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IL-18 promotes pancreatic fibrosis
via release of IL-4 from pancreatic
stellate cells and induces
macrophage M2 polarization

Guangping Tu?, Cheng Peng'?, Shuangxi Xie!, Shixu Zheng?, Haibo Jiang?, Lang Chen?,
Xiao Yu! & Zhigiang Li***

Chronic Pancreatitis (CP) is a progressive inflammatory disease leading to fibrosis. The role of
interleukin-18 (IL-18), an inflammation-associated cytokine, in CP, especially its interactions with
pancreatic stellate cells (PSCs) and macrophages, remains unclear. Human CP tissues and caerulein-
induced CP models in mice were used to explore the role of IL-18 in fibrosis. Histopathological analysis,
immunofluorescence, and in vitro co-culture systems were employed to identify cellular targets

and downstream signaling of IL-18. IL-18 expression was elevated in CP pancreata, correlating with
the severity of fibrosis. Deletion of IL-18Ra reduced fibrosis, PSC activation, and macrophage M2
polarization in CP mice. IL-18 directly stimulated PSCs to secrete interleukin-4 (IL-4), which induced
M2 polarization of macrophages, exacerbating fibrosis. Inhibition of IL-4 alleviated fibrosis and M2
polarization. IL-18 plays a critical role in driving pancreatic fibrosis by modulating PSCs-macrophage
interactions, providing a potential therapeutic target to disrupt the fibrotic process in CP.

CP is a progressive disease characterized by persistent inflammation, excessive deposition of extracellular matrix
(ECM), and gradual loss of pancreatic function, leading to debilitating symptoms and a markedly increased
risk of pancreatic cancer!=. Although CP arises from diverse etiologies, its pathogenesis is primarily driven by
sustained and excessive inflammatory responses, which ultimately culminate in pancreatic fibrosis (PF). The
transition from inflammation to fibrosis involves complex interactions among multiple immune cell populations,
particularly macrophages, and the activation of PSCs*°. These cells play a crucial role in fibrosis by secreting
ECM components, thereby promoting fibrotic tissue deposition and structural remodeling of the pancreas.

Inflammasome-associated pathways have been implicated in PF progression®®. Pyroptosis triggers the
release of the pro-inflammatory cytokine IL-18, a member of the IL-1 cytokine family, which is produced by
macrophages, dendritic cells, and epithelial cells. Canonically, IL-18 binds to its heterodimeric receptor complex
(IL-18Ra and IL-18Rp), activating downstream signaling pathways such as NF-kB and MAPK, which promote
the production of pro-inflammatory cytokines, chemokines, and mediators involved in the recruitment and
activation of immune cells’. IL-18 has been implicated in exacerbating tissue injury and fibrosis!?, suggesting its
potential role as a mechanistic link between pyroptosis and PE. Increasing evidence indicates that IL-18 exerts
immunomodulatory effects in chronic inflammatory disorders!'®-13, with strong associations to macrophages
and stellate cells in chronic diseases. In pancreatic disorders, IL-18 expression is markedly elevated in CP tissues
and correlates with the severity of fibrosis, indicating its potential as a critical regulator of fibrotic progression'“.
However, the precise mechanisms remain to be clarified. This study focuses on IL-18/IL-18Ra signaling and does
not directly examine the pyroptotic execution molecules (GSDMD/GSDME cleavage). Therefore, “pyroptosis” is
not considered a directly experimentally confirmed upstream event.

Activation of PSCs represents a central event in the development of fibrosis in CP'°. Activated PSCs secrete
excessive ECM, driving fibrotic deposition. Additionally, PSCs contribute to pancreatic inflammation; secretions
from damaged pancreatic acinar cells (PACs) and immune cells (e.g., macrophages, T cells) further promote
PSC activation?. These activated PSCs exacerbate fibrosis and release cytokines such as IL-33!¢ and IL-11'7,
perpetuating inflammatory responses and creating a vicious cycle.

Macrophages are key orchestrators of the inflammatory microenvironment in CP, with their polarization status
serving as a critical determinant of both inflammatory and fibrotic outcomes!'®!?. The role of IL-18 in macrophage
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regulation has been well-documented in acute pancreatitis. In severe acute pancreatitis models, infiltrating
macrophages promote inflammation while inducing IL-18-mediated Th2 cell responses®’, underscoring their
therapeutic potential. IL-4, a pivotal cytokine driving M2 macrophage polarization, is markedly upregulated in
CP pancreatic tissues and promotes fibrogenesis??2. Although the cellular source of IL-4 remains incompletely
defined, accumulating evidence suggests that PSCs secrete IL-4 during CP, which interacts with macrophages
to induce M2 polarization and exacerbate fibrosis?!. However, the mechanisms underlying IL-4 secretion by
PSCs are poorly understood. Furthermore, in vivo studies suggest that IL-18 promotes cardiac and renal fibrosis
by modulating M2 macrophage polarization!%?*24, although the mechanism by which this regulation occurs
remains to be elucidated.

Compared to IL-18, its upstream regulator, the NLRP3 inflammasome, has been more extensively investigated
in CP?*, Nevertheless, clarifying the multifaceted role of IL-18 in CP and its contribution to PF may yield valuable
insights for developing therapies against this intractable disease. In the present study, we first demonstrated that
IL-18 expression in CP patient tissues positively correlates with PF severity, with IL-18 predominantly localized
to PACs, whereas IL-18Ra is chiefly expressed on PSCs rather than macrophages. In a murine CP model, IL-
18Ra deficiency markedly alleviated P, suppressed PSC activation, and reduced M2 macrophage infiltration.
Mechanistically, we found that IL-18 directly stimulates PSCs to secrete IL-4, and that conditioned medium
from IL-18-treated PSCs promotes M2 macrophage polarization. Notably, pharmacological inhibition of IL-4
substantially attenuated this polarization effect. These findings provide new mechanistic insights into the IL-18/
IL-4 axis in CP and highlight potential therapeutic targets for preventing the progression of PE.

Materials and methods

Ethics declaration

All animal experiments were approved by the Ethics Committee of the Third Xiangya Hospital of Central South
University. This study is performed in accordance with relevant guidelines and regulations. All methods are
reported in accordance with ARRIVE guidelines.

All human samples were obtained from Xiangya Third Hospital of Central South University, and informed
consent has been obtained from all subjects and/or their legal guardians. All experiments were approved by the
Ethics Committee of Xiangya Third Hospital of Central South University(NO 2021-S149) and performed in
accordance with relevant guidelines and regulations.

Antibodies and reagents

Caerulein (#HY-A0190) was purchased from MedChemExpress. Primary antibodies: IL-18 (#DF6252),
IL-4 (#AF5142), and Collagen I (#AF7001) were purchased from Affinity Biosciences. Amylase (#3796S)
and iNOS (#13120) were purchased from Cell Signaling Technology. IL1I8Ra (#AF856) was purchased from
Bio-Techne Corporation. a-SMA (#GB111364) was purchased from Servicebio, Inc. CD206 (#AB64693)was
purchased from Abcam Plc. F4/80 (#GB11027) and CD68 (#GB14043) were purchased from Servicebio, Inc.
Secondary antibodies: Goat Anti-Rabbit IgG (H+L) HRP(#S0001) was purchased from Affinity Biosciences.
HRP conjugated Goat Anti-Rabbit IgG (H+L) (#GB23303), Cy3 conjugated Goat Anti-Rabbit IgG(H+L)
(#GB21303), FITC conjugated Donkey Anti-Rabbit IgG(H+L) ( #GB22403), FITC conjugated Goat Anti-
Mouse IgG(H +L) ( #GB22301) were purchased from Servicebio, Inc.

Human pancreatic samples

The samples were collected from patients diagnosed with CP based on imaging and histopathological criteria.
Detailed clinical histories, laboratory tests, and imaging data were recorded for each patient. Standard pancreatic
tissue samples, used as controls, were sourced from non-CP patients undergoing pancreatic surgery for non-
inflammatory conditions.

Animals

C57BL/6] wild-type (WT) mice were obtained from Hunan SJA Laboratory Animal Co., Ltd, and IL-18Ra
knockout mice (Il18Ra~~) were purchased from the Jackson Laboratory. All experimental mice were age-
matched (8-10 weeks old) and weighed 20-25 g. Mice were housed in specific pathogen-free facilities under a
12-hour light/dark cycle with ad libitum access to standard chow and water.

Induction of CP in mice

To establish the CP model, mice were subjected to repeated caerulein injections as previously describe
Briefly, mice received hourly intraperitoneal injections of caerulein (50 pg/kg) for six consecutive hours, three
times a week, over a period of six weeks.

To validate the in vivo role of IL-18 mediated through IL-4, we administered 500 ng of recombinant mouse
IL-18 (rmIL-18; #HY-P73181, MedChemExpress) intraperitoneally three times a week, starting two weeks
after the initial caerulein injection. To further neutralize IL-4, a concurrent intraperitoneal injection of 0.75 mg
Ultra-LEAF™ Purified anti-mouse IL-4 antibody (#504138, BioLegend) was administered on the same schedule,
beginning two weeks after the first caerulein injection. Control mice received an equivalent dose of Ultra-LEAF™
Purified Rat IgG1 Isotype Control antibody. To exclude acute-phase effects, all animals were euthanized three
days post the final caerulein injection. Mice were anesthetized with sodium pentobarbital (50 mg/kg, i.p.). After
confirmation of absent pedal withdrawal reflex, blood collection was performed. The mice were then euthanized
by exposure to a rising concentration of carbon dioxide, with death confirmed by cervical dislocation. The body
weight of the mice at the time of cervical dislocation was 18-22 g. Pancreatic tissues were immediately fixed in
4% paraformaldehyde for subsequent histological analysis.
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Histological assessment

Pancreatic tissues were dissected and immediately fixed in 4% paraformaldehyde, followed by paraffin embedding.
Serial pancreatic sections (4 um thick) were stained with hematoxylin and eosin (H&E) for histopathological
evaluation. Five random fields per H&E-stained slide were selected and scored using the grading system
proposed by Demol et al.’, which evaluates abnormal architecture, acinar atrophy, fibrosis, and pseudotubular
complexes. The final score was calculated as the sum of individual scores.

Pancreatic tissues from mice were subjected to immunohistochemical staining for a-smooth muscle actin
(a-SMA) using a horseradish peroxidase (HRP)-based system. Two experienced pathologists independently
evaluated positive staining areas. The integrated optical density (IOD) of a-SMA-positive areas was quantified
using Image]J (Full name: Image processing and Analysis in Java; Version Number: 2.0; URL Link: https://imag
ej.net/, USA).

Immunofluorescence staining

Pancreatic tissues from mice and CP patients were fixed in 4% paraformaldehyde, paraffin-embedded, and
sectioned at a thickness of 4 um. Sections were deparaffinized, rehydrated, and subjected to antigen retrieval
using an antigen retrieval kit. After blocking with serum, sections were incubated overnight at 4 °C with primary
antibodies, followed by a 1-hour incubation at room temperature with fluorophore-conjugated secondary
antibodies. Nuclei were counterstained with DAPI, and a fluorescence quenching agent was applied. For dual-
labeling with primary antibodies from the same species, a Tyramide Signal Amplification Kit (#G1235-100T,
Servicebio) was used. Images were captured using a fluorescence microscope, and mean fluorescence intensity
(MFI) was analyzed with Image].

For immunofluorescence staining of primary peritoneal macrophages and pancreatic stellate cells, cell culture
slides were used. Briefly, slides were pre-placed in 6-well plates, followed by the addition of peritoneal lavage
fluid (for macrophages) or medium containing isolated and cultured pancreatic stellate cells (for stellate cells).
After 2 h of incubation for peritoneal macrophages and 24 h for PSCs, non-adherent cells were removed. The
cells adherent to the slides were considered peritoneal macrophages or PSCs, respectively. Following respective
treatments, both cell types were processed for staining using the method described above,.

Measurement of IL-18 and IL-4

Peripheral blood was collected from patients with CP and murine models, along with supernatant samples from
pancreatic acinar cell cultures. Blood samples were stored overnight at 4 °C and centrifuged at 3,000 rpm for
10 min to isolate serum. For tissue processing, thawed tissues were placed on ice and homogenized in lysis buffer
containing protease inhibitors using a tissue grinder. The homogenates were incubated on ice, then centrifuged
at 4 °C and 13,000 rpm for 15 min. The resulting supernatant is collected for subsequent ELISA experiments.
Levels of IL-18 (#GEMO0010, Servicebio) and IL-4 (#GEMO0008, Servicebio) were measured using commercial
ELISA kits according to the manufacturer’s instructions. Absorbance was read using a microplate reader (Rayto
RT-6100, China).

Fibrosis assessment

The extent of PF was evaluated using Masson trichrome staining. Tissue sections were sequentially stained with
Masson A, B, C, D, E, and F solutions according to the manufacturer’s protocol, followed by differentiation with
1% glacial acetic acid, rapid dehydration, and sealing with neutral mounting medium. After staining, sections
were examined under a microscope, and fibrotic areas were identified as blue-stained regions. The percentage of
fibrotic area was quantified using Image].

Mouse PSCs isolation and intervention

PSCs were isolated from the pancreata of C57BL/6] and Il-18ra”~ mice. Briefly, pancreatic tissues were rinsed
with Gey’s balanced salt solution, minced, and digested with collagenase P (#C9407, Sigma-Aldrich). PSCs were
then separated via density gradient centrifugation. The isolated PSCs were cultured in DMEM/F12 medium
supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. After 24 h of culture, the medium
was replaced, and cells were maintained for an additional 72 h before experimentation.

To investigate the effects of IL-18 on PSCs, cells were treated with recombinant murine IL-18 (rmIL-18; HY-
P73181, MedChemExpress). Following 72 h of culture, PSCs were exposed to varying concentrations of rmIL-18
(0 or 100 ng/mL) in serum-free medium for 24 h. RNA and protein were subsequently extracted for quantitative
PCR (gPCR) and Western blot analyses to assess the expression of target genes.

Mouse peritoneal macrophage isolation and intervention

Peritoneal macrophages were isolated from C57BL/6 and II-18ra”" mice using previously described methods?®.
Briefly, mice received an intraperitoneal injection of 3% thioglycollate broth (#70157, Sigma-Aldrich). After 72
h, mice were euthanized, and 10 mL of PBS was injected intraperitoneally to harvest peritoneal exudate cells. The
cells were centrifuged at 1,000 rpm for 5 min, resuspended, and subjected to red blood cell lysis. The remaining
cells were plated in 6-well plates and cultured in 2 mL RPMI 1640 medium supplemented with 10% fetal bovine
serum and 1% penicillin/streptomycin. After overnight incubation, non-adherent cells were removed, and the
adherent cells were defined as peritoneal macrophages.

To investigate the effects of IL-18-treated PSCs on macrophages, conditioned medium from PSCs under
different treatment conditions was added to macrophages for 24-hour co-culture, including comparative groups
with rabbit anti-mouse IL-4 neutralizing antibody (5 pg/mL) and rabbit IgG as an isotype control, a control
group with direct IL-18 intervention on PSCs was also included. Macrophage polarization was assessed using
quantitative PCR, immunofluorescence, and Western blot.
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Isolation of mouse PACs and the Preparation of conditioned medium
Pancreatic acinar cells were isolated using established methods?*°. Briefly, the freshly collected pancreas was
digested with collagenase IV (40510ES60, Yeasen) in the presence of 0.1 mg/mL soybean trypsin inhibitor
(T6414, Sigma, USA). The digested tissue was filtered through a 100 um cell strainer and further purified by
sedimentation in DMEM containing 4% bovine serum albumin. The cells were then resuspended in DMEM
supplemented with 0.1 mg/mL soybean trypsin inhibitor and 1% BSA, and seeded into 6-well plates.

To induce acinar cell injury, cells were treated with Cholecystokinin (CCK) (100 nM) for 30 min, while the
control group received an equal volume of PBS. After treatment, the medium was replaced with fresh medium,
and the cells were cultured for an additional 6 h. The supernatant was subsequently collected for ELISA.

RNA extraction and quantitative Real-Time PCR

Total RNA was extracted from primary PSCs and peritoneal macrophages using an RNA extraction kit
(#AG21024, Accurate Biotech) following the manufacturer’s instructions. RNA purity and concentration were
analyzed using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific). cDNA was synthesized using
HiScript I Q RT SuperMix (#R223, Vazyme Biotech Co., Ltd.). Quantitative real-time PCR was performed using
Q1 SYBR qPCR Master Mix (#22201, Tolo Biosciences). Primer sequences are listed in Supplementary Table 1.

Western blotting

Primary peritoneal macrophages were lysed in ice-cold RIPA buffer containing protease inhibitors (#BL612A,
Biosharp) and phosphatase inhibitors (#BL615A, Biosharp) for 20 min. Lysates were centrifuged at 13,000 rpm
for 15 min at 4 °C to collect proteins. Protein concentration was determined using a BCA protein assay kit
(#G2026, Servicebio). Proteins were denatured, separated by SDS-PAGE, and transferred to a PVDF membrane
(#*GVWP04700, Millipore). The membrane was blocked with 7% skimmed milk for 1 h, incubated with primary
antibodies overnight at 4 °C, and then with species-matched secondary antibodies for 1 h at room temperature.
Protein bands were visualized using chemiluminescent substrate (#BL520A, Biosharp), and relative expression
levels were quantified with Image] software.

Statistical analysissS

All data are presented as mean * standard deviation (SD) from at least three independent experiments or animals.
Statistical analyses were performed using GraphPad Prism 8 software (Full name: GraphPad Prism; Version
Number: 8.0; URL Link: https://www.graphpad.com/, USA). The associations between two continuous variables
were evaluated by Pearson’s correlation analysis. Comparisons between two groups were analyzed using a two-
tailed Student’s t-test. Multiple comparisons were assessed by one-way ANOVA followed by Dunnett’s post hoc
test. A p-value <0.05 was considered statistically significant.

Results

IL-18 expression in CP pancreatic tissues positively correlates with pancreatic PF

Considering the potential roles of IL-18 in fibrotic diseases, we evaluated IL-18 as a possible mediator connecting
to PF. Immunofluorescence staining was performed on pancreatic tissues obtained from CP patients undergoing
surgery and on normal pancreatic tissues from non-CP surgical controls. Compared to normal tissues, IL-18
expression was significantly increased in CP samples. Amylase—a marker of PACs—was markedly elevated
in CP tissues and showed significant co-localization with IL-18, indicating that PACs are the one of the major
sources of IL-18 in CP (Fig. 1A). Similarly, IL-18Ra expression was significantly upregulated in CP tissues
(Fig. 1B). Serum IL-18 in CP patients was considerably higher than that in non-CP controls (Fig. 1C). H&E
staining confirmed typical pathological changes in CP. At the same time, Masson staining revealed extensive
fibrotic areas (Fig. 1D). Pancreatic tissue homogenates from CP patients also displayed significantly higher IL-18
levels compared to controls (Fig. 1E). Importantly, IL-18 concentrations in tissue homogenates were positively
correlated with the extent of pancreatic fibrosis within the same patient-derived samples (R?=0.68, P=0.0223)
(Fig. 1F). To verify that primary PACs are one of the major sources of IL-18, we isolated PACs in vitro and found
that CCK stimulation induced PACs injury and was accompanied by IL-18 release into the culture supernatant
(Fig. 1G).

IL-18Ra knockout attenuates PF, PSC activation, and M2 macrophage infiltration

To determine the functional consequences of elevated IL-18 in CP, CP models were established in WT and
II-18ra”’ mice via repeated caerulein injections for 6 weeks. Significant CP-like pathological alterations were
observed in both WT and Il-18ra”- mice following caerulein treatment, as revealed by histological analysis via
H&E staining. However, total histopathological scores were markedly reduced in II-18ra”/" mice compared with
WT CP models, encompassing acinar-to-ductal metaplasia, loss of acinar parenchyma, and stromal fibrosis (Fig.
2A, B). Consistently, Masson trichrome staining further confirmed a substantial reduction in fibrotic areas in Il-
18ra”" mice (Fig. 2A, C). Expression of a-SMA, a hallmark of activated PSCs*, was significantly downregulated
in pancreatic tissues of II-18ra”~ mice, as demonstrated by immunohistochemical staining (Fig. 2A, D). The
progression and resolution of pancreatitis are critically influenced by macrophage polarization, ultimately
shaping disease outcomes®!. Notably, IL-18Ra deficiency was associated with a pronounced increase in pro-
inflammatory M1 macrophage infiltration (marked by inducible nitric oxide synthase, iNOS) (Fig. 2E, F) and a
concurrent decrease in reparative M2 macrophages (marked by CD206) (Fig. 2G, H).

IL-18Ra is primarily expressed on PSCs in CP pancreatic tissues
Our previous findings identified PACs as a major source of IL-18 in CP. To further elucidate the cellular
localization of IL-18 binding to its receptor IL-18Ra in both human and murine CP, immunofluorescence
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Fig. 1. IL-18 expression in CP pancreatic tissues positively correlates with PE (A) Immunofluorescence
staining showed IL-18 expression and co-localization with acinar cells in human CP tissues compared to

the normal pancreas (n=6). (B) IF for IL-18Ra in CP tissues (n=6). (C) Serum IL-18 concentrations in CP
patients and controls measured by ELISA (n=8). (D) Histopathology (H&E) and fibrosis assessment by
Masson’s trichrome (n=7). (E) IL-18 levels in pancreatic tissue homogenates from CP and normal samples
(n=7-8). (F) Correlation analysis between tissue IL-18 expression and the fibrotic area in the same patient
(n=7). (G) IL-18 levels in PACs supernatants after CCK treatment. Data are mean + SEM. ns, not significant,
*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. Scale bar =50 pum. Ctrl control, CP chronic pancreatitis. PACs
pancreatic acinar cells. CCK Cholecystokinins.

staining was performed. A significant increase in macrophage infiltration (marked by F4/80 in mice and CD68 in
humans) was observed in CP tissues compared with standard controls. However, IL-18Ra expression exhibited
minimal colocalization with these macrophage markers (Fig. 3A, B). Of note, IL-18Ra exhibited pronounced
colocalization with a-SMA, a definitive marker of PSCs, indicating that IL-18Ra is predominantly localized to
PSCs in CP pancreatic tissues (Fig. 3C, D).

IL-18 promotes IL-4 secretion by PSCs

Direct in vitro stimulation of macrophages with IL-18 has been reported to fail to induce M2 polarization,
suggesting that IL-18 promotes macrophage M2 polarization through an indirect mechanism?2. Given the critical
role of IL-4 in driving M2 polarization*""*, we hypothesized that IL-18 enhances this process by stimulating
IL-4 secretion from PSCs. To test this, the localization of IL-4 and a-SMA in human CP tissues was assessed.
Significantly elevated IL-4 expression was detected in CP samples, with pronounced co-localization between IL-4
and a-SMA, thereby confirming PSCs are a major source of IL-4 (Fig. 4A, C). In accordance with these findings,
IL-4 levels were markedly reduced in II-18ra”" mice (Fig. 4B, D). To further validate this mechanism, primary
PSCs isolated from WT mice were treated with rmIL-18 (Fig. 4E), the purity of the extracted PSCs was evaluated
by immunofluorescence detection of a-SMA, and statistical analysis showed a purity of (97.16 + 1.70)% fFig.
4FR. Compared with untreated controls, rmIL-18 treatment significantly upregulated IL-4 mRNA expression in
PSCs and increased IL-4 protein levels in PSC supernatants (Fig. 4G, H); however, it did not considerably alter
the mRNA levels of a-SMA and TGF-f1 (Fig. 4G). In addition, the Western blot results showed that IL-18 did
not directly increase collagen I expression in PSCs (Fig. 4I). These findings indicate that IL-18 directly stimulates
IL-4 secretion from PSCs.
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Fig. 2. IL-18Ra knockout mitigates PF, PSC activation, and M2 macrophage infiltration. (A - D) H&E

and Masson’s trichrome staining of pancreata from WT and II-18ra-/- mice after caerulein-induced CP,

with composite histopathology scores (architecture, acinar atrophy, fibrosis, pseudotubular complexes)

and quantification of fibrotic area; a-SMA IHC for PSC activation (n=3-5). Scale bar =30 um. (E - H) IF
analysis of macrophage polarization markers (iNOS for M1, CD206 for M2) in normal and CP tissues of both
genotypes (n=3-5). Data are mean + SEM. ns, not signiﬁcant, *P<0.05, **P<0.01, **P<0.001, ***P<0.0001.
Scale bar =50 pm. NS normal saline, CP chronic pancreatitis.

IL-18 drives M2 macrophage polarization via PSC-derived IL-4

To investigate the functional impact of PSC-derived IL-4 on macrophages, primary PSCs and peritoneal
macrophages were isolated from WT mice. PSCs were treated with varying concentrations of rmIL-18 or an
IL-4-neutralizing antibody, and conditioned media from these PSCs were used to treat pre-plated macrophages
(Fig. 5A). CD206 expression in macrophages was significantly increased by conditioned media from IL-
18-stimulated PSCs, indicating M2 polarization. This effect was substantially reduced by IL-4 inhibition
(Fig. 5B). The Western blot results showed that rmIL-18 alone was unable to directly induce M2 polarization
in macrophages (Fig. 5C), whereas conditioned media from rmIL-18-treated PSCs significantly promoted
macrophage M2 polarization. In contrast, this phenotypic effect was markedly suppressed by IL-4 neutralization
(Fig. 5D). Consistent with this, qPCR analysis revealed that rmIL-18-treated PSC-conditioned media decreased
mRNA levels of M1 macrophage markers while increasing mRNA levels of M2 macrophage markers. These
effects were reversed by IL-4 inhibition (Fig. 5E, F).
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Fig. 3. IL-18Ra is predominantly expressed on PSCs in CP pancreatic tissues. (A, B) IF assessed macrophage
infiltration in murine CP tissues. Co-localization of IL-18Ra with macrophage markers (F4/80 for murine
tissues, CD68 for human tissues) to determine its cellular expression (n=3). Scale bar =50 um. (C, D) Co-
localization of IL-18Ra with the PSC marker a-SMA was examined in both murine and human CP tissues
(n=3). Scale bar =30 pm. NS normal saline, CP chronic pancreatitis, Ctrl control.

To validate the in vivo relevance of the above findings, we injected rmIL-18, along with an IL-4 inhibitor,
during CP model establishment in wild-type mice. The results showed that rmIL-18 treatment alone did not
induce morphological changes in pancreatic tissue. However, under CP conditions, mice treated with rmIL-
18 exhibited a significant exacerbation of CP severity, characterized by increased pancreatic parenchymal cell
death, fibrotic proliferation, abnormal tissue architecture, and acinar ductal metaplasia. Masson’s trichrome
staining confirmed a marked increase in fibrotic area, along with elevated IL-4 expression. Importantly, the
effects of rmIL-18 in the CP model were significantly attenuated upon IL-4 inhibition (Fig. 6A). Subsequent
analysis of macrophage polarization was consistent with the in vitro results: rmIL-18 administration in the CP
model led to increased infiltration of M2-type macrophages, while IL-4 inhibition reduced M2 macrophage
infiltration, further supporting the role of the IL-18/IL-4 axis in driving macrophage M2 polarization in chronic
pancreatitis (Fig. 6B, C).

Discussion
CP is characterized by persistent inflammation and PF, driven by dynamic crosstalk among injured PACs, PSCs,
and immune cells. Inflammasome-associated pathways have been implicated in acinar injury during CP, and IL-
18 is a key downstream cytokine linked to fibrotic responses in multiple organs'®3*3>. In this study, we observed
consistent upregulation of IL-18 in human CP tissues and murine CP models, with IL-18 levels correlating
with fibrosis severity. Genetic disruption of IL-18Ra markedly attenuated pancreatic injury, PSC activation,
M2-skewing macrophage responses, and fibrosis, supporting a functional role for IL-18/IL-18Ra signaling in PE
To elucidate how IL-18 promotes PF, we investigated IL-18Ra expression in CP samples. Our results showed
that IL-18Ra is predominantly localized in PSCs, indicating that IL-18 may directly modulate PSC function
to drive fibrotic processes. This observation extends the prevailing view that IL-18 acts largely within immune
compartments by suggesting that PSCs may also represent an important IL-18-responsive stromal target in
CP!13637_ Given the pivotal role of PSC activation in PF, the finding that IL-18 activates hepatic stellate cells,
and our observation that IL-18 signaling deficiency significantly suppresses PSC activation. We therefore next
asked whether IL-18 modulates PSC activation in CP. Although adding rmIL-18 directly to PSCs in vitro did
not lead to an upregulation of a-SMA or changes in collagen I in our study, which differs to some extent from
previous reports, this discrepancy suggests that IL-18-mediated stellate cell activation may be organ-specific**.
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Fig. 4. IL-18 promotes IL-4 secretion by PSCs. (A, C) IF of human CP tissues showed IL-4 expression and co-
localization with a-SMA (n=6). (B, D) Reduced pancreatic IL-4 expression in normal and chronic pancreatic
tissues of both genotypes (n=3-5). (E) Schematic of primary murine PSC isolation and stimulation. (F) The
purity of the extracted PSCs was evaluated by immunofluorescence detection of a-SMA. (G) PSCs were treated
with rmIL-18, and qPCR was used to detect changes in the expression of IL-4, a-SMA, and TGF-B1 (n=5). (H)
ELISA was used to measure changes in the IL-4 protein levels in the culture supernatant of PSCs treated with
rmIL-18 (n=3). (I) Western blot results of PSCs after intervention Data are mean + SEM. ns, not significant,
*P<0.05, **P<0.01, ***P<0.001, ***P<0.0001. Scale bar =30 um. NS normal saline, Ctrl control, CP chronic
pancreatitis. PSC pancreatic stellate cells.

It also indicates that PSC activation is likely driven by multiple cell types and microenvironmental cues, and the
precise role of IL-18 in this process warrants further investigation. In addition, our current study revealed that a
deficiency in IL-18 signaling significantly reduces M2 macrophage infiltration, suggesting that IL-18-mediated
regulation of macrophage polarization occurs indirectly, via PSCs as an intermediate hub.

Macrophages play a central role in the immune microenvironment of CP. They are not only critical in
immune surveillance but also regulate inflammatory responses and tissue repair through distinct polarization
states. In CP, M2 macrophages were verified to activate PSCs through the production of TGF-p and PDGF-
B, potentially driving CP pathogenesis®®**. Additionally, M2 macrophages regulate pancreatic cell turnover,
influence metabolism, and shape the immune microenvironment, all of which contribute to disease progression.
Moreover, previous studies have reported that IL-18 deficiency inhibits M2 macrophage polarization in cardiac
and renal fibrosis. However, the precise molecular mechanisms underlying this inhibitory effect remain unclear.
Our experimental results demonstrate that IL-18 fails to promote M2 polarization of macrophages in vitro
but directly stimulates PSCs to secrete IL-4, and PSC-derived IL-4 is a key mediator driving M2 macrophage
polarization. This mechanism was validated both in vitro and in vivo: Conditioned medium from IL-18-treated
PSCs significantly upregulated M2 macrophage markers, an effect abolished by IL-4 neutralization. Furthermore,
Xue J et al.*! demonstrated that IL-4 promotes the progression of CP by inducing M2 macrophage polarization,
and the inhibition of IL-4 was shown to reduce PE. PSCs were identified as a source of IL-4. These findings support
amodel “IL-18->PSCs>IL-4->M2 macrophage polarization” signaling cascade, explaining how the inflammatory
microenvironment in CP promotes fibrosis through intercellular crosstalk. Importantly, inhibition of IL-4
significantly attenuates the profibrotic effect of exogenous IL-18 administration on CP progression, indicating
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Fig. 5. IL-18 drives M2 macrophage polarization via PSC-derived IL-4. (A) PSCs were cultured with or
without rmIL-18, and then CM from different conditions were added to peritoneal macrophages seeded in
plates. (B) The polarization of macrophages treated with CM, with or without the addition of IL-4 neutralizing
antibody, was evaluated (n=3). (C, D) Western blot results of macrophages after intervention (n=3). (E,

F) Quantitative PCR analysis of transcriptional levels of canonical M1 markers (iNOS, CD86) and M2
markers (CD206, YM-1) (n=3). Data are mean = SEM. ns, not significant, *P<0.05, **P<0.01, ***P<0.001,
***P <0.0001. Scale bar =30 pm. Ctrl control, Mac macrophage, CM conditioned media.

that the “PSCs->IL-4->M2 macrophage polarization” signaling axis represents a major mechanism by which IL-
18 amplifies fibrotic progression in CP, while not excluding contributions from other cytokines and pathways in
the in vivo inflammatory milieu. Mechanistically, IL-4 classically signals through IL-4Ra to activate JAK/STAT6-
dependent transcriptional programs that drive alternative macrophage activation and profibrotic responses*®4!,
suggesting that this pathway may form a positive feedback loop to perpetuate fibrotic signaling.

Although our immunofluorescence suggests that IL-4 signals are enriched in a-SMA* areas, Th2 cells are
canonical IL-4 producers and should been considered in the exploration of source of IL-4 expressed in the
pancreatic tissue with CP. However, recent research has indicated that IL-4 was expressed in certain Th2 cells
in pancreatic tissue with CP, but Th2 cells accounted for only approximately 5% of CD4 + cells infiltrated in
pancreatic tissue with CP%, so we didn’t detect the expression of IL-4 in Th2 cells and focused on exploring
the role of PSC-derived IL-4. For this purpose, we performed immune-cell-free in vitro experiments which
demonstrate that purified primary PSCs can secrete IL-4 upon IL-18 stimulation and IL-4 released by IL-18-
treated PSCs can promote M2 macrophage polarization, supporting PSCs as an important stromal source of
IL-4 in this pathway. However, we still cannot formally exclude CD3*/CD4" T cells as additional contributors to
the bulk IL-4 pool in CP tissue. Future studies incorporating IL-4 co-staining with CD3/CD4 and quantitative
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Fig. 6. IL-18 exacerbates CP severity in vivo via the IL-4/M2 axis. (A) WT mice with caerulein-induced CP
received rmIL-18 with or without IL-4 neutralizing antibody. H&E and Masson’s trichrome staining images
with fibrosis quantification; pancreatic IL-4 assessed by IF (n=3-5). Scale bar =30 pm (B, C) IF analysis of
macrophage polarization markers in macrophages treated with rmIL-18, with or without IL-4 inhibition.
(n=3-5). Data are mean + SEM. ns, not significant, *P <0.05, **P<0.01, ***P<0.001, ****P<0.0001. Scale bar
=50 um. Ctrl control, CP chronic pancreatitis.

comparisons across stromal versus immune compartments (or single-cell/spatial profiling) will be valuable for
resolving the relative contributions of distinct IL-4-producing cell types in vivo.

Beyond IL-4-mediated macrophage polarization, IL-18 may also shape the inflammatory microenvironment
through chemokine programs in stromal cells. IL-18 receptor signaling can activate NF-kB via a MyD88-
dependent pathway®’, and NF-xB is a pivotal transcriptional hub controlling chemokine expression.
Consistent with this concept, IL-18 has been shown to induce chemokines such as CXCL8/IL-8 and CCL2/MCP-
1 in fibroblast-like stromal cells through NF-kB/MAPK pathways*>*®. Moreover, PSCs themselves are capable
of producing chemokines (e.g., CXCL10) that can influence immune-cell recruitment*, and IL-18 signaling
can directly promote stellate-cell activation in fibrotic organs*. Collectively, these findings support a plausible
IL-18-PSC->chemokine axis that could contribute to immune-cell recruitment into the injured pancreas and
thereby facilitate fibrotic tissue remodeling. Notably, we did not directly profile chemokine secretion from IL-
18-stimulated PSCs or perform chemotaxis assays in the current study; systematic chemokine profiling and in
vivo validation will be important directions for future work.

Although this study provides important insights into the role of IL-18 signaling in PF, several limitations
warrant further investigation. First, the CP animal models employed here rely primarily on caerulein induction,
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which fails to fully recapitulate the multifactorial etiology of human CP (e.g., alcohol-associated or genetic CP).
Second, we employed systemic IL-18Ra-deficient mice, which cannot distinguish the relative contributions
of IL-18Ra signaling in PSCs versus macrophages or other cell types. Third, while our data support PSCs
as an important stromal source of IL-4 in this axis, we did not perform IL-4 co-staining with CD3/CD4 or
cell-type-resolved quantification in vivo, and immune-cell contributions to tissue IL-4 cannot be excluded.
Fourth, although we used primary peritoneal macrophages as a reproducible polarization system, validation in
pancreatic macrophages and/or single-cell/spatial approaches would further strengthen physiological relevance.
Finally, we did not directly profile chemokine secretion from IL-18-stimulated PSCs or perform chemotaxis
assays, nor did we measure canonical pyroptosis executors (e.g., GSDMD/GSDME cleavage); these experiments
will be important to clarify upstream mechanisms of IL-18 release and additional IL-18-dependent stromal
programs in CP.

In summary, this study elucidates a novel mechanism by which IL-18 promotes macrophage M2 polarization
and PF via PSC-derived IL-4 in CP, establishing a PAC-PSC-macrophage axis and providing a rationale for
therapeutic targeting of IL-18/IL-18Ra signaling and PSC-macrophage crosstalk to potentially mitigate PF in
CP.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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