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Background

Chronic pancreatitis (CP) is a fibro-inflammatory syndrome with unclear pathogenesis and futile therapy. CP’s microenvironment disrupts the fine-tuned balance of macrophage polarization toward a predominance of the M2-like phenotype associated with fibrosis. S100A9 is mainly expressed in monocytes as a potent regulator of macrophage phenotype and function. Here, we investigated the S100A9-related mechanisms underlying CP pathology induced by macrophages polarization.





Methods

S100a9 knockout (S100a9-/-) mice and an in vitro coculture system of macrophages overexpressing S100a9 and primary PSCs were constructed to investigate the effects and mechanisms of S100A9-mediated macrophage polarization on pancreatic inflammation and fibrosis underpinning CP pathology. Furthermore, a variety of S100A9-targeted small-molecule compounds were screened from U.S. Food and Drug Administration (FDA)-listed drug libraries through molecular docking and virtual screening techniques.





Results

In CP progression, S100A9 upregulation induces M2 macrophage polarization to accelerate fibrosis via thousand-and-one amino acid kinase 3 (TAOK3)-c-Jun N-terminal kinase (JNK) signaling pathway, and loss of S100A9 reduces CP injury in vitro and in vivo. Coimmunoprecipitation (co-IP) and molecular docking experiments proved that S100A9 may interact directly with TAOK3 through salt bridges and hydrogen bonding interactions of the residues in the S100A9 protein. Furthermore, cobamamide and daptomycin, as inactivators of the S100A9-TAOK3 interaction, can improve CP by inhibiting the polarization of M2 macrophages.





Conclusions

S100A9 is a significant promoter of M2-like macrophage-induced fibrosis in CP via the TAOK3-JNK signaling pathway. Cobamamide and daptomycin, targeted inhibitors of the S100A9-TAOK3 interaction, may become candidate drugs for CP immunotherapy.
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Introduction

Chronic pancreatitis (CP) is described as a pathologic fibroinflammatory syndrome of the pancreas with progressive morphologic and functional changes, resulting in chronic pain, pancreatic insufficiency, and elevated risk of pancreatic ductal adenocarcinoma (1, 2). Pancreatic fibrosis is a major pathological feature of typical CP, which is manifested by the abnormal deposition of extracellular matrix (ECM) proteins secreted by activated pancreatic stellate cells (PSCs) (3, 4). According to the advanced “two-hit” hypothesis, CP mostly begins with recurrent bouts of acute inflammation of the pancreas parenchyma, and cells of the innate immune system infiltrate the damaged pancreas. In particular, macrophages represent a population of cells within the innate immune system with vast plasticity and can therefore activate PSCs, and ongoing injury or stress drives fibrosis through activated immune cells. Macrophages, especially its selectively activated subtype (M2), play a key role in the regulation of PSCs-mediated fibrosis (5, 6). In CP, M2-type macrophages activate PSCs by releasing transforming growth factor β(TGF-β) and platelet-derived growth factor (PDGF), which leads to the imbalance of extracellular matrix (ECM) caused by excessive deposition (7–9). Although the crosstalk between macrophages and PSCs has been revealed, it is still largely undefined (10).

S100 calcium binding protein A9 (S100A9), also referred to as myeloid-related protein 14 (MRP-14), is mainly expressed in neutrophils and monocytes as one of the most abundant damage-associated molecular patterns (DAMPs) (11). S100A9 serves as a potential biomarker for diagnosis and an early warning indicator of therapeutic responses to diseases associated with inflammation (12). Our previous research also reported that knockout of S100a9 in mice significantly reduced acute pancreatitis (AP)-induced inflammation and structural damage to the pancreatic parenchyma (13). And S100A9 can exert a variety of immune functions by inducing monocyte/macrophage migration and activation (14, 15). It is found that S100A9 can dynamically regulate the polarization direction of macrophages to pro-inflammatory M1-type (such as stimulated by LPS/IFN-γ) or pro-repair M2-type (such as IL-4/IL-13 dominant environment) through microenvironment signals (16–18). Moreover, tasquinimod (a small molecule inhibiting S100A9 signaling) can induce a polarization switch from M2-like to M1-like macrophages (19). Although S100A9 is a well-known regulator of macrophage phenotype and function, to date, its regulatory effect is controversial (20, 21). Little is known about S100A9-mediated macrophage polarization in CP progression.

In this study, S100a9 knockout mice (S100a9-/- C57BL/6 mice) and an in vitro coculture system with macrophages overexpressing S100a9 and primary PSCs were constructed to clarify whether and how S100A9 regulates the M2-type polarization of macrophages that contributes to pancreatic inflammation and fibrosis in CP progression. Furthermore, based on molecular docking and virtual screening technologies, U.S. Food and Drug Administration (FDA)-listed drug libraries were used as a source for screening S100A9-targeted drugs for CP therapy. New molecular targets and candidate drugs for the precise treatment of CP will provide increased hope to patients.





Materials and methods




Animals

Adult male wild-type (WT, n=10) and S100a9 knockout (S100a9-/-, n=10) C57BL/6 mice (6-8 weeks, body weight 18-22 g) were provided by Cyagen Biosciences (Guangzhou, China). All mice were maintained under a 12-h light-dark cycle in a temperature-controlled (25 ± 2°C) room. The model of CP was established by intraperitoneal injection of cerulein as previously described (22). In brief, mice were intraperitoneally injected with 50 Mg/kg cerulein (Meilunbio; Dalian, China) every Monday, Wednesday and Friday, 6 times/day with an interval of 1 h, for 8 weeks.

The steps for constructing S100a9 knockout mice were as follows: the
S100a9 gene (NCBI Reference Sequence: NM_009114.3) is located on mouse chromosome 3. Using CRISPR/Cas9 technology, sgRNA was designed. Then, sgRNA and Cas9 mRNA were injected into the fertilized eggs of C57BL/6 mice through high-throughput electroporation. After embryo transfer, mouse S100a9 gene knockout was detected using PCR and sequencing methods (Supplementary Figures S1A, B).





Enzyme-linked immunosorbent assay

S100A9 in mouse serum was detected using an S100A9 enzyme linked immunosorbent assay (ELISA) kit (R&D Systems, MN, USA).





Cell culture

The human embryonic kidney cell line 293T and RAW264.7 cells were purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA) and were cultured in Dulbecco’s Modified Eagle Medium (DMEM) containing 10% fetal bovine serum. Mouse bone marrow-derived macrophages (BMDMs) were obtained from C57BL/6 mice and also cultured in DMEM containing 10% fetal bovine serum (23).





Flow cytometry

Pancreatic tissue cells, BMDMs, or mouse mononuclear macrophage cell line RAW264.7 were fixed and permeabilized with Fixation and Permeabilization Solution (BD Biosciences; Franklin Lakes, New Jersey, USA). Then, anti-F4-80 (1:100; Santa Cruz Biotechnology; TX, USA), anti-CD68 (1:100; Santa Cruz Biotechnology; TX, USA), anti-S100A9 (1:100; Cell Signaling Technologies; MA, USA) or anti-CD206 (1:100; Santa Cruz Biotechnology; TX, USA) was added for staining. Finally, the contents were detected by flow cytometry.





Histology, immunohistochemistry, and immunofluorescence

Mouse pancreas fixed in 4% paraformaldehyde was embedded in paraffin, sectioned, and placed on
glass slides. Hematoxylin and eosin (H&E) or the Servicebio® Masson staining kit (Servicebio; Wuhan, China) was used for staining. In addition, slides were incubated with corresponding primary antibodies overnight at 4°C for immunofluorescence labeling (anti-F4-80, anti-CD68, and anti-CD206 1:100; Santa Cruz Biotechnology; TX, USA, anti-S100A9 1:100; Cell Signaling Technologies; MA, USA or anti-α-SMA 1:200; Wanleibio; Shenyang, China) and at 37°C for 1 h with fluorescent secondary antibodies. Finally, the sample images were visualized, and the effects of CP on pancreatic damage and fibrosis were evaluated according to the scoring system (Supplementary Table S1).





Plasmid transfection experiment

The transfection plasmid containing shRNA-S100A9 (shS100a9) or shRNA-TAOK3 (shTaok3) (GenePharma; Shanghai, China) was used for gene silencing, and the plasmid containing S100A9-DNA (S100a9), TAOK3-DNA (Taok3) (Hanbio; Shanghai, China) or TAOK3-DNA-MU (Taok3-MU) (GenePharma; Shanghai, China) was used for gene overexpression. Cells transfected with empty plasmid were used as negative control (NC).





Cell adhesion and migration assay

In the adhesion assay, we used Matrigel matrix (Corning, USA) that was preplated in 96-well plates in a 37°C incubator for 1 h. RAW264.7 cells were suspended in serum-free medium and seeded in 96-well plates preplated with Matrigel matrix for incubation at 37°C for 1 h. Next, the cells were incubated with 50 Ml 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium-bromide (MTT) (Solarbio; Beijing, China) for 4 h. Then MTT was removed and 200 Ml dimethyl sulfoxide (DMSO) (Solarbio; Beijing, China) was added to each well. Finally, the optical density (OD) value of each well was measured using an enzyme-labeled instrument (BioTek; VT, USA) at 570 nm, and statistical analysis was performed according to the ratio of OD570 treated group/OD570 untreated group.

In addition, in the migration assay, we used a pipette to vertically scratch a 6-well plate filled with RAW264.7 cells. Then, images were collected at 0 h and 48 h. Finally, the scratch area was calculated by ImageJ software (NIH; Bethesda, USA), and statistical analysis was performed according to the ratio of (initial area-area at a certain time point)/initial area.





Quantitative real-time PCR analysis

RNAex Pro RNA reagent (Accurate Biology; Hunan, China) was used to isolate and extract total cell RNA; then, an Evo M-MLV RT MIX Kit (Accurate Biology; Hunan, China) was used to synthesize cDNA. Finally, the SYBR® Green Premix Pro Taq HS qPCR Kit (Accurate Biology; Hunan, China) was used to quantify the mRNA expression levels of different genes in the ABI 7500 real-time PCR system (Applied Biosystems; CA, USA). The primer sequences are shown in Supplementary Table S2.





Coculture of macrophages with primary PSCs

The mouse pancreas was cut into tissue pieces of approximately 1 mm3 in size, spread evenly on the bottom of the culture plate, and then placed in a 5% CO2, 37°C incubator for 30 min to attach the tissue pieces against the wall. Finally, DMEM culture medium containing 20% fetal bovine serum and 0.01% soybean trypsin inhibitor was added, and the culture medium was changed daily. After 3 days, the primary PSCs were cocultured with the supernatant of RAW264.7 cells overexpressing S100a9 for 24 h and then were stained with α-SMA antibody (1:200; Wanleibio; Shenyang, China) by immunofluorescence. Finally, the staining of PSCs was observed under an Olympus IX73 fluorescence microscope (Olympus; Tokyo, Japan).





Transcriptomic analysis

Using the polyA structure at the 3′-terminal end of messenger RNA and related molecular biology techniques, the complete total RNA of RAW264.7 cells or 293T cells was subjected to mRNA isolation, fragmentation, double-stranded cDNA synthesis, cDNA fragmentation modification, magnetic bead purification, fragmentation sorting and library expansion. After quality control, a sequencing library suitable for the Illumina platform was finally obtained. RNA-seq data were analyzed for gene structure, expression level, expression difference, gene enrichment, etc. EBseq2 was used for the difference analysis between the two groups, and the screening criteria for the differentially expressed genes were as follows: fold change ≥ 2 and FDR<0.01. Then, the gene ontology (GO) functions and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways of the differentially expressed genes were analyzed. Finally, the differentially expressed genes are presented in the form of a volcano map, MA map, Wayne map, cluster heatmap, and protein interaction map.





IP and LC−MS/MS analysis

RAW264.7 cells overexpressing S100a9 were harvested and lysed. Anti-Flag (1:2000; Applygen; Beijing, China) or IgG antibodies (Abcam; Cambridge, UK) were added to the lysis solution for antibody immobilization at 4°C overnight. After incubation with Protein A/G Magnetic Beads (MedChemExpress; Shanghai, China) at 4°C for 3 h, the protein complex was centrifuged and then washed 3 times with Pierce IP Lysis Buffer (Thermo; MA, USA) for SDS−PAGE analysis. Finally, the SDS−PAGE gel was subjected to silver staining to detect the difference in protein binding between the S100A9 and IgG antibodies. In addition, after pull-down experiments, the two protein samples underwent reductive alkylation and enzymolysis. Moreover, to detect the polypeptide sequence of protein samples, liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis was implemented. The polypeptide sequence was identified using ProteinPilot software of the AB SCIEX Triple TOF™ 5600 plus MS system (MA, USA).





Co-IP

RAW264.7 cells overexpressing S100a9 and 293T cells overexpressing Taok3 were lysed with cell lysis buffer (Solarbio; Beijing, China), and the supernatant was collected. Then, S100A9 (1:1000; proteintech; Wuhan, China), SLK (1:500; Santa Cruz Biotechnology; TX, USA), TAOK3 (1:3000; Thermo Fisher Scientific; MA, USA), Flag (1:2000; Applygen; Beijing, China), HA (1:2000; Applygen; Beijing, China) or IgG (Abcam; Cambridge, UK) antibodies were added to the supernatant and incubated at 4°C overnight. After that, the supernatant was incubated with Protein A/G Magnetic Beads (MedChemExpress; Shanghai, China) at 4 °C for 4 h. Subsequently, the magnetic beads were separated, and the supernatant was collected. Finally, Pierce IP Lysis Buffer (Thermo; MA, USA) was added, samples were heated at 100°C for 7 min, and then they were analyzed by western blotting.





Pull-down

The interaction between the S100A9 protein and TAOK3 protein was directly detected in vitro by purified 3×flag-S100A9 protein and HA-TAOK3 protein and then analyzed by western blotting.





Western blotting

Total protein from RAW264.7 cells was extracted, separated by SDS−PAGE and transferred to PVDF membranes (Millipore; MA, USA). After being sealed with 5% BSA blocking buffer, the membranes were incubated with the primary antibodies S100A9 (1:1000; Cell Signaling Technologies; MA, USA), TAOK3 (1:3000; Thermo Fisher Scientific; MA, USA), JNK (1:1000; Cell Signaling Technologies; MA, USA), p-JNK (1:1000; Cell Signaling Technologies; MA, USA), and β-actin (1:5000; Proteintech; Wuhan, China) overnight at 4°C and then were incubated at room temperature for 1 h with secondary antibody (1:5000; Abbkine; Wuhan, China). Finally, the protein bands were visualized using an imaging system (Tanon 4200; Shanghai, China).





Molecular docking

Protein−protein docking in ClusPro was used for molecular docking simulation and predicting the binding affinity of TAOK3 for S100A9 protein. For protein docking, the smaller protein (a smaller number of residues) was usually set as the ligand and the other as the receptor. The ligand was rotated by 70,000 rotations. For each rotation, the ligand was translated in the x, y, and z axes relative to the receptor on a grid. One translation with the best score was chosen from each rotation. Of the 70,000 rotations, 1000 rotations/translation combination that had the lowest scores were chosen. Then, greedy clustering of these 1000 ligand positions with a 9 Å C-alpha root mean square deviation (RMSD) radius was performed to find the ligand positions with the most “neighbors” in 9 Å, i.e., cluster centers. The top 10 cluster centers with the most cluster members were then retrieved and inspected visually one by one. The intermolecular contacts from the most likely poses were further evaluated. The docked structures and interface residues were analyzed using MOE v2018.01.





Virtual screening

Virtual screening was conducted in MOE. The 2D structures of ligands were converted to 3D structures in MOE through energy minimization. The monomer model of TAOK3 was used as the receptor, and the drug compound library (2800 drugs) was used as the VS library. Prior to docking, the force field of AMBER10: EHT and the implicit solvation model of the reaction field (R-field) were selected. The residues involved in the interactions with S100A9 were selected as the binding site. The docking workflow followed the “induced fit” protocol, in which the side chains of the receptor pocket were allowed to move according to ligand conformations, with a constraint on their positions. The weight used for tethering side chain atoms to their original positions was 10. For each ligand, all docked poses were ranked by London dG scoring first, then a force field refinement was carried out on the top 30 poses followed by a rescoring of GBVI/WSA dG. The conformation with the lowest binding free energy was finally identified as the best probable binding mode. Molecular graphics were generated by PyMOL (www.pymol.org).





Toxicology and pharmacodynamics of S100A9-targeted inhibitors

First, RAW264.7 cells were used to screen the toxicology and pharmacodynamics of small molecular inhibitors through the CCK-8 and flow cytometry assays in vitro. Then, a CP mouse model was established according to the above method. To evaluate the toxicology and pharmacodynamics in vivo, C57BL/6 mice were randomly divided into 6 groups: Ctrl, CP, cobamamide, daptomycin, CP + cobamamide and CP + daptomycin. After the fourth week of CP modeling, cobamamide and daptomycin were injected intraperitoneally for 4 weeks (cobamamide 0.2 mg/kg/day and daptomycin 50 mg/kg/day). After 8 weeks, serum was collected for liver and kidney toxicity examination, and the heart, liver, spleen, lung, kidney, brain, intestine and pancreas of mice in each group were collected for pathological observation.





Statistical analysis

Data are expressed as the mean ± standard error of the mean (SEM). All analyses were performed using GraphPad Prism 6.0 software (GraphPad; CA, USA). Differences among multiple groups were determined using one-way analysis of variance (one-way ANOVA), while the differences between two groups were analyzed using an unpaired Student’s t test. P values of < 0.05 or < 0.01 were considered statistically significant.






Results




S100A9 expression level is significantly increased in macrophages in CP

As shown in Figure 1A, compared with the Ctrl, the content of S100A9 in the serum of CP mice increased significantly. Additionally, the content of S100A9 in macrophages infiltrating the pancreas of CP mice was higher than that in the Ctrl mice (Figure 1B). To further explore the importance of S100A9 in the course of CP, S100a9-/- mice were constructed. H&E staining showed that the pancreatic tissue damage of S100a9-/- mice was significantly reduced compared to CP mice (Figure 1C). Masson staining showed that the positive areas of blue collagen fibers in the pancreatic insults of CP mice were significantly increased, but the S100a9-/- pancreas showed less fibrosis than the CP pancreas (Figure 1D). Moreover, the F4-80-positive area (red fluorescent region) was increased in the pancreatic lesions of CP mice compared to the Ctrl, but decreased in the pancreas of S100a9-/- mice compared with CP mice, suggesting that S100a9-/- reduced CP-induced macrophage infiltration (Figure 1E). We also found that S100A9-positive area (green fluorescence) of macrophages with pancreatic lesions in CP mice was increased compared with the Ctrl group, indicating that S100A9 expression was up-regulated in macrophages after infiltration (Figure 1E). These results suggested that macrophages may accelerate pancreatic injury and fibrosis in CP progression in an S100A9-dependent manner.




Figure 1 | S100A9 expression level is significantly increased in macrophages in CP. (A) ELISA results showed that the level of S100A9 in serum of CP mice was high (n=6). (B) Flow cytometry showed that the content of S100A9 in macrophages in the pancreas of CP mice was high (n=3). (C) HE staining showed that S100a9-/- had less pancreatic injury (n=6). (D) Masson staining showed that the degree of pancreatic fibrosis in S100a9-/- was lighter (n=6). (E) Immunofluorescence staining of F4-80+-S100A9+ indicated that the expression of S100A9 in infiltrated macrophages was up-regulated. (n=3). Data were presented as the mean ± SEM; *P < 0.05, **P < 0.01 vs. Ctrl mice; #P < 0.05, ##P < 0.01 vs. CP mice.







S100A9 promotes adhesion and migration of macrophages in vitro

To observe the effect of S100A9 on macrophages, RAW264.7 cells were selected for study in vitro. As shown in Figure 2A, the mRNA expression of S100a9 in RAW264.7 cells was significantly downregulated by shS100a9-#1, -#2 and -#3, and the shRNA template sequence of mouse S100a9 is shown in Supplementary Table S3. Considering that shS100a9-#1 had the best knockdown efficiency, it was chosen for subsequent macrophage adhesion and migration assays. Compared with those of the NC, the adhesion and migration of RAW264.7 cells with low S100a9 mRNA expression were significantly decreased (Figures 2B, C). In addition, compared with the NC, the adhesion and migration of RAW264.7 cells with high S100a9 mRNA expression were significantly increased (Figures 2D–F). Furthermore, S100a9 overexpression significantly upregulated the expression of a series of adhesion- and migration-related genes, including Pdgfrb, Vegfc, Flnc, Pgf, Bcl2, and Itga7, but also significantly downregulated some genes, including Vwf, Cd36, and Hspg2 (Figure 2G). Therefore, we can conclude that S100A9 can promote the adhesion and migration of macrophages in vitro.




Figure 2 | S100A9 promotes adhesion and migration of macrophages in vitro. (A) shS100a9-#1 significantly downregulated the expression of S100a9 mRNA in RAW264.7 cells (n=3). (B) The adhesion experiment showed that shS100a9-#1 inhibites the adhesion of RAW264.7 cells (n=6). (C) The scratch experiment indicated that shS100a9-#1 inhibites the migration of RAW264.7 cells (n=6). (D) The expression of S100a9 mRNA in RAW264.7 cells was significantly upregulated by S100a9-DNA (n=4). (E) The adhesion experiment showed that the adhesion of RAW264.7 cells overexpressed with S100a9 is enhanced (n=6). (F) The scratch experiment indicated that the migration of RAW264.7 cells overexpressed with S100a9 is enhanced (n=6) (G) qPCR indicated that S100a9 can promote the expression of adhesion related genes in RAW264.7 cells (n=3 or 4). Data were presented as the mean ± SEM; *P < 0.05, **P < 0.01 vs. NC group.







S100A9 induces M2 polarization of macrophage to promote PSCs activation in vitro

Considering S100A9 has the ability to promote adhesion and migration of macrophages, we speculated that S100A9 could promote the polarization of macrophages. As shown in Figure 3A, fluorescence double staining of CD68+-CD206+ in tissue sections showed that the expression of both CD68 (red fluorescence) and CD206 (green fluorescence) proteins was upregulated in CP mice but downregulated in S100a9-/- mice. These results indicated that S100a9-/- reduced CP-induced M2 macrophage infiltration. Consistently, the mRNA levels of Arg1 and Cd206, markers of M2 macrophages, were increased in RAW264.7 cells and BMDMs overexpressing S100a9 in vitro (Figures 3B, C). Flow cytometry showed that S100A9 could increase the percentage of M2-type macrophages after IL-4 (20ng/mL) stimulation (Figures 3D, E). To observe the damage caused by macrophages overexpressing S100a9 to PSCs, an in vitro coculture system of RAW264.7 cells overexpressing S100a9 with primary PSCs was constructed. As shown in Figure 3F, in the coculture system of primary PSCs and RAW264.7 cells overexpressing S100a9, immunofluorescence showed that α-smooth muscle actin (α-SMA), a marker of PSC activation, was significantly increased in primary PSCs. These results confirm that S100A9 may promote CP progression by promoting M2-type polarization of macrophages.




Figure 3 | S100A9 induces M2 polarization of macrophage to promote PSCs activation in vitro. (A) The section of CD68+-CD206+ fluorescence double staining showed that both CD68 and CD206 protein levels were downregulated in the pancreas of S100a9-/- (n=3). (B) qPCR showed that the overexpression of S100a9 in the RAW264.7 cells increased the mRNA expression of Arg1 and Cd206 (n=3). (C) qPCR showed that the overexpression of S100a9 in the BMDMs increased the mRNA expression of Arg1 and Cd206 (n=3). (D) Flow cytometry showed that the BMDMs from S100a9-/- mice combined with IL-4 stimulation could reduce the number of M2 macrophages (n=3). (E) Flow cytometry showed that overexpression of S100a9 in the RAW264.7 cells combined with IL-4 stimulation could increase the number of M2 macrophages (n=3). (F) α-SMA immunofluorescence showed that the supernatant of RAW264.7 cells overexpressing S100a9 can induce activation of primary PSCs (n=6). Data were presented as the mean ± SEM; *P < 0.05, **P < 0.01 vs. Ctrl mice or NC group; #P < 0.05 vs. CP mice.







S100A9 regulates MAPK signaling pathway through interacting with TAOK3

To explore the mechanism of S100A9-regulated macrophage polarization, RNA-seq analysis was performed. As shown in Figure 4A, there were a total of 826 differentially expressed genes between RAW264.7 cells overexpressing S100a9 and normal RAW264.7 cells. Among these differentially expressed genes, 676 genes were upregulated, and 150 were downregulated. The top 20 signaling pathways enriched by KEGG are shown in Figure 4B. In order to confirm that S100A9 regulates the signaling pathway of M2 macrophages and the downstream molecules of the pathway, we conducted an immunoprecipitation (IP) experiment with S100A9. Before the IP experiment, we tested the expression of the target protein through western blotting, which confirmed the high quality of the samples (Figure 4C). After IP, the target protein signal was detected through western blotting (Figure 4D). At the same time, the silver staining results showed that the difference in protein levels between the IP experimental group and the IgG control group was significant, which further confirmed the success of IP enrichment (Figure 4E). Therefore, we further used LC−MS/MS to identify and analyze the binding proteins of S100A9. A total of 243 S100A9-specific binding proteins were identified by LC−MS/MS, of which only TAOK3 and ste20-like kinase (SLK) (Figure 4F). The mass spectra of the TAOK3 and SLK proteins are shown in Supplementary Figure S2A, B. As shown in Figure 4G, Co-IP experiment results showed that the S100A9 protein could not pull down the SLK protein, indicating that there may be no or a weak interaction between the S100A9 protein and the SLK protein. However, the S100A9 protein pulled down the TAOK3 protein, further confirming the interaction between S100A9 and the TAOK3 protein (Figure 4H). TAOK3, also known as c-Jun N-terminal inhibitory kinase (JIK), participates in the c-Jun N-terminal kinase (JNK) cascade as a negative regulator. JNK, also known as stress-activated protein kinase (SAPK), is one of the subclasses of the MAPK signaling pathway in mammalian cells (24, 25). In combination with the KEGG signaling pathway of RNA-seq above, we selected the MAPK signaling pathway for further study. S100A9 may regulate MAPK signaling pathway through interacting with TAOK3 protein.




Figure 4 | S100A9 regulates MAPK signaling pathway through interacting with TAOK3. (A) The volcanic map showed the differentially expressed genes of RNA-seq in RAW264.7 cells overexpressing S100a9. (B) KEGG analysis showed that S100a9 regulates MAPK signaling pathway. (C) The expression of target protein (S100A9) was detected near 40KDa by western blotting before IP. (D) The target protein (S100A9) was detected near 40KDa by western blotting after IP. (E) The signal of the target protein was detected near 40KDa using silver staining. (F) LC-MS/MS screened and identified proteins interacting with S100A9. (G) Co-IP showed that S100A9 protein had no obvious interaction SLK. (H) Co-IP showed that S100A9 protein interacted with TAOK3 protein.







S100A9 remarkedly up-regulated TAOK3-JNK signaling pathway

To further explore the role of Taok3 in the MAPK signaling pathway, RNA-seq analysis was performed. As shown in Figure 5A, compared with the NC group, 293T cells overexpressing Taok3 had a total of 362 differentially expressed genes, including 160 upregulated genes and 202 downregulated genes. The results of GO analysis with GSEA showed that Taok3 negatively regulates the MAPK signaling pathway (Figure 5B). As shown in Figure 5C, the heatmap shows that genes related to the MAPK pathway and inflammation were screened from 362 differentially expressed genes using GeneCards (https://www.genecards.org). In addition, the genes in the heatmap were validated by qPCR using 293T cells overexpressing Taok3. The qPCR results showed that the expression of the C4bpb, Grm2, Dock10 and Ntrk3 genes was in accordance with the transcriptome sequencing results (Figure 5D). The above results indicated that Taok3 negatively regulates the MAPK signaling pathway. As shown in Figure 5E, the results from the pull-down experiments showed that the S100A9 protein pulled down the TAOK3 protein. The interaction between S100A9 and TAOK3 protein was thus further confirmed. Western blotting analysis showed that S100A9 significantly upregulated the protein expression of TAOK3 in RAW264.7 cells (Figure 5F). Paquinimod is a S100A9-specific inhibitor. Compared with the paquinimod alone treatment group, the overexpression of S100a9 inhibited the expression of p-JNK protein (Figure 5G). Compared with the NC group, the inhibition of Taok3 in RAW264.7 cells induced an increase in p-JNK protein expression, and p-JNK protein expression might be decreased in 293T cells overexpressing Taok3, suggesting that Taok3 can inhibit p-JNK expression and then negatively regulate the JNK signaling pathway (Figures 5H, I). Therefore, S100A9 promote M2 polarization of macrophage maybe through up-regulating TAOK3-JNK signaling pathway.




Figure 5 | S100A9 remarkedly up-regulated TAOK3-JNK signaling pathway. (A) The volcanic map showed the differentially expressed genes of RNA-seq in 293T cells overexpressing Taok3. (B) The GO analysis results in GSEA analysis showed that Taok3 negatively regulates the MAPK signaling pathway. (C) The heat map showed the inflammation related genes selected from the differential genes of RNA-seq. (D) qPCR detected inflammation related genes selected from the differential genes of RNA-seq. (E) Pull-down indicated the direct interaction between S100A9 protein and TAOK3 protein. 3×flag peptides are flag-tagged peptides. (F) Overexpression of S100a9 in the RAW264.7 cells upregulated the expression of TAOK3 protein. (G) The expression of p-JNK protein was up-regulated in RAW264.7 cells overexpressed with S100a9 after Paquinimod treatment. (H) The expression of p-JNK protein was up-regulated in RAW264.7 cells with low Taok3 expression. (I) Overexpression of Taok3 down-regulated p-JNK protein expression in 293T cells. Data were presented as the mean ± SEM; *P < 0.05, **P < 0.01 vs. NC group.







Inhibition of S100A9-TAOK3 interaction may be potential treatments for CP

To investigate the binding mode of S100A9 with TAOK3, docking simulation studies were carried out. The docking score from ClusPro was -927.9. The interaction between S100A9 and TAOK3 is shown in Figure 6A and Supplementary Figure S3. The contact list between S100A9 and TAOK3 is shown in Supplementary Table S4. Docking simulation studies indicate that the Glu10, Gln8, Gln21, Arg11, Met9, Ser7, Lys51, Cys91, His96, Arg101, Ser106 and Lys109 residues in S100A9 are involved in binding with Lys218, Asp110, Glu29, His32, Glu157, His115, Glu123, Gln120, Glu121, Ala125, Ile277 and Pro158 in TAOK3 through salt bridges and hydrogen bonding interactions. In addition, we constructed three TAOK3-MU plasmids based on the possible binding mode of S100A9 and TAOK3 proteins and found that the Taok3-WT plasmid could promote M2-type polarization in the BMDMs compared to the Taok3-MU plasmid by qPCR. It is further indicated that the binding of S100A9 protein to TAOK3 protein can promote the M2 polarization of macrophages (Figure 6B). Based on the interaction between S100A9 and TAOK3, the top 100 hits for inhibitors of this interaction were finally selected via the virtual screening method (Figure 6C), and their structures and docking scores are shown in Supplementary Figure S4. To evaluate the efficacy of S100A9-TAOK3-targeted inhibition in vitro, the
CCK-8 method was used to analyze the cytotoxicity of the top 8 inhibitor compounds, and the maximum nontoxic doses of those 8 compounds in vitro were screened as follows: 10 MM colistimethate sodium, 1 MM afamelanotide, 10 MM cobamamide, 1 MM cetrorelix acetate, 1 MM telavancin hydrochloride, 1 MM daptomycin, 10 MM desmopressin. Because actinomycin D at the lowest concentration of 0.001 MM still had cytotoxicity, it was excluded from follow-up studies (Supplementary Figure S5). According to the maximum concentration of 7 compounds in vitro, the best S100A9-TAOK3 targeted inhibitors of CD206 expression were selected, namely, cobamamide and daptomycin (Figure 6D).




Figure 6 | Inhibition of S100A9-TAOK3 interaction may be potential treatments for CP. (A) The detail interaction between S100A9 with TAOK3. S100A9 is colored with cyan and TAOK3 with yellow. The red dashes represent hydrogen bond interaction. The blue dashes represent salt bridge. (B) qPCR showed that the simultaneous overexpression of S100A9 and three Taok3-MU could reduce the mRNA expression of Arg1 and Cd206 in the BMDMs, compared with the simultaneous overexpression of S100A9 and Taok3-WT, respectively (n=3). (C) Flow chart of S100A9-TAOK3 virtual screening of targeted inhibitors. (D) Flow cytometry was used to detect the effect of targeted inhibitors on M2 polarization of RAW264.7 cells in vitro (n=3). Col: Colistimethate sodium; Afa: Afamelanotide; Cob: Cobamamide; Cet: Cetrorelix acetate; Tel: telavancin hydrochloride; Dap: Daptomycin; Des: Desmopressin. Data were presented as the mean ± SEM; *P < 0.05, **P < 0.01 vs. NC group or Taok3-WT group.







Cobamamide and daptomycin reduce CP by decreasing M2 polarization of macrophages

The binding mode of cobamamide and daptomycin to the TAOK3 protein is shown in Figures 7A, B and Supplementary Figure S6, and they both have a suitable spatial complementary relationship with the binding site of TAOK3. To further explore the effect of targeted inhibitors of the S100A9-TAOK3 interaction on CP, cobamamide (0.2 mg/kg/day) and daptomycin (50 mg/kg/day) were used in toxicological and pharmacodynamics experiments in vivo (Figure 7C). As shown in Supplementary Figure S7, compared with levels in the Ctrl group, glutamic pyruvic transaminase (GPT) (hepatotoxicity
markers) and urea nitrogen (BUN) and Creatinine (CRE) (nephrotoxicity markers) levels in serum had no obvious changes in both the cobamamide and daptomycin groups, while aspartate aminotransferase (AST) (also hepatotoxicity markers) intensity was increased by daptomycin treatment. In addition, HE staining results of the pancreas, heart, liver, spleen, lung, kidney, brain and intestine also showed that cobamamide and daptomycin had no obvious toxic effect after intraperitoneal injection for 4 weeks (Supplementary Figure S8). HE staining was used to evaluate the role of the two targeted inhibitors in CP. As shown in Figure 7D, compared with that of Ctrl group, the pancreas of CP mice was severely damaged, and cobamamide and daptomycin treatment significantly reduced the pancreatic damage. Masson staining showed that the area of blue collagen fibrosis in the pancreatic lesions of mice induced by CP was increased but was significantly decreased in the CP + cobamamide and CP + daptomycin groups (Figure 7E). The above results showed that cobamamide and daptomycin could reduce the pancreatic injury and fibrosis induced by CP. In addition, F4-80+-CD206+ double staining results showed that the infiltration of macrophages in the pancreas of CP mice increased (red fluorescence area), and the number of M2 macrophages increased (green fluorescence area) (Figure 7F). This result indicated that cobamamide and daptomycin can reduce macrophage infiltration and M2 polarization of macrophages in the pancreatic tissue of CP mice. As shown in Figure 7G, the percentage of M2 macrophages in the spleen was detected by flow cytometry, and the proportion was not significant changed compared with that of the Ctrl, but the proportions of M2 macrophages in the spleens of mice in the CP + cobamamide and CP + daptomycin groups were significantly reduced. These results suggested that cobamamide and daptomycin can inhibit the CP-induced M2 polarization of macrophages in vivo.




Figure 7 | Cobamamide and daptomycin reduced CP by decreasing M2 polarization of macrophages. (A) The binding mode of cobamamide with TAOK3 protein. (B) The binding mode of daptomycin with TAOK3 protein. (C) To verify the toxicology and pharmacodynamics of Cob and Dap in CP in mice. (D) HE staining indicates that Cob and Dap can alleviate pancreatic damage during CP of mice (n=6). (E) Masson staining indicates that Cob and Dap can alleviate pancreatic fibrosis (blue) during CP of mice (n=6). (F) The section of F4-80+-CD206+ fluorescence double staining showed that Cob and Dap can downregulate the expression of F4-80 protein and CD206 protein in the pancreas of CP mice (n=3). (G) Flow cytometry showed that Cob and Dap can reduce the content of CD206 in the spleen of mice during CP (n=6). Cob: Cobamamide; Dap: Daptomycin. Data were presented as the mean ± SEM; **P < 0.01 vs. Ctrl mice; ##P < 0.01 vs. CP mice.








Discussion

In terms of clinical manifestations and exocrine and pancreatic dysfunction, CP is classified into stages 0 to 4; in the progressive stages of CP (stages 1-2), recurrent AP occurs due to an imbalanced immune response that releases a wide range of inflammatory factors to stimulate pancreatic acinar to ductal metaplasia (ADM) occurrence; during the complications stage of CP (stage 3), persistent destruction of the pancreatic parenchyma by inflammation causes the activation of PSCs and the development of fibrosis (1, 26). Therefore, pancreatic ADM and fibrosis are important pathological changes during the progressive and complication stages of CP, respectively. ADM-producing acinar cells overexpress prostaglandin E2 (PGE2), which synergizes with IL4Rα signaling to slowly transform macrophages in the pancreatic parenchyma from the M1 to the M2 subtype (27). The proliferation and activation of PSCs induced by M2 macrophages promote ECM synthesis, resulting in pancreatic fibrosis through autocrine and paracrine cytokines, such as transforming growth factor-β (TGF-β) and platelet-derived growth factor (PDGF). Activated PSCs in turn secrete inflammatory factors, including IL-4/13, that can promote M1 macrophage transformation into the M2 subtype, leading to more activated PSCs and aggravated pancreatic fibrosis through a positive feedback loop (6). There is a lack of understanding, however, of the mechanisms involved in the crosstalk between the M2-type polarization of macrophages and PSCs.

Our earlier study showed that knockout of the S100a9 gene in mice significantly reduced the inflammatory response and the damage to the pancreatic parenchyma induced by AP (13). Thus far, CP progression has not been reported to be influenced by S100A9. In the present work, we found that the serum S100A9 level in CP mice was significantly higher than that in Ctrl mice. A significant increase in S100A9 expression was also observed in macrophages infiltrating pancreatic tissue during CP. S100A9, also known as MRP14, is a Ca2+ binding protein of the S100 family, it occurs as homodimer, heterodimer, homotetramer, or heterotetramer with S100A8 known as calprotectin (28, 29). In response to inflammation, mature macrophages overexpress S100A9, which forms heterodimers with S100A8 in a divalent ion-dependent manner to enhance macrophage migration into inflammatory lesions by interacting with the cytoskeleton and ECM (30). Our research found that loss of S100A9 significantly decreased the CP-induced macrophage infiltration into pancreatic lesions by inhibiting macrophage adhesion and migration. Binding polarized macrophages can promote their adhesion and migration, and we speculate that S100A9 may have an effect on the polarization of infiltrating macrophages in CP (31).

Previous studies that S100A9 plays a complex role in regulating the polarization of macrophages, which can promote M2-type polarization of macrophages, and also inhibit the M2-type polarization under certain conditions (32–34). S100A9 can promote the polarization of M2 macrophages by binding to receptors on the surface of macrophages to activate specific signaling pathways, such as toll-like receptor 4/nuclear factor-κB (TLR4-NFκB) or phosphoinositide 3-kinase/protein kinase B (PI3K/Akt) signaling pathways (21, 35). In addition, S100A9 can influence the progression and prognosis of liver cancer and glioblastoma by promoting M2-type polarization of macrophages (36, 37). To date, the contribution of S100A9 to macrophage polarization in the progression of CP is unknown. In the current study, we evaluated the effects of S100a9 on macrophage polarization and the development of CP. First, we found that S100a9 polarized macrophages exposed to pancreatic inflammatory microenvironments into the M2 subtype to accelerate pancreatic injury and fibrosis during CP, while loss of the S100a9 gene inhibited macrophage M2 polarization in CP mice and attenuated pancreatic injury and fibrosis. In addition, using an in vitro coculture system for macrophages overexpressing S100a9 and primary PSCs, we confirmed that RAW264.7 cells overexpressing S100a9 can promote M2-type polarization of macrophages and induce primary PSC activation.

RNA-seq was used to further elucidate the molecular events by which S100a9 regulates macrophage M2 polarization. KEGG analysis suggested that S100a9 may regulate the MAPK signaling pathway, which can be divided into three subgroups: JNK, p38 MAPK and extracellular signal-regulated kinase (ERK) (38, 39). To search for downstream molecules of S100A9 that regulate the MAPK signaling pathway, co-IP and LC−MS/MS techniques were used to screen S100A9-interacting proteins. The results showed that the S100A9 protein interacts with the TAOK3 protein, and overexpression of S100a9 can significantly upregulate the expression of the TAOK3 protein. There are three main protein degradation pathways in eukaryotic cells: lysosomal pathway, autophagy pathway, and ubiquitin-proteasome pathway, which have the ability to replenish the cytosol metabolic library, maintain cellular homeostasis, and affect protein stability and interact with other proteins, respectively (40, 41). At present, the specific mechanism of TAOK3 protein degradation in eukaryotic cells has not been clarified, and there are no reports of the association between S100A9 protein and TAOK3 protein. In this study, we found for the first time that S100A9 protein interacts directly with TAOK3 protein, so we believe that S100A9 may promote the expression of TAOK3 protein through lysosomal pathway, autophagy pathway, or ubiquitin-proteasome pathway. And three protein kinase TAOKs have been identified in mammals, namely, TAOK1, TAOK2 and TAOK3, all of which belong to the serine/threonine protein kinase family (25, 42). It is generally believed that TAOK1 and TAOK2 regulate signaling pathways such as SAPK/JNK, while TAOK1, TAOK2 and TAOK3 regulate signaling pathways such as p38 MAPK and Hippo (25). TAOK3, also known as JNK/SAPK inhibitor kinase, has been reported to be associated with epidermal growth factor receptor kinase substrate 8 (EPS8) in expression library analysis (24). We found that the expression of p-JNK protein was downregulated and upregulated by inhibiting S100a9 and knocking down Taok3, respectively, suggesting that S100A9-regulated macrophage M2 polarization may depend on the regulation of the TAOK3-JNK signaling pathway. At present, the role of TAOK3 in regulating the SAPK/JNK signaling pathway is controversial. Tassi et al. showed that TAOK3 inhibited the activity of SAPK/JNK in COS7 cells and reduced its reactive activation to human epidermal growth factor (24). Kapfhamer et al. found that the level of p-JNK in the brains of mice increased by inhibiting TAOK3, suggesting that TAOK3 is a negative regulator of the SAPK/JNK cascade (43). In contrast, it has been reported that TAOK3 can activate the SAPK/JNK pathway in osteoblasts (44). The inconsistency of TAOK3 in the SAPK/JNK cascade may be caused by differences in the cell environment. Further research is needed to evaluate the role of TAOK3 in the JNK signaling pathway.

The above studies confirmed that inhibition of the S100A9-TAOK3 interaction may become a key therapeutic target for blocking the development of CP. To determine the interaction between S100A9 and the TAOK3 protein, we carried out molecular docking experiments. The results showed that the salt bridges and hydrogen bonding of the Glu10, Gln8, Gln21, Arg11, Met9, Ser7, Lys51, Cys91, His96, Arg101, Ser106 and Lys109 residues in S100A9 interacted with TAOK3. To obtain candidate drugs with high efficiency and low toxicity, we further used virtual screening technology to screen potential targeted inhibitors of the S100A9-TAOK3 interaction. Based on the above binding sites, we screened the top 100 targeting small molecular inhibitors of the S100A9-TAOK3 interaction from the FDA drug compound library and evaluated the cytotoxicity and pharmacodynamics of the top 8 compounds in vitro. Finally, 2 small molecular compounds, cobamamide and daptomycin, showed the best inhibitory activity against macrophage M2 polarization after the maximum nontoxic dose in vitro. Daptomycin is a calcium-dependent membrane-bound lipopeptide antibiotic with a 13-amino-acid structure that is a cyclic peptide composed of an n-decanoyl fatty acid chain. It was approved by the FDA in 2003 for infections of complex skin and skin structures or bacterial blood associated with right infective endocarditis (45, 46). In addition, daptomycin can penetrate immune cells, including neutrophils and macrophages, to trigger the immune regulatory response (47). However, the immunomodulatory effect of daptomycin is still unknown. As a lipopeptide, it can directly interact with the lipid membrane of immune cells and may interact with pattern recognition receptors on Toll-like receptors in activated antigen presenting cells (47). Cobamamide is a homolog of vitamin B12 and is used as a drug for nourishing peripheral nerves or treating anemia. Currently, there is little research on the mechanism of cobamamide in vivo. To date, there has been no relevant research report on the application of cobamamide and daptomycin against CP. Through toxicological and pharmacodynamic studies in vivo, it was found that cobamamide (0.2 mg/kg/day) and daptomycin (50 mg/kg/day) had no obvious hepatotoxicity or nephrotoxicity in mice after 4 weeks of continuous administration, and cobamamide and daptomycin could effectively alleviate the pancreatic parenchymal injury and fibrosis induced by CP. Moreover, cobamamide and daptomycin can also reduce the secretion of TAOK3 by inhibiting the S100A9-TAOK3 interaction, thereby inhibiting the CP-induced infiltration of pancreatic macrophages and their conversion to the M2 subtype.





Conclusion

In summary, S100A9 is an important driver of pancreatic injury and fibrosis in CP progression by promoting macrophage M2 polarization in a TAOK3-JNK pathway-dependent manner. As targeted inhibitors of the S100A9-TAOK3 interaction, cobamamide and daptomycin can effectively reduce macrophage M2 polarization and pancreatic damage in vitro and in vivo and are expected to be candidate drugs for blocking the progression of CP in the future.





Data availability statement

The RNA sequencing data presented in the study is publicly available in NCBI repository, accession number PRJNA1187892 and PRJNA1187893.





Ethics statement

The care and use of animals were strictly in accordance with the People’s Republic of China Legislation on the Use and Care of Laboratory Animals, and all experiments in the present study were approved by the Animal Care and Use Committee of Dalian Medical University (AEE21019). The study was conducted in accordance with the local legislation and institutional requirements.





Author contributions

XT: Funding acquisition, Resources, Investigation, Writing – original draft. YW: Investigation, Writing – original draft, Conceptualization, Software. FG: Writing – original draft, Data curation, Methodology, Supervision. LL: Writing – original draft, Formal analysis, Project administration, Validation. XZ: Formal analysis, Project administration, Validation, Writing – original draft. DS: Data curation, Methodology, Supervision, Writing – original draft. ZY: Visualization, Writing – review & editing. HX: Visualization, Writing – review & editing, Funding acquisition, Resources. DD: Funding acquisition, Resources, Writing – review & editing, Supervision.





Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This work was financially supported by grants from the National Natural Science Foundation of China (No. 82200713 and 82004023), the Scientific and Technological Talents Innovation Support Program Project of Dalian (2022RY16), the Chinese Pharmaceutical Association Hospital Phamacy Department (NO. CPA-Z05-ZC-2022-002), and the Natural Science Foundation of Liaoning Province (No. 2022-MS-331).




Acknowledgments

The abstract figure support was provided by Figdraw.





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.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2025.1526813/full#supplementary-material



Abbreviations

ADM, acinar to ductal metaplasia; AP, acute pancreatitis; AST, aspartate aminotransferase; BMDMs, mouse bone marrow-derived macrophages; BUN, urea nitrogen; Co-IP, coimmunoprecipitation; CP, chronic pancreatitis; CRE, creatinine; DAMPs, damage-associated molecular patterns; DMSO, dimethyl sulfoxide; ECM, extracellular matrix; ELISA, enzyme linked immunosorbent assay; EPS8, epidermal growth factor receptor kinase substrate 8; ERK, extracellular signal-regulated kinase; FDA, Food and Drug Administration; GO, gene ontology; IL-4/13, interleukin-4/13; GPT, glutamic pyruvic transaminase; IP, Immunoprecipitation; JIK, c-Jun N-terminal inhibitory kinase; JNK, c-Jun N-terminal kinase; KEGG, Kyoto Encyclopedia of Genes and Genomes; LC-MS/MS, liquid chromatography-tandem mass spectrometry; MAPK, mitogen-activated protein kinase; M-MDSCs, monocytic myeloid-derived suppressor cells; MRP-14, myeloid-related protein 14; MTT, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium-bromide; NF-κB, nuclear factor-κB; OD, optical density; PDGF, platelet-derived growth factor; PGE2, prostaglandin E2; PSCs, pancreatic stellate cells; RAGE, receptor for advanced glycation end products; SAPK, stress-activated protein kinase; SLK, Ste20-like kinase; S100A9, S100 calcium binding protein A9; TAMs, tumor-associated macrophages; TAOK3, thousand-and-one amino acid kinase 3; TGF-β, transforming growth factor-β; α-SMA, α-smooth muscle actin.




References

1. Thierens, N, Verdonk, RC, Löhr, JM, van Santvoort, HC, Bouwense, SA, and van Hooft, JE. Chronic pancreatitis. Lancet. (2025) 404:2605–18. doi: 10.1016/S0140-6736(24)02187-1

2. Kleeff, J, Whitcomb, DC, Shimosegawa, T, Esposito, I, Lerch, MM, Gress, T, et al. Chronic pancreatitis. Nat Rev Dis Primers. (2017) 3:17060. doi: 10.1038/nrdp.2017.60

3. Qi, L, Han, H, Han, MM, Sun, Y, Xing, L, Jiang, HL, et al. Remodeling of imbalanced extracellular matrix homeostasis for reversal of pancreatic fibrosis. Biomaterials. (2023) 292:121945. doi: 10.1016/j.biomaterials.2022.121945

4. Wang, D, Han, S, Lv, G, Hu, Y, Zhuo, W, Zeng, Z, et al. Pancreatic acinar cells-derived sphingosine-1-phosphate contributes to fibrosis of chronic pancreatitis via inducing autophagy and activation of pancreatic stellate cells. Gastroenterology. (2023) 165:1488–1504.e1420. doi: 10.1053/j.gastro.2023.08.029

5. Zeng, XP, Wang, LJ, Guo, HL, He, L, Bi, YW, Xu, ZL, et al. Dasatinib ameliorates chronic pancreatitis induced by caerulein via anti-fibrotic and anti-inflammatory mechanism. Pharmacol Res. (2019) 147:104357. doi: 10.1016/j.phrs.2019.104357

6. Hu, F, Lou, N, Jiao, J, Guo, F, Xiang, H, and Shang, D. Macrophages in pancreatitis: Mechanisms and therapeutic potential. BioMed Pharmacother. (2020) 131:110693. doi: 10.1016/j.biopha.2020.110693

7. Guo, HL, Liang, XS, Zeng, XP, Liu, Y, Li, ZS, Wang, LJ, et al. Pirfenidone alleviates chronic pancreatitis via suppressing the activation of pancreatic stellate cells and the M1 polarization of macrophages. Int Immunopharmacol. (2024) 130:111691. doi: 10.1016/j.intimp.2024.111691

8. Ren, YC, Zhao, Q, He, Y, Li, B, Wu, Z, Dai, J, et al. Legumain promotes fibrogenesis in chronic pancreatitis via activation of transforming growth factor β1. J Mol Med (Berl). (2020) 98:863–74. doi: 10.1007/s00109-020-01911-0

9. Detlefsen, S, Sipos, B, Zhao, J, Drewes, AM, and Klöppel, G. Autoimmune pancreatitis: expression and cellular source of profibrotic cytokines and their receptors. Am J Surg Pathol. (2008) 32:986–95. doi: 10.1097/PAS.0b013e31815d2583

10. Xue, J, Sharma, V, Hsieh, MH, Chawla, A, Murali, R, Pandol, SJ, et al. Alternatively activated macrophages promote pancreatic fibrosis in chronic pancreatitis. Nat Commun. (2015) 6:7158. doi: 10.1038/ncomms8158

11. Foell, D, Wittkowski, H, Vogl, T, and Roth, J. S100 proteins expressed in phagocytes: a novel group of damage-associated molecular pattern molecules. J Leukoc Biol. (2007) 81:28–37. doi: 10.1189/jlb.0306170

12. Wang, S, Song, R, Wang, Z, Jing, Z, Wang, S, and Ma, J. S100A8/A9 in inflammation. Front Immunol. (2018) 9:1298. doi: 10.3389/fimmu.2018.01298

13. Xiang, H, Guo, F, Tao, X, Zhou, Q, Xia, S, Deng, D, et al. Pancreatic ductal deletion of S100A9 alleviates acute pancreatitis by targeting VNN1-mediated ROS release to inhibit NLRP3 activation. Theranostics. (2021) 11:4467–82. doi: 10.7150/thno.54245

14. Alexaki, VI, May, AE, Fujii, C, Ungern-Sternberg, SN, Mund, C, Gawaz, M, et al. S100A9 induces monocyte/macrophage migration via EMMPRIN. Thromb Haemost. (2017) 117:636–9. doi: 10.1160/TH16-06-0434

15. Kawakami, R, Katsuki, S, Travers, R, Romero, DC, Becker-Greene, D, Passos, LSA, et al. S100A9-RAGE axis accelerates formation of macrophage-mediated extracellular vesicle microcalcification in diabetes mellitus. Arterioscler Thromb Vasc Biol. (2020) 40:1838–53. doi: 10.1161/ATVBAHA.118.314087

16. Dessing, MC, Tammaro, A, Pulskens, WP, Teske, GJ, Butter, LM, Claessen, N, et al. The calcium-binding protein complex S100A8/A9 has a crucial role in controlling macrophage-mediated renal repair following ischemia/reperfusion. Kidney Int. (2015) 87:85–94. doi: 10.1038/ki.2014.216

17. Gong, C, Ma, J, Deng, Y, Liu, Q, Zhan, Z, Gan, H, et al. S100A9(-/-) alleviates LPS-induced acute lung injury by regulating M1 macrophage polarization and inhibiting pyroptosis via the TLR4/MyD88/NFκB signaling axis. BioMed Pharmacother. (2024) 172:116233. doi: 10.1016/j.biopha.2024.116233

18. Kwak, T, Wang, F, Deng, H, Condamine, T, Kumar, V, Perego, M, et al. Distinct populations of immune-suppressive macrophages differentiate from monocytic myeloid-derived suppressor cells in cancer. Cell Rep. (2020) 33:108571. doi: 10.1016/j.celrep.2020.108571

19. Olsson, A, Nakhlé, J, Sundstedt, A, Plas, P, Bauchet, AL, Pierron, V, et al. Tasquinimod triggers an early change in the polarization of tumor associated macrophages in the tumor microenvironment. J Immunother Cancer. (2015) 3:53. doi: 10.1186/s40425-015-0098-5

20. Franz, S, Ertel, A, Engel, KM, Simon, JC, and Saalbach, A. Overexpression of S100A9 in obesity impairs macrophage differentiation via TLR4-NFkB-signaling worsening inflammation and wound healing. Theranostics. (2022) 12:1659–82. doi: 10.7150/thno.67174

21. Fan, ZP, Peng, ML, Chen, YY, Xia, YZ, Liu, CY, Zhao, K, et al. S100A9 activates the immunosuppressive switch through the PI3K/akt pathway to maintain the immune suppression function of testicular macrophages. Front Immunol. (2021) 12:743354. doi: 10.3389/fimmu.2021.743354

22. Tao, X, Chen, Q, Li, N, Xiang, H, Pan, Y, Qu, Y, et al. Serotonin-RhoA/ROCK axis promotes acinar-to-ductal metaplasia in caerulein-induced chronic pancreatitis. BioMed Pharmacother. (2020) 125:109999. doi: 10.1016/j.biopha.2020.109999

23. Lei, T, Zhang, J, Zhang, Q, Ma, X, Xu, Y, Zhao, Y, et al. Defining newly formed and tissue-resident bone marrow-derived macrophages in adult mice based on lysozyme expression. Cell Mol Immunol. (2022) 19:1333–46. doi: 10.1038/s41423-022-00936-4

24. Tassi, E, Biesova, Z, Di Fiore, PP, Gutkind, JS, and Wong, WT. Human jik, a novel member of the ste20 kinase family that inhibits JNK and is negatively regulated by epidermal growth factor. J Biol Chem. (1999) 274:33287–95. doi: 10.1074/jbc.274.47.33287

25. Fang, CY, Lai, TC, Hsiao, M, and Chang, YC. The diverse roles of tao kinases in health and diseases. Int J Mol Sci. (2020) 21:7463. doi: 10.3390/ijms21207463

26. Whitcomb, DC, Frulloni, L, Garg, P, Greer, JB, Schneider, A, Yadav, D, et al. Chronic pancreatitis: An international draft consensus proposal for a new mechanistic definition. Pancreatology. (2016) 16:218–24. doi: 10.1016/j.pan.2016.02.001

27. Wu, J, Zhang, L, Shi, J, He, R, Yang, W, Habtezion, A, et al. Macrophage phenotypic switch orchestrates the inflammation and repair/regeneration following acute pancreatitis injury. EBioMedicine. (2020) 58:102920. doi: 10.1016/j.ebiom.2020.102920

28. Gong, H, Lu, Y, Deng, SL, Lv, KY, Luo, J, Luo, Y, et al. Targeting S100A9 attenuates social dysfunction by modulating neuroinflammation and myelination in a mouse model of autism. Pharmacol Res. (2025) 211:107568. doi: 10.1016/j.phrs.2024.107568

29. Inciarte-Mundo, J, Frade-Sosa, B, and Sanmartí, R. From bench to bedside: Calprotectin (S100A8/S100A9) as a biomarker in rheumatoid arthritis. Front Immunol. (2022) 13:1001025. doi: 10.3389/fimmu.2022.1001025

30. Wu, Y, Li, Y, Zhang, C, Xi, A, Wang, Y, Cui, W, et al. S100a8/a9 released by CD11b+Gr1+ neutrophils activates cardiac fibroblasts to initiate angiotensin ii-induced cardiac inflammation and injury. Hypertension. (2014) 63:1241–50. doi: 10.1161/HYPERTENSIONAHA.113.02843

31. Sun, Y, Lian, Y, Mei, X, Xia, J, Feng, L, Gao, J, et al. Cinobufagin inhibits M2−like tumor−associated macrophage polarization to attenuate the invasion and migration of lung cancer cells. Int J Oncol. (2024) 65:102. doi: 10.3892/ijo.2024.5690

32. van Kooten, NJT, Blom, AB, Teunissen van Manen, IJ, Theeuwes, WF, Roth, J, Gorris, MAJ, et al. S100A8/A9 drives monocytes towards M2-like macrophage differentiation and associates with M2-like macrophages in osteoarthritic synovium. Rheumatol (Oxford). (2025) 64:332–43. doi: 10.1093/rheumatology/keae020

33. Lv, J, Wang, Z, Wang, B, Deng, C, Wang, W, and Sun, L. S100A9 induces macrophage M2 polarization and immunomodulatory role in the lesion site after spinal cord injury in rats. Mol Neurobiol. (2024) 61:5525–40. doi: 10.1007/s12035-024-03920-3

34. Mizutani, T, Ano, T, Yoshioka, Y, Mizuta, S, Takemoto, K, Ouchi, Y, et al. Neutrophil S100A9 supports M2 macrophage niche formation in granulomas. iScience. (2023) 26:106081. doi: 10.1016/j.isci.2023.106081

35. Hu, L, Liu, Y, Kong, X, Wu, R, Peng, Q, Zhang, Y, et al. Fusobacterium nucleatum facilitates M2 macrophage polarization and colorectal carcinoma progression by activating TLR4/NF-κB/S100A9 cascade. Front Immunol. (2021) 12:658681. doi: 10.3389/fimmu.2021.658681

36. Yang, LF, Zhang, ZB, and Wang, L. S100A9 promotes tumor-associated macrophage for M2 macrophage polarization to drive human liver cancer progression: An in vitro study. Kaohsiung J Med Sci. (2023) 39:345–53. doi: 10.1002/kjm2.12651

37. Ji, Q, Li, Z, Guo, Y, and Zhang, X. S100A9, as a potential predictor of prognosis and immunotherapy response for GBM, promotes the Malignant progression of GBM cells and migration of M2 macrophages. Aging (Albany NY). (2024) 16:11513–34. doi: 10.18632/aging.205949

38. Park, HB, and Baek, KH. E3 ligases and deubiquitinating enzymes regulating the MAPK signaling pathway in cancers. Biochim Biophys Acta Rev Cancer. (2022) 1877:188736. doi: 10.1016/j.bbcan.2022.188736

39. Liu, S, Xu, X, Fang, Z, Ning, Y, Deng, B, Pan, X, et al. Piezo1 impairs hepatocellular tumor growth via deregulation of the MAPK-mediated YAP signaling pathway. Cell Calcium. (2021) 95:102367. doi: 10.1016/j.ceca.2021.102367

40. Chen, RH, Chen, YH, and Huang, TY. Ubiquitin-mediated regulation of autophagy. J BioMed Sci. (2019) 26:80. doi: 10.1186/s12929-019-0569-y

41. Dikic, I. Proteasomal and autophagic degradation systems. Annu Rev Biochem. (2017) 86:193–224. doi: 10.1146/annurev-biochem-061516-044908

42. Yustein, JT, Xia, L, Kahlenburg, JM, Robinson, D, Templeton, D, and Kung, HJ. Comparative studies of a new subfamily of human ste20-like kinases: Homodimerization, subcellular localization, and selective activation of MKK3 and p38. Oncogene. (2003) 22:6129–41. doi: 10.1038/sj.onc.1206605

43. Kapfhamer, D, King, I, Zou, ME, Lim, JP, Heberlein, U, and Wolf, FW. JNK pathway activation is controlled by Tao/TAOK3 to modulate ethanol sensitivity. PloS One. (2012) 7:e50594. doi: 10.1371/journal.pone.0050594

44. Li, Z, Oh, H, Cung, M, Marquez, SJ, Sun, J, Hammad, H, et al. TAOK3 is a MAP3K contributing to osteoblast differentiation and skeletal mineralization. Biochem Biophys Res Commun. (2020) 531:497–502. doi: 10.1016/j.bbrc.2020.07.060

45. Pillai, SK, Gold, HS, Sakoulas, G, Wennersten, C, Moellering, RC Jr, and Eliopoulos, GM. Daptomycin nonsusceptibility in Staphylococcus aureus with reduced vancomycin susceptibility is independent of alterations in MprF. Antimicrob Agents Chemother. (2007) 51:2223–5. doi: 10.1128/AAC.00202-07

46. Tally, FP, and DeBruin, MF. Development of daptomycin for gram-positive infections. J Antimicrob Chemother. (2000) 46:523–6. doi: 10.1093/jac/46.4.523

47. Kelesidis, T. The interplay between daptomycin and the immune system. Front Immunol. (2014) 5:52. doi: 10.3389/fimmu.2014.00052




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


Copyright © 2025 Tao, Wu, Guo, Lv, Zhai, Shang, Yu, Xiang and Dong. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-16-1526813-g002.jpg
o o o o
SO © © ¥+ N
=

(%) 81es uonelBIy

(%) @yes uonelbi

B NC
[ S100a9

shS100a9

shNC

%
o) * o)
%QQ A.OQQ
< Q, <®
LX) rUA\ “9 o \v
%
o o o o o o o o
8 © © ® © 94 ® ¥ M
(%) uolsaype ||a2 jo oney (%) uoisaype |22 jo oney
m (NN
PP e
* & %QQ
* 5K \6 %%
* QWVQ % * Se
<, [@)
* =, %, 2
QJQQ Q% ) &
2 B i A
% <8 I I I T
£ o o o o o © © <t ™ N ~— o
IEICIENE 28888
- ©0 o o o A N~ - Co_wwm._axmd\ZN._E OAIE|DY
uoissaidxa YNYW aAlejey uolssaidxa YNYW aAlejey

<C ) o)





OEBPS/Images/fimmu.2025.1526813_cover.jpg
& frontiers | Frontiers in Immunology

Targeted inhibitors of S100A9 alleviate
chronic pancreatitis by inhibiting M2
macrophage polarization via the TAOK3-
JNK signaling pathway





OEBPS/Images/fimmu-16-1526813-g007.jpg
o
o
w
o Loty
o S NH
L i \ o
HNan, N R o
A e i 8 s YOH
S HA
’ ;\ i
== e o S
L
...... A
Fal
o £
Yu
4

2)

Cob(0.2mg/kg, i.p)

N\ Dap(50mglkg, i.p) ’

0 week 4 weeks 8 weeks
% \ \

« Three days a week; Once a day \ Biochemical analysis
Six times a day

C57BL/6

94
(@]
=3
© HE
%2 € &
o
21
3
0 oA
]
O\«\OQXOOXQ&
KK

==
(0))
*
*

Masson (400x)
Fibrosis (%)

Ctrl CcP

DAPI/F4-80/CD206

—
o 0 O
o O O

N
o

CD206

N
o

Ratio of F4-80*/CD206" (%)






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Targeted inhibitors of S100A9 alleviate chronic pancreatitis by inhibiting M2 macrophage polarization via the TAOK3-JNK signaling pathway

      

        		

          Background

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusions

        



        		

          Introduction

        



        		

          Materials and methods

        

          		

            Animals

          



          		

            Enzyme-linked immunosorbent assay

          



          		

            Cell culture

          



          		

            Flow cytometry

          



          		

            Histology, immunohistochemistry, and immunofluorescence

          



          		

            Plasmid transfection experiment

          



          		

            Cell adhesion and migration assay

          



          		

            Quantitative real-time PCR analysis

          



          		

            Coculture of macrophages with primary PSCs

          



          		

            Transcriptomic analysis

          



          		

            IP and LC−MS/MS analysis

          



          		

            Co-IP

          



          		

            Pull-down

          



          		

            Western blotting

          



          		

            Molecular docking

          



          		

            Virtual screening

          



          		

            Toxicology and pharmacodynamics of S100A9-targeted inhibitors

          



          		

            Statistical analysis

          



        



        



        		

          Results

        

          		

            S100A9 expression level is significantly increased in macrophages in CP

          



          		

            S100A9 promotes adhesion and migration of macrophages in vitro

          



          		

            S100A9 induces M2 polarization of macrophage to promote PSCs activation in vitro

          



          		

            S100A9 regulates MAPK signaling pathway through interacting with TAOK3

          



          		

            S100A9 remarkedly up-regulated TAOK3-JNK signaling pathway

          



          		

            Inhibition of S100A9-TAOK3 interaction may be potential treatments for CP

          



          		

            Cobamamide and daptomycin reduce CP by decreasing M2 polarization of macrophages

          



        



        



        		

          Discussion

        



        		

          Conclusion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Generative AI statement

        



        		

          Supplementary material

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-16-1526813-g004.jpg
« Sig_Up (676)
» NoDiff (50998)
« Sig_Down (150)

KDa
250—

|

|

| 150—
B 100—
| 70—
| 50—
40_
35

25—
0 -~ . 20—

20 -10 0 10 20
log2(FC)

s’ o

-log10(pVal)
N
3

-
o
o
o .
“_1_131_

s g .
et oy

15—

B

Toll-like receptor signaling pathway =

TNF signaling pathway{
Rap1 signaling pathway; @

Prolactin signaling pathway{ B

Ko
& E
o L
@ S
%‘b

KDa
116 —
66.2—
45—
3xflag-GFP- 3xflag-GFP- 35—

S100A9 S100A9

Gene_number

PI3K-Akt signaling pathway + @ e 5
p53 signaling pathway{ E ® 10
Osteoclast differentiation{ . ® 15

NOD-like receptor signaling pathway

NF-kappa B signaling pathwa

MAPK signaling pathwa

Jak-STAT signaling pathway P
Intestinal immune network for IgA pro... |

e

Hematopoietic cell lineage B
Glycosaminoglycan degradation;
Fc epsilon Rl signaling pathway ®

Cytokine—cytokine receptor interaction {
Biosynthesis of amino acids e

Arginine biosynthesis{ -

Arginine and proline metabolism -
Apoptosis{ o

0.05 0.100.15
Rich factor

F LC-MS/MS G

25—
18.4—

14.4—

o
‘ |“ ‘H H SXfIag—S1OOA9|D|
H

HA-TAOKS3

P IgG !
.xﬂags100A9

l






OEBPS/Images/fimmu-16-1526813-g003.jpg
DAPI/CD68/CD206

CD206

) =) B ., rRaw2es7 G _ BMDMs
i
& 281 ? 60 - = S100a9 & S100a9
N 21 590 [I g
a) 5409 x
& N <
(o) zZ =z
8 e =
O = =
5 g 2
2 © ©
: ﬂ“f
<
9 E =
Ctrl + IL-4 S100a9"+IL-4 80 NC + IL-4 S100a9+1L-4 £
o 69.6% 38.3%| © © 504
e °| 60 2, 47.1%| & 40/
() L (@)
Q40 5 g
o o - o0 20
D 2 X o =
N | O = O
o x M S o
-Ig \X\\/,\,X\\/ A B g
102 10° 10* 10° 102100 10° 10° F P 102 10°  10°  10° g
F4-80 N CD68

S100a9

DAPI/a-SMA (400x%)
Intensity of a-SMA (x107)

S100a9 RAW264.7 cells Primary stellate cells






OEBPS/Images/fimmu-16-1526813-g006.jpg
D

CD206

CD206

CD206

CD206

NC + Col

s

S100a9 + Col

Flexible Docking + Force
Field Refinement

87.0%

78.1%

S100a9 + Cob

')
~

71.6%

S100a9 + Tel

93.0%

S100a9 + Des

88.0%

§10
< *
8 8 °
a
o 6
S 4
e
O 2
kS
2 0
© \ \
4 OXQO o
0
D \Qg'b
%
<10
o
a
o 6
I 4
Q
O 2
S
o 0
© 0 0
T 0"00 xoo
0
Y \QQ’O
%
<10
© 8
a
3 6
L 4
Q
O 3
kS
=)
g ’2&& )ZQ}
O 0
D '\Qg’b
5
<10
o 8
a
3 6
- 4
e
ol
S
=2 B
© S %
r Q<P
O 0
$ Q‘b
N

CD206

10°_10° 10° 10°

CD206

CD206

—>

NC + Afa S100a9 + Afa
72.3% | ¢ 87.7%

at 2 Q

Q3 & Q3

102 10° 10 10°

102 10® 10* 10°

NC + Cet

CD68

S100a9 + Cet

77.9%

77.5%

S100a9 + Dap

63.0%

102

105" 10

105

~

CD68

Taok3-WT

Taok3-MU-1
Taok3-MU-2
Taok3-MU-3

IR m

Bioassay

*%*

-
o

N A O ®

Ratio of CD68*-CD206* (%)

N A O

Ratio of CD68*-CD206* (%)

Ratio of CD68*-CD206* (%)





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-16-1526813-g005.jpg
-log10(pVal)

8| NoDi

Relative mRNA expression
o o © = =
w (@) O N (@) ]

=
o

TAOK3

S100A9

B-actin

p-JNK

JNK

160)

(§4014)
° Sig_Doyvn (202)

-10

| —

NC

e “———

shTaok3

-_—

1

° o)
R &
Sl

Positive regulation mapk cascade C BSSF’?O 3
® P Value=0.045592707 MiE1s gt
S 0.1 savpoL !
n
e 0.5
é 0.0 '0
£ -0.1
5 -0.2
2
£-03]  ES=-0.34419307
S
g 1 ERARE LRI AR AR
e, L LT (10 |
3 TAOK3
E TRIM34
2 P2RX3
|
2 -2 | |SIGLEC15
x q NC
[V N
o4 10000 20000 30000 Y {3,(}’ @‘:’ &2 ©F OF

Rank in Ordered Dataset &?Q &?Q &?Q < = <
B NC
I Taok3 E o
oy
&
F.3
* HA-TAOK3 106KDa
| 3xflag-S100A9 17KDa
% 9 9 N0 ) &R % X
& o) @ RN u &
N 0‘6\ N ro\’{~ ¢ % % v A
= NC
X go_= S100a9 G —
2 I __NC+Pag _ S100a9+Pagq S
105KDa 2 50 02507
19 o INK ; - - | 54KDa 2200
= p- ~——— Q
B 40 al e T
S 2100 x
@ 20 54KDa 2
42KDa = JNK 46KDa o 50
E o) 0y s O .
& oF g O
o ¥ N

54KDa
46KDa

54KDa
46KDa

Relative protein levels (%)
528 3

RS

T %

-
N
o
[ )

9

o

o

3 90

C

§ 60

o

o

° 30

>

©

[0}

i O @
o <P





OEBPS/Images/fimmu-16-1526813-g001.jpg
S100A9 in serum (pg/mL)

DAPI/F4-80/S100A9

= N
N O O
o O O

Ctrl

S100A9

CP

**

= N W0 H O
o O O O o
[]

Ratio of CD68*- S100A9* (%)

w

N

—

Pancreatic injury score

Fibrosis (%)
BN — N
o (&) ] o

(6]

o

10
o)
\‘;/ 8
S
X6
L
S 4
&
2
52
E
QR R
¥ 0 ,\"‘0
0?9





