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Background: Excessive neutrophil extracellular traps (NETSs) is involved in the
progression of acute pancreatitis (AP) but the mechanisms controlling NETs
formation in AP are not fully understood. Therefore, our study sought to
investigate the mechanism of the highly expressed P-selectin stimulating the
formation of NETs in AP.

Methods: NETs formation was detected by flow cytometry, immunofluorescence
staining, and cf-DNA and MPO-DNA complexes were measured as biomarkers of
NETs formation. Neutrophils treated with P-selectin and pharmacological
inhibitors were examined by western blot, immunofluorescence staining and
flow cytometry. Mouse model of AP was established by caerulein and the effect
of inhibiting P-selectin by PSI-697 on the level of NETs and PAD4 in pancreatic
tissue was observed. The severity of AP was evaluated by histopathological score
and the detection of serum amylase and lipase.

Results: Patients with AP had elevated levels of NETs and P-selectin compared with
healthy volunteers. Stimulation of P-selectin up-regulated the expression of PSGL-1,
increased the phosphorylation of Syk, mediated intracellular calcium signal and led
to the activation and expression of PAD4, which modulated NETs formation in
neutrophils. Pretreament with PSI-697 blunted NETs formation and PAD4
expression in the pancreatic tissue, and ameliorated the severity of AP in mice.

Conclusion: Taken together, these results suggest that P-selectin induces NETs
through PSGL-1 and its downstream Syk/Ca®*/PAD4 signaling pathway, and that
targeting this pathway might be a promising strategy for the treatment of AP.
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1 Introduction

Acute pancreatitis (AP) is an acute abdominal condition that is
characterized by local and systemic inflammatory response and has
a varying clinical course (1). The majority of patients present with
mild acute pancreatitis (MAP) which is usually self-limiting and is
characterized by pancreatic edema. Unfortunately, approximately
20% of AP patients develop severe acute pancreatitis (SAP),
accompanied by pancreatic or peripancreatic tissue necrosis and
even organ failure, which leads to a mortality rate of 20-40% (2).
The treatment of patients suffering from AP is a great challenge and
is largely limited to supportive therapies, which is partly related to
the limited understanding of the pathophysiology that drives the
progression of this disease.

Neutrophils appear to be the first responder cells that infiltrate
to the site of injury and lead to progression towards SAP (3). A
Study of AP patients with multiple organ dysfunction (MODS) and
immunosuppression found increased neutrophil transmigration
and aberrant signaling properties, suggesting that neutrophils
contribute not only to the early phase of AP but also to the severe
stage of multiple organ damages (4). Activated neutrophils also
participate in AP by releasing NETSs, which are large extracellular
reticulate fibers composed of DNA, histones and granule proteins
(5, 6). Studies have shown that NETs and their components can
mediate pancreatic enzyme activation and exacerbate pancreatic
inflammation and tissue damage in AP (7, 8). It has also been
shown that the alkaline environment of pancreatic fluid can
promote excessive NETs formation, which can form visible
aggregates in the pancreatic ducts thereby blocking the ducts and
aggravating pancreatic injury (9). Therefore, clarifying the stimuli
and the signaling mechanisms controlling NETs formation in AP is
helpful to provide a new basis for AP treatment.

Neutrophil infiltration into pancreatic tissue is a multistep
process coordinated by specific adhesion molecules (10, 11) and
evidence shows that inhibition of neutrophils or specific adhesion
molecules may have a therapeutic effect on AP (12-14). P-selectin, a
member of the adhesion molecules, is normally stored in granular
structures of o-granules of platelets and Weibel-Palade bodies of
endothelial cells and can be rapidly mobilized to the cell surface
upon stimulation (15). It has been reported that serum P-selectin
levels were significantly higher in AP patients on admission
compared to healthy volunteers (16-18), and P-selectin levels
were positively correlated with length of hospital stay (19). The
conventional view is that P-selectin links inflammation and
coagulation and plays a unique effect on the course of AP.
Interestingly, there is a study that reported that P-selectin can
promote NET's formation in neutrophils of mice (20). Based on the
considerations above, we speculate that in addition to mediating
inflammation and coagulation, high expression of P-selectin may
contribute to AP deterioration by inducing the formation of
excessive NETs, and the mechanism will be investigated.

Here, we chose AP mice and neutrophils isolated from human
peripheral blood to study the receptor and signaling pathway that
mediate the highly expressed P-selectin-induced NETs formation in
AP. Our study revealed the role of PSGL-1 and its downstream Syk/
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Ca**/PAD4 pathway in inducing NETs formation, providing a
better understanding of the pathophysiological mechanisms of P-
selectin in AP.

2 Methods
2.1 Patients

Patients who met at least two of the following three features
were enrolled (1): Abdominal pain in compliance with AP (acute,
sudden, persistent, severe upper abdominal pain, often radiating to
the back) (2); Serum amylase and/or lipase activity at least three
times higher than the upper limit of normal (3); characterized
abdominal image manifestations of AP. Twelve patients with AP
were included in AP group and healthy volunteers formed the
control group. Peripheral blood samples were taken from AP
patients within 24 h from the onset of pain. This study was
approved by the Ethics Committee of the Seventh Affiliated
Hospital of Sun Yat-Sen University. All persons gave their
informed consent prior to their inclusion in the study.

2.2 Peripheral blood neutrophil isolation

Fresh peripheral blood was collected into EDTA tubes. The
whole undiluted blood was then fractionated by density-gradient
centrifugation using human peripheral blood neutrophil isolation
kit (Solarbio, China) according to the manufacturer’s instruction.
Neutrophil purity was established to be routinely >96%, as assessed
by Wright-Giemsa staining. Purified neutrophils were resuspended
in RPMI 1640 medium (Sigma, Sweden) supplemented with 2%
(vol/vol) Fetal bovine serum (FBS) (BI, Israel). All operations were
performed under sterile conditions.

2.3 Measurements of ex vivo NETs
formation in AP patients

2.3.1 Flow cytometry

Isolated neutrophils were fixed in 4% (vol/vol)
paraformaldehyde (PFA) (biosharp, China), blocked with 3% (wt/
vol) bovine serum albumin (BSA) (Solarbio, China) for 30min at
37°C and then incubated with the primary antibody Histone H3
(citrulline R2+R8+R17, ab5103, 1:300, abcam, USA), Alexa Fluor
647 conjugated secondary antibody (1:1000, Invitrogen, USA) at
1:300 dilution and FITC anti-myeloperoxidase antibody (ab11729,
1:10, Abcam) according to a previously described protocol (21).
Flow cytometric analysis was operated using an Beckman
CytoFLEX flow cytometer.

2.3.2 Immunofluorescence staining

Purified neutrophils were seeded onto coverslips coated with
0.001% poly-L-lysine (Beyotime, China). Neutrophils were fixed in
4% (vol/vol) PFA for 30 min at room temperature, washed with PBS
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and permeabilized with 0.1% Triton X-100 for 10 min at 4°C. After
blocking with 3% (wt/vol) BSA for 90 min at 37°C, neutrophils were
incubated overnight at 4°C with primary antibody Histone H3
(citrulline R2+R8+R17, ab5103, 1:1000, Abcam, USA) and
Myeloperoxidase (ab25989, 1:1000, Abcam, USA). Neutrophils
were subsequently incubated with Alexa Fluor 568/647
conjugated secondary antibodies (1:1000, Invitrogen, USA) for
1 h at room temperature followed by DAPI solution for 10 min.
NETSs formation was visualized using a confocal microscope (Carl
Zeiss, Jena, Germany).

2.4 Enzyme-linked immunosorbent assay

Levels of P-selectin in serums were detected by ELISA. The
ELISA kit was purchased from FineTest (Wuhan, China).
Specimens were diluted to 100 uL (1: 20) and measured at an
optical density (OD) of 450 nm.

2.5 NETs induction and quantification
in vitro

Neutrophils were stimulated with P-selectin recombinant
protein (Sinobiological, China). After 4 h of incubation,
supernatants were collected. The level of cell-free DNA (cf-DNA)
in the supernatants was quantified using Quant-iT"" PicoGreen®
dsDNA Assay Kit (Invitrogen, USA) according to the
manufacturer’s instructions. In addition, the concentration of
MPO-DNA complexes was measured. Briefly, samples were
incubated in a 96-well flat-bottom plate (component of a human
MPO ELISA Kkit, Finetest, China) precoated with anti-MPO
antibody. MPO as a constituent of NETs in mouse serum was
captured, and the concentration of DNA bound to MPO was
measured using the Quant-iT™ PicoGreen® dsDNA Assay Kit
(Invitrogen, USA) (22). Immunofluorescence staining mentioned
above was used to observe the formation of NETSs in neutrophils.

2.6 Analysis of Ca®* in neutrophils

Fluo-4 AM (meilunbio, China) working solution was prepared
by diluting Fluo-4 AM solution with HBSS (Gibco, USA) to 5 uM.
The working solution was added to the neutrophils, incubated at 37°
C for 40 min and then neutrophils were washed 3 times with 10 mM
HEPES. After resting in 37°C for 20 min, neutrophils were treated
in groups and analyzed by flow cytometry or visualized under a
fluorescence microscope (Leica, Germany).

2.7 Protein extraction and western blotting

The total protein was extracted in ice-cold RIPA lysis buffer
(Solarbio, China) containing PMSF (Solarbio, China) and
Phosphatase Inhibitor Cocktail (Epizyme, China) and then sonicated
and centrifuged (12,000 xg for 15 min, 4°C) to collect supernatants.
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Protein concentration was detected with a BCA kit (Vazyme, China).
Lysates of cells or pancreatic tissue were separated by electrophoresis at
10 or 12.5% SDS-polyacrylamide gel and transferred to Immobilon-P
membrane (Millipore, USA) which was blocked with 5% BSA for 1 h at
room temperature. Primary antibodies applied were as follows: PSGL-1
(NB100-78039, 1:500, NOVUS Biologicals, USA), p-Syk (AF8404,
1:2000, Affinity, USA), PAD4 (ab214810, 1:1000, Abcam, USA),
Histone H3 (citrulline R2+R8+R17, ab5103, 1:1000, Abcam, USA),
GAPDH (as internal control, 10494-1-AP, 1:5000, Proteintech, China)
and P-actin (as internal control, 20536-1-AP, 1:5000, Proteintech,
China). ECL detection system was used to visualized the protein
bands on the membrane and the grayscale analysis of bands was
calculated using Image].

2.8 Detection of ROS generation

Dichloro-dihydrofluorescein diacetate probe (DCFH-DA)
(Beyotime, China) was used to detect ROS in neutrophils.
According to the manufacturer’s instructions, neutrophils were
incubated in diluted DCFH-DA (1:5000 with serum-free 1640) at
37°C for 15 min, shielded from light. After three washes, a flow
cytometry experiment was carried out to determine
ROS generation.

2.9 Induction of AP models and
drug administration

All animal experimental procedures were approved by the Ethics
Committee of the Shenzhen TopBiotech Co. Ltd (NO. TOP-IACUC-
2021-0129). Healthy adult male KM mice weighing between 20 and
25 g were purchased from the Shenzhen TopBiotech Co. Ltd
(Shenzhen, China). All mice were housed in specific pathogen-free
(SPF) facilities, fed standard rodent chow and water, and maintained
at a controlled temperature (25 + 2°C) under a light cycle (12 h light/
12 h dark). AP model was induced by intraperitoneal injection of
caerulein (50 ng/kg, MedChemExpress, USA) seven times at an
interval of 1 h. Vehicle or PSI-697(30 mg/kg, intragastric
administration, MedChemExpress, USA) was given 1 h before the
first injection of caerulein. Animals were sacrificed 18 h after
induction of AP and blood and pancreatic samples were collected.
Blood were centrifuged at 4°C, 3000 rpm for 10 min to obtain serum.
Serum amylase and lipase levels were detected by the use of a VITROS
5.1 FS automatic biochemistry analyzer (Johnson & Johnson).

2.10 Measurements of in vivo
NETs formation

The levels of c-DNA and MPO-DNA complexes were measured
using MPO ELISA kit (Finetest, China) and dsDNA Assay Kit
(Invitrogen, USA) as previously described. Mouse pancreas was
freshly collected, fixed with 10% neutral buffered formalin and
embedded in paraffin. Pancreatic tissues were sectioned into 3 um.
After antigen repair with citric acid-containing antigen repair buffer
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under high pressure, pancreatic tissue sections were blocked with 5%
(wt/vol) BSA and incubated with the primary antibody Histone H3
(citrulline R2+R8+R17, ab5103, 1:1000, Abcam, USA) and
Myeloperoxidase (GB12224, 1:1000, Servicebio, China) overnight at
4°C. After three washes, the sections were subsequently incubated
with Alexa Fluor 568/647 conjugated secondary antibodies (1:1000,
Invitrogen, USA) for 1 h at room temperature and counterstained
with DAPI (1:2000, Sigma, Sweden).

2.11 Immunohistochemistry

After antigen repair, pancreatic tissue sections were incubated
with 3%(vol/vol) hydrogen peroxide solution for 10 min to block
endogenous peroxidase activity and then were blocked by goat
serum for 30 min at room temperature. The sections were incubated
with the primary antibody P-selectin (DF13294, 1:500, Affinity,
USA) overnight at 4°C and then biotinylated secondary antibodies
for 1 h at room temperature. Finally, sections were counterstained
with hematoxylin.

2.12 Immunofluorescence staining

Antigen repair and blocking were performed on the Pancreatic
tissue sections as previously described. Then the sections were
incubated with the primary antibody PAD4 (ab214801, 1:500,
Abcam, USA) and Ly6G (BE0075-1, 1:200, InVivoMADb, USA)
overnight at 4°C. After three washes, the sections were
subsequently incubated with Alexa Fluor 568/647 conjugated
secondary antibodies (1:1000, Invitrogen, USA) for 1 h at room
temperature and counterstained with DAPI (1:2000,
Sigma, Sweden).

2.13 Analysis of mMRNA expression

The expression level of PAD4 (forward primer: 5’-
GACCCGAAAGCTCTATATGTCA-3’; reverse primer: 5-
TATTCCCGATGAGAATTCTGCC-3’) was measured using
quantitative reverse transcription polymerase chain reaction (qRT-
PCR) and GAPDH was used as internal control. RNA was extracted
from mouse pancreatic tissue and reverse-transcribed according to
the manufacturer’s protocol. qRT-PCR was performed with cDNA
per sample per target gene using Taq Pro Universal SYBR qPCR
Master Mix to measure the signal intensity. Relative fold changes in

mRNA expression were quantified with the 274",

2.14 Histopathological severity evaluation

Pancreatic tissues were stained with hematoxylin and eosin
(H&E). Histomorphological damage to the pancreas was assessed
by the severity of edema, necrosis and inflammation (23)
(Supplementary Table 1). All the histopathological evaluation was
scored by two independent pathologists.
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2.15 Statistical analysis

Data were presented as the mean + the standard error of the
mean (SEM). Statistical analysis was performed using Student’s two
tailed t-test for comparisons of two groups or one-way ANOVA,
Kruskal-Wallis test or Welch’s ANOVA for multiple groups. All
statistical analyses were performed with GraphPad Prism 8 software
(GraphPad, San Diego, CA, USA). P<0.05 was considered
statistically significant, and n represents the number of animals in
each group.

3 Results

3.1 Excessive NETs formation
and hyperexpression of P-selectin
in AP patients

We detected the level of NETs formation in blood samples of
AP patients by flow cytometry. The ratio of NETs in peripheral
blood neutrophils was significantly higher in patients with AP
compared with healthy individuals (Figures 1A, B). Likewise,
immunofluorescence staining was performed on neutrophils
isolated from blood samples. A large number of NETs structures
appeared in AP group, which was almost invisible in control group
(Figures 1C, D). It was also found that in the serums of AP patients
the levels of cf-DNA and MPO-DNA complexes, two markers of
NETs, were significantly higher than those of the control group
(Figures 1E, F). Furthermore, the occurrence of AP markedly
increased the levels of P-selectin in serums (Figure 1G).
Consistently, high levels of P-selectin in pancreatic tissue and
serums were also detected in mouse AP model (Supplementary
Figure 1). These results support that the levels of NETs and P-
selectin increased in AP. The relationship between the high
expression of P-selectin and the excessive formation of NETs in
AP would be further explored.

3.2 High level of P-selectin induces NETs
formation in human neutrophils

Based on the verification of hyperexpression of P-selectin and
excessive NETs formation in AP, we further investigated how P-
selectin affects NETs formation in human neutrophils. Neutrophils
were isolated from peripheral blood of healthy volunteers and
treated with P-selectin recombinant protein at different
concentrations. Fluorescence images showed that PSGL-1
expression was up-regulated on the surface of neutrophils under
the stimulation of P-selectin (Figure 2A). Western blot was also
used to determine the expression of PSGL-1, and the results showed
that the expression of this ligand increased to varying degrees upon
stimulation with different concentrations of P-selectin (Figures 2B,
C). Immunofluorescence analysis demonstrated that stimulation of
P-selectin induced extracellular DNA traps formation in a dose-
dependent manner, and high level of P-selectin recombinant
protein (50 nM) stimulated approximately 60% of neutrophils to
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form NETs (Figures 2D, E). To objectively quantify the increased
extracellular DNA visualized during in vitro NETs formation, cf-
DNA (Figure 2F) and MPO-DNA complexes (Figure 2G) in the
supernatants were measured. When the concentration of P-selectin
reached 50 nM, the levels of these two substances were significantly
higher than that of the control group. Hence, we used 50 nM as the

stimulation concentration in subsequent in vitro experiments.

10.3389/fimmu.2023.1265344

3.3 High level of P-selectin induces NETs
formation through Syk/Ca2+/PAD4
signaling pathway

We used pharmacological inhibitors to inhibit the downstream
key molecules of P-selectin and PSGL-1, and found that inhibiting
Syk by PRT-060318 significantly reduced the formation of NETs.
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Elevated levels of NETs and P-selectin in AP patients. (A) Peripheral blood was collected from healthy individuals and AP patients. Neutrophils were
isolated, and NETs formation was detected by flow cytometry. Representative flow data showing CitH3-positive and MPO-positive cells defined as
NETs. (B) Quantification of circulating NETs in healthy controls and AP patients. (n=5, **P < 0.01) (C) Representative images of neutrophils stained
with MPO (red), CitH3 (Green) and DAPI (blue). Scale bar: 50 um. The white arrows indicated NET-forming cells. (D) The proportion of NET-forming
cells in total neutrophils were quantified. (n=6, ****P < 0.0001) The serum levels of cf-DNA (E) and MPO-DNA complexes (F) were determined in
serums of healthy individuals and AP patients. (n=12, ****P < 0.0001) (G) Serum levels of P-selectin in the control group and AP patients determined

by ELISA. (n=12, ****P < 0.0001)
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High level of P-selectin leads to increased PSGL-1 expression and NETs formation in human neutrophils. Human peripheral blood neutrophils were
isolated and treated with P-selectin recombinant protein at concentrations of 10, 20 and 50 nM. (A) Representative images of neutrophil stained
with PSGL-1 (yellow) and DAPI (blue). The inset box from each group is magnified. Scale bar: 5 um and 20 um, respectively. (B) Cell lysates were
collected and subjected to Western blot analysis for PSGL-1. GAPDH was used as a loading control. Data from one representative experiment are
shown. (C) Relative intensities of PSGL-1 against GAPDH. (n=3, **P < 0.01) (D) Representative images of neutrophils stained with MPO (red), CitH3
(Green) and DAPI (blue). The inset box from each group is magnified. Scale bar: 50 um and 20 um, respectively. The arrows indicate NETs. (E) NET-
forming cells per field are quantified. (n=6, ****P < 0.0001) The neutrophil supernatants were assessed for cf-DNA (F) and MPO-DNA complexes
(G). (n=3, *P < 0.05, **P < 0.01, ***P < 0.001)
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Administration of PRT-060318 significantly prevented NETSs
formation as demonstrated by decreased MPO/CitH3
colocalization (Figures 3A, B). Additionally, the results of dsDNA
and ELISA assay of neutrophil supernatants demonstrated that
PRT-060318 impaired extracellular release of cf-DNA and MPO-
DNA complexes caused by stimulation of P-selectin (Figures 3C,
D). In addition, inhibiting the key enzyme PAD4 which catalyzes
the citrullinization of histone by GSK484 could also diminish the
formation of NETs (Figures 3A-D). These results together
indicated that Syk and PAD4 are involved in P-selectin-induced
NETs. Since the activation of PAD4 requires the participation of
calcium ions, we detected the intracellular Ca®>* and found that
stimulation of P-selectin increased the calcium signal in
neutrophils, while neutrophils pretreated with PRT-060318 before
stimulation reduced the proportion of Ca**-positive cells and the
fluorescence intensity of Ca** probe (Figures 4A-F). Western blot
also showed that neutrophils treated with P-selectin increased the
phosphorylation of Syk and lifted the levels of PAD4 and CitH3
expression. Neutrophils treated with Syk inhibitor PRT-060318
before stimulation had lower expression of both PAD4 and CitH3
(Figures 4G-J), while neutrophils treated with Ca®" chelator
BAPTA-AM had lower levels of PAD4 and CitH3 but not that of
phosphorylated-Syk (p-Syk) (Figures 4K-N). These results revealed
that P-selectin might induces NETs formation through Syk/Ca®
"/PAD4 pathway. Since ROS production is well-described to be
involved in NETosis, we also studied the role of ROS in P-selectin-
induced NETs in human neutrophils. Firstly, we used the ROS
indicator DCFH-DA to detect the ROS level in neutrophils. The
results showed that the stimulation of P-selectin did not lead to the
increase of ROS level in human neutrophils (Supplementary
Figure 2A). Secondly, we used Tempol as a ROS scavenger for
neutrophils, and found that Tempol had little effect on the
formation of NETs induced by P-selectin (Supplementary
Figure 2B).These results suggest that ROS may not be involved in
the signaling pathway of the formation of NETs in human
neutrophils induced by P-selectin (Supplementary Figure 2)

3.4 Inhibition of P-selectin binding to
PSGL-1 reduces the level of NETs and the
expression of PAD4 in the pancreatic tissue
of AP mice

We established a caerulein-induced AP mouse model for
further study in vivo (Figure 5A). AP mice were pretreated by
PSI-697, an oral inhibitor that inhibit the binding of P-selectin to
PSGL-1. In order to assess NETs formation in the pancreas, we
evaluated MPO/CitH3 colocalization in tissue sections from the
pancreas (Figure 5B) and CitH3 expression in pancreatic tissues
lysates (Figures 5C, D) and found that NETs formation was
increased in AP mice and administration of PSI-697 decreased
the level of NETs in the pancreas. Moreover, the serum levels of
circulating c¢f-DNA and MPO-DNA complexes in mice were
assessed as more objective biomarkers of in vivo NETs formation.
Serum cf-DNA and MPO-DNA complexes were both elevated in
AP mice compared to mice in control group and was decreased in
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AP mice pretreated with PSI-697 (Figures 5E, F). These results
indicated that high level of P-selectin induces NETs formation
through its ligand PSGL-1in vivo. After finding that high level of P-
selectin induces NET's formation through PSGL-1, the animals were
used to confirm whether PAD4 activity or expression is aftected by
P-selectin in AP. As shown in Supplementary Figure 3A, in PSI-
697-pretreated AP mice, decreased PAD4 expression was found in
neutrophils infiltrated in pancreas compared with that in the AP
group. Compared with AP mice, the percentage of PAD4-positive
neutrophils in pancreatic tissues of PSI-697 pretreated AP mice was
significantly reduced (Supplementary Figures 3B, C). Similarly, the
mRNA level of PAD4 in pancreas was lower in PSI-697-pretreated
AP mice compared with AP mice (Supplementary Figure 3D).
Collectively, these data suggest that PAD4 participates in the
formation of NETs induced by P-selectin in AP, and its activity
and expression are regulated by P-selectin.

3.5 Inhibition of P-selectin binding to
PSGL-1 alleviates pancreatic
histopathological injury and reduces
serum enzyme levels in AP

Interestingly, we also found that PSI-697 had a protective effect
on AP. As shown in Figure 6, intraperitoneal injection of caerulein
to mice induced pancreas injury, evidenced which was
demonstrated by significant elevations of serum amylase and
lipase and macroscopic pancreas damage. Pretreatment with PSI-
697 significantly ameliorated histological damage of the pancreatic
tissue as evidenced by reduced edema, acinar cell necrosis and
inflammatory cell infiltration (Figures 6A-E). The elevations of
serum amylase and lipase induced by intraperitoneal injection of
caerulein were also blunted in AP mice pretreated with PSI-697
(Figures 6F, G). The above results suggested that PSI-697 might be
an effective treatment for AP.

4 Discussion

AP is an acute abdominal disease in which an intense systemic
inflammatory response plays a crucial role in the development of
the disease (24). Clarifying the endogenous mechanisms underlying
AP progression could help to clinically treatment and improve
prognosis. Besides the classical role of neutrophils, numerous
findings suggest that neutrophil-derived NETSs play an important
role in the pathophysiology of AP (8,25-27). Based on the role of P-
selectin in neutrophil functions, our study focused on the
relationship between the highly expressed P-selectin and NETs in
AP and found that in human neutrophils P-selectin is an important
stimulus of NET's formation, which is consistent with the findings of
Etulain et al. in mouse neutrophils (20). Consequently, how the
highly expressed P-selectin mediates the intracellular signal and
induces the formation of NETS to participate in AP progress is the
focus of our research. It has been proved in mice neutrophils that
both conjugated and soluble P-selectin could promote NETSs
formation (20), therefore there is no deliberate distinction
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MPO-DN

High level of P-selectin-induced NETs are regulated by Syk and PAD4. Neutrophils were pre-treated with Syk inhibitor (Syki, 4 uM of PRT-060318) or

PAD4 inhibitor (PAD4i, 10 uM of GSK484) for 1 h before treated with P-selectin for 4 h. (A) Neutrophils were immune-stained with Abs to MPO, CitH3,
and DAPI nuclear stain. Scale bar: 50 um. The arrows indicate NETs. (B) NET-forming cells per field are quantified. (n=6, **P < 0.01, ***P < 0.001) The
neutrophil supernatants were assessed for cf-DNA (C) and MPO-DNA complexes (D). (n=3, *P < 0.05, **P < 0.01, ***P < 0.001).

between the two types of P-selectin in our study. The P-selectin
recombinant protein we used in vitro is more similar to soluble P-
selectin, while in vivo, both two forms of P-selectin coexist.

Many substances stimulate NETs formation, and the diversity
of stimuli of NETs also result in heterogeneity in their key pathways
(28-34). PAD4 is known to citrullinate histones to mediate
chromatin decondensation and NETs formation (35). However,

Frontiers in Immunology

the requirement of PAD4 for NETosis may vary depending on the
NETosis stimulus. Studies have highlighted that PAD4 is required
for NETosis during both sterile inflammation (36) and bacterial
infection (37). We hypothesized that P-selectin has mainly two
effects after AP, one affects neutrophil infiltration, and the other
stimulates PAD4 activation and expression and leads to increased
NETs. In pancreas of AP mice we first observed the increased Ly6G-
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FIGURE 4

High level of P-selectin induces NETs formation through Syk/Ca®*/PAD4 signaling pathway. Neutrophils were pretreated with Syk inhibitor (Syki, 4 uM of
PRT-060318) or Ca2+ chelator (3 uM of BAPTA-AM) for 1h and then were stimulated with P-selectin recombinant protein. Neutrophils were loaded with
Ca?* fluorescence probe Fluo-4 AM and then were analyzed by fluorescence microscopy and flow cytometry. (A) Representative images of neutrophils
labeled by Fluo-4 AM under fluorescence microscope. Scale bar: 100 um. (B, C) Quantitative analysis of the proportion of Fluo-4 AM* neutrophils and
fluorescence density of Fluo-4 AM under fluorescence microscope. (n=3, *P < 0.05, **P < 0.01) (D) Flow cytometry observation and quantification of
Fluo-4 AM in neutrophils in different groups. Neutrophils treated with ionomycin were used as positive control. (E, F) Quantitative analysis of the Fluo-4
AM* neutrophils ratio and the mean fluorescence intensity (MFI) detected by flow cytometry. (n=3, *P < 0.05, **P < 0.01) Neutrophils were pretreated
with Syk inhibitor (G) or Ca®* chelator (K) for 1n and then were stimulated with P-selectin recombinant protein. Cell lysates were collected and subject
to Western blot analysis for p-Syk, PAD4 and CitH3. GAPDH was used as loading control. (H-J, L—N) Relative intensities are quantified by ImageJ. (n=3,
N.S. represents no significant difference, *P < 0.05, **P < 0.01, ****P < 0.0001).

positive cells, this might be the increasing P-selectin in pancreatic ~ enzyme containing five calcium-binding sites and the binding of
tissue accelerated the infiltration of neutrophils. At the same time, ~ Ca®" to PAD4 would cause a conformational change, leading to the
P-selectin reacted on PSGL-1 led to increased expression of PAD4  formation of an active site cleft (38). However, intracellular calcium
and promoted the NETs formation. PAD4 is a calcium-specific = concentrations in activated neutrophils were reported to be well
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FIGURE 5

° |, : i.p. of caerulein (50 ug/kg)

Inhibition of P-selectin binding to PSGL-1 reduces the level of NETs in pancreas of AP mice. (A) Drug administration and construction of AP mice
(B) Colocalization of MPO (red) with CitH3 (green)in the pancreas of AP mice. The inset box from each group is magnified. Scale bar: 50 um and 20
um, respectively. The arrows indicate NETs in pancreas. (C) The pancreatic tissue was harvested for lysis and lysates were immunoblotted for CitH3
and B-actin. (D) The relative expression levels of CitH3 were quantified. (n=3, **P < 0.01, ***P < 0.001) The serum levels of cf-DNA (E) and MPO-
DNA complexes (F) were determined in mice of different groups. (n=6, *P < 0.05, **P < 0.01, ****P < 0.0001).

below the levels required for PAD4 activation, suggesting that a
cellular mechanism for intracellular calcium regulation within
neutrophils is also required to be involved (39, 40). Moreover,
Intracellular calcium ions may be the key factor to govern the
folding of PAD4, assisting in stabilizing the intermediate state and
ensuring the correct and active protein structure (41). It is reported
that P-selectin and PSGL-1 induces the intracellular calcium influx
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of neutrophils (42). PSGL-1 can induce downstream signaling
changes, allowing Ca®" flux out of the endoplasmic reticulum into
the cytoplasm for exerting various functions (43, 44). Syk, as a key
component of multiple intracellular signaling pathways, plays an
important role in the signaling pathways involved in NETs
formation from a variety of stimuli (45-47), and is also involved
in PSGL-1-mediated calcium influx (42). Thus, in this study we
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Inhibition of P-selectin binding to PSGL-1 by PSI-697 alleviated pancreatic histopathological injury and reduced serum enzyme levels in AP.
(A) Representative H&E staining of pancreatic tissues. The inset box from each group is magnified. Scale bar: 100 um and 50um, respectively.
(B—E) Histopathological scores of pancreatic tissues. (n=6, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.000) (F, G) Serum amylase and lipase levels

in mice. (n=6, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).

speculated and confirmed that it is this process that provides the
high calcium environment for PAD4 activation, which ultimately
leads to NETs formation. We also excluded the role of ROS in P-
selectin-induced NETs in human neutrophils. In the future, we will
use neutralizing antibodies as more specific inhibitors and
neutrophils from knockout mice for further research.

Since it is difficult to obtain pancreatic tissue samples from
human AP cases, we established AP mouse models for further
study. In previous studies, we have successfully established the
models induced by intraperitoneal injection of caerulein,
intraperitoneal injection of caerulein combined with LPS and
retrograde pancreatic duct infusion of sodium taurocholate, and
their severity increased in turn. However, according to our
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observation and evaluation, the model induced by caerulein has
the highest degree of neutrophil infiltration in pancreatic tissue
among the three models. Therefore, we chose the caerulein-induced
model to study NETs in AP. Besides, in this study we selected an
oral P-selectin inhibitor PSI-697, which can inhibit the binding of
P-selectin to PSGL-1 (48), to re-validate this signaling pathway in
vivo. PSI-697 has been identified to reduce thrombosis in human
and animal models in previous studies but the effects on AP have
not been studied (49-51). Interestingly, while studying the signal
pathway, we found that PSI-697 is an effective treatment for AP. We
observed that PSI-697 not only decreases NETs formation in the
inflamed pancreas but also had a protective effect against tissue
damage in AP, as evidenced by the ability to attenuate the
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Schematic diagram (created with BioRender.com) depicting the mechanism of high level of P-selectin-induced NETs formation in AP. Upon
stimulation of P-selectin, PSGL-1 and its downstream Syk/Ca?*/PAD4 signaling pathway induce neutrophils to form NETs and aggravate the

deterioration of AP.

pathological manifestations, amylase and lipase levels in AP. Our
results revealed that PSI-697 might be a promising therapeutic
strategy for AP, especially in the situation that a Phase 1 clinical trial
of PSI-697 has been conducted in healthy individuals and patients
with scleritis.

In summary, this study showed that P-selectin plays a role in
AP progression by inducing NETs formation through
PSGL-1/Syk/Ca®*/PAD4 signaling pathway, providing a better
understanding of the molecular mechanisms of AP (Figure 7). In
addition, this study preliminarily explored that targeting this
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pathway might be a promising therapeutic strategy for AP, and
other targets in this pathway, such as Syk, will be studied in
the future.

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 authors.

frontiersin.org


https://biorender.com/
https://doi.org/10.3389/fimmu.2023.1265344
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Xu et al.

Ethics statement

The studies involving humans were approved by the ethics
committee of the Seventh Affiliated Hospital of Sun Yat-Sen
University. The participants provided their written informed
consent to participate in this study. The animal study was
approved by the Ethics Committee of the Shenzhen TopBiotech
Co. Ltd. The study was conducted in accordance with the local
legislation and institutional requirements.

Author contributions

QX, MS: performed the experiments, analysis and
interpretation of data and manuscript writing. LD, YX, XL, XZ:
material or technique support. LL: Supervision, provided clinical
guidance and resources. DD: conception, design, supervision, and
full responsibility of the study. All authors critically reviewed the
article and approved the final manuscript.

Funding

This work was supported by the National Natural Science
Foundation of China (NSFC, 82270669).

References

1. Besselink M, Santvoort H, Freeman M, Gardner T, Mayerle J, Vege SS, et al. IAP/
APA evidence-based guidelines for the management of acute pancreatitis.
Pancreatology (2013) 13:e1-15. doi: 10.1016/j.pan.2013.07.063

2. Boxhoorn L, Voermans RP, Bouwense SA, Bruno MJ, Verdonk RC, Boermeester
MA, et al. Acute pancreatitis. Lancet (London England) (2020) 396:726-34.
doi: 10.1016/S0140-6736(20)31310-6

3. Glasbrenner B, Adler G. Pathophysiology of acute pancreatitis. Hepato-
gastroenterology (1993) 40:517-21.

4. Oiva J, Mustonen H, Kylinpaid M, Kuuliala K, Siitonen S, Kemppainen E, et al.
Patients with acute pancreatitis complicated by organ dysfunction show abnormal
peripheral blood polymorphonuclear leukocyte signaling. Pancreatology (2013)
13:118-24. doi: 10.1016/j.pan.2013.01.010

5. Hu J, Kang H, Chen H, Yao J, Yi X, Tang W, et al. Targeting neutrophil
extracellular traps in severe acute pancreatitis treatment. Therap Adv Gastroenterol
(2020) 13:320803519. doi: 10.1177/1756284820974913

6. Brinkmann V, Reichard U, Goosmann C, Fauler B, Uhlemann Y, Weiss DS, et al.
Neutrophil extracellular traps kill bacteria. Sci (New York N.Y.) (2004) 303:1532-35.
doi: 10.1126/science.1092385

7. Merza M, Hartman H, Rahman M, Hwaiz R, Zhang E, Renstrom E, et al. Neutrophil
extracellular traps induce trypsin activation, inflammation, and tissue damage in mice with
severe acute pancreatitis. Gastroenterology (2015) 149:1920-31. doi: 10.1053/
j-gastro.2015.08.026

8. Linders J, Madhi R, Rahman M, Morgelin M, Regner S, Brenner M, et al
Extracellular cold-inducible RNA-binding protein regulates neutrophil extracellular
trap formation and tissue damage in acute pancreatitis. Lab investigation; ] Tech
Methods Pathol (2020) 100:1618-30. doi: 10.1038/s41374-020-0469-5

9. Leppkes M, Mauerdder C, Hirth S, Nowecki S, Giinther C, Billmeier U, et al.
Externalized decondensed neutrophil chromatin occludes pancreatic ducts and drives
pancreatitis. Nat Commun (2016) 7:10973. doi: 10.1038/ncomms10973

10. Hartman H, Abdulla A, Awla D, Lindkvist B, Jeppsson B, Thorlacius H, et al. P-
selectin mediates neutrophil rolling and recruitment in acute pancreatitis. Br ] Surg
(2012) 99:246-55. doi: 10.1002/bjs.7775

11. Ménsson P, Zhang XW, Jeppsson B, Johnell O, Thorlacius H. Critical role of P-
selectin-dependent rolling in tumor necrosis factor-alpha-induced leukocyte adhesion
and extravascular recruitment in vivo. Naunyn-Schmiedeberg's Arch Pharmacol (2000)
362:190-96. doi: 10.1007/5002100000268

Frontiers in Immunology

13

10.3389/fimmu.2023.1265344

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.

Supplementary material

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1265344/
full#supplementary-material

12. Bhatia M, Ramnath RD, Chevali L, Guglielmotti A. Treatment with bindarit, a
blocker of MCP-1 synthesis, protects mice against acute pancreatitis. Am ] Physiol
Gastrointestinal liver Physiol (2005) 288:G1259-65. doi: 10.1152/ajpgi.00435.2004

13. Zheng L, Xue ], Jaffee EM, Habtezion A. Role of immune cells and immune-
based therapies in pancreatitis and pancreatic ductal adenocarcinoma. Gastroenterology
(2013) 144:1230-40. doi: 10.1053/j.gastro.2012.12.042

14. Yang Z, Meng X, Xu P. Central role of neutrophil in the pathogenesis of severe
acute pancreatitis. J Cell Mol Med (2015) 19:2513-20. doi: 10.1111/jcmm.12639

15. Kim Y, Goodman MD, Jung AD, Abplanalp WA, Schuster RM, Caldwell CC,
et al. Microparticles from aged packed red blood cell units stimulate pulmonary
microthrombus formation via P-selectin. Thromb Res (2020) 185:160-66. doi: 10.1016/
j.thromres.2019.11.028

16. Hackert T, Biichler MW, Werner J. Targeting P-selectin in acute pancreatitis.
Expert Opin Ther Targets (2010) 14:899-910. doi: 10.1517/14728222.2010.504717

17. Lundberg AH, Granger DN, Russell J, Sabek O, Henry J, Gaber L, et al. Quantitative
measurement of P- and E-selectin adhesion molecules in acute pancreatitis: correlation with
distant organ injury. Ann Surg (2000) 231:213-22. doi: 10.1097/00000658-200002000-00010

18. Long L, Deng L, Wang L, Wen S, Luo L, Liang L, et al. P-selectin-based dual-
model nanoprobe used for the specific and rapid visualization of early detection toward
severe acute pancreatitis in vivo. ACS Biomater Sci Eng (2020) 6:5857-65. doi: 10.1021/
acsbiomaterials.0c00596

19. Tsaroucha AK, Schizas D, Vailas MG, Rachmani E, Kanavidis P, Asimakopoulos
V, et al. E and P selectins as potential markers in the assessment of the severity of acute
pancreatitis. Pancreas (2018) 47:406-11. doi: 10.1097/MPA.0000000000001009

20. Etulain J, Martinod K, Wong SL, Cifuni SM, Schattner M, Wagner DD. P-
selectin promotes neutrophil extracellular trap formation in mice. Blood (2015)
126:242-46. doi: 10.1182/blood-2015-01-624023

21. Gavillet M, Martinod K, Renella R, Harris C, Shapiro NI, Wagner DD, et al. Flow
cytometric assay for direct quantification of neutrophil extracellular traps in blood
samples. Am ] Hematol (2015) 90:1155-58. doi: 10.1002/ajh.24185

22. Czaikoski PG, Mota JMSC, Nascimento DC, Sénego F, Castanheira FVES, Melo
PH, et al. Neutrophil extracellular traps induce organ damage during experimental and
clinical sepsis. PloS One (2016) 11:e148142. doi: 10.1371/journal.pone.0148142

23. Schmidt J, Rattner DW, Lewandrowski K, Compton CC, Mandavilli U, Knoefel
WT, et al. A better model of acute pancreatitis for evaluating therapy. Ann Surg (1992)
215:44-56. doi: 10.1097/00000658-199201000-00007

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2023.1265344/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1265344/full#supplementary-material
https://doi.org/10.1016/j.pan.2013.07.063
https://doi.org/10.1016/S0140-6736(20)31310-6
https://doi.org/10.1016/j.pan.2013.01.010
https://doi.org/10.1177/1756284820974913
https://doi.org/10.1126/science.1092385
https://doi.org/10.1053/j.gastro.2015.08.026
https://doi.org/10.1053/j.gastro.2015.08.026
https://doi.org/10.1038/s41374-020-0469-5
https://doi.org/10.1038/ncomms10973
https://doi.org/10.1002/bjs.7775
https://doi.org/10.1007/s002100000268
https://doi.org/10.1152/ajpgi.00435.2004
https://doi.org/10.1053/j.gastro.2012.12.042
https://doi.org/10.1111/jcmm.12639
https://doi.org/10.1016/j.thromres.2019.11.028
https://doi.org/10.1016/j.thromres.2019.11.028
https://doi.org/10.1517/14728222.2010.504717
https://doi.org/10.1097/00000658-200002000-00010
https://doi.org/10.1021/acsbiomaterials.0c00596
https://doi.org/10.1021/acsbiomaterials.0c00596
https://doi.org/10.1097/MPA.0000000000001009
https://doi.org/10.1182/blood-2015-01-624023
https://doi.org/10.1002/ajh.24185
https://doi.org/10.1371/journal.pone.0148142
https://doi.org/10.1097/00000658-199201000-00007
https://doi.org/10.3389/fimmu.2023.1265344
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Xu et al.

24. van Dijk SM, Hallensleben NDL, van Santvoort HC, Fockens P, van Goor H,
Bruno M]J, et al. Acute pancreatitis: recent advances through randomised trials. Gut
(2017) 66:2024-32. doi: 10.1136/gutjnl-2016-313595

25. Li H, Zhao L, Wang Y, Zhang M, Qiao C. Roles, detection, and visualization of
neutrophil extracellular traps in acute pancreatitis. Front Immunol (2022) 13:974821.
doi: 10.3389/fimmu.2022.974821

26. LiH, Qiao C, Zhao L, Jing Q, Xue D, Zhang Y. Epigallocatechin-3-gallate reduces
neutrophil extracellular trap formation and tissue injury in severe acute pancreatitis. J
Leukoc Biol (2022) 112:1427-43. doi: 10.1002/JLB.3A0322-151R

27. Zhou X, Jin S, Pan J, Lin Q, Yang S, Ambe PC, et al. Damage associated
molecular patterns and neutrophil extracellular traps in acute pancreatitis. Front Cell
Infect Microbiol (2022) 12:927193. doi: 10.3389/fcimb.2022.927193

28. Takei H, Araki A, Watanabe H, Ichinose A, Sendo F. Rapid killing of human
neutrophils by the potent activator phorbol 12-myristate 13-acetate (PMA)
accompanied by changes different from typical apoptosis or necrosis. J Leukoc Biol
(1996) 59:229-40. doi: 10.1002/j1b.59.2.229

29. Clark SR, Ma AC, Tavener SA, McDonald B, Goodarzi Z, Kelly MM, et al. Data
from: Platelet TLR4 activates neutrophil extracellular traps to ensnare bacteria in septic
blood. Nat Med (2007) 13:463-9. doi: 10.1038/nm1565

30. Noel P, Patel K, Durgampudi C, Trivedi RN, de Oliveira C, Crowell MD, et al.
Peripancreatic fat necrosis worsens acute pancreatitis independent of pancreatic
necrosis via unsaturated fatty acids increased in human pancreatic necrosis
collections. Gut (2016) 65:100-11. doi: 10.1136/gutjnl-2014-308043

31. Papayannopoulos V. Neutrophil extracellular traps in immunity and disease.
Nat Rev Immunol (2018) 18:134-47. doi: 10.1038/nri.2017.105

32. Yipp BG, Petri B, Salina D, Jenne CN, Scott BNV, Zbytnuik LD, et al. Infection-
induced NETosis is a dynamic process involving neutrophil multitasking in vivo. Nat
Med (2012) 18:1386-93. doi: 10.1038/nm.2847

33. Kenny EF, Herzig A, Kriiger R, Muth A, Mondal S, Thompson PR, et al. Diverse
stimuli engage different neutrophil extracellular trap pathways. Elife (2017) 6:€24437.
doi: 10.7554/eLife.24437

34. Khan MA, Farahvash A, Douda DN, Licht J, Grasemann H, Sweezey N, et al.
JNK activation turns on LPS- and gram-negative bacteria-induced NADPH oxidase-
dependent suicidal NETosis. Sci Rep (2017) 7:3409. doi: 10.1038/541598-017-03257-z

35. Leshner M, Wang S, Lewis C, Zheng H, Chen XA, Santy L, et al. PAD4 mediated
histone hypercitrullination induces heterochromatin decondensation and chromatin
unfolding to form neutrophil extracellular trap-like structures. Front Immunol (2012)
3:307. doi: 10.3389/fimmu.2012.00307

36. Demers M, Krause DS, Schatzberg D, Martinod K, Voorhees JR, Fuchs TA, et al.
Cancers predispose neutrophils to release extracellular DNA traps that contribute to
cancer-associated thrombosis. Proc Natl Acad Sci U S (2012) 109:13076-81.
doi: 10.1073/pnas.1200419109

37. Li P, Li M, Lindberg MR, Kennett MJ, Xiong N, Wang Y. PAD4 is essential for
antibacterial innate immunity mediated by neutrophil extracellular traps. ] Exp Med
(2010) 207:1853-62. doi: 10.1084/jem.20100239

38. Alghamdi M, Al Ghamdi KA, Khan RH, Uversky VN, Redwan EM. An interplay
of structure and intrinsic disorder in the functionality of peptidylarginine deiminases, a

Frontiers in Immunology

14

10.3389/fimmu.2023.1265344

family of key autoimmunity-related enzymes. Cell Mol Life Sci CMLS (2019) 76:4635—
62. doi: 10.1007/s00018-019-03237-8

39. Krause KH, Campbell KP, Welsh MJ, Lew DP. The calcium signal and
neutrophil activation. Clin Biochem (1990) 23:159-66. doi: 10.1016/0009-9120(90)
80030-M

40. Nakayama-Hamada M, Suzuki A, Kubota K, Takazawa T, Ohsaka M, Kawaida
R, et al. Comparison of enzymatic properties between hPADI2 and hPADI4. Biochem
Biophys Res Commun (2005) 327:192-200. doi: 10.1016/j.bbrc.2004.11.152

41. Liu Y, Lee C, Huang Y, Chen H, Liu G, Hung H. Probing the roles of calcium-
binding sites during the folding of human peptidylarginine deiminase 4. Sci Rep (2017)
7:2429. doi: 10.1038/s41598-017-02677-1

42. Huang B, Ling Y, Lin ], Du X, Fang Y, Wu J. Force-dependent calcium signaling
and its pathway of human neutrophils on P-selectin in flow. Protein Cell (2017) 8:103—
13. doi: 10.1007/s13238-016-0364-4

43. Urzainqui A, Serrador JM, Viedma F, Yanez-Mo M, Rodriguez A, Corbi AL,
et al. ITAM-based interaction of ERM proteins with Syk mediates signaling by the
leukocyte adhesion receptor PSGL-1. Immunity (2002) 17:401-12. doi: 10.1016/S1074-
7613(02)00420-X

44. Immler R, Simon SI, Sperandio M. Calcium signalling and related ion channels
in neutrophil recruitment and function. Eur J Clin Invest (2018) 48 Suppl 2:¢12964.
doi: 10.1111/eci.12964

45. Lu C, Li K, Wu C, Shen C, Kuo Y, Hsieh S, et al. The fcyRIII engagement
augments PMA-stimulated neutrophil extracellular traps (NETs) formation by
granulocytes partially via cross-talk between syk-ERK-NF-kB and PKC-ROS
signaling pathways. Biomedicines (2021) 9:1127. doi: 10.3390/
biomedicines9091127

46. Nani S, Fumagalli L, Sinha U, Kamen L, Scapini P, Berton G. Src family kinases
and Syk are required for neutrophil extracellular trap formation in response to 3-glucan
particles. J Innate Immun (2015) 7:59-73. doi: 10.1159/000365249

47. Wu S, Weng C, Theng M, Kan H, Hsieh S, Liu F, et al. Candida albicans triggers
NADPH oxidase-independent neutrophil extracellular traps through dectin-2. PloS
Pathog (2019) 15:€1008096. doi: 10.1371/journal.ppat. 1008096

48. Bedard PW, Clerin V, Sushkova N, Tchernychev B, Antrilli T, Resmini C, et al.
Characterization of the novel P-selectin inhibitor PSI-697 [2-(4-chlorobenzyl)-3-
hydroxy-7,8,9,10-tetrahydrobenzo[h] quinoline-4-carboxylic acid] in vitro and in
rodent models of vascular inflammation and thrombosis. ] Pharmacol Exp Ther
(2008) 324:497-506. doi: 10.1124/jpet.107.128124

49. Myers DDJ, Wrobleski SK, Longo C, Bedard PW, Kaila N, Shaw GD, et al.
Resolution of venous thrombosis using a novel oral small-molecule inhibitor of P-
selectin (PSI-697) without anticoagulation. Thromb Haemost (2007) 97:400-7. doi:
10.1160/TH06-11-0658

50. Chelliah R, Lucking AJ, Tattersall L, Daga S, Beresford-Cleary NJ, Cortas K, et al.
P-selectin antagonism reduces thrombus formation in humans. J Thromb haemostasis
JTH (2009) 7:1915-19. doi: 10.1111/j.1538-7836.2009.03587.x

51. Japp AG, Chelliah R, Tattersall L, Lang NN, Meng X, Weisel K, et al. Effect of
PSI-697, a novel P-selectin inhibitor, on platelet-monocyte aggregate formation in
humans. ] Am Heart Assoc (2013) 2:¢6007. doi: 10.1161/JAHA.112.006007

frontiersin.org


https://doi.org/10.1136/gutjnl-2016-313595
https://doi.org/10.3389/fimmu.2022.974821
https://doi.org/10.1002/JLB.3A0322-151R
https://doi.org/10.3389/fcimb.2022.927193
https://doi.org/10.1002/jlb.59.2.229
https://doi.org/10.1038/nm1565
https://doi.org/10.1136/gutjnl-2014-308043
https://doi.org/10.1038/nri.2017.105
https://doi.org/10.1038/nm.2847
https://doi.org/10.7554/eLife.24437
https://doi.org/10.1038/s41598-017-03257-z
https://doi.org/10.3389/fimmu.2012.00307
https://doi.org/10.1073/pnas.1200419109
https://doi.org/10.1084/jem.20100239
https://doi.org/10.1007/s00018-019-03237-8
https://doi.org/10.1016/0009-9120(90)80030-M
https://doi.org/10.1016/0009-9120(90)80030-M
https://doi.org/10.1016/j.bbrc.2004.11.152
https://doi.org/10.1038/s41598-017-02677-1
https://doi.org/10.1007/s13238-016-0364-4
https://doi.org/10.1016/S1074-7613(02)00420-X
https://doi.org/10.1016/S1074-7613(02)00420-X
https://doi.org/10.1111/eci.12964
https://doi.org/10.3390/biomedicines9091127
https://doi.org/10.3390/biomedicines9091127
https://doi.org/10.1159/000365249
https://doi.org/10.1371/journal.ppat.1008096
https://doi.org/10.1124/jpet.107.128124
https://doi.org/10.1160/TH06-11-0658
https://doi.org/10.1111/j.1538-7836.2009.03587.x
https://doi.org/10.1161/JAHA.112.006007
https://doi.org/10.3389/fimmu.2023.1265344
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	High expression of P-selectin induces neutrophil extracellular traps via the PSGL-1/Syk/Ca2+/PAD4 pathway to exacerbate acute pancreatitis
	1 Introduction
	2 Methods
	2.1 Patients
	2.2 Peripheral blood neutrophil isolation
	2.3 Measurements of ex vivo NETs formation in AP patients
	2.3.1 Flow cytometry
	2.3.2 Immunofluorescence staining

	2.4 Enzyme-linked immunosorbent assay
	2.5 NETs induction and quantification in vitro
	2.6 Analysis of Ca2+ in neutrophils
	2.7 Protein extraction and western blotting
	2.8 Detection of ROS generation
	2.9 Induction of AP models and drug administration
	2.10 Measurements of in vivo NETs formation
	2.11 Immunohistochemistry
	2.12 Immunofluorescence staining
	2.13 Analysis of mRNA expression
	2.14 Histopathological severity evaluation
	2.15 Statistical analysis

	3 Results
	3.1 Excessive NETs formation and hyperexpression of P-selectin in AP patients
	3.2 High level of P-selectin induces NETs formation in human neutrophils
	3.3 High level of P-selectin induces NETs formation through Syk/Ca2+/PAD4 signaling pathway
	3.4 Inhibition of P-selectin binding to PSGL-1 reduces the level of NETs and the expression of PAD4 in the pancreatic tissue of AP mice
	3.5 Inhibition of P-selectin binding to PSGL-1 alleviates pancreatic histopathological injury and reduces serum enzyme levels in AP

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Supplementary material
	References


