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The inhibitor effect of RKIP on inflammasome activation and
inflammasome-dependent diseases

Qiang Qin'?, Huan Liu?, Jia'nan Shou? Yu Jiang® Hong Yu' and Xiaojian Wang'

Aberrant inflammasome activation contributes to the pathogenesis of various human diseases, including atherosclerosis, gout, and
metabolic disorders. Elucidation of the underlying mechanism involved in the negative regulation of the inflammasome is
important for developing new therapeutic targets for these diseases. Here, we showed that Raf kinase inhibitor protein (RKIP)
negatively regulates the activation of the NLRP1, NLRP3, and NLRC4 inflammasomes. RKIP deficiency enhanced caspase-1 activation
and IL-1( secretion via NLRP1, NLRP3, and NLRC4 inflammasome activation in primary macrophages. The overexpression of RKIP in
THP-1 cells inhibited NLRP1, NLRP3, and NLRC4 inflammasome activation. RKIP-deficient mice showed increased sensitivity to Alum-
induced peritonitis and Salmonella typhimurium-induced inflammation, indicating that RKIP inhibits NLRP3 and NLRC4
inflammasome activation in vivo. Mechanistically, RKIP directly binds to apoptosis-associated speck-like protein containing a
caspase-recruitment domain (ASC) and competes with NLRP1, NLRP3, or NLRC4 to interact with ASC, thus interrupting
inflammasome assembly and activation. The depletion of RKIP aggravated inflammasome-related diseases such as monosodium
urate (MSU)-induced gouty arthritis and high-fat diet (HFD)-induced metabolic disorders. Furthermore, the expression of RKIP was
substantially downregulated in patients with gouty arthritis or type 2 diabetes (T2D) compared to healthy controls. Collectively, our
findings suggest that RKIP negatively regulates NLRP1, NLRP3, and NLRC4 inflammasome activation and is a potential therapeutic

target for the treatment of inflammasome-related diseases.
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INTRODUCTION

Inflammasomes are intracellular protein complexes that are
important for host defense against infection, as well as various
inflammatory and autoimmune disorders.! During inflammasome
assembly, pro-caspase-1 and sensor proteins are linked by an
adapter protein known as apoptosis-associated speck-like protein
containing a caspase-recruitment domain (ASC), followed by the
cleavage of pro-caspase-1 and the maturation of proinflammatory
cytokines such as IL-1B or IL-18.2 The sensor proteins include
nucleotide-binding oligomerization domain, leucine-rich repeat
and pyrin domain-containing protein family members (NLR), such
as NLRP1, NLRP3 (also known as NALP3), and NLRC4 (also known
as IPAF or CARD12), or absent in melanoma 2 (AIM2).2 The NLRP3
inflammasome recognizes endogenous and exogenous danger
signals, including adenosine triphosphate (ATP), monosodium
urate crystals (MSU), nigericin (bacterial toxin), and Alum. The
NLRP1 inflammasome is stimulated by lethal toxin and muramyl
dipeptide (MDP), the AIM2 inflammasome senses double-stranded
DNA (dsDNA), and the NLRC4 inflammasome is stimulated by
intracellular flagellin.* In addition, these canonical inflammasomes
are complemented by a noncanonical inflammasome that
activates caspases-4, -5, or -11 in response to intracellular

lipopolysaccharide (LPS).>® Typically, activation of the inflamma-
some requires two signals, referred to as priming and activation
signals.”

Adequate activation of inflalmmasomes is important for the
elimination of pathogens. For instance, the AIM2 inflammasome is
critical for innate immunity to Francisella tularensis® However,
inflammasome hyperactivation is responsible for diverse inflam-
matory diseases.*® Aberrant activation of the NLRP3 inflamma-
some is responsible for the progression of several human diseases,
including septic shock,'® atherosclerosis,’’ gout,'> Alzheimer's
disease,’® and type 2 diabetes (T2D)." A series of NLRP3
inflammasome inhibitors, such as MCC950, B-hydroxybutyrate,
and NSAIDs,">"" have been demonstrated to have beneficial
effects on NLRP3 inflammasome-dependent diseases. Thus,
understanding the underlying mechanism involved in the
negative regulation of inflammasome activation will help develop
new therapeutic targets for these diseases.

Raf kinase inhibitor protein (RKIP) is the prototypical member of
the phosphatidylethanolamine-binding protein family.'®® It was
originally identified as a Raf1-binding protein that suppresses the
phosphorylation and activation of MEK?° Emerging evidence
indicates that RKIP is involved in the regulation of many signaling
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cascades, such as Raf/MEK/ERK,2%" G-protein-coupled receptors
(GPCR),*> glycogen synthase kinase-3B (GSK3B)*3, and NF-kB
signal transduction cascades.?* Therefore, RKIP plays important
roles in various physiological processes, including cell differentia-
tion, migration, cell cycle, and apoptosis.”>?® Recently, we
demonstrated that RKIP contributes to the progression of
inflammatory  bowel disease  (IBD),?”’ innate immune
responses,”**® mast cell-mediated anaphylactic responses and
allergic asthma,®® and autoimmune diseases' However, the
regulatory role of RKIP in inflammasome activation remains
unclear.

In this study, we showed that RKIP negatively regulates the
activation of the NLRP1, NLRP3, and NLRC4 inflammasomes but
not the AIM2 inflammasome. Mechanistically, RKIP directly binds
to ASC and thereby prevents the interaction of ASC with NLRP1,
NLRP3, or NLRC4 to inhibit inflammasome assembly and activa-
tion. Rkip-deficient mice developed more severe peritonitis and
Salmonella typhimurium-induced inflammation than wild-type
(WT) mice. Furthermore, RKIP deficiency increased the sensitivity
of mice to NLRP3 inflammasome-related diseases, including gouty
arthritis and T2D. Collectively, our results provide new insight into
the physiological role of RKIP in inflammatory diseases.

MATERIALS AND METHODS

Mice

Rkip-knockout (Rkip-KO) mice were provided by Professor John
Sedivy of Brown University, and Rkip floxed (Rkip”") mice were
provided by Professor Kam C. Yeung from the University of Toledo
Health Sciences Campus. Rkip-KO mice and their littermates with a
C57BL/6 background were used in this study. Mice were
genotyped by PCR analysis of isolated tail DNA. The following
primers were used: Rkip -KO sense (5'-GAGCCCTGGCCGGTCTCC
CTTGTCCCAAACTTT-3'), Rkip -WT antisense (5'-CACAAAACCAATC
TTAAAGAGCCA-3’), and Rkip-KO antisense (5-CCAAAAGGGTCTT
TGAGCACCAGAGGACATCCG-3'). For generation of Rkip myeloid
KO mice, Rkip " mice were crossed to LysM-Cre mice (B6.129P2-
Lyz2"™ )/}, stock no. 04781) from the Jackson Laboratory for
at least five generations before starting in vivo experiments. The
mice were maintained and bred in specific pathogen-free
conditions. Animal care and experiments were undertaken in
accordance with the National Institute of Health Guide for the
Care and Use of Laboratory Animals with approval from the
Scientific Investigation Board of Zhejiang University, Hangzhou.

Human subjects

The peripheral blood samples of healthy controls and patients
with T2D and gouty arthritis were obtained from the Second
Affiliated Hospital, School of Medicine, Zhejiang University. The
omental adipose tissue of OB/D patients was collected during
bariatric surgery, and nonobese (NO) samples were collected
during explorative laparoscopically assisted colonoscopy at the Sir
Run Run Shaw Hospital, School of Medicine, Zhejiang University.
We obtained written informed consent from the patients and the
donors or from their families before enrollment. The study was
performed with approval from the Ethics Committee of the
Second Affiliated Hospital, School of Medicine, Zhejiang University
and the Sir Run Run Shaw Hospital, School of Medicine, Zhejiang
University.

Reagents, antibodies, and plasmids

ATP and nigericin (Cat:tlrl-nig) were purchased from InvivoGen
(San Diego, CA, USA). Imject Alum was purchased from Thermo
Scientific (Rockford, IL, USA). LPS and anti-Flag mouse magnetic
(M2) beads were purchased from Sigma-Aldrich. Antibodies
against NLRP3, caspase-1 p20, and ASC were purchased from
Adipogen International (San Diego, CA, USA). Antibodies against
GFP and Flag were purchased from Abclonal. Antibodies against
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RKIP and GAPDH were purchased from Diagbio. Anti-CD11b-Fitc
was purchased from BioLegend, and anti-Gr-1-APC and anti-Ly6C-
PE were purchased from Sungene Biotech. PEl was purchased
from Polyscience. Lipofectamine RNAIMAX was purchased from
Invitrogen. RKIP and ASC were amplified from Jurkat cells by PCR
and ligated into pcDNA3.1-Flag-His, pcDNA3.1-Myc, or pcDNA3.1-
HA to construct the expression plasmids, and Flag-tagged NLRP1,
AIM2, NLRP3, NLRC4, and pro-caspase-1 were a gift from Dr.
Rongbin Zhou (University of Science and Technology of China).

Cell culture

Peritoneal macrophages (PMs) and THP-1 cells were cultured in
RPMI-1640 medium supplemented with 10% (v/v) fetal bovine
serum, 100 U/ml penicillin and 100 pg/ml streptomycin. We
cultured 293T cells in DMEM supplemented with 10% (v/v) fetal
bovine serum, 100 U/ml penicillin and 100 pg/ml streptomycin.
THP-1 stable expression cells were prepared as follows: pHAGE-
fEF1a-IRES-ZsGreen, pHAGE-fEF1a-IRES-ZsGreen-Flag-RKIP, and
packaging plasmids were transfected into 293T cells for viral
packaging using the calcium phosphate transfection method, and
then, the virus was harvested to infect THP-1 cells to select stable
cell lines. All cells were maintained at 37°C in a humidified
atmosphere of 5% CO,.

ASC oligomerization assay

PMs were lysed with cell lysis buffer (Cell Signaling Technology)
containing protease and phosphatase inhibitors (Sigma-Aldrich)
for 20 min and then centrifuged at 6000g for 10 min at 4 °C. The
pellets were washed with ice-cold PBS, suspended in 300 pl of cell
lysis buffer containing 2 mM disuccinimidyl suberate (Pierce) and
incubated for 30 min at 37 °C. The samples were centrifuged at
6000g for 10 min, and the crosslinked pellets were analyzed by
immunoblotting.

RNA isolation and real-time quantitative PCR

Total RNA from cells or peripheral blood was isolated by using
TRIzol reagent (TaKaRa) according to the manufacturer’s instruc-
tions, and cDNA was synthesized using a c¢cDNA synthesis kit
(TaKaRa) according to the manufacturer’s instructions. The
generated ¢cDNA was amplified by using appropriate primers
and SYBR Green mix (Yeasen).

Enzyme-linked immunosorbent assay (ELISA)

Cell culture supernatants or tissue culture supernatants were
collected during the experiments, and the levels of IL-13 were
measured by ELISA kits (Invitrogen) following the manufacturer’s
instructions.

Lactate dehydrogenase (LDH) assay

The LDH level in the culture medium was determined by an LDH
Cytotoxicity Assay Kit (Promega) according to the manufacturer’s
instructions.

SiRNA-mediated interference

THP-1 cells or 293T cells were transfected with specific siRNA or
nontargeting control siRNA by using Lipofectamine RNAi MAX
(Invitrogen) according to the manufacturer’s instructions. The
following siRNA oligonucleotide sequences were used: RKIPsiRNA
(5’-TGGTCAACATGAAGGGTAA-3/).

Immunoprecipitation

The cells were harvested, washed with ice-cold PBS twice,
and lysed in an immunoprecipitation buffer (50 mM Tris, pH 7.4,
150 mM NaCl, and 0.5% (vol/vol) Nonidet P-40, 1mM EDTA)
containing a protease inhibitor cocktail (Roche). Then, cell extracts
were obtained after centrifugation at 13,000g for 15 min. The cell
extracts were incubated with the indicated antibody together with
protein G magnetic beads (Bio-Rad) or anti-Flag (M2)-agarose for
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3 h at 4 °C. The immunoprecipitates were washed three times with
immunoprecipitation buffer and then subjected to further
immunoblotting analysis.

Immunoblotting analysis

Cell and tissue proteins were extracted with cell lysis buffer (Cell
Signaling Technology) containing protease and phosphatase
inhibitors (Sigma-Aldrich), quantitated using a BCA protein assay
kit (Thermo Scientific) and subjected to SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) (Bio-Rad). The samples were trans-
ferred to a nitrocellulose membrane (Bio-Rad), blocked with 5%
nonfat milk, incubated with appropriate primary antibodies and
subsequently incubated with fluorescent secondary antibodies.
The protein bands were imaged using a LiCor Odyssey scanner
and analyzed by using Odyssey 3.0 analytical software (LiCor).

Immunofluorescence

Cultured cells were plated on coverslips, fixed with 4% paraformal-
dehyde for 10 min, permeabilized with 1% Triton X-100 for 10 min,
blocked with 5% bovine serum albumin for 1h, incubated with
appropriate primary antibodies, and subsequently further incubated
with appropriate secondary antibodies. The nuclei were also stained
with DAPI. All immunofluorescence images were taken by using an
Olympus 1X81-FV1000 confocal microscope.

Flow cytometry

Single-cell suspensions of PECs were prepared, and then, the cells
were stained with antibodies against surface markers. The PECs
were assessed with the markers Gr-1 and CD11b for analysis of the
recruitment of neutrophils and Ly6C and CD11b for monocytes.
Data were acquired on a BD LSRFortessa flow cytometer (BD
Biosciences) and analyzed with FlowJo software.

Pulldown assay

The fusion protein GST-RKIP was expressed in the Escherichia coli
BL21 strain, the fusion protein Flag-ASC was expressed in
293T cells, and both were purified according to standard
protocols. For the GST pulldown assay, ~1ug GST or GST-RKIP
protein was mixed with 20 pl of precleared anti-Flag beads (M2
beads) in 500pul of reaction buffer, and 1pg Flag-ASC was
subsequently added and incubated at 4°C for 3h with gentle
mixing. The beads were then washed three times with cell lysis
buffer and subjected to immunoblotting.

Histological analyses

Adipose tissues were fixed in 4% formaldehyde and embedded in
paraffin. The formalin-fixed paraffin-embedded tissues were then
cut into sections. The sections of adipose tissue were subjected to
hematoxylin and eosin (H&E) staining to measure the pathological
changes. For immunohistochemistry (IHC), the sections of adipose
tissue were incubated with RKIP antibody to measure the
expression level of RKIP.

In vivo peritonitis and gouty arthritis

WT and Rkip-KO mice or Rkip” and Rkip™ Lysm-Cre mice were
injected intraperitoneally with Alum (50 mg/kg body weight)
(Thermo). The mice were sacrificed 12 h later, and the peritoneal
cavities were washed with 10ml of PBS to analyze the
inflammatory cell subsets. Peritoneal exudate cells (PECs) were
collected for analysis by flow cytometry and ELISA.

For induction of ankle inflammation, mice were injected with 0.5
mg MSU (dissolved in 20puL of PBS) in the ankle to induce
inflammation. Ankle swelling was measured at different time points.
After 24 h, the ankles were isolated and cultured for IL-1( analysis.

Glucose tolerance tests (GTTs) and insulin tolerance tests (ITTs)

WT and Rkip-KO mice were fed a low-fat diet (LFD: D12450B,
Research Diet) or a high-fat diet (HFD:D12492 Research Diet) for
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24 weeks. For glucose tolerance tests (GTTs), WT and Rkip-KO mice
were fasted for 16h and then injected intraperitoneally with
glucose (1.5 g/kg body weight). Blood glucose was measured with
a glucometer and strips before injection (0 min) or at 30, 60, 90, or
120 min post injection. For insulin tolerance tests (ITTs), the WT
and Rkip-KO mice were fasted for 4h and then injected
intraperitoneally with insulin (1 U/kg body weight) (Novolin).
Blood glucose was measured before injection (0 min) or at 30, 60,
90 or 120 min post injection.

Statistical analysis

Statistical analysis was performed with Prism v5.0 (GraphPad
Software). The results are expressed as the mean + SEM. Statistical
significance between two experimental groups was assessed
using Student’s t test. Mouse survival curves and statistics were
analyzed with the Mantel-Cox test. A value of p<0.05 was
considered statistically significant.

RESULTS

RKIP inhibits the activation of the NLRP1, NLRP3, and NLRC4
inflammasomes

PMs from WT and Rkip-KO mice were primed with LPS and then
stimulated with activators of the NLRP3 inflammasome, such as
ATP, nigericin and Alum, or transfected with flagellin (an NLRC4
inflammasome activator), poly(dA:dT) (an AIM2 inflammasome
activator) or MDP (an NLRP1 inflammasome activator) to
activate the inflammasomes. As shown in Fig. 1a, b, PMs from
the WT mice showed strong caspase-1 cleavage, as well as
overproduction of IL-1p in response to the activation of the
NLRP1, NLRP3, and NLRC4 inflammasomes. However, this
response was substantially exaggerated in the PMs from the
Rkip-KO mice, but RKIP did not alter the LPS-induced mRNA
levels of pro-IL-1B (Supplementary Fig. 1A). Intriguingly, no
difference was observed in AIM2 inflammasome-dependent
caspase-1 cleavage and IL-1f3 secretion between the WT and
Rkip-KO PMs. The Rkip-KO PMs were transfected with Flag-RKIP,
and inflammasome activation was induced. As shown in Fig. 1c,
d, compared with the WT PMs, the Rkip-KO PMs again
demonstrated enhanced NLRP1, NLRP3, and NLRC4 inflamma-
some activation, as indicated by a notable increase in caspase-1
cleavage and IL-1f secretion, whereas the overexpression of
RKIP restored the levels of these proteins to levels comparable
with those of the WT PMs. No difference was observed in AIM2
inflammasome activation.

A human monocyte-like cell line (THP-1) was used to elucidate
the effect of RKIP on inflammasome activation in human cells. We
knocked down RKIP in THP-1 cells via the transfection of RKIP-
specific siRNA. These cells were primed with LPS and then treated
with different stimuli to activate the inflammasomes. Compared
with those in the control cells, the cleavage of pro-caspase-1 and
secretion of IL-13 induced by NLRP1, NLRP3, and NLRC4
inflammasome activation were significantly increased in the
RKIP-knockdown THP-1 cells (Fig. 1e, f). In contrast, RKIP knock-
down had no effect on the activation of the AIM2 inflammasome
(Fig. 1e, f). We also generated THP-1 cells stably expressing Flag-
RKIP and analyzed caspase-1 cleavage and IL-1B secretion in
response to NLRP1, AIM2, NLRP3, and NLRC4 inflammasome
activation. RKIP overexpression significantly reduced the activa-
tion of the NLRP1, NLRP3, and NLRC4 inflammasomes but not the
AIM2 inflammasome (Supplementary Fig. 1B, C). We transfected
293T cells with plasmids encoding NLRP3, ASC, pro-caspase-1, and
pro-IL-1B to reconstitute the functional NLRP3 inflammasome. As
expected, the overexpression of RKIP inhibited the activation of
the NLRP3 inflammasome, resulting in reduced cleavage of pro-IL-
1B (Supplementary Fig. 1D), whereas the knockdown of endo-
genous RKIP promoted NLRP3 inflammasome activation, and this
activation was rescued to a level comparable with that of the
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Fig. 1 RKIP inhibits the activation of the NLRP3, NLRC4 and NLRP1 inflammasomes but not the AIM2 inflammasome. a, b A total of 1 x 10°
wild-type (WT) or Rkip-knockout (KO) peritoneal macrophages (PMs) were primed with LPS (1 pg/ml) for 4 h and then treated with ATP (5 mM),
nigericin (Ni) (20 uM), Alum (300 pg/ml), flagellin (1 pg/ml), poly(dA:dT) (5ug/ml), and MDP (500 ug/ml) for the indicated times.
Immunoblotting analysis of the supernatants (Sup) and cell extracts (Lys) (@) and ELISAs of the supernatants (Sup) were performed to
assess IL-1p release (b). ¢, d WT or Rkip-KO PMs (1 x 10°) were transfected with Flag-EGFP or Flag-RKIP. Forty-eight hours later, the transfectants
were primed with LPS (1 ug/ml) and then treated with nigericin (Ni) (20 uM), flagellin (1 pg/ml), poly(dA:dT) (5 pg/ml) and MDP (500 pg/ml) for
the indicated times. Immunoblotting analysis of the supernatants (Sup) and cell extracts (Lys) (c) and ELISAs of the supernatants (Sup) were
performed to assess IL-1p release (d). e, f THP-1 cells (1 x 10°) were differentiated with 100 nM PMA overnight in 12-well plates, transfected
with a specific siRNA for RKIP, primed with LPS (1 pg/ml) and treated with nigericin (Ni) (20 uM), poly(dA:dT) (5 ug/ml), flagellin (1 ug/ml) and
MDP (500 pg/ml) for the indicated times. Immunoblotting analysis of the supernatants (Sup) and cell extracts (Lys) (e) and ELISAs of the
supernatants (Sup) were performed to assess IL-1p release (f). Data are the mean + SEM (b, d, and f) and representative of three independent
experiments. Student’s t test was used for statistical calculation. *p < 0.05; **p < 0.01; ***p < 0.001
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control group by RKIP overexpression (Supplementary Fig. 1E).
Whether RKIP regulates the activation of the noncanonical NLRP3
inflammasome was also explored. The Pam3CSK4-primed PMs
were transfected with LPS, as shown by immunoblotting and
ELISAs, and RKIP had no effects on noncanonical NLRP3
inflammasome activation (Supplementary Fig. 1F, G). Taken
together, these results indicate that RKIP inhibits NLRP1, NLRP3,
and NLRC4 inflammasome activation but not AIM2 inflammasome
activation.

RKIP deficiency increases the formation of ASC specks and
promotes caspase-1-dependent pyroptosis

The formation of ASC “specks,” which results from the oligomer-
ization of ASC molecules into a large protein complex, is a critical
step for subsequent caspase-1 activation.> As shown in Fig. 2a,
RKIP deficiency enhanced the formation of ASC specks in PMs in
response to the activation of the NLRP3 and NLRC4 inflamma-
somes but not the AIM2 inflammasome. We further treated the
cell lysates with a nonreversible crosslinking agent and subjected
the samples to ASC immunoblotting to assess oligomerization. As
shown in Fig. 2b, ASC speck formation was detectable in the WT
PMs after inflammasome activation and was markedly increased in
the Rkip-KO PMs under NLRP3 and NLRC4 inflammasome
activation conditions. In addition to causing ASC speck formation,
the activation of inflammasomes results in pyroptosis.®? Signifi-
cantly enhanced cell death was observed in the LPS- and
nigericin- or flagellin-costimulated Rkip-KO PMs compared to the
WT PMs, as shown by the positive propidium iodide (PI) staining
(Fig. 2c), and the results were further confirmed by a LDH release
assay (Fig. 2d). Therefore, RKIP deficiency promotes NLRP3 and
NLRC4 inflammasome-dependent ASC oligomerization and
pyroptosis.

RKIP directly interacts with ASC to interfere with NLRP3 or NLRC4
inflammasome assembly and activation

Given that our data suggested that RKIP plays a critical role in
the activation of inflammasomes, we next aimed to explore
which component(s) of the inflammasomes interact with RKIP.
Myc-RKIP was co-overexpressed in 293T cells with Flag-NLRP1,
Flag-AIM2, Flag-NLRP3, Flag-NLRC4, Flag-pro-caspase-1, or Flag-
ASC, and the cell lysates were incubated with M2 beads. We
found that RKIP coimmunoprecipitated (co-IP) with ASC but not
NLRP1, NLRP3, NLRC4, AIM2, or pro-caspase-1 (Fig. 3a). Since the
commercially available anti-RKIP antibody could not efficiently
immunoprecipitate endogenous RKIP, RKIP was immunopreci-
pitated with M2 beads from the cell lysates of the THP-1 cells
stably expressing Flag-RKIP. As shown in Fig. 3b, RKIP physically
associates with ASC, and this association was dramatically
reduced after NLRP3 or NLRC4 inflammasome activation but not
AIM2 inflammasome activation (Fig. 3c). NLRP3 or NLRC4
inflammasome activation, but not AIM2 inflammasome activa-
tion, might induce the posttranslational modification of RKIP,
which causes the disassociation of RKIP from ASC. Similar results
were observed using the ASC antibody under the same
experimental conditions (Fig. 3d). To determine whether RKIP
interacts with ASC directly, we purified Flag-ASC protein from
the ASC-overexpressing 293T cells and incubated it with
recombinant GST-RKIP protein. Then, GST beads were added
for an in vitro pulldown assay. As shown in Fig. 3e, RKIP directly
interacts with ASC. These data demonstrate, for the first time,
that RKIP binds to ASC and suggest that this association is
important for the inhibitory effect of RKIP on inflammasome
activation.

The association of ASC with NLRP1, AIM2, NLRP3, or NLRC4 was
shown to be essential for the assembly and activation of
inflammasomes. We then examined whether RKIP inhibits the
recruitment of ASC to NLRP1, AIM2, NLRP3, or NLRC4. As shown in
Fig. 4a, overexpression of RKIP inhibited the interaction between
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ASC and NLRP1, NLRP3, or NLRC4, whereas knockdown of RKIP
enhanced these interactions in 293T cells (Fig. 4b). We further
performed co-IP assays in PMs using an anti-ASC antibody. In the
WT PMs, endogenous ASCs formed a complex with NLRP3 upon
nigericin stimulation, and this interaction was substantially
increased in the Rkip-KO PMs (Fig. 4c). In contrast, the nigericin-
induced recruitment of ASC to NLRP3 was significantly attenuated
in the THP-1 cells stably overexpressing Flag-RKIP compared to
that in the control group (Fig. 4d). Similar results were observed
after NLRC4 inflammasome activation (Fig. 4e, f); RKIP deficiency
promoted the association of NLRC4 with ASC, whereas RKIP
overexpression inhibited this association. Taken together, these
results indicate that RKIP directly binds to ASC and interferes with
the assembly and activation of the NLRP3 and NLRC4 inflamma-
somes in macrophages.

RKIP deficiency promotes NLRP3 and NLRC4 inflammasome
activation in vivo

We next determined the effect of RKIP on inflammasome
activation in vivo. The WT and Rkip-KO mice were challenged
with Alum to induce peritonitis. Peritoneal lavage fluid (PLF) of the
mice was collected 12 h after Alum injection. As shown in Fig. 5a,
b, the intraperitoneal administration of Alum increased the total
number of neutrophils and Ly6C" monocytes in the peritoneal
cavity. Correspondingly, the total number of PECs accumulated in
the peritoneal cavity was also increased in the Rkip-KO mice
compared to the WT mice (Fig. 5¢). Moreover, we observed that
compared with that in the PLF of the WT mice, the production of
IL-18 was markedly increased in the PLF of the Rkip-KO mice
(Fig. 5d). We further generated myeloid Rkip-KO mice by crossing
Rkip”" mice with Lysm-Cre transgenic mice; these mice had
specifically targeted deletions in the myelomonocytic and
osteoclast lineages. Compared to the Rkip”" mice, the Rkip”
Lysm-Cre mice showed enhanced immune cell infiltration and IL-
1B secretion (Supplementary Fig. 2A-D). Caraffini et al. reported
that knockdown of RKIP amplified the G-CSF-induced myelomo-
nocytic differentiation of hematopoietic stem and progenitor cells.
However, RKIP deletion was insufficient to increase the number of
myelomonocytic cells,>* which is consistent with our finding that
RKIP deficiency did not affect neutrophils and Ly6C* monocytes in
the peritoneal cavity. However, RKIP deletion significantly
increased the Alum-induced IL-1B production and recruitment of
neutrophils and Ly6C"™ monocytes in the peritoneal cavity,
indicating that RKIP deletion promotes Alum-induced NLRP3
inflammasome activation in vivo. To evaluate the role of RKIP in
NLRC4 inflammasome activation in vivo, we infected the Rkip WT
and KO mice intraperitoneally with a lethal dose of S. typhimurium.
Significantly enhanced survival was observed in the WT mice
compared to the Rkip-KO mice (Fig. 5e), which was further
confirmed by using the myeloid Rkip-KO mice (Supplementary
Fig. 2E). We then intraperitoneally infected mice with a sublethal
dose of S. typhimurium and monitored the body weight changes
during the course of infection. During S. typhimurium infection,
RKIP deficiency exaggerated the weight loss caused by S.
typhimurium (Fig. 5f). However, RKIP deficiency did not affect
the bacterial loads in the spleens and livers (Fig. 5g), suggesting
that the enhanced weight loss in the Rkip-KO mice was the result
of excessive inflammation instead of bacterial proliferation. In
addition, the PLF of the mice was collected 5 days after S.
typhimurium infection, and the peritoneal production of IL-1f3 was
significantly enhanced in the Rkip-KO mice (Fig. 5h). Collectively,
these results indicate that RKIP plays a pivotal role in the activation
of NLRP3 and NLRC4 inflammasomes in vivo.

RKIP has preventive effects in NLRP3 inflammasome-related
diseases

Gout is an inflammatory arthritis that is characterized by the
deposition of MSU. MSU was shown to induce NLRP3-dependent
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Fig. 2 RKIP deficiency increases the formation of ASC specks and promotes caspase-1-dependent pyroptosis. a LPS (1 pg/ml)-primed WT (1 x
10°) and Rkip-KO (1 x 10°) PMs were treated with flagellin, nigericin (Ni) and poly(dA:dT), and immunofluorescence analysis of ASCs and then
quantification of ASC clusters (5-10 images per sample) were performed. (Scale bars, 100 um). b LPS (1 pg/ml)-primed WT (1 x 10°) and Rkip-
KO (1 x 10%) PMs were stimulated with ATP, nigericin (Ni), poly(dA:dT) and ﬂagellin, and an ASC oligomerization assay was then performed.
c Live cell microscopy images of propidium iodide (Pl) staining of WT (1 x 10°) and Rkip-KO (1 x 10°) PMs left untreated or primed with LPS
and stimulated with nigericin (Ni) or flagellin on the left (scale bars, 100 um). The average percentage of PI* cells of six images (630 pm x 630
pm) is shown on the right. d Assay for LDH release in the culture supernatants of the LPS-primed WT (1 x 10%) and Rkip-KO (1 x 10%) PMs
treated with nigericin (Ni) or flagellin. Data are the mean = SEM (a, ¢, d) and representative of three independent experiments. Student’s t test
was used for statistical calculation. *p < 0.05; **p < 0.01, ***p < 0.001
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Fig. 4 RKIP inhibits the interaction between ASC and NLRP3 or NLRC4 to mterfere with the inflammasome. a HA-ASC was cotransfected with
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Fig. 5 RKIP deficiency promotes NLRP3 and NLRC4 inflammasome activation in vivo. a-d WT and Rkip-KO mice were intraperitoneally injected
with Alum (50 mg/kg body weight) to induce peritonitis. After 12 h, the mice were sacrificed, and the peritoneal cavities were washed with 10
ml of ice-cold PBS. FACS analysis of neutrophils (a), Ly6C™ monocytes (b) or peritoneal exudate cells (PECs) (c) and ELISA of IL-1p (d) in the
peritoneal lavage fluid (PLF) from the WT and Rkip-KO mice were performed (n = 3-7 mice per group). e Survival of the WT and Rkip-KO mice
infected intraperitoneally with 5x 10> CFU of log-phase S. typhimurium (n=7-10 mice per group). f-h The WT and Rkip-KO
mice were intraperitoneally infected with 1x 102 CFU log-phase S. typhimurium, and weight loss was monitored until day 5 (f). At day 5
post-infection, the bacterial loads in the spleen and liver were determined (g), and PLF was collected for the detection of IL-1f (h) (n=5-10
mice per group). Data are the mean = SEM (a-d, g, h), and error bars represent SEM for (g) and are representative of two independent

experiments. Student’s t test was used for statistical calculation. *p < 0.05, **p < 0.01, ***p < 0.001

caspase-1 cleavage and IL-1B production.'>** Moreover, oridonin
and tranilast, inhibitors of the NLRP3 inflammasome, attenuate the
development of gouty arthritis. 3¢ As shown in Supplementary
Fig. 3A, B, RKIP deficiency enhanced MSU-induced caspase-1
cleavage and IL-1PB secretion in macrophages. Mice were injected
with MSU in the ankle, and proinflammatory cytokines in the
periarticular tissue of the ankle were detected. The Rkip-deficient
mice showed more severe acute ankle swelling than the WT
mice (Fig. 6a), and RKIP deficiency strongly increased the secretion

SPRINGERNATURE

of IL-1B but not IL-6 in the ankle culture supernatants (Fig. 6b and
Supplementary Fig. 3C). Compared to the Rkip”* mice, the Rkip”
Lysm-Cre mice showed enhanced MSU-induced acute ankle
swelling and IL-1B but not IL-6 secretion (Supplementary
Fig. 3D-F). We collected peripheral blood samples from 49 gouty
arthritis patients and 44 healthy controls to detect the RKIP mRNA
levels. Compared to that in the control group, the expression of
RKIP was sharply decreased in the peripheral blood samples from
the gouty arthritis group (Fig. 6¢). Taken together, these results
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Fig. 6 RKIP is involved in the development of NLRP3 inflammasome-related diseases. a, b The WT and Rkip-KO mice were injected with MSU
(0.5mg) in the ankle to induce inflammation. Time course of changes in MSU-induced ankle swelling of the WT and Rkip-KO mice was
performed (a), and ELISAs of IL-1p (24 h later) (b) in ankle culture from the WT and Rkip-KO mice were performed (n = 4-5 mice per group).
¢ Quantitative PCR analysis of RKIP expression in peripheral blood samples from gout patients (n = 49) and control subjects (n = 44). Glucose
tolerance tests (GTTs) (d) and insulin tolerance tests (ITTs) (e) of the WT and Rkip-KO mice after HFD feeding for 24 weeks (n =7 mice per
group). f Hematoxylin and eosin (H&E) staining of VAT from the WT and Rkip-KO mice after LFD or HFD feeding for 24 weeks on the left
(scale bars, 100 um). The size of 20 randomly selected adipocytes in 10 randomly selected images was analyzed, and the quantification of
adipocyte size is shown on the right. g Immunoblotting analysis of caspase-1 (P20) levels in the VAT of the LFD- or HFD-fed WT and Rkip-KO
mice. h Quantitative PCR analysis of RKIP expression in peripheral blood samples of the control subjects (n = 44) and the T2D patients (n = 43).
i Immunoblotting analysis of RKIP expression in omental adipose tissue samples from the NO subjects (n = 7) and the OB/D patients (n =9).
j Representative immunohistochemical staining for RKIP in omental adipose tissue samples from the NO subjects (n =4) and the OB/D
patients (n = 4) (scale bars, 100 um). Error bars represent SEM for (a, d, e), data are the mean + SEM (b, ¢, h) and are representative of two
independent experiments. Student’s t test was used for statistical calculation. *p < 0.05; **p < 0.01; ***p < 0.001
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indicate that RKIP negatively regulates the development of
inflammasome-associated gouty arthritis.

NLRP3 inflammasome activation was shown to be involved in
HFD-induced metabolic disorders.>” The WT and Rkip-KO mice
were fed a HFD or a LFD for 24 weeks, and then, GTT and ITT were
performed. As shown in Fig. 6d, e, glucose tolerance and insulin
sensitivity were impaired in the HFD-fed Rkip-KO mice compared
to the WT mice, although the GTTs and ITTs showed no
differences between the LFD-fed Rkip WT and KO mice
(Supplementary Fig. 3G, H). The HFD-fed Rkip-KO mice showed a
significant increase in adipocyte size, but RKIP deficiency had no
effect on adipocyte size in the LFD-fed mice (Fig. 6f). The
expression of activated caspase-1 p20 in the visceral adipose
tissue (VAT) from the HFD-fed KO mice was much higher than that
in the VAT from the HFD-fed WT mice (Fig. 6g). These results
indicate that RKIP inhibits HFD-induced inflammasome activation
and metabolic disorders. We then evaluated the expression levels
of RKIP in peripheral blood samples from type 2 diabetic (T2D)
patients and healthy control individuals by real-time PCR. As
shown in Fig. 6h, the mRNA levels of RKIP were significantly
reduced in the peripheral blood samples from the patients with
T2D compared to the healthy control individuals. Lower RKIP
protein levels were found in omental adipose tissue samples from
obese T2D (OB/D) patients than those of NO subjects (Fig. 6i). IHC
staining further confirmed that RKIP expression in crown-like
structures, which consist of dead or dying adipocytes surrounded
by macrophages, was obviously reduced in the omental adipose
tissue samples from the OB/D patients compared to the samples
from the NO controls (Fig. 6j). Taken together, these results
demonstrate that RKIP inhibits HFD-induced metabolic disorders
in mice and shows preventive effects in NLRP3 inflammasome-
related T2D in humans.

DISCUSSION

Inflammasomes have been demonstrated to play a central role in
facilitating host defense, initiating wound healing after tissue
damage and maintaining metabolic health.” However, inappropriate
inflammasome responses also cause inflammatory disease via
improper and excessive cytokine release.®® Thus, a well-balanced
inflammasome response is essential for the maintenance of
homeostasis. Several negative regulators, such as leucine-rich repeat
Fli-l-interacting protein 2, A20, small heterodimer partner, aryl
hydrocarbon receptor, and lipin-2, are known to attenuate the
activation of inflammasomes through different mechanisms. 3%
Here, we identified RKIP as a negative regulator of the NLRP1, NLRP3
and NLRC4 inflammasomes in vitro and in vivo. RKIP directly
associates with ASC to interfere with inflammasome assembly and
inhibit inflammasome activation. RKIP deficiency increases the
sensitivity of mice to NLRP3 inflammasome-related diseases.

RKIP is a well-established regulator in multiple signaling
pathways.?>* We recently found that RKIP is involved in
inflammation-related diseases, including IBD,?” autoimmune dis-
eases,31 and antivirus innate immune responses,zg’29 indicating
that RKIP is an important regulator of the immune response.
Inflammasomes have been identified as an important class of
cytoplasmic protein complexes that sense endogenous or
exogenous pathogen-associated molecular patterns or danger-
associated molecular patterns.® Here, we found that the loss of
RKIP triggered the hyperactivation of the NLRP1, NLRP3, and
NLRC4 inflammasomes but not the AIM2 inflammasome in mouse
PMs. Through the use of ectopic expression in PMs, we observed
that the excessive activation of the NLRP1, NLRP3, and NLRC4
inflammasomes was inhibited by the overexpression of RKIP. In
human monocyte-like THP-1 cells, enhanced caspase-1 activation
and IL-1p3 secretion were observed by RKIP depletion, whereas the
overexpression of RKIP inhibited these events in response to
NLRP1, NLRP3, and NLRC4 but not AIM2 inflammasome activation.

SPRINGERNATURE

We previously proposed that the lack of RKIP does not modify the
LPS-induced activation of MAPK pathways.?® Here, we found that
RKIP was not involved in the LPS-induced expression of pro-IL-1(,
which is an essential component of inflammasome activation. In
addition, the absence of RKIP did not affect the activation of
noncanonical inflammasomes stimulated by LPS transfection. RKIP
deficiency enhanced NLRP3 and NLRC4 inflammasome-
dependent ASC speck formation as well as pyroptosis. The anti-
inflammasome properties of RKIP were further confirmed in vivo.
RKIP deficiency promoted Alum-induced peritonitis and S.
typhimurium-mediated IL-1 secretion. The Rkip-deficient mice
developed more severe peritonitis and displayed increased
lethality upon S. typhimurium infection than the control mice.
Inflammation is a mechanism to fight infection, and the
enhancement of inflammation may be corelated to a higher
survival rate. However, excessive inflammation leads to enhanced
body weight loss instead of the clearance of bacteria.** RKIP
deficiency increased weight loss and IL-1 production but did not
affect the bacterial load after S. typhimurium infection in the mice.
These results indicated that the lower survival rate in the Rkip-
deficient mice might be related to increased inflammation. In
addition, the absence of RKIP might result in the activation of
other processes related to inflammation, which contributes to the
lower survival rate.

Co-IP assays showed that RKIP interacts with ASC but not other
inflammasome components in 293T cells. RKIP interacts with
endogenous ASCs in macrophages. This association was reduced
upon NLRP3 or NLRC4 inflammasome activation but not AIM2
inflammasome activation, and GST pulldown experiments con-
firmed that RKIP directly binds to ASC. It has been demonstrated
that the interaction between NLRP1 and ASC, NLRP3 and ASC, or
NLRC4 and ASC is an essential step for inflammasome assembly
and activation. We further showed that RKIP overexpression
inhibits the association of ASC with NLRP1, NLRP3, or NLRC4 and
that RKIP silencing promotes these associations in 293T cells. The
assembly of NLRP3 or NLRC4 inflammasomes in PMs was strongly
enhanced in the Rkip-KO PMs but suppressed in the THP-1 cells
stably overexpressing RKIP. Thus, our results suggest that RKIP
directly targets ASC to block the assembly of inflammasomes by
suppressing the association of NLRP3 or NLRC4 with ASC. RKIP was
first identified as a Raf1 kinase inhibitor protein by interfering with
the Raf1/MEK1 association.”® Lorenz et al. reported that protein
kinase C phosphorylates RKIP at Ser153, which switches RKIP from
Rafl to GPCR kinase-2, a negative regulator of GPCRs.*> We
recently found that the phosphorylation of RKIP S109 by TBK1
elevates the binding affinity between RKIP and TBK1 and
promotes TBK1 activation. According to the crystal structure of
RKIP, the phosphorylation of S109 might induce a conformational
switch in RKIP.>® The AIM2 inflammasome is a non-NLR protein
that assembles an inflammasome complex in response to
stimulation by a variety of pathogen components® such as
dsDNA. The mechanism by which RKIP affects NLRP3 or NLRC4
inflammasome activation but not AIM2 inflammasome activation
might involve the posttranslational modification of RKIP that leads
to the dissociation of RKIP from ASC, which needs to be further
studied.

Previous studies have highlighted the importance of inflamma-
somes in disease pathology and homeostasis. A few reagents,
such as a neutralizing IL-1B antibody (canakinumab), recombinant
IL-1 receptor antagonist (anakinra) and soluble decoy IL-1 receptor
(rilonacept), have been applied to treat inflammasome-mediated
diseases.> However, these reagents block only the downstream
events of inflammasome activation, and exploring new inhibitors
that could put inhibit inflammasome-dependent diseases is
important for designing future therapies. Rkip deficiency in mice
exaggerated inflammasome activation and the symptoms of
gouty arthritis and HFD-induced metabolic disorders, suggesting
that RKIP plays a beneficial role in inflammasome-related disease.
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A previous study demonstrated that the expression of RKIP is low
in cells belonging to the myeloid lineage but higher in lymphoid
cells.®®* Thus, the blood composition of the patients may lead to
limitations of the results that the decreased RKIP expression in the
peripheral blood from patients with gouty arthritis or T2D
compared to healthy control individuals.

We recently reported that RKIP serves as a pivotal mediator of
the association between IL-17R and Act1 and promotes IL-17-
induced inflammation.>' RKIP positively regulated human and
mouse colitis by promoting intestinal epithelial cell (IEC)
apoptosis.”” We further showed that RKIP in nonhematopoietic
cells promotes IL-17-mediated autoimmune diseases and DSS-
induced colitis in vivo. Here, we demonstrated that RKIP inhibits
NLRP3 and NLRC4 inflammasome activation in macrophages and
that RKIP deficiency in myeloid cells enhances the activation of
inflammasomes in vivo, indicating that RKIP plays different roles in
different cells. Taken together, our data reveal a previously
unrecognized protective role for RKIP in inflammasome activation,
and we showed RKIP interacts with ASC to interfere with NLRP1,
NLRP3, or NLRC4 inflammasome assembly and activation. More-
over, RKIP-deficient mice developed more severe symptoms of
gouty arthritis and HFD-induced metabolic disorders than control
mice. Considering the reduced expression of RKIP in gouty arthritis
and T2D, RKIP might be a potential target for the treatment of
inflammasome-related diseases.
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