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ABSTRACT i ) . . . . . . ARTICLE HISTORY
Aeromonas caviae, an important food-borne pathogen, induces serious invasive infections and Received 4 June 2022

inflammation. The pro-inflammatory IL-1 functions against pathogenic infections and is elevated Revised 1 August 2022
in various Aeromonas infection cases. However, the molecular mechanism of A. caviae-mediated Accepted 18 August 2022
IL-1B secretion remains unknown. In this study, mouse macrophages (PMs) were used to establish
A. caviae infection model and multiple strategies were utilized to explore the mechanism of IL-18 Aeromonas caviae: IL-1B;
secretion. IL-1p was elevated in A. caviae infected murine serum, PMs lysates or supernatants. This NLRP3 inflammaséme; NE-
process triggered NLRP3 levels upregulation, ASC oligomerization, as well as dot gathering of kB; TLR2

NLRP3 and speck-like signals of ASC in the cytoplasm. MCC950 blocked A. caviae mediated IL-13

release. Meanwhile, NLRP3 inflammasome mediated the release of IL-1B in dose- and time-

dependent manners, and the release of IL-1B was dependent on active caspase-1, as well as

NLRP3 inflammasome was activated by potassium efflux and cathepsin B release ways. A. caviae

also enhanced TLR2 levels, and deletion of TLR2 obviously decreased IL-1p secretion. What's more,

A. caviae resulted in NF-kB p65 nuclear translocation partly in a TLR2-dependent manner. Blocking

NF-kB using BAY 11-7082 almost completely inhibited NLRP3 inflammasome first signal pro-IL-1f

expression. Blocking TLR2, NF-kB, NLRP3 inflammasome significantly downregulated IL-1( release

and TNF-a and IL-6 levels. These data illustrate that A. cavige caused IL-1f secretion in PMs is

controlled by NLRP3 inflammasome, of which is mediated by NF-kB pathway and is partially

dependent on TLR2, providing basis for drugs against A. caviae.
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Introduction [4], however, the emergence of drug-resistant strains
restricted treatment effects and such therapy would also

Aeromonas caviae (A. caviae), an aero-anaerobic gram- . . . .
( ) & bring serious side effects to patients [5]. Therefore, the

negative  bacteria, is classified into family i
L search for effective treat and control of the current
Aeromonadaceae and genus Aeromonas [1]. It is widely ) ) ) o )
A. caviae infection situation is needed to be

investigated.

Studies so far revealed that the infection with A.
hydrophila [6], A. wveronii [7], A. sobria [8],
A. salmonicida [9] and A. dhakensis [10] would induce
a series of inflammatory response with elevated IL-1p,
Aeromonas spp. related clinical cases, 96.5% infections TNF-q, IL-6, IL-8 and so on. IL-1p was a potent cyto-
were triggered by A. caviae, A. hydrophila, A. veronii,  kine that functioned in host-response and the resis-
A. dhakensis, and A. caviae infection accounts for the  tance to pathogens [11]. Streptococcus pneumoniae

distributed, commonly found in fresh water and soil
[2]. As an emerging conditional pathogen to humans,
A. caviae infection mainly occurs in elderly people or
children and causes gastroenteritis, sepsis, meningitis,
and wound infections [3]. Statistically, among the

highest proportion of 29.9% [1]. Antibiotic therapy  infection induced the meningitis in mice with increased
strategy played a vital role against A. caviae infection  IL-1p levels [12]. The release of IL-1p also participated
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the Staphylococcus aureus induced sepsis on mice
model [13]. Once the innate immunity system sensed
the invading pathogenic bacteria through pattern-
recognition receptors (PRRs), pro-inflammatory cyto-
kines of IL-1p would be secreted to regulate the inflam-
matory response and recruit immune cells [14].
Macrophages played a vital role in the resistance to
the pathogenic infection [15]. A. dhakensis infection
enhanced pro-IL-1p transcription in the spleen as well
as head kidney of South American fish Piaractus meso-
potamicus [10]. A. hydrophila induced IL-1p release
and disturbed head kidney macrophages mitochondrial
dysfunction and apoptosis [16]. Moreover, IL-1p would
promote TNF-a, IL-6 and IL-12 secretion to aggravate
inflammation and cell death in mice macrophages
infected with Vibrio alginolyticus and Vibrio harveyi
[17,18]. However, whether A. caviae infection induces
IL-1P release and the underlying molecular mechanism
is needed to be further explored. The secretion of IL-1
is controlled by two signal pathways. Stimulants of
flagellin, profilin, lipoprotein activates TLRs, transmits
the signal to activate NF-«B, and subsequently acceler-
ates the transcription level of pro-IL-1B as the first
signal. The activation of inflammasomes within cyto-
plasm will recruit and cleave the pro-caspase-1 to
matured caspase-1 form. Mature caspase-1 will cleave
the pro-IL-1p to IL-1P pl7 and serves as the second
signal. Previous study reported that A. sobria led to
NLRP3 inflammasome assembling and IL-1f enhance-
ment in PMs [8]. IL-13 and NLRP3 inflammasome
were weakened in Hepatitis B virus infection through
NF-kB and ROS in Kupffer cells [19]. A. veronii-
induced IL-1p release was mediated by the activation
of NLRP3 and NLRC4 inflammasomes in bone mar-
row-derived macrophages [7]. TLR2 and NLRP3 parti-
cipated in regulating the maturation and secretion of
IL-1B induced by Prevotella nigrescens-infected dendri-
tic cells [20]. Based on the known complex regulation
ways of IL-1B secretion, it should be determined which
kind of TLRs and NLRs may be involved in A. caviae
infection and what’s the key inflammasome functioning
in IL-1p release.

The IL-1p secretion during Aeromonas spp. infection
is well studied in A. hydrophila [6], A. veronii [7] and
A. sobria [8], and less reports focused on the IL-1f
secretion in A. caviae. Macrophages played vital roles
in host innate immunity in response to pathogens
invasion. Once bacteria invading into organisms, the
chemokines would induce the massive recruitment of
macrophages at the region of infection, then the macro-
phages would function in bacterial clearance and
caused inflammation [21,22]. Therefore, we established
A. caviae infection model based on mice peritoneal
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macrophages (PMs) and explored the IL-1P secretion
mechanism. In our study, we analysed the IL-1p levels
in murine serum, as well as the lysates and supernatants
of PMs stimulated with A. cavige. Then, we screened
the NLRs family, determined the activated inflamma-
some, and explored its effects on IL-1f. Meanwhile, we
also measured the activated TLRs and explored its roles
in IL-1f production. The NF-kB signal was investigated
and further verified whether its activation was depen-
dent on the key TLR and regulated pro-IL-1p. Finally,
the roles of key TLR, NF-«B, and NLR were assessed in
regulating A. cavige infection induced inflammatory
response in PMs, intending to elucidate the molecular
mechanism of IL-1p secretion in A. caviae infection.

Materials and methods
Bacteria strains, chemicals, antibodies, and kits

Aeromonas caviae (ATCC 15,468) was kept in our lab.
The V X765 (specific caspase-1 inhibitor), CA074-Me
(specific cathepsin B inhibitor) and BAY11-7082 (speci-
fic NF-kB inhibitor) were all obtained from Selleck
(Shanghai). The Glyburide (specific K+ efflux inhibitor)
and MCC950 (effective selective inhibitor of NLRP3)
were aquired from MedChemExpress (Monmouth
Junction). The gentamicin was obtained from Biological
Industries (Israel). Antibodies of NLRP3 and caspase-1
were from Adipogen (San Diego). IL-1p was from R&D
(Minneapolis). ASC was from Proteintech (Wuhan). The
uncoated commercial kits for measuring mouse TNF-a,
IL-6 and IL-1P were from Invitrogen (California).

Mice and cell culture

The female wild type (WT) C57BL/6 mice, TLR2-
deficient (TLR27") mice, NLRP3-deficient (NLRP3™")
mice, caspase-1/11-deicient (caspase-1/11""") mice were
kept in our lab, housed in the pathogen-free equipment
and fed with sterile diet. The mouse peritoneal macro-
phages (PMs) were prepared referring to previous meth-
ods [17,18]. The cell purity was analysed by flow
cytometry using CD11b (BioLegend).

Mice infection

Ten WT mice were randomized into control group and
A. caviae infection group. When the ODgynm value
reached to 0.6, the bacterial suspension was collected
by centrifugation and resuspended with sterile PBS.
Mice were infected with A. cavaie by gavage at a dose
of 8 x 10° CFU/mice once a week for 2 weeks and the
control group was given the same volume of sterile PBS
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[23,24]. They were euthanized on day 14. Blood was
harvested from the retro-orbital sinus and serum was
collected for ELISA analysis.

Stimulation of macrophages with A. caviae

A. caviae was cultured in the Nutrient agar for 4-5h
to reach the logarithmic growth stage. The bacterial
solution was collected and washed with sterile PBS.
After three times, bacterial precipitation was resus-
pended with RPMI 1640 containing 1% FBS. Prior to
infection, the number of bacteria was count by micro-
scope. Then, the resuspended bacterial solution was
inoculated into the macrophages at different multiples
of infection (MOI) and incubated for 90 min. Then,
cells were treated with a high concentration of genta-
micin (150 ug/mL) for 90 min to remove the remain-
ing A. caviae, and then incubation was continued
with a low concentration of gentamicin (20 ug/mL)
for 12h. To detect the protein expression levels of
p-p65 and p-IKBa, the cells were co-cultured with
A. caviae at a MOI of 40:1 for 4h and infected cells
were collected for immunological detection.

Quantitative real-time PCR (qPRC)

RNA in A. caviae infected cells was obtained using Trizol
(Monad, Wuhan) and ¢cDNA was prepared using the
reverse transcription kit (Monad). The qPCR assays were
performed on an Stepone Plus machine (ThermoFisher,
Waltham). The reaction program and system were set
according to the instruction manual operation steps of
SYBR Green qPCR reagent (Monad). The mRNA fold
change was calculated by the 27**“T method. The primers
were shown in supplementary Table 1.

Western blot analysis

After infection with A. caviae for 12h or 4 h, the cell
precipitation was lysed with a mix containing 40 uL of
RIPA lysis buffer, 0.4 uL of protease inhibitor 100 x
PMSF (Solarbio, Beijing), and 0.4 uL of 100 x phos-
phatase inhibitor (Sangon Biotech, Shanghai). The
protein concentration was assessed by the BCA
method. The protein samples from cell culture super-
natant was extracted using chloroform and methanol
[17,18], and dissolved in 1% SDS buffer. Twenty
microgram of cell lysates or 10 uL of supernatant
were used for western blot analysis with respectively
antibodies (Abs) of IL-1P, caspase-1, NLRP3, ASC,
and P-actin. The immunoreactive bands were devel-
oped with moderate chemiluminescence substrate.

The protein densitometric quantification was normal-
ized to B-actin values using Image] software.

Elisa

The cell culture supernatant stimulated with A. caviae
was harvested and used for measuring TNF-a, IL-6 and
IL-1p levels with the established standard curve at
ODy50 nm value referring to recommended procedures.

Confocal immunofluorescence microscopy

For immunofluorescence detection, PMs were infected
with A. caviae at a MOI of 40 for 12h or 4 h followed
by fixation, permeation, and sealing treatment [17,18].
Then, PMs were co-incubated with 200 times diluted
Abs of ASC, NLRP3 or p-NF-kB p65, and 400 times
diluted Abs of FITC labelled rabbit IgG or mouse IgG.
Nucleus were stained by Hoechst (UE, Suzhou).
Representive images were captured on a confocal
microscope (Olympus, Japan).

Inhibitor studies

Inhibitors of VX765, CA074-Me, Glyburide, MCC950,
and BAY11-7082 were dissolved in the corresponding
solvent and stored at —80°C according to the protocol
of manufacturer. Inhibitors were co-incubated with
PMs for 1 h prior to A. caviae stimulation. The working
concentrations of V x 765, MCC950, and BAY11-7082
were 10 uM, whereas CA074-Me and Glyburide were
25 puM and 50 pM. After stimulation of 12 h or 4 h with
A. caviage, samples were used for Western Blot assays,
qPCR analysis, or ELISA assays.

Asc oligomerization

After A. caviae stimulation at a MOI of 40 for 12 h, the
cells precipitation was disrupted in DSS crosslinking
buffer, and the obtained supernatants were crosslinked
with 2mM DSS (Aladdin, Shanghai). The cross-link
pellet was analysed by Western Blot [17,18].

Statistical analysis

The differences were conducted by t-test (two groups)
or one-way ANOVA followed by Tukey’s post hoc
testing (three or more groups) using Graphpad soft-
ware. Results are exhibited as the mean + SD and each
experimental group was done at least three times. ns
represented no significance. When P < 0.05 (* or #), the
data was considered statistically significant.



Results

A. caviae infection triggers pro-inflammatory IL-1f3
release in mice serum and murine macrophages

A. caviae infection in human occurs mainly through
contaminated food and wounds in the clinical cases.
The IL-1B levels in serum of mice injected with
A. caviae increased significantly (P <0.001) compared
to those in healthy individuals (Figure 1(a)). It sug-
gested that A. caviae infection was accompanied by
the release of IL-1P. The correlation of IL-1B with
A. cavige infection was further evaluated using
A. caviae infected PMs model. Various inflammatory
cytokines transcription levels were preliminary
screened and the results suggested that most cytokines
were changed in response to A. caviae infection and II-
1 was the highest (P<0.001) (Figure 1(b)).
A. hydrophila, a foodborne pathogen that was able to
stimulate the secretion of IL-1P [16], was used as
a positive control here. The PMs was stimulated for
12 h with A. caviae at a MOI of 40 and A. hydrophila at
a MOI of 1. ELISA results suggested the A. caviae
obviously induced the secretion of IL-1p in PMs (P <
0.0001) (Figure 1(c)), which was consistent with that in
A. hydrophila (P<0.0001) [25]. Furthermore, we
observed the cell morphology after A. caviae infection
(MOI =40) at different timescales of O h, 4h, 8 h, and
12 h. The results suggested that A. caviae was cytotoxic
and could induce obvious macrophages death (supple-
mentary Figure S1). Altogether, A. cavie infection
causes the release of IL-1P in mice.
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A. caviae infection activates NLRP3 inflammasome
to induce pro-inflammatory IL-1B release in murine
macrophages

IL-1P, a key mediator in inflammation, is released by
host in response to pathogens infection. Different from
conventional endoplasmic reticulum-Golgi secretion
route, more and more studies indicate that IL-1p
release is associated with inflammasomes activation
and assembly [11]. In order to determine which intra-
cellular NLR play a vital role during the A. caviae
infection, PMs were treated with A. caviae and qPCR
data showed that there were five Nirs significantly up-
regulated, namely Nodl, Nod2, Nirpl, Nirp2, and Nlrp3,
whereas the Nirp3 transcript level reached the highest
(P <0.0001) among the changed Nirs (Figure 2a). To
validate the activated NLR, NLRP3 protein was also
detected in A. caviae infected PMs. In combination
with the relative gray analysis to P-actin, A. caviae
stimulation up-regulated the protein expressing level
of NLRP3 in macrophages (P<0.01, Figure 2(b,c)).
The activation of NLRP3 would bind with ASC and
recruited immature caspase-1 to assemble NLRP3
inflammasome [26]. The increase of protein expressing
level of NLRP3 implies that NLRP3 inflammasome
might be assembled in A. caviae infection. To verify
our hypothesis, immunofluorescence staining of
NLRP3 was conducted. The results showed that
NLRP3 protein (green) aggregated into a speck and
distributed around the nucleus after A. caviae infection,
in contrast, no obvious speck was found in the
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Figure 1. Effects of A. caviae infection on IL-1B secretion. (a) Mice were infected with A. cavaie by gavage at a dose of 8 x 10° CFU/
mice once a week for 2 weeks and the IL-1( levels in serum from healthy individuals (n = 5) and A. caviae infection mice (n =5) were
measured by ELISA. (b) PMs were inoculated with A. cavige (MOl =40) for 12h and the transcript levels of cytokines were
determined by gPCR. Differences represented between the A. caviae infection group and unstimulated control group. (c) the IL-
1B levels in the culturing supernatant from PMs inoculated with A. caviae at MOI of 40 for 12 h was detected by ELISA. A. hydrophila

stimulation (MOl=1 and 12 h) was set as the positive control.



1490 Q. YANG ET AL.

a b

hhkk

-]
[=]
]

@
o
1

&S GE G

Hoechst 33258 NLRP3 merge

A.cavise

Centrol

& o
S
120-) . -Oligomers
B . _
g, 46- | . -Dimer
9. ‘r -Monomer

w
2| 22. [E—] A5C

mRNA Fold Change
-~
o
1
z
[
)
el
w
NLRP3 Relative Gray Value

1.5+
@
-

\‘-\O ro_‘;\{b e

& 9 1.0
&) kel .
0.5+
0.0~
«‘:’\ &
0° c,'s‘
o w
Hoechst 33258 ASC merge

Contrel

o .

g 8000

Fdk R

(5 - e |

e o

o o Qo

o o o

1 1 1
r

4000 -
150 +

IL-18 (pg/mL)

100

Figure 2. NLRP3 inflammasome mediated the A. cavige-induced IL-1(3 secretion. PMs were inoculated with A. cavige at a MOI of 40
for 12 h. (a) the mRNA expressing levels of Nirs were evaluated by gqPCR. Differences represented between the A. caviae infection
group and unstimulated control group. (b, ) the NLRP3 protein level was explored by Western Blot and combined with relative grey
value to B-actin. (d, e) Immunofluorescence observation of NLRP3 protein (green) and ASC protein (red), and the nucleus were
stained in blue. (f) DSS cross link assays showed the ASC oligomerization with anti-ASC antibody during A. caviae infection. (g) PMs
were pretreated with MCC950 for 1 h before A. caviae inoculation (MOl =40) for 12 h. The IL-1f levels was determined by ELISA.

untreated control (Figure 2d). Then, the ASC oligomer-
ization and immunofluorescence of ASC protein were
further studied. Macrophages were exposed to A. caviae
for 12 h and the cell precipitation was collected for DSS
cross-link experiment. There was clear oligomerization

formation in response to A. cavige treatment by
Western Blot analysis (Figure 2f). As expected, immu-
nofluorescence results revealed that A. caviae infection
induced the formation of specks of ASC around the
nucleus, while ASC was widely dispersed in the nucleus
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Figure 3. A. caviae activated NLRP3 inflammasome and induced IL-1f secretion in dose- and time-dependence. (a, b) PMs were
stimulated with A. caviae at different MOIs of 10, 20, 40 for 12 h. The protein levels of caspase-1 p20 and IL-1f in the supernatant
(sn), as well as pro-caspase-1, pro-IL-1B, nlrp3 and B-actin in lysates (lys) was detected and grey analysis was carried out. (c, d)
A. caviae infected PMs for different timescales of 4 h, 8 h, 12 h (moi=20). The caspase-1 p20 and IL-1f in the SN, as well as pro-
caspase-1, pro-IL-1B and NLRP3 in the LYS were detected and grey analysis was carried out.
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Figure 4. IL-1B was mediated by active caspase-1 and NLRP3 inflammasome dependent on K* efflux and cathepsin B release. (a-d)
PMs were pre-treated with VX765 for 1 h or without pretreatment and then stimulated with A. caviae at a MOI of 40 for 12 h. The
protein levels of caspase-1 p20 and IL-1B in the SN, as well as pro-caspase-1 and B-actin in the LYS were measured, and grey analysis
was made. (e-g) After 1 h pretreatment with MCC950, CA074-Me and Glyburide (Gly), PMs were infected with A. caviae for 12 h, the
protein levels of caspase-1 p20 and IL-1f in the SN, as well as pro-caspase-1 and B-actin in the LYS were measured, and relative grey
values were analysed.
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Figure 5. A. caviae-induced IL-1f secretion was partly dependent on TLR2. (a) After A. caviae infection for 12 h at a moi of 40, the cell
lysates were prepared and subjected to qPCR assay for determining the Tirs expression. (b, ¢) the TLR2 protein level in cell lysates was
measured by Western Blot and quantified through relative grey value analysis to B-actin. (d) PMs from wild type (wt) or TLR2™"~ mice were
stimulated with A. caviae for 12 h (moi = 40) and the supernatant was collected for il-13 secretion level determination by elisa.

and cytoplasm in the control (Figure 2e). These results
imply that NLRP3 inflammasome is activated in PMs
infected by A. caviae. MCC950 was a specific NLRP3
inflammasome inhibitor by directly interacting with
Walker B motif in NATCH domain to inhibit ATP
hydrolysis [27]. To determine the effect of NLRP3
inflammasome in A. caviae infection mediated IL-1§
release, PMs were pre-incubated with MCCP50 to dis-
rupt NLRP3 inflammasome assembly. Pretreatment
with MCC950 significantly inhibited A. caviae infection
triggered the secretion of IL-1p (P <0.0001) compared

caviae infection group (Figure 2g).
NLRP3 assembled
against A. caviae stimulation and participated in the
production of IL-1p.

to single A.

Collectively, inflammasome is

A. caviae activates NLRP3 inflammasome and
releases IL-1B in time and dose dependent manners

PMs were, respectively, treated with different doses of
A. cavige. The results showed that A. caviae infection
led to the release of caspase-1 p20 and IL-1B pl7.
Moreover, these two inflammasome activation markers
were both dose-dependent enhancement except for cas-
pase-1 p20 activation between MOIs of 10 and 20.
A. caviae infection did not affect pro-caspase-1 protein
expression but elevate both pro-IL-1p and NLRP3 pro-
tein levels. Different A. caviae treatment doses exhib-
ited no significant difference in these three proteins
expressing levels except for an increase (P <0.001) of
NLRP3 at MOIs of 20 or 40 comparing with that of 10
(Figure 3(a,b)).

PMs were, respectively, treated with A. caviae for
different duration time. A. cavige infection-induced
caspase-1 p20 and IL-1f pl7 release in time-
dependent tendency within 4-12 h (Figure 3(c,d)). Pro-
caspase-1 relative gray analysis indicated no noticeable
change trend without or with A. caviae treatment for
different time (Figure 3d). While the pro-IL-1p levels
were presented remarkable increase at 8 h and main-
tained stable at 12h (Figure 3d). The NLRP3 levels
were enhanced along with the increasing infection
time, however, not significant changed at 12h com-
pared with that of 8h. (Figure 3d). Generally, these
results illustrate that NLRP3 inflammasome mediated
IL-1P release in A. caviae infected PMs are time and
dose-dependent.

A. caviae mediated IL-18 secretion is regulated by
caspase-1 p20 and NLRP3 inflammasome

Pre-incubation with MCC950 (Figure 2g) indicated that
blocking NLRP3 inhibited IL-1p secretion. NLRP3
inflammasome activation is controlled by various
approaches and depends on signals provided by stimu-
lants. Moreover, assembly of NLRP3 inflammasome
with caspase-1 or 11 mediated canonical inflamma-
somes or not [28,29]. To determine the IL-1p secretion
mechanisms in PMs induced by A. caviae, PMs were
first pretreated withVX765, a caspase-1 specific inhibi-
tor [30], before A. caviae infection, and measured the
NLRP3 inflammasome biomarkers. The results showed
that caspase-1 in V X 765 pretreatment group was
inhibited obviously (P<0.01) (Figures 4(a,b)), but
there was no obvious change in pro-caspase-1
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(Figure 4c). Blocking caspase-1 highly decreased
A. cavige induced IL-1B secretion (Figure 4d).
Generally, these data suggest that IL-1P is regulated
by caspase-1 p20 in A. caviae infection.

Approaches of K" efflux and release of cathepsin
B both enable NLRP3 inflammasome activation [31].
To assess the signals released by A. caviae in PMs, cells
were incubated with CA074-Me or Glyburide prior to
A. caviae infection, and MCC950 pretreatment was

used as a positive control here. Caspase-1 p20 declined
significantly in PMs pre-treated by CA-074-Me and
Glyburide compared to the infection group without
inhibitor pretreatment (P <0.0001), and there was
a significant decrease (P < 0.05) in CA-074-Me pretreat-
ment group compared to MCC950 pretreatment group
while there was no significant change in Glyburide
pretreatment group. (Figure 4(ef)). As expected,
decrease of functional caspase-1 reduced the
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Figure 7. The roles of TLR2, NF-kB, and NLRP3 inflammasome in IL-1P release and cytokines of TNF-a and IL-6 secretion. PMs from
TLR2™~, NLRP3™~ and Caspase-1/117" mice as well as WT mice pretreated by BAY11-7082, CA-074 Me or Glyburide (Gly) were
infected with A. caviae at a MOI of 40 for 12 h and ELISA assays were utilized to analyse the levels of IL-1B (a), TNF-a (b) and IL-6 (c)

in the supernatant.

concentration of IL-1p in the supernatant from PMs
pre-treated by CA-074-Me (P <0.0001) and Glyburide
(P <0.0001) compared to infection group without inhi-
bitors treatment. In addition, there was no obvious
distinction in IL-1p from CA-074-Me pretreatment
group and MCC950 pretreatment group. But the use
of Glyburide has a significant increase (P < 0.05) in IL-
1P levels compared to MCC950, indicating that the IL-
1B was partly dependent on K* efflux approach and
more sensitive to lysosome damage way (Figure 4g).
Meanwhile, pro-IL-1p and NLRP3 stayed unchanged in
the existence of these two inhibitors (Figure 4(h,i)).
Therefore, IL-1p release is regulated by active caspase-
1/11 and NLRP3 inflammasome activation mediated by
K" efflux approach as well as lysosome damage way.

A. caviae infection activates TLR2 and regulates
pro-inflammatory IL-1B production in murine
macrophages

TLRs could recognize bacteria associated ligands and
play fundamental roles in innate immune responses
[32]. In our study, many Tilrs were elevated after
A. caviae stimulation and the mRNA expression level
of TIr2 had a significant increase (P<0.001) in
Figure 5a. Consistent with the transcriptional results,
protein expression of TLR2 was significantly enhanced
(P <0.05) (Figure 5(b,c)). These results led us to further
determine the role of TLR2 in IL-1p secretion. ELISA
results showed that A. caviae-induced IL-1p secretion
was significantly down-regulated (P < 0.001) when dele-
tion of TLR2 (Figure 5d). Therefore, we can conclude

that A. caviae infection activate TLR2 in PMs and the
secretion of IL-1P is partly mediated through TLR2.

A. caviae infection activates NF-kB partly regulated
by TLR2 and accelerates NLRP3 inflammasome first
signal pro-IL-1B expression

NF-kB p65 mediated pro-inflammatory cytokines
expression [33]. Immunofluorescence results showed
that A. caviae stimulation triggered NF-kB p65 sub-
unit (green) translocation from cytoplasm to cell
nuclear (Figure 6a). Furthermore, p-p65 and p-IkBa
were both obviously up-regulated in A. caviae infec-
tion group compared to the control (P<0.001,
Figure 6(b-d)), indicating that NF-kB was activated
in PMs during A. caviae infection. Then, the relation-
ship between TLR2 and NF-«xB was further studied on
the model of A. caviae infected PMs for 4 h. A. caviae-
induced p-p65 and p-IKBa levels in PMs was signifi-
cantly decreased in the absence of TLR2™~ (P < 0.05,
Figure 6(e-g)). This finding indicated that deficient of
TLR2 significantly reduced NF-xB signal but not com-
pletely inhibited. Hence, the activation of NF-kB was
partly dependent on TLR2. Pro-IL-1, the first signal
of NLRP3 inflammasome, was a potent inflammatory
mediator for IL-1p secretion. The effect of TLR2 and
NF-kB signaling pathway on pro-IL-1( expression was
evaluated using TLR2 deletion PMs or BAY11-7082
(block IxBa phosphorylation) [34]. The pro-IL-1p was
significantly restricted in PMs prepared from TLR2™~
mice (P<0.01). Meanwhile, the pro-IL-1p expression
was absent in BAY11-7082 pre-treatment group
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(Figure 6(h,i)). Taken together, these results indicate
that A. cavige infection activates NF-xB pathway
partly regulated by TLR2 and promotes the expression
of pro-IL-1P, which serves as the first signal for
NLRP3 inflammasome.

Roles of TLR2, NF-kB, and NLRP3 inflammasome in
A. caviae mediated IL-18 and other cytokines
production

To determine the roles of TLR2, NF-xB, NLRP3
inflammasome in inflammatory cytokines, PMs were
pre-treated with various inhibitors of BAY11-7082,
CA-074-Me, and Glyburide, followed by A. caviae
infection in PMs from WT, TLR2™'~, NLRP3”/~, and
caspase-1/11""" mice. Blocking NLRP3 inflammasome
with CA-074Me or Glyburiden, deletion of NLRP3 and
TLR2, inhibition of NF-«kB, all reduced IL-1p secretion
as well as other proinflammatory cytokines production
(Figure 7(a-c)), indicating that blocking NLRP3 inflam-
masome and its upstream TLR2 and NF-«B signaling
pathway exhibits positive roles in IL-1P and other pro-
inflammatory cytokines release.

Discussion

Aeromonas genus members are widely distributed in
the aquatic system, and infect fish [35], other aquatic
animals as well as human [36]. Ingestion of contami-
nated food or direct contact with wounds both cause
clinical infection cases, especially for immunocompro-
mised population [37], leading to gastroenteritis [38],
wound infections [39], bacteraemia [40], septicaemia
[41], urinary tract infections [42], respiratory tract
infections [43]. Most human-associated pathogenic
strains are focused on A. caviae, A. dhakensis,
A. veronii and A. hydrophila. Statistically, A. caviae
infection becomes the highest prevalent up to 37.26%
among 1852 strains from clinical cases [1]. The main
treatment for Aeromonas infection is by antibiotics
threapy, but most Aeromonas members exhibit resis-
tance to ampicillin, penicillin, and the first generation
of cephalosporins [44]. Fortunately, carbapenems and
updated cephalosporins have some effects against
Aeromonas [45]. However, the extensive use of antibio-
tics as well as its unique biofilms restricted these anti-
biotics effects against Aeromonas infection, which bring
out huge challenge of emerging large numbers of drug
resistance strains and threaten patients’ health currently
[46]. The current A. caviae infection situation pushes
us to highlight our research on A. caviae infection
mechanism.

Innate immunity functions in host resistance to bac-
teria. Macrophages are responsible for the recognition
and clearance of foreign pathogens. This progress is
accompanied by the production of inflammatory cyto-
kines, and excessive release will bring damage to organ-
ism. A. hydrophila infection activated macrophages
caspase-1/IL-1f inflammatory axis and led to head kid-
ney macrophages apoptosis [6]. A. hydrophila caused
mitochondrial dysfunction, produced mtROS release,
translocated mtDNA to cytoplasm, activated caspase-
1/IL-1PB, and induced IL-1P production [16]. IL-1f also
functioned against A. dhakensis infection in the spleen
and head kidney of Piaractus mesopotamicus at the
initial stage [10], as well as A. sobria infection in pri-
mary mouse macrophages via activating NLRP3 inflam-
masome [8]. In our study, mice in vivo infection assays
demonstrated that A. caviae infection-induced IL-1B
release in murine In vitro experiment,
A. caviage increased the transcription and expression
of IL-1B in primary mouse macrophages. These data
highlighted that IL-1f should be a key marker in
response to Aeromonas and A. caviae infection.

Proinflammatory cytokine IL-1p is one major cyto-
kine in inflammatory-associated diseases and played
important roles in innate immune response of host
against pathogens infection or other physiological and
pathological progresses [47]. Hence, there is an urgent
need to explore in depth how A. caviae regulate IL-1p
production in PMs. Generally, IL-1p is regulated by two
signals, one is through the activation of NF-«B, thereby
promoting pro-IL-1p expression. The second signal is
regulated by the inflammasome complex, which pro-
motes the cleavage of pro-caspase-1 and thus mediates
the release of IL-1P. A. veronmii utilized its type III
secretion system to activate NLRP3 and NLRC4 inflam-
masomes, and induce caspase-1 p10 cleavage of pro-IL
-1B to IL-1P pl7 in macrophages [7]. A. hydrophila
cytotoxins triggered mouse macrophages caspase-1
activation and IL-1p release, which was regulated by
the NLRP3 inflammasome [48]. These cytosolic multi-
protein complexes constructed inflammasomes are
emerging regulators in innate immune defence and its
associated inflammatory caspases are key mediators in
the IL-1p release [49]. In our research, to determine the
role of NLRs in A. caviae-mediated IL-1f generation,
the mRNA transcript levels of multiple NLRs were
screened and the NLRP3 exhibited the highest level
compared to other NLRs. Meanwhile, immunofluores-
cence and oligomerization assays verified that NLRP3
inflammasome was activated, which was similar to
A. hydrophila infection [48]. The ELISA results sug-
gested that inhibitor of MCC950 pretreatment sharply
weakened IL-1f, but not entirely inhibited, meanwhile

serum.
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Figure 8. The molecular mechanism of A. caviae infection induced IL-1B release in PMs.

this result was also verified in NLRP3 ™~ mice. Hence,
A. caviae-induced IL-1f generation is controlled by the
NLRP3 inflammasome. However, the exact PAMPs in
A. caviae that participate in the assembly of NLRP3
inflammasomes require further invested afterwards.
Assembly of NLRP3 inflammasome is mediated by
canonical or non-canonical ways in Gram-negative bac-
teria infection [50]. V x 765 specially blocked caspase-1
[30,51]. Pre-treatment of V x 765 diminished active
caspase and IL-1P. Similarly, A. cavige-induced IL-1§
level was also declined in murine caspase-1/11""~ PMs.
Hence, A. caviae-induced IL-1p release is also con-
trolled by active caspase-1. NLRP3 inflammasome is
regulated by cellular signaling events, including ionic
flux, ROS production, lysosomal damage released
cathepsin B, mitochondrial damage [52]. Previous stu-
dies reported that bacterial toxin activated NLRP3

inflammasome was commonly realized through K+
efflux [53]. Shigella sonnei activated NLRP3 inflamma-
some in macrophages through approaches of ROS,
mitochondrial dysfunction, K+ efflux, and decreased
bacterial activity [53]. Mycobacterium kansasii infec-
tion-induced NLRP3 inflammasome assembly in
THP-1 macrophages, thereby limiting its proliferation
within cellular [54]. Here, we found that K+ efflux
and lysosomal damage induced by A. caviae signals
both involved in activating NLRP3 inflammasome
and releasing IL-1p by introducing inhibitors of
CA-074-Me and Glyburide, which was consistent
with that in common reported bacterial toxins,
Shigella sonnei, and Mycobacterium kansasii. Hence,
A. caviae-mediated IL-1pB release is controlled by K+
efflux and lysosomal damage mediated NLRP3
inflammasome assembly.
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IL-1P release not only depended on active caspase-1
and NLRP3 inflammasome but also needed indispen-
sable first signal, namely pro-IL-1B production [55].
NF-kB, a member of nuclear transcription factor
family, functioned as a mediator in accelerating the
expression of pro-inflammatory cytokines and chemo-
kines [56], being an inflammatory-associated therapeu-
tic target [57]. Canonical NF-kB signal pathway was
triggered by TLRs mediated signal transduction to
activate IkB kinase and led to phosphorylation and
degradation,  releasing =~ NF-xB  dimer  [56].
Streptococcus pyogenes resulted in NLRP3 inflamma-
some-mediated IL-1p secretion was regulated by NF-
kB  signal pathway [58]. TLRs was type
I transmembrane proteins and recognized the bacterial
products during the infection [59]. TLR2 could recog-
nize lipopeptides from Gram-negative bacteria [60,61].
The activation of TLR2 activated the NF-«B p65 and
delivered it to the nucleus, which subsequently facili-
tated the transcription of inflammatory cytokines
[62,63]. In our study, TLR2 was activated after
A. caviae stimulation and deletion of TLR2 plays
a decreasing but incomplete role in IL-1B production.
Meanwhile, NF-kB was activated via phosphorylating
IxkBa and triggered nuclear shift from cytoplasma.
Deletion of TLR2 obviously disrupted IkBa phosphor-
ylation and further significantly declined NLRP3
inflammasome first signal pro-IL-1p expression.
Altogether, our results fully illustrate that the first
signal that leads to A. caviae-caused IL-1P secretion is
regulated by NF-kB signal pathway partly in a TLR2-
dependent manner. Not only TLR2 but also other TLRs
may be involved in A. caviae-induced NF-kB activation
and production of pro-IL-1B, which need to be furth-
ered explored.

The release of IL-1B would recruit the aggregation
of macrophages in pathogenic bacteria infection. Once
IL-1R receptor that distributed on the surface of
macrophages received IL-1B stimulation [64], it
would feedback the signal to the NF-kB pathway to
promote TNF-a and IL-6. As expected, blocking
NLRP3 inflammasome activation with utilization of
NLRP3~/~ mice, Caspase—l_/_ mice or introducing
inhibitors of MCC950, CA-074-Me, and Glyburide
all decreased IL-1pP, thereby down-regulating TNF-a
and IL-6 production in A. caviae-stimulated cell cul-
turing supernatant simultaneously. Therefore, NLRP3
inflammasome functions in IL-1p and other inflam-
matory cytokines production in PMs during A. caviae
infection.

Kinds of virulence factors were involved in the
Aeromonas infection progress. It was reported that
there were multiple virulence factors in Aeromonas

including heat-stable cytotonic toxins (ast), aerolysin-
related cytotoxic enterotoxin (act), heat-labile cytotonic
enterotoxin (alt), haemolysin (hlyA), aerolysin (aerA),
type III secretion system (TTSS), elastase (ela), lipase
(lip), polar flagellum (fla), and lateral flagella (laf),
which would damage healthy body and induced inflam-
matory response during infection [65]. In
A. hydrophila, virulence factors of aerolysin, haemoly-
sin and multifunctional repeat-in-toxin were reported
to activate the NLRP3 inflammasome and play a vital
role in the secretion of IL-1B [23]. In A. veronii, viru-
lence factors of aerolysin and type III secretion system
were verified to take part in the secretion of IL-1f in
macrophages [7]. Meanwhile, different Aeromonas
carry various combination of virulence factors [65].
Hence, inflammatory cytokines, such as IL-1p and IL-
6, released by macrophages during different Aeromonas
infections will reach different levels of secretion or
transcription.

In conclusion, our study for the first time illustrated
that A. caviae infection induced proinflammatory cyto-
kine IL-1P release in PMs, which was dependent on
caspase-1 p20 and NLRP3 inflammasome triggered by
K+ efflux and lysosomal damage. Moreover, activation
NF-kB partly regulated by TLR2 further accelerated
pro-IL-1P generation, which served as the first signal
for IL-1P release. Inhibition of IL-1p could down-
regulate other proinflammatory cytokines of TNF-a
and IL-6 (Figure 8). Therefore, our study revealed
a potential therapeutic target for clinical infection
induced by A. caviae.
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