants, but not in cell lysates, in response to stimulation. These
data suggest that activation of caspase-8 occurs in a compartmen-
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talized fashion, simultaneously with the export of polyubiquiti-
nated pro-IL-1B. GSDMD-guided secretion of sEVs containing
polyubiquitinated pro-IL-1p complexed with caspase-8 may allow
processing of IL-1f in the extracellular space. We detected mature
IL-1B in the SEVs.

We also identified NEDD4 as a novel GSDMD-interacting
protein. Crystal structure revealed that NEDD4 can be activated
by interacting with LC3 (62). Thus, assembly of chaperoned
GSDMD with NEDD4 may direct its localization to LC3-II* mem-
branes, leading to its activation. In fact, our imaging studies
showed that GSDMD, NEDD4, and IL-1p were associated with
LC3-II" vesicles upon stimulation, which is consistent with pre-
vious studies of IL-1B release by secretory autophagy via LC3*
IL-1B-carrying vesicles (37, 39). Biogenesis of LC3-1I* membranes
is dependent on Atg3/7-mediated lipidation of LC3, which is
traditionally used as a marker for degradative autophagy. One
key question is how GSDMD/NEDD4-IL-13/IL-18-containing
LC3-II* vesicles are directed away from degradative autophagy.
Recent studies have shown that IL-1p is recognized by TRIM16,
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Figure 9. GSDMD-guided secretion of IL-1f
requires vesicle biogenesis. Representative
photomicrographs of WT YAMC cells untreated
or treated with LPS+ATP imaged by (A)
transmission electron microscopy (left), and by
confocal microscopy after staining for (B) CD63
(green) and GSDMD (red) (right), and (B) for
indicated proteins, with 3D projections based on
Z stack scanning of 100 planes of boxed region.
All immunofluorescence imaging was repeated
over 3 biological replicates in 3 independent
experiments, which yielded consistent pattern
of staining. Electron microscopy was performed
on samples from 2 independent repeats.
Confocal microscopy was performed 3 times
and revealed consistent morphology. Scale bars:
10 uM (A), 15 uM (B).
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which interacts with the SNARE protein Sec22b, and fused with
LC3-II* vesicles (Sec22b*LC3*). Sec22b (in LC3-II'IL-1B* mem-
branes), in turn, engages plasma membrane syntaxin-3 and
syntaxin-4 for IL-1f secretion, but not syntaxin-17, a SNARE-
promoting autophagosome-lysosome fusion (for degradation)
(37, 57). We found Sec22b, several SNARE-interacting proteins
(stxbp2/3), and Atg3/7 in our mass spectometry of IL-1f pull
downs. These data collectively point to a critical role for GSDMD
and NEDD4 inloading IL-1f as cargo proteins in vesicles destined
for extracellular release (Supplemental Figure 3).

Alternatively, NEDD4 has previously been implicated in EV
biogenesis (exosome generation) for exporting its ubiquitinated
target proteins (52-55). IL-1p-containing exosomes have been
reported to be released via MVB fusion with the plasma mem-
brane (32). Our data show that, while activation of the NLPR3
inflammasome induced formation of MVBs with ILVs, GSDMD
and NEDD4 mediated release of EVs (<200 nm) that contained
polyubiquitinated IL-18 from IECs and T 17 cells. Notably, poly-
ubiquitin chains function as a marker that triggers the ESCRT
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Figure 10. GSDMD and NEDD4 mediate the release of a GSDMD/NEDD4/IL-1B complex via sEVs. (A) YAMC cells transduced with either scramble shRNA

(Scr) or shRNA targeting Nedd4 (Nedd4-KD) were stimulated with LPS, and s

upernatants were concentrated and subjected to size-exclusion columns to

isolate exosomes, followed by nanoparticle tracking analysis with ZetaView for size distribution and total particle concentration (n = 5). (B) Supernatants
from cultured colon explants from DSS-treated (day 9) WT and Gsdmd~- mice were fractioned by size-exclusion columns to enrich for EVs followed by
nanoparticle tracking analysis for size distribution and total particle concentration (n = 6), and evaluated for (C) indicated proteins, as shown by represen-

tative Western blots. ***P < 0.0001 by 2-tailed unpaired Student’s t test. All

machinery to sort and load ubiquitinated proteins into ILVs
through invagination of CD63* MVBs (60). We found that muta-
genesis abolishing NEDD4-mediated polyubiquitination of pro-
IL-1B impaired the release of IL-1f and GSDMD-containing secre-
tory complexes, suggesting that NEDD4 may facilitate the loading
of pro-IL-1p into ILVs through the ESCRT system. In support of
this, we detected several ESCRT proteins, including ALIX, Vps28,
and Vps4b, by proteomic profiling of protein coimmunoprecip-
itates of IL-1P. Collectively, these data suggested that GSDMD
mediates NEDD4-dependent biogenesis of sEVs for IL-1p export
using select autophagy components, including LC3* vesicles, sup-
porting the interplay between autophagy and exosome biogenesis.

It has been well-documented that IL-1B can be released in
the absence of cell lysis via various mechanisms (23-28), includ-
ing IL-1p accumulation within membrane vesicles (exosomes
and/or secretory autophagy) for export to the extracellular space
(29-39). A growing body of literature has demonstrated GSDMD-
dependent pyroptosis-independent release of IL-1p in response
to caspase-1 inflammasome activation in a variety of cell types,
including neutrophils, hyperactivated macrophages, dendritic
cells, microglia, and human monocytes (23-25). Based on our data,

experiments were repeated 3 times and yielded consistent results.

we propose a two-step activation model for GSDMD-guided IL-1f
release from IECs: LPS stimulation or TCR activation (stimulus 1)
engages chaperoned GSDMD and recruits NEDD4 to caspase-8/
receptor complexes. In response to ATP stimulation (stimulus
2), the GSDMD-NEDD4 complex is assembled onto the NLRP3/
Casp8 inflammasome and pro-IL-1B is subsequently ubiquiti-
nated by NEDD4, resulting in loading of the whole complex into
LC3-II* vesicles and release into the extracellular space for pro-
IL-1B processing. With emerging studies also highlighting the
potential involvement of GSDMD in intracellular vesicle-sorting
machineries, such as ESCRT (25) and Golgi reassembly stacking
proteins (GRASPs) (66), future studies are required to examine
whether this pathway is operative in other cell types in response
to various inflammasomes.

GSDMD-guided IL-1B secretion through exosomes has distinct
physiological significance from pyroptotic IL-1f release because
producing cells remain viable and continue to participate in
the inflammatory response. As a result, NLRP3 inflammasome
activation leads to autocrine IL-1p signaling to propagate and
amplify the inflammatory response, promoting acquisition of
an inflammatory phenotype. Since producing cells can survive
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inflammasome activation with nonlytic IL-1p release, we posit
that the duration of inflammatory responses may be sustained
over an extended period of time, which might underlie the patho-
genesis of chronic and recurring inflammation in many disease
settings, including IBD.

In fact, it has long been established that increased and per-
sistent IL-1f is present in intestinal lesions and mucosal cells from
IBD patients (67-69). However, to date, no clinical trials have
shown definitive efficacy of IL-1p inhibition in patients with IBD,
and no drug specifically targeting IL-1 has been FDA-approved
for the treatment of this condition. Although considered a clas-
sic proinflammatory cytokine, the role of IL-1B in gut injury and
acute colitis is not without controversy, as mice deficient in IL-1p
are reported to display more aggressive intestinal inflammation
compared with controls, suggesting a potential protective role of
IL-1B in this process (70). However, how epithelial-derived and/
or pyroptotic versus nonlytic IL-1f release specifically contributes
to chronic intestinal inflammation, such as that observed in IBD,
is unclear. Our present study indicates that GSDMD-guided IL-1B
secretion from IEC may represent an important mechanism by
which intestinal inflammation is sustained, as increased GSDMD
transcripts are observed in locally inflamed gut mucosal tissues
from IBD patients. Single-cell profiling enabled us to determine
cell-type specific expression of GSDMD, revealing its upregulation
in specific clusters of inflamed IECs, including colonocytes and
crypt-top colonocytes. Upregulation of inflammatory pathways,
including cytokine production, across these clusters has been
previously shown (44) and indicates how GSDMD may actively
promote these processes during chronic intestinal inflammation.
Interestingly, increased GSDMD was detected in absorptive and
secretory progenitor cells characterized by specific upregulation
of differentiation and cell-migration pathways in inflamed tissues,
suggesting that GSDMD may also modulate the potential role of
these subpopulations to repair inflammation-induced damage.
However, whether the effects of GSDMD promote or interfere
with these particular events remains to be determined. Further
studies are also required to dissect the contribution of IL-1f from
lytic versus nonlytic release during chronic intestinal inflamma-
tion, such as in IBD, as well as in other GI-related inflammatory
pathologies. Importantly, our study has identified a set of IL-1B
mutations that specifically ablates GSDMD-guided IL-1B secre-
tion, affording genetic tools to evaluate the mechanistic, patholog-
ical role of this pathway using knockin mouse models in the future.

Methods

Animals. Gasdermin D-KO mice were a gift from Vishva M. Dixit
(Genetech, South San Francisco, California, USA) and have been
described in previous studies (17). Asc”/- mice were generated as
described previously (64).

Generation of knockdown, KO, and restored cell lines. The immortal-
ized mouse colonic epithelial cell line, YAMC, was a gift from Robert
H. Whitehead at Vanderbilt University (71). To generate GsdmD- and
IL-18-KO cells, sgRNA sequences from the GeCKO (v2) library were
used. Specifically, 5'-~AGCATCCTGGCATTCCGAG-3' was used to
knock out GsdmD and 5'-TTATCCCTATATGACTGGGC-3' was used
to knock out IL-15. These sgRNA sequences were cloned into the
pLenti-Crispr v2 vector and transduced into YAMC cells by lentiviral
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infection, which were dispersed into single-cell suspensions to gener-
ate independent clones, validated by Western blot. Control cells were
generated by transducing YAMC cells with the same pLenti-Crispr
that carried no guide RNA. To generate Nedd4, Atg7, and Casp8 knock-
down (KD) cells, control and targeting shRNAs (Nedd4 - ATATTCT-
GCTACGGATAATTA, Atg7- CCAGCTCTGAACTCAATAATA, Casp8
- TCCTGACTGGCGTGAACTATG, control - CAACAAGATGAA-
GAGCACCAA) were delivered to YAMC cells by lentiviral infection.
Infected cells were cultured in selective medium for 48 hours (Casp8-
KD) or sorted for EGFP (Nedd4-KD) or mCherry (Atg7-KD) to enrich
for transduced cells before subjected to treatment and analysis. For
restoration experiments, HA-tagged WT and 276mutant of GSDMD
or WT and ubiquitination mutant of IL-1p were transduced into YAMC
cells using lentiviral infection.

Microarray analysis. R package GEOquery (72) was used to down-
load gene array expression data from the following GSE database
accessions: GSE20881, GSE39713 (43), GSE53306 (42), GSE75214
(40), and GSE112366 (41). Ambiguous and control probes were fil-
tered out from each data set (presented as log2M). limma R package
(73) was used to fit generalized linear models for each cohort and the
empirical Bayes variance moderation method was used to estimate
moderated ¢ statistics and P values. Benjamini-Hochberg correction
was used to estimate FDR, and g values were estimated using R pack-
age qvalue (74, 75).

Single-cell data analysis. 10x Genomics single-cell data were pro-
cessed as previously described (44). Normalized single-cell expression
values were visualized using Seurat (76) package, with data embed-
dings generated as previously described (44). Pseudo-bulk analyses
were carried out as follows: epithelial cell populations were isolated
in silico, discarding contaminating immune types, and a pseudo-bulk
for each sample was generated by aggregating raw unique molecular
identifier counts from selected cellular barcodes for each subpopula-
tion. DESeq2 R package (77) was used to compute library size factors,
normalize data, and perform differential expression analysis using
negative binomial Wald’s test. Benjamini-Hochberg correction was
used to estimate FDR.

Antibodies. Antibodies were purchased from the following compa-
nies: NEDD4 (catalog 2740), caspase-8 (catalog 4790), Atg7 (catalog
8558), Cdc37 (catalog 4793), NLRP3 (catalog 15101), B-actin (catalog
3700) (all from Cell Signaling Technology), GSDMD (ab209845 and
ab219800), CD63 (ab217345), ubiquitin (ab7780) (all from Abcam),
Hsp90 (catalog sc-13119; Santa Cruz Biotechnology, Inc.), caspase-1
(catalog AG-20B-0042-C100; AdipoGen Life Sciences), IL-1B (cat-
alog AF-401, R&D Systems; catalog 503505, BioLegend), and IL-18
(catalog 210-401-323; Rockland Immunochemicals, Inc.).

Western blotting. Freshly isolated human IECs were provided by
the Biorepository Core of the NIH-funded Cleveland Digestive Dis-
eases Research Core Center (P30 DK097948). In brief, surgically
resected colon tissues were obtained from age- and sex-matched CD
and UC patients, as well as noninflammatory controls who underwent
therapeutic bowel resection for malignant and nonmalignant nonin-
flammatory conditions. IECs from the latter group were derived from
healthy margins of diseased/malignant tissues. All specimens were
processed as previously described (78) to obtain IEC preparations
with less than 1% contaminating lamina propria mononuclear cells, as
assessed by staining with a mAb directed against a leukocyte common
antigen (CD45).
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IEC cell lines were stimulated as indicated and harvested, washed
once with cold PBS, and lysed for 30 minutes at 4°C in 1% Triton
X-100, 20 mM HEPES (pH 7.4), 150 mM NaCl, 1.5 mM MgCl,, 2 mM
EGTA, protease and phosphatase inhibitors (Roche Life Science).
Cellular debris were removed by centrifugation at 16,000g for 10
minutes. For immunoblotting, cell extracts were fractionated by SDS-
PAGE and transferred to Immobilon-P transfer membranes (Milli-
pore) using a wet transfer apparatus (Bio-Rad Laboratories). IB analy-
sis was performed, and bands were visualized with HRP-coupled goat
anti-rabbit, goat anti-mouse, or donkey anti-goat IgG, as appropriate
(Rockland Immunochemicals, Inc.), using the ECL Western blotting
detection system (GE Healthcare). Semiquantitative analysis was
performed by densitometry, calculating the ratio of target protein(s)
to GAPDH (Image ] version 1.52, NIH software). Protein levels were
equilibrated with the Protein Assay Reagent (Bio-Rad Laboratories).

Coimmunoprecipitation. For co-IPs, cells were harvested, washed
once with cold PBS, and lysed in Triton X-100-containing buffer (0.5%
Triton X-100, 20 mM HEPES [pH 7.4], 150 mM NacCl, 1.5 mM MgCl,, 2
mM EGTA, protease and phosphatase inhibitors) (Roche Life Science).
Cell extracts were incubated with 1 pg of indicated Ab for 2 hours,
followed by incubation for 12 hours with 30 pL protein G-Sepharose
beads (prewashed and resuspended in lysis buffer at a 1:1 ratio). After
incubations, beads were washed 4 times with lysis buffer, separated
by SDS-PAGE, and analyzed by immunoblotting. IL-1p IP was per-
formed as previously described (79). In brief, 5-mL supernatants were
incubated overnight at 4°C with 5 pg biotinylated hamster monoclonal
IgG1, clone B122 (BioLegend). The next day, 25 uL neutravidin agarose
(Pierce Biotechnology) was added into each lysate. After 1 hour of incu-
bation at 4°C, agarose resins were centrifuged, washed 3 times in lysis
buffer, and heated in 30-40 pL 2X Laemmli buffer before SDS-PAGE.

Protein extracts. Cell-free supernatants were mixed in a 1:1 ratio
with methanol and then mixed with chloroform at a 1:4 ratio (chlo-
roform/starting supernatant volume). Precipitates were collected
by centrifugation and washed with methanol followed by cen-
trifugation. Precipitates were dissolved in 4X Laemmli buffer for
Western blot analysis.

LC-MS/MS method. IP and control IgG samples were fractionated
on an SDS-PAGE gel and the entire lane was cut into 2 bands, which
were subjected to in-gel digestion. Gel bands were divided into small
pieces, washed with water, and dehydrated in acetonitrile. Bands
were reduced with DTT and alkylated with iodoacetamide before
in-gel digestion, achieved by adding 5 pL of 10 ng/pL trypsin in 50
mM ammonium bicarbonate, and incubating overnight at room tem-
perature. Formed peptides were extracted from polyacrylamide into 2
aliquots of 30 pL 50% acetonitrile with 5% formic acid. Extracts were
combined and evaporated to less than 10 pL by Speedvac and resus-
pended in 1% acetic acid to a final volume of approximately 30 pL for
LC-MS analysis.

Digested peptides were analyzed on a Thermo Fisher Scientific
UltiMate 3000 HPLC system (Thermo Fisher Scientific) interfaced
with either a Thermo Fisher Orbitrap Elite or Thermo Fisher Scientific
Orbitrap Fusion Lumos Tribrid mass spectrometer (Thermo Scientif-
ic). Liquid chromatography was performed before MS/MS analysis for
peptide separation. The HPLC column used was a Dionex 15 cm x 75
um Acclaim Pepmap C18, 2 um, 100 A reversed-phase capillary chro-
matography column. A 5 pL volume of peptide extracts was injected
and eluted from the column by a 90-minute acetonitrile/0.1% formic
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acid gradient at a flow rate of 0.30 pL per minute and introduced to
the mass spectrometer source online. Digests were analyzed using
data-dependent multitask capability of the instrument acquiring full
scan mass spectra on a Fourier Transform (FT) orbitrap analyzer to
determine peptide molecular weights and collision-induced dissoci-
ation (CID) MS/MS product ion spectra with an ion-trap analyzer to
determine the aa sequence in successive instrument scans.

In order to do label-free quantitative and qualitative proteomic
analysis, data was searched using X! Tandem (The GPM) and
Sequest (bundled into Proteome Discoverer 2.2, Thermo Fisher
Scientific). The database used in these searches corresponds to
the mouse SwissProtKB database. The parameters used for these
searches include enzyme-specific trypsin with a maximum of 2
missed cleavages, carbamidomethyl (C) as a fixed modification,
oxidation of methionine and protein N-terminal acetylation as vari-
able modifications, peptide mass tolerance of 10 ppm and fragment
ion mass tolerance of 0.6 Da.

Scaffold (version 4.8.9, Proteome Software Inc.) was used to vali-
date MS/MS-based peptide and protein identifications. Peptide iden-
tifications were accepted if they could be established at greater than
0.0% probability by the Peptide Prophet algorithm (80) with Scaffold
delta-mass correction. Protein identifications were accepted if they
could be established at greater than 99.9% probability and contained
at least 2 identified peptides. Protein probabilities were assigned by
the Protein Prophet algorithm (81). Proteins that contained similar
peptides and could not be differentiated based on MS/MS analysis
alone were grouped to satisfy the principles of parsimony. Label-free
spectral counting was used to determine relative differences in the IgG
control and IP samples.

Transmission electron microscopy. For ultrastructural analysis,
isolated exosomes or cells were fixed for 1 hour at room tempera-
ture in 2% paraformaldehyde, 2.5% glutaraldehyde (Polysciences),
and 0.05% malachite green (MilliporeSigma) in 100 mM sodium
cacodylate buffer, pH 7.2. Malachite green was incorporated into the
fixative for stabilization of lipid constituents soluble in aqueous glu-
taraldehyde. Samples were washed in cacodylate buffer and post-
fixed for 1 hour in 1% osmium tetroxide (Polysciences). Samples were
then rinsed extensively in distilled water before en bloc staining for
1 hour with 1% aqueous uranyl acetate (Ted Pella). Following several
rinses in distilled water, samples were dehydrated in a graded series
of ethanol and embedded in Eponate 12 resin (Ted Pella). Sections 95
nm in thickness were cut with a Leica Ultracut UC7 ultramicrotome
(Leica Microsystems), stained with uranyl acetate and lead citrate, and
viewed on a Tecnai G2 Spirit BioTWIN Transmission Electron Micro-
scope (FEI Co.) at 60 kV.

In vitro ubiquitination assay. E1- Ubel (100 nM), E2- UbcH5¢/
Ube2D3 (1 uM), E3-NEDD4 (1 uM), 1x E3 ligase reaction buffer, ubig-
uitin (100 pM), MgATP solution (10 mM) (Boston Biochem, Inc.), and
substrate IL-1B (5 uM, Sino Biological, Inc.) were mixed and incubated
at 37°C for 1 hour. For negative controls, MgATP solution was replaced
with dH,0. The reaction was terminated by addition of an equal vol-
ume of 2x SDS-PAGE sample buffer.

Exosomes analysis. EVs were isolated from culture medium using
Size Exclusion Chromatography (qEV, Izon Science) and subjected to
ZetaView analysis for quantity and size.

DSS colitis model. Eight-week-old sex-matched Gsdmd”- and
Gsdmd littermate mice were given 3% DSS (MP Biomedicals, LLC)
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in drinking water for up to 9 days. Body weight was recorded daily until
sacrifice. Different parts of the colon (proximal, middle, and distal)
were collected, fixed in 10% formalin overnight, and paraffin embed-
ded. For frozen sections, colon tissues were fixed in 4% paraformalde-
hyde (PFA) for 4 hours, followed by 15% and 30% sucrose overnight,
or until tissue sank, respectively. After sucrose dehydration, tissues
were embedded in OCT and snap-frozen in liquid nitrogen for further
histology analysis. Histologic scores were evaluated based on H&E
sections of colons taken on day 9 of DSS treatment following a previ-
ously published scoring system (82).

RNA isolation, purification, and qPCR analysis. Total RNA was iso-
lated using TRIzol reagent (Invitrogen), according to the manufactur-
er’s instruction. In brief, YAMC cells or colon tissues were first lysed
or homogenized, respectively, in 1 mL TRIzol, followed by addition of
200 pL chloroform. Samples were vortexed and spun down at 12,000g
for 10 minutes. Upper aqueous phase was transferred to a new tube
and an equal amount of isopropanol was added to precipitate RNA.
Samples were then centrifuged at 12,000¢ for 10 minutes. Superna-
tants were discarded and resulting pellets washed with 70% ethanol
twice and dissolved in RNase-free water. RNA purification was done
using lithium chloride as previously described (83, 84). Briefly, RNA
solution was mixed with 0.1 volume of 8M lithium chloride (LiCl) and
incubated on ice for 2 hours. Samples were centrifuged at 14,000¢ for
30 minutes. Pellets were dissolved in 200 uL RNase-free water. LiCl
purification process was repeated again. A 0.1 volume of 3M sodium
acetate (pH 5.2) and 2.0 volume of —20°C prechilled 100% ethanol
was added to 1 volume of RNA solution and incubated at —20°C for
30 minutes and spun down. Pellet was washed with 70% ethanol and
RNA was dissolved in 50 uL RNase-free water for RT-PCR. All gene
expression data were normalized to actin.

T cell transfer colitis. T cells were collected from WT, Gsdmd™",
and Asc”” mice. Lymph nodes and spleens were collected and gently
smashed to prepare single-cell suspensions; RBCs were lysed with
ACK lysis buffer. T cells were then stained with anti-CD4 and anti-
CD45RB antibodies. CD4* CD45RB"/* cells were sorted and inject-
ed i.p. at 0.5 million/mouse into Ragl”" recipient mice. Body weights
were recorded once a week until endpoint. Colon weights and lengths
were measured. Histologic scores were based on evaluation of H&E
staining of colon sections following a previously reported system (85).

Statistics. Data are expressed as mean * SEM. Two-tailed unpaired
Student’s ¢ test was used to compare the difference of means between
2 groups throughout the manuscript. Turkey’s multiple comparisons
test was used to adjust for analysis involving multiple groups. P values
were calculated in GraphPad Prism (version 8.1.1), and a value of less
than 0.05 was considered significant for all statistical tests.

Study approval. All animal experiments were approved by the
Institutional Animal Care and Use Committee (IACUC) at the Cleve-
land Clinic (protocol 2017-1814). Experiments involving patient sam-
ples were approved by the Institutional Review Board at Case Western
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Reserve University and the University Hospitals (protocol 02-10-07).
All patients provided written informed consent.
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