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Salmonella Enteritidis antitoxin DinJ inhibits NLRP3-dependent 
canonical inflammasome activation in macrophages
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ABSTRACT The inflammasome is a pivotal component of the innate immune system, 
acting as a multiprotein complex that plays an essential role in detecting and responding 
to microbial infections. Salmonella Enteritidis have evolved multiple mechanisms to 
regulate inflammasome activation and evade host immune system clearance. Through 
screening S. Enteritidis C50336ΔfliC transposon mutant library, we found that the 
insertion mutant of dinJ increased inflammasome activation. In this study, we demon­
strated the genetic connection between the antitoxin DinJ and the toxin YafQ in S. 
Enteritidis, confirming their co-transcription. The deletion mutant ΔfliCΔdinJ increased 
cell death and IL-1β secretion in J774A.1 cells. Western blotting analysis further showed 
elevated cleaved Caspase-1 product (p10 subunits) and IL-1β secretion in cells infected 
with ΔfliCΔdinJ compared to cells infected with ΔfliC. DinJ was found to inhibit canonical 
inflammasome activation using primary bone marrow-derived macrophages (BMDMs) 
from Casp-/- C57BL/6 mice. Furthermore, DinJ specifically inhibited NLRP3 inflammasome 
activation, as demonstrated in BMDMs from Nlrp3-/- and Nlrc4-/- mice. Fluorescence 
resonance energy transfer (FRET) experiments confirmed the translocation of DinJ into 
host cells during infection. Finally, we revealed that DinJ could inhibit the secretion of 
IL-1β and IL-18 in vivo, contributing to S. Enteritidis evading host immune clearance. In 
summary, our findings provide insights into the role of DinJ in modulating the inflam­
masome response during S. Enteritidis infection, highlighting its impact on inhibiting 
inflammasome activation and immune evasion.
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T he inflammasome is a multiprotein complex that plays a pivotal role in the innate 
immune system against bacterial infections. It operates as a molecular platform 

for sensing and responding to danger signals such as pathogenic microbes, cellular 
damage, or metabolic stress (1–4). Assembly of the inflammasome leads to the activation 
of Caspase-1, triggering the maturation and secretion of pro­inflammatory cytokines 
like IL-1β and IL-18. These cytokines facilitate neutrophil migration to infected tissues 
and against pathogens (5). Additionally, activation of Caspase-1 leads to gasdermin D 
cleavage, resulting in cell rupture via pyroptosis, and inflammatory cell death mediated 
through the inflammasome (6). Various pathogens could activate the inflammasome, 
leading to the secretion of inflammatory cytokines (7–10). Moderate inflammation aids 
the host in pathogen clearance, while excessive inflammation could cause tissue damage 
(11). Pathogens have evolved multiple mechanisms to maintain the homeostasis of the 
inflammasome activation, balancing an effective immune response with the potential 
tissue damage caused by excessive inflammation.

Salmonella, a facultative intracellular pathogen, has the potential to cause severe 
illness in both humans and animals. The invasion of host cells by Salmonella is facilitated 
by a type III secretion system (T3SS) encoded by Salmonella pathogenicity island I (SPI-1) 
(12). Subsequently, Salmonella replicates within the host cell that is established by the 
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second T3SS encoded by SPI-2 (13). Salmonella invasion into macrophages induces a 
form of cell death known as pyroptosis, and the T3SS could directly secrete the effectors 
into host cells to modulate the activation of the inflammasome (14, 15). This inflamma­
tory form of cell death acts as a host defense mechanism, contributing to the elimination 
of Salmonella-infected cells and enhancing the immune response against the invading 
pathogen. Salmonella SopB effector could inhibit the NLRC4 inflammasome activation by 
specifically preventing apoptosis-associated speck-like protein containing a CARD (ASC) 
oligomerization (16). Salmonella AcnB could inhibit the NLPR3 inflammasome activation 
by mitochondrial reactive oxygen species (mtROS), contributing to Salmonella persis­
tence infection in vivo (3). Furthermore, the Salmonella SiiD protein could inhibit NLRP3 
inflammasome activation through mtROS-ASC signaling and plays an essential role in 
evading host immune clearance (17). Therefore, Salmonella have evolved mechanisms to 
inhibit or evade pyroptosis, aiding in their persistence within the host and establishment 
of infection.

The toxin and antitoxin (TA) systems are genetic modules commonly found in 
bacteria, playing a pivotal role in regulating cellular processes and responding to 
various stresses (18, 19). The TA systems consist of a pair of closely linked genes, 
one encodes a toxin protein and the other encodes an antitoxin to neutralize the 
toxin effects. Investigation into the Salmonella genome has revealed the presence of 
24 TA loci, including five type I and 19 type II TA systems (20). DinJ-YafQ belongs to 
the type II TA system, is classified as a ribosome-dependent mRNA interferase, and is 
extensively studied in Escherichia coli (21, 22). The dinJ-yafQ genes form an operon with 
the antitoxin gene (dinJ) located upstream of the toxin gene (yafQ). The expression of 
this operon is directly repressed by the antitoxin DinJ or the DinJ-YafQ complex (23). 
Moreover, the DinJ-YafQ TA system has been reported to regulate persister formation 
by controlling indole production in E. coli (24). Similarly, the Salmonella Typhimurium 
TA system plays a role in mediating the phenotypic switch of persisters, contributing 
to persistent infections (25). However, the functions of Salmonella DinJ-YafQ TA system 
in the context of persistent infection and immune response remain poorly researched. 
Further exploration is needed to unravel its specific roles in Salmonella pathogenicity.

In our previous study, we identified that the insertion mutant of dinJ could cause 
an increase in the activation of inflammasome (26). However, the mechanisms by which 
DinJ inhibits inflammasome activation have not been thoroughly investigated. Therefore, 
we constructed dinJ deletion mutant and complemented strains, assessing inflamma­
some activation in both J774A.1 cells and bone marrow-derived macrophages (BMDMs). 
Significantly, the deletion of dinJ induced NLRP3-dependent inflammasome activation in 
Salmonella-infected macrophages. Furthermore, the deletion of dinJ also could increase 
the activation of inflammasome in the mice, contributing to the clearance of Salmonella 
by host immune systems. Collectively, our results suggest that the mediating activation 
of the NLRP3 inflammasome is beneficial for Salmonella infection.

RESULTS

Salmonella Enteritidis DinJ inhibits the activation of inflammasome in 
J774A.1 cells

Inhibition of the inflammasome activation could facilitate Salmonella to evade the 
clearance of the host immune system. In our previous studies, we used a transposon 
mutant library to screen the genes involved in inhibiting inflammasome activation and 
we found that DinJ insertion mutant strain increased the activation of inflammasome 
(26). In S. Enteritidis, we identified that the antitoxin dinJ and toxin yafQ were connected 
and showed 83% and 78% identity to the E. coli dinJ and yafQ genes, respectively (Fig. 1). 
RT-PCR yielded a product of the expected size with primers spanning the regions from 
dinJ to yafQ. No product was obtained using RNA as the template, while a product of the 
same size was observed when genomic DNA (gDNA) was used as the template (Fig. 1). 
This indicates that the dinJ and yafQ genes are co-transcribed in S. Enteritidis.
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Therefore, we constructed the dinJ deletion mutant and complemented strains to 
investigate cell death and the associated release of IL-1β. As shown in Figure 2, cells 
infected with ΔfliCΔdinJ released significantly increased levels of cell death (Fig. 2A) and 
IL-1β secretion (Fig. 2B) compared to ΔfliC-infected cells, while the complemented strain 
was restored to the parental strain. The release of inflammasome­independent cytokine 
IL-6 showed no significant difference in J774A.1 cells infected with ΔfliC and its derived 
strains (Fig. 2C), indicating that DinJ specifically inhibited the release of inflammasome­
dependent cytokines. Western blotting analysis also revealed a significant increase in 
the cleaved Caspase-1 product p10 subunits and IL-1β in cells infected with ΔfliCΔdinJ 
compared to ΔfliC-infected cells (Fig. 2D). Furthermore, growth curves showed no 
significant difference among ΔfliC, ΔfliCΔdinJ, complemented, and empty vector-comple­
mented strains (Fig. S1A). The deletion of dinJ did not affect the adhesion (Fig. S1B) 
and invasion (Fig. S1C) ability of S. Enteritidis, indicating that the inhibition of DinJ to 
inflammasome activation is unrelated to the growth, adhesion, and invasion ability of 
Salmonella. Taken together, these results indicated that DinJ inhibits the activation of 
inflammasome during S. Enteritidis infection.

Both NLRP3 and NLRC4 have been reported as the main inflammasomes involved in 
the host immune system against Salmonella infection (27, 28). Therefore, we measured 
the expression levels of NLRP3, NLRC4, and ASC to assess whether the inhibition of 
DinJ to inflammasome activation depended on the expression of these proteins. The 
expression levels of NLRP3, NLRC4, and ASC showed no significant differences among 
the cells infected with ΔfliC, ΔfliCΔdinJ, complemented, and empty vector-complemen­
ted strains (Fig. 2D), suggesting that DinJ inhibits the activation of inflammasome 
independently of the expression levels of NLRP3, NLRC4, and ASC proteins.

DinJ inhibits the canonical inflammasome activation through Caspase-1

Primary BMDMs were obtained from wild-type (WT) C57BL/6 mice to confirm the 
inhibitory effect of DinJ on inflammasome activation. The cytotoxicity of BMDMs infected 
with ΔfliCΔdinJ significantly increased compared to ΔfliC-infected BMDMs (Fig. 3A). 
Similar results were observed in IL-1β secretion (Fig. 3B) and Caspase-1 activation (Fig. 
3E). Furthermore, the expression levels of NLRP3 and NLRC4 showed no significant 

FIG 1 Co-transcription of dinJ and yafQ. A schematic representation of the predicted dinJ-yafQ genes in S. Enteritidis. 

Numbers represent the amino acid identity of the S. Enteritidis C50336 compared with E. coli MG1655. RT-PCR was used to 

determine the co-transcription of dinJ and yafQ.
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FIG 2 DinJ inhibits the activation of inflammasome in J774A.1 cells. (A) Evaluation of cytotoxicity in J774A.1 cells infected with ΔfliC, ΔfliCΔdinJ, ΔfliCΔdinJ::dinJ, 

or empty vector-complemented strain ΔfliCΔdinJ::pMMB207 at an MOI of 100 for 4 h. (B and C) Enzyme-linked immunosorbent assay (ELISA) analysis assessing 

the secretion of IL-1β (B) and IL-6 (C) in the infected cells. (D) Western blotting analysis of the cleavage of Caspase-1, secretion of IL-1β, and the expression levels 

of NLRP3, NLRC4, and ASC in J774A.1 cells. β-actin was used as the loading control. Statistical significance was determined at P values of <0.001 (***) using the 

Student’s t-test.
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FIG 3 DinJ inhibits the canonical inflammasome activation through Caspase-1. (A and C) Cytotoxicity of the BMDMs obtained 

from WT (A) and Casp1-/- (C) C57BL/6 mouse. (B and D) ELISA analysis measuring the secretion of IL-1β in BMDMs obtained 

from WT (B) and Casp1-/- (D) C57BL/6 mouse. (E) Western blotting analysis evaluating the cleavage of Caspase-1 and the 

expression levels of NLRP3 and NLRC4. β-actin served as the loading control. Statistical significance was determined at P 

values of < 0.01 (**) using the Student’s t-test.
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difference in the BMDMs infected with the indicated strains (Fig. 3E). These results further 
confirm that the S. Enteritidis DinJ could inhibit the activation of inflammasome in 
primary macrophages from mice.

Caspase-1 is a key factor for the canonical inflammasome and essential for inflamma­
some­mediated inflammatory secretion. Therefore, the BMDMs obtained from Casp-1 
C57BL/6 mice were utilized to confirm whether DinJ inhibits inflammasome activa­
tion through Caspase-1. Cell death (Fig. 3C) and IL-1β secretion (Fig. 3D) showed no 
significant differences among cells infected by the indicated strains. Western blotting 
failed to detect the expression of Caspase-1 and its cleaved subunit (Fig. 3E), further 
confirming the knockout of casp1 gene. These results indicate that S. Enteritidis DinJ 
inhibits the canonical inflammasome activation.

DinJ specifically inhibits NLRP3-dependent inflammasome activation

To further confirm the role of DinJ in regulating inflammasome activation, we obtained 
the BMDMs from Nlrp3-/- and Nlrc4-/- C57BL/6 mice and infected them with ΔfliC, 
ΔfliCΔdinJ, complemented, and empty vector-complemented strains. Nlrc4-/-BMDMs 
infected with ΔfliCΔdinJ and ΔfliCΔdinJ::Vector strains lead to significantly increased 
cytotoxicity compared to the cells infected with ΔfliC (Fig. 4A). In contrast, Nlrp3-/- 

BMDMs showed lower levels of cytotoxicity in response to infection by ΔfliCΔdinJ and 
ΔfliCΔdinJ::Vector strains, suggesting that the absence of dinJ induces activation of 
NLRP3 inflammasome. Furthermore, ΔfliCΔdinJ and ΔfliCΔdinJ::Vector strains induced 
significantly enhanced secretion of IL-1β in Nlrc4-/- BMDMs, while this phenotype was not 
observed in the Nlrp3-/- BMDMs (Fig. 4D and E), indicating that NLRP3 inflammasome 
activation was essential for the increased secretion of IL-1β. The secretion of inflamma­
some­independent cytokine IL-6 was not affected by DinJ in any of the BMDMs (Fig. 
4C and F). Western blotting analysis also showed that the cleaved Caspase-1 subunit 
P10 and mature IL-1β were increased in the ΔfliCΔdinJ-infected WT and Nlrc4-/- BMDMs 
compared to those infected by ΔfliC, but not in the Nlrp3-/- BMDMs (Fig. 4G and H). 
All these observed phenotypes in BMDMs infected with the complemented strain were 
restored to ΔfliC-infected BMDMs. Taken together, these results indicate that S. Enteritidis 
DinJ protein specifically inhibits NLPR3-dependent inflammasome activation.

DinJ can be translocated into host cells

Salmonella secretion systems can deliver effectors into host cells to modulate inflam­
masome activation. Therefore, we employed fluorescence resonance energy transfer 
(FRET) to verify the translocation of DinJ protein. The DinJ protein was fused with the 
β-lactamase TEM-1, and the fused protein was confirmed by Western blotting (Fig. 5A). 
As shown in Fig. 5B, blue fluorescent cells were observed in the HeLa cells infected with 
ΔfliC-pCX340-dinJ, while no blue fluorescent cells were observed in the blank control and 
HeLa cells infected with ΔfliC-pCX340. Moreover, we randomly selected more than 600 
cells to calculate the percentage of the cells exhibiting blue fluorescent, and the transfer 
efficiency was approximately 3.9% (Fig. 5C). These results demonstrate that DinJ can be 
translocated into host cells during infection.

DinJ enables S. Enteritidis evasion of the NLPR3 inflammasome in vivo

Several bacterial and viral pathogens can inhibit the activation of NLRP3 inflammasome 
to evade clearance by the host immune system. To confirm the function of DinJ in the 
virulence of S. Enteritidis, we investigated whether DinJ could inhibit inflammasome 
activation and antibacterial defense in vivo. The mice were pretreated with streptomy­
cin before being orally infected with ΔfliC and ΔfliCΔdinJ. The secretion of inflamma­
some­dependent cytokines IL-1β and IL-18, as well as the inflammasome­independent 
cytokine IL-6, in the serum was assessed. Compared to ΔfliC-infected mice, IL-1β (Fig. 6A) 
and IL-18 (Fig. 6B) were significantly increased in mice infected with ΔfliCΔdinJ, while 
the secretion of IL-6 showed no significant difference in the infected mice (Fig. 6C). 
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FIG 4 Deletion of S. Enteritidis dinJ induces NLRP3 inflammasome activation. (A–C) Evaluation of cytotoxicity (A), IL-1β (B), and IL-6 (C) levels in the supernatants 

of Nlrc4-/- BMDMs infected with the indicated strains. (D–F). Evaluation s of cytotoxicity (D), IL-1β (E), and IL-6 (F) levels in the supernatants of Nlrp3-/- BMDMs 

infected with the indicated strains. (G and H) Western blotting analysis of Caspase-1 activation and IL-1β secretion in Nlrc4-/- BMDMs (G) and Nlrp3-/- BMDMs 

(H) infected with the indicated strains. Statistical significance was determined at P values of < 0.01 (**) using the Student’s t-test.

Full-Length Text Infection and Immunity

April 2024  Volume 92  Issue 4 10.1128/iai.00505-23 7

https://doi.org/10.1128/iai.00505-23


Furthermore, bacterial burdens in the liver and spleen of the infected mice were also 
evaluated. The results showed that the bacterial CFUs of the liver (Fig. 6D) and spleen 
(Fig. 6E) in ΔfliCΔdinJ-infected mice were significantly lower than those in ΔfliC-infected 
mice. These results indicate that the S. Enteritidis DinJ protein inhibits NLRP3-dependent 
inflammasome activation and contributes to Salmonella evading the clearance of the 
host immune system in vivo.

FIG 5 DinJ can be translocated into HeLa cells. (A) Western blotting analysis confirming the presence of DinJ-TEM-1 fusion protein. (B) HeLa cells were infected 

with S. Enteritidis ΔfliC strains carrying either pCX340 or pCX340-dinJ. Translocation of the DinJ-TEM-1 fusion protein into HeLa cells results in the cleavage of 

CCF2-AM, leading to the emission of blue fluorescence, while the uncleaved CCF2-AM emitted green fluorescence. Scale bar = 50 µm. (C) The percentage of the 

blue fluorescent cells. Three images were captured per cell well, and approximately 600 cells were counted to calculate the percentage of the blue fluorescent 

cells.

Full-Length Text Infection and Immunity

April 2024  Volume 92  Issue 4 10.1128/iai.00505-23 8

https://doi.org/10.1128/iai.00505-23


DISCUSSION

During infection, the host immune system recognizes Salmonella and activates both the 
NLRC4 and NLRP3 inflammasome, contributing to the host defense against Salmonella 
infection (29, 30). The NLRC4 inflammasome recognizes Salmonella flagellin, T3SS needle, 
and basal rod proteins, while the NLRP3 inflammasome responds to various structurally 
and chemically diverse signals (4, 31, 32). Deletion or downregulation of the flagellin 
gene impairs the ability to induce NLRC4 inflammasome activation in Salmonella-infec­
ted macrophages (33, 34). Furthermore, purified flagellin could activate Caspase-1 in 
an NLRC4-dependent manner (32, 34). Another study demonstrated that Salmonella 
flagellin induces NLRC4 inflammasome activation in human macrophages (35). In the 
late logarithmic growth phase, flagellin genes are highly expressed, inducing robust 
inflammasome activation within 1 h in vitro (30). Therefore, in our previous studies, we 
used the fliC deletion mutant strain as the parental strain to construct the insertion 
mutant library and to screen for genes of S. Enteritidis involved in inhibiting inflamma­
some activation (17, 26). We have demonstrated that S. Enteritidis SiiD and GalE protein 

FIG 6 DinJ inhibits inflammasome activation to evade clearance of host immune system. (A–C) ELISA analysis of IL-1β (A), IL-18 (B), and IL-6 (C) in the serum of 

WT mouse infected with ΔfliC or ΔfliCΔdinJ. (D and E) Assessment of bacterial loading in the liver (D) and spleen (E) of WT mouse infected with ΔfliC or ΔfliCΔdinJ. 

Statistical significance was determined at P values of <0.01 (**) or <0.001 (***) using the Student’s t-test.
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could inhibit the activation of inflammasome in an NLRP3-dependent way (17, 26). In this 
study, we report for the first time that S. Enteritidis DinJ can inhibit NLRP3-dependent 
inflammasome activation. Notably, all of the S. Enteritidis SiiD, GalE, and DinJ proteins 
inhibit NLRP3-dependent canonical inflammasome activation, which is likely due to 
the deletion of the fliC gene, which could avoid the NLRC4 inflammasome activation. 
Therefore, we only screened for the proteins that inhibit NLRP3-dependent inflamma­
some activation.

The YafQ-DinJ system is classified as a type II toxin-antitoxin system and is recognized 
for its role in regulating persister formation. YafQ is an endoribonuclease-type toxin, 
exerting strict control on the expression of tnaA. Conversely, DinJ is an antitoxin protein, 
strongly inhibiting the effects of toxin (24). Under a stress condition, the antitoxin protein 
DinJ may undergo degradation by the protease, allowing the toxin protein YafQ to 
degrade the transcripts of target genes. However, there are fewer works to explore the 
contribution of YafQ-DinJ TA systems in S. Enteritidis infection. Our previous study found 
that the insertion mutant of SEN3342 in S. Enteritidis caused the increased activation of 
the inflammasome, sharing 83% identity with the dinJ gene in E. coli (Fig. 1). Generally, 
the deletion of the antitoxin gene would increase the level of free toxin, leading to 
growth arrest or cell death (36). However, in our current study, the deletion mutant strain 
of antitoxin gene dinJ exhibited no significant difference in growth curves compared to 
the parent strain ΔfliC in Luria-Bertani broth (LB) medium (Fig. S1). Similar results were 
observed in other type II TA systems Hha-TomB of S. Typhimurium and E. coli, where 
the deletion of hha or tomB did not affect growth in the minimal or complex medium 
compared to the WT (37, 38). However, it’s noteworthy that Hha was found to induce cell 
death under biofilm or acid stress conditions (39, 40). Previous findings also showed that 
DinJ-YafQ could be induced under a high temperature (24). Therefore, it is plausible that 
ΔfliCΔdinJ may exhibit a distinct growth curve under stress conditions compared to ΔfliC.

Toxin-antitoxin systems and their impact on Salmonella infection have been studied 
extensively. S. Typhimurium type II TA systems Hha-TomB have emerged as a significant 
regulator of virulence and host immune response (41). In our study, the deletion of the 
antitoxin dinJ resulted in higher cytotoxicity in J774A.1 cells compared to the parent 
strain ΔfliC-infected cells; whereas, no attenuation was observed in mice infected with 
ΔfliCΔdinJ. Moreover, the deletion of the toxin gene yafQ did not affect the cytotox­
icity of the infected cells (Fig. S2), suggesting that the elevated cytotoxicity caused 
by ΔdinJ was not attributed to an increase in the expression of yafQ. Furthermore, 
our investigation revealed that the deletion of the dinJ gene did not influence the 
adhesion and invasion capabilities of S. Enteritidis. This observation contrasts with the 
impact of deleting the antitoxin gene tomB, which did not affect the adhesion rate but 
impaired the invasion rate in ΔtomB compared to the WT (41). These findings highlight 
the complex and multifaceted nature of TA systems in the context of host-pathogen 
interactions, in which different components may contribute differently to virulence 
and immune evasion mechanisms. Taken together, the higher cytotoxicity observed in 
ΔfliCΔdinJ-infected cells suggests a potential role for DinJ in modulating inflammasome 
activation. Further exploration of these mechanisms will provide valuable insights into 
the nuanced dynamics of bacterial pathogenesis and immune evasion.

To further elucidate the mechanisms associated with inflammasome activation and 
immune escape attributes of DinJ, we conducted in vivo analyses. The results showed 
a higher production of inflammatory cytokines IL-1β (Fig. 6A) and IL-18 (Fig. 6B) in the 
serum of mice infected with ΔfliCΔdinJ as compared to ΔfliC, indicating an increased 
inflammasome activation in vivo. Additionally, we observed a significantly lower bacterial 
load in the liver and spleen of mice infected with ΔfliCΔdinJ relative to ΔfliC (Fig. 6D and 
E). These findings align with previous studies suggesting that enhanced inflammasome 
activation and secretion of IL-1β and IL-18 contribute to the clearance of Salmonella 
in vivo (17, 26). To promote host survival, bacteria have evolved various mechanisms 
to escape host inflammasome signaling and clearance. Previous studies have shown 
that Dam can increase inflammasome activation, while GalE and SiiD can inhibit NLRP3 
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inflammasome activation (17, 26, 42). Altogether, our results indicate that the deletion 
of dinJ induces the NLRP3 inflammasome activation and triggers the immune responses 
that facilitate the clearance of S. Enteritidis. What is the mechanism by which dinJ­defi­
cient S. Enteritidis induces NLRP3 inflammasome activation? The expression levels of 
NLRP3 and NLRC4 showed no significant differences in the BMDMs infected with the 
ΔfliC or ΔfliCΔdinJ strains (Fig. 2D), indicating the inhibition of NLRP3 inflammasome 
activation by DinJ is independent of regulating its expression. S. Typhimurium AcnB 
and S. Enteritidis SiiD have been reported to inhibit NLRP3 inflammasome activation 
through mtROS (3, 17). Furthermore, the bacterial metabolites potentially serve as the 
signals that trigger inflammasome activation (3). Therefore, further studies will explore 
the mechanism of how DinJ inhibits NLRP3 inflammasome activation.

Our previous studies also showed that S. Enteritidis could translocate Dam, GalE, and 
SiiD proteins into the cells, and modulate the activation of inflammasome. In this study, 
we also found that DinJ could be translocated into the cells with a low translocation 
efficiency of 3.9%. TEM-1-based effector translocation assays identified nine candidate 
effectors of Edwardsiella piscicida, which also showed a low translocation efficiency 
of around 5% (43). The translocation efficiency of GalE was 4.3%, which also could 
inhibit the activation of inflammasome (26). TEM-1 assays rely on β-lactamase, which is a 
relatively large tag that may influence the translocation efficiency of the protein.

This study addressed a significant gap in previous research by investigating the 
role of toxin-antitoxin systems in NLRP3 inflammasome activation. Despite the well-
documented influence of Salmonella flagellin, T3SS, and T4SS effector proteins, along 
with metabolic signaling pathways, on inflammasome activation (3, 4, 16, 17, 44), 
the exploration of toxin-antitoxin systems in inflammasome activation was limited. In 
summary, our studies revealed that the antitoxin protein DinJ, for the first time, can 
inhibit NLRP3-dependent inflammasome activation. Supported by in vivo experiments, 
the results uncovered the involvement of DinJ in assisting Salmonella to evade the 
host immune system by suppressing inflammasome activation. This newly established 
link between the inhibition of NLRP3 inflammasome activation and bacterial immune 
escape deepens our understanding of intricate host-pathogen interactions, confirming 
the significant roles of inflammasome activation in the persistence of Salmonella.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions

The bacterial strains and plasmids used in this study are listed in Table 1. The S. Enteritidis 
C50336 was obtained from the National Institute for the Control of Pharmaceutical and 
Biological Products (Beijing, China). S. Enteritidis C50336, E. coli, and derivatives were 
cultured at 37°C in LB medium with the appropriate antibiotics.

Construction of dinJ mutant and complemented strains

The deletion mutant strain C50336ΔfliCΔdinJ was constructed by double exchange 
of homologous recombination with the plasmid pDM4 based on the parental strain 
C50336ΔfliC (17, 26). Briefly, the primers listed in Table 2 were used to amplify the 
upstream and downstream fragments of dinJ. The products were cloned into the suicide 
plasmid pDM4 by the ClonExpress MultiS One Step Cloning Kit (Vazyme, Nanjing, China). 
The recombined plasmid ΔdinJ::pDM4 was transferred into C50336ΔfliC by conjugation 
and was screened for the dinJ deletion mutant strain on LB plates with 15% sucrose. The 
complemented strain was constructed with the plasmid pMMB207. The PCR products of 
the dinJ gene were ligated into plasmid pCX340 with the restriction enzymes Nde I and 
Kpn I, and then the recombined plasmids were electroporated into ΔfliCΔdinJ and ΔdinJ 
for FRET.
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Mice and cell culture conditions

Wild-type (WT) specific pathogen-free (SPF) female C57BL/6 mice were purchased from 
Vital River Laboratory Animal Technology Co., Ltd (Beijing, China). Casp1-/-, Nlrp3-/-, and 
Nlrc4-/-mice were bred based on the C57BL/6 strain mice and were purchased from 
Shanghai Model Organisms Center, Inc (Shanghai, China).

J774A.1 and HeLa cells were purchased from the American Tissue Culture Collection 
(ATCC, Manassas, VA, USA). The BMDMs were obtained from the femoral and tibial bone 
marrow of the mice, and their maturation was induced with 25 ng/mL macrophage 
colony-stimulating factor (M-CSF) (PeproTech, Rocky Hill, NJ, USA). All cells were grown 
in a cell incubator at 37°C with 5% CO2 and were cultured in complete Dulbecco's 

TABLE 1 Bacterial strains and plasmids used in this study

Strain or plasmid Description Source

Escherichia coli strains
  X7213λpir Host for π requiring plasmids, conjugal donor (17)
Salmonella Enteritidis strains
  C50336 Wild type China Medical Culture 

Collection Center, 
National Institute 
for the Control of 
Pharmaceutical and 
Biological

  C50336ΔfliC C50336, in-frame deletion in fliC (parent strain) (17)
  ΔfliCΔdinJ ΔfliC, in-frame deletion in dinJ This study
  ΔfliCΔdinJ::dinJ ΔfliCΔdinJ with pMMB207 expressing the dinJ

gene, Cmr

This study

  ΔfliCΔdinJ::Vector ΔfliCΔdinJ with pMMB207, Cmr This study
  ΔfliC-pCX340 ΔfliC with pCX340, Tetr This study
  ΔfliC-pCX340-dinJ ΔfliC with pCX340 expressing the dinJ gene, Tetr This study
Plasmids
  pDM4 Suicide vector, pir dependent, R6K, SacBR, Cmr (45, 46)
  pMMB207 Expression vector, Cmr (47)
  pMMB207-dinJ pMMB207 derivative containing dinJ, Cmr This study
  pCX340 pBR322 derivative, cloning vector used to fuse 

effectors to TEM-1-β-lactamase, Tetr

(33, 48)

  pCX340-dinJ pCX340 derivative containing dinJ, Cmr This study

TABLE 2 Primers used in this study

Primer name Primer sequence (5′ to 3′) Target

dinJ-yafQ-F AGGGGAAAAGGGTGGTGA Co-transcribed
dinJ-yafQ-R CGACGAAACGCTGAAGGA Co-transcribed
dinJ-up-F GAGCGGATAACAATTTGTGGAATCCCGGGATGGAGGTTCACGGCGGGACGCATAA Deletion mutant
dinJ-up-R CCCATAGTCACATCGATTAGTCTCCTGTACTGTGT Deletion mutant
dinJ-down-F CTAATCGATGTGACTATGGGGCAAAGGGAAATTGA Deletion mutant
dinJ-down-R AGCGGAGTGTATATCAAGCTTATCGATACCGCAGGTGTTAGGGCTTATCTATTCC Deletion mutant
dinJ-in-F ATGTCCTGGCTGAAATGGGG Deletion mutant
dinJ-in-R ATCAACGCCAGCTTCGCTAT Deletion mutant
dinJ-out-F AGCCGAACGAAAGCGAAGAAAC Deletion mutant
dinJ-out-R CCGCAATCTGCTGTTACTCAATCA Deletion mutant
pCX340-F AGACAATCTGTGTGGGCACTCGACC FRET
pCX340-R TTCTGAGAATAGTGTATGCGGCGAC FRET
pCX340-dinJ-F AATAAGGAGGAATAACATATGATGGCTGCAAATGCGCTTGTTCGTG FRET
pCX340-dinJ-R CGAATTCTCCGCGGAGGTACCGATCCCTAACTGGTCAAACAAA FRET
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modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 
1% penicillin-streptomycin.

Salmonella infection

Overnight cultured S. Enteritidis and derivatives were diluted into fresh LB medium 
with a concentration of 1:100 and were cultured at 37°C for 3.5 h. The J774A.1 cells 
or BMDMs were seeded into 48-, 24-, or 12-well with a concentration of 1 × 105, 2 × 
105, or 5 × 105 cells per well and were cultured at 37°C with 5% CO2 for 24 h. The 
J774A.1 cells or BMDMs were pre-activated for 5 h with lipopolysaccharide (LPS) diluted 
in Opti-MEM reduced serum medium (Gibco Thermo Fisher Scientific, Waltham, MA, 
USA). After they were washed twice with phosphate­buffered saline (PBS), the bacteria 
strains were added to J774A.1 cells and BMDMs at a multiplicity of infection (MOI) of 
100:1 and were incubated at 37°C for 1.5 h. The cell supernatant was discarded, and the 
cells were incubated in Opti-MEM with 50 µg/mL gentamicin at 37°C for another 3 h.

Adhesion and invasion assays

After infecting the J774A.1 cells with the indicated strains for 30 min, the cells were 
washed twice with PBS and were subsequently incubated in PBS with 0.2% Triton X-100 
at 37°C for 15 min. The cell lysate was collected and diluted with PBS for the determina­
tion of bacterial adhesion ratio. For assessment of bacterial invasion, the J774A.1 cells 
were infected with the indicated strains for 30 min, washed twice with PBS, and then 
incubated in DMEM with 100 µg/mL gentamicin at 37°C for 1 h. Subsequently, the cells 
were incubated in PBS with 0.2% Triton X-100 at 37°C for 15 min. The resulting cell lysate 
was collected and diluted with PBS for determination of bacterial invasion ratio.

Cytotoxicity analysis

After the J774A.1 cells or BMDMs were infected with bacteria as described above, 
the supernatants were harvested for cytotoxicity analysis. Quantification of cytotoxicity 
was performed using the LDH Cytotoxicity Assay Kit according to the manufacturer’s 
instructions (Beyotime, Haimen, China).

ELISA

After the J774A.1 cells or BMDMs were infected with bacteria as described above, the 
supernatants were harvested for quantification of cytokine. Expression of the cytokines 
IL-1β, IL-18, and IL-6 were quantified using Mouse IL-1 beta/IL-1F2 DuoSet ELISA, Mouse 
IL-18 DuoSet ELISA, and Mouse IL-6 DuoSet ELISA according to the manufacturer’s 
manual (R&D Systems, Minneapolis, MN, USA).

Western blotting analysis

Following the infection of J774A.1 cell or BMDMs with bacteria as described above and 
harvesting of supernatants, the cells were lysed with cell lysis buffer for Western blotting. 
The supernatants and lysates were mixed, supplemented with a protease inhibitor, and 
subjected to centrifugation at 2,000 rpm for 5 min to remove the bacteria and cell debris. 
The cleared supernatants were then mixed with an equal volume of methanol and a 
0.25 volume of chloroform. Following centrifugation at 12,000 rpm for 5 min, the upper 
aqueous phase was removed, and an additional equal volume of methanol was added. 
The supernatants were discarded after centrifugation, the remaining protein pellets were 
dried at 55°C for 10 min, and then resuspended in 1 × SDS-PAGE loading buffer. Protein 
samples were boiled at 100°C for 10 min, separated by 12% SDS-PAGE, transferred onto 
digested nitrocellulose membranes, and blocked in PBS with 3% skim milk for 1.5 h. 
Membranes were then incubated with anti-Caspase-1 p10 antibody (AG-20B-0044-C100, 
AdipoGen, San Diego, CA, USA), anti-NLRP3 antibody (AG-20B-0014-C100, AdipoGen, San 
Diego, CA, USA), anti-NLRC4 antibody (ab201792, Abcam, Cambridge, UK), anti-IL-1β 
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antibody (12242S, Cell Signaling Technology, Danvers, MA, USA), and anti-β-actin 
antibody (A5441, Sigma-Aldrich, St. Louis, MO, USA). Following incubation, the mem­
branes were exposed using Amersham Imager 600 Imaging System with enhanced 
chemiluminescence (ECL) substrate exposure.

FRET

The overnight cultured S. Enteritidis strains ΔfliC-pCX340 and Δ fliC-pCX340-dinJ were 
diluted into fresh LB medium with a concentration of 1:100 and were cultured for 3.5 h. 
Bacteria were washed twice with DMEM and infected HeLa cells with an MOI of 100:1. 
The bacteria were removed after infection for 3 h, and the HeLa cells were washed four 
times with DMEM before being subjected to another 4-h infection in DMEM. Following 
a single wash with DMEM, CCF2/AM was added, and the cells were incubated for 2 h in 
the dark. Cell images were acquired using Leica confocal microscope with excitation at 
405 nm and emission at 450–470 nm and 520–540 nm.

Mouse infection

Female C57BL/6 mice (6–8 wk) were randomly divided into three groups, each consisting 
of eight mice. After a 4-h period of dietary restriction, each group orally received 7.5 mg 
of streptomycin, followed by a 20-h restoration of the regular diet. After another 4-h 
dietary restriction, each group was orally infected with 300 µL of ΔfliC or ΔfliCΔdinJ at 
a dose of 5 × 106 CFU per mouse. Control mice received 300 µL PBS under the same 
conditions. After infection for 5 d, the mice were euthanized, and the serum, liver, and 
spleen samples were collected. The levels of IL-1β, IL-18, and IL-6 in the serum were 
quantified using ELISA. The liver and spleen tissues were homogenized and diluted in 
PBS to calculate the bacterial load in the organs.

Statistical analysis

All experiments were conducted a minimum of three times. All results were expressed 
as the mean ± SEM using GraphPad Prism 8.0 software. The statistical analysis used a 
Student’s t-test; *** represents a P value < 0.001, ** is a P value < 0.01, and * is a P value < 
0.05.
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