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Photothermal therapy combined with a STING
agonist induces pyroptosis, and gasdermin

D could be a new biomarker for guiding the
treatment of pancreatic cancer
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Abstract

Purpose Although photothermal therapy (PTT) can induce antitumour immunity, the mechanisms underlying its
effects in pancreatic cancer (PC) require further exploration. In this study, the mechanism of action of PTT and its
connection to pyroptosis as well as the therapeutic potential of PTT alone and in combination with STING agonists,
were investigated. In addition, a biomarker of PC was found to stratify patients who are suitable for PTT.

Experimental design We explored whether PTT can induce pyroptosis in vitro and evaluated the therapeutic
efficacy and antitumour immunity-inducing ability of PTT combined with STING agonist (c-di-GMP) as immune
adjuvant in vivo in PC. We also evaluated gasdermin D (GSDMD) expression in tumour tissues and investigated drug
sensitivity in patient-derived organoids (PDOs) with differential GSDMD expression.

Results Our study demonstrated that local PTT induces pyroptosis via the caspase-1/GSDMD pathway and

elicits antitumour immunity. PTT combined with a STING agonist exhibits better therapeutic efficacy than PTT
alone while limiting distant tumour metastasis, and enhances the immune response by promoting dendritic cell
maturation, increasing the frequency of tumour infiltrating T cells, and converting macrophages from the M2 to the
M1 phenotype. In addition, we found that GSDMD is highly expressed in tumour tissues and that overexpression

of GSDMD in PC might suggest increased resistance to chemotherapy and the potential benefits of local therapy.
We further confirmed that PDOs with higher GSDMD expression are less sensitive to a chemotherapeutic agent
(5-Fluorouracil) than PDOs with lower GSDMD expression, making GSDMD a new biomarker for identifying patients
who may benefit from PTT.
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Conclusions In this work, c-di-GMP was used as an immune adjuvant for PTT to treat PC for the first time, and the
results provide clues for the development of novel combination immunotherapies that simultaneously suppress
primary tumours and distant metastases. GSDMD has great potential as a new biomarker for the selection of

individualized treatment modalities.
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Introduction

Pancreatic cancer (PC) is one of the most lethal malig-
nancies, with a five-year survival rate of less than 10%1.
Despite modern advances in diagnosis, surgical, and
medical therapies, PC has an extremely poor prognosis
owing to its unique immunosuppressive tumour micro-
environment (TME) and natural resistance to conven-
tional radiotherapy, chemotherapy, etc [2, 3]. Recently,
some progress in the treatment of PC has been made,
including the use of immune checkpoint inhibitors (ICIs),
adoptive T-cell therapy (ACT) and tumour vaccines
[4—6]. However, for PC patients with high microsatellite
instability (MSI-H), the objective response rate (ORR)
was only 18.2% in the single-arm KEYNOTE-158 trial,
which was substantially lower than the response rates
reported for patients with MSI-H cholangiocarcinoma
(40.9%) and small intestine (42.1%), gastric (45.8%), and
endometrial (57.1%) cancers [7, 8]. In addition, owing to
difficulties in large-scale manufacturing and standardiza-
tion, the application of cancer vaccines and ACT is lim-
ited [9-11].

Photothermal therapy (PTT) is a promising strategy for
cancer treatment with a short time of action, few adverse
effects, and good therapeutic effectiveness that causes
minimal damage to normal tissues [12]. On the basis of
our previous study, PTT is a minimally invasive therapy
that can efficiently eradicate pancreatic tumours [13].
Several studies have reported that PTT can control pri-
mary tumours and metastases [14], possibly through the
induction of immunogenic cell death (ICD) of tumour
cells, the release of tumour antigens, and the subsequent
augmentation of antitumour immune responses [15, 16].

Pyroptosis is a type of proinflammatory programmed
cell death that has attracted increased interest in relation
to tumour therapies in recent years [17-19]. It is char-
acterized by cell swelling, pore formation on the plasma
membrane and the release of cellular contents, such as
inflammatory factors, tumor-associated antigens (TAAs)
and damage-associated molecular patterns (DAMPs),
which increases immunogenicity to activate tumour-spe-
cific adaptive immunity [20, 21]. Pyroptosis can be trig-
gered by inflammasome activation via various influencing
factors, such as pathogen-associated molecular patterns
(PAMPs) and DAMPs [22, 23]. The inflammasome is a
multimeric complex composed of essential components
that can activate caspase family proteins to cause various
physiological reactions [17, 24-26]. Gasdermins, which

are pore-forming effector proteins, are effectors of pyrop-
tosis [27, 28]. Recent studies have demonstrated that
pyroptosis can be activated mainly by the canonical cas-
pase-1/gasdermin-D (GSDMD) pathway, the noncanoni-
cal caspase-4/5/11/GSDMD inflammatory pathway, or
the caspase-3/ gasdermin E (GSDME) pathway [24, 29].

Pyroptosis is induced by the inflammasome which is
usually formed by sensor proteins called pattern-recog-
nition receptors (PRRs), an adaptor protein (ASC) called
apoptosis-associated speck-like protein containing a cas-
pase recruitment domain (CARD), and an inactive pro-
caspase-1 molecule [20, 30, 31]. There are five main types
of inflammasomes involved in canonical pathways: the
NOD-like receptor protein 3 (NLRP3) inflammasome,
the AIM2 inflammasome, the NLRP1 inflammasome,
the PYRIN inflammasome, and the NLRC4 inflamma-
some [32, 33]. When PRRs are stimulated, the NLRP3
inflammasome, the most common inflammasome, can
be activated by bacterial, viral, and endogenous DAMPs,
produce mature caspase-1 and lead to GSDMD cleav-
age [34, 35]. Activated caspase-1/11 can cleave complete
GSDMD into two parts, namely, GSDMD-NT (the N-ter-
minal domain of GSDMD) and GSDMD-CT (the C-ter-
minal domain of GSDMD), but only caspase-1 is able to
activate IL-1p and IL-18 [36, 37](Schematic 1). Pyropto-
sis is also a type of ICD that can markedly increase anti-
tumour immunity [38, 39]. To date, whether PTT can
induce pyroptosis in PC and whether PTT induces can-
cer immunotherapy via pyroptosis have rarely been ana-
lysed, prompting us to explore the association between
PTT and pyroptosis.

Activation of the cyclic-GMP-AMP synthase (cGAS)-
stimulator of interferon gene (STING) pathway has
been shown to have great potential as a target for can-
cer immunotherapy [40, 41]. DNA damage, chromo-
some instability, and oncosuppressor gene mutation
and deletion in cancer cells lead to the accumulation of
cytoplasmic DNA, which is recognized by cGAS. cGAS
is activated through direct binding to double-stranded
DNA (dsDNA), facilitating the synthesis of 2’-3’-cGAMP
and inducing the activation of STING. Activated STING
then recruits TANK binding kinase 1 (TBK1), which
phosphorylates IFN regulatory factor 3 (IRF3) to initi-
ate type I interferon (IFN-I) responses, while also pro-
moting nuclear factor kB (NF-kB)-driven inflammatory
cytokine release [42, 43] ( Schematicl). Multiple studies
have shown that the activation of cGAS-STING pathway
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Scheme 1 A schematic summary of this study, showing that PTT induces pyroptosis via caspase-1/GSDMD pathway and arouses antitumour immune
response. PTT combined with a STING agonist (c-di-GMP) as an immune adjuvant can amplify the aroused antitumour immunity

promotes the maturation of dendritic cells (DCs), facili-
tates antigen presentation to CD4* T cells and increases
the frequency of tumour-specific CD8* T cells [44-47].
Therefore, the activation of STING, an intracellular
receptor residing in the endoplasmic reticulum, has
shown great potential for enhancing antitumour immu-
nity through the induction of a variety of proinflamma-
tory cytokines and chemokines [48].Recently, several
studies have shown that there are connections between
the cGAS-STING pathway and the pyroptosis pathway
and that increased STING signalling can promote NLRP3
inflammasome-mediated pyroptosis [49, 50]. Therefore,
we are the first to propose the use of PTT combined with
a STING agonist as a treatment for PC with enhanced
efficacy.

Several natural and synthetic STING agonists have
been developed and tested for their ability to treat can-
cers or infectious diseases in preclinical models and in the
clinic [51]. Cyclic dinucleotides (CDNs), such as cyclic
dimeric guanosine monophosphate (c-di-GMP), belong
to a class of STING agonists that can trigger potent
immune responses [52]. However, natural CDNs are sus-
ceptible to enzymatic degradation at low concentrationa

in target tissues and have narrow therapeutic windows
[40]. The combination of STING agonists with other
therapies or the use of novel delivery systems for STING
agonists may address these challenges.

In this study, we investigated whether PTT can induce
pyroptosis and elicit antitumour immunity. We also eval-
uated the therapeutic efficacy and antitumour immunity-
inducing ability of PTT combined with a STING agonist
(c-di-GMP) as an immune adjuvant in vivo. Our findings
demonstrated that PTT using indocyanine green (ICG)
as a photothermal agent induced PC cell pyroptosis via
the GSDMD-dependent canonical inflammasome path-
way in vitro and in vivo. Local PTT reinvigorated anti-
tumour immunity by increasing the frequency of mature
DCs and CD8" and CD4" T cells in a subcutaneous xeno-
graft model and inhibited distant tumours in a synergis-
tic bilateral tumour model. Compared with PTT alone,
PTT in combination with the STING agonist exhibited
increased therapeutic efficacy, yielding favourable sur-
vival, and boosted the immune response by promoting
the maturation of DCs and initiating T-cell clone expan-
sion (Schematicl). Moreover, PTT altered the TME by
converting macrophages from the M2 phenotype to the
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M1 phenotype and depleting both collagen and cancer-
associated fibroblasts (CAFs) in tumours. GSDMD was
found to be highly expressed in PC tissues, and over-
expression of GSDMD was found to suggest increased
resistance to chemotherapy and the potential benefits
of local therapy, such as PTT. Therefore, GSDMD can
serve as a promising biomarker for selecting local ther-
apy or chemotherapy for treating PC. In conclusion,
our studies provide evidence for the efficacy of STING
agonists as immune adjuvants for PTT and suggest that
PTT combined with a STING agonist may be beneficial
for treating PC, particularly for patients with GSDMD
overexpression.

Methods

Cell lines

The mouse pancreatic carcinoma cell line Pan02-luc,
labeled with luciferase using a standard stable transfec-
tion protocol, was purchased from IMMOCELL (Xia-
men, Fujian, China) and cultured in Dulbecco’s modified
Eagle medium (DMEM; 11965092, Gibco). The human
pancreatic adenocarcinoma cell line SW-1990-LUC
labeled with luciferase, was purchased from Xuanyi Bio-
technology Service Center (Shanghai, China) and cul-
tured in RPMI-1640 medium (8122269, Gibco). The
cell lines were cultured with 10% fetal bovine serum
(FBS; 10099141, Gibco) and 1% penicillin/streptomycin
(15140122, Gibco) at 37 °C in a 5% CO, atmosphere.

In vitro photothermal therapy

Indocyanine green (ICG, Dandong Yichuang Phar-
maceutical Co., LTD, China) was selected as the pho-
tothermal sensitizer for PTT, which has already been
approved by FDA in clinical use as its good performance
on biological safety. And 808 nm laser source (MDL-H-
808 nm-2 W-13040029, Changchun New Industries
Optoelectronics Tec. Co., Ltd., China) was used to per-
form PTT with the output power density set to 1 W
cm™2 The cells in ICG and PTT group were incubated
with ICG (100 pg mL™) for 6 h at 37 °C. The wells were
washed three times with PBS and added with normal cul-
ture medium before irradiated with or without NIR laser
for 5 min (\=808 nm, 1 W cm™?).

Cell morphology

To examine cell morphology, time-lapse cell changes
were visualized using an optical microscope (CKX53SF,
OLYMPUS) at 5, 25, and 45 min after PTT. The balloon-
like cells were considered as pyroptotic cells. VX-765
(52228, Belnacasan, Selleck), a caspase-1 selective inhib-
itor, was used 2 h prior to PTT. The shown images are
representative of at least three randomly selected fields of
view. Pyroptosis index of each field of view was calculated
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as the ratio of the pyroptotic cell number to the total cell
number in a snapshot multiplied by 100.

LDH release assay

Cells were seeded in 48-well plates and PTT was per-
formed. Culture supernatants were collected 1 h post
PTT and the LDH release was detected using LDH
Cytotoxicity Assay Kit (C0016, Beyotime Biotechnology,
China). Briefly, the supernatants were transferred into a
96-well plate and added with LDH detection reagents.
The plates were then incubated for 30 min at room tem-
perature in the dark. The absorbance value at 490 nm
was measured and 630 nm was used as the reference
wavelength. The LDH release rate was calculated as fol-
lows: (LDHsample_LDHbaCkground)/(LDHmaximum_LDH'
background)X100%’ in which LDHsample’ LDHbaCkground and
LDH, aximum indicated LDH release of cells after PTT,
untreated cells and cells treated with lysis solution,
respectively.

Western blotting

Cells were washed with cold PBS and lysed in IP bufer
(20 mM pH 7.5 Tris, 150 mM NaCl, 1% Triton X-100)
supplemented with Protease Inhibitor Cocktail (Beyo-
time Biotechnology, China). Total proteins of cells were
extracted and the protein concentration was determined
by BCA assay (P0012, Beyotime Biotechnology, China).
Equal amount of proteins were separated by SDS-PAGE,
transferred to PVDF membranes (Millipore, Billerica,
MA, USA), and probed with anti-DFNA5/GSDME anti-
body (1:1000, ab215191, Abcam, Cambridge, CB2 0AX,
UK), anti-caspase-3 antibody (1:1000, 9662, Cell Sig-
naling Technology, Danvers, MA, USA), anti-GSDMD
antibody (1:1000, YT7991, Immunoway Biotechnol-
ogy, Plano, TX, USA), anti-caspase-1 antibody (1:1000,
2225, Cell Signaling Technology), anti-p-IRF3 antibody
(1:1000, 4947, CST) and anti-f3-Actin antibody (1:1000,
HX1827, huaxingbio, China). HRP-conjugated secondary
antibodies recognizing mouse and rabbit IgG were used
at 1:5000. Immunoblots were developed using ECL reac-
tion system and gel-imaging system (Tanon, China).

Enzyme-linked immunosorbent assay (ELISA)

The release of mature IL-1p and IL-18 in the culture
supernatants of cell lines was determined using IL-1p
ELISA kit (EHO001) and IL-18 ELISA kit (EH047), both
of which were purchased from ExCell Bio (Shanghai,
China). The procedures were carried out according to
the manufacturer’s instructions. The absorbance was
measured using a microplate reader (Bio-Rad Laborato-
ries, USA) at a wavelength of 450 nm and a correction at
655 nm.
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Animals

Male BALB/c nu/nu mice and C57BL/6 N mice aged five-
week were purchased from Charles River Laboratories
(Beijing, China), and housed with standard temperature
and humidity, as well as a regular 12 h light/12 h dark
cycle. Food and water were provided ad libitum at all
time. All animal experiments were approved by the Ani-
mal Ethics Committee of Chinese PLA General Hospi-
tal and were carried out in compliance with the Animal
Management Rules of the Ministry of Health of the Peo-
ple’s Republic of China (Document NO.55, 2001).

Evaluation of antitumour effect upon treatment of PTT in
vivo

For evaluation of anti-tumour effect, BALB/c nu/nu mice
were injected subcutaneously with 2 x 10® SW-1990-LUC
cells suspended in 100 pL PBS per mouse. About 10 days
later, when the length of the tumour reached 5 mm, the
mice were randomly divided into three groups (Blank,
ICG and PTT group). Mice in the ICG and PTT groups
were injected with ICG (100 pg mL™%, 100 uL) and mice
in the PTT group received PTT treatment (A=808 nm,
42-48’ C, 8 min) 4 h post injection. All mice were sac-
rificed at 4—6 h after PTT and the tumour tissues were
excised. H&E staining of tumour tissues were performed
to assess the anti-tumor efficiency of PTT. The therapeu-
tic effect of each therapy was monitored and 3 mice were
sacrificed in each group at day 0, 3, 6, 9, 12 and 15 post
treatment. The primary tumours were obtained and the
tumour weights were measured every 3 days. For survival
analysis, the mice were divided into three groups (n=5;
Blank, ICG and PTT group) and monitored for 60 days.
For biosafety analysis, the body weight of each mouse
was measured using an electronic balance every 3 days.

Evaluation of synergistic therapeutic effect of PTT
combined with a STING agonist

For further evaluation of the therapeutic effect of PTT
combined with STING agonist c-di-GMP (HY-110382,
MedChemExpress, NJ, USA), C57BL/6 N mice were
injected subcutaneously with 5x 10® Pan02-luc cells per
mouse. The animal models were ready for experiments
in approximately 7-10 days when the xenografted pan-
creatic tumour length reached 5 mm. The mice were
divided into five groups (Blank, ICG, PTT, c-di-GMP
and c¢-di-GMP+PTT group). In the ICG, PTT and
c-di-GMP +PTT groups, mice were injected with ICG
(100 pg mL™%, 100 pL) via tail vein. In the PTT and c-di-
GMP +PTT groups, mice received PTT treatment (42—
48 °C, 8 min) 4 h post injection at day 0 and day 2. In the
c-di-GMP and c-di-GMP+PTT groups, intratumoural
injection of c-di-GMP (200 pg mL™%, 50 pL, HY-110382,
MedChemExpress, USA) was carried out at day 0 and day
2. The body weight and tumour size were measured every
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2 days. The tumour volume was calculated according to
the following formula: width? x length x 0.5. For survival
analysis, mice were monitored for 90 days. Major organs
(heart, liver, spleen, lung, kidney, stomach, intestine and
brain) were fixed in 4% paraformaldehyde for H&E stain-
ing to assess the biocompatibility of combination therapy
14 days post-treatment.

Antitumour immune response induced by PTT and the
combination therapy in vivo

To further evaluate the antitumour immunity and inhibi-
tory effect on distant metastases by PTT alone and the
combination therapy, a synergistic bilateral tumour
model was established. C57BL/6 N mice were injected
subcutaneously with 5x10% and 1x10° Pan02-luc cells
onto the right and left flanks to imitate primary and dis-
tant tumours, respectively. The animal models were ready
for experiments in approximately 7-10 days when the
xenografted pancreatic tumour length reached 5 mm on
the right flank. The mice were divided into four groups
(Blank, PTT, c-di-GMP and c-di-GMP +PTT group). At
day 7 post-treatment, the blood, the primary and dis-
tant tumours, and major organs were harvested for flow
cytometry, immunofluorescence staining and H&E stain-
ing. The body weight and tumour size were measured
every 2 days. For survival analysis, mice were monitored
for 90 days.

Analysis of data accessed from the TCGA, GTEx and GDSC
databases

The RNA sequencing (RNA-seq) data of 178 tumour sam-
ples of PC and 167 normal pancreatic samples with their
clinicopathological parameters were downloaded from
the cancer genome atlas (TCGA, https://portal.gdc.canc
er. gov) and Genotype-Tissue Expression (GTEx, https:/
/www.gtexp ortal.org/home/) databases. Drug resistance
analysis was performed using data accessed from the
latest version (GDSC2) of GDSC database. The cell line
gene expression profile data were also acquired (https://
www.cancerrxgene.org/). Using the R package “ggpubr’,
the correlation between the expression of the GSDMD
in PC cell lines and the response to the chemotherapeu-
tics (5-Fluorouracil, Irinotecan, Paclitaxel, Cisplatin, and
Gemcitabine) was visualized, and the Pearson’s correla-
tion coefficients were calculated. Samples between the
GSDMD high- and low- expression groups were analysed
for immune infiltration using the CIBERSORT package.
Samples were screened based on a p-values of less than
0.05 and Wilcoxon was used to compare the difference
in infiltration of significantly infiltrating immune cells
between the two groups. The“estimate”’package was used
to perform an estimated analysis on the high- and low-
expression groups of GSDMD, and the “ggplot2” pack-
age was used to draw violin diagrams using the Wilcoxon
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test. Correlations between GSDMD gene and immune
microenvironment score were further calculated using
Spearman’s test and Mantel’s test.

Human specimens

20 pairs of PC tumor and pancreatic samples were
obtained from patients undergoing surgery at the Chi-
nese PLA General Hospital for detection of GSDMD
expression by IHC. All the samples were confirmed as
tumour or normal tissues based on pathologist assess-
ment. And studies involving human samples were con-
ducted in accordance to recognized ethical guidelines
(Declaration of Helsinki) and approved by the Ethics
Committee of the Fourth Medical Center of Chinese PLA
General Hospital (Document NO. 2024KY045-KS001)
with written informed consent.

Establishment of patient-derived organoid (PDO)

The tumour tissues were immersed immediately in trans-
fer media at 4 °C post-dissection. After thorough wash-
ing with irrigation buffer (KS100121, Daxiang Biotech),
the cleaned tissue was finely minced and combined with
dissociation reagent (KS100123, Daxiang Biotech). Sub-
sequent to digestion, cells were harvested, suspended and
filtered. The resulting filtrate underwent centrifugation to
collect cells, which were then resuspended in pancreatic
cancer organoid culture medium (OC100138, Daxiang
Biotech) and 3D matrigel (DatrixGel™, Daxiang Biotech).
This cell suspension was seeded into a 24-well plate for
subsequent organoid culture. All organoid models were
routinely tested for Mycoplasma. Besides, H&E stain-
ing and IHC were performed using tumour tissues and
PDOs for authentication. Tumour tissues with differen-
tial expression of GSDMD were used to conduct PDOs,
which were named as PDO A and PDO B.

Drug response analysis of PDO

The PDO A and PDO B organoids were embedded in
Matrigel and cultured. During the logarithmic growth
phase, the organoids were dissociated into single cells,
mixed with Matrigel, and seeded into IBAC S1 plates
at the density of 1000 cells/well. 100 pL of PC organoid
culture medium was then added to each well, and the
cells were cultured for 3 days. Following the incubation
period, the medium was gently removed and refilled
with 150 pL of fresh medium with different concentra-
tions of the tested drug. Each condition was conducted
in triplicate, with corresponding blank wells (medium
without cells), as well as negative and positive control
(Staurosporine, MCE) wells. After 4 days of drug incuba-
tion, the CellCounting-Lite 3D Luminescent Cell Viabil-
ity Assay (Vazyme, DD1102-03) solution was mixed with
DMEM/E-12 basal medium at a 1:1 ratio as the detec-
tion reagent. The luminescence intensity was measured
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using a fixed gain setting of 135, and the raw data were
recorded. The cell inhibition rate was calculated using the
following formula: Inhibition Rate (%) = [(RLU value of
negative control - RLU value of treated sample) / (RLU
value of negative control-RLU value of blank well)] x
100%. The concentration-response curve was plotted,
and the half-maximal inhibitory concentration (ICy,) was
calculated using GraphPad Prism 8.0.

Flow cytometry analysis

Flow cytometry analysis was performed using fresh tis-
sues. For sample preparation, tumours and spleen tis-
sues were dissociated into single cell suspension and
resuspended in binding buffer. For detection of DC
maturation, cells derived from spleens were stained
with antibodies against CD45 (147710, BioLegend, San
Diego, CA, USA), CD1l1c (117328, BioLegend), CD8O
(104708, BioLegend) and CD86 (105032, BioLegend).
For assay of T cells, cells were stained with antibodies
against CD45 (147710, BioLegend), CD3 (100206, BioLe-
gend), CD4 (100443, BioLegend), CD8 (100722, BioLeg-
end), CD25 (102007, BioLegend) and Foxp3 (17-5773-82,
Thermo Fisher, Waltham, MA, USA). The stained cells
were then analysed with a flow cytometer (BD Biosci-
ences, CA, USA). The matured DCs were defined as
CD45*CD11c¢*CD86". CD4*, CD8" and Treg cells were
defined as CD45'CD3*CD4*, CD45'CD3*CD8" and
CD45*CD4*CD25*Foxp3*, respectively.

Immunohistochemical analysis

For immunohistochemical staining of tumour tissues
and PDOs, the sections were deparaffifinized, rehy-
drated and incubated in sodium citrate buffer for antigen
retrieval. Then 1% H,0O, was used to suppress the activ-
ity of endogenous peroxidase. Thereafter, the sections
were incubated with primary antibodies at 4 °C over-
night. Antibodies used included anti-cleaved caspase-1
antibody (386826, United States Biological, Marblehead,
MA, USA), anti-IL-18 antibody (abx109929, Abbexa,
Cambridgeshire, UK), anti-IL-1p antibody (83186, Cell
Signaling Technology) and GSDMD antibody (Protein-
tech, Rosemont, IL, USA). The sections were then incu-
bated with HRP-conjugated secondary antibodies for 1 h
at room temperature. Finally, immunospecifific reactivity
was visualized by diaminobenzidine (DAB; ZSGB-BIO,
Beijing, China) substrate and the sections were counter-
stained with hematoxylin (Jiancheng Biotech, Nanjing,
China). Images were captured under a digital scanner
(NanoZoomer 2.0, Hamamatsu, Japan).

Immunofluorescence staining

Immunofluorescence staining was performed on par-
affin sections prepared as described in “Histologi-
cal and immunohistochemical analysis” section. After



Hu et al. Journal of Translational Medicine (2025) 23:271 Page 7 of 18

(a)

T

( c) SW-1990-LUC (d) Pan02-luc

30+ dedkedk ke

g

Pyroptosis index (%) ~~

&8 8 8
1 1 1

LDH release (%)
s 8 8
1 1 1

LDH release (%)
?

e e e e
* Kk k Kk

°
20+

e e
0-

% kK

20

T T T I 1 1
0 10 20 30 40 50 60 Blank ICG PTT Blank ICG PTT
Time (min)
(e) (h) sw-990Luc (i) SW-1990-LUC
%k kK %% %k
. 600+ ke K — 600 ek sk
GSDMD-FL < —_— i
£ £
= o 400
GSDMD-N =3 S
0 [~ %
Caspase-1 3 ‘_':' 200+
Cleaved- Blank ICG PTT Blank ICG PTT
caspase-1
SW-1990-LUC
B-actin (9)
—~ 100 o VX-765 (-)

g0 = VX-765 (+)

D
o
1

Pyroptosis index (%
8
1

20 “5&“\\\\\.—_——‘
e 1 Ll T 1
5 25 45 60
Time (min)

Fig. 1 (See legend on next page.)

deparaffifinization, rehydration and antigen retrieval, cleaved-GSDMD (36425, Cell Signaling Technology)
the sections were permeabilized with 0.2% Triton at 4 °C overnight. After that, secondary antibodies con-
X-100 and incubated in 5% BSA solution. Then the sec- jugated with Alexa Fluor 488, as well as 4, 6-diamidino-
tions were incubated with primary antibody against 2-phenylindole (DAPI), were used in turn. Images were
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Fig. 1 Pyroptosis triggered by PTT via the caspase-1/GSDMD pathway in PC cell lines. (a) Real-time morphological tracking of SW-1990-LUC cells after
PTT under a bright field microscope. Cells were treated with ICG at 100 ug mL™" and irradiated for 5 min at 1 W cm™2. White arrowheads indicate bal-
looned cell membrane which is the characteristic of pyroptotic cells. Scale bar: 100 um. (b) Pyroptosis index of SW-1990-LUC cells at different time points
after PTT. (c and d) Cytotoxicity of PTT measured by LDH release in SW-1990-LUC and Pan02-luc cells. (e) Expression and cleavage of GSDMD and cas-
pase-1in SW-1990-LUC cells. Total proteins were extracted and subjected to western blotting analysis. Total proteins of breast cancer cell line EMT-6 were
used as a negative control. (f and g) The morphology and pyroptosis index of SW-1990-LUC cells after PTT with or without VX-765 (a caspase-1 selective
inhibitor) pre-treatment. Scale bar: 100 um. (h and i) IL.-18 and IL-13 release of SW-1990-LUC cells in different groups. Data were represented as mean +SD
(n=3) if they accord with normal distribution. The comparison among different groups was carried out using one-way ANOVA followed by post hoc test.

*** P<0.001; **** P<0.0001

captured under a digital scanner (NanoZoomer 2.0,
Hamamatsu, Japan). To evaluate the M1/M2 macro-
phages polarization, collagen density and a-SMA, pri-
mary and distant tumours from C57BL/6 N mice were
collected and subsequently frozen. Antibodies against
a-SMA (GB12045, Servicebio), collagen (GB11022-
3, Servicebio), F4/80 (GB113373, Servicebio), iNOS
(GB1119, Servicebio) and CD206 (GB113497, Servicebio)
were used.

Statistical analysis

All experiments were repeated for at least three times
independently. PRISM 5.0 (GraphPad Software, San
Diego, CA) was used for statistical analysis and graph
production. Data were represented as mean + SD if they
accord with normal distribution. The comparison among
different groups was carried out using two-tailed t-test or
one-way ANOVA followed by post hoc test. For survival
analysis, Kaplan-Meier survival curves were conducted
and the comparison between different groups was per-
formed by Mantel-Cox test. P<0.05 was considered sta-
tistically significant.

Results

PTT induces pyroptosis via caspase-1/GSDMD pathway

To investigate whether pyroptosis can be induced by PTT,
SW-1990-LUC and Pan02-luc cells treated with ICG
were irradiated with near-infrared (NIR) light (808 nm).
We explored the conditions of PTT, and the temperature
curves corresponding to different concentrations of ICG
are shown in Fig. S1. The results showed that the tem-
perature could be maintained between 42 °C and 48 °C
when the concentration of the ICG solution was 100 pg
mL~! and the irradiation power density was 1 W cm™2
The morphology of SW-1990-LUC and Pan02-luc cells in
the different groups was observed. After irradiation for
5 min, typical morphological characteristics of pyrop-
tosis, including cell swelling and the formation of large
bulging bubbles on the plasma membrane, were observed
in the PTT group, indicating that pyroptotic cell death
was triggered by PTT (Fig. S2a, b). Furthermore, real-
time morphological tracking of SW-1990-LUC cells was
recorded after PTT (Fig. 1a). The pyroptosis index was
used to evaluate the dynamic pyroptosis-inducing ability
of PTT in vitro [53]. As shown in Fig. 1b, the percentage

of pyroptotic SW-1990-LUC cells significantly increased
over time after PTT treatment. To analyse the leakage
of intracellular contents, the release of lactate dehydro-
genase (LDH) was measured in the SW-1990-LUC and
Pan02-luc cell supernatants [54]. As shown in Fig. Ic,
LDH release by SW-1990-LUC cells was much greater
in the PTT group than in the Blank (25.25% vs. 6.55%;
n=3; P<0.0001) and ICG group (25.25% vs. 8.75%; n=3;
P=0.0001). Similar results were obtained for Pan02-
luc cells (Fig. 1d). LDH release was significantly greater
in the PTT group than in the Blank (22.81% vs. 4.70%;
n=3; P<0.0001) and ICG group (22.81% vs. 8.24%; n=3;
P<0.0001). According to research on pyroptosis path-
ways, pyroptosis most commonly occurs through the
GSDMD-dependent classical inflammasome pathway
and the GSDME-dependent nonclassical pathway [55].
Therefore, we investigated the expression and cleavage of
GSDMD and GSDME in PC cell lines after PTT. The lev-
els of GSDMA, GSDMB, GSDMC, GSDMD and GSDME
were measured in SW-1990-LUC cells by RT-qPCR, and
the expression level of GSDMD was significantly greater
than that of GSDMA (P=0.0002), GSDMB (P<0.0001),
GSDMC (P<0.0001) and GSDME (P<0.0001; Fig. S3).
Second, as shown in Fig. le and S4, the levels of full-
length of GSDMD (GSDMD-FL) and full-length GSDME
(GSDME-FL) were measured in SW-1990-LUC cells.
The expression level of GSDMD-FL was lower in the
PTT group than in the Blank and ICG groups, while the
expression level of the cleaved GSDMD (GSDMD-N)
was obviously greater in the PTT group. No difference
in GSDME-FL expression among the three groups was
observed, and the cleaved GSDME (GSDME-N) was not
detected (Fig. S4).

GSDMD has been identified as the specific substrate of
caspasae-1. Western blotting was performed to measure
the expression and cleavage of caspase-1. As shown in
Fig. le, cleaved caspase-1 was detected only in the PTT
group, indicating that caspase-1 is cleaved in pancreatic
cancer cells after PTT. To further analyse the involve-
ment of caspase-1 in PTT-triggered pyroptosis, VX-765,
a caspase-1 specific inhibitor, was applied prior to PTT.
As shown in Fig. 1f, g, pretreatment with VX-765 sig-
nificantly reduced the pyroptosis index 60 min after PTT
(79.77% vs. 7.77%, P=0.0008).
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In the GSDMD-dependent classical inflammasome
pathway, cleaved caspase-1 activates not only GSDMD
but also the inflammatory cytokines IL-18 and IL-1f,
after which mature IL-18 and IL-1f are eliminated from
cells [56, 57]. Therefore, the levels of mature IL-18 and
IL-1P in the cell supernatant is also an indicator of cas-
pase-1/GSDMD pathway activity. In this study, the
concentrations of IL-18 and IL-1f in the cell superna-
tant were significantly greater in the PTT group than in
the Blank and ICG groups (Fig. 1h, i and S2c, d). These
results demonstrate that PTT-triggered pyroptosis is
dependent on the caspase-1/GSDMD pathway.

PTT induces pancreatic cancer cell pyroptosis in vivo

To analyse the induction of pyroptosis in vivo, SW-1990
tumour-bearing mice were divided into Blank, ICG and
PTT groups (n=3). As shown in Fig. 2a, b and S5, cleaved
caspase-1, as well as mature IL-1p and IL-18, were upreg-
ulated in tumour tissues from PTT group compared with
those from the Blank and ICG groups. Furthermore,
increased expression of GSDMD-N was observed on
the cell membrane in the PTT group via immunofluo-
rescence staining (Fig. 2c), confirming that PTT induced
pyroptosis in vivo.

Tumour-inhibiting effect of PTT in vivo

To evaluate the therapeutic effects of PTT in SW-
1990-LUC tumour-bearing mice, BALB/c nu/nu mice
were divided into Blank, ICG and PTT groups. Tumour
weights were recorded (n=3), which revealed that the
tumour weights in the PTT group at 15 days posttreat-
ment were significantly lower than those in the Blank
(P<0.0001) and ICG groups (P<0.0001). No significant
difference was observed between the Blank and ICG
groups (P=0.9644; Fig. 2d, e). To preliminarily evalu-
ate the toxicity of PTT, the body weights of the mice
were monitored (n=5). The results revealed that the
body weights at 15 days posttreatment were significantly
greater in the PTT group than in the Blank (P=0.0445)
and ICG groups (0.0197) (Fig. 2f), suggesting that PTT,
to a certain extent, did not elicit acute or fatal systemic
toxicity. Survival analysis (n=>5) revealed that the overall
survival of the mice that received PTT was greater than
those of mice in the Blank (P=0.0018; x>=9.701; DF=1)
and ICG groups (P=0.0018; x*=9.701; DF=1) (Fig. 2g).
To further evaluate the antitumour efficacy of PTT, hae-
matoxylin and eosin (H&E) staining was performed,
which revealed considerable cellular damage to cancer-
ous tissues in the PTT group (Fig. 2h).

Synergistic therapeutic effect of PTT and a STING agonist
as an immune adjuvant

IRF-3 is the main downstream effector of the STING
pathway, and phosphorylation of STING-TBKI-IRF3
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signaling activated by a STING agonist has been rec-
ognized as a promising strategy to enhance antitumour
immunity. However, given the complexity of the immune
modulation network, caution must be taken with apply-
ing synergistic therapies to improve therapeutic out-
comes in order to avoid adverse effects. Although PTT
can inhibit tumour growth, combined therapies are more
effective for increasing treatment efficiency, eliciting a
stronger immune response and avoiding adverse effects.

First, we explored whether a STING agonist can
enhance PTT-induced pyroptosis in vitro. The expres-
sion of GSDMD-N, cleaved caspase-3, and phosphory-
lated-IRF3 (p-IRF3) was measured in the PTT, c-di-GMP
and c-di-GMP+PTT groups, and it was found that
the expression levels of these proteins were obviously
increased in the c-di-GMP+PTT group, as shown in
Fig. 3a. According to morphological analysis, more typi-
cal morphological characteristics of pyroptosis were
observed in the ¢-di-GMP + PTT group than in the other
groups (Fig. 3b). These data reveal that c-di-GMP +PTT
triggers pyroptosis via the caspase-1/GSDMD pathway
and that a STING agonist can enhance the induction of
pyroptosis by PTT.

To investigate whether administration of a STING ago-
nist as an immune adjuvant by intratumoral injection
can increase the efficacy of PTT, Pan02-luc cells were
subcutaneously injected into C57BL/6 N mice to estab-
lish a tumour model, and the mice were divided into
the Blank, PTT, c-di-GMP and c-di-GMP +PTT groups
(Fig. 3c). The tumour volume was monitored every 2
days. The tumours in the c-di-GMP+PTT group had
almost disappeared at 10 days post-treatment. In addi-
tion, the tumour volume was significantly reduced in the
PTT, c-di-GMP and c-di-GMP +PTT groups compared
with the Blank group. Notably, the tumour volume in
the c-di-GMP +PTT group was significantly lower than
that in the PTT and c-di-GMP groups (PTT vs. c-di-
GMP +PTT, P=0.0006; c-di-GMP vs. c-di-GMP +PTT,
P=0.0265; Fig. 3d), indicating a favourable antitumour
effect of c-di-GMP+PTT treatment. To assess prog-
nosis and long-term survival, the mice were monitored
for 90 days following treatment. As shown in Fig. 3e,
the median survival time in the c-di-GMP+PTT group
(85 days) was significantly greater than that in the Blank
(55 days; P=0.0018), PTT (71 days; P=0.0039), and
c-di-GMP groups (66 days; P=0.0018). Most notably,
compared with those of the Blank and PTT groups, the
median survival rates of the c-di-GMP + PTT group were
prolonged by 54.55% and 19.72%, respectively. For the
biosafety assay, the body weights of the mice were mea-
sured. As shown in Fig. 3f and S6, no body weight loss or
abnormal changes in the spleen coefficient were observed
between the Blank, PTT, c-di-GMP or c-di-GMP +PTT
groups. No high-grade adverse effects were observed
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Fig. 2 Pyroptosis induced by PTT in vivo and evaluation of the therapeutic effect in SW-1990-LUC tumour-bearing mouse model. (a and b) Expression
of cleaved caspase-1 (a) and mature IL-18 (b) in tumour tissues detected via immunohistochemical staining. Scale bar: 100 um, 50 um. (c) Expression of
GSDMD-N in tumour tissues examined by immunofluorescence staining. Red, green and blue indicate GSDMD-N, cell membrane and nucleus, respec-
tively. Scale bar: 20 um. (d and e) Tumour weights (d) and morphological images (e) at 0, 3,6, 9, 12, 15 days post PTT (n=3). (f) Body weights of mice at 0,
3,6,9, 12,15 days after PTT (n=5). (g) Survival analysis of mice during a 60-day observation after PTT (n=5). (h) H&E staining of the tumour tissues after
treatment. Scale bar: 100 um. All the experiments were repeated 3 times independently. For analysis of tumour weight and body weight at 15 days post
PTT, data were represented as mean + SD if they accord with normal distribution. The comparison among different groups was carried out using one-way
ANOVA followed by post hoc test. For survival analysis, Kaplan-Meier survival curves were conducted and the comparison between different groups was
performed by Mantel-Cox test. *, P<0.05; **, P<0.01; ****, P<0.0001

for PTT, c-di-GMP and c-di-GMP +PTT. Next, H&E
staining of the major organs was performed, and results
indicated the good biocompatibility of c-di-GMP +PTT
(Fig. 3g).

Systemic antitumour immunity and immune modulation
elicited by PTT and a STING agonist

The application of an appropriate immune adjuvant has
been synergistically recognized as a promising strategy
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Fig. 3 Pyroptosisinduced by PTT combined with STING agonist and evaluation of anti-tumour effects of different therapies in Pan02-luc tumour-bearing
mice. (a) Pan02-luc cells were divided into the Blank, PTT, c-di-GMP and c-di-GMP +PTT groups. Total proteins were extracted and subjected to western
blotting analysis. (b) Morphological images of Pan02-luc after different treatments under a bright field microscope. Scale bar: 100 um. (c) Schematic dia-
gram of the pancreatic tumour model and administration method. (d) The tumour volume during a 14-day observation post treatment (n=5). (e) Survival
analysis of mice during a 90-day observation post treatment (n=>5). (f) The body weight of mice during a 14-day observation post treatment (n=5). (g)
H&E staining of the major organs from the c-di-GMP + PTT treated mice. Scale bar: 100 um. For analysis of tumour volume and body weight at 14 days post
treatment, data were represented as mean +SD if they accord with normal distribution. The comparison among different groups was carried out using
one-way ANOVA followed by post hoc test. For survival analysis, Kaplan-Meier survival curves were conducted and the comparison between different
groups was performed by Mantel-Cox test. ¥, P<0.05; **, P<0.01; ***, P<0.001; **** P <0.0001
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to enhance PTT-triggered antitumour immunity. To
investigate systemic immune responses and changes in
the TME in vivo, we established a bilateral flank model
of Panc02 tumour in C57BL/6 mice (Fig. S7). As shown
in Fig. 4a and b, PTT and the combination therapy not
only eradicated the primary tumours but also shrank dis-
tant tumours by inducing systemic antitumour immunity.
¢-di-GMP +PTT treatment led to a complete response
in 3 out of 5 mice and prolonged the median survival
time to 90 days from 36 days in the Blank group (Blank
vs. PTT, P=0.0018; PTT vs. c-di-GMP + PTT, P=0.0316;
Fig. 4c).

Flow cytometry was performed to detect the induced
DC maturation and tumour infiltrating T-cell frequen-
cies. Primary tumours and spleens were removed 7 days
after the first treatment (#=3). The maturity of DCs
in the spleen was analysed by assessing CD11c¢*CD86"
expression. An increased frequency of mature DCs
was detected upon treatment with c-di-GMP+PTT
and PTT (Blank vs. PTT, P=0.0038; Blank vs. c-di-
GMP +PTT, P=0.0001; Fig. 4d). After DC maturation,
naive T cells are primed through antigen presentation.
We found that compared with Blank group, the fre-
quency of CD3* T cells in primary tumour was greater
in the PTT and c-di-GMP+PTT groups than in the
Blank group (Fig. S8a), and the frequency of CD3" T cells
in the spleen was greater in the c-di-GMP+PTT group
(P=0.0322; Fig. S8b). The frequencies of CD4* and CD8*
T cells in primary tumour were significantly increased
in PTT and c-di-GMP+PTT groups when compared
to the Blank group (Fig. 4e, f and Fig. S8c). Notably,
the frequency of tumour infiltrating immunosuppres-
sive regulatory T (Treg) cells was also decreased in the
c-di-GMP +PTT group compared with the Blank group
(P=0.0071; Fig. 4g). More importantly, compared with
PTT alone, the combination therapy increased the fre-
quencies of mature DCs (P=0.0296; Fig. 4d) and CD8*
T cells (P=0.0178; Fig. S8c) in the spleen, and decreased
the frequency of Treg cells (P=0.0496; Fig. 4g). The pres-
ence of mature DCs and increased frequencies of tumour
infiltrating T cells indicated that an adaptive immune
response was initiated, and antitumour immunity was
increased by c-di-GMP + PTT compared with PTT alone.
These results demonstrate that a STING agonist could
serve as an immune adjuvant to enhance PTT-induced
antitumour immunity.

We next examined how PTT reprograms the TME.
Immunofluorescence revealed the recruitment of more
immunostimulatory M1 macrophages than immunosup-
pressive M2 macrophages in distant tumours in the PTT
and c-di-GMP+PTT groups, as shown by the expres-
sion of the M1 marker iNOS, M2 marker CD206 and the
macrophage marker F4/80, suggesting a more immuno-
stimulatory TME (Fig. 4h and S9). Masson’s trichrome
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staining and immunofluorescence staining were also per-
formed to examine the density of intratumoural collagen,
a major component of the extracellular matrix (ECM),
and o-smooth muscle actin (a-SMA), a microfilament
protein used as a marker for activated CAFs (Fig. 4i, j, k).
The results showed that c-di-GMP + PTT was more effec-
tive than all other treatments in depleting both collagen
and CAFs in the tumours, which is likely responsible
for reducing tumour stiffness and elasticity, indicating
the removal of the physical barrier for T lymphocyte
infiltration.

Overexpression of GSDMD may indicate chemotherapy

resistance and the potential benefits of local treatment

First, we compared GSDMD expression in pancreatic
tumour and normal tissues by analysing gene expression
data from the Cancer Genome Atlas (TCGA, https://po
rtal.gdc.cancer. gov) and Genotype-Tissue Expression
(GTEx, https://www.gtexportal.org/home/) databases. As
shown in Fig. 5a, GSDMD was significantly upregulated
in tumour tissues (n=178) compared with normal tis-
sues (n=167) according to the Wilcoxon rank-sum test.
Notably, in most pancreatic tumour tissues, GSDMD
was found to be highly expressed (Fig. 5b). Therefore,
the expression of GSDMD could be used to differenti-
ate pancreatic tumour tissues from normal tissues, with
an area under the ROC curve (AUC) of 0.91 (Fig. 5¢). To
further verify whether GSDMD is overexpressed in PC,
we analysed 20 paired tumour and normal tissues from
surgically resected samples. Consistently, the immu-
nohistochemistry (IHC) results revealed that GSDMD
was highly expressed in tumour tissues (Fig. 5d). Next,
we analysed the correlation between GSDMD expres-
sion levels and the response to five therapeutic agents
used clinically to treat PC, namely, 5-fluorouracil, irino-
tecan, paclitaxel, gemcitabine and cisplatin. As shown in
Fig. 5e-h and Fig. S10, GSDMD gene expression was pos-
itively correlated with resistance to 5-fluorouracil, irino-
tecan, paclitaxel, and cisplatin in PC cell lines but was not
associated with response to gemcitabine. These results
indicate that overexpression of GSDMD in PC may sug-
gest increased resistance to chemotherapy; therefore,
local treatments such as PTT might be promising alter-
native therapeutic options to chemotherapy in patients
with GSDMD overexpression. The correlation between
GSDMD gene expression and the immune microenvi-
ronment score was analysed using the “estimate” pack-
age and the CIBERSORT package. As shown in Fig. 5i, j,
patients with high GSDMD gene expression had a lower
stromal score, greater infiltration of Tregs and activated
NK cells, and less monocyte infiltration. In addition,
PDOs were established using PC tissues with differential
expression of GSDMD confirmed by IHC (Fig. 5k), which
were authenticated by H&E and IHC analysis (Fig. 51).
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Fig. 4 Evaluation of therapeutic effects and induced systemic antitumour immunity of PTT combined with a STING agonist in a bilateral tumour model.
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collagen, respectively. Scale bar: 50 um
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¥ P<0.05; **, P<0.01. (k) IHC analysis of tumour and normal tissues using antibody against GSDMD. Scale bar: 100 um. (I) H&E stain-

ing and IHC analysis using antibody against GSDMD in PDOs. Scale bar: 100 pm. (m) Drug sensitivity to 5-fluorouracil in PDOs, with ICs, as the indicator

Sensitivity to 5-fluorouracil was assessed, and a higher
IC;, was detected for PDO A, which had higher expres-
sion of GSDMD (Fig. 5m).

In summary, GSDMD overexpression might be a valu-
able biomarker for identifying PC patients who may
benefit more from local treatment, such as PTT, than
chemotherapy.

Discussion

PTT is a promising strategy for treating PC, and the
fact that relatively mild temperatures are used dur-
ing the application of PTT means that severe damage
to surrounding normal tissues is prevented. Recently,
several studies have reported that PTT can induce an
antitumour immune response to eradicate primary
and distant tumours [14, 47]. Wang et al. designed an
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immunotherapeutic hydrogel that enhances the immune
response via PTT-induced ICD and therefore increases
the frequencies of mature CD86* DCs and infiltrating
NK cells and the M1/M2 macrophage ratio to prevent
tumour metastasis [14]. Furthermore, it has also been
reported that photodynamic therapy (PDT)-triggered
pyroptosis induces antitumour immunity in PC [47].
However, whether PTT can induce pyroptosis in PC
and the underlying mechanism remain unknown. In this
study, we demonstrated that PTT can cause pyroptosis
in a certain percentage of PC cells via a GSDMD-depen-
dent pathway and therefore elicit antitumour immunity
through the release of various inflammatory cytokines
(such as IL-1P), which promotes the maturation of DCs,
facilitates antigen presentation to CD4* T cells, increases
the frequency of tumour-specific CD8" T cells, and con-
verts immunosuppressive M2 macrophages to immunos-
timulatory M1 macrophages in the TME.

STING agonists can increase tumour immunogenicity
and elicit robust antitumour immune responses, mak-
ing them particularly attractive for treating PC [58-62].
STING is widely expressed in multiple cell types in
the TME and has a unique ability to achieve a balance
between the secretion of proinflammatory cytokines and
the secretion of type I IFNs to activate DCs and increase
the frequency of CD8" T cells [45, 63, 64]. Since cGAS
recognizes DNA of a certain length without sequence
specificity, DNA of any origin can elicit an immune
response through activation of the cGAS-STING path-
way. Abe et al. [65] reported that STING colocalizes with
DNA intracellularly and binds to dsDNA and single-
stranded DNA (ssDNA). As a type of cell death, pyrop-
tosis can cause the release of damaged DNA, which can
activate the STING pathway [43]. Yang et al. reported
that STING induces pyroptosis in primary murine hepa-
tocytes by activating the NLRP3 inflammasome and
that STING knockout ameliorates hepatic pyroptosis
[49]. Moreover, recent studies have shown that PDT and
PTT can disrupt the intracellular redox balance, lead-
ing to mitochondrial or nuclear DNA damage and even
the leakage of mitochondrial or nuclear DNA into the
cytoplasm, thus activating the cGAS-STING signalling
pathway and inducing antitumour immune response
while exerting fewer toxic side effects [46, 66—69]. Direct
pharmacological activation of STING with a STING ago-
nist has emerged as a new type immunotherapy strat-
egy for cancer [70, 71]. In this study, the STING agonist
c-di-GMP was used as an immune adjuvant, and the
combined therapy increased the tumour inhibition rate,
prolonged survival and amplified antitumour immune
responses in vivo. However, the interactions between
STING and the pyroptosis pathway remain to be further
clarified.
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The route of administration of STING agonists is also
very important for determining the efficacy of treatment.
Systemic administration of small structural STING ago-
nists inevitably has limited therapeutic effects due to
insufficient accumulation in tumours, rapid clearance,
a short effective duration and the dense stroma of PC.
Therefore, in this study, a STING agonist was admin-
istered via intratumoural injection to ensure its direct
delivery to the tumour while limiting autoimmune,
immunopathological and potential high-grade adverse
systemic effects. In addition, reduced tumour stiffness
and elasticity due to the depletion of both collagen and
CAFs were found in PC tissues after PTT, which may
have facilitated the delivery of the drug after injection.

Tumour-associated macrophages (TAMs) play a key
role in progression to high-grade (HG) lesions with a can-
cerous invasive phenotype and an immunosuppressive
microenvironment in PC. Macrophages can be polar-
ized to the proinflammatory M1 phenotype or the anti-
inflammatory M2 phenotype [72]. Animal studies suggest
that M1-like TAMs are involved in tumour rejection by
releasing proinflammatory cytokines and promoting Th1
responses, whereas M2-like TAMs promote the remod-
elling of tissue, the generation of an immunosuppressive
environment, tumour growth and metastasis [73-75].
In this study, we explored changes in the TME in local
tumours. Upon treatment with PTT alone or in combina-
tion with a STING agonist, a robust abscopal effect and
systemic immune response were induced via the conver-
sion of M2 macrophages to M1 macrophages, downregu-
lation of collagen expression and inactivation of CAFs.
However, this study also has several limitations. Although
we explored the phenotypic conversion of macrophages
in the TME, whether macrophages of other phenotypes
exist and their roles were not studied. Additionally, the
mechanisms by which STING agonists enhance PTT-
elicited immunity require further investigation.

Additionally, in this study, bioinformatic analysis was
performed; the results indicated that GSDMD was highly
expressed in PC and the high GSDMD expression corre-
lated with decreased chemosensitivity and the presence
of an inhibitory immune microenvironment. IHC stain-
ing of surgically resected human samples and analyses
of the drug sensitivity of PDOs were carried out, and the
bioinformatic data were validated. These results further
demonstrate the importance of PTT as a therapeutic
modality in the clinic and confirm that GSDMD can be
used as a biomarker to identify patients suitable for local
PTT.

Owing to the limited penetration depth of the laser, our
team first proposed interventional PTT (IPTT) as a mini-
mally invasive treatment method for deeply buried PC in
the abdomen [13]. STING agonists can also be injected
locally through the needle used for IPTT; thus, IPTT
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combined with a STING agonist as an immune adjuvant
is a potential treatment of PC.

In summary, PTT can induce pyroptosis via the
GSDMD-dependent canonical inflammasome pathway,
which can promote systemic antitumoural immunity and
cause favourable alterations in the TME in PC. GSDMD
can be used as a new biomarker to identify PC patients
who may benefit from local PTT treatment. More
importantly, a STING agonist synergistically enhanced
the therapeutic efficacy of PTT. ICG has already been
approved for clinical use, and the local injection of c-di-
GMP without other components is relatively safe. Our
study indicates that the combination of PTT and STING
agonist treatment has great translational value for the
treatment of PC and could also be used to treat other
cancers.
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