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Activation of the NLRP3 inflammasome requires the expression of NLRP3, which is

strictly regulated by its capacity to directly recognize microbial-derived substances.

Even though the involvement of caspase-1 activation in macrophages via NLRP3 and

NLRC4 has been discovered, the accurate mechanisms by which Shigella infection

triggers NLRP3 activation remain inadequately understood. Here, we demonstrate that

IpaH4.5, a Shigella T3SS effector, triggers inflammasome activation by regulating NLRP3

expression through the E3 ubiquitin ligase activity of IpaH4.5. First, we found that IpaH4.5

interacted with NLRP3. As a result, IpaH4.5 modulated NLRP3 protein stability and

inflammasome activation. Bacteria lacking IpaH4.5 had dramatically reduced ability to

induce pyroptosis. Our results identify a previously unrecognized target of IpaH4.5 in the

regulation of inflammasome signaling and clarify the molecular basis for the cytosolic

response to the T3SS effector.
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INTRODUCTION

Innate immunity is the first barrier of the body against the invasion of pathogenic microorganisms.
As an important component of the innate immune system, innate immune cells recognize
pathogen-associated molecular patterns (PAMPs) through pattern recognition receptors (PRRs),
followed by secreting cytokines and antimicrobial intermediates (Thompson et al., 2011). PRRs
are sensors that detect typical molecules of pathogens and play key roles in defending against
microbial invasion; they can be divided intomembrane-bound PRRs and cytoplasmic PRRs (Fukata
et al., 2009; Prajapati et al., 2014). Among all kinds of PRRs, nucleotide-binding oligomerization
domain (NOD)-like receptors (NLRs) are cytoplasmic proteins that recognize specific PAMPs
and activate pro-inflammatory and antimicrobial immune responses (Franchi et al., 2008; Caruso
et al., 2014). NLRs consist of C-terminal leucine rich repeats (LRRs), a central nucleotide-
binding oligomerization domain (NOD or NACHT), and an N-terminal domain. LRRs sense
PAMPs, the NOD domain has intrinsic ATPase activity and the N-terminal domain mediates
protein-protein interactions (Hamada et al., 2013; Dadi et al., 2018). Importantly, some NLRs,
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including NLRP1 (NLR-family PYD domain-containing 1),
NLRP3, NLRP6, and NLRC4 (NLR family CARD domain-
containing 4), also function in the form of inflammasomes (Ye
et al., 2008; Jamilloux et al., 2013). The most fully characterized
inflammasome is the NLRP3 (also known as NALP3 or
cryopyrin) inflammasome, which can be triggered by a variety of
stimuli (Kanneganti et al., 2007; Yazdi et al., 2010; Zuliani-Alvarez
et al., 2017). Typical activation of the NLRP3 inflammasome can
be described as follows: in response to PAMP recognition, NLRs
bind to adaptor apoptosis-associated speck-like protein (ASC) by
PYD-PYD interactions, which form the NLRP3 inflammasome,
recruiting pro-caspase-1, and activating caspase-1 (Maharana
et al., 2017; Taghavi et al., 2017). Afterwards, caspase-1 induces
IL-1β production and causes a series of cellular events such as
pyroptosis (Srinivasula et al., 2002).

Shigella are common pathogenic bacteria that can invade
human macrophages, dendritic cells, and epithelial cells, leading
to severe diarrhea because of inflammatory responses caused
enteritis (Watarai et al., 1996). As gram-negative bacteria,
Shigella utilize a type III secretion (T3S) apparatus to inject
virulence factors into host cells; One class of effector proteins
named invasion plasmid antigen H (IpaH) is important for
Shigella pathogenicity and possesses 12 genes includes IpaH1.4,
IpaH2.5, IpaH4.5, IpaH7.8, IpaH9.8, etc, which are encoded
on the 220 kb virulence plasmid or chromosome of Shigella
(Buttner et al., 2008; Ashida and Sasakawa, 2015). The IpaH
family has a highly conserved N-terminal leucine-rich repeat
domain and a highly conserved C-terminal region (Vourc’h
et al., 2003). The crystal structures and subsequent study
demonstrated that the C-terminal region of IpaH proteins is
a new family of E3 ubiquitin ligases (Rohde et al., 2007;
Takagi et al., 2016). Previous studies indicated that each of
the IpaH family effectors has different pathogenic mechanisms
(Menard et al., 1993). For instance, IpaH9.8 was reported to
downregulate the NF-κB-mediated inflammatory response by
targeting essential modifier (NEMO)/IκB kinase gamma (IKKγ)
in BMMs, while IpaH7.8 targets glomulin and IpaH4.5 interacts
with NF-kB p65 protein in macrophages and epithelial cells
(Ashida et al., 2010; Wang et al., 2013; Suzuki et al., 2014).
IpaH4.5 also targets RPN13 in the 26S proteasome to dampen
cytotoxic T lymphocyte activation in macrophages and epithelial
cells (Otsubo and Mimuro, 2019). A recent paper revealed
the role of IpaH4.5 in the dampening the host antibacterial
response by targeting TBK1 in Hela cells (Zheng et al., 2016).
And IpaH7.8 were reported to activates NLRP1B by degrading
NLRP1B through its E3 ligase activity (Sandstrom et al., 2019).
Here, the mechanisms of Shigella-induced caspase-1 activation
and cell death were examined. We demonstrate that IpaH4.5
mediates NLRP3 protein stability, caspase-1 activation, IL-1β
production, and cell death in Shigella-infected macrophages.
Mutation of the IpaH4.5 E3 ligase motif not only abolishes
NLRP3 inflammasome signaling but also dramatically reduces
the ability of Shigella to induce cell pyroptosis. Our results
identify a previously unrecognized role of the member of
IpaH family in the regulation of inflammasome signaling and
clarify the molecular basis for the cytosolic response to the
T3SS effector.

RESULTS

IpaH4.5 Protein Associates With NLRP3
Our previous work showed that TANK-binding kinase 1
(TBK1) is a new target of the IpaH4.5 protein (Zheng
et al., 2016). To explore the other possible host targets of
IpaH4.5, a yeast two-hybrid (Y2H) assay was conducted,
and a possible interaction between IpaH4.5 and NLRP3 was
revealed (Figure 1A). Using HEK293 cells, we performed a
coimmunoprecipitation experiment to confirm the results of the
Y2H assay. The results showed that IpaH4.5 was detected in
the anti-Flag immunoprecipitate from 293T cells cotransfected
with Flag-NLRP3 but not with Flag-Vector (Figure 1B). The
IpaH7.8 was used as a positive control (Suzuki et al., 2014).
Consistently, the endogenous NLRP3 was detected in the anti-
Flag immunoprecipitate from RAW264.7 cells transfected with
Flag-Ipah4.5 but not with Flag-Vector (Figure 1C). Then, we
explored the interaction of NLRP3 with the other IpaH family
member, IpaH9.8. Coimmunoprecipitation experiments showed
the no interaction between NLRP3 with IpaH9.8 (Figure 1D).
Additionally, the interaction between IpaH4.5 and NLRP3 was
further demonstrated by a GST pull-down assay (Figure 1E).
These data suggest IpaH4.5 interact with NLRP3.

IpaH4.5 Stimulates K63-Linked
Ubiquitination of NLRP3
To investigate whether NLRP3 is a substrate of IpaH4.5 E3
ubiquitin ligase, HEK293 cells were cotransfected Flag-NLRP3,
HA-Ub together withMyc-vector, Myc-IpaH4.5, orMyc-IpaH4.5
C379A. NLRP3 protein was precipitated from cell lysates with
an anti-Flag affinity gel, and the effect of IpaH4.5 or Myc-
IpaH4.5 on NLRP3 ubiquitination was detected with an anti-HA
antibody. The results showed that IpaH4.5 led to a sharp increase
in the level of NLRP3 ubiquitination (Figure 2A). Specifically,
mutation of the IpaH4.5 E3 ligase motif (C379A mutant) did
not upregulate NLRP3 ubiquitination to the same intensity as
wildtype IpaH4.5 (Figure 2A), indicating the importance of Cys
379 active site in regulating NLRP3 ubiquitination. The two most
adequately characterized forms of polyubiquitination occur at
lysine 48 (K48) and lysine 63 (K63). Therefore, we transfected
HA-Ub K48 or HA-Ub K63 into HEK293 cells in the presence
of Flag-NLRP3 and Myc-IpaH4.5. The coimmunoprecipitation
assay results showed that the ubiquitination of NLRP3 was
catalyzed by IpaH4.5 mainly at position K63 (Figure 2B).

IpaH4.5 Mediates the Stabilization of
NLRP3
Since IpaH4.5 mediates the activation of K63-linked
ubiquitination of NLRP3, we next determined the effect of
IpaH4.5 on NLRP3 expression. To this end, increasing amounts
of plasmid encoding IpaH4.5 were transfected into RAW264.7
cells. The results showed that overexpression of IpaH4.5 led
to a substantial increase in the concentration of endogenous
NLRP3 protein levels (Figure 3A). In contrast, IpaH4.5 did
not affect the level of the transfected ICE protease-activating
factor NLRC4 protein (Figure 3B). Specifically, IpaH4.5 E3
ligase activity was required, as the IpaH4.5 C379A mutant
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FIGURE 1 | IpaH4.5 protein associates with NLRP3. (A) Yeast two-hybrid analysis in the AH109 yeast strain co-transformed with the indicated plasmids. IpaH4.5 was

fused to GAL4-DNA binding domain (pGBKT7), and NRLP3 was fused with GAL4-transactivating domain (pACT2). A positive IpaH4.5-NRLP3 interaction resulted in

colony formation on synthetic medium lacking tryptophan, leucine, adenine, and histidine containing X-gal. pGBKT7-TP53 + pGADT7-T control vector and

pGBKT7-lam + pGADT7-T control vector were used as positive and negative controls, respectively. AH109 co-transfected with pGBKT7-IpaH4.5 + pACT-2 was used

to exclude the self-activation of IpaH4.5. (B) Flag-tagged NLRP3 or the corresponding empty vector was transfected into HEK293 cells in the presence of Myc-tagged

IpaH4.5 or Myc-tagged IpaH7.8. Then, coimmunoprecipitation experiments were performed, and anti-Flag or anti-Myc antibodies were used to probe anti-Flag or IgG

immunoprecipitates. (C) Flag-tagged IpaH4.5 was transfected into RAW264.7 cells and coimmunoprecipitation experiments were performed. Anti-Flag or anti-NLRP3

antibodies were used to probe anti-Flag or IgG immunoprecipitates. (D) Flag-tagged NLRP3 or the corresponding empty vector was transfected into HEK293 cells in

the presence of Myc-tagged IpaH9.8. Then, coimmunoprecipitation experiments were performed, and anti-Flag or anti-Myc antibodies were used to probe anti-Flag

or IgG immunoprecipitates. (E) Flag-tagged NLRP3 was transfected into HEK293 cells. GST-tagged IpaH4.5 was subjected to a pull-down assay with the lysates of

HEK293T cells. Immunoblotting analyses with anti-Flag antibody are shown at the top. Loading of the GST proteins assessed with anti-GST antibody are shown at the

bottom. GST was used as a negative control. Images are representative of at least three independent experiments (B–E), except for (A), which were performed twice.

had compromised activity in inducing NLRP3 upregulation
(Figure 3C). Quantitative RT-PCR showed that NLRP3
mRNA levels were not affected by IpaH4.5 overexpression

(Figure 3D), suggesting that IpaH4.5 stabilized NLRP3 protein
by posttranscriptional modification. We then assessed whether
IpaH4.5 is able to mediate the stabilization of endogenous
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FIGURE 2 | IpaH4.5 stimulates K63-linked ubiquitination of NLRP3. (A) Cells were transfected with Flag-NLRP3, HA-Ub together with Myc-vector, Myc-IpaH4.5, or

Myc-IpaH4.5 C379A. NLRP3 protein was precipitated from cell lysates with an anti-Flag affinity gel, and the effect of IpaH4.5 or Myc-IpaH4.5 on NLRP3 ubiquitination

was detected with an anti-HA antibody. For input, cell lysates were blotted with anti-Flag and anti-Myc antibodies. (B) Cells expressing Flag-NLRP3 and Myc-IpaH4.5

in the presence of HA-tagged ubiquitin, HA-tagged K48 ubiquitin (Ub K48) or HA-tagged K63 ubiquitin (Ub K63) were precipitated with anti-Flag antibody and blotted

with anti-HA and anti-Flag antibodies. For input, cell lysates were blotted with anti-Myc antibody. Images are representative of at least three independent experiments.

NLRP3 under physiological conditions by analysis of NLRP3
protein kinetics in response to bacterial infection, and observed
that NLRP3 protein levels increased in WT Shigella–infected
BMDMs (Figure 3E). Furthermore, the endogenous level of
NLRP3 in cells infected with 1IpaH4.5 bacteria was significantly
lower than that of NLRP3 in cells infected with WT and
complemented bacteria (Figure 3E). Taken together, these data
indicate that IpaH4.5 mediates the stabilization of NLRP3 during
Shigella infection.

IpaH4.5 Stimulates NLRP3-Mediated
Inflammasome Activation
The finding that IpaH4.5 mediates the stabilization of NLRP3
prompted us to investigate whether IpaH4.5 is involved in
NLRP3-mediated inflammasome activation. RAW264.7 cells
are naturally ASC-negative (Pelegrin et al., 2008), so they
need to be transfected with ASC to get inflammasome
activation and IL-1β secretion. IpaH4.5 overexpression in
RAW264.7 cells which were cotransfected with Flag-ASC
significantly increased IL-1β secretion in a dose-dependent
manner (Figure 4A). Specifically, inhibition of NLRP3 by siRNA
in RAW264.7 cells overexpressed ASC significantly abolished the
enhancement of IpaH4.5-induced IL-1β secretion (Figure 4B).
Furthermore, IL-1β production was specifically upregulated
by WT IpaH4.5 but not the C379A mutant (Figure 4C),
demonstrating the importance of IpaH4.5 E3 ligase activity in
inflammasome activation.

We subsequently examined whether IpaH4.5 could mediate
the activation of the NLRP3 inflammasome under physiological

conditions. We observed significant caspase-1 activation
consistent with the relative gray-scale show (Figures 4D,E) and
IL-1β production (Figure 4F) in WT Shigella-infected BMDM
cells. Interestingly, bacteria lacking IpaH4.5 (1IpaH4.5) induced
significantly reduced caspase-1 activation (Figure 4D) and IL-1β
production (Figure 4F). Taken together, these data indicate that
Shigella-induced inflammasome activation requires the E3 ligase
activity of IpaH4.5.

IpaH4.5 Contributes to Pyroptosis in
Macrophages Infected With Shigella
We next investigated the role of IpaH4.5 in Shigella-induced
cell death. We found that overexpression of IpaH4.5 in
RAW264.7 macrophages significantly increased the release of
lactate dehydrogenase (LDH), which is a marker of pyroptosis
(Figure 5A). In addition, BMDMs were infected with wild-
type Shigella and the IpaH4.5 mutant (1IpaH4.5), and cell
death was determined by LDH release in infected cells. We
observed significantly lower LDH release in BMDMs infected
with IpaH4.5-deficient Shigella when compared to that of WT
and 1IpaH4.5/IpaH4.5 Shigella (Figure 5B). Furthermore,
1IpaH4.5/IpaH4.5 (C379A) Shigella infected BMDMs was
failed to increase LDH release. Consistently, the flow cytometry
analysis showed 1IpaH4.5 mutant caused less pyroptosis
than wild-type Shigella and 1IpaH4.5/IpaH4.5 Shigella
(Supplementary Figure 1). Taken together, these data suggesting
that IpaH4.5 E3 ligase activity is important in Shigella-induced
cell death.
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FIGURE 3 | IpaH4.5 mediates the stabilization of NLRP3. (A) Immunoblot analysis of NLRP3 protein expression in RAW264.7 cells transfected with indicated doses

of Flag-Vector and Flag-IpaH4.5 plasmid. α-Tubulin was utilized to ensure equal amounts of protein loading. (B) Immunoblot analysis of NLRC4 protein expression in

RAW264.7 cells transfected with indicated doses of Flag-Vector and Flag-IpaH4.5 plasmid. α-Tubulin was utilized to ensure equal amounts of protein loading. (C)

Immunoblot analysis of NLRP3 protein expression in HEK293 cells transfected with Flag-NLRP3 in the presence of Myc-IpaH4.5 or Myc-IpaH4.5 C379A. α-Tubulin

was utilized to ensure equal amounts of protein loading. (D) Comparison of NLRP3 mRNA levels in RAW264.7 cells 24 h post-transfected with different doses of

IpaH4.5 plasmid (0, 0.2, 0.4, and 0.8 µg). The expression levels are fold change relative to the 0 µg treatment. The experiments were performed independently at

least three times with comparable results and the error bars are presented as the means ± SEMs. (E) BMDMs were infected with different background of Shigella or

1IpaH4.5 mutant Shigella strains, NLRP3 protein expression was detected by immunoblot analysis at the indicated time points. α-Tubulin was utilized to ensure equal

amounts of protein loading. Gel images are representative of at least three independent experiments. Data in (D) is representative of at least three independent

experiments. Data sets were analyzed using Student’s t-test.
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FIGURE 4 | IpaH4.5 stimulating NLRP3-mediated inflammasome activation. (A) ELISA analysis of IL-1β in the culture medium of RAW264.7 cells cotransfected with

Flag-ASC and indicated doses of IpaH4.5. (B) ELISA analysis of IL-1β in supernatant of WT and siNLRP3 RAW264.7 cells cotransfected with expression plasmids

encoding IpaH4.5 and ASC. (C) ELISA analysis of IL-1β in the culture medium of RAW264.7 cells cotransfected with expression plasmids encoding ASC, IpaH4.5, or

IpaH4.5 C379A. (D) Immunoblot showing cleavage of procaspase-1 in BMDM cells infected with wild-type or 1IpaH4.5 mutant Shigella strains for the indicated

times. The LPS was used as a positive control to induce the cleavage of procaspase-1. (E) The relative gray-scale intensity of P10. The densitometry of P10 is relative

to each full-length caspase-1. The experiments were performed independently at least three times with comparable results and the error bars are presented as the

means ± SEMs. (F) ELISA analysis of IL-1β in the culture medium of BMDM cells infected with the indicated Shigella strains for the indicated times. Gel images are

representative of at least three independent experiments (D). Data in (A–C,E,F) is representative of at least three independent experiments. The data are presented as

the means ± SEMs. Student’s t-test was used for statistical analysis: *P < 0.05; **P < 0.01.
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FIGURE 5 | IpaH4.5 contributes to pyroptosis in macrophages infected with Shigella. (A) LDH was measured in the culture medium of RAW264.7 cells 48 h

posttransfected with increasing doses of IpaH4.5 and ASC. (B) LDH was measured in the culture medium of BMDM cells infected with the indicated Shigella strains

for the indicated times. Images are representative of at least three independent experiments. The data are presented as the means ± SEMs. Student’s t-test was used

for statistical analysis: *P < 0.05; **P < 0.01.

DISCUSSION

We have identified a previously unrecognized effect of the
Shigella Type III secretion effector IpaH4.5 in the regulation of
inflammasome signaling (Zheng et al., 2016). Previous work had
established the molecular function of IpaH7.8 in the context
of activating inflammasomes by targeting glomulin as an E3
ubiquitin ligase (Suzuki et al., 2014). However, the other potential
host targets of IpaH family members have remained unclear.
In this study, we reveal that NLRP3 is a novel target of
IpaH4.5. Our results clearly demonstrate the importance of
IpaH4.5 in the process of caspase-1 activation and pyroptosis.
There is some evidence to verify this conclusion. First, IpaH4.5
was proven to interact directly with NLRP3. Second, IpaH4.5
upregulated NLRP3 protein stability by increasing the K63-
linked ubiquitination level of NLRP3, and Cys 379 was the
key active site of IpaH4.5 in regulating NLRP3 ubiquitination.
Third, IpaH4.5-deficient bacteria displayed reduced NLRP3
inflammasome activation and cell death. In summary, these
data suggest that the cellular expression level of NLRP3 that is
regulated by IpaH4.5 E3 ligase activity is important for Shigella-
mediated inflammasome activation and cell death.

Shigella stimulates IL-1β secretion by delivering various
effectors into host cells via the T3SS. IpaB, a T3SS effector
of Shigella, assembles an ion channel within cell membrane
to allow for potassium influx, which is recognized by the
NLRC4-inflammasome and triggers IL-1β secretion (Senerovic
et al., 2012). A recent study showed Shigella induces rapid
macrophage pyroptosis by delivering the IpaH7.8 activating
NLRP3 and NLRC4 inflammasomes and IL-1β secretion (Suzuki
et al., 2014). NLRs can be partitioned into three subfamilies

according to their phylogenetic relationships, including NOD,
NLRP and NLRC4 subfamilies. Multiple NLRs are involved
in S. flexneri infection (Cervantes et al., 2008). Both the
NLRC4 inflammasome andNLRP3 inflammasomewere reported
to mediate the process of caspase-1 activation, pyroptosis,
and even necrosis (Mariathasan et al., 2004). However, the
specific factors detected as PAMPs and the direct interaction
between NLRP3 and PAMPs have not yet been identified.
We have known that the expression of NLRP3 and the
assembly of the NLRP3 inflammasome are two indispensable
processes in the activation and regulation of the NLRP3
inflammasome (Yang et al., 2015). Here, we found that IpaH4.5,
an inherent Shigella product, is able to upregulate NLRP3
expression and activate the NLRP3 inflammasome. Therefore,
as a NLRP3 agonist, IpaH4.5 itself is adequate for NLRP3
inflammasome activation.

Further resolved is the involvement of the T3SS effector
IpaH4.5 in Shigella-induced cell death. IpaB, a virulence factor
secreted by Shigella T3SS, was reported to induce cell death by
directly binding to caspase-1 (Espina et al., 2006). Additionally,
IpaB is important for effector proteins to be injected into
host cells via the T3SS, owing to its indispensable role in the
assembly of the T3SS transmembrane pore complex (Suzuki
et al., 2007). Recent reports suggest that IpaH7.8-mediated
glomulin degradation during Shigella infection activated NLR
inflammasomes and promoted cell death (Suzuki et al., 2014).
Here, we showed that IpaH4.5 contributes to both inflammasome
activation and pyroptosis in macrophages infected with Shigella.
The data presented here directly link the bacterial T3SS
effector with the initiation of inflammation through NLRP3 and
illuminate the molecular mechanism for the cellular response to
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the T3SS effector. Ipah4.5-NRLP3 interaction may be a potential
therapeutic target for inflammasome-related illnesses.

MATERIALS AND METHODS

Yeast Two-Hybrid Screening
To perform the yeast two-hybrid screening, IpaH4.5 was inserted
into the bait pGBKT7 vector for expression as a fusion protein
with the Gal4 DNA binding domain (Gal4-BD). This plasmid
was used to transform the AH109 yeast strain, and Gal4-BD
fused IpaH4.5 was used as bait for the screening of human
spleen cDNA library. The spleen cDNA library was inserted
into the pGADT7 vector (Clontech) for expression as fusions
with the Gal4 activation domain (Gal4-AD) and was maintained
in the Y187 strain of yeast. Transformed AH109 and Y187
yeast cells were mixed together for mating. Positive clones
were selected on synthetic dropout medium lacking 4 nutrients
(Leu/Trp/Ade/His). The blue colonies were kept, and the positive
results were confirmed by repeating assays. cDNA plasmids
isolated from positive colonies were introduced into Escherichia
coli DH5α and sequenced. The sequences were analyzed with the
BLAST program in NCBI.

Strains and Plasmids
The Shigella flexneri strain 2a 301 was utilized as the
wild-type (WT). The 1IpaH4.5 and 1IpaH4.5/IpaH4.5,
1IpaH4.5/IpaH4.5 C379A strain were constructed as described
previously (Zheng et al., 2016). In brief, the Shigella ipaH4.5
gene was removed by allelic exchange using a modification
of the γ-red recombinase-mediated recombination system.
IpaH4.5 or IpaH4.5 C379A (residue Cys379 was replaced
by Ala) was cloned into pACYC184 to generate pACYC184-
IpaH4.5 or pACYC184-IpaH4.5 C379A. The resultant plasmids
were introduced into Shigella 1IpaH4.5 strain. The IpaH4.5
or IpaH4.5 C379A coding sequence was amplified by PCR
and cloned into Ampicillin-resistance vector pcDNA3-Flag,
pCMV-Myc, and pGEX4T-1-GST. GST fusion proteins were
generated by expression in pGEX4T-1-based vectors (Amersham
Biosciences Biotech) in E.coli BL21 (DE3). Other plasmids were
preserved in our lab at−20◦C.

Cell Culture and Transfections
HEK293 and RAW264.7 cells were cultured in Dulbecco’s
modified Eagle’s medium (Gibco) supplemented with 10% fetal
bovine serum (HyClone), 100 units/mL penicillin, 100µg/mL
streptomycin and 2mM L-glutamine. Transient transfections
were performed with jetPRIME reagent (Polyplus) or Trans IT-
X2 (Mirus) following the manufacturer’s instructions. The siRNA
nucleotide sequences targeting NLRP3 were as follows: 5’ -CTA
GCAGATCTCATTATCA -3’.

Bone Marrow-Derived Macrophage
(BMDM) Isolation
Bone marrow cells from femur exudates of C57BL/6 were grown
at 37◦C in a humidified incubator in RPMI 1640 medium (RPMI,
Invitrogen) containing 10% FBS, 2mM L-glutamine, 100 U/ml

penicillin, 100 mg/ml streptomycin, and 20 ng/ml mouse M-
CSF (Peprotech, Rocky Hill, NJ, USA) for 7 days. Differentiated
BMDMs were replated into six-well dishes 18 h before infection.

Bacterial Infection
The Shigella were cultured in MCA medium containing 0.01%
Congo red and the single bacteria colony was cultured in LB
fluid medium. Infection of BMDM cells with different strains
of Shigella was carried out as described previously. In brief,
the cells were infected with Shigella at an MOI of 10. Strains
and cells were centrifuged together at a speed of 700× g for
10min at room temperature. After incubated 30min at 37◦C
in 5%, the infected cells were washed with PBS for three times
and 100µg/mL gentamicin and 60µg/mL kanamycin were used
in fresh medium to kill extracellular bacteria. At the indicated
times postinfection, the LDH activity and the IL-1βin the culture
supernatants of infected cells was measured according to the
manufacturer’s protocol and the cell lysates were subjected to
western blotting to verify the success of bacterial infection.

Immunoprecipitation
Cell lysates were incubated 2 h with anti-Flag M2 affinity gel
(Sigma) or anti-mouse IgG-conjugated beads (Sigma) at 4◦C. An
aliquot of cell lysates (10%) without antibody added was used as a
control for immunoprecipitation. Then, the beads were collected
and washed three times with lysis buffer (50mM Tris-HCl at
pH 7.5, 1mM EDTA, 0.3mM dithiothreitol, 150mM NaCl, 0.1%
NP40), followed by adding SDS-PAGE loading buffer for the
preparation of immunoblot samples.

Immunoblot Analysis
Protein or immunoprecipitation samples were subjected to SDS-
PAGE and transferred onto the PVDF membrane (Millipore).
Then, primary antibodies were incubated with the PVDF
membrane at a dilution of 1:1000, and HRP-conjugated
secondary antibodies at a dilution of 1:5000 and ECL reagent
(PerkinElmer Life Sciences) were used for the detection of
antigen-antibody complexes. The primary antibodies are as
follows: anti-NLRP3 (Antipogen, AG-20B-0014-C100), anti-
NLRC4 (ABclonal, A7382), anti-caspase-1 (SANTA, sc-515),
anti-Myc (Proteintech, 60003-2-Ig), anti-Flag (Sigma, A8549),
anti-HA (sigma, H9658), anti-GST (Proteintech, HRP-66001)
and anti-α-Tubulin (Sigma, T6074) antibodies.

GST Pull-Down Assay
Purified GST-IpaH4.5 fusion protein or GST was bound to
glutathione beads to capture Flag-NLRP3 in the cell lysates. After
three washes, the adsorbates were subjected to SDS-PAGE, and
immunoblot analysis was performed with an anti-Flag antibody
to detect the interaction of Flag-NLRP3 and the GST-IpaH4.5
fusion protein.

In vivo Ubiquitination Assays
The vivo ubiquitination assay was performed as described
previously (Wang et al., 2013; Wei et al., 2016). In brief,
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HEK293 cells were transfected with Myc-vector, Myc-
IpaH4.5, or IpaH4.5 C379A, Flag-NLRP3, and HA-tagged
ubiquitin (HA-Ub), HA-Ub K48 or HA-Ub K63 plasmid
in combination. At 48 h post-transfection, the cells were
treated with MG132 (20mM, 6 h) and harvested, lysed using
ultrasonication after added buffer (50mM Tris-HCl at pH
7.5, 1mM EDTA, 0.3mM dithiothreitol, 150mM NaCl,
0.1% NP40, 1mM PMSF). The cell lysates were collected
into two aliquots. One aliquot was used for conventional
immunoblotting. The other aliquot were used for the
immunoprecipitation with anti-Flag antibody and analyzed
by immunoblotting.

Quantitative RT-PCR
RAW264.7 cells were lysed in Trizol (Invitrogen) and mRNA
was extracted. The cDNA was generated from total RNA using
random priming and Moloney murine leukemia virus reverse
transcriptase (Invitrogen). The cDNA was used for qPCR using
primers specific for NLRP3. The values obtained by qPCR
were normalized based on β-actin. NRLP3 forward primer:5’-
GATCTTCGCTGCGATCAACAG-3’; NRLP3 reverse primer: 5’-
CGTGCATTATCTGAACCCCAC-3’.

Cytotoxicity Assay
An LDH release assay was performed according to the
manufacturer’s instructions (LDH-Cytox Assay Kit, BioLegend).
The absorbance was measured at 490 nm, and values are
expressed as percentages of the 100% lysis control. All values are
normalized to the uninfected control.

ELISA (Enzyme-Linked Immunosorbent
Assay)
The treated cell supernatant was collected by centrifuging at 3,000
r/min for 30min to remove cellular debris. IL-1β concentration
was assayed by ELISA Kit (DKW 1210122; Dakewe, Shenzhen,
Guangzhou, China) according to themanufacturer’s instructions.

Flow Cytometry Analysis
The BMDM cells were harvested at indicated time postinfection,
washed with PBS twice and stained with PI and Annexin V
following the manufacturer’s introductions. After incubation at
room temperature for 15min in the dark, the stained cells were
analyzed on the flow cytometer (Invitrogen).

Statistical Analysis
Data are presented as the mean ± SE. The differences between
groups were analyzed by two-tailed Student’s t-test.
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