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Inhibition of CD82 improves colitis by increasing NLRP3
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CD82 is a transmembrane protein that is involved in cancer suppression and activates immune cells; however, information on the
NLRP3 inflammasome is limited. Herein, we show that although CD82 suppressed the activation of the NLRP3 inflammasome
in vivo and in vitro, CD82 deficiency decreased the severity of colitis in mice. Furthermore, two binding partners of CD82, NLRP3
and BRCC3, were identified. CD82 binding to these partners increased the degradation of NLRP3 by blocking BRCC3-dependent
K63-specific deubiquitination. Previous studies have shown that CD82-specific bacteria in the colon microbiota called Bacteroides
vulgatus (B. vulgatus) regulated the expression of CD82 and promoted the activation of the NLRP3 inflammasome. Accordingly, we
observed that B. vulgatus administration increased mouse survival by mediating CD82 expression and activating NLRP3 in mice with
colitis. Overall, this study showed that CD82 suppression reduced the pathogenesis of colitis by elevating the activation of the
NLRP3 inflammasome through BRCC3-dependent K63 deubiquitination. Based on our findings, we propose that B. vulgatus is a
novel therapeutic candidate for colitis.
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INTRODUCTION
CD82, also known as KAI1, is a member of the tetraspanin
superfamily. It comprises four transmembrane domains and
suppresses cancer metastasis. Studies have suggested that
differentially expressed KAI1/CD82 is closely related to malignant
tumors and can be measured as a tumor biomarker [1, 2]. Notably,
KAI1/CD82 expression is downregulated in malignant tumors and
closely associated with malignant progression, metastasis, and
prognosis particularly in breast, colon, lung, ovarian, nasophar-
yngeal, liver, and pancreatic cancers [3–5]. Additionally, KAI1/CD82
has been found to be related to diverse biological functions, such
as cell signal transduction, adhesion, migration, and motility and
protein trafficking, and aggregation [6]. Moreover, studies have
indicated that although immuno-crosslinking of KAI1/CD82
induces intracellular calcium mobilization in lymphocytes, T-cell
adhesion and the level of KAI1/CD82 on the cell surface are
upregulated during cell activation and cytokine stimulation, with
KAI1/CD82 playing an accessory role in T-cell activation [7–9].
Alternately, although CD82 has been associated with components
of the major histocompatibility complex (MHC) class II antigen
presentation pathway, such as class II MHC molecules and
peptide-loading machinery, it is also specifically recruited to
pathogen-containing phagosomes before fusion with lysosomes
in macrophages, indicating roles for CD82 in antigen presentation

and intracellular trafficking in macrophages [10, 11]. However,
neither the involvement of CD82 expression in colitis pathogen-
esis nor the mechanisms by which CD82 is associated with
inflammation-related protein regulation in macrophages are well
understood.
The nucleotide-binding oligomerization domain-like receptor

pyrin-domain containing protein 3 (NLRP3) inflammasome is the
most extensively characterized crucial signaling factor that influ-
ences the maturation of two proinflammatory interleukin (IL)-1
family cytokines, namely, IL-1β and IL-18 [12, 13]. Activating pattern
recognition receptors, NLRP3 forms a homogenous complex called
the adapter apoptosis-associated speck-like protein containing a
caspase recruitment domain (ASC). This complex, in turn, activates
pro-caspase-1 via its cleavage. Caspase-1 is a well-characterized
inflammatory caspase that facilitates the maturation of IL-1β and
IL-18 into active cytokines and the initiation of pyroptosis by
autocatalysis and activation [14–16]. Furthermore, it initiates gene
transcription, particularly the priming step, triggering the expression
of NLRP3, pro-IL-1β, and pro-IL-18 in preparation for inflammasome
activation [17, 18]. Then, various stimuli, such as uric acid crystals,
cholesterol, silica, alum, ATP, and calcium pyrophosphate dehydrate
[18–20], induces NLRP3 inflammasome activation. Hence, the
activation of the NLRP3 inflammasome has been proposed to
be regulated at both the transcriptional and posttranslational levels.
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The NF-kB pathway induces NLRP3, pro-IL-1β, and pro-IL-18
expression at the transcriptional level. Before stimulation, the
inactive conformation of NLRP3 is partially formed by several
posttranslational modifications, such as phosphorylation and ubiqui-
tylation [14, 21–23]. Ubiquitylation modulates NLRP3 activation by
controlling both the degradation rate of NLRP3 and its ability to self-
assemble. Notably, BRCA1/BRCA2-containing complex subunit 3
(BRCC3) is a deubiquitinase activated by priming signals, and it
deubiquitylates NLRP3 to enable its homo-oligomerization [24, 25].
However, the role played by CD82, which has been associated with
BRCC3 and NLRP3 in macrophages, remains unclear.
Aberrant activation of the NLRP3 inflammasome is evident in

various autoinflammatory and chronic inflammatory and meta-
bolic diseases, including gout, atherosclerosis, and type 2 diabetes
[14, 16]. Early studies reported that the NLRP3 inflammasome
produces IL-1β and IL-18, contributing to intestinal inflammation
[26, 27]. However, aberrant inflammasome signaling in inflamma-
tory bowel disease (IBD) is being re-evaluated due to recent
reports indicating that IL-1β and IL-18 production can confer
protection against colitis [28–30].
Based on the background described above, the aim of this

study was to investigate the role played by CD82 in DSS-induced
colitis in mice. To this end, this study proved that the regulation
of CD82 may be a potential target for colitis therapeutics.
The results showed that CD82 interacted with NLRP3 and BRCC3.
Furthermore, with the binding of BRCC3-CD82, a decrease in the

K63-specific deubiquitination of NLRP3 led to increased NLRP3
degradation and thus attenuated NLRP3 inflammasome activation.
Subsequently, we studied the role played by Bacteroides vulgatus
(B. vulgatus), which has been associated with probiotics in the
colon, in decreasing the susceptibility to colitis. The oral
administration of B. vulgatus to mice with DSS-induced colitis
attenuated the expression and binding of CD82 following
enhanced activation of the NLRP3 inflammasome.

RESULTS
CD82 inhibits the activation of the NLRP3 inflammasome
We treated LPS-primed wild-type (WT) or CD82-knockout (KO)
BMDMs with various concentrations of ATP to examine the role of
CD82 in activating the NLRP3 inflammasome. Then, we measured
the levels of secreted IL-1β and IL-18. These investigations revealed
that the levels of the aforementioned cytokines were increased in
CD82-deficient BMDMs compared to WT BMDMs (Fig. 1A).
However, in a complementary experiment, CD82 decreased the

levels of cytokines in both mutant and WT BMDMs infected with
adenovirus (Fig. 1B). Knocking down CD82 favored the expression of
IL-1β and IL-18 in THP-1 cells (Fig. 1C). Subsequently, we analyzed
the effects various inflammasome activators in LPS-primed WT and
CD82−/− BMDMs to determine whether CD82 specifically mediates
NLRP3 inflammasome activity. Although treatment with NLRP3
activators (nigericin, silica, MSU, MDP, or alum) significantly elevated

Fig. 1 Inflammasome in macrophages A BMDMs from CD82+/+ and CD82−/− mice were primed with LPS (100 ng/mL) for 4 h and stimulated
with ATP at various concentrations for 1 h. The levels of cytokines were analyzed by ELISAs for IL-1β and IL-18. B, C BMDMs were transduced
with Ad-GFP or Ad-CD82 at 200 PFU/cell for 48 h (B, upper). THP-1 cells were transduced with Ad-shNS or Ad-shCD82 at 200 PFU/cell for 48 h
(C, upper). The experimental conditions were based on the protocol outlined in (A). Whole cell lysates (WCLs) were used for IB with αCD82,
and αActin was used as the loading control (lower). D, E BMDMs from CD82+/+ and CD82−/− mice were primed with LPS and stimulated with
nigericin, silica, MSU, MDP, alum, poly(dA:dT), flagellin or LTX for 1 h. D ELISAs for IL-1β and IL-18. E IB in supernatant (SN) with αIL-1β p17, αIL-
18 p18 or αCasp1 p10 and WCL with αPro-IL-1β, αPro-IL-18, αPro-Casp1, or αActin. F IB of lysates of BMDMs was performed as shown in E and
solubilized with Triton X-100-containing buffer, followed by cross-linking insoluble fractions with disuccinimidyl suberate to capture ASC
oligomers for analysis of these fractions (I+DSS) and the soluble fractions (S) with αASC. αActin was used as the loading control.
G Fluorescence confocal images showing the formation of speck-like ASC pyroptosomes in BMDMs after fixation and immunostaining with
antibodies for ASC (Alexa 488). The data are representative of five independent experiments with similar results. H BMDMs were subjected to
IP with αNLRP3 or αASC, followed by IB with αASC or αNLRP3. WCLs were used for IB with αNLRP3, αASC or αActin. Data shown are the
means ± SDs of three experiments (A–D, G). The data are representative of four independent experiments with similar results (B, C, E, F, and H).
Statistical significance was determined by Student’s t-test with Bonferroni adjustment (*p < 0.05, **p < 0.01, ***p < 0.001) compared with
CD82+/+ (A–D, G)
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the levels and secretion rates of IL-1β and IL-18, they did not affect
the levels of AIM2 (poly(dA:dT)), NLRC4 (flagellin), or NLRP1 (LTx)
activators in the BMDMs (Fig. 1D, E). Furthermore, although the
oligomerization of ASC was significantly increased after treatment
of CD82−/− BMDMs with an NLRP3 activator compared to its effect
on WT BMDMs, this increase was not observed with the other
inflammasome activators (Fig. 1F, G). Moreover, the binding of
NLRP3 and ASC was increased in the LPS-primed CD82-KO BMDMs
(Fig. 1H). Interestingly, the function of CD82 in TLR4 signaling was
not different between the macrophages of CD82+/+ and CD82−/−

mice (Fig. S1). Altogether, these results show that CD82 negatively
regulates the activation of the NLRP3 inflammasome in
macrophages.

CD82 deficiency led to increased survival of mice with DSS-
induced colitis
Ulcerative colitis (UC) is a severe inflammatory disease of the
colon. Since the pathogenesis of UC has been closely related to
NLRP3 inflammasome activation [14, 27], we examined the
association of CD82-NLRP3 in mice with DSS-induced colitis. The
results showed that the deletion of CD82 protected mice against
DSS-induced colitis (Fig. 2A). Weight loss peaked at approximately
20% in CD82−/− mice with DSS-induced colitis (Fig. 2B). Further-
more, the colitis score was significantly reduced in the CD82−/−

mice (Fig. 2C), and the length of the mouse colon was largely
recovered within 10 days in the CD82-deficient mice after DSS
treatment (Fig. 2D). Next, we evaluated the histological scores of

mouse colon tissue samples after 7 days. In the DSS-treated
mouse colon, the histological score was lower in CD82−/− mice
than in the WT mice (Fig. 2E). We also examined cytokine levels
and myeloperoxidase (MPO) activity in colon homogenates. The
levels of IL-1β and IL-18 expression and MPO activity were
increased in the DSS-treated CD82−/− mice (Fig. 2F).
Additionally, disease phenotypes were analyzed in detail

(Fig. S2). First, the populations of macrophages and dendritic
cells, but not the T-cell population, including Tregs, in the colon,
were significantly increased in the mice with DSS-induced colitis
CD82−/− compared with the CD82+/+ mice (Fig. S2A). Second,
anti-inflammatory responses (as indicated by IL-10 and TGF-β
levels) were significantly increased in CD82−/− mice with DSS-
induced colitis (Fig. S2B). Thus, the inflammation-modulating
action of the CD82 protein seemed to act primarily in
macrophages. Third, we analyzed the polarization of macrophages
and confirmed that M1 macrophage differentiation was decreased
and that M2 macrophage differentiation was increased in the
CD82−/− mice with DSS-induced colitis (Fig. S2C). However, matrix
metalloproteinase-2 and -9 expression was involved in epithelial
repair and wound healing in the DSS-induced colitis mice
(Fig. S2D), and the gasdermin-mediated pyroptosis rate of
macrophages was not different between the CD82+/+ and
CD82−/− mice in mice with colitis (Fig. S2E). Consistent with the
data shown in Fig. 2A–F, macrophage-specific CD82 KO (CD82fl/
flLysM-Cre+) increased the survival, body weight, colitis scores,
and cytokine expression (IL-1β and IL-18) of mice with DSS-

Fig. 2 CD82 deficiency led to activated NLRP3-dependent responses in vivo A The acute colitis model mice treated with 3% DSS for 5 days.
The survival of the mice was monitored for 21 days; mortality was measured for n= 12 mice per group. Statistical differences compared with
the CD82+/+ mice are indicated (log-rank test). The data are representative of three independent experiments with similar results. B Weight
loss (n= 10). C Colitis scores were obtained on the basis of the clinical parameters (weight loss, stool consistency, and bleeding) (n= 10).
D Image (upper) and length (lower) of the colon in 3% DSS-treated mice (n= 8). E Representative image showing hematoxylin and eosin (H&E)
staining of the colon (left) (n= 10). Histopathology scores for 3% DSS-treated mice (right) were obtained on the basis of H&E staining as
described in the Methods (Materials and Methods). Scale bar, 200 μm. F The levels of cytokines and the MPO activity in colon homogenates
(n= 10). G, H CD82fl/fl LysM-Cre+ and CD82fl/fl LysM-Cre- mice were treated with 3% DSS for 5 days. G The survival of the mice was monitored
for 21 days on the basis of weight loss and colitis scores (n= 15). H The levels of cytokines in colon homogenates (n= 10). Statistical
significance was determined by Student’s t-test with Bonferroni adjustment (*p < 0.05; **p < 0.01, ***p < 0.001) compared with CD82+/+ or
CD82fl/fl LysM-Cre- mice
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induced colitis (Fig. 2G, H). Therefore, our findings show that
enhancing the NLRP3 inflammasome by reducing macrophage-
specific CD82 levels decreased the pathogenesis rate of colitis
in mice.

CD82 interacts with NLRP3 and BRCC3
Subsequently, we examined the interplay of CD82 with other
molecules involved in NLRP3 inflammasome activation to estab-
lish a role for CD82 in activating the NLRP3 inflammasome in
macrophages. First, we overexpressed Flag-tagged CD82 in THP-1
macrophages and performed coimmunoprecipitation (co-IP) with
a Flag antibody. These results led to the identification of CD82
binding, which included NLRP3 (118 K) and BRCC3 (36 K), via mass
spectrometry (Fig. 3A and S3). Then, to investigate the subcellular
localization of the NLRP3-CD82-BRCC3 complex, we examined its
subcellular localization in 293 T cells by overexpressing CD82,
NLRP3, and BRCC3, and then performed a GST pulldown (GST-PD)
assay with cytosolic and nuclear fractions. In both fractions, CD82
interacted with NLRP3 and BRCC3. In particular, the interaction of
CD82 with NLRP3 or BRCC3 was strongest in the cytosolic fraction

(Fig. 3B). Therefore, we further investigated the domains in NLRP3
and BRCC3 that interact with CD82 by overexpressing full-length
GST-tagged WT CD82, a small extracellular loop (SEL, 32–54), and a
long extracellular loop (LEL, 110–229) region of CD82 with Flag-
tagged NLRP3 or HA-tagged BRCC3 in 293 T cells. In the GST-PD
assay, both NLRP3 and BRCC3 were associated with the CD82 LEL
region, which suggested that the LEL was essential for the NLRP3
and BRCC3 interaction (Fig. 3C). Additionally, we examined the
ability of a fundamental domain in BRCC3 to interact with CD82 by
analyzing BRCC3 truncation mutants. We thus identified that the
N-terminus of BRCC3 was an indispensable domain that favored
binding to CD82 (Fig. 3D).
Alternatively, studies have reported that BRCC3 carries three

metal-binding sites, namely, histidine (H) 122, 124, and aspartic
acid (D) 135, which are related to metalloprotease activity and
DNA repair function [31–33]. Therefore, we investigated whether
these amino acids were needed to interact with BRCC3 and CD82
by generating point mutations of the H122, 124, and D135 amino
acids, which were replaced with glutamine (Q), to abolish their
role in BRCC3 binding. In 293 T cells, the mutations to H122, 124,

Fig. 3 CD82 directly binds with NLRP3 or BRCC3 A Identification of NLRP3 and BRCC3 as endogenous binding partners of CD82. THP-1 cell
lysates were incubated with Flag-tagged CD82 or a vector and then subjected to IP with Flag M2-agarose beads. Binding partners were
confirmed by silver staining and mass spectrometric analysis. The peptides identified by mass spectrometry analysis are shown in Fig. S3.
B 293 T cells were cotransfected with GST-CD82 with Flag-NLRP3 and HA-BRCC3, and then, nuclear and cytoplasmic fractions were separated
and subjected to GST pulldown assay, followed by IB with αFlag and αHA antibodies. WCLs were used for IB with an αFlag, αHA, αGST or
αActin antibody. αTubulin was measured as the cytoplasmic protein loading control. αLamin B1 was measured as the nuclear loading control.
C Schematic diagram of the structures of CD82 (left). 293 T cells were cotransfected with Flag-NLRP3 and HA-BRCC3 together with a GST-
vector or GST-CD82 and its mutant constructs (right). The experimental conditions were based on the protocol outlined in (B). D Schematic
diagram of the structures of BRCC3 (upper). 293 T cells were cotransfected with Flag-CD82 together with a GST-vector or GST-BRCC3 and its
mutant constructs and subjected to GST pulldown assay, followed by IB with an αFlag antibody. WCLs were used for IB with an αGST, αFlag or
αActin antibody (lower). E 293 T cells were cotransfected with Flag-CD82 together with a HA-vector or HA-BRCC3 and its mutant constructs
and subjected to IP with an αFlag antibody, followed by IB with an αHA antibody. WCLs were used for IB with an αHA αFlag or αActin antibody.
F Schematic diagram of the structures of NLRP3 (upper). 293 T cells were cotransfected with GST-CD82 together with a Flag-vector or Flag-
NLRP3 and its mutant constructs and subjected to GST pulldown assay, followed by IB with an αFlag antibody. WCLs were used for IB with an
αGST, αFlag or αActin antibody (lower). The data are representative of four independent experiments with similar results
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or D135 in BRCC3 did not affect BRCC3-CD82 binding (Fig. 3E).
In addition, to identify the essential domain for CD82 binding in
NLRP3, we performed GSTPD assays with Flag-NLRP3 WT or
truncation mutants and GST-CD82 in 293 T cells. Pyrin domain
(PYD)-deficient NLRP3 failed to bind CD82, demonstrating that the
PYD domain in NLRP3 was important for the NLRP3 interaction
with CD82 (Fig. 3F). Overall, direct binding of NLRP3 to BRCC3, and
LEL CD82, including the N-terminal domains in BRCC3 and PYD of
NLRP3, was found to be crucial for the direct association of NLRP3
and BRCC3 to CD82.

Amino acids 152–158 in CD82 are essential for binding to
NLRP3 and BRCC3
To further study the amino acid (aa) residues in CD82 that interact
with NLRP3 and BRCC3, we constructed TAT-GRA8 peptides
(separated by ten aas) in the 110-229 region of CD82, after which
we subjected the TAT-CD82 peptides in Flag-CD82 and HA-BRCC-
expressing 293 T cells to immunoprecipitation with Flag anti-
bodies. Treatment with TAT-CD82 (aa 150–159) disrupted the
binding between CD82 and BRCC3, showing that aa 150–159 in
CD82 constituted the region for CD82 binding to BRCC3 (Fig. 4A).
Subsequently, we added increasing concentrations of TAT-CD82
(aa 150–159) to 293 T cells. CD82-BRCC3 binding in 293 T cells was
decreased in a TAT-CD82 (aa 150–159) dose-dependent manner
(Fig. 4B). Furthermore, the WXXFXXW motif has been found to be
essential for posttranslational modification in several studies
[34, 35]. Therefore, to investigate the specific amino acid regions
in aa 150–159 of CD82 involved in binding, we introduced point
mutations in TAT-CD82 (aa 150–159) at tryptophan (W) 152 and
158 and then replaced phenylalanine (F) 155 with alanine (A).
Intriguingly, each point mutation, that is, W152, F155, and W158,
in CD82 could not block the interaction between CD82 and BRCC3
(Fig. 4C). This result showed that W152, F155, and W158 in CD82

were essential amino acids for interplay with BRCC3. Subse-
quently, we produced TAT-GRA8 (aa 152–158), carrying W152,
F155, and W158, in 293 T cells to establish minimal amino acids in
GRA8 that were related to BRCC3 binding. Consistent with the
blockade of CD82-BRCC3 by TAT-CD82 (aa 150–159), TAT- CD82
(aa 152–158) inhibited CD82-BRCC3 binding (Fig. 4D and S4A).
Next, we examined the binding region of CD82 with NLRP3 in
293 T cells. Treatment with TAT-GRA8 (aa 150–159) and TAT-GRA8
(aa 160–169) inhibited the GRA8-NLRP3 interaction, and TAT-GRA8
(aa 150–169) decreasedNLRP3 binding to TAT-GRA8 (aa 150–169)
in a dose-dependent manner (Fig. 4E, F). In tTAT-GRA8 (aa
150–169), point mutations at W152, F155, and W158 were also
determined to be crucial for the CD82-NLRP3 interaction. Point
mutations at D160, E163, R167, and E169 exerted no effect on the
CD82 binding to NLRP3. Furthermore, the TAT-GRA8 (aa 152–158)
peptide blocked the interaction between CD82 and NLRP3, similar
to the outcome presented in Fig. 4D (Fig. 4G, H and S4B). These
results indicated that aa 152–158 in GRA8 was the region
fundamental for CD83 interactions with BRCC3 and NLRP3.

BRCC3 regulates the degradation of NLRP3 through its
interaction with CD82
BRCC3 is a positive regulator of the K63-specific deubiquitination
of NLRP3. Deubiquitination of NLRP3 prevents the degradation of
NLRP3 and promotes its oligomerization to form the NLRP3
inflammasome [24, 25]. Interestingly, the same region in CD82
interacts with NLRP3 and BRCC3. Therefore, to further examine the
interaction between CD82, NLRP3, and BRCC3 mechanistically, we
cotransfected GST-CD82, Flag-NLRP3, and HA-BRCC3 into
293 T cells and performed a GST PD assay to examine the
interaction of these proteins. In the presence of CD82, NLRP3, and
BRCC3, the interaction between CD82 and NLRP3 was decreased
in a BRCC3-dependent manner. Additionally, NLRP3 was degraded

Fig. 4 TAT-CD82 (aa 152-158) is an essential region for binding to NLRP3 and BRCC3 A–D Schematic design of the CD82 peptide and its
mutants (A, upper). 293 T cells were transfected with Flag-CD82 and HA-BRCC3 and treated with CD82 peptide or its mutants for 6 h (A, C, and
D for 5 µM; B for 1, 5, 10 µM). 293 T cells were used for IP with an αFlag antibody, followed by IB with an αHA antibody. WCLs were used for IB with
an αFlag, αHA and αActin antibody. E–H 293 T cells were transfected with GST-CD82 and Flag-NLRP3 and treated with CD82 peptide or its
mutants for 6 h (E, G, and H at 5 µM; F at 1, 5, 10 µM). 293 T cells were subjected to GST pulldown assay, followed by IB with an αFlag antibody.
WCLs were used for IB with an αGST, αFlag or αActin antibody. The data are representative of seven independent experiments with similar results
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in BRCC3-co-expressing 293 T cells (Fig. 5A). Subsequently, we
performed an in vitro binding assay with fluorescently labeled
NLRP3 and BRCC3 and unlabeled CD82 to examine the binding
affinity differences between NLRP3 and BRCC3 to CD82. CD82-

NLRP3 binding was weaker than that of CD82-BRCC3 (Fig. 5B, C).
As a result, we speculated that CD82 might block the deubiqui-
tination of NLRP3 through its interaction with BRCC3. Therefore,
we investigated the binding of NLRP3 and BRCC3 with CD82

Fig. 5 CD82 regulates the expression of NLRP3 by interacting with BRCC3. A 293 T cells were cotransfected with GST-CD82 together with
Flag-NLRP3 or HA-BRCC3 and subjected to GST pulldown assay, followed by IB with αFlag and αHA antibodies. WCLs were used for IB with am
αGST, αFlag, αHA or αActin antibody. B, C Titration of fluorescently labeled NLRP3 with unlabeled CD82 (B) with a Kd of 652 nM or
fluorescently labeled BRCC3 with unlabeled CD82 (C) with a Kd of 219 nM, as determined by curve fit analysis. D BMDMs were transduced with
Ad-GFP or Ad-CD82 at 200 PFU/cell for 48 h. BMDMs were primed with LPS (100 ng/mL) for 4 h, stimulated with ATP (left, 1 µM) or nigericin
(right, 2.5 µM) for 1 h, and subjected to IP with an αCD82 antibody, followed by IB with an αNLRP3 or αBRCC3 antibody. WCLs were used for IB
with an αCD82, αNLRP3, αBRCC3 or αActin antibody. E BMDMs from CD82+/+ and CD82−/− mice were primed with LPS and stimulated with
ATP or nigericin. The experimental conditions were based on the protocol outlined in (D). The data are representative of five independent
experiments with similar results

Fig. 6 CD82-BRCC3 binding enhances NLRP3 ubiquitination. A BMDMs were subjected to IP with an αNLRP3 antibody, followed by IB with
an αUb or αNLRP3 antibody. WCLs were used for IB with an αCD82, αNLRP3, or αActin antibody. B 293 T cells were transfected with GST or
GST-CD82, HA-Ub or HA-K48 Ub or HA-K63 Ub, V5-BRCC3 or Flag-NLRP3 in the presence of MG132. After 48 h of transfection, the cells were
subjected to IP with an αFlag antibody, followed by IB with an αHA or αFlag antibody. WCLs were used for IB with an αFlag, αV5, αGST or
αActin antibody. C, D The were based on the protocol outlined in (A). BMDMs from CD82+/+ and CD82−/− mice were primed with LPS and
stimulated with ATP in the presence of MG132 (C). BMDMs were primed with LPS and stimulated with ATP in the presence of TAT-CD82 (152-
158) and MG132 (D). E BMDMs were transduced with Ad-GFP or Ad-CD82 at 200 PFU/cell for 48 h. BMDMs were transduced with Lenti-NS or
Lenti-shBRCC3 at 50 PFU/cell for 48 h. BMDMs were primed with LPS (100 ng/mL) for 4 h and stimulated with ATP, subjected to IP with an
αCD82 or αNLRP3 antibody, followed by IB with an αNLRP3, αBRCC3 or αUb antibody. WCLs were used for IB with an αCD82, αNLRP3, αBRCC3
or αActin antibody. The data are representative of five independent experiments with similar results
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in LPS-primed BMDMs treated with ATP or nigericin. In CD82-
overexpressing BMDMs, the binding of NLRP3 with CD82 and the
intensity of NLRP3 were decreased compared with those in WT
BMDMs (Fig. 5D). Therefore, we further compared the protein level
of NLRP3 in LPS-primed WT and CD82−/− BMDMs treated with
ATP or nigericin. NLRP3 was increased in CD82−/− BMDMs
compared with WT BMDMs (Fig. 5E). Notably, in LPS-coated latex
bead-containing endosomal fractions of BMDMs, CD82 interacted
with BRCC3 within 30min and then interacted with NLRP3 within
60min of challenge with NLRP3-activating stimuli (Fig. S5A).
Furthermore, the extracellular loop (aa 110-229) of CD82 inter-
acted with the PYD of NLRP3 or the N-terminus of BRCC3 in the
endosome fractions of macrophages (Fig.. S5B–D). Collectively, the
CD82 affinity for BRCC3 binding was higher than that for NLRP3
binding, and CD82 increased the degradation of NLRP3 by binding
with BRCC3.

CD82 promotes the degradation of NLRP3 by blocking BRCC3-
dependent deubiquitination
NLRP3 is regulated by posttranslational modifications such as
phosphorylation and ubiquitination. Specifically, it was reported
that BRCC3, an NLRP3 regulator, is a deubiquitinase, detaching
K63 ubiquitin from a leucine-rich repeat domain in NLRP3 [15].
Therefore, we investigated whether CD82 mediates the BRCC3-
dependent deubiquitination of NLRP3 by binding directly to
BRCC3. In BMDMs, the ubiquitination rate of NLRP3 was
decreased, and NLRP3 levels were increased after CD82 deletion
(Fig. 6A). Next, to further examine whether CD82 alleviates the
BRCC-dependent K63-specific deubiquitination of NLRP3, we
cotransfected plasmids in 293 T cells and immunoprecipitated

them with Flag-NLRP3. The results showed that although
BRCC3 specifically deubiquitinated K63-ubiquitin on NLRP3,
CD82 blocked the deubiquitination of NLRP3 by BRCC3 (Fig. 6B).
However, in LPS-primed BMDMs, CD82 deficiency increased the
deubiquitination rate of NLRP3. Furthermore, after ATP treatment,
NLRP3 was observed to be deubiquitinated in both primed and
unprimed BMDMs (Fig. 6C). Specifically, we treated LPS-primed
BMDMs with TAT-CD82 (aa 152–158) and ATP, and we found that
TAT-CD82 (aa 152–158) increased the ubiquitination and degrada-
tion of NLRP3 in a dose-dependent manner (Fig. 6D). Furthermore,
BRCC3 played an important role in regulating NLRP3 expression in
BRCC3-knockdown macrophages via NLRP3 inflammasome stimuli
(Fig. 6E). Considering our results, we established that CD82
negatively controls the BRCC3-dependent K63-specific deubiqui-
tination of NLRP3 by interacting with BRCC3.

B. vulgatus augments the activation of the NLRP3
inflammasome by attenuating CD82 expression in
macrophages
We speculated that the composition of microbes in the colon is
altered in colitis. Therefore, we analyzed the microbiome in
normal and DSS-induced colitis mouse colons using pyrosequen-
cing to verify colon microbiome changes. We observed that the
relative abundance of B. vulgatus was significantly increased in
the colons of the DSS-treated mice. Intriguingly, however, the
proportion of B. vulgatus was increased in the CD82−/− colon
(Fig. 7A). Then, to investigate whether B. vulgatus is associated
with CD82-NLRP3-BRCC3 binding in macrophages, we infected
BMDMs with B. vulgatus for the indicated times. Although the
ubiquitination of NLRP3 and expression of CD82 were decreased,

Fig. 7 B. vulgatus specifically suppresses the expression and interaction of CD82 with BRCC3 in macrophages A Gut bacterial composition
at the phylum and genus levels by pyrosequencing analysis (left) and the relative abundance of B. vulgatus levels (total n= 4). B BMDMs were
infected with B. vulgatus (MOI= 20) in the presence of MG132 for the indicated times and subjected to IP with an αNLRP3 (left) or αCD82
antibody (right), followed by IB with an αUb, αNLRP3 or αBRCC3 antibody. WCLs were used for IB with an αCD82, αNLRP3, αASC, αBRCC3 or
αActin antibody. C The levels of cytokines were analyzed by ELISAs for IL-1β and IL-18. D BMDMs from CD82+/+ and CD82−/− mice were
infected with B. vulgatus (MOI= 20) for 24 h in the presence of MG132. The experimental conditions were based on the protocol outlined in
(B). E Relative abundance of L. reuteri levels as determined by pyrosequencing analysis (total n= 4) (left). BMDMs were infected with L. reuteri
(MOI= 30) for the indicated times and subjected to IP with an αCD82 antibody, followed by IB with an αNLRP3 or αBRCC3 antibody. WCLs
were used for IB with an αCD82, αNLRP3, αASC, αBRCC3 or αActin antibody (right). F BMDMs were transduced with Ad-GFP or Ad-CD82.
BMDMs were primed with L. reuteri for 24 h and stimulated with ATP in the presence of MG132. The experimental conditions were based on
the protocol outlined in (B). G The levels of cytokines were analyzed by ELISAs for IL-1β and IL-18. The data shown are the means ± SDs of
three experiments (C, G). The data are representative of five independent experiments with similar results (B, D, E right, and F)
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NLRP3 expression was time increased with time in BMDMs. We
also observed that CD82 interacted with NLRP3 and BRCC3 in
B. vulgatus-infected BMDMs (Fig. 7B). Moreover, the secretion of
IL-1β and IL-18 in the B. vulgatus-infected BMDMs increased in
proportion to time (Fig. 7C). Additionally, investigations revealed
that infecting B. vulgatus promoted the deubiquitination of NLRP3
in WT BMDMs but exerted no effect on NLRP3 deubiquitination
in CD82−/− BMDMs (Fig. 7D). In CD82-overexpressing BMDMs,
increasing CD82 led to decreased levels of NLRP3, IL-1β, and IL-18
in B. vulgatus-infected BMDMs (Fig. S6A). Therefore, to determine
whether B. vulgatus specifically inhibited CD82 activity in
macrophages, we infected BMDMs with Lactobacillus reuteri
(L. reuteri). The amount of L. reuteri in the colon was increased
in the DSS-treated mice but not in untreated CD82−/− mice, in
contrast to the effects of B. vulgatus. Additionally, CD82 did not
interact with NLRP3 or BRCC3 in L. reuteri-infected BMDMs (Fig. 7E).
In addition, we infected LPS-primed BMDMs treated with ATP with
B. vulgatus. In LPS-primed WT BMDMs treated with ATP, B. vulgatus
infection in decreased the ubiquitination of NLRP3. However, in
CD82-overexpressing BMDMs, although the ubiquitination of
NLRP3 was enhanced by ATP treatment, cotreatment with ATP
and B. vulgatus in LPS-primed BMDMs attenuated the ubiquitina-
tion of NLRP3. Correspondingly, although treatment of LPS-
primed BMDMs with B. vulgatus inhibited CD82 expression and
NLRP3 degradation (Fig. 7F), the levels of IL-1β and IL-18 were
higher in B. vulgatus-ATP cotreated LPS-primed BMDMs (Fig. 7G).
Subsequently, we examined whether B. vulgatus regulated CD82
by treating LPS-primed BMDMs with TAT-CD82 (aa 152–158). The
results showed that although TAT-CD82 (aa 152–158) enhanced
the ubiquitination of NLRP3, the addition of B. vulgatus diminished
the ubiquitination of NLRP3 in the BMDMs. We also observed that

the interaction between CD82 and BRCC3 was modulated by
B. vulgatus treatment in TAT- or TAT-CD82 (aa 152–158)-treated
BMDMs, and treatment with B. vulgatus increased IL-1β and IL-18
levels in the TAT-CD82 (aa 152–158)-treated BMDMs (Fig. S6B).
Notably, the regulatory mechanism underlying changes in CD82
expression mediated by B. vulgatus directly affected CD82 DNA
methylation. Bisulfite modification followed by methylation-
specific PCR and pyrosequencing analysis allowed us to quantify
CD82 methylation; macrophages treated with B. vulgatus exhib-
ited markedly lower methylated CD82 levels and higher unmethy-
lated CD82 levels between bp positions −127 and −286, and the
effect was time dependent (Fig. S7A). B. vulgatus did not inhibit
CD82 expression by promoting CD82 degradation (Fig. S7B).
Furthermore, in B. vulgatus-treated macrophages, no change in
NLRP3 or BRCC3 expression was found with or without MG-132
treatment (Fig. S8). Our studies suggest that B. vulgatus regulates
only CD82 expression, and NLRP3 ubiquitination and degradation
by BRCC3 were considered to be specifically dependent on
NLRP3 inflammasome stimuli. These results demonstrated that
B. vulgatus suppressed the expression of CD82 and increased the
deubiquitination rate of NLRP3 by enhancing the activation of the
NLRP3 inflammasome in macrophages.

B. vulgatus protects mice from DSS-induced colitis by
mediating CD82-BRCC3-NLRP3 axis activation
We next investigated the protective role played by B. vulgatus in DSS-
induced colitis in mice. First, we treated Ad-GFP or Ad-CD82 mice
with 3% DSS for 6 days, and then we infected mice with B. vulgatus.
In the WT mice, B. vulgatus infection significantly rescued the mice
from DSS-induced colitis. Additionally, CD82-overexpressing mice
were less susceptible to colitis after treatment with B. vulgatus

Fig. 8 B. vulgatus exerts a therapeutic effect against acute DSS-induced colitis in mice A Schematic showing the acute colitis model
transduced with Ad-GFP or Ad-CD82 virus (1 × 109 cfu/kg) and treated with 3% DSS for 6 days and infected with B. vulgatus (2 × 107 cfu/kg)
(upper). The survival of +mice was monitored for 21 days; mortality was measured for n= 15 mice per group (lower). Statistical differences
compared with the Ad-GFP+DSS group are indicated (log-rank test). The data are representative of three independent experiments with
similar results. B Weight loss (n= 8). C Colitis scores were obtained from clinical parameters (weight loss, stool consistency, and bleeding)
(n= 8). D Image (upper) and length (lower) of the colon (n= 8). E Colon samples were used for IP with an αNLRP3 or αCD82 antibody, followed
by IB with an αUb, αNLRP3 or αBRCC3 antibody. WCLs were used for IB with an αCD82, αNLRP3, αASC, αBRCC3 or αActin antibody. F The levels
of cytokines and the MPO activity in colon homogenates (n= 10). G Representative imaging of H&E staining of the colon (left) (n= 10).
Histopathology scores were obtained on the basis of H&E staining as described in the Methods (Materials and Methods). Statistical
significance was determined by Student’s t-test with Bonferroni adjustment (***p < 0.001) compared with Ad-GFP+DSS (D). E The data are
representative of three independent experiments with similar results
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(Fig. 8A). Moreover, body weight loss was decreased in the B.
vulgatus-treated WT and Ad-CD82 mice (Fig. 8B). We also observed
that B. vulgatus treatment in DSS-treated mice alleviated the colitis
score and increased the colon length (Fig. 8C, D). Hence, we
evaluated the level of NLRP3 deubiquitination and the degree of
binding between CD82 and NLRP3 or BRCC3 in the colon. In the Ad-
GFP mouse colon, the ubiquitination of NLRP3 and expression of
CD82 were decreased by an increase in NLRP3 level in the DSS- and
B. vulgatus-treated groups. Similarly, although overexpressing CD82
increased the NLRP3 ubiquitination rate, infection with B. vulgatus
reduced ubiquitinated NLRP3 through the blockade of the NLRP3-
CD82 interaction (Fig. 8E). Additionally, the levels of cytokines were
decreased in Ad-CD82 mice compared with control mice. However,
supplemental B. vulgatus treatments increased the expression of
cytokines in both DSS-treated Ad-GFP and Ad-CD82 mice, and an
MPO activity analysis showed that B. vulgatus infection increased
inflammation in mice (Fig. 8F). By H&E staining, we found that the
histological score in the colon was decreased in B. vulgatus-treated
mice with colitis (Fig. 8G). Furthermore, we validated the therapeutic
value of B. vulgatus infection in a chronic colitis mouse model. The
results showed that the increase in the survival time and sustained
body weight of the mice depended on the number of B. vulgatus
doses they received (Fig. S9). Altogether, these results demonstrated
that B. vulgatus might regulate the pathogenesis of colitis by
inhibiting the CD82-BRCC3-NLRP3 interaction.

DISCUSSION
In this research, we demonstrated the role of CD82 in the negative
regulation of NLRP3 inflammasome activation mediated through its
binding partners, including NLRP3 and BRCC3. Then, we assessed
the contribution of CD82 to the pathogenesis of colitis. The major
findings of this study are as follows: (1) CD82 specifically mediated
the assembly of the NLRP3 inflammasome and the secretion of IL-1β
and IL-18 in macrophages. (2) CD82 deficiency alleviated suscept-
ibility to colitis by upregulating NLRP3-related inflammation in mice.
(3) CD82 was directly associated with NLRP3 and BRCC3 in
endosomal fractions of macrophages. (4) AA 152-158 in CD82 are
essential for CD82 interaction with NLRP3 and BRCC3. (5)
CD82 shows a higher affinity for BRCC3 than for NLRP3, and the
interaction between CD82 and BRCC3 increased the degradation of
NLRP3 by blocking BRCC3-dependent K63-specific deubiquitination
of NLRP3. (6) B. vulgatus controlled CD82 expression by CD82 DNA
hypomethylation and promoted the expression of IL-1β and IL-18 in
BMDMs. (7) Administering B. vulgatus conferred protection against
DSS-induced colitis onto mice by modulating the expression of
CD82 and enhancing the inflammation induced by NLRP3. These
observations collectively suggested that CD82 plays a crucial role in
the regulation of the NLRP3 inflammasome and exerts a damaging
effect on colitis. Moreover, this study established that the regulation
of CD82 through gene silencing or treatment with B. vulgatus may
be a potential therapeutic strategy against colitis because it favored
the activation of the NLRP3 inflammasome in macrophages.
CD82 is a well-characterized tetraspanin located in the surface

membrane and a fundamental regulator. As a tumor suppressor, it
has been associated with various proteins, such as integrins,
epidermal growth factor receptor (EGFR), EWI2/PGRL, KITENIN, and
protein kinase C (PKC), in several cancers [36–40]. The most critical
characteristic of CD82 in immune cells is its regulatory effect on
leukocyte recruitment and migration in immune responses [41].
Recent studies have indicated that CD82 interacts with several
integrins, including α4β1, to promote adhesion to fibronectin,
stability of α4β1 at the cell surface, and assembly of α4β1 clusters in
a leukemic progenitor cell line [42, 43]. Similarly, we discovered
that although full-length CD82 was directly related to NLRP3 and
BRCC3 in macrophages, a region including amino acids 152–158 in
the LEL domain of CD82 was identified as playing the essential
role in the interaction of these proteins. CD82 LEL comprises six

highly conserved cysteine residues that form disulfide bonds,
making them important regions for the proper LEL structure.
Many interactions with other proteins are mediated through to
this region of CD82 [44–46]. Interestingly, the interaction between
the LEL of CD82 and NLRP3 or BRCC3 in the cytosol and nuclear
fraction was noted. Therefore, we speculated that CD82 was
localized in the endosome membrane, endoplasmic reticulum,
and phagosome, which might interact with cytosolic NLRP3 and
BRCC3. However, how the LEL of CD82 is exposed to the cytosol to
mediate the interaction with NLRP3 and BRCC3 remains to be
clarified.
Inflammatory bowel disease (IBD), including Crohn’s disease and

UC, is caused by chronic and aggravated inflammation in the
gastrointestinal tract, dysregulating the immune system. Aberrant
innate immune responses in the colon are critical to elucidating the
pathogenesis of IBD[47]. Studies have also reported that although
the NLRP3 inflammasome is a crucial regulator of intestinal
homeostasis, it can alleviate colitis by targeting the regulatory
mechanism mediating NLRP3 inflammasome activation [48, 49].
Additionally, recent studies reported that the activation of the
NLRP3 inflammasome confers protection against colitis, showing
that IL-1β can increase the expression of IL-2, which prolongs the
survival of T cells and reinforces the generation of antibodies by B
cells [50, 51]. Furthermore, studies of a chemically induced colitis
model reported that IL-1β protected mice from intestinal infection
with Citrobacter rodentium and Clostridium difficile by preventing
phagocytosis and eliminating bacteria in mononuclear phagocytes
[29, 30]. A few other studies have also indicated that IL-18 confers
protection against colitis and colitis-associated cancer [52–57].
Moreover, the activation of IFN-γ and downstream STAT-1 signaling,
which depend on IL-18, was downregulated in NLRP3-deficient
mice and inhibited the proliferation and repair of the injured
epithelium in the intestinal tract [58]. In line with these findings, the
present study revealed a protective role of CD82 deficiency in a
colitis model during the activation of NLRP3. In addition, we
observed that CD82 specifically conferred greater colitis sensitivity
by interacting with BRCC3, regulating the degradation of NLRP3 via
K63-specific deubiquitination. Alternatively, a number of studies
have suggested that BRCC3 is a positive regulator of NLRP3 that
promotes NLRP3 oligomerization via K63-specific deubiquitination
at the LRR domain of NLRP3. Similarly, the present study showed
that the N-terminus of BRCC3 interacts with CD82, and this
interaction was shown to regulate the NLRP3 inflammasome with
deleterious effects in DSS-induced colitis mice.
Subsequently, we investigated the colon microbiota of mice

with colitis and observed that the proportion of B. vulgatus was
significantly altered with specific changes in CD82 expression.
Bacteroides is among of the most prevalent genera in the
mammalian colon and is a potential probiotic candidate due to its
role in regulating numerous disorders, such as obesity, diarrhea,
viral encephalitis, and enteritis [58]. In previous studies, B. vulgatus
has also been recognized as a representative species because of
its favorable effects on human colon viability [59, 60]. Moreover,
although one study indicated that B. vulgatus alleviated Escher-
ichia coli-induced colitis or Yersinia enterocolitica-induced inflam-
mation [61, 62], another study demonstrated that certain B.
vulgatus species induced inflammation in transgenic rats with
colitis [63]. A recent study showed that each B. vulgatus strain
exerted a different effect [58]. In the present investigation, we
specifically found that the proportion of B. vulgatus was increased
in the colon microbiota of mice with DSS-induced colitis.
Intriguingly, although increasing B. vulgatus levels mediated the
level of CD82 and the interaction between CD82and BRCC3 by
upregulating the NLRP3 inflammasome, the L. reuteri level, which
has been shown to be increased in colitis, was found to be
unrelated to CD82. These findings suggest that B. vulgatus can be
used to develop a new therapeutic strategy by enhancing NLRP3
inflammasome activation and modulating the expression of CD82,
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attenuating its interaction with BRCC3. Nevertheless, further
studies on how B. vulgatus controls CD82 in colitis are necessary.
Collectively, our findings show that the regulation of CD82

exerts a protective effect against DSS-induced colitis in mice.
Under inflammatory conditions,CD82 decreases the activation of
the NLRP3 inflammasome by interacting with BRCC3 and blocking
BRCC3-dependent K63-specific deubiquitination of NLRP3.
Furthermore, we discovered that B. vulgatus was specifically
related to the modulation of CD82 expression and its function.
Moreover, the administration of B. vulgatus to mice increased
survival and repaired colon viability in mice with colitis. Finally,
this study demonstrated that the regulation of CD82 was vital in
alleviating the pathology of colitis by enhancing NLRP3-related
inflammation. Based on our findings, we propose that B. vulgatus
is a potential therapeutic candidate that can regulate CD82
function to attenuate colitis.

MATERIALS AND METHODS
Mice and cell culture
CD82−/− and CD82-floxed mice were maintained on a C57BL/6 back-
ground as previously described [64]. LysMcre (B6.129P2-Lyz2tm1(cre)Ifo/J,
Strain # 004781) mice were obtained from the Jackson Laboratory. Wild-
type C57BL/6 mice were purchased from Samtako Bio Korea (Gyeonggi-do,
Korea). Primary bone marrow–derived macrophages (BMDMs) were
isolated from CD82+/+ and CD82−/− mice and cultured in DMEM for
3–5 days in the presence of M-CSF (R&D Systems, 416-ML), as described
previously [65]. HEK293T cells (ATCC-11268; American Type Culture
Collection) were cultured in DMEM (Gibco) containing 10% FBS (Gibco),
sodium pyruvate, nonessential amino acids, penicillin G (100 IU/ml), and
streptomycin (100 μg/ml). Human monocytic THP-1 cells (ATCC TIB-202)
were grown in RPMI 1640/GlutaMAX supplemented with 10% FBS and
treated with 20 nM PMA (Sigma‒Aldrich) for 24 h to induce their
differentiation into macrophage-like cells, and they were washed three
times with PBS before use in experiments.

Reagents and antibodies
LPS (Escherichia coli O111:B4, tlrl-eblps), adenosine 5’-triphosphate (ATP,
tlrl-atpl), nigericin, monosodium urate crystals (MSU, tlrl-msu), poly(dA:dT)
(tlrl-patc) and flagellin (FLA-ST, tlrl-stfla) were purchased from Invivogen.
Antibodies specific for CD82 (TS82b) and BRCC3 (EPR4366) were

purchased from Abcam. CD82 (C-16), actin (I-19), ASC (N-15-R), IL-18 (H-
173-Y), caspase-1 p10 (M-20), lamin B1 (B-10), tubulin (5F131), Ub (P4D1),
HA (12CA5), Flag (D-8), GST (B-14), Myc (9E10) and V5 (C-9) were
purchased from Santa Cruz Biotechnology. Specific Abs against K63-
poly-Ub (D7A11) and K48-poly-Ub (D9D5) were purchased from Cell
Signaling Technology (Danvers, MA, USA). IL-1β (AF-401-NA) and NLRP3
(AG-20B-0014) were purchased from R&D Systems and Adipogen,
respectively.

Plasmid construction
HA-tagged BRCC3, HA-tagged ubiquitin (Ub), K48-linkage-specific ubiquitin
(K48-Ub), and K63-linkage-specific ubiquitin (K63-Ub) plasmids were
purchased from Addgene. The plasmids encoding full-length CD82 or
NLRP3 and mutant plasmids were previously described [64, 66]. Plasmids
encoding different regions of BRCC3 (aa 1-316, 1-148, 149-228, 229-316)
were generated by PCR amplification from full-length BRCC3 cDNA and
subcloned into a pEBG derivative encoding an N-terminal GST epitope tag
between BamHI and NotI sites. All constructs for transient transfection in
mammalian cells were derived from a pEBG-GST mammalian fusion vector
and a pEF-IRES-Puro expression vector. All constructs were sequenced
using an ABI PRISM 377 automatic DNA sequencer to verify 100%
correspondence with the original sequence.

Peptides
Tat-conjugated CD82 peptides were commercially synthesized and purified
in acetate salt form to prevent abnormal responses in cells by Peptron
(Korea). The amino acid sequences of the peptides in this study are
described in Fig. 4. The endotoxin content, as measured by Limulus
amebocyte lysate assay (BioWhittaker), was less than 3–5 pg/ml at the
concentrations of the peptides used in the experiments.

GST pulldown, immunoblot, and immunoprecipitation
analysis
THP-1 cells, 293 T cells, and BMDMs were treated as indicated and
processed for analysis by GST pulldown, Western blotting and
coimmunoprecipitation, as previously described [64–66]. For GST pull-
down, 293 T cells were harvested and lysed in NP-40 buffer supple-
mented with a complete protease inhibitor cocktail (Roche, Basal, CH).
After centrifugation, the supernatants were precleared with protein A/G
beads at 4 °C for 2 h. Precleared lysates were mixed with a 50% slurry of
glutathione-conjugated Sepharose beads (Amersham Biosciences, Amer-
sham, UK), and for the binding reaction, this mixture was incubated for
4 h at 4 °C. Precipitates were washed extensively with lysis buffer.
Proteins bound to glutathione beads were eluted with sodium dodecyl
sulfate (SDS) loading buffer after boiling for 5 min. For immunoprecipita-
tion, cells were harvested and then lysed in NP-40 buffer supplemented
with a complete protease inhibitor cocktail (Roche, Basal, CH). After
preclearing with protein A/G agarose beads for 1 h at 4 °C, whole-cell
lysates were used for immunoprecipitation with the indicated anti-
bodies. Generally, 1–4 μg of commercial antibody was added to 1 ml of
cell lysate and incubated at 4 °C for 8 to 12 h. After the addition of
protein A/G agarose beads and incubation for 6 h, the immunoprecipi-
tates were extensively washed with lysis buffer and eluted with SDS
loading buffer after boiling for 5 min. For immunoblotting (IB),
polypeptides were resolved by SDS-polyacrylamide gel electrophoresis
and transferred to a PVDF membrane (Bio–Rad, Hercules, CA, USA).
Immunodetection was achieved with specific antibodies. Antibody
binding was visualized by chemiluminescence (ECL; Millipore, Burling-
ton, MA) and detected with a Vilber chemiluminescence analyzer (Fusion
SL 3; Vilber Lourmat).

Enzyme-linked immunosorbent assay
Cell culture supernatants and mouse sera were analyzed for cytokine
content using a BD OptEIA ELISA set (BD Pharmingen) for the detection of
TNF-α, IL-6, IL-1β, and IL-18. All assays were performed as recommended
by the manufacturer.

Interaction kinetic analyses of NLRP3 or BRCC3 with the CD82
binding partner
The interaction of CD82-NLRP3 or CD82-BRCC3 was monitored using a
Fluoromax-4 spectrofluorometer (HORIBA Scientific) as previously described
[67]. Briefly, NLRP3 or BRCC3 was labeled with BODIPY FL iodoacetamide
(Thermo Fisher Scientific) according to the manufacturer’s instructions.
Labeled NLRP3 or BRCC3 was excited at 350 nm, and detection was
performed through a cutoff filter at 512 nm. Fluorescently labeled NLRP3 or
BRCC3 was titrated with unlabeled CD82 for a kinetic analysis. The excitation
and emission wavelengths were 498mm and 518 nm, respectively. The data
obtained were fitted using the GraFit program. All fluorescence measure-
ments were performed at 25 °C in 30mM Tris, pH 7.4; 150mM NaCl; and
1mM dithiothreitol.

Injection of recombinant adenoviruses to express CD82 in
mice
Recombinant adenoviruses (Ad-GFP and Ad-Rubicon) were injected
intravenously via the tail vein at a dose of ~5 × 1012 pfu/mouse twice.
Seven days post-transduction, the mice were challenged with 3% DSS
(acute colitis). All animal-related procedures were reviewed and approved
by the Institutional Animal Care and Use Committee of Hanyang University
(protocol 2020-075).

Mouse model of colitis
DSS-induced acute or chronic colitis mouse models were prepared with 6-
week-old C57BL/6 female mice (Samtako, Osan, Korea) as previously
described [68]. To assess the induction of acute colitis, mice were given 3%
(w/v) dextran sodium sulfate (molecular weight: 36,000–50,000 kDa, MP
Biomedicals, Santa Ana, CA, USA) dissolved in drinking water with ad
libitum access, as illustrated in Fig. 8A and 9. The DSS solutions were made
freshly every 2 days. Control non-DSS-fed mice had access to sterile
distilled water. The humane endpoint of the experiment was reached
when the animals lost 20% of their body weight (compared to their
original body weight), and then, the mice were euthanized. Body weight
loss may not exceed 20% without an approved Exception request.
All animal-related procedures were reviewed and approved by the
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Institutional Animal Care and Use Committee of Hanyang University
(protocol 2019–0081).

Clinical score and histology
For determining a clinical score of colitis, body weight, occult or gross
blood lost per rectum, and stool consistency were measured every other
day during colitis induction. The clinical score was assessed by two trained
investigators blinded to the treatment groups [68]. For immunohisto-
chemistry of tissue sections, mouse distal colon tissues were fixed in 10%
formalin and embedded in paraffin. Paraffin sections (4 μm) were cut and
stained with hematoxylin and eosin (H&E). For the histopathologic score, a
board-certified pathologist (Dr. Min-Kyung Kim, Kim Min-Kyung Pathology
Clinic, Seoul) independently scored each organ section without prior
knowledge of the treatment groups, as previously described [68].

Preparation of bacterial strains
B. vulgatus (ATCC 8482) and L. reuteri (ATCC 23272) were obtained from the
American Type Culture Collection (ATCC). The bacteria were cultured and
prepared as single-cell suspensions as follows. Briefly, B. vulgatus was
incubated at 37 °C with shaking in tryptic soy medium with 5%
defibrinated sheep blood (ATCC Medium 260) under anaerobic conditions,
and L. reuteri was incubated at 37 °C with shaking in lactobacilli MRS agar/
broth (ATCC Medium 416) under aerobic conditions. All bacteria-related
procedures were reviewed and approved by the Institutional Biosafety
Committee of Hanyang University (HY-IBC-2021-01).

Miscellaneous procedures
Details of the protein ASC oligomerization assay, ASC pyroptosome
purification, mass spectrometry, adenovirus construction and production,
isolation of microbial DNA, 16 S rRNA gene-based amplicon sequencing,
processing and analysis of sequencing data, methylation-specific poly-
merase chain reaction (MS-PCR), flow cytometry analysis of colon cells, and
lentiviral shRNA production and transduction are provided in the
Supporting Information.

Statistical analysis
All data were analyzed by Student’s t-test with Bonferroni adjustment or
ANOVA for multiple comparisons. The data are presented as the
mean ± SD. Statistical analyses were performed using SPSS (Version 12.0)
statistical software (SPSS, Chicago, IL, USA). Differences were considered
significant when p < 0.05. For survival determinations, data were graphed
and analyzed via the product limit method of Kaplan and Meier with the
log-rank (Mantel-Cox) test performed using GraphPad Prism (version 5.0,
La Jolla, CA, USA) for making comparisons.
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