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Pasteurella multocida is a zoonotic pathogen causing respiratory infection in different
animal species such as cattle, sheep, pigs, chickens and humans. Inflammasome is
a complex assembled by multiple proteins in the cytoplasm and plays an important
role in the host defense against microbial infection. Bovine Pasteurella multocida type
A (PmCQ2) infection induces NLRP3 inflammasome activation and IL-1β secretion,
but the mechanism of PmCQ2-induced activation of NLRP3 inflammasome is still
unknown. Therefore, the underlying mechanism was investigated in this study. The
results showed that potassium efflux mediated PmCQ2-induced IL-1β secretion
and blocking potassium efflux attenuated PmCQ2-induced caspase-1 activation and
ASC oligomerization. Furthermore, NIMA-related kinase 7 (Nek7) was also involved
in PmCQ2-induced caspase-1 activation and IL-1β secretion. In addition, PmCQ2
infection promoted Nek7-NLRP3 interaction, which is dependent on potassium efflux.
In conclusion, our results indicate the critical role of potassium efflux and Nek7 in
Pasteurella multocida-induced NLRP3 inflammasome activation, which provides useful
information about Pasteurella multocida-induced host immune response.
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INTRODUCTION

Pasteurella multocida (P. multocida) is a conditional pathogen that causes a variety of diseases
and closely related to the outbreak of animal diseases (Kubatzky, 2012; Wilson and Ho, 2013;
Guan et al., 2020). So far, P. multocida is identified and classified as five capsular serogroups
(serogroups A, B, D, E and F) (Townsend et al., 2001). These serotypes of P. multocida causes
severe infections with different clinical symptoms in different animals. For example, P. multocida
of B and E serotypes infect cloven-hoofed animals including cattle and sheep, causing hemorrhagic
septicemia. P. multocida of serotype A and F infection cause avian cholera. P. multocida of serotype
D (a small amount of type A) cause infection in pigs or rabbits, leading to atrophic rhinitis (Wilkie
et al., 2012). Out of five serogroups, type A P. multocida is one of the main pathogens of bovine
respiratory syndrome leading to high morbidity and mortality, which brings big economic loss in
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bovine industry. So far, there is no efficient therapies to prevent
or treat its infection. Therefore, it is necessary to investigate
the interaction of P. multocida and the host, which will
contribute to the development of novelty therapeutics from the
host perspective.

The study on genomic analysis of a highly virulent
P. multocida strain PmCQ2 induced host response suggested
that PmCQ2 infection may activate NOD-like receptor signaling
pathway (Wu et al., 2017; Li et al., 2020; He et al., 2021). The
central protein of the inflammasome complex include NOD-
like receptor (NLR) family, AIM2-like receptor (ALR) family,
and pyrin protein. Assembly and activation of inflammasome
also require apoptosis-associated speck like protein (ASC) to
recruit caspase-1 protein. Inflammasomes play an important
role in host defense against pathogen infection and are a
core component of innate immune surveillance (Deets and
Vance, 2021). NLR Family Pyrin Domain Containing 3 (NLRP3)
inflammasome is the most studied and can be activated by
different microorganisms including bacteria and viruses (Wang
et al., 2018; Zhi et al., 2020; Ta and Vanaja, 2021; Ye et al.,
2021). Our previous research showed that P. multocida induce
NLRP3 inflammasome activation, leading to maturation and
secretion of IL-1β in vivo and in vitro (Fang et al., 2019). However,
the upstream signaling mechanism of NLRP3 inflammasome
activation is still unclear.

NLRP3 inflammasome activation is involved in multiple
signals, such as efflux of potassium (K+), lysosomal disruption,
mitochondrial dysfunction and metabolic changes (Kelley et al.,
2019; Swanson et al., 2019). Of these factors, K+ efflux is thought
to be a common trigger of NLRP3 inflammasome activation.
Recently, it has been reported that K+ efflux-mediated NLRP3
inflammasome activation requires a NLRP3-binding protein
called Nek7 which is a member of the mammalian NIMA-related
kinases (Neks) family (He et al., 2016). Nek7 has been identified
to play an important role to activate NLRP3 inflammasome
via direct interaction with NLRP3 protein (Liu G. et al., 2020).
Although Nek7 has been identified to act as downstream of K+
efflux to involve in NLRP3 inflammasome activation, it is still
unknown about the mechanism of Nek7-NLRP3 interaction in
response to P. multocida infection.

Therefore, in this study, we investigated the mechanism
of P. multocida-induced NLRP3 inflammasome activation as
well as Nek7-NLRP3 interaction in macrophages. The results
showed that P. multocida induced Nek7 binding to NLRP3
protein to regulate the activation of NLRP3 inflammasome, and
then ASC was recruited to activate caspase-1, leading to the
maturation and secretion of IL-1β, and this process depended
on K+ efflux. Our research provides further understanding of the
mechanism of P. multocida-induced pro-inflammatory immune
response.

MATERIALS AND METHODS

Mice
The wild-type (WT) C57BL/6 mice were purchased from
Chongqing Academy of Chinese Material Medical (Chongqing,

China). Nlrp3−/−, Asc−/− and Casp1/11−/− mice were kindly
gifted by Dr. Feng Shao from the NIBS (National Institute of
Biological Sciences, Beijing, China). All gene knockout mice
were on a C57BL/6 background and maintained in Specific
Pathogen Free (SPF) conditions for being used at 8-10 weeks
old. All of animal experiments were approved by the Southwest
University Ethics Committee, Chongqing, China (IACUC-2019-
0112-02).

Bacterial Strains
The highly virulent bovine P. multocida capsular type A PmCQ2
(GenBank accession number: LIUN00000000) was isolated from
the lungs of calves with pneumonia in Chongqing, China (Du
et al., 2016). The bacteria were stored at−80 ◦C and incubated on
Martin’s agar plates at 37◦C for 18–24 h. Then, the single colony
was incubated in 5 mL Martin Broth (Solarbio, China) at 37◦C for
12 h. Bacterial concentration was determined by colony counting,
and the bacteria was diluted as indicated concentration for assays
described below.

Preparation of Peritoneal Macrophages
and Bacterial Infection in vitro
Peritoneal exudate cells (PECs) were collected as previously
reported (Fang et al., 2019). Briefly, mice were injected
intraperitoneally with 2 mL of 4% thioglycolate (Eiken, Japan)
and PECs were collected 3 days later. PECs were suspended
with RPMI 1640 medium containing 10% FCS. Cells were
seeded into each well at 2 × 105 cells/well for 48-well plates
or 1.0 × 106 cells/well for 12-well plates and incubated
at 37◦C with 5% CO2. After 2 h incubation, the non-
adherent cells were removed and adherent cells were infected
with PmCQ2 at a multiplicity of infection (MOI) of 1 for
9 h. Then 100 µg/mL of ciprofloxacin (Solarbio, China)
was added for an additional 15 h. After 24 h incubation,
supernatants and cell lysates were collected for assays described
below. To inhibit the outflow of potassium ions, cells were
pretreated with KCl, Quinine (Sigma, United States) or
Glibenclamide (dilute with DMSO, TCI, China) for 30 min before
bacterial infection.

Enzyme Linked Immunosorbent Assay
Cells were prepared in 48-well plates and infected with PmCQ2
as described above. After infection, supernatants were collected
and Enzyme Linked Immunosorbent Assay (ELISA) was used to
measure the levels of cytokines according to the manufacturers’
instructions. The kits of IL-1β, TNF-α, and IL-6 were purchased
from Invitrogen (CA, United States).

Western Blot Analysis
Cells were prepared in 12-well plates and infected with PmCQ2
as described above. After infection, supernatants were collected
and concentrated using 20% (w/v) trichloroacetate, and the
cells were lysed with 1 × SDS Loading buffer (Beyotime,
China). Cell lysates were subjected to 12% SDS-PAGE and
subsequently transferred onto a polyvinylidene difluoride
(PVDF) membrane by electroblotting. The membranes were
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blocked with 5% non-fat dry milk and then immunoblotted
with indicated antibodies (Abs) including anti-IL-1β Ab
(R&D, United States), anti-Caspase1-p20 Ab (AdipoGen,
United States), anti-ASC Ab (Cell signaling technology, Danvers,
MA, United States), anti-Nek7 Ab (Abcam, Cambridge, UK),
anti-NLRP3 Ab (Wanlei Life Sciences, Shenyang, China)
and anti-GAPDH Ab (Beyotime, Beijing, China). Finally, the
distinct protein bands were detected by ECL detection reagent
(Biosharp, China).

ASC Oligomerization
Cells were prepared in 12-well plates and infected with PmCQ2
as described above. After infection, cells were lysed with cold PBS
containing 0.5% Triton X-100 and cell lysates were centrifuged
at 13,000 rpm for 15 min at 4◦C to obtain cell pellets. Then,
the pellets were washed twice with cold PBS and suspended in
200 µL PBS. Subsequently, the resuspended pellets were cross-
linked with 2 mM fresh disuccinimidyl suberate (DSS) at 37◦C for
30 min and the pellets were centrifuged at 13,000 rpm for 15 min
at 4◦C. Finally, the cross-linked pellets were redissolved in 30 µL
1 × SDS-PAGE sample loading buffer and samples were boiled
for 5 min before the western blot analysis.

RT-PCR Analysis
PECs were infected with PmCQ2 as described above. After
infection, total RNA was extracted using the TRIzol Reagent
(Life Technologies Carlsbad, CA, United States) according
to the manufacturers’ instructions, and then cDNA was
synthesized using PrimeScript R© RT reagent Kit (Perfect
Real Time) (Takara, Japan). Subsequently, quantitative real
time-PCR (RT-PCR) was performed using the CFX96 (Bio-
Rad, United States). Primers were used as follows: β-actin
forward 5′-TGGAATCCTGTGGCATCCATGAAAC and
reverse 5′-TAAAACGCAGCTCAGTAACAGTCCG, NLRP3
forward 5′-CTTTCTGGACTCTGACCGGG and reverse 5′-
CTCCCATTCTGGCTCTTCCC. The relative mRNA expression
was analyzed against the expression level of β-actin.

Immunoprecipitation
After infection, cells were lysed in ice-cold cell lysis buffer
(20 mM Tris, pH 7.5, 150 mM NaCl, 1% Triton X-
100, and sodium pyrophosphate, β-glycerophosphate, EDTA,
Na3VO4, leupeptin) (Beyotime, Beijing, China) for western
blot and Immunoprecipitation (IP). Cell lysates were clarified
by centrifugation (12,000 rpm) at 4◦C for 10 min, and were
incubated with anti-NLRP3 (1:100) or Rabbit IgG (Beyotime,
Beijing, China) as negative control at 4◦C overnight. The
proteins bound to antibody were pulled down by protein
A + G beads (Beyotime, Beijing, China) and subjected to
immunoblotting analysis.

RNA Interference
PECs were transfected using Lipofectamine 3000 (Thermo
Fisher Scientific, United States) with 60 nM of Nek7 siRNA
(Sangon Biotech, 5′-GAUAGACUGUGUUUAUAGATT-3′) or
60 nM of control siRNA (Sangon Biotech, 5′-UUCUCCG

AACGUGUCACGUTT-3′) for 48 h before infection and then
were infected with PmCQ2 as described before. Finally, cell
lysates were collected for RT-PCR and western blot. The
relative Nek7 gene expression levels were normalized against
β-actin expression.

Immunofluorescence Microscopy
Cells were prepared as described and infected with PmCQ2
for 3 or 4 h. After infection, cells were fixed with 4%
paraformaldehyde (Sango Biotech, Shanghai, China) for 30 min
at room temperature (RT) and then blocked with 5% Bovine
Serum Albumin (BSA) for 1 h at RT. After washing steps,
primary antibodies (anti-ASC Ab, Santa Cruz, CA; anti-NLRP3
Ab, Wanlei Life Sciences, Shenyang, China) were added and
incubated overnight at 4◦C. Next, Goat anti-rabbit IgG (H&L)
Alexa fluor 594 (Abcam, United Kingdom) was added after
washing with PBS at RT for 1 h. Subsequently, DAPI (Beyotime
Biotechnology, Shanghai, China) was added and incubated
in the dark for 5 min. Finally, anti-fluorescence attenuation
mounting tablets (Solarbio, Beijing, China) were used and
the results were observed an inverted fluorescence microscope
(Olympus, Tokyo, Japan).

To show the extent of speck formation more intuitively,
the percentage of cells that contained a speck was determined.
Cells from five different fields (average of 100 cells/field) were
counted based on DAPI-stained nuclei for each of different
experiments. Images were analyzed using ImageJ. The data is
expressed as the percentage of cells with specks per number of
cells per field.

Statistical Analysis
All data were presented as mean ± SD of three independent
experiments and analyzed by Student’s t-test for two-group
comparison. Statistical significance was shown as ∗p < 0.05,
∗∗p < 0.01, and n.s means no significance. All the graphs were
made by GraphPad Prism software.

RESULTS

K+ Efflux Is Required for
PmCQ2-Induced IL-1β Secretion
Our previous study showed that PmCQ2-induced IL-1β

secretion was NLRP3-dependent (Fang et al., 2019), but the
exact mechanism of PmCQ2-induced NLRP3 inflammasome
activation remains unknown. Therefore, to explore the role
of K+ efflux in PmCQ2-induced NLRP3 inflammasome
activation, different K+ channel inhibitors including KCl,
Quinine and Glibenclamide were used to pretreat macrophages
prior to infection to inhibit potassium efflux. Our results
showed that these K+ channel inhibitors significantly
reduced PmCQ2-induced IL-1β secretion in macrophages
in a concentration-dependent manner (Figures 1A–C) while the
secretion of TNF-α and IL-6 were not affected (Figures 1D–G).
These results suggest that potassium efflux is essential for IL-1β

secretion in PmCQ2-infected macrophages.
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FIGURE 1 | K+ efflux is required for PmCQ2-induced IL-1β secretion. PECs were pretreated with different inhibitors including Quinine or Glibenclamide (Gliben) or
DMSO 30 min prior to PmCQ2 infection to prevent K+ efflux. Next, cells were uninfected (UI) or infected with PmCQ2 at a MOI of 1 in the presence or absence of
KCl for 9 h and then ciprofloxacin (final concentration, 100 µg/ml) was added for an additional 15 h. After 24 h incubation, the levels of IL-1β (A–C), TNF-α (D–F) and
IL-6 (G) in the supernatants were determined by ELISA. Data are presented as the mean ± SD of triplicate independent experiments. Statistical significance was
shown as **p < 0.01.

K+ Efflux Involves in PmCQ2-Induced
Caspase-1 Activation and ASC
Oligomerization
Our previous study has shown that PmCQ2-induced IL-1β

secretion in macrophages was caused by NLRP3 inflammasome
assembly to activate caspase-1 activity. To identify the role of
K+ efflux in PmCQ2-induced NLRP3 inflammasome assembly,
caspase-1 activation and the formation of ASC oligomerization
were investigated. Our results showed that the inhibition of
K+ efflux significantly reduced PmCQ2-induced IL-1β secretion
and caspase-1 (p20) maturation (Figure 2A). Notably, PmCQ2-
induced NLRP3 transcription was not affected by inhibited K+
channel in macrophages (Figure 2B). Similarly, the expression
of adaptor protein ASC as the important component of NLRP3
inflammasome was not regulated by K+ efflux (Figure 2C).
However, the formation of ASC dimer and oligomer, which
is critical for NLRP3 activation, were significantly reduced
via inhibition of K+ efflux in PmCQ2-infected macrophages
(Figure 2C). Interestingly, Quinine seems to be different with
KCl, Quinine exerts an inhibitory effect on ASC monomer
after ASC cross-linking but has no effect on ASC in lysate.
Similarly, the results of immunofluorescence also showed that

blocking K+ efflux significantly decreased the formation of ASC
specks (Figure 2D, white arrows). In addition, we analyzed
the percentage of cells (compared to the total number of
cells) with ASC specks, the treatment of PmCQ2-infected cells
with inhibitors showed a significant reduction in ASC specks
(Figure 2E). These results suggest that K+ efflux is a necessary
upstream signaling of PmCQ2-induced NLRP3 inflammasome
activation, which induces ASC oligomerization and caspase-1
activation, leading to IL-1β.

Nek7 Is Essential for PmCQ2-Induced
Formation of ASC Specks and
Maturation of Caspase-1 and IL-1β
It has been discovered that Nek7 acts on the downstream of K+
outflow, directly binds to NLRP3 and regulates NLRP3 activation.
To investigate whether Nek7 mediates PmCQ2-induced NLRP3
inflammasome activation, resulting in IL-1β secretion in
macrophages, Nek7 expression was genetically modified in
primary macrophages using siRNA knock-out. The results
showed that the transcription level of Nek7 in macrophages
after Nek7 siRNA transfection was significantly lower than that
of negative control siRNA transfection (Figure 3A) and these
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FIGURE 2 | K+ efflux involves in PmCQ2-induced caspase-1 activation and ASC oligomerization. PECs were pretreated with 1,000 µM Quinine, 100 µM
Glibenclamide and 100 µM DMSO 30 min prior to PmCQ2 infection. Next, cells were uninfected (UI) or infected with PmCQ2 at a MOI of 1 in the presence or
absence of 50 mM KCl for 9 h and then ciprofloxacin (final concentration, 100 µg/ml) was added for an additional 15 h. After 24 h incubation, supernatants and cell
lysates were collected. The formation of caspase-1 (p20: subunit; p45: precursor) and IL-1β (p17: subunit; p31: precursor) were detected by western blot analysis
(A). The level of NLRP3 mRNA expression was analyzed by RT-PCR (B). The formation of ASC oligomerization was detected by immunoblotting (C). Representative
images of ASC speck are shown (D) by immunofluorescent staining (white arrows, ASC speck) (D). The number of specks in PmCQ2-Infected WT Macrophages
was quantified and expressed as the percentage of specks per cell number. The percentage of cells with specks relative to the total number of cells is shown (E).
Statistical significance was shown as **p < 0.01, no significance was shown as n.s.

Nek7 knock-down cells also showed decreased Nek7 protein
expression by western blot analysis (Figures 3F,G), indicating
the silence of nek7 gene. Furthermore, knockdown of Nek7
significantly inhibited the secretion of IL-1β (Figure 3B), but
the secretion of IL-6, TNF-α, and IL-1α were not affected
during PmCQ2 infection (Figures 3C–E). Similarly, PmCQ2-
induced protein expression of caspase-1 and IL-1β were also
attenuated in si-Nek7 cells while the NLRP3 protein expression
was not affected (Figures 3F,G). In addition, the results of
immunofluorescence also showed the formation of ASC specks
and the combination of ASC and NLRP3 was significantly

reduced after Nek7 knockdown (Figure 3H). Similarly, the
percentage of cells with ASC specks after transfection is also
consistent with this result (Figure 3I). These results demonstrate
the involvement of Nek7 in NLRP3 inflammasome activation in
response to PmCQ2 infection.

K+ Efflux Mediates PmCQ2-Induced
Nek7-NLRP3 Interaction
Nek7 plays an important role in the regulation of NLRP3
inflammasome activation as shown in Figure 3. Next,
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FIGURE 3 | Nek7 is essential for PmCQ2-induced formation of ASC specks and maturation of caspase-1 and IL-1β. Nek7 knockdown in macrophages was
performed using Nek7 siRNA transfection as confirmed for 48 h by RT-PCR, immunoblotting and immunofluorescence and then cells were infected as described
above. Nek7 mRNA expression level was determined by RT-PCR (A). After 48 h of si-RNA transfection, PECs were infected with PmCQ2 for 9 h and then
ciprofloxacin (100 µg/ml) was added for an additional 15 h. After 24 h incubation, the secretion levels of IL-1β (B), IL-6 (C), TNF-α (D), and IL-1α (E) in si-NC
transfected or si-Nek7 transfected cells in uninfected and infected cells were detected by ELISA. The protein levels of NLRP3, IL-1β (p31, p17), and caspase-1 (p45,
p20) were detected by immunoblotting (F). Relative Nek7 or caspase-1 protein expression level against GAPDH is quantified (G). The formation of ASC specks and
combination of ASC and NLRP3 were detected by immunofluorescent staining Representative images of ASC speck and NLRP3 are shown (H) by
immunofluorescent staining (white arrows, ASC speck). The number of specks in WT macrophages transfected with si-NC or si-Nek7 was quantified and expressed
as a percentage of the number of specks per cell. The percentage of cells with specks relative to the total number of cells is shown (I). Statistical significance was
shown as *p < 0.05, **p < 0.01, no significance was shown as n.s.
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Nek7-NLRP3 interaction induced by PmCQ2 infection and
the role of K+ efflux in this process were further studied.
The results of western blot clearly showed Nek7 protein
expression in infected and non-infected macrophages including
Nlrp3−/−, Asc−/−, Casp1/11−/− cells (Figure 4A), suggesting
that these components of inflammasome are not involved
in Nek7 expression. Interestingly, PmCQ2 promoted Nek7-
NLRP3 interaction by the detection of Co-IP not only in
WT macrophages but also in Asc−/− and Casp1/11−/− cells
(Figure 4B), demonstrating that inflammasome components
are not associated with Nek7-NLRP3 interaction. Finally, to
understand the mechanism of PmCQ2-induced Nek7-NLRP3
interaction, inhibitors of potassium ions were used to disrupt
K+ efflux to investigate its role in Nek7-NLRP3 interaction.
Our results showed that PmCQ2-induced combination of Nek7
and NLRP3 was abrogated in KCl-treated macrophages while
Nek7 protein expression was not affected (Figures 4C,D). These
results indicate that Nek7 just binds to NLRP3 protein to regulate
inflammasome in response to PmCQ2 infection and this process
is mediated by K+ efflux.

DISCUSSION

Bovine P. multocida is an important pathogen that causes bovine
hemorrhagic sepsis and bovine respiratory syndrome, which has

brought huge economic losses to beef cattle breeding (Turni
et al., 2016). So far, vaccination and antibiotics are used to
prevent and treat P. multocida infection. However, the efficacy
of vaccine is limited in antigenic variation while the use of
antibiotics is limited by the development of antibiotic resistance
(Rérat et al., 2012). Therefore, the novel therapeutics against
P. multocida are needed and the study on P. multocida-induced
host immune response will contribute to the development of
new therapeutics. Furthermore, a successful immune response is
critical for efficient clearance of pathogens. Our previous study
has shown that P. multocida activates NLRP3 inflammasome,
subsequently induces caspase-1 activation which process pro-IL-
1β into biologically active IL-1β, leading to IL-1β secretion and
inflammatory response against infection. In this study, we further
investigated the mechanism of P. multocida-induced NLRP3
inflammasome activation.

It has been shown that K+ efflux is an important factor
to manipulate the activation of NLRP3 inflammasome (Zhao
et al., 2020). Franchi et al. (2007) reported that intracellular
concentration of K+ mediates NLRP3 inflammasome activation
triggered by ATP and bacterial infection. Depletion of
intracellular K+ promotes pathogens-induced caspase-1
activation, leading to maturation and secretion of IL-1β. Besides
bacterial infection, Hou et al. (2021) found that bacterial
toxin-stimulated NLRP3 inflammasome activation is also
dependent on K+ efflux. Recently, it has been identified that

FIGURE 4 | K+ efflux mediates PmCQ2-induced Nek7-NLRP3 interaction. PECs from C57BL/6 WT, Casp1−/−, Asc−/−, and Nlrp3−/− mice were uninfected (UI) or
infected with PmCQ2 as described above. After 24 h incubation, the levels of Nek7 in cell lysates were measured by western blot (A). NLRP3 protein complexes
were immunoprecipitated with anti-NLRP3 antibody and analyzed by immunoblotting. The Nek7-NLRP3 interaction was detected by immunoprecipitation and
immunoblotting (B). Cells from WT mice were pretreated with Quinine or Glibenclamide and infected with PmCQ2. Nek7 protein expression (C) and Nek7-NLRP3
interaction (D) were detected by western blotting as well as immunoprecipitation and immunoblotting, respectively.
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TWIK2 expressed in the plasma membrane as a K+ efflux
channel regulates cellular immunity, which is responsible
for ATP-induced NLRP3 inflammasome activation and is
sensitive to quinine (Di et al., 2018). Similarly, Glibenclamide
has been also reported to attenuate the activation of NLRP3
inflammasomes by blocking K+ efflux (Liu et al., 2017; Shao et al.,
2020). Furthermore, Liu H. et al. (2020) used Glibenclamide
to block K+ efflux to further study the role of K+ efflux in
Nek7-NLRP3 interaction. Therefore, in our study, quinine and
Glibenclamide are used to block K+ efflux. Our data showed
that IL-1β secretion induced by P. multocida was dramatically
inhibited after the outflow of intracellular K+ was disturbed
in macrophages by potassium channel blockers. Furthermore,
P. multocida-induced both caspase-1 activation and ASC
oligomerization were also attenuated by blocking intracellular
K+ efflux. These results suggest that P. multocida induces
K+ efflux and then drives NLRP3 inflammasome activation,
indicating that K+ efflux is a common step to trigger NLRP3
inflammasome activation induced by pathogen-associated
molecular patterns (PAMPs) or danger-associated molecular
patterns (DAMPs).

Nek7 is a highly conserved serine/threonine kinase that is
essential for the initiation of mitosis, cell cycle progression, cell
division, and mitosis (Shi et al., 2016). Recently, it has been found
that Nek7 is an important mediator of NLRP3 activation and
being able to bind to NLRP3 protein to activate inflammasome.
Chen et al. (2019) have shown that Nek7 knockdown abolishes
LPS + ATP-induced caspape-1 activation and Nek7 exerts its
function via interaction with NLRP3. Detailly, Nek7 deficiency
abrogates NLRP3 oligomerization and ASC speck formation
in LPS-primed macrophages (He et al., 2016). Similarly, our
data showed that Nek7 knockdown significantly attenuated
P. multocida-induced the formation of ASC specks and caspase-
1 activation as well as IL-1β secretion. These results indicate
that Nek7 is indispensable for P. multocida-induced NLRP3
inflammasome activation.

Bacterial infections have rarely been reported to activate
NLRP3 inflammasome via Nek7-NLRP3 interaction, but
researchers are gradually paying more attention on it. Recently,
Listeria monocytogenes have been shown to promote Nek7-
NLRP3 interaction through the Mst1/2-ALK pathway to activate
inflammasomes and mediate cell apoptosis (Gao et al., 2021).
Similarly, the activation of NLRP3 inflammasomes triggered
by the Escherichia coli RhoGTPase-activating toxin CNF1
is also mediated by the interaction of Nek7-NLRP3 via K+
efflux (Dufies et al., 2021). In addition, the latest research
shows that Staphylococcus aureus infection activates NLRP3
inflammasome through Nek7 and K+ efflux signaling (Liu
et al., 2021). Our study showed that P. multocida-induced
combination of NLRP3 and Nek7 was dependent on K+
efflux, which is also consistent with the findings that K+ efflux
mediates Nek7-NLRP3 interaction (Lamkanfi et al., 2009;
Di et al., 2018). Interestingly, knockout of inflammasome
components including caspase-1/11 and ASC did not affect
P. multocida-induced Nek7-NLRP3 interaction, indicating that
Nek7 only binds to NLRP3 protein to activate inflammasome

and this process is independent on inflammasome components.
These results demonstrate the important role of K+ efflux
and Nek7 in P. multocida-induced NLRP3 inflammasome
activation. Although the involvement of Nek7 in inflammasome
activation, it is still unclear whether other kinases or other
signaling molecules are involved and therefore further research
is still needed.

In summary, our study showed that P. multocida promotes
Nek7-NLRP3 interaction to activate NLRP3 inflammasome,
leading to caspase-1 activation and IL-1β secretion. In
addition, K+ efflux acts as upstream signaling of Nek7 to
mediate Nek7-NLRP3 interaction. This study provides a
new insight on P. multocida-induced NLRP3 inflammasome
activation.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding author/s.

ETHICS STATEMENT

The animal study was reviewed and approved by the Southwest
University Ethics Committee, Chongqing, China (IACUC-2019-
0112-02).

AUTHOR CONTRIBUTIONS

YW, ZZ, JR, and XW performed the experiments. LP, CY, and
CD helped to analyze the data. RF and YP supervised the study
and designed the experiments. YW, ZZ, LP, and RF drafted the
manuscript. All authors have read and agreed to the published
version of the manuscript.

FUNDING

This study was supported by the National Natural Science
Foundation of China (32172850 and 32102684), the
Fundamental Research Funds for the Central Universities
(SWU120057), the Chongqing Science and Technology
Commission (cstc2021jcyj-msxmX0504 and cstc2021jcyj-
msxm2218), the China Agriculture Research System of
MOF and MARA (CARS-37), and the Foundation for
Innovation Research Groups in Chongqing Universities
(CXQT20004).

ACKNOWLEDGMENTS

We thank Dr. Feng Shao from NIBS (National Institute
of Biological Sciences, Beijing) to provide the Casp1/11−/−,
Asc−/−, and Nlrp3−/− mice.

Frontiers in Microbiology | www.frontiersin.org 8 March 2022 | Volume 13 | Article 849482

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-13-849482 March 2, 2022 Time: 15:59 # 9

Wang et al. Nek7 Mediates Pasteurella multocida-Induced Inflammasome Activation

REFERENCES
Chen, X., Liu, G., Yuan, Y., Wu, G., Wang, S., and Yuan, L. (2019). NEK7 interacts

with NLRP3 to modulate the pyroptosis in inflammatory bowel disease via
NF-κB signaling. Cell Death Dis. 10:906. doi: 10.1038/s41419-019-2157-1

Deets, K. A., and Vance, R. E. (2021). Inflammasomes and adaptive immune
responses. Nat. Immunol. 22, 412–422. doi: 10.1038/s41590-021-00869-6

Di, A., Xiong, S., Ye, Z., Malireddi, R. K. S., Kometani, S., Zhong, M., et al.
(2018). The TWIK2 potassium efflux channel in macrophages mediates NLRP3
inflammasome-induced inflammation. Immunity 49, 56–65.e4. doi: 10.1016/j.
immuni.2018.04.032

Du, H., Fang, R., Pan, T., Li, T., Li, N., He, Q., et al. (2016). Comparative genomics
analysis of two different virulent bovine Pasteurella multocida isolates. Int. J.
Genomics 2016:4512493. doi: 10.1155/2016/4512493

Dufies, O., Doye, A., Courjon, J., Torre, C., Michel, G., Loubatier, C., et al.
(2021). Escherichia coli Rho GTPase-activating toxin CNF1 mediates NLRP3
inflammasome activation via p21-activated kinases-1/2 during bacteraemia in
mice. Nat. Microbiol. 6, 401–412. doi: 10.1038/s41564-020-00832-5

Fang, R., Du, H., Lei, G., Liu, Y., Feng, S., Ye, C., et al. (2019). NLRP3
inflammasome plays an important role in caspase-1 activation and IL-1β

secretion in macrophages infected with Pasteurella multocida. Vet. Microbiol.
231, 207–213. doi: 10.1016/j.vetmic.2019.03.019

Franchi, L., Kanneganti, T. D., Dubyak, G. R., and Núñez, G. (2007). Differential
requirement of P2 × 7 receptor and intracellular K+ for caspase-1 activation
induced by intracellular and extracellular bacteria. J. Biol. Chem. 282, 18810–
18818. doi: 10.1074/jbc.M610762200

Gao, A., Tang, H., Zhang, Q., Liu, R., Wang, L., Liu, Y., et al. (2021). Mst1/2-ALK
promotes NLRP3 inflammasome activation and cell apoptosis during Listeria
monocytogenes infection. J. Microbiol. 59, 681–692. doi: 10.1007/s12275-021-
0638-2

Guan, L., Zhang, L., Xue, Y., Yang, J., and Zhao, Z. (2020). Molecular pathogenesis
of the hyaluronic acid capsule of Pasteurella multocida. Microb. Pathog.
149:104380. doi: 10.1016/j.micpath.2020.104380

He, F., Zhao, Z., Wu, X., Duan, L., Li, N., Fang, R., et al. (2021). Transcriptomic
analysis of high- and low-virulence bovine Pasteurella multocida in vitro and
in vivo. Front. Vet. Sci. 8:616774. doi: 10.3389/fvets.2021.616774

He, Y., Zeng, M. Y., Yang, D., Motro, B., and Núñez, G. (2016). NEK7 is an essential
mediator of NLRP3 activation downstream of potassium efflux. Nature 530,
354–357. doi: 10.1038/nature16959

Hou, F., Peng, L., Jiang, J., Chen, T., Xu, D., Huang, Q., et al. (2021). ATP facilitates
staphylococcal enterotoxin O induced neutrophil IL-1β secretion via NLRP3
inflammasome dependent pathways. Front. Immunol. 12:649235. doi: 10.3389/
fimmu.2021.649235

Kelley, N., Jeltema, D., Duan, Y., and He, Y. (2019). The NLRP3 inflammasome: an
overview of mechanisms of activation and regulation. Int. J. Mol. Sci. 20:3328.
doi: 10.3390/ijms20133328

Kubatzky, K. F. (2012). Pasteurella multocida and immune cells. Curr. Top.
Microbiol. Immunol. 361, 53–72.

Lamkanfi, M., Mueller, J. L., Vitari, A. C., Misaghi, S., Fedorova, A., Deshayes,
K., et al. (2009). Glyburide inhibits the Cryopyrin/Nalp3 inflammasome. J. Cell
Biol. 187, 61–70. doi: 10.1083/jcb.200903124

Li, P., He, F., Wu, C., Zhao, G., Hardwidge, P. R., Li, N., et al. (2020).
Transcriptomic analysis of chicken lungs infected with avian and bovine
Pasteurella multocida serotype A. Front. Vet. Sci. 7:452. doi: 10.3389/fvets.2020.
00452

Liu, G., Chen, X., Wang, Q., and Yuan, L. (2020). NEK7: a potential therapy target
for NLRP3-related diseases. Biosci. Trends 14, 74–82. doi: 10.5582/bst.2020.
01029

Liu, H., Gu, C., Liu, M., Liu, G., and Wang, Y. (2020). NEK7 mediated assembly
and activation of NLRP3 inflammasome downstream of potassium efflux in
ventilator-induced lung injury. Biochem. Pharmacol. 177:113998. doi: 10.1016/
j.bcp.2020.113998

Liu, L., Dong, Y., Ye, M., Jin, S., Yang, J., Joosse, M. E., et al. (2017). The pathogenic
role of NLRP3 inflammasome activation in inflammatory bowel diseases of both
mice and humans. J. Crohns Colitis 11, 737–750. doi: 10.1093/ecco-jcc/jjw219

Liu, R., Liu, Y., Liu, C., Gao, A., Wang, L., Tang, H., et al. (2021). NEK7-
mediated activation of NLRP3 inflammasome is coordinated by potassium

efflux/Syk/JNK signaling during Staphylococcus aureus infection. Front.
Immunol. 12:747370. doi: 10.3389/fimmu.2021.747370

Rérat, M., Albini, S., Jaquier, V., and Hüssy, D. (2012). Bovine respiratory disease:
efficacy of different prophylactic treatments in veal calves and antimicrobial
resistance of isolated Pasteurellaceae. Prev. Vet. Med. 103, 265–273. doi: 10.
1016/j.prevetmed.2011.09.003

Shao, H., Huang, L., Duan, S., Gao, M., Zhu, J., Chen, X., et al. (2020). Glyburide
attenuates ozone-induced pulmonary inflammation and injury by blocking the
NLRP3 inflammasome. Environ. Toxicol. 35, 831–839. doi: 10.1002/tox.22919

Shi, H., Wang, Y., Li, X., Zhan, X., Tang, M., Fina, M., et al. (2016). NLRP3
activation and mitosis are mutually exclusive events coordinated by NEK7, a
new inflammasome component. Nat. Immunol. 17, 250–258. doi: 10.1038/ni.
3333

Swanson, K. V., Deng, M., and Ting, J. P. (2019). The NLRP3 inflammasome:
molecular activation and regulation to therapeutics. Nat. Rev. Immunol. 19,
477–489. doi: 10.1038/s41577-019-0165-0

Ta, A., and Vanaja, S. K. (2021). Inflammasome activation and evasion by bacterial
pathogens. Curr. Opin. Immunol. 68, 125–133. doi: 10.1016/j.coi.2020.11.006

Townsend, K. M., Boyce, J. D., Chung, J. Y., Frost, A. J., and Adler, B. (2001).
Genetic organization of Pasteurella multocida cap Loci and development of
a multiplex capsular PCR typing system. J. Clin. Microbiol. 39, 924–929. doi:
10.1128/JCM.39.3.924-929.2001

Turni, C., Dayao, D., Aduriz, G., Cortabarria, N., Tejero, C., Ibabe, J. C.,
et al. (2016). A Pasteurella multocida strain affecting nulliparous heifers and
calves in different ways. Vet. Microbiol. 195, 17–21. doi: 10.1016/j.vetmic.2016.
08.022

Wang, W., Li, G., De, W., Luo, Z., Pan, P., Tian, M., et al. (2018). Zika
virus infection induces host inflammatory responses by facilitating NLRP3
inflammasome assembly and interleukin-1β secretion. Nat. Commun. 9:106.
doi: 10.1038/s41467-017-02645-3

Wilkie, I. W., Harper, M., Boyce, J. D., and Adler, B. (2012). Pasteurella multocida:
diseases and pathogenesis. Curr. Top. Microbiol. Immunol. 361, 1–22. doi: 10.
1007/82_2012_216

Wilson, B. A., and Ho, M. (2013). Pasteurella multocida: from zoonosis to cellular
microbiology. Clin. Microbiol. Rev. 26, 631–655. doi: 10.1128/CMR.00024-13

Wu, C., Qin, X., Li, P., Pan, T., Ren, W., Li, N., et al. (2017). Transcriptomic analysis
on responses of murine lungs to Pasteurella multocida infection. Front. Cell.
Infect. Microbiol. 7:251. doi: 10.3389/fcimb.2017.00251

Ye, C., Huang, Q., Jiang, J., Li, G., Xu, D., Zeng, Z., et al. (2021). ATP-dependent
activation of NLRP3 inflammasome in primary murine macrophages infected
by pseudorabies virus. Vet. Microbiol. 259:109130. doi: 10.1016/j.vetmic.2021.
109130

Zhao, N., Li, C. C., Di, B., and Xu, L. L. (2020). Recent advances in the NEK7-
licensed NLRP3 inflammasome activation: mechanisms, role in diseases and
related inhibitors. J. Autoimmun. 113:102515. doi: 10.1016/j.jaut.2020.102515

Zhi, X., Zhang, Y., Sun, S., Zhang, Z., Dong, H., Luo, X., et al. (2020). NLRP3
inflammasome activation by Foot-and-mouth disease virus infection mainly
induced by viral RNA and non-structural protein 2B. RNA Biol. 17, 335–349.
doi: 10.1080/15476286.2019.1700058

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Wang, Zeng, Ran, Peng, Wu, Ye, Dong, Peng and Fang. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Microbiology | www.frontiersin.org 9 March 2022 | Volume 13 | Article 849482

https://doi.org/10.1038/s41419-019-2157-1
https://doi.org/10.1038/s41590-021-00869-6
https://doi.org/10.1016/j.immuni.2018.04.032
https://doi.org/10.1016/j.immuni.2018.04.032
https://doi.org/10.1155/2016/4512493
https://doi.org/10.1038/s41564-020-00832-5
https://doi.org/10.1016/j.vetmic.2019.03.019
https://doi.org/10.1074/jbc.M610762200
https://doi.org/10.1007/s12275-021-0638-2
https://doi.org/10.1007/s12275-021-0638-2
https://doi.org/10.1016/j.micpath.2020.104380
https://doi.org/10.3389/fvets.2021.616774
https://doi.org/10.1038/nature16959
https://doi.org/10.3389/fimmu.2021.649235
https://doi.org/10.3389/fimmu.2021.649235
https://doi.org/10.3390/ijms20133328
https://doi.org/10.1083/jcb.200903124
https://doi.org/10.3389/fvets.2020.00452
https://doi.org/10.3389/fvets.2020.00452
https://doi.org/10.5582/bst.2020.01029
https://doi.org/10.5582/bst.2020.01029
https://doi.org/10.1016/j.bcp.2020.113998
https://doi.org/10.1016/j.bcp.2020.113998
https://doi.org/10.1093/ecco-jcc/jjw219
https://doi.org/10.3389/fimmu.2021.747370
https://doi.org/10.1016/j.prevetmed.2011.09.003
https://doi.org/10.1016/j.prevetmed.2011.09.003
https://doi.org/10.1002/tox.22919
https://doi.org/10.1038/ni.3333
https://doi.org/10.1038/ni.3333
https://doi.org/10.1038/s41577-019-0165-0
https://doi.org/10.1016/j.coi.2020.11.006
https://doi.org/10.1128/JCM.39.3.924-929.2001
https://doi.org/10.1128/JCM.39.3.924-929.2001
https://doi.org/10.1016/j.vetmic.2016.08.022
https://doi.org/10.1016/j.vetmic.2016.08.022
https://doi.org/10.1038/s41467-017-02645-3
https://doi.org/10.1007/82_2012_216
https://doi.org/10.1007/82_2012_216
https://doi.org/10.1128/CMR.00024-13
https://doi.org/10.3389/fcimb.2017.00251
https://doi.org/10.1016/j.vetmic.2021.109130
https://doi.org/10.1016/j.vetmic.2021.109130
https://doi.org/10.1016/j.jaut.2020.102515
https://doi.org/10.1080/15476286.2019.1700058
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	The Critical Role of Potassium Efflux and Nek7 in Pasteurella multocida-Induced NLRP3 Inflammasome Activation
	Introduction
	Materials and Methods
	Mice
	Bacterial Strains
	Preparation of Peritoneal Macrophages and Bacterial Infection in vitro
	Enzyme Linked Immunosorbent Assay
	Western Blot Analysis
	ASC Oligomerization
	RT-PCR Analysis
	Immunoprecipitation
	RNA Interference
	Immunofluorescence Microscopy
	Statistical Analysis

	Results
	K+ Efflux Is Required for PmCQ2-Induced IL-1β Secretion
	K+ Efflux Involves in PmCQ2-Induced Caspase-1 Activation and ASC Oligomerization
	Nek7 Is Essential for PmCQ2-Induced Formation of ASC Specks and Maturation of Caspase-1 and IL-1β
	K+ Efflux Mediates PmCQ2-Induced Nek7-NLRP3 Interaction

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


