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Abstract

Background: Acute pancreatitis (AP) is a sterile inflammation, and 10-20% of cases can
progress to severe acute pancreatitis (SAP), which seriously threatens human life and health.
Neutrophils and their extracellular traps (NETs) play an important role in the progression

of AP However, the immunodynamic factors between the excessive infiltration of neutro-
phils during the occurrence of AP have not been fully elucidated.

Methods: Adult male C57BL/6 J mice were selected. An AP model was induced by cerulein,
and a control group was set up. Single-cell sequencing technology was used to reveal

the cell atlas of AP pancreatitis tissue. In vivo, the model mice were treated with anti-Ly6G
antibody, DNase I, SC75741, PX-478, and SRT3109 respectively. In vitro, human pancreatic
stellate cells were treated with hypoxia, H,0,, NAC, and JSH-2, and co-cultured with neutro-
phils in Transwell chambers. The severity of inflammation was evaluated, and the molecular
mechanism by which fibroblasts exacerbate AP was revealed through techniques such

as cell colony formation assay, cell migration assay, cell transfection, immunofluorescence,
flow cytometry, Western blot, reverse-transcription quantitative polymerase chain reaction
(RT-gPCR), and co-immunoprecipitation (co-IP).

Results: The study showed that the elimination of neutrophils and NETs could signifi-
cantly improve AP Single-cell RNA sequencing (scRNA-seq) indicated that both neutrophils
and fibroblasts in pancreatic tissue exhibited heterogeneity during AP. Among them, neutro-
phils highly expressed CXCR2, and fibroblasts highly expressed CXCL1. Further experimental
results demonstrated that the infiltration of neutrophils in the early stage of AP was related
to the activation of fibroblasts. The activation of fibroblasts depended on the nuclear

factor kappa B (NF-kB) signaling pathway induced by hypoxia. NF-kB enhanced the activa-
tion of pancreatic stellate cells (PSCs) and the secretion of CXCL1 by directly promoting

the transcription of HIF-1a and indirectly inhibiting PHD2, resulting in the accumulation

of HIF-1a protein. The NF-kB-HIF-1a signal promoted the secretion of CXCL1 by fibroblasts
through glycolysis and induced the infiltration of neutrophils. Finally, blocking the NF-kB-
HIF-1a-CXCL1 signaling axis in vivo reduced the infiltration of neutrophils and improved AP

Conclusions: This study, for the first time, demonstrated that activation of fibroblasts is one
of the immunological driving factors for neutrophil infiltration and elucidated that glyco-
lysis driven by the NF-kB-HIF-1a pathway is the intrinsic molecular mechanism by which
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fibroblasts secrete CXCL1 to chemotactically attract neutrophils. This finding provides
a highly promising target for the treatment of AP,
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Introduction

Acute pancreatitis (AP) is a sterile inflammation, being a local immune inflammatory
reaction caused by the early activation of pancreatic enzymes and subsequent autodi-
gestion of the pancreas [1-5]. Most cases of AP are mild and can heal spontaneously,
but still 10-20% of cases can progress to severe acute pancreatitis (SAP), with obvious
pancreatic tissue necrosis, excessive activation of immune cells, and a large release of
inflammatory mediators, triggering a systemic inflammatory reaction and leading to
multiple organ failure and even death of patients [6, 7]. The key to the progression of
SAP is the excessive inflammatory reaction mediated by immune cells, among which
neutrophils are the first to enter the damaged site [8]. Neutrophils maintain steril-
ity at the damaged site by releasing antibacterial molecules and NETs, but they also
release various enzymes and cause tissue damage [9]. Multiple studies have shown
that neutrophil infiltration promotes the progression of AP. Chen et al. enhanced
pancreatic injury by directly injecting neutrophils in a mouse model of acute pancrea-
titis induced by L-arginine [10]. Gukovskaya et al. explored the role and mechanism
of neutrophil-activated trypsin activation in acute pancreatitis and found that neu-
trophils promote trypsin activation in the pancreas through a nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase-mediated pathway [11]. Sandoval et al.
found that neutrophils can cause apoptotic acinar cells to transform into necrotic
cells, thus exacerbating AP [12]. Neutrophils not only mediate local tissue damage in
the pancreas but also cause damage to distant organs, such as acute lung injury (ALI)
and acute respiratory distress syndrome (ARDS). The recruitment, adhesion/migra-
tion, and activation of neutrophils in the lungs are involved in the occurrence of ALL
By releasing pro-inflammatory and pro-apoptotic factors, they damage the basement
membrane and increase the permeability of the alveolar—capillary barrier [13—15].

In recent decades, it has been discovered that neutrophils can undergo NETosis
after activation. NETosis refers to the process by which neutrophils form and release
neutrophil extracellular traps (NETs) after being stimulated, and this is a form of pro-
grammed cell death. The mechanisms of NETosis mainly include “suicidal” NETosis
and “vital” NETosis. The former method leads to the death of neutrophils, while neu-
trophils can still survive in the latter method [16—18]. With the discovery of this new
form of death, NETosis, research on NETs in AP has intensified. Merza et al. thor-
oughly explored the role of NETs in regulating the inflammatory response and pan-
creatic injury in AP. The research indicates that NETs derived from neutrophils are
a core component of the pathophysiology of SAP, capable of promoting trypsin acti-
vation, inflammation, and tissue damage, and inhibiting neutrophil infiltration and
targeting NETs are effective methods for improving local and systemic inflammation
in severe AP [19]. In addition, NETs may promote the polarization of macrophages to
the M1 type through the Ccl3—-Ccr5 signal, thereby exacerbating AP [20].
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Given the adverse effects of neutrophils and NETs in AP, it is very important to elu-
cidate the mechanism of large-scale neutrophil infiltration in AP. However, so far, the
immunodynamic factors for the excessive infiltration of neutrophils during the occur-
rence of AP have not been fully understood. Previous studies have shown that in early
AP, damage-associated molecular patterns, adhesion molecules, and cytokines released
by damaged acinar cells can mediate the infiltration of neutrophils [21]. Additionally,
there is evidence that tissue-resident macrophages and mast cells also participate in
the recruitment of neutrophils by increasing the permeability of local blood vessels and
secreting chemotactic factors [22]. Besides acinar cells, it is unclear whether there are
other immunodynamic factors driving neutrophil infiltration other than tissue-resident
macrophages and mast cells. Therefore, this study aims to explore the potential immu-
nodynamic factors for the large accumulation of neutrophils and NETs in pancreatic tis-
sue during AP, in order to provide new treatment methods for improving AP.

Methods

Experimental animals

All animal experiments were approved by the Laboratory Animal Use and Welfare Eth-
ics Committee of the First Affiliated Hospital of Harbin Medical University. Adult male
C57BL/6 ] mice (6—8 weeks old, body weight 20+2g) were purchased from Liaoning
Changsheng Biotechnology Co., Ltd. in China. They had free access to food and water,
were housed in a 12-h light—dark cycle environment, and were adapted for 7 days. Before
modeling, the mice were fasted overnight. For the cerulein-induced acute pancreatitis
model, cerulein (Sigma) was intraperitoneally injected at a dosage of 50 pg/kg per hour
for 12 h. The control group was injected with normal saline in the same way. Twenty-
four hours after the first injection of cerulein, the mice were euthanized, and pancre-
atic tissues were collected under sterile conditions. The fresh pancreatic tissues were
placed in a tissue preservation solution for single-cell sequencing, and the remaining tis-
sues were used for other subsequent experiments. The AP model mice were respectively
intraperitoneally injected with anti-Ly6G antibody (Bio X Cell) at a dose of 500 pg, once
every other day for a total of three times [23]; DNase I (1000 U/mg, Pulmozyme, 5 mg/
kg, Roche, Grenzach-Wyhlen, Germany) was intraperitoneally injected 1 h before AP
induction [19]. SC75741 (HY-10496) was intraperitoneally injected at a dosage of 15 mg/
kg once per hour, 3 h before acute pancreatitis modeling, and the model was established
immediately after the last injection. PX-478 (HY-10231,100 mg/kg) was intraperitoneally
injected 1 h before AP induction [24]. SRT3109 (HY-15462,50 mg/kg) was intraperito-
neally injected into a mouse 1 h before AP induction. SC75741, PX-478, and SRT3109
were all purchased from Shanghai MedChemExpress.

Cell culture

Human pancreatic stellate cells (CP-H024) were purchased from Wuhan Procell Life
Science & Technology Co., Ltd. Cell hypoxia experiments were carried out using a
three-gas incubator (37 °C, 5% carbon dioxide, 3% oxygen). The cells were treated with
hydrogen peroxide (5 mM); N-acetylcysteine (NAC, 5 mM) was used to scavenge reac-
tive oxygen species (ROS) in a hypoxic environment; pancreatic stellate cells (PSC) were
treated with JSH-23 (HY-13982, 200 uM) to inhibit the NF-kB signaling pathway.
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For Transwell chamber co-culture, human pancreatic stellate cells were inoculated
into the lower chamber of the Transwell chamber, while neutrophils isolated from the
peripheral blood of patients with acute pancreatitis were inoculated into the upper
chamber. Cobalt chloride (200 uM) was added to the medium in the lower chamber, and
the cells were treated or not treated with 2-deoxyglucose (HY-13966, 10 mM). Similarly,
we used mouse immortalized pancreatic acinar cells and pancreatic stellate cells to con-
duct co-culture experiments in hypoxic and nonhypoxic environments through Tran-
swell co-culture chambers. We conducted co-culture experiments using immortalized
mouse pancreatic acinar cells (266—6) and mouse pancreatic stellate cells (PSC) in both
hypoxic and nonhypoxic environments, with the use of cerulein and Transwell co-cul-
ture chambers.

The proliferation of pancreatic stellate cells was evaluated by the cell colony formation
assay. The migration ability of pancreatic stellate cells was evaluated by the cell migra-

tion assay using Transwell chambers.

Cell transfection

Using Lipofectamine 2000 (Invitrogen), cell transfection experiments were carried out
for small interfering RNAs (siP65, si-HIF-1a) or HIF1A pcDNA3.1-3xFlag-C according
to the instructions of the transfection reagent. The sense strand sequence of P65 small
interfering RNA is 5 -GAGUCAGAUCAGCUCCUAATT-3’, and the antisense strand
sequence is 5'-UUAGGAGCUGAUCUGACUCTT-3’. The sense strand sequence of
HIF-1a small interfering RNA is 5'-GGAAAGAGAGUCAUAGAAA-3’, and the anti-
sense strand sequence is 5'-UUUCUAU GACUCUCUUUCC-3". The negative con-
trol sequence is 5'-UUCUCCGAACGUGUCACGUTT-3’, and the antisense strand
sequence is 5'-ACGUGACACGUUCGGAGAATT-3’.

Extraction of peripheral blood neutrophils

All blood collection experiments were approved by the volunteers and the Ethics Com-
mittee of the First Affiliated Hospital of Harbin Medical University. The peripheral blood
separation kit was purchased from Tianjin Haoyang Huake Biotechnology. Neutrophils

were extracted according to the instructions.

Immunofluorescence

Cell immunofluorescence staining was performed using a confocal microwell plate. The
primary antibodies used included P65 antibody (3033, CST), Ki67 antibody (28,074-1-
AP, Proteintech), a-smooth muscle actin (a-SMA, 14,395-1-AP, Proteintech), myelop-
eroxidase (MPO, 1:200, ab300650), or hypoxia-inducible factor-la (HIF-la, 228,649,
abcam). For tissue paraffin blocks, sectioning was carried out first, followed by dewax-
ing, dehydration, permeabilization, and blocking. Subsequently, the sections were incu-
bated with MPO (1:200, ab300650) and CITH3 (1:200, ab281584) at 4 °C. The secondary
antibodies used included CoraLite 488-conjugated goat anti-rabbit IgG (H+L) second-
ary antibody(SA00013-2), CoralLite 594-conjugated goat anti-mouse IgG (H+L) sec-
ondary antibody(SA00013-3), or CoraLite 594-conjugated goat anti-rabbit IgG (H+L)
(SA00013-4). The above three fluorescent secondary antibodies were all purchased
from Proteintech. Phase-contrast and immunofluorescence images were acquired and
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examined using an LSM510 Zeiss laser inverted microscope equipped with confocal
optical components (Carl Zeiss Microscopy, USA). Image acquisition was controlled by
Zen software (Carl Zeiss Microscopy, USA).

Multicolor immunofluorescence

The wax blocks were embedding acute pancreatic tissues, with a slice thickness of about
4 pm. The slices were then subjected to dewaxing and hydration, antigen retrieval by
microwave, blocking, incubation with primary antibody, incubation with secondary anti-
body, fluorescence signal amplification, nuclear staining, and mounting for observation
under a microscope. After single staining was completed, follow-up staining was per-
formed starting from step 3, the blocking step. The required reagents include dimethyl
sulfoxide (DMSO) (abs9184, Absin), sterile deionized water (abs9259, Absin), xylene,
ethanol (100%, 95%, 70%), 10% neutral formalin, antigen retrieval solution, blocking
solution, and Tris-buffered saline with 0.1% Tween 20 (TBST). The required second-
ary antibody reagent kit (abs50030, Absin) was purchased from Shanghai Aibixing Bio-
technology Co., Ltd. The primary antibodies used were anti-COL1A1 antibody (ES8F4L,
CST), anti-CD177 antibody (PA598759, Invitrogen), anti-SIGLEC5 antibody (PA511675,
Invitrogen), and anti-CD54 antibody (AF6088, affinity).

H&E and immunohistochemistry

Pathological scoring of pancreatitis tissues was carried out by performing hematoxy-
lin and eosin (H&E) pathological staining on the tissues [25] (Supplementary Table 1).
We detected the expression levels of CXCL1, interleukin (IL)-1f, and interferon (IFN)-y
in pancreatic tissues by immunohistochemistry. The primary antibodies used included
CXCL1 (12,335-1-AP, Proteintech), interleukin-1p (IL-1B, AF5103, Affinity), and
interferon-y (IFN-y, DF6045, Affinity).

Flow cytometry for detecting ROS

The Beyotime reactive oxygen species detection kit (S0033S) was purchased. Cells were
treated according to the instructions, and then flow cytometry was performed using an
excitation wavelength of 488 nm and an emission wavelength of 525 nm.

Western blot and immunoprecipitation

Cell proteins were extracted and then separated by sodium dodecyl sulfate (SDS) poly-
acrylamide gel electrophoresis (PAGE). Subsequently, the proteins were transferred to a
nitrocellulose membrane. The membrane was blocked to eliminate nonspecific adsorp-
tion. It was incubated with the corresponding primary antibodies, and then with horse-
radish peroxidase-conjugated secondary antibodies. Finally, detection was carried out
using enhanced chemiluminescence reagents. The primary antibodies utilized include
P65 (catalog no. 8242, CST), PP65 (catalog no. 3033, CST), HIF-1a (catalog no. 228649,
abcam), a-SMA (catalog no. 14395-1-AP, Proteintech), COL1A1 (catalog no. ESF4L,
CST), CXCL1 (catalog no. 12335-1-AP, Proteintech), B-actin (catalog no. 20536-1-AP,
Proteintech), and PHD2 (catalog no. 19886-1-AP, Proteintech).
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The ubiquitination of HIF-1la was detected via immunoprecipitation and Western
blot (WB) experiments. Cells were collected, and cell lysates were prepared. The specific
antibody HIF-1a was added, and the HIF-1a protein was obtained by using Protein A/G
mixed agarose beads. Subsequently, the ubiquitination status can be detected by West-
ern blot.

RT-qPCR

Using TRIzol reagent (Ambin, USA), total RNA was extracted from the cells. RNA con-
centration and quality were evaluated by NanoDrop 2000c (Thermo Scientific, USA).
According to the manufacturer’s protocol, 2 ug RNA was reverse transcribed into cDNA
using the Transcriptor first-strand ¢cDNA synthesis kit (Roche, Germany). p-Actin
was set as an internal control. According to the manufacturer’s protocol, quantitative
real-time PCR was performed using SYBR Green Master (ROX) (Roche, Germany) on
the 7500Fast system. After the reaction was completed, the fold change in target gene
expression was calculated using the 2 — (AACt) formula. The primers for IL-1b were as
follows: forward, 5'-GTGTCTTTCCCGTGGACCTT-3'; reverse, 5'-AATGGGAAC
GTCACACACCA-3’. Those for tumor necrosis factor (TNF)-a were as follows: for-
ward, 5 -CGGGCAGGTCTACTTTGGAG-3'; reverse, 5 -ACCCTGAGCCATAAT
CCCCT-3’". Those for IL-6 were as follows: forward, 5'-CTTCTTGGGACTGATGCT
GGT-3’; reverse, 5'-ACCCTGAGCCATAATCCCCT-3". The primers for HIF-1a were
as follows: forward, 5'-GGCAGCAACGACACAGAAAC-3'; reverse, 5 -TTTTCGTTG
GGTGAGGGGAG-3’. The primers for CXCL1 were as follows: forward, 5'-TTGCCT
CAATCCTGCATCCC-3'; reverse, 5 -GTTGGATTTGTCACTGTTCAGCAT-3’. The
primers for P65 were as follows: forward, 5'-AAGAAGAGTCCTTTCAGCGGACC-3';
reverse, 5 -TGCGGGAAGGCACAGCAAT-3". The primers for B-actin were as follows:
forward, 5 -TTCCTGGGCATGGAGTCCT-3'; reverse, 5 -AGGAGGAGCAATGAT
CTTGATC-3". The primers for PHD2 were as follows: forward, 5 -GCAGCATGGACG
ACCTGATA-3'; reverse, 5'-AGCAACCATGGCTTTCGTCC-3".

Detection of mitochondrial membrane potential

The Mitochondrial Membrane Potential Detection Kit (including Mitochondrial Tracker
Red) was purchased from Beyotime Biotechnology. Cells were treated according to the
manufacturer’s instructions to label the mitochondrial membrane potential, and image

acquisition was carried out using a confocal microscope.

ECAR detection

The extracellular acidification rate curve (ECAR) was detected using an Agilent Seahorse
XFp extracellular flux analyzer (Seahorse Bioscience). The experiment was carried out
according to the manufacturer’s instructions. The Agilent Seahorse XF glycolysis stress
test kit (Agilent Technologies) was used to measure ECAR.
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ELISA detection of CXCL1

The human CXC chemokine ligand 1 (CXCL1) enzyme-linked immunosorbent assay
(ELISA) detection kit (CB12885-Hu) was purchased from Shanghai COIBO bio and
detected according to the instructions provided by the reagent supplier.

Single-cell RNA sequencing and data analysis

Single-cell RNA sequencing was conducted by Shanghai Ouyi Biomedical Technology
Co., Ltd. (Shanghai, China) according to standard protocols. The suspension of single
cells was quality checked, with a concentration of 1250/ul and a cell viability rate of over
91%. The 10x Genomics platform utilized microfluidic technology to encapsulate cells
and beads with cell barcodes in droplets. The droplets containing cells were collected,
and the cells were lysed within the droplets, allowing the mRNA in the cells to bind to the
cell barcodes on the beads, forming single-cell gel beads-in-emulsion (GEMs). Reverse-
transcription reactions and cDNA library construction were performed within the drop-
lets. The sample index on the library sequence was used to differentiate the source of
the target sequences. The raw data generated from high-throughput sequencing were
in fastq format. The official 10x Genomics software, CellRanger[https://support.10xge
nomics.com/single-cell-gene-expression/software/pipelines/latest/what-is-cell-ranger],
was used to perform data quality control and alignment to the reference genome. This
software quantifies high-throughput single-cell transcriptomes by identifying the bar-
code sequences that distinguish cells and the unique molecular identifier (UMI) tags for
different mRNA molecules within each cell, providing quality control statistics such as
the number of high-quality cells, median gene expression, and sequencing saturation.
The data were further quality controlled and processed using the Seurat package [26] on
the basis of the initial quality control results from CellRanger. The FindAllMarkers func-
tion in the Seurat package was used to identify marker genes, which are genes that are
differentially upregulated in each cell type compared with other cell types. Visualization
of the identified marker genes was performed using the VInPlot and FeaturePlot func-
tions. The SingleR package was used to calculate the correlation between the expression
profiles of the cells to be identified and reference datasets on the basis of the quantified
single-cell reference expression data, assigning the cell type with the highest correlation
in the reference dataset to the cells being identified, thereby reducing interference from
subjective factors. For SECNIC analysis, GENIE3 and GRNBoost were used to infer
co-expression regulatory networks. Using T F+targets gene sets, each regulon of every
cell was scored using AUCell, resulting in a binary matrix predicting cell activity. For
pseudotemporal analysis, on the basis of the differentiation process of cells, cells were
sorted using monocle to maximize transcriptional similarity. The algorithm presents the
expression profile of each cell as a point in high-dimensional Euclidean space, with each
gene having a dimension. Dimensionality reduction was performed using independent
component analysis (ICA), and a minimum spanning tree (MST) was constructed on
the cells. A specific algorithm was then used to find the longest path through the MST,
corresponding to the longest sorting of cells with transcriptional similarity. This sort-
ing generated a differentiation “trajectory” for each cell. Weighted gene co-expression
network analysis (WGCNA) was carried out on the basis of the genetic system biology
approach to gene expression, whereby genetic regulatory molecules related to complex
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traits can be identified. Single-cell data from AP mice were used to detect co-expression
gene networks in each cell type, and several gene modules were annotated according to
cell subtypes. The cell subtypes corresponding to the module genes and their functions

were determined.

Statistics

Count data are expressed as mean + standard deviation (SD). For comparisons between
two groups, Student’s t-test was used, and for comparison among more than three
groups, one-way analysis of variance (ANOVA) was used. P<0.05 was considered statis-
tically significant and is indicated by an asterisk. P<0.01 and P<0.001 are indicated by
two and three asterisks, respectively.

Results

The elimination of neutrophils and NETs can significantly improve acute pancreatitis

In this study, a large number of neutrophils and neutrophil extracellular traps (NETs,
Fig. 1A, B) were found in acute pancreatitis tissues. To confirm their impact on AP, we
treated AP mice with neutrophil neutralizing antibody (anti-LY6G) and NET inhibitor
DNasel, respectively. The study found that anti-LY6G and DNasel downregulated neu-
trophils and NETSs by 23% and 11%, respectively (Fig. 1C, D). Pathological tissue sections
showed that reducing neutrophil infiltration and NETs accumulation can significantly
improve the edema and inflammation of AP (Fig. 1E). Serum amylase and serum lipase
were significantly downregulated in the anti-LY6G and DNasel groups (Fig. 1F). Immu-
nohistochemistry confirmed that the expressions of IL-1p and IFN-y in the anti-LY6G
group and the DNasel group were significantly reduced compared with the AP group
(Fig. 1G, H).

scRNA-seq indicates that neutrophils in pancreatic tissue show heterogeneity during AP
This analysis completed single-cell transcriptome sequencing of pancreatic tissues in the
control group and the AP group, with one sample in each group. The number of high-
quality cells quantified by CellRanger in each sample ranged from 12,564 to 12,862. After
quality control, 10,840 cells were obtained. The average number of UMIs in each cell
ranged from 4733 to 8750, the average number of genes in each cell ranged from 445 to
2252, and the average proportion of mitochondrial genes in each cell ranged from 0.0050
to 0.0639. The number of genes detected in each cell, the UMI value, and the percentage
of mitochondrial genes were all within the normal range. Subsequently, cluster analy-
sis was performed on the gene expression data. A total of 15 different cell types were
revealed. Each cell type was annotated on the basis of marker genes (Fig. 2A), and the
atlas was visualized by T-distributed stochastic neighbor embedding (T-SNE) (Fig. 2B).
The analysis results showed that there was a large amount of immune cell infiltration in
AP pancreatic tissue, mainly macrophages and neutrophils. In recent years, people have
paid more attention to macrophages and less research has been done on neutrophils. In
view of this, we focus on neutrophils in AP.

We further clustered neutrophils. According to marker genes, cluster 1 subgroup was
named Siglec-F + neutrophils, cluster 2 subgroup was named CD177 + neutrophils, and
cluster 3 subgroup was named CD54 + neutrophils subgroup (Fig. 2 C, D). Research has
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Fig. 1 Ellmlnanon of neutrophils and NETs can 5|gn|ﬁcant|y improve acute pancreatitis A Scanning electron
microscope images of pancreatic tissues in normal control group and AP group. The AP group contains
neutrophils and NETs. B Fluorescence photo of neutrophil infiltration and NETs accumulation after treating
the AP mouse model with neutrophil neutralizing antibody (anti-LY6G) and NETs inhibitor DNasel. C The
proportion of neutrophils in each field of view of each group. D The proportion of NETs in each field of view
of each group (MPO is red, representing neutrophils, pointed to by white arrows; CITH3 is bright green,
pointed to by white arrows; yellow represents NETs, pointed to by white arrows). E H&E staining of each
group and inflammation score and edema degree score. F Levels of serum amylase and lipase in mice of each
group. G Immunohistochemical staining and expression statistics of IL.-13 and IFN-y in each group. Student’s
t-test was used for comparison between two groups. *P<0.05 is considered statistically significant, **” <0.01,
#4P £0,001
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Fig. 2 scRNA-seq indicates that neutrophils in pancreatic tissue show heterogeneity during AP. A Cell atlas

of pancreatic tissues of mice in normal control group and AP group. B Marker genes that distinguish various
types of cells. C Heat map of marker gene expression of neutrophil subgroups. D Cell atlas of neutrophil
subgroups. E Proportion of neutrophil subgroups in normal control group and AP group. F Multicolor
immunofluorescence confirmed the existence of CD177 + neutrophil subgroup, CD54 + neutrophil subgroup,
Siglec-F + neutrophil subgroup, neutrophils (MPO, yellow), CD177 is light blue, CD54 is red, Siglec-F is orange,
and the nucleus is dark blue in pancreatic tissues of mice with AP. G Pseudotemporal analysis diagram of
three neutrophil subgroups. H-J Expression trends of markers of three neutrophil subgroups on the time axis.
K Gene dynamics analysis of neutrophils. The results show that there are three expression patterns of highly
variable genes in neutrophils. L Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis

of highly variable genes in each module. Student’s t-test was used for comparison between two groups.
*P<0.05 is considered statistically significant, **P<0.01, ***P < 0.001

shown that Siglec-F is typically expressed in eosinophils. To verify which type of cells
the Siglec-F +cells are, we evaluated the expression of eosinophil marker genes Prg2,
Prg3, Epx, Earl, Ear2, and Ear6 in this subset [27, 28]. We found that these marker
genes representing eosinophils were not expressed in these three subsets, while neu-
trophil marker genes such as CSF3R, CXCR2, ILIR2, s10048, and s100a were expressed
in all three subsets (Supplementary Fig. 1A, B). Therefore, it is a type of neutrophils
that express Siglec-F. Figure 2E shows the proportion of each subgroup in AP. Multiple

Page 10 of 26
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immunohistochemistry techniques further confirmed the existence of three neutrophil
subgroups in AP. We found that CD54 + neutrophils and Siglec-F +neutrophils were
mostly concentrated in the pancreatic interstitium, while CD177 + neutrophils were
mostly concentrated in the pancreatic parenchyma (Fig. 2F). Pseudotemporal analysis
indicated that CD177+ neutrophils were transformed from CD54+ neutrophils and
Siglec-F +neutrophils in turn (Fig. 2G). This indicates that, with the continuous infiltra-
tion of early CD54 + neutrophils and Siglec-F + neutrophils, they then reach the pancre-
atic parenchyma and then differentiate into CD177 + neutrophils. CD177 + neutrophils
highly express LY6G (Fig. 2C), which is a sign of neutrophil maturity. Figure 2H-J shows
the expression trends of the three subgroup markers on the time axis. The expression
of CD54 gradually decreased, indicating that the number of CD54+ neutrophils grad-
ually decreased. The expression of Siglec-F first increased slowly and then decreased
slowly, indicating that Siglec-F 4+ neutrophils are a cell in an excessive state, first increas-
ing continuously and then decreasing continuously. The expression of CD177 was
always low, but it suddenly increased when CD54 and Siglec-F returned to the baseline
level. This indicates that CD177 is transiently expressed after neutrophil maturity. The
results of gene dynamics showed that there were three expression patterns of highly
variable genes in neutrophils (Fig. 2K): Pattern 1, where the gene expression gradu-
ally increased, which corresponded to CD177 + neutrophils; pattern 2, where the gene
expression first increased and then decreased, which corresponded to Siglec-F+ neu-
trophils; and pattern 3, where the gene expression gradually decreased, which corre-
sponded to CD54 + neutrophils. This indicates that the process of highly variable gene
changes is the process of neutrophil subgroup differentiation. Module 1 corresponded
to CD177 + neutrophils, and highly variable genes were enriched in focal adhesion, Rapl
signaling pathway, and leukocyte transendothelial migration pathway (Fig. 2L); module
2 corresponded to Siglec-F +neutrophils, and highly variable genes were enriched in
protein digestion and absorption, antigen processing and presentation, lysosome, apop-
tosis, phagosome pathway; module 3 corresponded to CD54 + neutrophils, and highly
variable genes were enriched in chemokine signaling pathway, Th17 cell differentiation,
nucleotide oligomerization domain (NOD)-like receptor signaling pathway, TNF signal-
ing pathway, and NF-«B signaling pathway. An important factor driving gene changes is
transcription factors. We found that the change trend of the motif AUC value of tran-
scription factors was consistent with the expression pattern of highly variable genes. In
CD54 + neutrophils, the motif AUC values of ETS and JUN continuously decreased; in
Siglec-F + neutrophils, the motif AUC values of ETV6 and ETS2 first increased and then
decreased; in CD177 4+ neutrophils, the motif AUC values of FOSL1 and NFE2 gradually
increased (Supplementary Fig. 2A).

In acute pancreatitis, the infiltration of neutrophils is related to the activation

of fibroblasts.

First, we characterized the fibroblast atlas in AP. The research results showed that there
are three types of fibroblasts in AP. According to the expression of activation markers
a-SMA (also known as ACTA2) and COL1A1 [29-31] (Fig. 3A). Fibroblasts 1 is named
activated fibroblasts, namely myofibroblasts (Fig. 3B). For cluster 2, we found interesting
results. Fibroblasts 2 exists in both the AP group and the control group (Fig. 3C). The
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intergroup pseudotemporal diagram where fibroblasts differentiate from the control group to the AP group,
and F the fibroblast subgroup differentiation diagram. G Relative expression levels of activation markers
a-SMA, COLTAT, and VIMENTIN in each subgroup. H Relative expression level of CXCL1 in each subgroup. |
Intercellular communication analysis: ligand-receptor pair. J CXCL1 is expressed in fibroblasts, and CXCR2

is expressed in neutrophils. K Scanning electron microscope image of neutrophils in interstitial fibers. L
Immunofluorescence image, neutrophils (MPO, yellow), fibroblasts (COL1AT1, green), nucleus (DAPI, blue).
Student’s t-test was used for comparison between two groups. *P < 0.05 is considered statistically significant,
**P<0.01,**P<0.001

difference is that fibroblasts 2 in AP highly expresses the activation marker COL1A1,
while fibroblasts 2 cells in the control group do not express ACTA2 and COL1A1l
(Fig. 3A). Therefore, strictly speaking, fibroblasts 2 in AP is a transitional fibroblast, and
fibroblasts 2 in the control group is a quiescent fibroblast. This is reflected in Supple-
mentary Fig. 2B. The results showed that fibroblasts 2 in the AP group highly expressed
chemokines such as CXCL1, CXCL2, CCL2, and CCL7 compared with the NC group.
Fibroblasts 3 specifically highly expresses CD74, CAV1, and SAA3 antigen-presenting
cell markers (Fig. 3A), so it is named antigen-presenting fibroblasts (antigen-presenting
fibroblasts, apFBs) (Fig. 3B). The results of pseudotemporal analysis showed that cluster
2 differentiated in two directions in acute pancreatitis and transformed into myofibro-
blasts and apFBs, respectively (Fig. 3D—F). Further analysis showed that, in the activa-
tion process of fibroblasts, the expression trend of CXCL1 was consistent with that of
activation markers a-SMA, COL1A1, and VIMENTIN (Fig. 3G, H). Intercellular com-
munication analysis showed that fibroblasts and neutrophils crosstalk with each other
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through the CXCL1-CXCR?2 ligand-receptor pair (Fig. 3I). In the T-SNE diagram, we
found that fibroblasts highly expressed CXCL1 and neutrophils highly expressed CXCR2
(Fig. 3]). Previous studies have shown that pancreatic acinar cells express CXCL1 during
acute pancreatitis. However, our results indicate that there is no expression of CXCL1
in acinar cells. This is because the single-cell data analysis reveals that only the acinar
cells in the normal control group are enriched, while the acinar cells in the inflammatory
group are necrotic and inactivated, thus not being enriched (Supplementary Fig. 3A).
CXCL1 is scarcely expressed in the normal group, but is significantly highly expressed in
the cerulein-stimulated group (Supplementary Fig. 3B). Given that CXCL1 is the natu-
ral ligand of CXCR2, we speculate that neutrophils may be chemotaxed to the pancre-
atic interstitium by CXCL1 secreted by fibroblasts. We confirmed by scanning electron
microscopy and immunofluorescence that there are a large number of neutrophils in the
pancreatic interstitial fibers (Fig. 3K, L).

The activation of fibroblasts depends on the NF-kB signaling pathway induced by hypoxia
We explored the module genes unique to each fibroblast subgroup through WGCNA
to characterize their functional characteristics. The results showed that the dataset was
clustered into three modules (Fig. 4A). The clustering results showed that the brown
module had the strongest correlation with fibroblasts 1 (r=0.83) (Fig. 4A). KEGG enrich-
ment showed that the genes in this module were enriched in NF-«B signaling pathway,
phagosome, Hippo signaling pathway, tight junction, spliceosome, apoptosis, and ECM-
receptor interaction pathway (Fig. 4B); the blue module had the strongest correlation
with fibroblasts 2 (r=0.64) (Fig. 4A). KEGG enrichment showed that the genes in this
module were enriched in AGE-RAGE signaling pathway in diabetic complications, TNF
signaling pathway, PI3K-Akt signaling pathway, pathways in cancer, ferroptosis, NF-kB
signaling pathway, and JAk-STAT signaling pathway (Fig. 4C); the yellow module had the
strongest correlation with fibroblasts 3 (r=0.51) (Fig. 4A). KEGG enrichment showed
that the genes in this module were enriched in oxidative phosphorylation, IL-17 sign-
aling pathway, antigen processing and presentation, C-type lectin receptor signaling
pathway, MAPK signaling pathway, Toll-like receptor signaling pathway, and Th17 cell
differentiation (Supplementary Fig. 2C). Most pancreatic fibroblasts originate from acti-
vated pancreatic stellate cells (PSCs) [32]. Therefore, we used PSCs to study the process
of differentiation of resting fibroblasts (RFs) into activated fibroblasts (AFs). We found
that, except for fibroblasts 3, the NF-kB signaling pathway of fibroblasts 1 and fibroblasts
2 was activated. This is consistent with the expression distribution of activation mark-
ers and CXCL1 (Fig. 3G, H). For the differentiation process of fibroblasts, we performed
pseudotemporal analysis on the expression of key genes. We found that, in fibroblasts 1
and fibroblasts 2, the NF-«B signal was activated and the expression of HIF1-a continu-
ously increased (Fig. 4D). Therefore, we speculate that this may be related to fibroblast
activation and CXCL1 secretion.

We treated human pancreatic stellate cells with hypoxia for different lengths of time.
We found that, as the hypoxia time prolonged, the expression of HIF-la gradually
increased, and P65 and pP65 were continuously activated (Fig. 4E). The expression of
the activation marker a-SMA gradually increased (Fig. 4F). Further immunofluores-
cence confirmed that hypoxia led to changes in cell morphology and upregulation of
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a-SMA (Fig. 4G). The above proves that hypoxia can activate the HIF-1a-NF-kB signal
and promote fibroblast activation. In addition, we found that fibroblasts can be activated
by acinar cells stimulated with cerulein and participate in the inflammatory response
(Supplementary Fig. 1C). The experimental results show that, under both normal and
hypoxic conditions, PSC cells in the cerulein group significantly highly express a-SMA,
COL1A1, and CXCL1, and hypoxia further increases their expression (Supplementary
Material 1D). The expression trends of the inflammatory factors IL-1, TNF-a, and IL-6
in the acinar cells in the lower chamber are consistent with the activation trend of PSC
(Supplementary Fig. 1E). Hypoxia can cause a decrease in mitochondrial membrane
potential and an increase in ROS (Fig. 4H, I), which is consistent with previous studies.
We guess that the increase in ROS caused by hypoxia may be the initiating factor for
activating NF-kB and PSCs. To confirm this guess, we treated with H,O,. The results
showed that the results of H,O, treatment were consistent with those of hypoxia treat-
ment. Compared with the control group, hypoxia and hydrogen peroxide led to HIF-1a
accumulation and NF-kB signal activation (Fig. 4]). In addition, we also found that
hypoxia and H,0, treatment both promoted the nuclear translocation of P65 (Fig. 4K).
NAC elimination of ROS can significantly reverse NF-«B activation and CXCL1 secre-
tion caused by hypoxia (Fig. 4L). Further inhibition of the NF-«B signal significantly
reduced the accumulation of HIF-1a and the secretion of CXCL1 (Fig. 4M).

NF-kB promotes HIF-1a accumulation by inhibiting PHD2, thereby enhancing PSC
activation and CXCL1 secretion

To verify that, under hypoxia, the activation of fibroblasts and the expression of CXCL1
depend on the NF-«kB-HIF-1la-signal, we conducted the following experiments: We
transfected si-p65 into PSCs and observed the mRNA and protein expression of HIF-1a.
First, we verified that the knockout efficiency of P65 was as expected (Fig. 5A, B). Fur-
ther, it was found that knockdown of P65 could significantly reverse the increase in
HIF-1a transcription and protein expression induced by hypoxia (Fig. 5C, D). This indi-
cates that NF-kB promotes the expression of HIF-la in PSCs. Immunofluorescence
clearly showed that knockdown of P65 significantly reduced the nuclear expression of
HIF-1a (Fig. 5E). We confirmed that the knockdown efficiency of si-HIF-1a was signifi-
cantly different (Fig. 5F, G). Further experimental results showed that knocking down
HIF-la could significantly inhibit the expression of a-smooth muscle actin (a-SMA)
and CXCL1 (Fig. 5H-I), indicating that HIF-1a is necessary for the activation of pan-
creatic stellate cells. Under hypoxic conditions, we transfected pancreatic stellate cells
with si-NF-kB, si-HIF-1q, and si-NF-kB +si-HIF-1a, respectively, and then measured
the expression level of CXCL1. Compared with the normoxic state, knocking out either
NF-kB or HIF-1a alone cannot counteract the increase in CXCL1 expression caused
by hypoxia. However, simultaneously knocking down NF-kB and HIF-la can further
reduce the expression of CXCL1, indicating that NF-xB and HIF-1a act synergistically to
promote CXCL1 expression (Supplementary Fig. 1F).

Studies have shown that, under normal oxygen partial pressure, HIF-1a protein will
be rapidly degraded and maintained at a low level. However, when cells are in a hypoxic
environment, ubiquitination degradation is inhibited, leading to its accumulation in cells
[33]. We used MG-132 to inhibit the ubiquitin—proteasome system and observed the
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effect of si-P65 on HIF-1la ubiquitination. We found that hypoxia could significantly
reduce HIF-1a ubiquitination, while knockout of P65 would increase HIF-1a ubiquitina-
tion under hypoxic conditions (Fig. 5F). Studies have confirmed that, when the activity
of PHD2 is reduced, the proline residue of HIF-1a cannot be hydroxylated, so it can-
not be recognized and bound by VHL, avoiding ubiquitination and proteasome degrada-
tion [34]. Therefore, we observed the effect of si-P65 on PHD2 under hypoxia. We found
that knockdown of P65 could significantly increase the mRNA and protein expression
of PHD2 (Fig. 5G, H). Therefore, in addition to directly promoting HIF-1« transcrip-
tion, P65 can also promote the protein accumulation of HIF-1a by inhibiting PHD2.
The above results indicate that NF-kB not only acts synergistically with HIF-1a to pro-
mote the transcription of CXCL1, but also enhances the stability of HIF-1a by inhibit-
ing PDH2 (Fig. 5F). This further strengthens the regulation of the chemokine CXCL1 by
HIF-1a. This may represent another pathway through which NF-kB and HIF-1a syner-
gistically promote the expression of CXCL1.

The NF-kB-HIF-1a signal promotes neutrophil infiltration by promoting fibroblast secretion
of CXCL1 through glycolysis

To explore the mechanism by which the NF-kB-HIF-1a signal promotes fibroblast acti-
vation and CXCL1 expression, we conducted a series of experiments. Previous results
showed that HIF-1a is necessary for PSC activation. Then, how HIF-1a exerts its func-
tion needs to be clarified. Past studies have shown that the intracellular accumulation
of HIF-1a can enhance glycolysis, and an increase in glycolysis can promote the activa-
tion of hepatic stellate cells [35]. However, it is unknown whether glycolysis affects the
activation of PSCs. We used 2-deoxyglucose (2-DG) to inhibit the glycolysis process of
PSCs under hypoxic conditions. We found that 2-D@G significantly reduced the activa-
tion markers COL1A1, a-SMA, and CXCL1 of PSCs (Fig. 6A, B). At the same time, we
detected the mRNA of inflammatory factors. We found that inhibiting glycolysis could
significantly downregulate the expressions of IL-6, IL-1p, TNF-a, and CXCL1 (Fig. 6C).
Immunofluorescence confirmed that inhibiting glycolysis could significantly downregu-
late a-SMA and KI67, indicating that inhibiting glycolysis can inhibit hypoxia-mediated
PSCs activation and proliferation (Fig. 6D, E). We extracted neutrophils from the periph-
eral blood of patients with pancreatitis and co-cultured them with PSCs through Tran-
swell co-culture chambers. We added and did not add 2-DG to the lower chamber and
observed the number of neutrophils in the lower chamber. We found that inhibiting gly-
colysis can lead to a decrease in neutrophil chemotaxis in the lower chamber (Fig. 6F).
Further, we confirmed the regulatory effect of the NF-kB-HIF-1a signal on glycolysis
through si-P65 and overexpression (OE)-HIF-la. Knockout of P65 can significantly
inhibit basal glycolytic capacity and maximum glycolytic capacity, and overexpression
of HIF-1a on this basis can enhance glycolysis (Fig. 6G-I). In addition, the protein lev-
els of COL1A1, a-SMA, and CXCL1 and the mRNA levels of IL-6, IL-1p, TNF-«, and
CXCL1 all decreased with glycolysis inhibition and increased with glycolysis enhance-
ment (Fig. 6]—L). We also found that si-P65 and OE-HIF-1a can regulate the migration
and proliferation of PSCs. si-P65 reduces migration and proliferation, and OE-HIF-1a
can reverse the effect of si-P65 (Fig. 6M, N). Finally, we detected the level of CXCL1
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Fig. 6 The NF-kB-HIF-1a signal promotes neutrophil infiltration by promoting fibroblast secretion of
CXCL1 through glycolysis. A, B Western blot diagrams of COL1A1, a-SMA, and CXCL1 after 2-DG treatment
of PSCs. C mRNA levels of IL-6, IL-13, TNF-a, and CXCL1 after 2-DG treatment of PSCs. D Fluorescence

image of significantly reduced a-SMA after 2-DG treatment of PSCs. E Fluorescence image of significantly
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chamber with or without 2-DG added, neutrophils are cultured in the upper chamber, and the number of
neutrophils in the lower chamber is observed after 24 h (neutrophils are labeled with MPO, green). G Effect
of transfection of PSCs with si-P65 or OE-HIF-1a on extracellular acidification rate curve (ECAR). H Effect of
transfection of PSCs with si-P65 and OE-HIF-1a on basal glycolytic capacity. I Effect of transfection of PSCs
with si-P65 and OE-HIF-1a on maximum glycolytic capacity. J, K Protein levels of COL1AT, a-SMA, and CXCL1
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after transfection of PSCs with si-P65 and OE-HIF-1a. M Migration images after transfection of PSCs with
si-P65 and OE-HIF-1a. N Clone formation images after transfection of PSCs with si-P65 and OE-HIF-1a. O
Secretion level of CXCL1 after transfection of PSCs with si-P65 and OE-HIF-1a. Student’s t-test was used for
comparison between two groups. *P < 0.05 is considered statistically significant, **P < 0.01, ***P <0.001
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secreted by the si-P65 and si-HIF-1a+ OE-HIF-1a groups by ELISA. The results were
consistent with expectations. si-P65 reduced the secretion of CXCL1, while OE-HIF-1«
increased its secretion (Fig. 60).

Blocking the NF-kB-HIF-1a-CXCL1 signaling axis reduces neutrophil infiltration

and improves AP

SC75741 intraperitoneal injection treatment was performed 3 h before the establish-
ment of the acute pancreatitis model, and the model was established immediately after
the last injection. SC75741 is a widely effective NF-«B inhibitor. Through H&E staining,
it was found that SC75741 significantly reduced pancreatic tissue edema and inflam-
mation scores (Fig. 7A, B). WB results showed that SC75741 inhibited the increase of
P65, PP65, and CXCL1 in AP mice (Fig. 7C). Immunohistochemistry further confirmed
that SC75741 reduced the expression of CXCL1 in AP pancreatic tissue (Fig. 7D). At
the same time, immunofluorescence confirmed that SC75741 treatment could reduce
the accumulation of neutrophils and NETs (Fig. 7E), thereby improving AP. Further,
we used PX-478 to inhibit the HIF-1a signal (Fig. 7F), and used SRT3109 to antagonize
CXCR2 (Fig. 7F), and then observed the progress of AP. Pathological tissue sections
showed that PX-478 and SRT3109 significantly reduced pancreatic tissue edema and
inflammation infiltration scores (Fig. 7G). Inhibiting HIF-1a and antagonizing CXCR2
respectively can significantly reduce serum amylase and serum lipase (Fig. 7H). PX-478
and SRT3109 significantly reduced the mRNA of inflammatory factors IL-1p, TNF-a,
and IL-6 in AP pancreatic tissue (Fig. 7I). WB and immunohistochemistry showed that
inhibiting NF-«B could significantly reduce the expression of CXCL1 (Fig. 7], K). Finally,
we evaluated the effects of PX-478 and SRT3109 on neutrophil infiltration. We found
that blocking NF-kB and CXCR2 respectively could significantly reduce the accumula-
tion of neutrophils and NETs (Fig. 7L). The above research results prove that blocking
the NF-kB—HIF-1a—CXCL1 signal in vivo can reduce the accumulation of neutrophils
and NETs and improve AP (Fig 8).

Discussion

Our study is the first to prove in AP that fibroblast activation is an immunological driv-
ing factor for neutrophil infiltration. This study elucidates that glycolysis driven by
NEF-kB—HIF-1a is the intrinsic molecular mechanism by which fibroblasts chemotacti-
cally attract neutrophils. In the early stage of pancreatitis, fibroblasts can be activated by
acinar cells stimulated with cerulein and participate in the inflammatory response. This
may be a key factor contributing to the aggravation of pancreatitis [33]. This study not
only demonstrates the role of neutrophils in the development of acute pancreatitis but,
more importantly, reveals the immunomodulatory role of fibroblasts in the early stage of
acute inflammation.

Neutrophil recruitment is a rate-limiting step in pancreatic tissue and distant organ
damage [36, 37]. In addition, neutrophils can exacerbate acute pancreatitis and sys-
temic inflammation by releasing NETs [11, 38]. Therefore, inhibiting neutrophil
infiltration and the release of NETs is crucial for reducing AP. We used single-cell
transcriptome sequencing technology and found that there are three neutrophil sub-
groups in acute pancreatitis tissues. Pseudotemporal analysis suggests that they are
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Fig. 8 Aseptic inflammation caused by acinar cell injury leads to local tissue hypoxia. The hypoxic
environment causes a decrease in the mitochondrial membrane potential of pancreatic stellate cells and
the release of reactive oxygen species. Reactive oxygen species activate the NF-kB signaling pathway, and
the nuclear entry of pP65 increases. On the one hand, pP65 directly binds to the promoter region of HIF-1a
to promote the expression of HIF-1a. On the other hand, pP65 can inhibit the expression of PHD2, thereby
blocking the ubiquitination and degradation of HIF-1a by PHD2, ultimately leading to the accumulation of
HIF-1ain cells. HIF-1a can promote glycolysis and lead to the activation of PSCs to release cytokines such as
CXCL1, thereby chemotactically attracting the infiltration of neutrophils and aggravating AP

neutrophils at different maturation stages and have a linear relationship of sequential
differentiation. In addition, the research group found through immunofluorescence
that some of them are MPO-negative neutrophils. Under normal circumstances,
normal neutrophils participate in immunoregulation through MPO. The presence of
MPO-negative neutrophils may disrupt the immune balance. On the one hand, this
may lead to a weakened immune response to certain pathogens, increasing the body’s
susceptibility and exacerbating pancreatitis and related complications. On the other
hand, owing to the lack of MPO, they have a defect in the formation of NETSs, which
may reduce the tissue damage associated with NETs. Overall, the role of myeloperox-
idase-negative neutrophils in the pathogenesis of pancreatitis is rather complex. They
may exacerbate the inflammatory response and tissue damage through the release of
inflammatory mediators and other means, but they may also exert a certain protec-
tive effect on the condition owing to abnormal NETs formation and other factors. The
specific impacts still need to be further elucidated through more research.
Interestingly, they all highly express CXCR2, which means they are all chemotaxed
by CXCR2 ligands. Xiong et al’s research shows that overexpression of endothelial
cell CD276 will lead to a significant upregulation of CXCL1 and promote neutrophil
infiltration and the formation of NETs through the CXCL1-CXCR2 signal [39]. Our
research shows that, in the early stage of AP, fibroblast proliferation and activation
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occur, and a large amount of CXCL1 is secreted. Past studies have confirmed that
fibroblasts in pancreatitis mainly originate from stellate cells [32, 40, 41]. Therefore,
we chose PSCs to study the molecular mechanism of fibroblast activation and the
release of CXCL1 in the process of AP. Current studies have identified several signal-
ing pathways that activate PSCs [30, 42], mainly including MAPK signaling pathway,
PI3K/AKT signaling pathway, JAK/STAT signaling pathway, NF-kB signaling path-
way, and TGF-B/SMAD related pathway [43—45]. Our research shows that glycoly-
sis mediated by the NF-kB—HIF-1a signal in a hypoxic environment is an important
signaling pathway for promoting the activation of PSCs. First, through pseudotem-
poral analysis, we found that, during the transformation of PSCs into activated fibro-
blasts, the NF-«xB signaling pathway is activated and HIF-1a continuously increases.
More precisely, the NF-kB—HIF-1a signal is activated in fibroblasts 1 and fibroblasts
2. The experimental results show that, with the increase of hypoxia time, the expres-
sions of P65, pP65, and HIF-1a gradually increase, and the expression of the activa-
tion marker SMA also gradually increases. Further research found that hypoxia leads
to a decrease in mitochondrial membrane potential and an increase in ROS in PSCs.
Studies have shown that intracellular ROS caused by mitochondrial dysfunction can
activate the NF-kB signal [46]. By treating PSCs with H,O, in vitro, it was found that
the NF-«kB signal is activated and the nuclear translocation of pP65 increases, and the
secretion of CXCL1 increases. Antioxidants and NF-kB inhibitors can significantly
reduce the effect of H,O, on PSCs. This indicates that the activation of PSCs and the
secretion of CXCL1 depend on the hypoxia-induced ROS—NF-«B signal. It is worth
mentioning that acinar cells are another source of CXCL1 production (Supplemen-
tary Fig. 3B). However, owing to the limitations of single-cell sequencing technology,
acinar cells producing CXCL1 have not been identified in the pancreatic tissues of AP,
which may introduce certain biases to the research conclusions.

It is known that, in endothelial cells and epithelial cells, NF-kB can directly bind to
the HIF-1a promoter and promote the mRNA expression of HIF-1a [47, 48]. To verify
whether NF-kB in PSCs affects its activation by regulating HIF-1a, we used siRNA to
knockdown P65 in PSCs and found that the mRNA and protein levels of HIF-1a were
significantly downregulated, and at the same time SMA-a and CXCL1 were also signifi-
cantly downregulated. This indicates that, in PSCs, NF-kB affects its activation and the
secretion of CXCL1 by regulating HIF-1a transcription. In addition, this study also con-
firmed the previous research findings. Compared with the normoxic condition, knock-
down of either NF-«B or HIF-1a alone cannot counteract the increase in CXCL1 caused
by hypoxia. However, simultaneous knockdown of NF-kB and HIF-la can further
reduce the expression of CXCL]I, indicating that NF-kB and HIF-1a act synergistically to
promote the expression of CXCL1 (Supplementary Fig. 1F).

The accumulation of HIF-1a in cells is regulated not only at the transcriptional level
but also by posttranslational modifications. Past studies have shown that, under nor-
mal oxygen concentration, HIF-1a will be hydroxylated by prolyl hydroxylase (PHD)
at specific proline residues. The hydroxylated HIF-1a can be recognized and bound by
von Hippel-Lindau (VHL) protein, and then recruit ubiquitin ligase complexes to pro-
mote the ubiquitination and proteasome degradation of HIF-1a [49]. Under hypoxic
conditions, the activity of PHD2 is inhibited, and HIF-1a cannot be hydroxylated, thus
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avoiding ubiquitination and degradation and increasing the level of HIF-1a [34]. It is
worth mentioning that we found that knocking out P65 under hypoxic conditions led
to an increase in the ubiquitination level of HIF-1a. Further experiments proved that
knocking out P65 could significantly upregulate the mRNA and protein expression levels
of PHD2. Therefore, we conclude that P65 can affect both the transcriptional level of
HIF-1a and its protein ubiquitin degradation pathway. This could be another pathway
through which NF-«B and HIF-1a exert a synergistic effect.

It is known that HIF-la-mediated glycolysis can promote the activation and inflam-
matory response of cardiac fibroblasts, tumor-associated fibroblasts, and hepatic stellate
cells [50-52]. Next, we explored whether the activation of PSCs under hypoxic condi-
tions depends on HIF-la-mediated glycolysis. As expected, the activation of PSCs and
the expression of CXCL1 depend on glycolysis. Blocking glycolysis with 2-DG signifi-
cantly inhibited the expression of activation markers and CXCL1. Immunofluorescence
also confirmed the decreased expression of KI67 and SMA-a. Next, we confirmed the
regulatory effect of the NF-kB—HIF-1a signal axis on glycolysis in PSC under hypoxic
conditions. We co-transfected SI-P65 and OE-HIF-1la. We found that, compared with
the hypoxic control group, knocking out P65 significantly inhibited the glycolysis level,
while the glycolysis level of the SI-P65 and OE-HIF-1a co-transfection group was signifi-
cantly enhanced. At the same time, we found that the proliferation and migration abili-
ties of PSCs were consistent with the change level of glycolysis. Further, the secretion
level of CXCL1 in each group was detected by ELISA, and the result was consistent with
the change trend of glycolysis. Finally, we confirmed the potential role of this signaling
pathway in improving AP by blocking each node of the NF-kB-HIF-1a—CXCL1 signal-
ing axis in vivo, proving that this signaling pathway is a promising target for the treat-
ment of AP.

Conclusions

This study demonstrated, for the first time, that the activation of fibroblasts is one of
the immunological driving factors for neutrophil infiltration, and elucidated that glyco-
lysis driven by NF-kB—HIF-1a is the intrinsic molecular mechanism by which fibroblasts
secrete CXCL1 to chemotactically attract neutrophils. It is noteworthy that this study,
through relevant experiments, has proven that acinar cells are also important source
cells of CXCL1. However, owing to the limitations of single-cell sequencing technology,
acinar cells producing CXCL1 have not been identified in the pancreatic tissue of AP.
This technical bottleneck has, to a certain extent, affected the researchers’ judgment on
the contribution level of fibroblasts in driving neutrophil infiltration. Nevertheless, on
the basis of the existing data, the signaling pathway related to the activation of fibro-
blasts driving neutrophil infiltration still provides a highly promising target for the treat-
ment of AP.
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AP Acute pancreatitis

SAP Severe acute pancreatitis

AL Acute lung injury

ARDS  Acute respiratory distress syndrome
NETs Neutrophil extracellular traps
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