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ductal adenocarcinoma

Pancreatic ductal adenocarcinoma (PDAC) is one of the most
aggressive and lethal solid tumors, ranking as the fourth
leading cause of cancer-related mortality worldwide.
Despite advances in therapeutic strategies, the five-year
survival rate remains less than 10%." This poor prognosis
stems primarily from late diagnosis, intrinsic resistance to
adjuvant therapy, and a profoundly immunosuppressive
tumor microenvironment. Chronic inflammation is well
recognized as a major risk factor and driver of PDAC
tumorigenesis, with pancreatitis representing a significant
precursor lesion.”? Among the proinflammatory mediators
involved, interleukin (IL)-1 family cytokines have garnered
attention due to their central role in immune modulation,
tumor cell survival, and response to treatment.

IL-36 cytokines, including IL-36q, IL-3683, and IL-36v, are
recently characterized members of the IL-1 family that
signal through the IL-36 receptor (IL-36R), a complex
composed of IL-1 receptor-related protein 2 (IL-1Rrp2) and
the IL-1 receptor accessory protein (IL-1RAcP). This
signaling axis is tightly regulated by the natural antagonist
IL-36 receptor antagonist (IL-36RA) and, more broadly, by
IL-38, another IL-1 family member with anti-inflammatory
properties.® While originally identified in epithelial barrier
tissues such as the skin and lungs, IL-36 cytokines have
since been implicated in a broad spectrum of inflammatory
conditions, including psoriasis, inflammatory bowel dis-
ease, and chronic pulmonary disorders.

Recent research has uncovered context-dependent roles
for IL-36 signaling in cancer. In some settings, IL-36 en-
hances anti-tumor immunity by promoting CD8" T cell
activation and the formation of tertiary lymphoid struc-
tures, contributing to tumor control. However, in other
malignancies, such as gastric, lung, and colon cancers, IL-
36 signaling has been associated with pro-tumorigenic
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effects, including increased tumor cell proliferation,
migration, immune evasion, and poor prognosis.® Despite
the emerging relevance of IL-36 in cancer biology, its spe-
cific function in pancreatic cancer remains undefined. In
the present study, we investigated the expression and
functional role of IL-36 signaling in PDAC through clinical
tissue analysis, in vivo tumor models, and mechanistic
validation.

Immunohistochemical analysis of human pancreatic tissue
microarrays revealed significant up-regulation of IL-36a, IL-
368, IL-36, and IL-36R in PDAC specimens and samples from
patients with chronic pancreatitis compared with normal
pancreatic tissues (Fig. 1A). Notably, both IL-3683 and IL-36R
were moderately elevated in chronic pancreatitis tissues
relative to normal controls, indicating that IL-36 signaling
activation may occur early in the inflammatory cascade
preceding malignant transformation. These findings suggest
that the IL-36 axis may be involved in the chronic inflam-
matory environment that contributes to PDAC pathogenesis.

To further elucidate the role of IL-36 signaling in PDAC
progression, we employed xenograft models using both
human (CFPAC-1) and murine (Panc02) pancreatic cancer
cell lines. Tumor-bearing mice were administered intra-
peritoneally with recombinant IL-36RA or vehicle control,
and tumor growth was monitored over time. In both
models, IL-36RA treatment led to a reduction in tumor
volume as compared with controls, demonstrating a
conserved tumor-promoting function for IL-36 signaling in
distinct mouse models (Fig. 1B; Fig. S1A; Table S1). Histo-
pathological examination showed hallmark features of
apoptosis in the tumors from IL-36RA-treated mice,
including nuclear pyknosis, karyorrhexis, and karyolysis
(Fig. 1C). Consistently, TUNEL staining revealed a signifi-
cantly higher proportion of apoptotic cells in the tumors
from IL-36RA-treated mice, confirming enhanced apoptosis
following IL-36 signaling blockade (Fig. 1D).

To further delineate the effects of IL-36RA on tumor cell
behavior, we first examined its impact on pancreatic cancer

2352-3042/© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.gendis.2025.101973&domain=pdf
http://www.keaipublishing.com/en/journals/genes-diseases
https://doi.org/10.1016/j.gendis.2025.101973
https://doi.org/10.1016/j.gendis.2025.101973
http://creativecommons.org/licenses/by/4.0/

Rapid Communication

A IL-36 IL-36 IL-36 IL-36R
¢ B v IL-36a IL-368
! 12
Control ° °
g 8
8 8
2 2
Pancreatitis
[$] o
S z
PDAC
& @ ©
e&;@é@o &
B : -~ % 2
— Control g) n a e ¢ CFPAC-1 Panco2
é 3500
E s 3000 . = 5
S IL-36RA 5 N < w @ E 2500 E
o £ =
1 2 3 455556 51500 §
o g 1000 g
2 ¢ 5 . 5
§ Control = ‘ ¥ - - F 500 =+ =
IL3BRA b @
R
12834
c Control IL-36RA D Control IL-36RA s o CFPAC-
e i BTN e
K %30
3 3
£ et g
u. Brazlsh o 5 10
o .—?:j{u‘?’- g 6 g .
. = Control IL-36RA
_ Panc02
& 40
S e S ——
o IS 2
o _.310
g 0-
Control IL-36RA
E Control IL-36RA
CFPAC-1 CFPAC-1 o Panc02

CFPAC-1

Bax levels relative to Gapdh

Bcl-2 levels relative to Gapdh
Bcl-2 levels relative to Gapdh
Bax levels relative to Gapdh

o

Panc02

o

o

N

D
s
< W

_ d
S o)
N

Gapdh

Figure 1  IL-36 signaling promotes a pro-tumorigenic phenotype in PDAC. (A) Representative immunohistochemical staining of IL-
360, IL-36B, IL-367, and IL-36R in human normal pancreas, chronic pancreatitis, and PDAC tissues. Immunohistochemistry staining
scores of IL-36a, IL-36B, IL-36y, and IL-36R were evaluated in normal pancreatic tissue (n = 10), chronic pancreatitis tissue
(n = 10), and PDAC tissue (n = 30). Immunohistochemistry scores were calculated by multiplying staining intensity (0—3) and the
percentage of positive cells (0—4), yielding a total score ranging from 0 to 12. Bars represent mean + standard deviation. Statistical
significance was determined using the Kruskal—Wallis test followed by Dunn’s post hoc test for pairwise comparisons between
normal and disease groups. *P < 0.05, **P < 0.01, and ***P < 0.0001. (B) Representative images of excised tumors and quantification
of end-point tumor volumes from CFPAC-1 xenografts in nude mice and Panc02 tumors in C57BL/6 mice treated with IL-36RA or
vehicle control. n = 5 mice per group. *P < 0.05 and **P < 0.01. (C) Hematoxylin and eosin staining of tumor sections showing
increased apoptotic morphology in IL-36RA-treated tumors compared with controls. Nuclear pyknosis (red arrows), karyorrhexis
(green arrows), and karyolysis (blue arrows) are indicated. (D) TUNEL staining of tumor sections showing increased apoptotic cells
in IL-36RA-treated groups. Quantification of TUNEL-positive cells per field is presented on the right. ***P < 0.001 and **P < 0.01. (E)
Western blotting analysis of apoptosis-related proteins in CFPAC-1 and Panc02 tumors. GAPDH was used as a loading control.
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cell viability in vitro. Treatment with IL-36RA alone did not
significantly alter the viability of CFPAC-1 or Panc02 cells,
consistent with the notion that basal IL-36 signaling is
relatively weak in those cell lines. However, when cells
were pre-stimulated with recombinant IL-36y, subsequent
IL-36RA treatment led to a marked reduction in cell
viability, as measured by CCK-8 assays (Fig. S1B). These
findings suggest that IL-36RA suppresses tumor cell survival
preferentially under conditions of IL-36 pathway activation.
In addition, IL-36RA did not alter PD-L1 expression in either
CFPAC-1 or Panc02 cells under our experimental conditions
(Fig. S1C).

To dissect the underlying molecular mechanism, we
analyzed the expression of apoptosis-related proteins in
tumor lysates by Western blotting. Treatment with IL-36RA
led to marked down-regulation of the anti-apoptotic pro-
tein Bcl-2 and concurrent up-regulation of the pro-
apoptotic protein Bax in both CFPAC-1 and Panc02 tumors.
This shift in the Bcl-2/Bax ratio suggests that IL-36 signaling
may favor tumor cell survival by suppressing mitochondrial
apoptosis pathways and that IL-36RA reverses this effect by
reactivating programmed cell death (Fig. 1E).

To better understand the clinical relevance of these
findings, we examined data from The Cancer Genome Atlas
(TCGA) PDAC cohort. Correlative analysis revealed that
IL1RL2 (IL-36R) expression was positively associated with
tumor-related gene signatures, including those linked to
NF-kB pathway activation, inflammatory cytokine produc-
tion, and anti-apoptotic signaling (Fig. S2). These bio-
informatic results are consistent with our in vivo
observations and reinforce the hypothesis that IL-36R acts
as a functional mediator of tumor-promoting inflammation
in PDAC.

Given the established link between pancreatic inflam-
mation and tumorigenesis, we further explored the role of
IL-36 in acute pancreatitis. Immunofluorescence staining
demonstrated increased expression of IL-36a, IL-368, IL-
36y, and IL-36R in cerulein-induced pancreatitis (Fig. S3A).
Importantly, IL-36RA treatment markedly attenuated
pancreatic injury as determined by hematoxylin and eosin
staining, e.g., preserved acinar architecture and reduced
inflammatory infiltration compared with that from those
treated with cerulein alone (Fig. S3B). Multicolor immuno-
fluorescence further revealed decreased infiltrations of
CD3* T cells and F4/80" macrophages in the IL-36RA group
after 36 h of treatment, consistent with a dampened in-
flammatory response (Fig. S3C). These data suggest that IL-
36 not only contributes to tumor maintenance but may also
exacerbate inflammatory tissue damage in early stages of
pancreatic disease, further supporting its role as a critical
mediator connecting chronic inflammation and carcino-
genesis and progression.

In summary, our study identifies IL-36 signaling as a
previously underappreciated driver of pancreatic pathol-
ogy. IL-36 and its receptor were up-regulated in PDAC and
chronic pancreatitis, suggesting that IL-36 activation
emerges early during pancreatic inflammation and persists
through malignant transformation. Blockade of IL-36 with

IL-36RA suppressed tumor growth in both immunodeficient
and immunocompetent mouse models, highlighting a
conserved pro-tumorigenic role of IL-36. Mechanistically,
IL-36RA enhanced tumor cell apoptosis, as shown by
increased TUNEL positivity and modulation of Bcl-2/Bax
expression. In vitro, CCK-8 assays further revealed that the
inhibitory effects of IL-36RA were evident mainly under
conditions of IL-36y stimulation, supporting a cell-intrinsic
pro-survival role of IL-36 signaling. However, IL-36RA did
not alter PD-L1 expression, and its anti-tumor effect is in-
dependent of immune checkpoint regulation.

Significantly, our findings extend to inflammatory disease
beyond cancer. In acute pancreatitis, IL-36RA preserves
acinar structure and reduces infiltration of CD3™ T cells and
F4/80" macrophages, indicating that IL-36 contributes to
tissue injury by amplifying inflammatory cell recruitment,
whereas IL-36RA attenuates inflammation. Therefore, our
findings support a dual role for IL-36 in pancreatic diseases:
promoting tumor cell survival in PDAC and exacerbating
immune-mediated damage in pancreatitis.

However, several limitations should be noted in our
current study. First, the use of immune-deficient models
precludes assessment of the impact of IL-36 on anti-tumor
immunity. Future studies employing immune-competent
models combined with single-cell transcriptomic ap-
proaches would be logical to delineate the contributions of
specific stromal and immune populations in inflammation
and tumorigenesis. Second, while our work primarily
focused on apoptosis, IL-36 may also regulate other hall-
marks of cancer, including metabolic reprogramming and
epithelial—mesenchymal transition, which warrant further
investigation. Finally, we did not directly evaluate canoni-
cal downstream pathways, including MAPK and NF-kB, while
future mechanistic studies are needed to clarify their
functional involvement.

Collectively, our study nominates IL-36R as a promising
therapeutic target in pancreatic pathology. Blocking IL-36
signaling suppresses tumor cell survival through enhanced
apoptosis, while also mitigating inflammation-driven
pancreatic injury. These findings suggest that IL-36 pathway
inhibition may represent a novel therapeutic strategy in the
management of pancreatic diseases, including PDAC and
pancreatitis.
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