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Abstract: Microbial infection can trigger the assembly of inflammasomes and promote secretion of
cytokines, such as IL-1β and IL-18. It is well-known that Salmonella modulates the activation of NLRC4
(NLR family CARD domain-containing protein 4) and NLRP3 (NLR family pyrin domain-containing
3) inflammasomes, however the mechanisms whereby Salmonella avoids or delays inflammasome
activation remain largely unknown. Therefore, we used Salmonella Enteritidis C50336∆fliC transposon
library to screen for genes involved in modulating inflammasomes activation. The screen revealed
the galactose metabolism-related gene galE to be essential for inflammasome activation. Here, we
found that inflammasome activation was significantly increased in J774A.1 cells or wild-type bone
marrow-derived macrophages (BMDMs) during infection by ∆fliC∆galE compared to cells infected
with ∆fliC. Importantly, we found that secretion of IL-1β was Caspase-1-dependent, consistent
with canonical NLRP3 inflammasome activation. Furthermore, the virulence of ∆fliC∆galE was
significantly decreased compared to ∆fliC in a mouse model. Finally, RNA-seq analysis showed that
multiple signaling pathways related to the inflammasome were subject to regulation by GalE. Taken
together, our results suggest that GalE plays an important role in the regulatory network of Salmonella
evasion of inflammasome activation.

Keywords: S. Enteritidis; GalE; NLRP3 inflammasome; virulence; RNA-seq

1. Introduction

Salmonella enterica subsp. enterica is a Gram-negative bacterium capable of infecting
humans and other animals, and as such presents a threat to global public health [1]. Recently,
Salmonella has been reported as the cause of approximately 9% of cases of diarrhea, and
accounts for 41% of diarrhea-related deaths annually [2]. Salmonella is classified into more
than 2600 serotypes based on surface antigenic composition [3,4]. Salmonella Enteritidis has
been reported as one of the serotypes most significantly linked to gastroenteritis leading to
persistent infection [5–7]. As a facultative intracellular pathogen, S. Enteritidis can invade
and survive in both phagocytic and nonphagocytic cells, which may lower the treatment
efficiency of traditional antibiotics and cause persistent infection in the host [8–12].

The innate immune system is critical for defense against invading pathogens and for
mobilizing cellular pathways in the host that help identify and eradicate foreign bacte-
ria [13]. The innate immune system recognizes the pathogen-associated molecular patterns
(PAMPs) or damage-associated molecular patterns (DAMPs) via pattern recognition recep-
tors (PRRs) [14]. The toll-like receptors (TLRs) and C-type lectin receptors (CLRs) recognize
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PAMPs and DAMPs localized to extracellular or vacuolar compartments [14]. The acid-
inducible gene (RIG)-I-like, NOD-like receptors (NLRs), and AIM2-like receptors (ALRs)
similarly sense cytoplasmic PAMPs and DAMPs [14]. When sensing PAMPs or DAMPs,
the PRRs trigger the host immune system’s defense response by initiating any of a number
of conserved signaling cascades. For example, the TLRs and CLRs can activate NF-κB and
MAPK cascades to trigger the secretion of IL-6 and tumor necrosis factor alpha (TNF-α)
as well as the expression of pro-IL-1β and pro-IL-18 [8,15,16]. Furthermore, the NLRs or
ALRs promote the host defense response by encouraging the assembly of inflammasomes;
the inflammasomes have, in turn, been shown to respond to Salmonella infection [17,18].

Inflammasomes are multi-protein complexes which are activated during Salmonella
infection [19]. Inflammasomes consist of a PRR (such as NLR or ALR), an adapter protein
ASC, and the cysteine protease Caspase-1 [20]. The PRRs recognize the type III secretion
system (T3SS) needle protein, T3SS inner rod protein, and flagellin of pathogens, and
upon recognition, activate Caspase-1 [21–23]. Activated Caspase-1 then cleaves the pro-
inflammatory cytokines IL-1β and IL-18, as well as the pore-forming protein gasdermin
D (GSDMD) [24,25]. GSDMD-N assembles to form pores in the plasma membrane of the
host, leading to the release of active IL-1β and IL-18 [26]. In addition, the activation of
Caspase-1 results in an inflammatory form of cell death called pyroptosis; subsequently, the
bacteria are released to the extracellular environment from within the protected intracellular
niche [26]. Released bacteria are taken up and killed by neutrophils, enhancing the clearance
of intracellular pathogens [27].

Salmonella is transmitted via the fecal–oral route, and the immune system is activated
during the invasion of intestinal epithelial cells by the bacteria; phagocytic cells are re-
cruited to the site of infection as an inflammatory response is initiated [28]. Salmonella also
triggers the activation of NLRP3 and NLRC4 inflammasomes [29]. The SPI-1 T3SS (PrgJ
and PrgI) and flagellin proteins are recognized by the NLRC4 inflammasome, whereas
the NLRP3 inflammasome recognizes host cell-derived stress and danger molecules and
signals such as excessive potassium efflux, calcium influx, extracellular ATP, and mitochon-
drial reactive oxygen species, among others [30]. To evade clearance by the host innate
immune system, Salmonella uses T3SS to inject effectors into host cells and downregulate
the activation of inflammasomes, which promotes survival of Salmonella in the intracellular
environment and leads to persistent infection [31,32]. Salmonella effector protein SopB
inhibits the oligomerization of ASC and activation of the NLRC4 inflammasome to aid in
immune escape [33]. By contrast, the effector proteins SipB and SopE induce the activa-
tion of Caspase-1 [34,35]. Interestingly, Salmonella employs SPI2 to subvert SPI1-induced
NLRP3 and NLRC4 inflammasome activation in human primary macrophages, which is
a species-specific immune evasion mechanism [36]. Collectively, these findings indicate
that Salmonella regulates the activation of inflammasomes to evade clearance by the host
immune system.

Previous studies have shown that FliC could strongly induce activation of NLRC4
inflammasome and downregulation of fliC could limit inflammasome activation [37,38].
Thus, we used the S. Enteritidis fliC deletion mutant strain which could reduce the activated
level of inflammasome to screen for genes that inhibit the activation of inflammasomes in
J774A.1 cells. In the present study, we identified the UDP-glucose 4-epimerase GalE protein,
which inhibits the activation of Caspase-1 and is secreted into host cells. Infection of NLRP3-
or NLRC4-deficient bone marrow-derived macrophages (BMDMs) with Salmonella revealed
that inhibition of Caspase-1 by GalE was dependent on the NLRP3 inflammasome. Notably,
RNA-seq analysis suggested that significantly enriched pathways were mainly related to the
activation of inflammasomes during infection of macrophages with ∆fliC∆galE. Collectively,
our results provide important insight into the mechanisms whereby S. Enteritidis inhibits
the activation of inflammasomes to evade clearance by the host immune system.
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2. Materials and Methods
2.1. Bacterial Strains

The strains and plasmids used in this study are listed in Table S1. The targeted deletion
strains were generated on the S. Enteritidis strain C50336 background in which the clean
deletion mutant of fliC was constructed by double exchange of homologous recombina-
tion [39]. The transposon insertion library and deletion mutant strains were constructed
on the C50336∆fliC strain background. The upstream and downstream fragments of the
galE gene were amplified by PCR using the primers listed in Table S2. The PCR products
were inserted into the pDM4 plasmid using the ClonExpress MultiS One Step Cloning Kit
(Vazyme, Nanjing, China). The recombinant plasmid was transformed into E. coli X7213
λpir cells, and clones were verified by PCR and sequencing. The plasmid ∆galE::pDM4 was
transferred into C50336∆fliC by conjugation, and the deletion mutant strain was screened
on Luria-Bertani (LB) plates with 15% sucrose. The complementary strain ∆fliC∆galE::galE
was constructed with the plasmid pBAD33. The ORF of the galE gene was amplified by
PCR and inserted into the pBAD33 plasmid using the ClonExpress II One Step Cloning Kit
(Vazyme, Nanjing, China). The recombined plasmid galE::pBAD33 was transformed into
∆fliC∆galE, and verified by PCR. The C50336∆fliC -pCX340 and C50336∆fliC-pCX340-galE
strains were constructed for fluorescence resonance energy transfer (FRET) analysis. The
PCR products of the galE gene were ligated into the pCX340 plasmid using Nde I and Kpn I
restriction enzymes. The pCX340 or pCX340-galE constructs were electroporated into the
wild type strain C50336∆fliC.

2.2. Construction of Transposon Mutant Library and Transposon Insertion Sequencing

The donor strain E. coli X7213 λpir carrying plasmid pSC189 was grown on LB medium
with DAP (50 µg/mL) and kanamycin (100 µg/mL), while the recipient strain C50336∆fliC
was cultured in LB medium. Equal volumes of donor bacteria and recipient bacteria
suspensions were mixed and placed on the LB agar plate containing DAP and cultured at
37 ◦C for 12 h. The bacteria were washed in phosphate buffer (PBS) and inoculated on LB
agar with kanamycin (100 µg/mL). The locations of transposon insertions were determined
by two-round semi-arbitrary PCR, as previously described [40].

2.3. Mice and Cell Culture

Wild-type specific pathogen-free (SPF) female C57BL/6 mice were purchased from
Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China). The knock-out
mice (Casp1−/−, Nlrp3−/−, and Nlrc4−/−) used in this study were bred on a C57BL/6
background (Shanghai Model Organisms Center, Inc., Shanghai, China), and all mice
were bred under specific pathogen-free conditions. All mice were regularly fed clean and
sterile rat chow and water and exposed to 12-h light/dark cycles; the temperature was
maintained at 23 ± 1 ◦C. Animal experiments were approved by the Animal Welfare and
Ethics Committees of Yangzhou University (SYXK[Su] 2017-0044) and were maintained in
accordance with the guidelines of the Yangzhou University Institutional Animal Care and
Use Committee (IACUC). All animals were healthy and in good spirits and were handled
humanely to minimize distress throughout the course of experiments.

J774A.1 and HeLa cells were purchased from American Tissue Culture Collection
(ATCC, Manassas, VA, USA), and cultured in DMEM with 10% (v/v) fetal bovine serum
(FBS, Gibco) and 1% penicillin-streptomycin (GIBCO) at 37 ◦C in a 5% CO2 incubator. Wild-
type, Nlrp3, Nlrc4, or Casp1-deficient bone marrow cells were flushed from the femurs and
tibias of mice and cultured in DMEM supplemented with 10% (v/v) fetal bovine serum
(FBS, Gibco), 1% penicillin-streptomycin (GIBCO), and 25 ng/mL macrophage colony-
stimulating factor (M-CSF, PeproTech, Rocky Hill, NJ, USA) at 37 ◦C with 5% CO2 [41].

2.4. Salmonella Infection

Following overnight culture, bacteria were diluted into fresh LB medium at a concen-
tration of 1:100 and incubated at 37 ◦C for 3.5 h. When necessary, arabinose was added at a
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final concentration of 0.04% (g/v) to induce the expression of GalE protein. The J774A.1
cells or different BMDMs were replated into 12-, 24-, or 96-well plates and cultured at 37 ◦C
with 5% CO2 for 16–20 h before infection. For the activation of inflammasomes, monolayer
cells were washed twice with Dulbecco’s PBS (DPBS), after which Opti-MEM medium with
1 µg/mL LPS was added (Sigma-Aldrich, St. Louis, MO, USA) and bacteria were cultured
for 5 h. J774A.1 cells were infected with SE strains at a MOI of 100:1 while the BMDMs
were infected with a MOI of 50:1; infected cells were incubated in Opti-MEM medium for
1.5 h. Subsequently, the cells were washed twice and incubated in Opti-MEM containing
gentamicin (50 µg/mL) and cultured for another 3 h.

2.5. Adhesion and Invasion Assays

For adhesion assays, after infected J774A.1 cells for 30 min, the cultures were washed
twice with PBS, and then incubated in PBS with Triton X-100 (0.2%) at 37 ◦C for 15 min, and
the number of bacteria was determined by inspection of the LB agar culture medium. For
invasion, the cells were washed with PBS after infection for 30 min and incubated in DMEM
with 100 µg/mL gentamicin at 37 ◦C for 1 h. The number of bacteria was determined by
inspection of the LB agar.

2.6. Cytotoxicity and Cytokine Analysis

BMDMs or J774A.1 cells were replated into 12-well plates at a density of 5 × 105

per well and infected with SE strains as described above. At the indicated times, the
supernatants were harvested for quantification of cytokine and LDH levels. LDH was
measured using the LDH Cytotoxicity Assay Kit (Beyotime, Haimen, China) according to
the manufacturer’s instructions. Supernatants were diluted as appropriate and release of
IL-1β and IL-6 was evaluated by enzyme-linked immunosorbent assay (ELISA). Specific
ELISA assays used in this study were the Mouse IL-1β/IL-1F2 DuoSet ELISA and Mouse IL-
6 DuoSet ELISA (R&D Systems, Minneapolis, MN, USA), which were performed according
to manufacturer instructions.

2.7. Western Blot Analysis

Protein samples from supernatants and cell lysates were prepared as previously
described [18]. Three hours post-infection, supernatants were collected, and the cells were
lysed in 300 µL cell lysis buffer for Western blot and IP (Beyotime, Heimen, China). The
lysed cells were centrifuged to remove cell debris, and the supernatant was mixed with
methanol and chloroform at a volume of 1:1:0.25. The mixed samples were centrifuged at
12,000 rpm for 5 min and the aqueous phase was discarded. Equal volumes of methanol
were added to the samples, which were then vortexed vigorously and centrifuged at
12,000 rpm for 5 min. The pellets were dried at 55 ◦C for 5–10 min and resuspended in
40 µL 1× SDS-PAGE Sample Loading Buffer (Beyotime). Protein samples were resolved
by SDS-PAGE using the standard 12% Tris–Glycine PAGE protocol. The protein was
transferred to nitrocellulose membranes and subsequently blocked at room temperature for
1.5 h in PBS with 3% skim milk. Membranes were incubated with α-Caspase-1 p10 antibody
(AdipoGen, San Diego, CA, USA), α-IL-1β antibody (Cell Signaling Technology, Danvers,
MA, USA) or α-β-actin antibody (Sigma-Aldrich). The secondary antibody was goat anti-
mouse IgG (Sigma-Aldrich). The membranes were visualized on an Amersham Imager
600 Imaging System (GE Healthcare, Pittsburgh, PA, USA) using ECL chemiluminescence
substrate (Thermo Scientific, Waltham, MA, USA)

2.8. Fluorescence Resonance Energy Transfer (FRET)

Following overnight culture, SE strains ∆fliC-pCX340 and ∆fliC-pCX340-galE were
diluted into fresh LB medium with 12.5 µg/mL tetracycline and cultured at 37 ◦C for
3.5 h. IPTG was added to induce the expression of GalE protein. The cultured bacteria
were washed twice with DMEM and transfected into HeLa cells with an MOI of 100,
and then centrifuged at 1000 rpm for 10 min. Three hours post-infection, the HeLa cells
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were washed with DMEM four times and infected for another 4 h in DMEM. The cell
monolayers were washed twice with DMEM and loaded in 300 µL DMEM supplement
(60 µL 6 × CCF2/AM) with a final concentration of 1 µM. The 6 × CCF2/AM was freshly
prepared with the CCF2/AM loading kit (Invitrogen, Carlsbad, CA, USA). The cells were
incubated at 37 ◦C for 2 h in the dark, and images were acquired using a Leica confocal
microscope (Leica Microsystems, Wetzlar, Germany). The cells were excited at 405 nm,
and emission at 450–470 nm and 520–540 nm resulted in either blue (cleaved) or green (un-
cleaved) fluorescence, respectively. Six hundred cells were randomly selected to calculate
the percentage of GalE-positive cells.

2.9. RNA Sequencing Analysis

J774A.1 cells were seeded into 10-cm dishes at a density of 5 × 106 cells and incu-
bated overnight in DMEM containing 10% FBS. The cells were washed with PBS and
pre-treated with LPS for 5 h. Cells were infected with ∆fliC and ∆fliC∆galE at a MOI of
100:1 and cultured in DMEM for 4 h. The supernatants were removed, and cell lysates
were collected in 3 mL Trizol (Ambion, Carlsbad, CA, USA) to extract total RNA. The three
parallel RNA isolates were sequenced by illumine Hi-Seq (GENEWIZ, Suzhou, China),
and the following analyses were performed as previously described [42]. Briefly, the raw
data were quantified and filtered by Cutadapt (version 1.9.1) [43], and then mapped to
the reference genome Mus_musculus_GRCm39.104_Ensembl using the HISAT2 software
package (version 2.0.1) [44]. The transcript levels of the genes were estimated by HTSEQ
(version 0.6.1) [45], and differential expression analysis was conducted by DESeq2 (version
1.26.0) [46].

2.10. Quantitative Real-Time PCR Analysis

J774A.1 cells were infected with ∆fliC and ∆fliC∆galE strains as described above.
The total RNA was extracted using the FastPure Cell/Tissue Total RNA Isolation Kit
(Vazyme, Nanjing, China). Isolated total RNA was about 700–800 ng/µL, and the purity
(A260/280 = 2.04~2.1, A260/230 = 2.11~2.2) and integrity (RIN = 9.7~10) were within the
normal range. Equal quantities of total RNA were reversed-transcribed to cDNA using
Hiscript III RT Super mix (Vazyme, Nanjing, China) according to the manufacturer’s
instructions. Real-Time PCR was performed using the Universal SYBR qPCR Master Mix
Kit (Vazyme, Nanjing, China) in a 20 µL reaction volume containing 200 ng of cDNA, 10 µL
of SYBR qPCR Master mix, 0.6 µL primers, and 6.8 µL RNase-free water. The qRT-PCR
reaction was performed using an Applied Biosystems QuantStudio 6 Flex RealTime PCR
System (Applied Biosystems, Foster City, CA, USA) using the following protocol: 95 ◦C
for 10 min, 40 cycles at 95 ◦C for 15 s, and 60 ◦C for 1 min. The relative expression levels
of genes were calculated using the comparative threshold cycle (2−∆∆CT) method. The
qRT-PCR experiments were performed in triplicates.

2.11. In Vivo Virulence Assay

Six-week-old female C57BL/6 mice were randomly assigned to three groups (n = 8).
Bacteria were grown to logarithmic phase, washed twice with PBS, and resuspended in
PBS. Each group was infected with 200 µL ∆fliC or ∆fliC∆galE diluted in PBS at a dose of
5 × 106 CFU per mouse. The control mice received 200 µL of PBS under otherwise identical
conditions. Bodyweight and mortalities were monitored and recorded for all mice over
14 dpc.

2.12. Statistical Analysis

A standard Z score was used to estimate the cytotoxicity of each insertion mutant
strain as previously described [47]. Statistical significance was defined as a Z score ≤ −2 or
≥2. Statistical analyses were performed using GraphPad Prism 8.0 software. All results
were expressed as the mean ± SEM. Statistical significance was assigned at p values of
<0.05 (*), <0.01(**), or <0.001 (***) based on the Student’s t-test.
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3. Results
3.1. Screening Candidate Salmonella Genes That Modulate Inflammasome Activation

Pathogens can modulate the activation of inflammasomes to evade their clearance
by the host immune system. Therefore, we generated a transposon insertion library in
a flagellin (fliC) deletion mutant strain of S. Enteritidis C50036 to screen for genes that
modulate inflammasome activation. The mutants were first screened based on whether we
observed an increase in Lactate dehydrogenase (LDH) release relative to levels observed
in the C50336∆fliC parental strain 4 h after infection of J774A.1 cells (Figure 1A). Z-scores
were calculated for the insertion mutants, and differences were deemed significant if the
Z score was ≥2 or ≤−2 (Figure S1A). The candidate mutants were further evaluated for
cytotoxicity (Figure 1B), activation of Caspase-1 (Figure 1D–E), and secretion of IL-1β
(Figure 1C). These results showed that the candidate mutants 831 and 1552 significantly
enhanced cytotoxicity, Caspase-1 activation, and IL-1β induction. Intriguingly, sequencing
the transposon insertions of candidate mutants identified the gene galE (Figure S1B). The
galE gene encodes UDP-glucose 4-epimerase, which catalyzes epimerization between UDP-
glucose (UDP-Glc) and UDP-galactose (UDP-Gal). However, the potential role of GalE in
modulating inflammasome activation is unknown.

Figure 1. Cont.
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Figure 1. Identification of genes involved in modulating inflammasome activation in vitro.
(A) J774A.1 cells were pre-treated with LPS (1 µg/mL, 5 h) and then infected with C50336∆fliC
TnpSC189 transposon insertion mutants at an MOI of 100 for 4 h. The release of LDH was measured
in supernatants of infected cells for the first-round screen. (B) Release of LDH in supernatants of
J774A.1 cells infected with candidate mutants. (C) Levels of IL-1β in culture were determined via
ELISA. (D,E) Activation of Caspase-1 (p10) was assessed by Western blot, and β-actin was used as a
loading control. Molecular mass markers (in kDa) are indicated on the right. Data are presented as
mean ± SEM of three independent experiments, * p < 0.05, ** p < 0.01, *** p < 0.001.

3.2. S. Enteritidis GalE Inhibits the Activation of Inflammasomes

To further investigate the role of GalE in inflammasome activation, we constructed a
galE in-frame deletion mutant and complementary strain. Growth curve results indicated
that there was no significant difference among the ∆fliC, ∆fliC∆galE, and complementary
strains (Figure S2A). We next evaluated these strains for their ability to activate inflamma-
somes. As expected, J774A.1 cells infected with ∆fliC∆galE and empty plasmid complemen-
tary ∆fliC∆galE::pBAD33 strains produced significantly higher levels of LDH (Figure 2A)
and exhibited greater Caspase-1 activation (Figure 2B) in comparison with J774A.1 cells
infected by the parental strain ∆fliC; levels observed in the complementary strain were
restored to the levels observed in cells infected with ∆fliC. Furthermore, the ∆fliC∆galE
and ∆fliC∆galE::pBAD33 strains induced significant Caspase-1-dependent cytokine IL-1β
secretion in J774A.1 cells (Figure 2C), while the inflammasome-independent cytokine IL-6
was not affected (Figure 2D). Meanwhile, the activation of Caspase-1 (Figure 3A) and
release of IL-1β (Figure 3B,C) was inhibited in the Casp1−/− deficient BMDMs, while the
release of IL-6 was not affected in the Casp1−/− deficient BMDMs (Figure 3D,E), suggesting
the secretion of IL-1β was Caspase-1-dependent. Taken together, these results suggest that
the GalE protein inhibits activation of inflammasomes.

To investigate whether the increased activation of inflammasomes caused by ∆fliC∆galE
was due to reduced ingestion of intracellular bacteria by macrophages, we assessed the
adhesion and invasion capabilities of S. Enteritidis in J774A.1 cells. The results indicated
that the adhesion and invasion of J774A.1 cells were unaffected by GalE (Figure S2B,C),
indicating that induction of inflammasome activation by ∆fliC∆galE is independent of
bacterial adherence-invasion rates. We used C57BL/6 mice as a model in which to test the
impact of GalE on the virulence of S. Enteritidis in vivo. Strikingly, all mice infected with
∆fliC died within 9 days, whereas none of the mice in the ∆fliC∆galE-infected group died
(Figure 2E). Collectively, these results suggest that inhibition of inflammasome activation
by GalE greatly increases the virulence of S. Enteritidis.
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Figure 2. Salmonella GalE protein inhibits the activation of inflammasomes. J774A.1 cells were
pre-treated with LPS (1 µg/mL, 5 h) and then infected with WT strain ∆fliC, ∆fliC∆galE, galE-
complemented ∆fliC∆galE::galE, or empty vector-complemented ∆fliC∆galE::pBAD33 at an MOI of
100 for 4 h. Arabinose (0.04%, g/v) was added to induce the expression of GalE protein. Uninfected
cells were used as a negative control (Blank). (A) Release of LDH in supernatants of infected cells.
(B) Activation of Caspase-1 and secretion of IL-1β were analyzed by Western blot. C-D. ELISA for IL-
1β (C) and IL-6 (D). Data are presented as mean ± SEM of three independent experiments, ** p < 0.01,
*** p < 0.001. (E) C57BL/6 mice were orally infected with 5 × 106 CFU of ∆fliC or ∆fliC∆galE mutant
strains and survival of the mice was monitored over 14 d. Bacteria-free PBS was administered to a
separate group of animals as a negative control.
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Figure 3. GalE inhibits Caspase-1-dependent inflammasome activation. BMDMs from WT
and Casp1−/− mice were primed with LPS (100 ng/mL, 5 h) and then infected with WT
strain ∆fliC, ∆fliC∆galE, galE-complemented ∆fliC∆galE::galE, or empty vector-complemented
∆fliC∆galE::pBAD33 for the indicated time periods at an MOI of 50 for 4 h. (A) Activation of
Caspase-1 analyzed by immunoblotting. (B,C) ELISA for IL-1β in supernatants of WT BMDMs (B)
or Casp1−/− BMDMs (C). (D,E). ELISA for IL-6 in supernatants of WT BMDMs (D) or Casp1−/−

BMDMs. (E) Data are presented as mean ± SEM of three independent experiments, * p < 0.05,
** p < 0.01.

3.3. S. Enteritidis GalE Inhibits the Activation of Caspase-1 in Macrophages via the NLRP3
Inflammasome

It is well-known that the NLR family members NLRP3 and NLRC4 are recognized by
Salmonella and mediate the activation of Caspase-1 [48]. To further investigate the mecha-
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nisms responsible for Caspase-1 activation by S. Enteritidis GalE protein, we monitored the
activation of Caspase-1 in Nlrp3−/− and Nlrc4−/−-deficient BMDMs in response to infec-
tion with different mutant strains of S. Enteritidis. Caspase-1 activation was significantly
increased in Nlrc4−/− BMDMs during infection with ∆fliC∆galE and ∆fliC∆galE::pBAD33
strains compared to ∆fliC, but no such differences were observed in Nlrp3−/− BMDMs
infected with different mutant strains (Figure 4A). Similarly, the release of LDH and IL-
1β were increased in the Nlrc4−/− BMDMs infected with the ∆fliC∆galE strain relative
to BMDMs infected by the parental ∆fliC strain (Figure 4B,C), and no differences were
observed in Nlrp3−/− BMDMs (Figure 4E,F). Furthermore, the level of non-inflammasome
cytokine IL-6 was unaffected in ∆fliC∆galE-infected Nlrc4−/− and Nlrp3-BMDMs com-
pared to levels observed in wild-type ∆fliC-infected cells (Figure 4D,G). Taken together,
these results indicate that the GalE protein inhibits the activation of Caspase-1 via an
NLRP3-dependent canonical inflammasome activation pathway.

Figure 4. GalE inhibits NLRP3-dependent inflammasome activation. BMDMs from Nlrc4−/−

or Nlrc3−/− mice were primed with LPS (100 ng/mL, 5 h) and then infected with WT strain
∆fliC, ∆fliC∆galE, galE-complemented ∆fliC∆galE::galE, or empty vector-complemented ∆fliC∆galE::
pBAD33 for the indicated time periods at an MOI of 50 for 4 h. (A) Activation of Caspase-1 was
analyzed by immunoblotting. (B–D) Levels of LDH (B), IL-1β (C), and IL-6 (D) in supernatants of
Nlrc4−/− BMDMs. (E–G). Levels of LDH (E), IL-1β (F), and IL-6 (G) in supernatants of Nlrp3−/−

BMDMs. Data are presented as mean ± SEM of three independent experiments, ** p < 0.01.
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3.4. GalE Protein Is Secreted in HeLa Cells

Salmonella secretes effector proteins into host cells to influence the activation of in-
flammasomes [49]. To assess the secretion of GalE into host cells, we took advantage of
fluorescence resonance energy transfer (FRET). Here, β-lactamase TEM-1 was infused with
galE, and intracellular translocation was assayed via FRET in infected HeLa cells. As shown
in Figure 5A, blue fluorescent cells were observed during infection with ∆fliC containing
the pCX340-galE plasmid, while no blue fluorescence was observed in untreated HeLa cells
and HeLa cells infected with the ∆fliC-pCX340 strain. More than 600 cells were randomly
selected to calculate the percentage of positive cells; the transfer efficiency of GalE-TEM
was estimated to be about 4.3% (Figure 5B). These results indicate that the GalE protein is
secreted into host cells during infection.

Figure 5. GalE is secreted in HeLa cells. (A) HeLa cells were infected with S. Enteritidis ∆fliC strains
carrying pCX340 or pCX340-galE. Translocation of TEM-1-GalE fusion protein into the HeLa cells re-
sults in cleavage of CCF2-AM and emission of blue fluorescence, whereas uncleaved CCF2-AM emits
green fluorescence. Scale bar = 50 µm. (B) Blue fluorescent cells expressed as a percentage of total cells.
For each cell well, three pictures were taken and approximately 600 cells were counted to calculate
the percentage of blue fluorescent cells. Data are presented as Mean ± SD of triplicate samples.

3.5. Identification of Inflammasome Activation Pathways Inhibited by the GalE Protein

Transcriptome analyses of J774A.1 cells infected with ∆fliC and ∆fliC∆galE were per-
formed to identify the pathways involved in regulating the activation of inflammasomes
via the S. Enteritidis GalE protein. Differentially expressed genes were chosen according to
criteria of a fold change value |log2-Ratio| ≥ 1 and false discovery rate (P-adjust) < 0.05.
Expression of a total of 103 genes was determined to differ significantly between the
∆fliC-infected and ∆fliC∆galE-infected groups, including 54 up-regulated genes and 49
down-regulated genes (Figure 6A). The Kyoto Encyclopedia of Genes and Genomes (KEGG)
signaling pathway analysis showed that these differentially expressed genes were enriched
in inflammatory bowel disease, neutrophil extracellular trap formation, systemic lupus
erythematosus, and an intestinal immune network for IgA production (Figure 6B) and were
primarily related to inflammation. Six differentially expressed genes in infected J774A.1
cells were selected for verification by quantitative real-time PCR. Mouse glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) was used as a control gene. The expression levels
of these genes were consistent with the results of RNA-seq in J774A.1 cells infected with
∆fliC∆galE when compared to the cells infected with ∆fliC (Figure 6C,D). These results
demonstrate that galE plays an important role in regulating inflammation-related pathways.
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Figure 6. Identification of genes involved in GalE-dependent modulation of inflammasomes. J774A.1
cells were pre-treated with LPS (1 µg/mL, 5 h) and then infected with ∆fliC and ∆fliC∆galE at an MOI
of 100 for 4 h. The cells were collected, and the total RNA was isolated for RNA sequencing or for
qRT-PCR validation of differentially expressed genes (DEGs). (A) Volcano plot for the transcription
profiles of J774A.1 cells infected with ∆fliC and ∆fliC∆galE. Numbers of DEGs are presented on the
righthand side of the volcano plot. Blue dots represent downregulated genes and red dots represent
upregulated genes. (B) KEGG enrichment analysis of DEGs between the ∆fliC-infected group and the
∆fliC∆galE-infected group. (C) DEGs in infected J774A.1 cells as identified by RNA-seq. (D) qRT-PCR
was used to validate DEGs. mRNA expression levels were normalized to GAPDH. Data are presented
as mean ± SEM of triplicate independent experiments.

4. Discussion

To evade clearance by the host immune system, pathogens have developed multiple
strategies to manipulate host cell physiology and survive in these cells. Previous studies
have reported that the activation of inflammasomes is an important process whereby
pathogens evade immune system clearance [50]. The pathogenic Yersinia species possesses
several effector proteins that modulate the activation of inflammasomes and facilitate
bacterial colonization of the host [51]. As a facultative intracellular pathogen, Salmonella also
secretes effector proteins into host cells to modulate the activation of inflammasomes [52].
Thus, we screened genes involved in inhibiting the activation of inflammasomes using an S.
Enteritidis ∆fliC transposon insertion library and found that the GalE protein is capable of
inhibiting inflammasome activation. We further found that the GalE protein can be secreted
into host cells and inhibits the activation of Caspase-1 in an NLRP3-dependent way.
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GalE is a UDP-galactose-4-epimerase which catalyzes the interconversion between UDP-
glucose (UDP-Glc) and UDP-galactose (UDP-Gal), an essential process in sugar metabolism.
GalE mediates the incorporation of galactose into the O-side chain of lipopolysaccharide
(LPS), which is an important protective antigen for Salmonella. GalE is also essential for
virulence in many pathogens, including Salmonella, Pasteurella multocida, and Campylobacter
jejuni [53–55]. Previous studies have indicated that the virulence of Salmonella typhimurium
and Salmonella typhi galE deletion mutant strains was significantly reduced, and these
mutant strains could be developed as a live oral vaccine [55,56]. Our results revealed
that the S. Enteritidis galE deletion mutant strain also possessed attenuated virulence in
C57BL/6 mice (Figure 2E), while the lack of the galE gene did not impair bacterial adhesion
and invasion ability in J774A.1 cells (Figure S2B,C). These results imply that the GalE
protein is essential for the virulence of S. Enteritidis.

Salmonella flagellin and SPI-1 PrgJ/PrgI are recognized by NLRC4, leading to the rapid
activation of the inflammasome, whereas the NLRP3 inflammasome responds to diverse
structures of both host and foreign origin [57]. Inflammasome activation can facilitate
the host defense against Salmonella infection [27]. However, Salmonella can also inhibit
the activation of inflammasomes and allow the bacteria to evade host immune system
clearance [50,58]. Here, we demonstrated that the ∆fliC∆galE strain stimulates increased
LDH release, increased Caspase-1 activation, and increased IL-1β secretion both in wild-
type BMDMs and J774A.1 cells relative to cells infected with the ∆fliC strain. Interestingly,
∆fliC∆galE significantly induced Caspase-1 activation, IL-1β secretion, and release of LDH
compared to the Nlrc4−/− BMDMs infected with ∆fliC strain, indicating that GalE inhibit
the activation of Caspase-1 was independent of NLRC4. However, no significant difference
was observed in Nlrp3−/− BMDMs infected with ∆fliC∆galE or ∆fliC, suggesting that
GalE inhibit the activation of Caspase-1 was dependent of NLRP3. Caspase-1-activated
signals were not detected in Casp1−/− BMDMs. These findings suggest that GalE plays an
important role in the process of Salmonella’s evasion of clearance by the host inflammasome.

Interestingly, Salmonella can modulate the activation of inflammasomes by disrupting
glycolysis to invade macrophages. Decreased levels of NADH and induction of mito-
chondrial ROS products resulting from these disruptions in the glycolytic pathway can
in turn induce NLRP3 inflammasome activation [59]. Consistent with these observations,
the Salmonella TCA enzyme aconitase was identified as essential for long-term persistent
Salmonella infection in a transposon-based genome-wide screen [60]. The absence of aconi-
tase induces the rapid activation of the NLRP3 inflammasome, which is associated with
elevated levels of the TCA metabolite citrate and mitochondrial ROS products [61]. There-
fore, Salmonella infection disrupts host cell metabolism, which in turn triggers activation of
the NLRP3 inflammasome. Here, we described another Salmonella gene, galE, and demon-
strated that deletion of the galE gene could significantly induce NLRP3 inflammasome
activation. The absence of the Salmonella galE gene results in the use of exogenous galactose
in the host cell which may disrupts metabolism [62,63]. Thus, our results further confirmed
that the disruption of host cell metabolism may modulate inflammasome activation. In
addition, Salmonella preferentially associates with anti-inflammatory/M2 macrophages
which are capable of utilizing fatty acid metabolites rather than glycolysis at the later stages
of infection to avoid triggering an inflammatory response [64]. Our work and previous
studies collectively suggest that metabolites may serve as molecular signals to the innate
immune cells to initiate the recruitment of inflammasomes and secretion of cytokines.

We also identified differentially expressed genes and enriched pathways in Salmonella
infected macrophages. This analysis uncovered multiple signaling pathways that are associ-
ated with inflammasome activation and inflammation. Inflammation-associated molecules
have been shown elsewhere to stimulate the synthesis and release of von Willebrand Factor
(vWF), a biomarker of inflammation [65]. Dyrk1b is an arginine-directed serine/threonine
protein kinase which is highly expressed in many cancers. Increased levels of Dyrk1b
have been found to interact with STAT3 to modulate the activation of astrocyte cells in
LPS-induced neuroinflammation [66]. Furthermore, ULK4 has been associated with pri-
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mary biliary cholangitis (PBC); expression levels of ULK4 were found to be significantly
higher in PBC patients than in healthy controls, suggesting a potential relationship between
ULK4 and inflammation [67]. Our expression analyses showed that transcript levels of vwf,
dyrk1b, and ulk4 were significantly elevated in macrophages infected with the ∆fliC∆galE
strain (Figure 6C,D), indicating that the pathways regulated by these genes may also play a
role in GalE protein regulation and its contribution to inflammasome activation. Besides,
ULK4 has been reported as an autophagy-related gene and acts upstream of PIK3C3 to
regulate the formation of autophagophore [68]. The previous studies have also reported
that the autophagy can cause excessive activation of NLRP3 inflammasome [69]. Thus, we
may speculate that the ULK4 involved in the activation of inflammasome is dependent
on the autophagy. Interleukin-10 (IL-10) is a key anti-inflammatory cytokine secreted
by activated immune cells [70]. Furthermore, IL-10 can inhibit the secretion of IL-1β by
reducing pro-IL-1β protein or inhibiting the activation of the NLRP3 inflammasome [71].
In our study, we observed that expression levels of IL-10 were suppressed in J774A.1 cells
infected with the ∆fliC∆galE strain (Figure 6C,D), which could explain why ∆fliC∆galE
significantly enhanced inflammasome activation in infected cells.

5. Conclusions

In this study, we first established that S. Enteritidis GalE protein inhibits the activa-
tion of the NLRP3 inflammasome in infected cells and is essential for the virulence of S.
Enteritidis. Furthermore, we found that the GalE protein can be secreted into host cells to
modulate inflammasome activation. Our RNA-seq data indicated that multiple signaling
pathways were enriched in infected cells, and that these pathways were primarily related
to inflammasome activation. We demonstrated that the GalE protein inhibits activation
of the NLRP3 inflammasome to promote the virulence of S. Enteritidis. Collectively, our
data provide evidence that Salmonella disrupts the homeostasis of metabolism in host cells
to inhibit the activation of inflammasomes, offering a putative mechanism of bacterial
immune evasion strategies.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/microorganisms10050911/s1, Table S1: Bacterial strains and
plasmids used in this study. Table S2: The primers used in this study. Figure S1: Analysis of candidate
transposon insertion mutants. (A) Z scores were calculated for each individual well in a 48-well cell
plate, and a Z score ≤ −2 or ≥2 was considered significant. (B) Insertion sites of transposon mutants.
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