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Pyroptosis Remodeling Tumor Microenvironment to
Enhance Pancreatic Cancer Immunotherapy Driven by
Membrane Anchoring Photosensitizer

Meng Wang, Min Wu, Xingang Liu, Shiyi Shao, Junmin Huang, Bin Liu,*
and Tingbo Liang*

Immunotherapy, the most promising strategy of cancer treatment, has
achieved promising outcomes, but its clinical efficacy in pancreatic cancer is
limited mainly due to the complicated tumor immunosuppressive
microenvironment. As a highly inflammatory form of immunogenic cell death
(ICD), pyroptosis provides a great opportunity to alleviate
immunosuppression and promote systemic immune responses in solid
tumors. Herein, membrane-targeted photosensitizer TBD-3C with
aggregation-induced emission (AIE) feature to trigger pyroptosis-aroused
cancer immunotherapy via photodynamic therapy (PDT) is applied. The
results reveal that pyroptotic cells induced by TBD-3C could stimulate
M1-polarization of macrophages, cause maturation of dendritic cells (DCs),
and activation of CD8+ cytotoxic T-lymphocytes (CTLs). Pyroptosis-aroused
immunological responses could convert immunosuppressive “cold” tumor
microenvironment (TME) to immunogenic “hot” TME, which not only inhibits
primary pancreatic cancer growth but also attacks the distant tumor. This
work establishes a platform with high biocompatibility for light-controlled
antitumor immunity and solid tumor immunotherapy aroused by cell
pyroptosis.
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1. Introduction

Pancreatic cancer is one of the leading
causes of cancer mortality with a five-year
survival rate of at most 10%.[1] Despite ad-
vances in diagnosis, surgical, and medi-
cal therapies, pancreatic cancer has been
suffering from extremely poor prognosis
and high lethality.[1] The particular chal-
lenge of pancreatic cancer treatment is that
it is naturally resistant to conventional ra-
diotherapy, chemotherapy, and other locore-
gional therapies.[2] Immunotherapy, which
aims to recruit immune cells for tumor
cell recognition and ablation, has recently
become a much-anticipated cancer treat-
ment strategy.[3] Currently, various clinical
trials endeavor to validate the efficiency of
immunotherapeutic approaches for pancre-
atic cancer, including adoptive T-cell ther-
apy (ACT), immune checkpoint inhibitors
(ICIs), and cancer vaccines.[4] ACT is ap-
plied as a personalized therapy relying
on the ex vivo modification of patients’
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tumor-specific lymphocytes with high activity, and the subse-
quent administration back to the autologous host. Though with
great potential to induce an antitumor immune response, the
widespread application of ACT would be hindered by the chal-
lenges of technology scaling-up and standardization.[5] ICIs ac-
tivate antitumor immune responses by inhibition of immune
checkpoint molecules such as programmed cell death protein-
1 (PD-1), programmed cell death protein ligand-1 (PD-L1), and
cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4). However,
the utilization of ICIs is significantly limited since only about
one-third of cancer patients show positive responses to ICI
agents.[6] Meanwhile, several vaccine-based strategies have also
been applied in pancreatic cancer including deoxyribonucleic
acid (DNA), peptide, and whole-cell vaccines which activate the
antitumor immune responses by presenting tumor antigens to
the host immune system. However, challenges in vaccine man-
ufacturing and limitations of immune response identification
seriously hindered the development of cancer vaccine.[7,8] Be-
sides, the complex TME of pancreatic cancer, which consists
of an abundance of blood vessels, fibroblasts, pancreatic stel-
late, and immune cells, is the most vital obstacle to efficient
immunotherapy.[9,10] Thus, an alternative strategy is highly de-
sirable for more efficient immunotherapy of pancreatic cancer.

Different from apoptosis which is usually regarded as an
immune-tolerogenic process, pyroptosis is a highly inflamma-
tory programmed cell death (PCD), providing a great opportu-
nity to alleviate immunosuppression and promote systemic im-
mune responses toward solid tumors.[11,12] Activation of inflam-
matory caspases to cleave gasdermin-D (GSDMD) is an impor-
tant event for pyroptosis, which releases gasdermin-D N termi-
nal domain (N-GSDMD) to translocate and further drill pores
on the cell membrane to induce cell swelling, membrane dis-
ruption, and immunostimulatory release of cellular contents. Py-
roptosis ultimately triggers ICD, and further converts immuno-
suppressive “cold” TME to immunogenic “hot” TME with mas-
sive tumor-infiltrating lymphocytes.[13] Besides, pyroptotic cells
can not only play the role of tumor-associated antigens (TAAs)
via releasing cell contents including cytokines and proinflam-
matory factors but also emit danger signals in the form of
danger-associated molecular patterns (DAMPs), acting as im-
mune adjuvants necessary for the recruitment and matura-
tion of antigen-presenting cells (APCs), leading to stronger im-
mune activation.[14] In recent studies, chemotherapeutic drugs
such as decitabine (DAC),[15] iron oxide,[16] genic hemicyanine
(CyNH2),[17] and glucose oxidase[18] were proved to be effec-
tive in inducing cancer cells pyroptosis and triggering antitumor
immunotherapy.[19] However, clinical applications of chemother-
apeutic drugs are restricted because of severe side effects and
drug resistance.[15] Therefore, it is vital to develop a more non-
invasive and effective strategy to trigger pyroptosis for pancreatic
cancer immunotherapy.

Unlike other treatment strategies such as ACT or ICIs which
are responded to only a specific portion of patients, PDT has a
higher patient response rate and is more flexible, controllable,
and efficient. Over the past decade, PDT has been increasingly in-
vestigated and approved by regulatory agencies worldwide, with
approved indications encompassing both skin lesions and solid
tumors.[20–22] PDT can induce apoptosis, autophagy, necrosis,
and ICD, which is associated with various factors including the

type of photosensitizer, light dose, and dose rate.[22] In our previ-
ous research, we designed a novel membrane-targeted photosen-
sitizer named TBD-3C with AIE feature which can activate can-
cer cell pyroptosis via PDT with noninvasiveness and mild side
effects for the first time.[23] Nevertheless, pyroptosis-aroused can-
cer immunotherapies via PDT have rarely been reported. Herein,
we evaluate whether TBD-3C induced pyroptosis process could
reverse the suppressive tumor microenvironment and arouse im-
munotherapy effect on pancreatic cancer both in vitro and in vivo.
Our study demonstrates that a single effective light-induced py-
roptosis could activate antitumor immunity and contribute to a
cascade of amplification effects in the tumor microenvironment
(Scheme 1). Such a strategy can significantly inhibit pancreatic
cancer growth even for orthotopic xenograft tumors without ad-
ditional treatment in the same model and set up a foundation for
pyroptosis-aroused immunotherapy of solid tumors.

2. Results and Discussion

2.1. TBD-3C Induces Pancreatic Cancer Cell Death by Pyroptosis

To investigate the feasibility of inducing pancreatic cancer pyrop-
tosis by TBD-3C under light irradiation, we selected two model
murine cell lines KPC and Panc02, which were widely used in
the study of pancreatic cancer. The red fluorescence from TBD-
3C in cancer cells was easily observed through a confocal laser
scanning microscope (CLSM), where the cell membrane and
nucleus were labeled with green membrane tracker and blue
Hoechst 33342, respectively. TBD-3C was mainly localized on the
cell membrane as proved by the overlapped fluorescence of red
and green (Figure 1A). To investigate the optimal labeling con-
centration and staining duration of TBD-3C on KPC and Panc02
cells, a quantitative analysis of labeling efficiency was performed
by flow cytometry (Figure S1, Supporting Information). The re-
sults revealed that successful membrane anchoring of TBD-3C
on KPC and Panc02 cells could be achieved with the labeling time
of 30 min at a concentration of 10 μm.

To further confirm the PDT effect of TBD-3C in pancreatic
cancer cell lines, the reactive oxygen species (ROS) generation
capacity of TBD-3C was additionally studied using flow cytome-
try with a cell-permeable ROS sensor (DCFH-DA) which sensi-
tively emits fluorescence when encountered with ROS. As shown
in Figure 1B, cells treated with TBD-3C upon white light irra-
diation (40 mW cm−2) exhibited higher mean fluorescence in-
tensity (MFI) than the control group, demonstrating increased
ROS generation in KPC and Panc02 cells. Real-time morphologi-
cal tracking of the KPC and Panc02 cells after TBD-3C treatment
under white light was recorded by the lens of a microscope (Fig-
ure S2, Movies S1 and S2, Supporting Information). Cell swelling
and large bulging bubbles on the plasma membrane were ob-
served when TBD-3C labeled KPC and Panc02 cells were irradi-
ated for 10 min (40 mW cm−2) (Figure 1C), indicating a typical
morphological characteristic of pyroptosis. To understand the py-
roptotic effect of different light durations, we studied the images
of KPC and Panc02 cells by CLSM after being treated with TBD-
3C (10 μm) upon light irradiation at a power of 40 mW cm−2 for
0, 4, 8, and 12 min (Figure S3, Supporting Information). These
results showed that the degree of pyroptosis was higher with pro-
longing light irradiation.
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Scheme 1. Schematic illustration of antitumor immunotherapy induced by photodynamic pyroptosis. A) Structure of membrane-anchored photosen-
sitizer named TBD-3C, B) membrane anchoring TBD-3C induces pyroptosis of tumor cells upon light irradiation, and C) further activates antitumor
immunity and combats immunosuppressive microenvironment for cancer immunotherapy.

Full-length GSDMD (FL-GSDMD) cleavage and lactate dehy-
drogenase (LDH) release are the typical features of pyroptotic cell
death.[24] Thus, GSDMD cleavage and LDH leakage from cells
triggered by ROS were monitored. KPC and Panc02 cells treated
with TBD-3C upon white light irradiation (40 mW cm−2) showed
a higher level of released LDH (Figure 1D) and N-GSDMD (Fig-
ure 1E) than the control sample. Further, the caspase-1 activity,
which also plays a key role in pyroptosis, was detected with the
FAM FLICA Caspase-1 Assay Kit. This assay employed the fluo-
rescent inhibitor probe FAM-YVAD-FMK to label active caspase-
1 enzyme in living cells in vitro. The result of flow cytometry (Fig-
ure 1F) showed that the fluorescence intensity in TBD-3C treated
group was much higher than the control group upon light irra-
diation, indicating that a higher level of caspase-1 was produced
by PDT treatment. These results collectively indicated that TBD-
3C could successfully activate the pyroptosis of pancreatic cancer
cell lines.

Additionally, TBD-3C labeled cells under irradiation were
stained with propidium iodide (PI) and annexin V-APC to an-
alyze cell pyroptosis. As shown in Figure 1G, the percentage
of double-positive cells (pyroptotic cells) significantly increased
with a longer irradiation time. When cells were stimulated by
a well-known apoptosis inducer staurosporine (STS), obvious
apoptotic features including nuclear fragmentation (Figure S4,
Supporting Information) and cleavage of poly ADP-ribose poly-
merase (PARP) (Figure S5, Supporting Information) were ob-
served. However, no obvious apoptotic feature was detected in
TBD-3C treated cells upon irradiation, suggesting that TBD-3C
treatment could barely induce apoptosis of KPC and Panc02 cells
under irradiation. Next, the cell viability of the TBD-3C was inves-
tigated by a cell counting kit-8 (CCK-8 kit) assay. KPC and Panc02

cells were cultured with TBD-3C of different concentrations upon
light illumination (40 mW cm−2) to investigate light-triggered cell
ablation. The result demonstrated that the IC50 values of TBD-
3C on KPC and Panc02 under illumination were 4 and 0.5 μm, re-
spectively (Figure S6, Supporting Information). Negligible dark
cytotoxicity of TBD-3C was observed in both cell lines. The results
implicated that the TBD-3C treatment upon irradiation could ef-
ficiently induce KPC and Panc02 cells’ death by pyroptosis.

2.2. Photodynamic Pyroptosis Promotes Immune Cells Activation
In Vitro

Several studies have proved that tumor cell pyroptosis ultimately
triggers ICD and can remarkably boost antitumor immunity.[11]

In this part, we performed a series of experiments to investi-
gate whether PDT-arousing pyroptosis by TBD-3C could trig-
ger ICD and initiate antitumor immunity. As a typical feature,
DAMPs such as calreticulin (CRT) were released during the pro-
cess of ICD. CRT shifted to the cell membrane to facilitate APC
recruitment, recognition, and antigen presentation and initiated
the immune response.[25] Therefore, we used an anti-CRT anti-
body to examine CRT exposure on KPC and Panc02 cells. The
quantification results (Figure S7, Supporting Information) con-
firmed that the KPC and Panc02 cells treated with TBD-3C un-
der irradiation significantly enhanced the expression of CRT on
the cell surface. DC and macrophages are both important in-
nate immune cells, which play crucial roles in phagocytic clear-
ance, antigen presentation, and initiating adaptive antitumor
immunity.[26] Typically, macrophages can be classified as M1 or
M2 macrophages.[27] The M1 subtype is the strong killer of cancer
cells, while the M2 subtype is beneficial to sustaining immune
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Figure 1. Membrane-anchoring TBD-3C stimulates the pyroptosis of pancreatic cancer cells by PDT. A) CLSM images of cells incubated with TBD-3C
(10 μm, 30 min, Red fluorescence, Ex is 405 nm, Em is from 600–680 nm), membrane tracker CellMask Green (Green fluorescence), and nuclei labeler
(Blue fluorescence). Scale bar = 20 μm. B) ROS release of KPC and Panc02 cells labeled with TBD-3C upon light irradiation at 40 mW cm−2 for 10 min
(n = 3) (MFI, Mean Fluorescence Intensity). C) Confocal images of KPC and Panc02 cells labeled with TBD-3C upon light irradiation at 40 mW cm−2

for 10 min, blue arrows indicate the cell membrane expansion. D) LDH generation of KPC and Panc02 cells labeled with TBD-3C upon light irradiation
at 40 mW cm−2 for 10 min (n = 4). E) Western blotting analysis of pyroptosis-related protein expression (GSDMD-FL, GSDMD-N) in KPC cells and
Panc02 cells after treatment with different concentrations of TBD-3C after PDT stimulation. F) The caspase-1 expression of KPC and Panc02 after PDT
treatment by flow cytometry with FAM conjugated Caspase-1 assay kit. G) Flow cytometry of propidium iodide and annexin V-fluorescein isothiocyanate
(APC)-stained KPC and Panc02 cells labeled with TBD-3C upon light irradiation at a power density of 40 mW cm−2 for 4, 8, 12 min, respectively. Data
are presented as the mean ± SD. Statistical analysis was performed using the Student’s t-test (****p < 0.0001).
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Scheme 2. Schematic illustration of the co-incubation system to simulate tumor immune microenvironment. A) Schemes showing the isolation of
BMDC, BMDM, T lymphocytes, and the polarity of M1 and M2. B) The tumor cells were pre-treated with TBD-3C upon light illumination to obtain
pyroptotic cells before co-culture. C) Pyroptotic cells were co-cultured with BMDM. D) Pyroptotic cells were co-cultured with BMDC. E) The polarized
BMDM cells were collected to co-culture with fresh tumor cells again. F) Pyroptotic cells were co-cultured with M2. G) Pyroptotic cells were co-cultured
with T lymphocytes. H) Pyroptotic cells were co-cultured with T lymphocytes, BMDM, and BMDC.

suppressiveness.[28,29] Moreover, it is well established that CTLs-
based immunity is the major contributor to cancer immunother-
apy. Thus, these three kinds of immune cells were chosen to rep-
resent the TME of pancreatic cancer in vitro. Subsequently, a sci-
entific co-incubation system containing pyroptotic cells induced
by TBD-3C co-cultured with mice bone marrow-derived den-
dritic cells (BMDCs), mice bone marrow-derived macrophages
(BMDMs), and mice spleen-derived T lymphocytes was designed
to mimic the natural TME (detailed steps in Scheme 2). The pu-
rity of BMDCs, BMDMs (M0), and T lymphocytes isolated from
mice and the polarity of M1 and M2 macrophages were con-
firmed by flow cytometry and shown in Figure S8 (Supporting
Information).

Firstly, we examined whether the treatment of pyroptotic cells
could induce the M1-polarization of macrophages and the matu-
ration of DCs. BMDMs and BMDCs were isolated from the bone
marrow of mice in advance (Scheme 2A). KPC and Panc02 cells
treated by TBD-3C (10 μm) upon light illumination (40 mW cm−2)
(Scheme 2B) were collected as pyroptotic cells, followed by
separate co-culturing with BMDMs (Scheme 2C) and BMDCs
(Scheme 2D) in the plates at the ratio 1:1 (1 × 105) for 48 h to
evaluate the phenotype transformation of BMDMs and BMDCs.
Lipopolysaccharide (LPS) can polarize macrophages and activate
the immune response. Thus, treatments with LPS were con-
ducted as a positive reference in the following experiments.[30,31]

M1-like macrophage, M2-like macrophage, and mature DC were
defined by CD86hi MHC IIhi CD206lo, CD86lo MHC IIlo CD206hi,
and CD86hi, respectively,[30,32] so that the related markers were
detected by flow cytometry. The expression of CD86 and MHC
II on the BMDMs as well as the CD86 expression level on the
BMDCs were 2–3 folds higher than the negative control plate and

had the increasing tendency as the LPS stimulated group (Fig-
ure 2A,B,D). In addition, we also detected the CD206 expression
on the BMDMs (Figure 2C) after treatment with pyroptotic can-
cer cells, which showed lower expression levels than that of the
control group and comparable expression levels to LPS stimu-
lated group. Their representative cytometry patterns are shown
in Figures S9 and S10 (Supporting Information). The co-culture
assay demonstrated that the pyroptotic cancer cells exhibited out-
standing efficacy in stimulating M1 phenotype macrophage dif-
ferentiation and BMDC maturation.

Phagocytic clearance is also an important indicator to evalu-
ate the ability of BMDM to suppress tumor growth.[33] To bet-
ter observe phagocytic clearance of pyroptotic tumor cells polar-
ized BMDM toward fresh cancer cells, the fresh cancer cells in-
cluding KPC and Panc02 were pre-labeled with carboxyfluores-
cein succinimidyl ester (CFSE), namely CFSE-KPC and CFSE-
Panc02. Then, CFSE-KPC and CFSE-Panc02 were separately cul-
tured with the pyroptotic tumor cells polarized BMDM (F4/80+)
at the ratio of 1:1 for 4 h (Scheme 2E). LPS-induced M1-like
and IL-4-induced M2-like macrophages treated with CFSE-KPC
or CFSE-Panc02 were respectively set as the positive control and
negative control for phagocytic clearance of cancer cells. The per-
centage of BMDM (F4/80+) cells that had engulfed CFSE-KPC or
CFSE-Panc02 was measured by flow cytometry. As shown in Fig-
ure 2E,F, the percentages of both BMDM (F4/80+) containing
CFSE-KPC and BMDM (F4/80+) containing CFSE-Panc02 had
significantly increased after being treated with pyroptotic tumor
cells polarized BMDM (F4/80+). These results indicated that the
macrophages exposed to pyroptotic tumor cells could enhance
their phagocytic ability toward tumor cells, which would con-
tribute to further tumor ablation.
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Figure 2. In vitro immune activation by PDT-aroused pyroptosis. The quantification of A) CD86+ M1, B) MHC II+ M1, and C) CD206+ M2 after co-
culture in different groups. D) The quantification of mature DC cells after co-culture in various groups. E) The quantification of CFSE-KPC cells in the
BMDM cells. F) The quantification of CFSE-Panc02 cells in the BMDM cells. The quantification of G) CD86+ M1 and H) MHC II+ M1 after co-culture.
Assessment of I) mature T cell marker (CD103) and J) the marker for proliferated T cells (CFSE). Assessment of K) perforin and L) granzyme B markers
on CD8+ T cells after co-culture with BMDM and BMDC cells. Data are presented as the mean ± SD. Statistical analysis was performed by Student’s
t-test (*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001) (n = 3).

TAMs are potentiated to more closely M2-polarized
macrophages to inhibit antitumor immune response and
even promote tumor progression.[34] To further explore whether
pyroptotic tumor cells could re-educate the existing M2 to
polarize to M1 in the TME, IL-4-induced M2-like macrophages
were co-cultured with pyroptotic tumor cells for 48 h, then the
expression of CD86 and MHC II on the macrophages were
detected again (Scheme 2F). As shown in Figure 2G,H, the
expression of CD86 and MHC II were significantly increased as
compared to that of the negative control plate, which was close to
the LPS positive control group. Together, these results indicated
the existing M2 could be re-educated toward M1 to inhibit the
tumor growth by PDT-induced pyroptotic tumor cells.

The impact of pyroptotic tumor cells on T lymphocytes was
studied subsequently. The T lymphocytes were co-incubated
with the pyroptotic tumor cells, BMDMs, and BMDCs for 48 h
(Scheme 2H). We concentrated on the CFSE-labeled CD8+ T cells
which are recognized as the heart of adaptive immunity. CD103
and CFSE levels representing the maturation and proliferation of
CD8+ T cells were then detected. Compared with the untreated

group, the PDT-arousing pyroptotic cells significantly promoted
CD8+ T cell proliferation and maturation with the existence of
BMDMs and BMDCs (Figure 2I,J). The representative cytome-
try patterns are shown in Figure S11 (Supporting Information).
Granzyme B and perforin are responsible for the CTLs-based im-
munity. Activated CD8+ CTLs can secrete granzyme B and per-
forin to lyse the target cell and cause its death by triggering apop-
tosis or other forms of cell death.[35] Thus the in vitro CD8+ T
cell activation was further evaluated by analyzing granzyme B
and perforin secretion via flow cytometry. T lymphocytes were co-
incubated with pyroptotic tumor cells with or without BMDMs
and BMDCs (Scheme 2G,H). PDT-arousing pyroptotic cells by
TBD-3C significantly stimulated CD8+ T cells to secrete perforin
and granzyme B with the existence of BMDMs and BMDCs,
where the percentage of perforin+ CD8+ T cells and granzyme
B+ CD8+ T cells were respectively sixfold and 60-fold of control
groups (Figure 2K,L and Figure S12, Supporting Information).
The representative cytometry patterns are shown in Figure S13
(Supporting Information). These results jointly revealed the great
potential of TBD-3C PDT treatment for both BMDM-to-T and
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DC-to-T immune activation, indicating that PDT-arousing tumor
pyroptosis by TBD-3C could enable the co-delivery of tumor anti-
gens and adjuvant with high immunogenicity to cause antitumor
immune response.

2.3. Pyroptosis Remodeling Tumor Microenvironment to
Promote Antitumor Immunotherapy

The successful immune activation of PDT-aroused pyroptosis
by TBD-3C in vitro drove the subsequent hypothesis that PDT-
aroused pyroptosis could suppress tumor growth and remodel
TME. Subsequently, we evaluated the inhibition efficacy of TBD-
3C treatment under irradiation on the progression of pancreatic
cancer. Subcutaneous pancreatic cancer (KPC and Panc02) mod-
els in immunocompetent C57 mice were established. TBD-3C
dissolved in PBS or PBS was intratumorally injected followed
by light irradiation (40 mW cm−2, 10 min) when the average tu-
mor volume reached 50 mm3 (Figure 3A). At the end of treat-
ment, the main organs and tumors from all sacrificed mice were
collected for further detection. The tumor weights (Figure 3B)
and tumor volume growth curves (Figure 3C and Figure S14A–
D, Supporting Information) showed that PDT with TBD-3C has
significantly inhibited tumor growth as compared with the PBS
group. The corresponding excised tumor images after treatment
are shown in Figure S14E,F (Supporting Information). No body
weight loss occurred, indicating negligible side effects of TBD-
3C PDT treatment (Figures S14G and S15H, Supporting Infor-
mation). Besides, mice that received TBD-3C PDT treatment ex-
hibited longer survival compared with the mice treated with PBS
(Figure S15, Supporting Information). Without irradiation, treat-
ment with TBD-3C showed no inhibitory effect on tumor pro-
gression (Figure S16, Supporting Information). To further con-
firm that TBD-3C could induce pyroptosis in vivo via PDT, we
examined the LDH release and GSDMD cleavage in tumors.
The TBD-3C PDT group showed a higher level of released LDH
(twofold) (Figure S17, Supporting Information) and more FL-
GSDMD was cleaved (Figure 3D) than the control group both
in KPC and Panc02 model. To further prove the pyroptosis-
mediated ICD by TBD-3C PDT in vivo, the TAAs marker CRT
and high mobility group box 1 (HMGB1) in tumor tissue were
also investigated via Western blot and immunofluorescence. The
results in Figure 3D and Figure S18 (Supporting Information)
showed that the TBD-3C PDT group exhibited higher expres-
sion of HMGB1 and CRT both in KPC and Panc02 model. More-
over, adenosine triphosphate (ATP) release as an important ICD
marker was also monitored, the results in Figure 3E showed tu-
mors treated with TBD-3C PDT exhibited increased ATP secre-
tion. Immunohistochemistry staining of tumor sections was per-
formed with anti-Ki-67 antibody for assessing cell proliferation,
anti-𝛼-SMA antibody for fibrosis marking, and anti-CD8 antibody
for CD8+ CTL infiltration. The results revealed that TBD-3C pho-
todynamic treatment had lowered Ki-67 positive rate, reduced 𝛼-
SMA expression, and increased CD8+ CTL rate in comparison
with the control group (Figure 3F, Figure S19A, Supporting In-
formation). Corresponding quantitative analysis is shown in Fig-
ure 3G and Figure S20B (Supporting Information). In addition,
TBD-3C photodynamic treatment showed no hemocytolysis ef-
fect in blood circulation and non-toxicity to organs (Figure S20,

Supporting Information). The blood biochemistry exhibited no
abnormality after TBD-3C photodynamic treatment when com-
pared to the PBS control group (Figure S21, Supporting Informa-
tion). These results suggest the excellent antitumor effects upon
light irradiation and good biocompatibility of TBD-3C PDT.

CD8+ CTLs play a dominant role in the antitumor immune re-
sponse by enhancing tumor cell elimination after being activated
by APCs presenting tumor antigens.[36] We evaluated the ability
of photodynamic pyroptosis by TBD-3C to promote the activa-
tion of CD8+ CTLs. As shown in Figure 3H, the percentage of
tumor-infiltrating CTLs after TBD-3C photodynamic treatment
was 53.64 ± 12.1%, which was higher than the control group
(40.46 ± 7.2%). Upregulation of CD69 expression is a trait of
CTLs activation and the percentage of CD69+ T cells in CD8+

T cells was markedly increased in the tumor after being treated
with PDT, which is almost 18-fold higher than that in the con-
trol group (Figure 3I). Besides, TBD-3C photodynamic treatment
also induced CD103 upregulation on CD8+ T cells (Figure 3J),
which plays an essential role in inhibiting tumor growth. Pro-
grammed death 1 (PD-1) is an immune inhibitory receptor, and
PD-1 overexpression on CTLs is elevated with tumor immune
evasion.[37] Thus, the PD-1 expression on CTLs cells was eval-
uated as shown in Figure 3K. We found that the expression of
PD-1 on CTLs (18.53 ± 4.9%) with the TBD-3C photodynamic
treatment was significantly decreased than that of control groups
(27.64 ± 5.8%). Downregulating of PD-1 on CTLs could evade
immune checkpoint identification and would further contribute
to the inhibition of tumor immune escape. The representative
cytometry patterns are shown in Figure S22 (Supporting Infor-
mation). The cytokines in the serum such as tumor necrosis
factor-𝛼 (TNF-𝛼) and interferon-𝛾 (IFN-𝛾) are closely associated
with antitumor immunity. Mice treated with TBD-3C PDT exhib-
ited significantly elevated concentrations of TNF-𝛼 and IFN-𝛾 in
serum (Figure S23, Supporting Information) compared to those
treated with PBS, indicating that TBD-3C PDT treatment caused
a stronger antitumor immune response.

To understand the transformation of the immune landscape
in TME that was affected by the TBD-3C aroused pyroptosis
via PDT, we conducted a high-dimensional characterization of
KPC-bearing mice tumors from the two groups by time-of-flight
mass cytometry (CyTOF), which could concurrently detect abun-
dant biomarkers expression and comprehensive immunologi-
cal information (Figure 4A). The heatmap (Figure 4B) and two-
dimensional t-stochastic neighbor embedding (t-SNE) projec-
tions (Figure 4C) were constructed for visualization, where the
immune cells were divided into 40 clusters by 42 immune mark-
ers. The excel containing the detailed definition of each cluster
based on the different levels of marker expression could be ob-
tained from Table S2 (Supporting Information). Representative
images of cell proportion in different groups are also shown in
Figure S24 (Supporting Information). Overall, the immune land-
scape in time-of-flight mass cytometry was changed in the TBD-
3C PDT group as compared with the control group (Figure 4C
and Figure S25, Supporting Information). For convenience, six
main kinds of cell types including CD4+ T cells, CD8+ T cells,
macrophages, natural killer (NK) cells, B cells, and DC cells were
identified among the clusters based on typically expressed mark-
ers (Figure 4D). Especially, the overall expression of PD-L1 and
the markers including lymphocyte activation gene-3 (Lag3) and
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Figure 3. In vivo antitumor effects of localized delivery of TBD-3C in KPC and Panc02 tumor-bearing mice. A) Schematic illustration of TBD-3C-based
PDT-arousing pyroptosis to inhibit tumor growth. C57 mice were subcutaneously inoculated with 5 × 105 KPC cells or 2 × 105 Panc02 cells on day
7. PBS or TBD-3C was then intratumorally injected on day 3 and under white light irradiation (40 mW cm−2, 10 min) for 24 h after injection. B) The
tumor weights and C) tumor growth curves of various treatment groups. D) Western blotting analysis of HMGB1, CRT, GSDMD-FL, and GSDMD-N
in tumor tissue after treatments (n = 3). E) Quantitative analysis of ATP in tumor tissue after treatments (n = 5). F) Pathology studies show 𝛼-SMA,
Ki-67, and CD8 expression in the mice in different groups in the KPC model. The bars represent 50 μm. G) Ki-67 and CD8 positivity analyses in the
KPC model (n = 5). Flow cytometry quantification of H) CD8, I) CD69, J) CD103, and K) PD-1 expression on intratumoral infiltration CTLs with TBD-3C
photodynamic treatment in the KPC model. Data are presented as the mean ± SD. Statistical analysis was performed by Student’s t-test (*p < 0.05,
**p < 0.01, ***p < 0.001, and ****p < 0.0001).
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Figure 4. Mass cytometry analysis of lymphocytes in TME after photodynamic pyroptosis therapy in KPC-bearing mice. A) A brief scheme demonstrating
the sample processing and data analysis process. B) A heat map showing the normalized expression of the markers. C) A t-SNE map was colored by 40
clusters from all samples and the blue one represented the control group, the red one represented the TBD-3C PDT group. D) Normalized expression
of markers for the six main immune cell types on the t-SNE map. E) T-SNE plots showing the expression of marker PD-L1, IFN-𝛾 , Tim3, and Lag3 in
different groups and relevant statistics are shown together. Data are presented as the mean ± SD. Statistical analysis was performed by Student’s t-test
(*p < 0.05 and**p < 0.01) (n = 3).
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T cell immunoglobulin-3 (Tim3) on CD8+ T cells (Cluster 35)
in the TBD-3C PDT group were downregulated significantly,
and all of which are immune suppressive markers. Excitingly,
the expression of IFN-𝛾 (Interferon-gamma) on CD8+ T cells
was increased observably (Figure 4E). Moreover, the numbers
of immune-active cells, such as 𝛾𝛿 T cells, NK cells, and CD4+

TEMRA (effector memory CD45RA+) (Figure 4F), were increased
remarkably in the treatment group as compared with those in the
control group. Besides, the immunosuppressive myeloid-derived
suppressor cells (MDSCs) were also reduced significantly in the
TBD-3C PDT group (Figure S26, Supporting Information). Col-
lectively, these results demonstrated that the PDT-aroused pyrop-
tosis by TBD-3C successfully converted the immune landscape
from immunosuppressive “cold” TME to immunogenic “hot”
TME.

2.4. Pyroptosis-Aroused Immunological Responses to Attack
Distant Orthotopic Tumor

After confirming that the TBD-3C aroused pyroptosis could sup-
press tumor growth and remodel the TME of the “local tumor,”
we further assessed whether the local TBD-3C PDT treatment
could induce anti-tumor immune responses to treat “distant
tumor” effectively. C57BL/6 male mice were subcutaneously
inoculated with 5 × 105 KPC-Luc cells at the right flank to build
a subcutaneous tumor model (local tumor) and injected with
5 × 105 KPC-Luc cells at the tail of the pancreas to build an
orthotopic tumor model (distant tumor) in every mouse. As
depicted in Figure 5A, mice were randomly divided into two
groups with the same density of bioluminescence signals at 7 d
post-tumor inoculation, which were treated with PBS or TBD-3C
via intratumoral injection (local tumor). After 24 h injection,
mice were treated with white light irradiation (40 mW cm−2,
10 min). To evaluate the therapeutic efficacy of TBD-3C PDT
treatment in both subcutaneous and orthotopic models, the
tumor growth was monitored using the In Vivo Imaging System
(IVIS). The tumor size was measured on day 7, 9, 12, and 14.
Bioluminescence images and corresponding bioluminescence
signals of subcutaneous and orthotopic tumors are shown in
Figure 5B,C. It was found that the mice receiving TBD-3C PDT
treatment showed remarkable inhibition of both subcutaneous
tumor and orthotopic tumor growth, suggesting that our strat-
egy could promote effective host antitumor immune responses.
Consistently, the images (Figure S27, Supporting Information)
and weights (Figure 5D) of excised subcutaneous and ortho-
topic tumors from KPC-bearing mice at the end of treatment
showed that the tumor size of the treatment group was much
smaller than those in the control group. Next, we performed
flow cytometry to quantitate the naïve T cells (CD44lowCD62Lhi),
central memory T cells (TCM) (CD44hiCD62Lhi), and effector
memory T cells (TEM) (CD44hiCD62Llow) in the spleen which
is a crucial characterization for distal tumor inhibition (Fig-
ure S28A, Supporting Information). The TEM in the TBD-3C
PDT group was significantly more than that in the PBS group,
while the proportion of naïve and TCM indicated no difference
in different groups (Figure S28B–D, Supporting Information).
These results indicate that mice treated with TBD-3C PDT
generate an immune memory effect to inhibit distant tumors.

To provide a clear illustration of immune reaction in the distant
tumor, we utilized flow cytometry to quantitate CD8+ T cells,
IFN-𝛾+CD8+ T cells, perforin+CD8+ T cells, and regulatory T
cells (Tregs) in the orthotopic tumor. The TME analysis showed
that the TBD-3C PDT treatment group had promoted the infil-
tration of CD8+ T cells, IFN-𝛾+CD8+ T cells, and perforin+CD8+

T cells in tumors while decreasing the infiltration of Tregs
compared to that in the tumors treated with the control group
(Figure 5E–H; Figure S29A, Supporting Information). Fur-
thermore, the TME analysis of orthotopic tumors showed
that the TBD-3C PDT treatment group could significantly
decrease the percentage of Monocytic-MDSCs (M-MDSCs)
(CD45+CD11b+Ly6C+Ly6G−) and Granulocytic-MDSCs (G-
MDSCs) (CD45+CD11b+Ly6C−Ly6G+) in the CD11b+CD45+

cells, which are immunosuppressive in TME. (Figure 5I,J;
Figure S29B, Supporting Information). The changes of M1
and M2 subtypes were also analyzed respectively. As shown in
Figure 5K,L, the proportion of M1 macrophages was significantly
increased in the TBD-3C PDT group compared with the PBS
group while there was no significant change in the portion of
M2 macrophages. Collectively, these results provided a clear
illustration of immune activation in the distant tumor and imply
the immunotherapeutic activity in the TME of distant tumors,
suggesting the great potential of TBD-3C PDT for the treatment
of tumor metastasis.

3. Conclusions

In conclusion, we report a strategy for immunotherapy through
cell pyroptosis by a membrane-targeted AIE photosensitizer
(TBD-3C), which demonstrated an excellent antitumor efficiency
for pancreatic cancer. TBD-3C showed high tumor cell mem-
brane labeling efficiency, and precise light-controlled cell pyrop-
tosis activating ability which led to TME remodeling with strong
APC maturation and T lymphocyte infiltration, and high effi-
ciency in tumor growth suppression both in subcutaneous and
orthotopic xenograft models. This study provides a foundational
platform for light-controlled antitumor immunity aroused by cell
pyroptosis with high biocompatibility, opening a window on tu-
mor immunotherapy.

4. Experimental Section
Ethics Statement: The manuscript was written according to estab-

lished ethical standards. The experimental protocol was approved by the
ethical standards of the Ethics Committee of the First Affiliated Hospi-
tal of Zhejiang University School of Medicine. The animal experiments
were performed following the applicable guidelines of the Animal Ethics
Committee of the First Affiliated Hospital of Zhejiang University School of
Medicine and the China Animal Protection Law.

Materials: TBD-3C used in this study was prepared according to
the previous research.[23] The other agents used in this study were as
following: McCoy’s 5A (Modified) Medium (Thermo Fisher Scientific,
16600082), RPMI 1640 Medium (Gibco, 21870076), Fetal bovine serum
(FBS) (Gibco, 10100147), Hoechst 33342 (Solarbio, C0031), Membrane
tracker CellMask Green (Thermo Fisher Scientific, C37608), Reactive
Oxygen Species Assay Kit (Beyotime, C0033), LDH Cytotoxicity Assay Kit
(Beyotime, C0016), Annexin V-PI Apoptosis Detection Kit (Elabscience,
E-CK-A217), Cell Counting Kit-8 (Beyotime, C0037), Staurosporine (STS)
(MCE, 15141), BCA assay (Beyotime, P0012), ATP assay kit (Beyotime,
S0026), GAPDH antibody (Beyotime, AF5009), PRAP antibody (Cell
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Figure 5. System immunity activated by PDT-arousing pyroptosis. A) Schematic illustration of PDT-arousing pyroptosis by TBD-3C to a distant ortho-
topic tumor. C57 mice were subcutaneously and orthotopically inoculated with KPC cells on day 0. PBS or TBD-3C was then intratumorally injected
(subcutaneous) on day 7 and under white light irradiation (40 mW cm−2, 10 min) 24 h later. B) In vivo bioluminescence imaging of the KPC tumors
(both subcutaneous and orthotopic) in control and treated groups. Three representative mice of each group are shown. C) The quantitative biolumines-
cence signals of tumors in the different groups at different time points. D) The weights of subcutaneous and orthotopic tumors in different groups. Flow
cytometry quantification of E) CD8+ T cells, F) IFN-𝛾+CD8+ T cells, G) perforin+CD8+ T cells, and H) Tregs in the excised tumors collected from KPC
orthotopic xenograft model. Statistic results for the proportions of I) M-MDSC, J) G-MDSC, K) M1 macrophages, and L) M2 macrophages in the TME
of KPC orthotopic xenograft model. Data are presented as the mean ± SD. Statistical analysis was performed by Students’ t-test (ns, nonsignificant.
**p < 0.01 and ***p < 0.001).
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Signaling Technology, 9542), GSDMD antibody (Cell Signaling Tech-
nology, 96458), Alexa Fluor 647 Anti-Calreticulin (Abcam, ab196159),
FAM-FLICA Caspase-1 (YVAD) Assay Kit (Immunochemistry, 97), Red
blood cell lysis buffer (Beyotime, C3702), Mouse IL-4 (Peprotech, 214-14),
Mouse M-CSF (Peprotech, 315-02), Mouse GM-CSF (Peprotech, 315-03),
LPS (Sigma-Aldrich, L5293), CD8+ T cell isolation kit (Miltenyibiotec,
130-096-495), Dispase (Gibco, 17105041), Collagenase IV (Thermo Fisher
Scientific, 17104019), Calcium chloride solution (Sigma-Aldrich, 21115),
DNase (Sigma-Aldrich, D5025), Percoll (GE Healthcare, 17-0891-01), anti-
mouse CD16/32 antibody (Biolegend, 101320), Fixation/Permeabilization
solution kit (BD Biosciences, 555028), Leukocyte activation cocktail (BD
Biosciences, 550583), anti-CD45-BV605 (BD Biosciences, 563053), anti-
CD45-BV786 (BD Biosciences, 564225), anti-CD3-FITC (BD Biosciences,
555274), anti-CD4-APC-Cy7 (BD Biosciences, 552051), anti-CD8-PE-Cy7
(BD Biosciences, 552877), anti-CD86-PE (BD Biosciences, 553692),
anti-MHC II-BV421 (BD Biosciences, 562564), anti-CD103-AF700 (BD
Biosciences, 565529), anti-CD206-AF647 (BD Biosciences, 565250),
anti-CD11b-PE-CF594 (BD BioSciences, 562399), anti-CD11c-PC5.5 (BD
BioSciences, 560584), anti-IFN-𝛾-APC (BD Biosciences, 554413), anti-PD-
1-BV421 (BD Biosciences, 562584), anti-CD49b-APC (BD Biosciences,
558295), anti-CD69-BV786 (BD Biosciences, 564683), anti-F4/80-PE-Cy7
(Biolegend, 157308), anti-Granzyme B-PC5.5 (BioLegend, 396412), anti-
Perforin-PE (BioLegend, 154306), anti-CD25-AF700 (Biolegend, 102024),
DAB Chromogen kit (Biocare, BDB2004), Rabbit anti-CD8 (Cell Signaling
Technology, 98941), Ki-67 antibody (Cell Signaling Technology, 10020), 𝛼-
SMA antibody (Cell Signaling Technology, 19245), HMGB1 antibody (Ser-
vicebio, GB11103), Calreticulin (CRT) antibody (Servicebio, GB112134),
anti-CD44-BV510 (BD Biosciences, 563114), anti-CD62L-PE (BioLegend,
104408), anti-Foxp3-PE (BioLegend, 126403), anti-Ly6C-BV605 (BD
Biosciences, 563011), anti-Ly6G-FITC (BD Biosciences, 551460), Mouse
IFN-𝛾 Precoated Elisa Kit (DaYou, 1210002), Mouse TNF-𝛼 Precoated Elisa
Kit (DaYou, 1217202), LIVE/DEADTM Fixable Violet Dead Cell Stain Kit
(Thermo Fisher Scientific, L34963).

Confocal Imaging: To prove the membrane anchoring ability of TBD-
3C, the KPC and Panc02 cells were seeded in an 8-well chamber and
grown to 70% density before assay. The cells were incubated with fresh
cell culture medium containing TBD-3C (10 μm) for 30 min. After in-
cubation, the cells were stained by membrane tracker CellMask Green
(2 μg mL−1) for 15 min after twice washing with PBS. At last, the cell nuclei
were stained by Hoechst 33342 (10 μg mL−1) for 5 min before cell imag-
ing. TBD-3C channel: Ex = 405 nm, Em = 600–680 nm; Green CellMask
channel: Ex = 522 nm, Em = 530–540 nm; Blue Hoechst 33342 channel:
Ex = 405 nm, Em = 430–470 nm. To capture the cell morphology change,
the KPC and Panc02 cells were cultured with culture medium containing
TBD-3C (10 μm) for 30 min and then upon light irradiation at 40 mW cm−2

for 10 min. After 1 h culture, the cells were monitored by bright-field im-
ages with CLSM. Real-time morphological tracking of the KPC and Panc02
cells after TBD-3C (10 μm) treatment under white light (405 nm, 8%) was
recorded by LEICA SP8 confocal microscope.

ROS Assay: The DCFH-DA was utilized as a ROS indicator to detect
ROS generation of TBD-3C in KPC and Panc02 cells. KPC and Panc02
cells were seeded in a 6-well plate (1 × 105 cells each well) and cultured
overnight. Afterward, cells were incubated with a fresh medium contain-
ing TBD-3C (10 μm) for 30 min followed by irradiation at 40 mW cm−2

(10 min). The cells treated with PBS were set as control. After 24 h culture,
the cells were washed with PBS followed by DCFH-DA (10 μm) staining at
37 °C for 15 min. The fluorescence intensity was detected by flow cytome-
try with excitation at 488 nm.

LDH Release Assay: KPC and Panc02 cells were seeded in 96-well
plates (1 × 104 per well) and incubated overnight. The next day, the cells
were treated by PBS or TBD-3C (10 μm) upon irradiation at 40 mW cm−2

or under dark. After 24 h incubation, the activity of LDH released into cell
culture supernatants was monitored by the LDH Cytotoxicity Assay Kit ac-
cording to the manufacturer’s instructions.

In Vitro Annexin V-FITC/PI Assay: KPC and Panc02 cells were seeded
into 6-well plates at a density of 1 × 105 per well and incubated overnight.
Then, cells were incubated with TBD-3C (10 μm) for 30 min and followed
by light irradiation at 40 mW cm−2 for 0, 4, 8 and 12 min. After 24 h incuba-

tion, the cells were collected and stained with Annexin V-APC/propidium
iodide (PI) according to the instructions. The cells were detected by flow
cytometry using a LSRFFortessa Cell Analyzer (BD Biosciences) and data
were analyzed by FlowJo software.

In Vitro Co-Culture Assay: Briefly, the co-culture system consists of
pyroptotic cells induced by TBD-3C, BMDCs, mice BMDMs, and mice
spleen-derived T lymphocytes. Next, each part of the experiment was spec-
ified. To obtain the pyroptotic cells, KPC and Panc02 cells were seeded
into 6-well plates at a density of 1 × 105 per well and incubated overnight.
Then, cells were incubated with TBD-3C (10 μm) for 30 min and followed
by light irradiation at 40 mW cm−2 for 10 min. The KPC and Panc02 cells
treated with PBS were set as control. To analyze the macrophage polariza-
tion, the isolated BMDMs were co-cultured with pyroptotic cells or control
cells at the ratio of 1:1. After 48 h incubation, the cells in the plate were
collected and analyzed by flow cytometry. The cells were incubated with
CD11b, CD86, MHC II, and CD206 antibodies. The CD11b antibody was
used to gate the BMDM group for further analysis. The BMDMs treated
with LPS (0.5 μg mL−1) for 48 h were set as a positive reference. To analyze
the DC maturation, the isolated BMDCs were co-cultured with pyroptotic
cells or control cells at the ratio 1:1 for 48 h. Then, the cells in the plate
were collected and analyzed by flow cytometry. The cells were incubated
with CD11b and CD86 antibodies and the CD11b antibody was used to
gate the BMDC group. The BMDCs treated with LPS (0.5 μg mL−1) for
48 h were set as positive reference. To analyze the phagocytic clearance
of pyroptotic tumor cells polarized BMDM, the polarized BMDMs were
collected after 48 h incubation. The KPC and Panc02 cells were labeled
with 4 μmol L−1 CFSE for 10 min at 37 °C, namely CFSE-KPC and CFSE-
Panc02. Then, the CFSE-KPC and CFSE-Panc02 cells were separately cul-
tured with the pyroptotic tumor cells polarized BMDMs at the ratio of 1:1
for 4 h. After 4 h incubation, the percentage of BMDM cells that had en-
gulfed CFSE-KPC or CFSE-Panc02 was measured by flow cytometry. The
cells were labeled with F4/80 antibody to gate the BMDM group and the
KPC and Panc02 cells were gated by CFSE. LPS-induced M1-like and IL-
4-induced M2-like macrophages treated with CFSE-KPC or CFSE-Panc02
was respectively set as the positive control and negative control for phago-
cytic clearance of cancer cells. To explore whether pyroptotic tumor cells
could re-educate the existing M2 to polarize to M1, IL-4-induced M2-like
macrophages were co-cultured with pyroptotic tumor cells for 48 h. Then
the expression of CD86 and MHC II on the macrophages was detected by
flow cytometry. The CD11b antibody was used to gate the BMDM group.
The IL-4-induced M2-like macrophages were set as the negative group and
the M2-like macrophages after LPS (0.5 μg mL−1) treatment were set as
the positive group. To analyze the CD8+ T cell proliferation and matura-
tion, a total of 2 × 105 T lymphocytes were incubated with pyroptotic cells
for 48 h with the existence of BMDMs and BMDCs. Then the cells were
collected and incubated with CD103 antibody to analyze the maturation.
CFSE were used to gate the CD8+ T cell group and analyzed the prolif-
eration of CD8+ T cells by flow cytometry. The weaker CFSE fluorescence
represents the stronger T cell proliferation. To further evaluate the CD8+

T cell activation, a total of 2 × 105 T lymphocytes were incubated with py-
roptotic cells for 48 h with the existence of BMDMs and BMDCs or not.
After 48 h incubation, CD8+ T cell activation was evaluated by analyzing
granzyme B and perforin secretion by flow cytometry.

Mice: The immunocompetent male C57BL/6 mice (4–6 weeks) were
purchased from the Model Animal Research Center of Nanjing University
and were maintained under a 12-h light/12-h dark cycle in pathogen-free
conditions.

In Vivo Anti-Tumor Therapy through PDT-Aroused Pyroptosis: For the
subcutaneous model, the KPC (or Panc02) cells were injected subcuta-
neously into the right flank of the male C57BL/6 mice at a density of
5 × 105 (or 2 × 105) suspended in 50 μL PBS per mouse. Ten days af-
ter incubation, mice were randomly divided into two groups, then PBS
(25 μL) or TBD-3C dissolved in PBS (1 mm, 25 μL) were intratumorally in-
jected, respectively, and mice were all exposed to irradiation for 10 min at
40 mW cm−2 at 24 h after injection or under dark. Tumor volume was cal-
culated by 1/2 × length × width2. The length means the longest diameter
and the width means the perpendicular short diameter. At the end of the
treatment course, the mice were sacrificed and the tumor samples were
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collected for further analysis. For the local and distant model, C57BL/6
male mice were subcutaneously inoculated with 5 × 105 KPC-Luc cells at
the right flank to build a subcutaneous tumor model (local tumor) and
injected with 5 × 105 KPC-Luc cells suspended in 25 μL mixed medium
(Matrigel:PBS = 1:1) at the tail of the pancreas to build an orthotopic tu-
mor model (distant tumor) with a sterile insulin needle. Seven days after
incubation, mice were divided into two groups according to the subcuta-
neous and orthotopic tumor burdens which were measured by the IVIS.
Specifically, D-luciferin (200 mg kg−1) was intraperitoneal injected 20 min
before imaging by Living Image software. Regions of interest were quan-
tified as average radiance, represented by color bars. After the grouping,
PBS (25 μL) or TBD-3C dissolved in PBS (1 mm, 25 μL) was then intratu-
morally injected into “local tumor” and all mice were exposed to irradiation
for 10 min at 40 mW cm−2 at 24 h after injection. Along with the adminis-
tration, the subcutaneous and orthotopic tumor burdens were measured
by the IVIS. At the end of the treatment course, the mice were sacrificed
and the tumor samples were collected to evaluate the weights and perform
other analyses.

Immunohistochemistry (IHC): Tumor tissues from mice were har-
vested at the end of the animal experiment and analyzed by IHC. First,
the isolated tissues were stored in 10% neutral buffered formalin. After
paraffin embedding, they were cut into 4 μm-thick sections, placed on
glass slides, and then deparaffinized after being baked at 68 °C for 90 min.
Antigens were retrieved by boiling the sections in sodium citrate antigen
retrieval solution for 10 min, then cooling at room temperature for half
an hour. The samples were blocked in 3% BSA at room temperature for
30–60 min. After that, they were incubated with the target primary anti-
body at 4 °C overnight. The next day, the unbound primary antibody was
washed with PBS and the secondary antibody conjugated with biotin was
used to combine the primary antibody at room temperature for 60 min.
The target protein was then visualized using a diaminobenzidine (DAB)
chromogen kit, with brown staining representing a positive molecule. Fi-
nally, slides were stained with hematoxylin for nuclei for 3–5 min and the
representative images were captured by optical microscope. The immuno-
histochemical results were further quantified by Image J software.

ATP Activity Assay: ATP levels were measured using a firefly luciferase-
based ATP assay kit (Beyotime, China, S0026) according to the manufac-
turer’s instructions. Briefly, 200 μL (20 mg tissue) lysate was added and
a glass homogenizer was used to homogenize tissue. Centrifugation was
performed at 4°C and 12 000 g for 5 min. The supernatant was taken for
subsequent determination. The level of ATP was quantitatively determined
by ATP bioluminescent assay kit according to manufacturer’s instructions.

Tumor Immune Microenvironment Assay by Flow Cytometry: At the end
of in vivo therapy, the mice were sacrificed and the tumors were collected
for flow cytometry analysis. The tumor tissues were separated into small
fragments and were placed in RPMI 1640 containing CaCl2 (3 mm), DNase
(10 μg mL−1), collagenase IV (1 mg mL−1), and 2% FBS at 200 rpm Shake
for 60 min at 37 °C. The digested tissues were then milled into single cells
using a 70-μm cell strainer and washed with PBS 3 times. Then super-
natants were removed and the cells were resuspended in a pre-prepared
36% Percoll solution before being centrifuged at 600 g to remove non-
immune cells. Red blood cell lysis buffer was used to remove the red
blood cells. To detect cytokines secreted by T cells, immune cells were
stimulated by incubating with a leukocyte activation cocktail for 4 h at
37 °C. After that, cells were washed with PBS, blocked with anti-mouse
CD16/32 antibody for 30 min, and then stained with surface antibodies in
the dark for 30 min at 4 °C. Cells were washed again with PBS, fixed with
4% paraformaldehyde, and then permeabilized with a fixation/perforation
solution to simultaneously stain cells for intracellular molecules. Finally,
the cells were resuspended in 400 μL PBS and analyzed by flow cytome-
try using a LSRFFortessa Cell Analyzer (BD Biosciences). These data were
analyzed by FlowJo software.

Mass Cytometry (CyTOF) Analysis of Immune Cells in Tumor Microenviron-
ment: The immune cells in KPC-bearing mice tumors were further ana-
lyzed by Mass cytometry (CyTOF). The methods of obtaining immune cells
from tumor tissues are the same as mentioned in section “Tumor Immune
Microenvironment Assay by Flow Cytometry.” The immune cells were in-
cubated with an in-house developed panel of mixed antibodies according

to the standard protocol. The mixed antibody panel consists of 42 anti-
bodies conjugated to different metals (Table S1, Supporting Information).
After incubation, the CyTOF system (Helios, Fluidigm, San Francisco, CA,
USA) was used to detect the metal signals to evaluate the expression of the
conjugated target molecule. The types of immune cell were subjected to
density clustering after they were identified using nonlinear dimensionality
reduction [t-distributed stochastic neighbor embedding (t-SNE)].

In Vivo Spleen Analysis: The spleens from mice were collected and pre-
pared to single cell, followed by removal of red blood cells (RBCs) by Red
blood cell lysis buffer. Then, the cells were stained with a LIVE/DEAD Fix-
able Violet Dead Cell Staining Kit, followed by blocking using anti-CD16/32
mAb in PBS to block Fc receptors. For the analysis of memory T cells, cells
were stained by CD3, CD4, CD8, CD44, and CD62L on ice for 30 min in the
dark in PBS. Flow cytometry was performed by LSRFFortessa Cell Analyzer
(BD Biosciences).

Statistical Analysis: Quantitative data were presented as mean ± SD.
The data were analyzed using GraphPad Prism software (GraphPad Inc.,
La Jolla, CA, USA; version 7.0). The differences were determined using Stu-
dent’s t-test for two-group comparisons. A p-value less than 0.05 is consid-
ered statistically significant (p-value: *p < 0.05, **p < 0.01, ***p < 0.001,
and ****p < 0.0001).

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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