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Abstract: Cathelicidins have anti-inflammatory activity and chicken cathelicidin-2 (CATH-2) has
shown to modulate immune response, but the underlying mechanism of its anti-inflammation is
still unclear. Therefore, in this study, we investigated the anti-inflammatory activity of CATH-2
on murine peritoneal macrophages during avian pathogenic E. coli (APEC) infection. The results
showed that CATH-2 priming significantly reduced the production of IL-1f3, IL-6, IL-1«, and IL-12. In
addition, CATH-2 significantly attenuated APEC-induced caspase-1 activation and the formation of
an adaptor (ASC) of NLRP3 inflammasome, indicating that CATH-2 inhibits APEC-induced NLRP3
inflammasome activation. Furthermore, CATH-2 remarkably inhibited NF-«B and MAPK signaling
pathways activation. Moreover, CATH-2 significantly inhibited mRNA expression of cathepsin B
and inhibited lysosomal acidification, demonstrating that CATH-2 disrupts lysosomal function. In
addition, promoting lysosomal acidification using ML-SA1 hampered the anti-inflammatory effect of
CATH-2 on APEC-infected cells. In conclusion, our study reveals that CATH-2 inhibits APEC-induced
inflammation via the NF-kB/NLRP3/MAPK pathway through the dysfunction of lysosome.

Keywords: cathelicidin-2; avian pathogenic E. coli; anti-inflammatory response; NF-«B/NLRP3/MAPK
pathway

1. Introduction

Avian pathogenic Escherichia coli (APEC) infection causes colibacillosis characterized
by omphalitis, salpingitis, cellulitis, and peritonitis, leading to high mortality and morbidity,
resulting in big economic losses in the poultry industry [1]. The main prevalent serotypes of
APEC in the world are O1, O2, and O78 associated with avian colibacillosis, which interact
with host cells and lead to severe inflammation, resulting in tissue damage [2]. In addition,
it has been reported that APEC and extraintestinal pathogenic Escherichia coli (ExPEC)
share common virulence factors, and APEC can spread from poultry and their products to
humans, which pose a potential threat to human health [3]. Due to the diversity of APEC
serotypes, current commercially available vaccines fail to provide full production against
all the serotypes. Antibiotics play an important role in the treatment of APEC infection,
but the increase in antibiotic resistance poses a great challenge to the treatment. Therefore,
there is an urgent need to search for new therapeutics against APEC infection.
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APEC exerts its pathogenicity via a variety of virulence factors, such as adhesins,
invasins, protectins, iron acquisition systems, toxins, etc. These factors contribute to the dif-
ferent processes of APEC infection, including attachment to host cells, invasion of the host
cells, and causing cell damage [4]. To defend bacterial invasion, innate immune response
plays an important role, but virulence factors in turn drive the harmful inflammatory re-
sponse to the host. Macrophages are one of the immune cells used to produce a high level of
inflammatory cytokines, including IL-1f3, IL-1¢, IL-6, and TNF-« [5,6], which are triggered
by multiple signaling pathways, such as NF-«B, MAPK, and NLRP3 inflammasome.

Cathelicidins belonging to antimicrobial peptides (AMPs) are produced by all com-
plex animals, which are considered to develop as alternatives or adjuvants to antibiotics
not only limited to their specific killing mechanisms but also their immunomodulatory
activities [7]. Cathelicidins are mature peptides cleaved from prepropeptides containing
N-terminal signal peptide, a cathelin-like domain, and the carboxy-terminal mature pep-
tide. Most catheclidins are o-helical peptides but exert different biological functions. The
human cathelicidin LL-37 has shown multiple functions beyond its antimicrobial activity
to provide anti-infective modulations for the host, such as direct chemoattractant activ-
ity, wound healing, anti-apoptotic and anti-inflammatory activity, etc. [8]. So far, human
cathelicidin LL-37 has been developed as a therapeutic to venous leg ulcers, indicating
the potential therapeutic applications of cathelicidins [7]. Other animals’ cathelicidins,
such as chicken cathelicidins, have also been studied for several years. Except for the
broad spectrum antimicrobial activity, chicken CATH-2 has shown similar functions to
LL-37. It has been reported that CATH-2 inhibits E. coli-induced TLR2 and TLR4 activation
via direct killing and binding to LPS [9], leading to the reduction in inflammation. Our
recent study has shown that CATH-2 as second signaling promotes NLRP3 inflammasome
activation in E. coli LPS-primed murine macrophages [10]. In addition, the immunomod-
ulatory activity of CATH-2 has been extensively investigated in different species, such
as human peripheral blood mononuclear cells (PBMCs), chicken macrophages, murine
macrophages, and porcine macrophages [11-14], indicating that CATH-2 performs its
activity in a species-independent manner. However, in addition to directly blocking LPS
activation in the cell surface, whether CATH-2 exhibits its anti-inflammatory activity via
the intracellular signaling pathway is still unknown.

In this study, we investigated the anti-inflammatory response mechanism of CATH-
2 on murine peritoneal macrophages primed by CATH-2 followed by APEC infection.
The results showed that primed macrophages by CATH-2 produced a lower level of
inflammatory cytokines, including IL-13, IL-1«, and IL-6 compared to non-primed cells in
response to APEC infection. Furthermore, CATH-2 inhibited the APEC-induced activation
of the NF-«kB, MAPK, and NLRP3 inflammasome signaling pathways in CATH-2-primed
cells. In addition, lysosomal function was disrupted in CATH-2-primed cells in response
to APEC. Our study provides valuable information on the anti-inflammatory effect of
cathelicidin against microbial infection.

2. Results
2.1. CATH-2 Inhibits APEC-Induced Transcription and Production of Inflammatory Cytokines
in Macrophages

To investigate the anti-inflammatory effect of CATH-2 on APEC-infected mice pri-
mary peritoneal macrophages and to avoid the direct interaction of CATH-2 and APEC,
cells were pretreated with CATH-2 for 6 h and then followed by APEC infection. After
infection, cell supernatants and lysates were collected to detect the level of inflammatory
cytokines. We found that CATH-2 significantly reduced APEC-induced IL-1f3 production
in cell supernatants and lysates (Figure 1A-C). In line with IL-1§3 secretion, CATH-2 also
significantly downregulated APEC-induced IL-13 mRNA expression (Figure 1D). Similarly,
CATH-2 remarkably decreased APEC-induced secretion and mRNA expression of IL-6
(Figure 1F-I), as well as the secretion of IL-1« (Figure 1E) and IL-12 (Figure 1]). Moreover,
CATH-2 did not affect cell viability (Supplementary Figure S1). These results indicate that
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CATH-2 could directly exert its anti-inflammatory activity on the host cells instead of only
interaction with bacteria.
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Figure 1. CATH-2 inhibits APEC-induced transcription and production of inflammatory cytokines in
macrophages. Cells were pretreated with CATH-2 (2.5 M) for 6 h and then infected with APEC at
an MOI of 5 for 1 h. Then, gentamicin (100 pg/mL) was added to kill extracellular bacteria for the
indicated time. After 24 h of infection, the level of cytokines including IL-13 (A-C), IL-6 (F-H), IL-1x
(E), and IL-12 (J) in the supernatants was detected; after 6 h of infection, the mRNA expression of IL-
1B (D) and IL-6 (I) was determined. Gene expression was represented via gene normalization against
[-actin expression. p value was used to analyze significance. * p < 0.05, ** p < 0.01, *** p < 0.001.

2.2. CATH-2 Inhibits APEC-Induced NLRP3 Inflammasome Activation in Macrophages

IL-1f is the key indicator of NLRP3 inflammasome activation, which is required for
the recruitment of an adaptor protein called the apoptosis-associated speck-like protein
containing a caspase activation and recruitment domain (ASC) to activate the caspase-1
process pro-IL-13 into biologically active IL-1f3 [15]. Therefore, to investigate whether
decreased IL-1f3 secretion induced by CATH-2 is dependent on the NLRP3 inflammasome
pathway, we explored the activation of the NLRP3 signaling pathway. Unsurprisingly, we
found that CATH-2 significantly inhibited APEC-induced IL-1§ secretion (Figure 2A,B)
and the protein expression of pro-IL-1f (Figure 2D) and NLRP3 (Figure 2E). In addition,
CATH-2 significantly attenuated APEC-induced caspape-1 activation while it did not affect
pro-caspase-1 expression (Figure 2A). The immunofluorescent results showed that APEC
induced the formation of ASC specks, while CATH-2 inhibited this effect (Figure 2F). These
results demonstrate that CATH-2 inhibits APEC-induced IL-13 secretion via the NLRP3
inflammasome signaling pathway:.
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Figure 2. CATH-2 inhibits APEC-induced NLRP3 inflammasome activation in macrophages. Cells
were pretreated with CATH-2 (2.5 uM) for 6 h and then infected with APEC at an MOI of 5 for 1 h.
Then, gentamicin (100 pg/mL) was added to kill extracellular bacteria for the indicated time. After
24 h of infection, the cell supernatants and lysates were collected. Protein expression including IL-1§3,
caspase-1, pro-IL-1p, pro-caspase-1, and NLRP3 (A) was detected. Image J (1.52 a) was used to
quantify the ratio of IL-1§3 (B), caspase-1 (C), pro-IL-1§3 (D), and NLRP3 (E) to (3-actin. Representative
images of NLRP3 (red), ASC specks (green) and cell nuclei (blue) are shown by immunofluorescent
staining (F). p value was used to analyze significance. * p < 0.05, ** p < 0.01.

2.3. CATH-2 Inhibits APEC-Induced NF-xB and MAPK Signaling Pathway Activation
in Macrophages

The transcription regulator NF-«B plays an important role in the gene expression of
cytokines [16]. Mitogen-activated protein kinases (MAPKSs) including ERK1/2, JNK, and
p38 regulate the induction of pro-inflammatory mediators, and the phosphorylation of
MAPKSs under the stimulation of pathogens induces the secretion of inflammatory medi-
ators. Therefore, we investigated the effect of CATH-2 on NF-«B and MAPK signaling
pathway activation. The results showed that APEC significantly increased the protein ex-
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pression ratio of p-p65 to p65 at 15, 30, and 60 min post-infection while CATH-2 significantly
inhibited the phosphorylation of p65 and p65 expression (Figure 3A,B), indicating that
CATH-2 inhibited APEC-induced NF-kB activation. Furthermore, CATH-2 significantly
downregulated the APEC-induced phosphorylation of ERK1/2 and JNK as well as the
expression of ERK1/2 and JNK (Figure 3C,D), indicating that CATH-2 inhibited APEC-
induced MAPK activation. Our results demonstrate that the APEC-induced inflammatory
response involved in the NF-kB/MAPK signaling pathway could be inhibited by CATH-2.
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Figure 3. CATH-2 inhibits APEC-induced NF-kB and MAPK signaling pathway activation in
macrophages. Cells were pretreated with CATH-2 (2.5 uM) for 6 h and then infected with APEC at an
MOI of 5 for 1 h. Then, gentamicin (100 ug/mL) was added to kill extracellular bacteria for the indi-
cated time. After infection, cell lysates were collected to detect NF-«B and MAPK signaling pathway
activation (A). Image] was used to quantify the ratio of p-p65/p65 (B), p-ERK1/2/ERK1/2 (C), and
p-JNK/JNK (D). p value was used to analyze significance. * p < 0.05, ** p < 0.01, ns = no significance.

2.4. CATH-2 Inhibits APEC-Induced IL-18 Secretion by Promoting Lysosomal Dysfunction
in Macrophages

Lysosomal function, such as lysosomal integrity and acidification, plays a critical role
in the degradation of invading pathogens. In this study, we further investigated the effect
of CATH-2 on lysosomal function. Firstly, fluorescent-labeled Dextran and LysoSensor
Green DND-189 was loaded in the cells to detect the integrity of lysosomal function. The
results showed that Dextran induced the accumulation of fluorescent signal in lysosomes
(Figure 4A, white dashed arrows), but CATH-2 promoted the diffusion of the fluorescent
signal (Figure 4A, white solid arrows), demonstrating that CATH-2 promotes lysosomal
leakage. Furthermore, CATH-2 significantly inhibited lysosomal acidification with the
weak fluorescence intensity of LysoSensor Green DND-189 (Figure 4B). Cathepsin B (CTSB)
is a lysosomal encapsulated cellular protease with endopeptidase activity, which can
drive protein hydrolysis and degradation in lysosomes. Our results showed that CATH-2
pretreatment significantly inhibited the mRNA transcription of CTSB (Figure 4C) at 6 h
post-infection. These results indicate that CATH-2 induces lysosomal dysfunction via
promoting lysosomal leakage and inhibiting lysosomal acidification.
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Figure 4. CATH-2 disrupts lysosomal integrity and acidification in APEC-infected macrophages.
Cells were loaded with Alexa 488 Dextran for 1 h and then treated with CATH-2 (2.5 uM) followed
by bacterial infection for a further 3 and 6 h. Representative images are shown. Dashed white arrows
indicate fluorescent signal in lysosomes and solid white arrows indicate lysosomal leakage (A). Scale
bar, 20 um. After 2 h of infection, LysoSensor Green was used to detect lysosomal acidification (B).
Scale bar, 20 um. After 6 h of infection, CTSB mRINA expression was determined (C). p value was
used to analyze significance. * p < 0.05, ns = no significance.

To investigate the effect of lysosomal protease activity on the anti-inflammatory ef-
fect of CATH-2, the acidification accelerator ML-SA1 was used to restore the function of
lysosome. The results showed that ML-SA1 weakens the inhibitory effect of CATH-2 on
IL-1B production (Figure 5A), but IL-6 production was not affected (Figure 5B). In addition,
ML-SAL1 attenuated the inhibitory effect of CATH-2 on caspase-1 activation (Figure 5C,E),
but CATH-2 did not affect the expression of pro-caspase-1 and pro-IL-1 (Figure 5C,EG).
These results suggest that CATH-2 inhibits the inflammatory process by disrupting lysoso-
mal function.
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Figure 5. CATH-2 inhibits APEC-induced IL-1f3 secretion by promoting lysosomal dysfunction. Cells
were pretreated with ML-SA1 for 24 h and then treated with CATH-2 treatment (2.5 uM) followed by
APEC infection. The secretion level of IL-13 (A) and IL-6 (B) was determined by ELISA. Western blot
(C) was used to detect protein expression of IL-1f3 (D), caspase-1 (E), pro-IL-13, and (F) caspase-1 (G).
p value was used to analyze significance. * p < 0.05, ** p < 0.01, ns = no significance.
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3. Discussion

Antibiotic resistance limits the treatment efficacy to avian colibacillosis in chickens,
turkeys, and other poultry. Therefore, it is urgent to develop new anti-infective drugs for
alternatives or adjuvants to antibiotics. Undoubtably, the efficient killing of bacteria is one
of the most useful strategies to develop new anti-infective agents. Of note, residual toxins
in vivo also cause severe inflammation and damage organs, so the anti-inflammatory activ-
ity of antibacterial agents is the key to treating microbial infection. Antimicrobial peptides
(AMPs) have broad spectrum antibacterial activity and immunomodulatory activity, mean-
ing they are potential alternatives to antibiotics. It has been reported that chicken CATH-2
exhibits excellent antibacterial activity against E. coli, Staphylococcus aureus (S. aureus),
Streptococcus suis (S. suis), and Pseudomonas aeruginosa (P. aeruginosa) [17-20]. In addition,
the CATH-2-mediated killing of P. aeruginosa significantly inhibits lung inflammation in
mice with the reduced recruitment of neutrophils to the lung and inhibition of cytokine
and chemokine production compared to heat-killed and gentamycin-killed bacterial in-
fection [20]. However, the exact mechanism of the anti-inflammation of CATH-2 in the
host cells is still unclear. We herein reported that CATH-2 performed an anti-inflammatory
response independent of bacterial killing. Our study presented that CATH-2 pretreatment
attenuated an inflammatory response via the inhibition of the NF-«<B/MAPK/NLRP3
signaling pathway by the disruption of lysosome.

Most AMPs exert their anti-inflammatory activity through neutralizing LPS to block
inflammatory cytokines” expression [21]. However, human cathelicidin LL-37 has been
reported to exert both pro- and anti-inflammatory effects. For example, LL-37 inhibits an
LTA-induced inflammatory effect in mice macrophages by the inhibition of TNF-o and
IL-6 production as well as p38 MAPK and Akt phosphorylation [22]. On the contrary,
recent studies reported that LL-37 induces skin inflammation in an NLRP3-dependent
manner [23]. Furthermore, LL-37 induces the release of TNF-oc and IL-1f3 by activating
TLR4/NF-«kB/NLRP3 signaling in coronary artery endothelial cells [24]. Our previous
study has reported that CATH-2 promotes NLRP3 inflammasome activation and leads to
IL-13 secretion in LPS-primed mice macrophages [10]. However, our present study showed
that CATH-2 pretreatment attenuated IL-13 and IL-6 secretion in APEC-infected mice
macrophages by the inhibition of the NF-kB/MAPK/NLRP3 pathway. Of note, our study
showed that CATH-2 inhibited both phosphorylation and protein expression of NF-«B
p65 and MAPK (ERK1/2 and JNK) as well as NLRP3 protein expression, indicating that
CATH-2 might interact with these proteins, thereby inhibiting their signaling pathway,
but the exact interaction mechanism needs to be further studied. However, CATH-2 did
not downregulate the ratio of p-ERK/ERK at 60 min post-infection, which is in contrast
with the change in p-p65/p65 and p-JNK/JNK. This result indicates that CATH-2 might
have a different ability to modulate different signaling pathways. Notably, CATH-2 has
been reported to modulate the activation of TLR2 and TLR4 by directly killing bacteria [9].
Our previous study showed that the pretreatment of other AMP CATH-1 could directly
inhibit the expression of TLR2 and TLR4 in macrophages [25]. In this study, we pretreated
cells with CATH-2, followed by washing steps which excluded directly killing the bacteria,
demonstrating that CATH-2 might act on the host, but whether CATH-2 directly acts on
TLRs needs to be further studied. These studies demonstrate that CATH-2 exerts a dual role
in an inflammatory or anti-inflammatory response dependent on the interaction sequence
with the host.

Importantly, the complete activation of NLRP3 inflammasome is required for two
signals, including LPS priming, activating NF-«B transcription and the recruitment of
ASC activating caspase-1 to process pro-IL-1 into IL-13. Our results showed that CATH-
2 pretreatment inhibited APEC-induced pro-IL-13 expression and caspase-1 activation
but did not affect pro-caspase-1 expression, indicating that CATH-2 inhibits both NF-
kB activation and NLRP3 inflammasome assembly. However, which of the host factors
CATH-2 acts on needs to be further studied.
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Lysosomal function plays a key role in the elimination of pathogens. Our previous
study demonstrated that CATH-2 induces CTSB leakage in the lysosome in LPS-stimulated
macrophages [10], leading to IL-1f3 release, demonstrating that CATH-2 might induce
pyroptosis in LPS-primed macrophages. In addition, human cathelicidin LL-37 has been
reported to induce CTSB leakage in the lysosome [26]. Our present study showed that
CATH-2 inhibited CTSB mRINA expression and lysosomal acidification, leading to the
inhibition of IL-13. Acidification accelerator ML-SA1 reversed NLRP3 activation inhibited
by CATH-2. It has been reported that IL-13 secretion is dependent on CTSB activity [27].
Therefore, we reasonably speculated that CATH-2 disrupted lysosomal function, leading to
decreased CTSB activity, thereby attenuating inflammation.

In conclusion, our study revealed that CATH-2 could be a potential lysosomal inhibitor
to exhibit its anti-inflammatory effect. Our study increases our knowledge on the anti-
inflammatory signaling pathway of animal AMPs.

4. Materials and Methods
4.1. Animals

The wild-type (WT) C57BL/6 mice were purchased from the Chongqing Academy of
Chinese Material Medica (Chongqing, China). All the mice were maintained in Specific
Pathogen-Free (SPF) conditions before being used at 8-10 weeks old. All the animal
experiments were approved by the Southwest University Ethics Committee, Chongging,
China (IACUC-20210215-07).

4.2. Peptides

Chicken cathelicidin-2 CATH-2 (Amino acid sequence: RFEGRFLRKIRRFRPKVTITIQGSARF-
NH,) was synthesized by China Peptides (Shanghai, China) using Fmoc-chemistry and purified
by reverse-phase high-performance liquid chromatography to a purity > 95%. Peptides were
prepared in distilled water.

4.3. Bacterial Strain and Culture

APEC (0O78) was kindly provided by Prof. Qingke Kong (College of Veterinary
Medicine, Southwest University, Chongging, China) and cultured in Luria—Bertani Broth
(LB) at 37 °C and grown to mid-logarithmic growth phase before testing.

4.4. Preparation of Macrophages and APEC Infection

Mice primary peritoneal macrophages were prepared as previously reported [10].
Cells were seeded in 48-well plates or 12-well plates and incubated at 37 °C with 5%
CO,. After 2 h of incubation, CATH-2 (2.5 uM) was added to cells for 6 h and then
washed away, followed by bacterial infection at a multiplicity of infection (MOI) of 5 for
1 or 2 h. Subsequently, gentamycin (100 ng/mL) was added to cells to kill extracellular
bacteria, and the cells continued to incubate for the indicated time for the assays described
below. To promote lysosomal acidification, ML-SA1 (20 uM) was added 24 h prior to the
CATH-2 treatment.

4.5. Enzyme-Linked Immunosorbent Assay (ELISA)

Cells in 48-well plates were pretreated with CATH-2 followed by bacterial infection.
After 24 h of infection, the supernatants and cell lysates were collected to determine the
concentration of cytokines, including IL-1f, IL-1¢, IL-6, and IL-12 (Invitrogen, Carlsbad,
CA, USA), using the ELISA according to the manufacturer’s instructions.

4.6. Cell Viability

Cells were treated with CATH-2 (2.5 uM) for 6 h. After incubation, peptides were
washed away and continued to incubate for an additional 24 h. Then, cell medium was
replaced by 10% WST reagent (Biomed, Beijing, China). Finally, the same volume of
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supernatants was transferred in a new 96-well plate, and absorbance was measured at 450
nm with a microplate reader (Bio-Rad, Tokyo, Japan).

4.7. Quantitative Real-Time Polymerase Chain Reaction (RT-qPCR)

Cells in 12-well plates were pretreated with CATH-2 followed by bacterial infection.
After 6 h of infection, total RNA was extracted by TRIzol Reagent (Life Technologies, Carls-
bad, CA, USA). Then, RNA (1 ug) was reverse-transcribed by using the PrimeScript® RT
reagent Kit (Takara, Beijing, China). Subsequently, the cDNA was subjected to qPCR using
TB 765 Green® Premix Ex Taq™ (Takara, Beijing, China). Finally, qPCR was performed
using the CFX96 (Bio-Rad, Hercules, CA, USA). Primers were used as follows: IL-1{3 for-
ward 5-GAA ATG CCA CCT TTT GAC AGT G-3' and reverse 5'-TGG ATG CTC TCA
TCA GGA CAG-3/, IL-6 forward 5'-TTC CAT CCA GTT GCC TTC TTG-3' and reverse
5-GAA GGC CGT GGT TGT CACC-3/, cathepsin B (CTSB) forward 5-GGC TCT TGT
TGG GCA TTT GG-3'and reverse 5-ACT CGG CCA TTG GTG TGA AT-3/, 3-actin forward
5'-TGG AAT CCT GTG GCA TCC ATG AAA C-3' and reverse 5-TAA AAC GCA GCT CAG
TAA CAG TCC G-3'. Gene expression was represented via gene normalization against
[3-actin expression.

4.8. Western Blot Analysis

After infection at the indicated time, supernatants and cell lysates using 1 x SDS
loading buffer (Biosharp, Chongqing, China) were collected, followed by the performance
of SDS-PAGE. Next, they were transferred onto a polyvinylidene difluoride (PVDF) mem-
brane by electroblotting. Subsequently, the membranes were blocked with 5% nonfat dry
milk and then immunoblotted with the indicated antibodies (Abs) including anti-IL-13
(R&D, Minneapolis, MN, USA), anti-caspase-1 p20 (AdipoGen, San Diego, CA, USA), anti-
pro-IL-1f3, anti-pro-caspase-1, anti-NF-kB p65, anti-NF-kB p-p65, anti-ERK, anti-p-ERK,
anti-]NK, anti-p-JNK, and anti-(3-actin (Beyotime, Beijing, China). Finally, protein bands
were detected by ECL detection reagent (Biosharp, Chongqing, China).

4.9. Immunofluorescence Staining

After 2 h of infection, cells were fixed in 4% paraformaldehyde (Sango Biotech, Shang-
hai, China) for 30 min and then permeabilized with 0.1% Triton X-100 in PBS for 10 min.
Subsequently, cells were blocked with 5% Bovine Serum Albumin (BSA) in PBS for 1 h.
After blocking, cells were incubated with primary Abs containing anti-NLRP3 (Bioss, Bei-
jing, China) and anti-ASC (Santa Cruz, CA, USA) for 12 h at 4 °C. After washing, cells
were incubated with second Abs including goat anti-mouse IgG (H&L) Alexa fluor 488 and
goat anti-rabbit IgG (H&L) Alexa fluor 594 (Abcam, London, UK) for 1 h at RT. DAPI was
used to stain cell nuclei. Finally, cells were maintained in antifading medium and observed
using the fluorescence microscopy (Olympus, Tokyo, Japan).

4.10. Detection of Lysosomal Leakage and Acidification

Cells were loaded with Alexa 488 Dextran (20 pM), 10 kDa (Life Technologies) for
1 h prior to CATH-2 treatment and bacterial infection for a further 3 and 6 h. For the
detection of lysosomal acidification, after 2 h of infection, LysoSensor Green DND-189
(3 uM) (Yeasen, Shanghai, China) was added for 1 h. After incubation, the cell culture
medium was replaced by fresh medium, and cells were observed using fluorescence
microscopy (Olympus, Tokyo, Japan).

4.11. Statistical Analysis

Data are shown as mean + SEM. Each experiment was repeated three times, and
each group has three samples. A one-way ANOVA was used to analyze statistical signifi-
cance among the different groups. The p value showed statistical significance. * p < 0.05,
**p <0.01, *** p < 0.001, ns = no significance.



Int. J. Mol. Sci. 2024, 25, 12572 10 0f 11

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms252312572 /s1.

Author Contributions: Y.X,, L.X., T.Z., H.T. and Y.L. performed the experiments; S.J., X.C., Z.L. and
X.H. helped to analyze the data; R.F. and L.P. supervised the study and designed the experiments;
R.F. and L.P. wrote 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 (32102684,
32473043, 32172850), the National Center of Technology Innovation for pigs (NCTIP-XD/C17), Chongging
Science and Technology Commission (CSTB2024TIAD-LDX0009, CSTB2023NSCQ-MSX0846), Chongging
Modern Agricultural Industry Technology System (COMAITS202312), and the Graduate Research Inno-
vation Project of Southwest University (SWUS2315).

Institutional Review Board Statement: This study was conducted according to the guidelines of
the Declaration of Helsinki and approved by the Institutional Animal Care and Use Committee of
Southwest University (Permit No. IACUC-20210215-07, 15 February 2021).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Data Availability Statement: All the data generated for this study are included in the article.

Conflicts of Interest: We declare no conflicts of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

Kathayat, D.; Lokesh, D.; Ranjit, S.; Rajashekara, G. Avian Pathogenic Escherichia coli (APEC): An Overview of Virulence and
Pathogenesis Factors, Zoonotic Potential, and Control Strategies. Pathogens 2021, 10, 467. [CrossRef]

Alber, A.; Stevens, M.P,; Vervelde, L. The bird’s immune response to avian pathogenic Escherichia coli. Avian Pathol. 2021, 50,
382-391. [CrossRef]

Bergeron, C.R.; Prussing, C.; Boerlin, P.; Daignault, D.; Dutil, L.; Reid-Smith, R.J.; Zhanel, G.G.; Manges, A.R. Chicken as reservoir
for extraintestinal pathogenic Escherichia coli in humans, Canada. Emerg. Infect. Dis. 2012, 18, 415-421. [CrossRef]

Hu, J.; Afayibo, D.J.A; Zhang, B.; Zhu, H; Yao, L.; Guo, W.; Wang, X.; Wang, Z.; Wang, D.; Peng, H.; et al. Characteristics,
pathogenic mechanism, zoonotic potential, drug resistance, and prevention of avian pathogenic Escherichia coli (APEC). Front.
Microbiol. 2022, 13, 1049391. [CrossRef]

Peng, L.; Matthijs, M.G.R.; Haagsman, H.P.; Veldhuizen, E.J.A. Avian pathogenic Escherichia coli-induced activation of chicken
macrophage HD11 cells. Dev. Comp. Immunol. 2018, 87, 75-83. [CrossRef]

Peng, L.; Scheenstra, M.R.; van Harten, R.M.; Haagsman, H.P,; Veldhuizen, E.J.A. The immunomodulatory effect of cathelicidin-B1
on chicken macrophages. Vet. Res. 2020, 51, 122. [CrossRef]

Mookherjee, N.; Anderson, M.A.; Haagsman, H.P.; Davidson, D.]. Antimicrobial host defence peptides: Functions and clinical
potential. Nat. Rev. Drug Discov. 2020, 19, 311-332. [CrossRef]

Hancock, R.E.; Haney, E.F; Gill, E.E. The immunology of host defence peptides: Beyond antimicrobial activity. Nat. Rev. Immunol.
2016, 16, 321-334. [CrossRef]

Coorens, M.; Schneider, V.A.F.; de Groot, A.M.; van Dijk, A.; Meijerink, M.; Wells, ] M.; Scheenstra, M.R.; Veldhuizen, E.J.A;
Haagsman, H.P. Cathelicidins Inhibit Escherichia coli-Induced TLR2 and TLR4 Activation in a Viability-Dependent Manner. .
Immunol. 2017, 199, 1418-1428. [CrossRef]

Peng, L.; Tian, H.; Ly, Y,; Jia, K.; Ran, J.; Tao, Q.; Li, G.; Wan, C.; Ye, C.; Veldhuizen, E.J.A.; et al. Chicken cathelicidin-2 promotes
NLRP3 inflammasome activation in macrophages. Vet. Res. 2022, 53, 69. [CrossRef]

van Harten, R.M.; Veldhuizen, E.J.A.; Haagsman, H.P,; Scheenstra, M.R. The cathelicidin CATH-2 efficiently neutralizes LPS-
and E. coli-induced activation of porcine bone marrow derived macrophages. Vet. Immunol. Immunopathol. 2022, 244, 110369.
[CrossRef]

van Dijk, A.; Molhoek, E.M.; Veldhuizen, E.J.; Bokhoven, J.L.T.-V.; Wagendorp, E.; Bikker, F.; Haagsman, H.P. Identification
of chicken cathelicidin-2 core elements involved in antibacterial and immunomodulatory activities. Mol. Immunol. 2009, 46,
2465-2473. [CrossRef]

Coorens, M.; van Dijk, A.; Bikker, E; Veldhuizen, E.J.; Haagsman, H.P. Importance of Endosomal Cathelicidin Degradation To
Enhance DNA-Induced Chicken Macrophage Activation. J. Immunol. 2015, 195, 3970-3977. [CrossRef]

van Dijk, A.; van Eldik, M.; Veldhuizen, E.J.; Tjeerdsma-van Bokhoven, H.L.; de Zoete, M.R.; Bikker, E]J.; Haagsman, H.P.
Immunomodulatory and Anti-Inflammatory Activities of Chicken Cathelicidin-2 Derived Peptides. PLoS ONE 2016, 11, e0147919.
[CrossRef]

Swanson, K.V,; Deng, M.; Ting, ].P. The NLRP3 inflammasome: Molecular activation and regulation to therapeutics. Nat. Rev.
Immunol. 2019, 19, 477-489. [CrossRef]

Oeckinghaus, A.; Hayden, M.S.; Ghosh, S. Crosstalk in NF-«B signaling pathways. Nat. Immunol. 2011, 12, 695-708. [CrossRef]


https://www.mdpi.com/article/10.3390/ijms252312572/s1
https://www.mdpi.com/article/10.3390/ijms252312572/s1
https://doi.org/10.3390/pathogens10040467
https://doi.org/10.1080/03079457.2021.1873246
https://doi.org/10.3201/eid1803.111099
https://doi.org/10.3389/fmicb.2022.1049391
https://doi.org/10.1016/j.dci.2018.05.019
https://doi.org/10.1186/s13567-020-00849-y
https://doi.org/10.1038/s41573-019-0058-8
https://doi.org/10.1038/nri.2016.29
https://doi.org/10.4049/jimmunol.1602164
https://doi.org/10.1186/s13567-022-01083-4
https://doi.org/10.1016/j.vetimm.2021.110369
https://doi.org/10.1016/j.molimm.2009.05.019
https://doi.org/10.4049/jimmunol.1501242
https://doi.org/10.1371/journal.pone.0147919
https://doi.org/10.1038/s41577-019-0165-0
https://doi.org/10.1038/ni.2065

Int. J. Mol. Sci. 2024, 25, 12572 11 0f 11

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Schneider, V.A.F,; Coorens, M.; Ordonez, S.R.; Bokhoven, ] L.M.T.-V.; Posthuma, G.; van Dijk, A.; Haagsman, H.P.; Veldhuizen,
E.J.A. Imaging the antimicrobial mechanism(s) of cathelicidin-2. Sci. Rep. 2016, 6, 32948. [CrossRef]

Schneider, V.A.E,; Coorens, M.; Bokhoven, ]. L.M.T.-V.; Posthuma, G.; van Dijk, A.; Veldhuizen, E.J.A.; Haagsman, H.P. Imaging
the Antistaphylococcal Activity of CATH-2: Mechanism of Attack and Regulation of Inflammatory Response. mSphere 2017,
2,e00370-17. [CrossRef]

van Harten, R.M.; Tjeerdsma-van Bokhoven, J.L.; de Greeff, A.; Balhuizen, M.D.; van Dijk, A.; Veldhuizen, E.J.; Haagsman, H.P;
Scheenstra, M.R. d-enantiomers of CATH-2 enhance the response of macrophages against Streptococcus suis serotype 2. J. Adv.
Res. 2022, 36, 101-112. [CrossRef]

Coorens, M.; Banaschewski, B.J.H.; Yamashita, C.; van Dijk, A.; Haagsman, H.P.; Veldhuizen, R.A.W.; Veldhuizen, E.J.A. Killing of
Pseudomonas aeruginosa by Chicken Cathelicidin-2 Is Inmunogenically Silent, Preventing Lung Inflammation In Vivo. Infect.
Immun. 2017, 85, e00546-17. [CrossRef]

Scheenstra, M.R.; Belt, M.v.D.; Bokhoven, ].L.M.T.-V.; Schneider, V.A.F,; Ordonez, S.R.; van Dijk, A.; Veldhuizen, E.J.A.; Haagsman,
H.P. Cathelicidins PMAP-36, LL-37 and CATH-2 are similar peptides with different modes of action. Sci. Rep. 2019, 9, 4780.
[CrossRef]

Ruan, Y; Shen, T.; Wang, Y.; Hou, M.; Li, J.; Sun, T. Antimicrobial peptide LL-37 attenuates LTA induced inflammatory effect in
macrophages. Int. Immunopharmacol. 2013, 15, 575-580. [CrossRef]

Yoon, S.-H.; Hwang, L; Lee, E.; Cho, H.-].; Ryu, ].H.; Kim, T.-G.; Yu, ].-W. Antimicrobial Peptide LL-37 Drives Rosacea-Like Skin
Inflammation in an NLRP3-Dependent Manner. |. Investig. Dermatol. 2021, 141, 2885-2894.e5. [CrossRef]

Si, F; Lu, Y.; Wen, Y.; Chen, T,; Zhang, Y.; Yang, Y. Cathelicidin (LL-37) causes expression of inflammatory factors in coronary
artery endothelial cells of Kawasaki disease by activating TLR4-NF-«kB-NLRP3 signaling. Immun. Inflamm. Dis. 2023, 11, e1032.
[CrossRef]

Lu, Y; Xiang, F; Xu, L.; Tian, H.; Tao, Q.; Jia, K,; Yin, H.; Ye, C.; Fang, R; Peng, L. The protective role of chicken cathelicidin-1
against Streptococcus suis serotype 2 in vitro and in vivo. Vet. Res. 2023, 54, 65. [CrossRef]

McHugh, B.J.; Wang, R.; Li, H--N.; Beaumont, P.E.; Kells, R.; Stevens, H.; Young, L.; Rossi, A.G.; Gray, R.D.; Dorin, ].R.; et al.
Cathelicidin is a “fire alarm”, generating protective NLRP3-dependent airway epithelial cell inflammatory responses during
infection with Pseudomonas aeruginosa. PLoS Pathog. 2019, 15, €1007694. [CrossRef]

Bauer, C.; Duewell, P; Mayer, C.; Lehr, H.A; Fitzgerald, K.A.; Dauer, M.; Tschopp, J.; Endres, S.; Latz, E.; Schnurr, M. Colitis
induced in mice with dextran sulfate sodium (DSS) is mediated by the NLRP3 inflammasome. Gut 2010, 59, 1192-1199. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1038/srep32948
https://doi.org/10.1128/mSphere.00370-17
https://doi.org/10.1016/j.jare.2021.05.009
https://doi.org/10.1128/IAI.00546-17
https://doi.org/10.1038/s41598-019-41246-6
https://doi.org/10.1016/j.intimp.2013.01.012
https://doi.org/10.1016/j.jid.2021.02.745
https://doi.org/10.1002/iid3.1032
https://doi.org/10.1186/s13567-023-01199-1
https://doi.org/10.1371/journal.ppat.1007694
https://doi.org/10.1136/gut.2009.197822

	Introduction 
	Results 
	CATH-2 Inhibits APEC-Induced Transcription and Production of Inflammatory Cytokines in Macrophages 
	CATH-2 Inhibits APEC-Induced NLRP3 Inflammasome Activation in Macrophages 
	CATH-2 Inhibits APEC-Induced NF-B and MAPK Signaling Pathway Activation in Macrophages 
	CATH-2 Inhibits APEC-Induced IL-1 Secretion by Promoting Lysosomal Dysfunction in Macrophages 

	Discussion 
	Materials and Methods 
	Animals 
	Peptides 
	Bacterial Strain and Culture 
	Preparation of Macrophages and APEC Infection 
	Enzyme-Linked Immunosorbent Assay (ELISA) 
	Cell Viability 
	Quantitative Real-Time Polymerase Chain Reaction (RT-qPCR) 
	Western Blot Analysis 
	Immunofluorescence Staining 
	Detection of Lysosomal Leakage and Acidification 
	Statistical Analysis 

	References

