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KEY WORDS Abstract  Although immunotherapy has revolutionized cancer treatment, antitumor immunological
responses remain limited by insufficient tumor immunogenicity and immunosuppressive tumor microen-
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P & vironment. Herein, pyroptosis induction is integrated into a photosensitizer to potentiate tumor immuno-

Img;l:]?:;:ab(mc genicity. In this part, artesunate is disclosed to increase GSDME and modified to synthesize its ROS-
Pyroptosis induction; cleavable prodrug, which is then installed into the self-assembled photosensitizer, resulting in a novel
Adenosine—A2AR: oil-in-water nanoplatform (BDP-pATS). The cytotoxicity, pyroptosis feature and potentiated GSDME
Photo-controlled; induced by BDP-pATS are well confirmed. Subsequently, a novel acid-activatable adenosine—A2AR in-
Acid-activatable; hibitor is synthesized and further installed into the aforementioned platform to obtain BDP-pATS-aA2Ai,
Cancer immunotherapy; manipulating immunometabolic strategy to counterbalance the enhanced adenosine caused by pyroptosis.
Photoimmunotherapy Such a photo-controlled and acid-activatable nanoprodrug enhances cytotoxic T cell functions while re-

strains regulatory T cell activities, leading to potent effects toward primary and abscopal tumor inhibition.
In addition, BDP-pATS-aA2Ai also manifests desirable performance on pulmonary metastasis and tumor
recurrence mouse model. To the best of our knowledge, this study presents the first concept of blocking
adenosine—A2AR pathway during pyroptosis occurrence. Collectively, this work strategically combines
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immunometabolic interception, pyroptosis induction, photodynamic therapy and epigenetic regulation,
emphasizing the significance of comprehensive therapy, which should open up a new viewpoint for can-

cer immunotherapy.

© 2026 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Cancer immunotherapy has emerged as a remarkable therapeutic
paradigm that stimulates the host immune system against primary
and metastatic tumor recurrence' ~*. However, up to now, only a
small subset of patients can benefit from mono- or combined-
immunotherapy with limited clinical response” °. Growing evi-
dence has indicated that antitumor responses primed by current
immunotherapies are restricted by insufficient tumor immunoge-
nicity and immunosuppressive tumor microenvironment
(TME)'°"'2. Consequently, discovery of novel approaches,
particularly comprehensive strategies capable of enhancing tumor
immunogenicity while counteracting immune escape, would be
highly desirable''*,

Pyroptosis was identified as a novel programmed cell death
pattern, characterized by cell morphology swelling, plasma
membrane rupture and release of inflammatory cytokines, ulti-
mately enhancing tumor immunogenicity and further stimulating
the host potent immune response'>2°. Currently, reactive oxygen
species (ROS) produced by some chemotherapy drugs are related
with transforming tumor cells from apoptosis to certain pyrop-
tosis?'. Featured by ROS-dependent therapeutic platform, photo-
dynamic therapy (PDT) employs photosensitizers to generate
ROS to kill tumor cells?’. Unfortunately, noninflammatory
apoptosis is a significant cell death manner during PDT, making
its triggered antitumor immunity not sufficiently potent® 2.
Apoptosis is mainly mediated by caspase-3/-7 activation, while
classical pyroptosis involves caspase-1/-4/-5/-11. Recent findings
identified that caspase-3-mediated cell death can effectively
trigger pyroptosis via gasdermin-E (GSDME) activation, linking
the apoptotic and pyroptotic pathways>®?’. However, lower
GSDME expression caused by hypermethylation in many tumor
cells limits the occurrence of pyroptosis when caspase-3 is acti-
vated®. Recently, DNA methyltransferase inhibitors (DNMTi)
were reported to increase GSDME expression in tumor cells,
transforming noninflammatory apoptosis to pro-inflammatory
pyroptosis?®. Inspired by these findings, PDT-triggered pyropto-
sis was attempted through combination of photosensitizer with
DNMTi.

Currently, only two FDA-approved drugs were used as
DNMTi, namely decitabine and azacitidine, both with very similar
cytidine chemical structure’®>°. However, previous work has
indicated that decitabine faced a dilemma of simultaneously
curing and inducing tumor even at nanomolar concentrations, via
hypomethylated mechanism towards both tumor-suppressor genes
and oncogene®'. Very recently, DNMTi with thiol-substituted
cytidine analogs was reported to result in lymphoid leukemia,
which should confine its systematic application®?. Pioneered
works mainly manipulated decitabine as DNMTi to increase
GSDME, with work concentration up to several micromolar level,
which may further aggravate the side effects of decitabine®®>*. In
this work, we disclosed for the first time that artesunate can serve

as a chemical drug to increase GSDME level, with only nanomole
concentration and favorable performance. Furthermore, nonse-
lective pyroptosis is a significant cause of toxic side effects pro-
duced by chemotherapeutic agents, emphasizing the importance of
precise and controllable regulation of pyroptosis?®>***. To
potentiate the precise release efficiency of drugs, endogenous
stimuli such as tumor-enriched reductive species and enzymes as
well as lower pH values were widely used in drug design.
Compared with these modes, photo-controlled drug released
pattern attracts considerable attention recently, with merits of not
only safety and highly spatiotemporal resolution, but also
decreasing the off-target adverse effects’® *°. Herein, an artesu-
nate prodrug was chemically synthesized via ROS-cleavable thi-
oketal linker*'*?, unleashing artesunate upon reaction with ROS
generated from chemical drugs (e.g., photosensitizer), which
decreased the possible systemic toxicity caused by artesunate
upon in vivo circulation. In addition, from the perspective of drug
delivery, currently reported works primarily need the assistance of
delivery vectors or surfactants, resulting in complicated architec-
ture or undesirable toxicity upon systemic delivery***. In this
design, we converted our previously reported carboxyl-
functionalized BODIPY photosensitizer into its sodium salt
form, which simultaneously served as both a surfactant-free drug
delivery vector and an effective PDT agent®**3® Artesunate
prodrug (pATS) was then installed into the oil-phase core sur-
rounded by BODIPY salt via self-assembly, resulting in a novel
oil-in-water nanoplatform (named as BDP-pATS) with convenient
preparation process. After being taken up by cells, ROS generated
from photosensitizer upon irradiation can cleave pATS to form
artesunate (ATS), followed by increasing GSDME and subsequent
pyroptotic  occurrence, thereby achieving photo-controlled
pyroptosis with high spatiotemporal selectivity.

As every coin has two sides, pyroptosis is also a double-edged
sword?®. The release of large amounts of ATP, an immune-
activating molecule, is considered a hallmark of pyroptosis. Be-
sides, due to tumor microenvironment features such as hypoxia,
inflammatory reaction and nutrient deprivation, extracellular ATP
in TME is noticeable higher than that in normal tissues. However,
ectoenzymes of CD39 and CD73 acting in concert can catabolize
ATP into adenosine, which then interacts with A2A receptor
(A2AR) on immune cells, such as T lymphocytes, dendritic cells
(DCs), macrophages and natural killer (NK) cells, ultimately
tipping the balance from an immunostimulatory to an immuno-
suppressive microenvironment*”*%. Recently, immunometabolic
cancer therapy has emerged as an attractive strategy for TME
intervention, wherein adenosine—A2AR pathway represents a
novel promising next-generation immune checkpoint against
malignancies'**~>*. Consequently, combining pyroptosis occur-
rence and adenosine—A2AR pathway interception should be a
promising strategy, which within our scope of knowledge, has not
yet been investigated up to now. Furthermore, as adenosine re-
ceptors are widely expressed in various human tissues, precise
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release of adenosine—A2AR antagonists is particularly needed as
the concern of immune-related adverse events. Unfortunately,
TME stimulate-activable adenosine—A2AR antagonists are also
not yet attempted so far. Inspired by these facts, we herein for the
first time chemically synthesized an acid-activatable A2AR
antagonist prodrug (aA2Ai), and further incorporated it into the
oil-phase core surrounded by BODIPY salt via self-assembly and
named the obtained nanoprodrug as BDP-pATS-aA2Ai. As illus-
trated in Scheme 1, the well-designed BDP-pATS-aA2Ai has four
merits: 1) photo-controlled pyroptosis enables spatiotemporally
precise regulation, amplifying the immunotherapeutic efficacy of
PDT against both abscopal and recurrent tumors; 2) acid-activable
A2AR inhibitor precisely intercept adenosine—A2AR pathway in
TME; 3) normal tissues are free of photo- or acid-activatable, thus
significantly reducing off-target effects; 4) the surfactant-free
photosensitizer served as a self-delivering drug carrier system,
which decreased the side effects and simplified the preparation
process.
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Taken together, we leverage the potential of photo-controlled
pyroptosis to potentiate in sifu tumor immunogenicity, and
simultaneously fight against immunosuppressive TME via block-
ing immunometabolic using TME acid-activatable A2AR antag-
onist. The cytotoxicity, photo-triggered pyroptosis efficacy and
potentiated GSDME level induced by BDP-pATS were well
manifested. Subsequently, the in vivo efficacy against primary and
bilateral tumor on living mouse model using BDP-pATS-aA2Ai
was further testified, as evidenced by increased mature DC, T
lymphocytes infiltration, and restrained regulatory T cells activ-
ities. Furthermore, BDP-pATS-aA2Ai also achieved potent effects
on lung metastasis and tumor recurrence on living mouse model.
Such an integrated nanotherapeutic platform synergistically
combined immunometabolic modulation, pyroptosis induction,
photodynamic therapy, and epigenetic regulation, demonstrating
the critical need for adenosine—A2AR pathway blockade during
pyroptosis, ultimately enabling spatiotemporally optimized cancer
immunotherapy.
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Scheme 1  (A) Preparation of BDP-pATS-aA2Ai nanoprodrug. (B) Schematic diagram of synergistic immunotherapy based on BDP-pATS-
aA2Ai evoked photo-controlled pyroptosis occurrence and acid-activatable adenosine—A2AR pathway blocking. The figure was created with
BioRender.com.
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2. Materials and methods
2.1.  Chemicals and reagents

All chemicals and solvents were purchased from Sigma-Aldrich
and Sinopharm Chemical Reagent and used directly. TLC detec-
tion was performed on silica gel GF254 plates and column chro-
matography was carried out using 200—300 mesh silica gel. 'H
NMR spectra were finished on a Bruker Avance IV 600 MHz
spectrometer. '°C NMR spectra were measured on a Bruker
Avance IV 151 MHz spectrometer. The chemical shifts (6) were
reported in ppm (parts per million) using tetramethylsilane as the
interior label. Coupling constants (/) were measured in hertz
(Hz).

H,DCFDA was purchased from Molecular Probes. Rabbit anti-
HMGBI antibody, Alexa Fluor 488-labeled goat anti-rabbit sec-
ondary antibody, caspase-3 activity assay kit, LDH detection kit
and ATP detection kit were purchased from Beyotime Biotech-
nology. Collagenase type 1 and collagenase type 4 were purchased
from Rockland Immunochemicals. TGF-g ELISA kit, IL-10
ELISA kit, FITC anti-mouse CD80, PE anti-mouse CD86, APC
anti-mouse CD45, FITC anti-mouse CD4, PE anti-mouse CDS,
APC anti-mouse CD25, PE anti-mouse Foxp3 were purchased
from Biolegend.

2.2.  Chemical synthesis procedure of pATS, A2Ai and aA2Ai

2.2.1.  Synthesis of pATS

Artesunate (115.2 mg, 0.3 mmol) and ROS-cleavable linker
(19.6 mg, 0.1 mmol) were dissolved in a solution of 5 mL dry
DCM at 0 °C, then DCC (30.9 mg, 0.15 mmol) and DMAP
(18.3 mg, 0.15 mmol) was added, followed by stirring for 24 h at
room temperature. The reaction was monitored by TLC until
completion, which was purified by column chromatography with
CH,Cl,/MeOH (200/1) as the eluent to obtain the product pATS
(76.3 mg, yield of 82.2%). "H NMR (600 MHz, CDCl3) 6 5.79 (d,
J = 8.0 Hz, 2H), 5.43 (s, 2H), 4.28 — 4.21 (m, 2H), 2.89 — 2.82
(m, 4H), 2.78 — 2.67 (m, 6H), 2.66 — 2.54 (m, 4H), 2.41 — 2.34
(m, 2H), 2.08 — 1.99 (m, 2H), 1.93 — 1.85 (m, 2H), 1.81 — 1.75
(m, 2H), 1.74 — 1.70 (m, 2H), 1.63 (dd, J = 8.3, 3.8 Hz, 2H), 1.61
(s, 6H), 1.53 — 1.46 (m, 2H), 1.43 (s, 6H), 1.40 — 1.31 (m, 4H),
1.29 — 1.24 (m, 2H), 1.05 — 0.99 (m, 2H), 0.96 (d, J = 6.1 Hz,
6H), 0.86 (d, / = 7.1 Hz, 6H). °C NMR (151 MHz, CDCl;)
6 171.86, 171.08, 104.47,92.20, 91.52, 80.12, 63.74, 56.47, 53.44,
51.58, 45.25, 37.28, 36.23, 34.10, 31.82, 31.00, 29.16, 28.98,
28.78, 25.97, 24.59, 22.01, 20.22, 12.08.

2.2.2.  Synthesis of A2Ai

A2Ai was obtained as the reported method™. 'H NMR (600 MHz,
CDCl;) 6 7.94 (d, J = 15.6 Hz, 1H), 7.88 (d, J = 1.7 Hz, 1H),
7.67 (d, J = 2.2 Hz, 1H), 7.63 (ddd, J = 8.1, 4.5, 1.4 Hz, 2H),
7.57 (dd, J = 2.5, 1.6 Hz, 1H), 7.53 (t, J = 11.9 Hz, 2H), 7.42
(dd, J = 14.0, 6.1 Hz, 1H), 7.14 (ddd, J = 8.2, 2.7, 0.8 Hz, 1H),
6.82 (dd, J = 2.2, 0.9 Hz, 1H), 3.90 (s, 3H).

2.2.3.  Synthesis of aA2Ai

Acethydrazide (74 mg, 1.0 mmol) was dissolved in 5 mL meth-
anol, followed by addition of A2Ai (27.8 mg, 0.1 mmol) and
trifluoroacetic acid (5 pL). The solution was stirred for 10 h at
room temperature until completion, which was then purified by
column chromatography using CH,Cl,/MeOH (300/1) to obtain
the final product aA2Ai (29.5 mg, yield of 88.3%). 'H NMR

(600 MHz, CDCl3) 6 8.28 (s, 1H), 7.61 (d, J = 2.0 Hz, 2H),
7.56 — 7.42 (m, 2H), 7.39 (dd, J = 8.6, 1.7 Hz, 1H), 7.09 (d,
J = 16.3 Hz, 1H), 7.07 — 6.97 (m, 1H), 6.83 — 6.78 (m, 1H), 6.73
(ddd, J = 2.8,2.3, 1.1 Hz, 2H), 6.51 (d, J = 16.3 Hz, 1H), 3.94 —
3.81 (m, 3H), 2.42 — 2.33 (m, 3H). '*C NMR (151 MHz, CDCl5)
6 172.61, 160.59, 155.20, 152.43, 145.80, 137.64, 132.05, 131.28,
131.06, 127.95, 127.35, 123.40, 120.33, 120.07, 115.38, 113.73,
111.70, 106.68, 55.43, 20.54.

2.3.  Preparation of the BDP-pATS-aA2Ai nanoprodrug

The BDP-pATS-aA2Ai nanoparticles were prepared as a previ-
ously reported procedure with some modifications. Firstly, BDP
reacted with NaOH to form its sodium salt BDP-COONa. BDP-
COONa (3.1 mg), glyceryl trioctanoate (19.1 mg), pATS (0.6 mg)
and aA2Ai (0.2 mg) were dissolved in a mixture of CHCl; (9 mL)
and MeOH (1 mL), which is then dried using rotary evaporator to
form thin film. PBS (6 mL) was added and the film was bath
sonicated at 50 °C for 30 min, followed by passing through a
microfluidizer (channel dimensions of 70 cm x 36 cm x 30 cm,
flow rate of 120 mL/min) at 10,000 psi for 10 cycles. The obtained
solution was further purified via centrifugation at 12,000 rpm for
1 h. The final concentration of BDP-pATS-aA2Ai was adjusted to
200 pmol/L by determining its contained BDP using UV—Vis
spectrophotometer. The preparation protocol for BDP-pATS is
identical to that of BDP-pATS-aA2Ai except the absence of
aA2Ai. To assess drug encapsulation efficiency and loading ca-
pacity, high-performance liquid chromatography (HPLC) was
used at 1 mL/min on a CI8 column (Agilent 5 HC-CI18,
250 mm x 4.6 mm). Compounds were first dissolved in tetrahy-
drofuran (THF)/CH;CN (1/2, v/v) and pure CH;CN was used as
the mobile phase.

2.4.  Cellular uptake assay

B16-F10 cells were seeded on the glass-bottom dishes at a density
of 3 x 10* cells and allowed to adhere overnight. Afterwards,
BDP-pATS (at BDP concentration of 250 nmol/L) and BDP
(250 nmol/L) were added and incubated at indicated time points.
Then, cells were washed with PBS twice and incubated with DAPI
for 30 min, followed by detection using confocal laser scanning
microscopy (CLSM) at 1, 3, 6 and 24 h.

2.5.  Detection of the intracellular ROS level

B16-F10 cells were seeded on a six-well plate followed by incu-
bating with various drugs (250 nmol/L) for 16 h, which was then
placed at 37 °C in a humidified incubator. After being washed
three times with PBS, the cells were then incubated with a ROS
detecting probe H,DCFDA in PBS (10 umol/L, 100 pL) for
30 min in the incubator. The cells were then washed with PBS
twice and supplied with fresh PBS, finally exposed to an LED
irradiation for 10 min (680 nm, 2 mW/cm?). The cells were then
collected and determined immediately using flow cytometry.

2.6.  Evaluation of cell viability

The incubated cells were adjusted to 3 x 107 cells per well and
cultured for 24 h on a 96-well plate, which was incubated for 3 h
with different drugs of various concentrations. After exposing to
an LED light (680 nm, 2 mW/cm?) at 3 h (3 min) and 24 h (7 min)
respectively, the cells were further cultured for 24 h at 37 °C.
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After removing the culture medium, a solution of 150 pL new
cultured medium containing 10% CCK-8 was added and incu-
bated for 2 h at 37 °C. Finally, the absorbance at 450 nm was
detected using a Synergy H1 microplate reader. For dark toxicity,
cell viability was evaluated as described above without irradiation.

2.7.  Cell morphology observation and HMGBI release
detection

B16-F10 cells were incubated with indicated treatments and
irradiated at 3 h (3 min) and 24 h (7 min) using an LED light
(680 nm, 2 mW/cm?), followed by incubating for another 6 h to
observe cell morphology on CLSM. Meanwhile, cells with light
irradiation were washed with PBS and fixed with 4% para-
formaldehyde for 20 min, which was then permeabilized with 1%
Triton X-100 for 20 min and blocked with the blocking solution
for 1 h. The cells were washed with PBS and incubated with rabbit
anti-HMGB1 antibody at 4 °C for 24 h, which was washed by cold
PBS and treated with Alexa Fluor 488-labeled goat anti-rabbit
secondary antibody at 25 °C for 1 h. Finally, the cells were
incubated with DAPI at 25 °C for 5 min, followed by washing
with PBS and imaging using CLSM.

2.8.  SiRNA knockdown of GSDME

To knock down GSDME protein expression, B16-F10 cells were
seeded in six-well plates at a density of 3 x 10° cells per well.
Transfection of GSDME-targeting siRNAs (RiboBio) was per-
formed using Lipofectamine 3000 transfection reagent in accor-
dance with the manufacturer’s protocol. After 48 h, the cells were
subjected to the indicated treatments for subsequent experiments.

2.9.  Determination of relative cleaved caspase-3, LDH and ATP
levels

The relative cleaved caspase-3 level, released LDH and ATP levels
of cells were detected using caspase-3 activity assay kit, LDH
release assay kit, and ATP assay kit according to the manufac-
tures’ instruction, respectively.

2.10.  Ex vivo fluorescence imaging

B16-F10 tumor-bearing mice were intravenously injected with
BDP (100 pumol/L) or BDP-pATS (at BDP concentration of
100 pmol/L) via tail vein and imaged on an IVIS imaging
equipment (PerkinElmer, Waltham, Massachusetts, USA) at 12,
24, 48 and 72 h. The excitation and emission wavelengths were set
to 680 and 720 nm, respectively. At predetermined time, mice
were first euthanized and heart, liver, spleen, lungs, kidneys, and
tumors were excised, which were then placed on the black paper
for ex vivo imaging using an IVIS imaging system. Fluorescence
intensity was quantified using Living Image software
(PerkinElmer). All results were collected as the mean =+ standard
deviation (SD).

2.11.  Animals and tumor models

All animal experimental procedures were approved by the Animal
Ethical Care and Use Committee of Tongji University (Protocol
no.TJAA15424101). C57BL/6 mice bearing B16-F10 cells were
used with tumor volumes of 90—110 mm® and body weights of
18—22 g. For primary tumor inoculation, 3 x 10° B16-F10 cells

suspended in 0.1 mL PBS were injected subcutaneously into the
right flank of the mice. Six days later (counted as Day 0), mice
were randomly assigned to five groups and injected with PBS,
ATS (1 mg/kg), BDP, BDP-pATS and BDP-pATS-aA2Ai via tail
vein, respectively. For bilateral tumor inoculation, 3 x 10° B16-
F10 cells suspended in 0.1 mL PBS were inoculated subcutane-
ously for both primary and distant tumors. For BDP-containing
groups, the injection concentration of BDP was adjusted to
200 pmol/L by determining its content using UV—Vis spectro-
photometer. For in vivo assays, a laser light (660 nm, light power
of 200 mW/cm?) was used with the first irradiation was 3 min
and the second irradiation was 7 min. The long (L) and short (W)
diameters of tumors, as well as body weights were collected
every other day. The tumor volume (V) was calculated as
following Eq. (1):

V=10.5x (LxW?) (1)

Kaplan—Meier survival curve was plotted according to the
tumor volume of each mouse.

2.12.  Histological analysis of tumors

As for H&E staining, tumors were fixed with 4% para-
formaldehyde, dehydrated with graded alcohol, and finally
embedded with paraffin, sectioned at 4 um slices and stained with
H&E before light-microscopy imaging.

2.13.  Evaluation for antitumor immune responses

The tumors were collected after various treatments and processed
to produce a single cell suspension for flow cytometry. Briefly, the
tissues were cut up thoroughly, ground in a homogenizer and
digested with collagenase type 1 and collagenase type 4 at 37 °C
for 45 min with tubes agitated every 5 min. After treatment, the
suspensions were filtered with a 70 um nylon cell strainer, which
was then collected and passed through a 40 um nylon cell strainer,
followed by washing twice with PBS to obtain the single cell
suspension. Subsequently, the resulting homogenates were
adjusted to a cell density of 1 x 10° cells/mL and transferred to a
flow tube for staining. APC anti-mouse CD45, FITC anti-mouse
CD4 and PE anti-mouse CDS8 antibodies were used for T cells
analysis. FITC anti-mouse CD80 and PE anti-mouse CD86 anti-
bodies were used for DCs analysis. APC anti-mouse CD25 and PE
anti-mouse Foxp3 antibodies were used for Treg cells analysis. To
detect the level of TGF-§ and IL-10, tumors were collected on
Day 14 and analyzed using ELISA Kits.

2.14.  Effects against pulmonary metastasis and tumor
rechallenge studies

In anti-pulmonary metastasis assay, 3 x 10° B16-F10 cells sus-
pended in 0.1 mL PBS were inoculated subcutaneously into the
right flank of the mice. BDP-pATS and BDP-pATS-aA2Ai were
intravenously injected followed by twice PDT. The cured mice
were reinoculated with 3 x 10° B16-F10 cells on Day 10 via the
tail vein injection. On Day 24, the mice were sacrificed and lungs
were collected for imaging and H&E staining.

In tumor rechallenge study, 3 x 10° B16-F10 cells suspended
in 0.1 mL PBS were inoculated subcutaneously into the right flank
of the mice. BDP-pATS-aA2Ai was intravenously injected fol-
lowed by twice PDT. After treatment, the cured mice were
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reinoculated with 2 x 10° B16-F10 cells subcutaneously on Day
16. The tumor volumes were recorded in the following days.

2.15.  Statistical analysis

GraphPad Prism 9.5 was used for plotting and analyzing statistical
significance. ChemDraw 21.0.0 was used for chemical structure
presentation. FlowJo 10.8.1 software was used for flow cytometry
analyses. Student’s t-test was used to obtain statistical compari-
sons. Data were presented as mean + standard deviation (SD).
P < 0.05 was considered statistically significant.

3. Results and discussion

3.1.  Identify artesunate as a novel chemical drug to up-regulate
GSDME and synthesize its ROS-cleavable prodrug

Aberrant epigenetic alterations, such as DNA methylation and
histone modifications, were known to be closely correlated with
neoplastic oncogenesis and progression. To figure out the
expression of GSDME in melanoma patients, representative
microscopic images of immunohistochemical staining of GSDME
in melanoma tissues and normal controls were listed via data from
The Human Protein Atlas. As shown in Fig. 1A, melanoma tumors
exhibit remarkably lower GSDME levels as compared to normal
tissues. Furthermore, we determined the relative mRNA expres-
sion of Gsdme in normal cells (NIH3T3 and 293T) and tumor cells
(B16-F10), with results demonstrating that B16-F10 cells express
significantly lower Gsdme compared to these two normal cells
(Fig. 1B). These results indicated that employing pharmacological
demethylation towards GSDME may reinforce the therapeutic
efficacy against melanoma.

Recent research reported that dihydroartemisinin can increase
GSDME level in GSDME low-expressing tumor cells>®, we thus
speculated that artesunate (ATS), bearing the same chemical
mother core, may exhibit similar activity. Therefore, we attempted
the assumption using artesunate in B16-F10 cells with relative
mRNA expressions testified firstly. The results proved that the
relative mRNA expressions of Gsdme were noticeably up-
regulated, and displayed concentration and incubation time
dependent manners (Fig. 1C), which prompted us for further
testification. As shown in Fig. 1D, artesunate obviously up-
regulated GSDME levels in B16-F10 cell when incubated at
24 h at a concentration of 400 nmol/L. Furthermore, when the
incubation time was extended to 48 h, artesunate can still
remarkably potentiate GSDME level even at a lower concentration
of 200 nmol/L, which is far below than that of classical deme-
thylation agent decitabine (generally 5 pmol/L). These combined
results indicated artesunate can serve as a novel pharmacological
tool to down-regulate methylation of GSDME, which has never
been reported previously within our scope of knowledge.

However, artesunate exhibited cellular toxicities in both veri-
fied tumor and normal cells, even at lower concentrations (Fig. 1F
and G). Worse still, as shown in Fig. 1H, it can lead to the increase
of Gsdme in normal cell (NIH3T3), which may result in side ef-
fects to normal tissues. These undesirable results prompt us to
develop new strategies to figure out the dilemma. Prodrug repre-
sents a canonical strategy to reduce chemical drug toxicity,
wherein ROS-cleavable manner has proved to be an effective
approach to highly increase selectivity. Herein, we employed this
approach to synthesize a novel artesunate prodrug (pATS) using

thioketal group as the ROS-sensitive linker (Fig. 1E). This linker
was acquired as reported method using condensation reaction,
followed by LAH reduction in anhydrous THF. The obtained
ROS-cleavable thioketal linker was then reacted with artesunate to
get pATS, which was then purified by column chromatography.
The final product pATS was confirmed by 'H NMR, MS
([M4Nal™, m/z 951.38) and '*C NMR spectra (Supporting In-
formation Figs. S1—S3), demonstrating the successful synthesis of
its structure. Afterward, cytotoxicity was assessed in B16-F10 and
NIH3T3 cells, with results showing that pATS achieved substan-
tially reduced toxicity compared with artesunate (Fig. 1F and G).
Moreover, pATS did not induce upregulation of Gsdme in NIH3T3
cells, demonstrating enhanced safety for normal cells compared to
ATS (Fig. 1H). These results demonstrated that pATS effectively
reduced cellular toxicity without altering Gsdme expression in
normal cells, indicating that it can serve as a novel ROS-cleavable
prodrug to up-regulate GSDME level.

3.2.  Preparation and characterization of the BDP-pATS
nanoagent

We previously reported that water-soluble BODIPY photosensi-
tizers have obvious merits such as high light toxicity, low dark
toxicity, easy preparation and favorable water solubility24. Herein,
the mono-carboxyl BODIPY (named as B159) was selected to
obtain its sodium salt BDP-COONa (named as BDP for abbrevi-
ation), which can serve as a surfactant-free drug delivery vector
and simultaneously as a potent PDT agent. For the synthesis
(Fig. 2A), material M1 was obtained as we previously reported
method, which was then reacted with terz-butyl bromoacetate and
K,CO; in DMF to obtain M2 in 82.3% yield. The resulting M2
was treated with a solution of TFA/DCM to remove the tert-butyl
protecting group, followed by halogenation with NIS in DCM/
AcOH to form photosensitizer B159 in 66.8% yield. B159 was
then reacted with NaOH in DMF, which was further added
dropwise into water to yield its salt with a yield of 22.6%.

BDP bears amphiphilicity because of its hydrophobic aromatic
ring and hydrophilic carboxylic acid salt, granting its affinity to
the water—oil interface of lipid nanoparticles. Glyceryl tri-
octanoate, containing a molecular structure as that of the food fat
extensively used in food grade emulsions, was applied as the oil
phase to dissolve hydrophobic pATS. As shown in Fig. 2B, BDP-
pATS was prepared by conveniently hydrating the film consisting
of BDP, pATS and glyceryl trioctanoate, finally forming an oil-in-
water microemulsion nanoagent via microfluidic processing**’.
Afterwards, dynamic light scattering (DLS) assay (Fig. 2C)
showing that BDP-pATS revealed a Z-average of 138.1 & 0.9 nm
(PDI = 0.219 + 0.008), which is further testified by transmission
electronic microscopy (TEM) imaging displaying a mono-
dispersed spherical structure (Fig. 2D). The drug-loading capacity
and entrapment efficiency were determined to be 5.85 + 0.21%
and 76.6 + 4.3%, respectively. Besides, the stability of BDP-pATS
was also evaluated, it remained stable at 4 °C within 30 days
(Fig. 2E and F).

3.3.  Investigation of BDP-pATS towards cellular behaviors

To investigate the cellular behavior of BDP-pATS, the cell uptake
ability was evaluated in B16-F10 cell using confocal laser scan-
ning microscope (CLSM), and BDP with no formulation modifi-
cation was also evaluated for comparison. Overall, as shown in
Fig. 3A and Supporting Information Fig. S4, compared with
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Identify artesunate (ATS) as a new chemical drug toward increasing GSDME level and synthesize its ROS-cleavable prodrug. (A)

Representative microscopic images of immunohistochemical staining of GSDME in melanoma tissues and normal controls. The images were
provided by The Human Protein Atlas (www.proteinatlas.org). Scale bar = 50 um. (B) Relative mRNA expression of Gsdme in tumor cells (B16-
F10) and normal cells (NIH3T3 and 293T). (C) Relative mRNA expression of Gsdme in B16-F10 cells when treated with ATS at varied con-
centrations and incubation times. (D) The effects of ATS on increasing GSDME levels using different concentrations after incubation for 24 and
48 h, respectively. (E) The synthetic route of pATS using ROS-cleavable thioketal linker. (F, G) Cell viabilities of ATS and pATS toward B16-F10
and NIH3T3 cells. (H) Relative mRNA expression of Gsdme in NIH3T3 cells when treated with ATS or pATS with varied concentrations for 24 h.
Data are expressed as mean £+ SD (n = 3). **P < 0.01, ***P < 0.001, ****P < 0.0001 vs. indicated, and ns represents no significant difference.
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Data are expressed as mean £ SD (n = 3).

BDP, BDP-pATS exhibited visually higher fluorescence intensity
at each investigated time. As incubation time increased, the
fluorescence intensity was also enhanced with maximum value at
24 h. Meanwhile, the relative intensities of corresponding red
fluorescence in Fig. 3A were provided in Fig. 3C. Besides, ROS
producing level is a critical parameter to evaluate PDT efficacy.
Therefore, the ROS generation ability at the cellular level was
firstly measured by flow cytometry. H,DCFDA was used as the
ROS fluorescent indicator, which can be hydrolyzed by intracel-
lular enzyme to form non-fluorescent H,DCF and further oxidized
by intracellular ROS to generate fluorescent DCE. As shown in
Fig. 3B, BDP-pATS displayed higher fluorescent intensity than
BDP group, whereas both ATS and PBS groups revealed negli-
gible fluorescent intensities.

As BDP-pATS is a precisely photo-controlled nanoagent,
PATS can not be cleaved until reacted with ROS. Therefore, in this
work a two-time-irradiated pattern was adopted, with the first
irradiation to release ATS and the second irradiation to trigger
pyroptosis. Subsequently, the cell viability was evaluated with or
without light irradiation in B16-F10 cells. As shown in Fig. 3D,
when no light was added, BDP displayed totally no toxicity, and

BDP-pATS revealed only marginal cellular toxicity at the con-
centration of 2 pmol/L. The possible reason can be attributed to
the significantly enhanced cellular uptake of BDP-pATS, causing
its slightly increased dark toxicity. When light was added, as
shown in Fig. 3E, BDP-pATS and BDP demonstrated potent dose-
dependent light toxicity, with ICsy, values of 208.7 and
647.3 nmol/L, respectively. It should be noted that such a result is
obtained under an ultralow LED light irradiation (680 nm,
2 mW/cm?, totally 10 min), which is convenient compared with
highly heat-producing halogen lamp. Besides, ATS displayed
unbiased toxicity whether light is existed, indicating light has little
effects towards its cellular killing.

During the occurrence of pyroptosis, cellular morphology is
considered as a canonical character, as evidenced by features such
as cell swelling and production of large bubbles. Hence, the cell
morphology was observed using CLSM. As displayed in Fig. 3F,
numerous cells in BDP-pATS group showed cell swelling and
large bubbles after 6 h of light irradiation. By contrast, no visually
cellular morphology in BDP group displayed pyroptosis features,
with only some apoptotic feature such as cell shrinkage. Besides,
the cell morphology in control and other groups were also not
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Figure 3  Investigation of BDP-pATS toward cellular behaviors. (A) Investigation of uptake behavior in B16-F10 cell using CLSM. Scale
bar = 50 pum. (B) ROS generation evaluation determined by flow cytometry after irradiation. (C) Relative intensity of corresponding red
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250 nmol/L; for BDP-containing groups, the working concentration of BDP was adjusted to 250 nmol/L by determining its content using
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obviously altered. Furthermore, the occurrence of pyroptosis
ignite large amount of intracellular contents leakage, such as
typical markers of high-mobility group box 1 (HMGB1), lactate
dehydrogenase (LDH) and adenosine triphosphate (ATP), which
thus were evaluated by CLSM (for HMGBI1) or detecting the cell
supernatant (for LDH and ATP) of each group. As displayed in
Fig. 3F, BDP-pATS + L group showed the lowest green
(HMGB1) color, namely the most released HMGB1 from the
nucleus, which correlated well with its damaged cellular
morphology. As revealed in Fig. 3G, BDP-pATS + L group dis-
played the most potent LDH levels, which was 2.52- and 1.53-fold
than that in control and BDP + L groups, respectively. Similarly,
BDP-pATS + L group also exhibited the highest ATP release,
which was 14.9- and 1.77-fold than that in control and BDP + L
groups, respectively (Fig. 3H). Subsequently, GSDME knockdown
in B16-F10 cells was also performed to investigate pyroptotic
phenotypes changes. As displayed in Supporting Information
Fig. SSA, GSDME knockdown resulted in significantly attenu-
ated cell swelling and HMGBI1 release after BDP-pATS + L
treatment. Moreover, significantly decreased LDH and ATP
release levels were observed in BDP-pATS + L group after
GSDME knockdown (Fig. S5B and S5C). These combined results
provide direct evidence that GSDME is required for the observed
effects.

To investigate whether the occurrence of pyroptosis was
mediated by the caspase-3/GSDME pathway, we subsequently
detect GSDME-Full, GSDME-N and relative cleaved caspase-3
levels with various treatments followed by exposing to light
irradiation. As shown in Fig. 31, both ATS and BDP-pATS + L
groups displayed enhanced GSDME-Full levels compared with
control and other groups. Especially, BDP-pATS + L group
verified the most potent GSDME-N level, followed by ATS group
of slight GSDME-N and other groups of lower levels. In addition,
relative cleaved caspase-3 levels were also determined, wherein
groups of BDP-pATS + L and BDP + L induced potent results
compared with other groups (Fig. 3J). Collectively, these results
verified BDP-pATS could significantly trigger pyroptosis after
exposing to light irradiation.

3.4.  Preparation and characterization of BDP-pATS-aA2Ai
nanoprodrug

During the occurrence of pyroptosis, large amount of ATP is
released into the tumor environment, which is then hydrolyzed by
extracellular CD39 and CD73 enzymes to form immunosuppres-
sive adenosine. Finally, these adenosine binds with widespread
A2A receptors (A2AR) on immune cells such as T lymphocytes,
macrophages and NK cells et al., ultimately leading to immune
escape (Fig. 4A). As shown in Fig. 4B and C, we therefore
detected the adenosine levels in the supernatant of B16-F10 cells
and tumor tissues, with maximum values at 8 h in cells and 12 h in
tumor tissues post irradiation (BDP of 250 nmol/L as the photo-
sensitizer: an LED light of 680 nm with light power of 2 mW/cm?,
10 min for the cells; a laser light of 660 nm with light power of
200 mW/cmz, 10 min for the tumors), respectively. Of note, all the
determined results were significantly higher than control groups
(B16-F10 cells or normal tissues). Unfortunately, up to now, few
works have been investigated towards the effects of inhibiting
A2AR—adenosine pathway during the occurrence of pyroptosis.
Moreover, as A2AR is widely distributed in various tissues,
development of precious released A2AR inhibitor is of particular
significance.

Herein, we utilized the TME acid-activatable approach, a
classical strategy applied in FDA-approved ADC prodrugs, to
chemically modify a novel A2AR inhibitor*>*%®'. Briefly, for-
mation of acid-activatable hydrazone prodrug (aA2Ai) was ach-
ieved by reaction of acethydrazide and a recently reported A2AR
inhibitor using TFA as the catalyst (Fig. 4D). The products of
A2Ai and its hydrazone prodrug aA2Ai were identified by 'H
NMR and "“C NMR spectra (Supporting Information
Figs. S6—S8), demonstrating the successful synthesis of their
structures. Afterwards, we examined the released behavior of
aA2Ai at different pH values of 5.5, 6.5 and 7.4, respectively. As
illustrated in Fig. 4E, release of A2Ai displayed a pH-dependent
manner in aA2Ai solution, demonstrating higher release rate at
lower pH values. At pH value of 5.5, aA2Ai was quickly hydro-
lyzed to A2AR inhibitor, with release rates over than 60% at 2 h
and 90% at 12 h, respectively. However, at pH value of 7.4 which
represents that of normal tissues, aA2Ai was stable with approx-
imately 15% release rate at 12 h. These results indicated that
aA2Ai can serve as an excellent A2Ai prodrug with precise acid-
activatable property.

Encouraged by these aforementioned results, we attempted to
incorporate aA2Ai prodrug into our constructed nanotherapeutic
platform, aiming to counterbalance the adenosine-induced
immunosuppression. As shown in Fig. 4F, the preparation
method is similar to that of BDP-pATS nanoagent. Briefly, pATS,
aA2Ai, BDP and glyceryl trioctanoate were mixed to form a thin-
film, which was then hydrated, finally to obtain an oil-in-water
BDP-pATS-aA2Ai via passing the microemulsion through a
microfluidizer. Subsequently, DLS measurements (Fig. 4G) were
performed with results showing that BDP-pATS-aA2Ai revealed a
Z-average of 139.0 £+ 1.3 nm (PDI = 0.238 £ 0.011), which is
further testified by TEM imaging displaying a monodispersed
spherical structure (Fig. 4H). The drug-loading capacities were
determined, with results of 3.8 + 0.18% for pATS and
1.82 £ 0.13% for aA2Ai, respectively. Besides, the entrapment
efficiency was determined to be 72.8 = 3.7% for pATS and
83.6 £ 4.4% for aA2Ai, respectively. Furthermore, the stability of
BDP-pATS-aA2Ai was also evaluated, with results of excellent
storage at 4 °C within 30 days (Fig. 41 and J). Moreover, the
release profile of A2Ai in BDP-pATS-aA2Ai was determined. As
revealed in Supporting Information Fig. S9, BDP-pATS-aA2Ai
also displayed a pH-dependent manner, with slightly reduced
release rate compared with that of free aA2Ai. Subsequently, the
cell viability of BDP-pATS-aA2Ai with or without light irradia-
tion were also evaluated (Supporting Information Fig. S10), with
similar patterns as that of BDP-pATS. These results demonstrated
that BDP-pATS-aA2Ai nanoprodrug was well prepared, which
can be testified for in vivo assays.

3.5.  Invivo imaging, antitumor assay and immune evaluation

Before investigating the in vivo antitumor behavior, BDP-pATS-
aA2Ai and BDP were firstly examined using near-infrared
(NIR) in vivo fluorescence imaging in C57BL/6 mice bearing
subcutaneous B16-F10 cells. To better illustrate their distribution,
fluorescence imaging of ex vivo organs were shown in Fig. SA. In
general, BDP-pATS-aA2Ai revealed obvious higher fluorescence
compared with BDP at each investigated time point, with both
maximum values at 24 h and negligible fluorescence at 72 h.
Concretely, BDP-pATS-aA2Ai mainly distributed in lungs and
liver, whereas BDP in liver and kidneys. As for tumor accumu-
lation capability, BDP-pATS-aA2Ai demonstrated excellent
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Figure4  Preparation and characterization of BDP-pATS-aA2Ai nanoprodrug. (A) Schematic illustration of increased adenosine level to induce

immune escape in tumor undergoing pyroptosis. (B, C) Adenosine level detection in the supernatant of B16-F10 cells and tumor tissues
respectively using HPLC. (D) Synthesis of acid-activatable A2A receptor inhibitor prodrug aA2Ai. (E) A2Ai release profile in PBS at pH 7.4, 6.5
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performance as compared to BDP at 24 h, which should benefit for
its in vivo antitumor efficacy. Meanwhile, the corresponding
fluorescence intensity values of major organs and tumors were
listed in Fig. 5B and C.

In in vivo antitumor assay, we first evaluated the tumoricidal
effect of A2Ai alone via blocking adenosine—A2AR pathway. As
shown in Supporting Information Fig. S11, however, no signifi-
cance was observed in tumor volumes between PBS and A2Ai
(1 mg/kg, once a day for four times via tail vein injection) groups.
Meanwhile, the body weight in both groups were steady with
slight increasement within investigated times. These preliminary
results indicated treatment with A2Ai alone under such doses had
no significant effect on tumor suppression. Subsequently, the
in vivo therapeutic effect of BDP-pATS-aA2Ai was examined by
evaluating tumor growth on a subcutaneous B16-F10 tumor
bearing mouse model. As the effect of A2Ai alone has been

evaluated, herein mice were randomly divided into five groups,
namely PBS, ATS, BDP + L, BDP-pATS + L and BDP-pATS-
aA2Ai + L, respectively. The time schedule is listed in Fig. 6A,
with tumor inoculation at Day 6, followed by indicated treatments.
To achieve the effect of photo-controlled pyroptosis, one-time
drug injection corresponding to two-time laser irradiation was
performed, with the first irradiation for 3 min and the second
irradiation for 7 min. During treatment period, all irradiation
treated groups displayed steady increasement within investigated
times (Fig. 6E). As displayed in Fig. 6D, tumors in PBS and ATS
groups showed soaring growth profiles with similar changes,
demonstrating ATS alone has little effects towards tumor inhibi-
tion. By contrast, the other three groups receiving irradiation
verified remarkable inhibitory efficacy against tumor growth.
Among them, BDP presented obvious antitumor activity toward
tumors growth in the former days, which however finally failed to
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constrain rapidly growing tumors. BDP-pATS-aA2Ai + L proved
the most potent antitumor efficacy with tumor growth inhibit rate
(TGI) up to 99.4%, nearly complete tumor ablation of achieving
curative level. As for BDP-pATS + L group, although three mice
still bore untreated tumors, it still achieved high TGI values of
95.8%. However, no significance was observed between the last
two groups (Fig. 6B and C). Still and all, the higher TGI value of
BDP-pATS-aA2Ai may indicate its potential therapeutic superi-
ority compared with BDP-pATS, which prompted us for further
investigation.

Subsequently, we further investigated the immune response
triggered by indicated treatments. CD8™ T cells and CD4™ T cells
infiltration levels were determined using obtained tumors 12 days
after treatment. As shown in Fig. 6F, H and I, BDP-pATS-
aA2Ai + L group revealed potent CD8™ T cells infiltration level
of 14.6%, which is higher than 11.2% of BDP + L group, but
exhibited no significance compared with 12.4% of BDP-
pATS + L group. For comparison, both PBS and ATS groups
showed lower cytotoxic T cells (CTLs) infiltration of 5.82% and
8.95%, respectively. In addition, CD4" T cell infiltration in these
tumors revealed similar patterns, with maximum CD4" T cell
infiltration level occurred in BDP-pATS-aA2Ai + L group of
32.5%, which has significant difference in comparison with 26.0%
of BDP-pATS + L group. Besides, both groups manifested higher
values than 20.8% of BDP + L group. PBS and ATS groups
displayed lower values with negligible difference. Furthermore,
immunofluorescence of CD8™ and CD4™ T cells in tumor tissues
were also evaluated (Fig. 6G), wherein yellow and green fluo-
rescence indicated CD8" T cells and CD4" T cells, which
correlated well with the results of flow cytometric analysis. He-
matoxylin and eosin (H&E) staining of the tumor tissues man-
ifested that BDP-pATS + L and BDP-pATS-aA2Ai + L groups
underwent significant tissue destruction compared with other
groups (Fig. 6G), consisting well with their in vivo antitumor
results.

As the significance was not observed towards tumor weight
between groups of BDP-pATS + L and BDP-pATS-aA2Ai + L,
the higher TGI value and immunological data indicated BDP-
pATS-aA2Ai + L may bear superior performance. Herein, the
percentage of survival assay was evaluated (Fig. 6J) as scheme
illustrated in Fig. 6A, wherein BDP-pATS-aA2Ai + L group

manifested the longest survival profile with survival rate of 80% at
Day 38. For comparison, BDP-pATS + L group also exhibited
substantially extended survival date at Day 38 with survival rate of
40%, which is obviously superior than BDP + L group with
maximum survival date of only 22 days. For the other two groups,
both encountered significantly decreased survival date, with
maximum survival date of no more than 16 days. Taken together,
these findings verified that BDP-pATS-aA2Ai + L exhibited su-
perior efficacy compared with BDP-pATS + L, underscoring the
importance of aA2Ai in enhancing antitumor therapy, which may
further augment efficacy against tumor metastasis and recurrence.

3.6.  Antitumor assay on bilateral tumor model and immune
evaluation

Encouraged by aforementioned results, we further established a
bilateral model using C57BL/6 mice bearing B16-F10 cells, to
evaluate the efficacy against primary and distant tumors. The
inoculation of bilateral tumors was performed as scheme illus-
trated in Fig. 7A, followed by subsequent immune analysis and
tumor growth evaluation. As the general antitumor efficacy has
been acquired in Fig. 5, we herein further focus on the last two
groups, namely BDP-pATS + L and BDP-pATS-aA2Ai + L.
Furthermore, as the efficacy in part 2.5 using only single time PDT
(one-time injection and twice laser irradiation) was still undesir-
able, we herein adjust the scheme to twice PDT, namely twice
injection and four-times laser irradiation, expecting potent effi-
cacy not only to primary tumors, but also more significantly to
distant tumors. As shown in Fig. 7B and G, the primary tumors
were totally inhibited after treatment with twice PDT, with TGI
values of 100% in both groups. For distant tumors, although both
groups exhibited potent inhibition efficacy in the first 4 days,
however, BDP-pATS + L started to rebound at Day 4, and grad-
ually to be aggravated within 6—14 days with final TGI of 78.7%.
By contrast, BDP-pATS-aA2Ai + L manifested excellent perfor-
mance with TGI of 95.7%, which displayed a significant differ-
ence in comparison to BDP-pATS + L (Fig. 7C—G).
Furthermore, the immune response triggered by the indicated
groups in distant tumors was also evaluated. Dendritic cells (DCs)
represent the most potent APCs, working as a bridge between the
former and the latter within the antitumor immunity. During the
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Figure 6  Antitumor assay and immune evaluation using C57BL/6 mice bearing B16-F10 tumors after indicated treatments. (A) Schematic

illustration of in vivo antitumor regimen. BDP-pATS-aA2Ai nanodrug or BDP was i.v. administered via the tail vein. The mice were treated with a
660 nm laser for a total of 10 min (light power: 200 mW/cm?; 3 min for the first irradiation and 7 min for the second irradiation). (B) Excised
tumor images after 14 days (the missing sites represented the cured tumors). (C) The corresponding tumor weights in (B). (D) Change curves of
tumor volume within investigated time. (E) Change curves of body weight. (F) Flow cytometric plots of CD8" and CD4" T cells in tumors after
indicated treatments. (G) H&E staining of tumor tissues in indicated groups. Scale bar = 60 pum. Immunofluorescence images of CD8 " and CD4 "
T cells in tumor tissues. Yellow and green fluorescence indicate CD8" T cells and CD4™" T cells, respectively. Scale bar 50 um. (H, I)
Quantification of CD8" and CD4™" T cells in (F) (n = 3). (J) Kaplan—Meier survival curves of mice after various treatments. Statistical analysis

was performed by Student’s t-test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 vs. indicated, and ns represents no significant
difference.
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Figure 7  Antitumor assay on bilateral tumor model and immune evaluation. (A) Schematic illustration of a bilateral B16-F10 tumor model and

its corresponding treatment schedule. (B, C) Change curves of primary and distant tumor volume within 14 days. (D—F) Individual tumor growth
curves of distant tumor in B16-F10 tumor bearing mice after receiving indicated treatments (n = 5). (G) Tumor growth inhibition rate of primary
and distant tumor. (H—J) Flow cytometric plots of mature DCs, CD8" T cells and Treg cells in distant tumors, respectively. (K—M) Quantification
of mature DCs, CD8" T cells and Treg cells in (H—J), respectively (n
indicated treatments (n = 3). Statistical analysis was performed by Student’s r-test. *P < 0.05, ***P < 0.001, ****P < 0.0001 vs. indicated, and

ns represents no significant difference.
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pyroptosis process, naive DCs are stimulated by damage-
associated molecular patterns (DAMPs) to form mature DCs,
which further process and present tumor associated antigens
(TAAs) to T cells, enhancing the infiltration of CTLs in the TME,
ultimately achieving specific immune tumoricidal effects. There-
fore, DC maturation was determined via analyzing the tumors
collected from the indicated groups. As demonstrated in Fig. 7H
and K, BDP-pATS-aA2Ai + L and BDP-pATS + L treatment
groups exhibited substantially elevated levels of mature DCs, with
increases of 3.28- and 2.94-fold respectively, relative to the PBS
group. Besides, groups of BDP-pATS-aA2Ai + L and BDP-
pATS + L revealed DCs maturation of 29.2% and 26.2%
respectively, however, these two groups exhibited no significance.
Besides, the immunoactivation efficacy was further investigated
on CTLs and Treg cells, which are target cells of A2Ai with high
expression of A2AR. For CD8" T cells, BDP-pATS-aA2Ai + L
group was the most potent of 18.1%, which is higher than that in
BDP-pATS + L of 15.6% and PBS group of 5.4%, respectively

> _ Tumor >> poT > >Lul:lgmeta§tasis)> M:;:Is;;ssis>

(Fig. 7T and L). Although no significant difference in CD8™ T cell
levels was observed between the two groups (Fig. 6H), in distant
tumors specifically, BDP-pATS-aA2Ai + L demonstrated a sta-
tistically significant increase compared to BDP-pATS + L. For
Treg cells (Fig. 7J and M), BDP-pATS-aA2Ai + L displayed Treg
level of 3.11%, which is remarkably lower than that in BDP-
pATS + L (18.4%) and PBS group (15.8%). Furthermore,
immunosuppressive cytokines secreted by Treg cells such as TGF-
6 and IL-10 were also determined. As shown in Fig. 7N and O, the
contents of TGF-8 and IL-10 in BDP-pATS + L group were
higher than that in PBS group, whereas BDP-pATS-aA2Ai + L
group remarkably decreased their levels, further indicating the
effective blocking against adenosine—A2AR pathway. Collec-
tively, these data manifested that BDP-pATS-aA2Ai + L can
simultaneously ignite PDT efficacy, reinvigorate potent CTLs
infiltration and significantly restrain the immunosuppressive Treg

cells, which all contributed to the desirable antitumor
performance.
B
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Antitumor effects toward lung metastasis and tumor recurrence. (A) Schematic illustration of B16-F10 cell bearing lung metastasis

mouse model. (B) Representative images of lungs after indicated treatments. (C) Representative images of H&E staining of lung tissues in PBS,
BDP-pATS + L and BDP-pATS-aA2Ai + L treated groups, respectively. Scale bar = 50 um. (D) Schematic illustration of B16-F10 cell bearing
mouse model towards tumor recurrence. (E) Change curves of recurrent tumor volume. (F, G) Individual tumor growth curves of recurrence tumor
in B16-F10 cell bearing mice after receiving indicated treatments (n = 4). For lung metastasis and tumor recurrence assays, twice PDT scheme
was performed, namely with two injections and four-times laser irradiation (200 mW/cm?, a total of 20 min).
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3.7.  Antitumor effects towards lungs metastasis and tumor
recurrence

Lung metastasis is a typical type among patients with distant
tumor metastasis. Herein, we established a melanoma lung
metastasis model to evaluate the antitumor efficacy evoked by
BDP-pATS-aA2Ai + L treatment. As shown in Fig. 8A, C57BL/6
mice were injected with B16-F10 cells (3 x 10’ cells/mouse) via
the tail vein on Day 10 after PDT treatment. Afterwards, lung
tissues were collected on Day 24 and used for H&E staining to
evaluate the behavior of lung metastasis. As revealed in Fig. 8C,
BDP-pATS-aA2Ai + L treatment obviously attenuated the num-
ber of lung tumor nodes compared with both PBS and BDP-
pATS + L groups, proving its desirable antitumor metastatic
capability. Meanwhile, the images of the isolated lung were also
provided in Fig. 8B. In addition, the body weights were steady
without pathological changes in each group (Supporting Infor-
mation Fig. S12). Taken together, BDP-pATS-aA2Ai + L treat-
ment effectively restrained lung metastasis of melanoma in B16-
F10 bearing living mice.

In addition to metastasis, tumor recurrence also accounts for
the main reasons underlying cancer-related deaths. A successful
antitumor therapeutic platform should not only demonstrate robust
tumoricidal activity against established primary and metastatic
tumors, but also can further sustain immunological memory to
provide long-term protection against tumor recurrence. Encour-
aged by the aforementioned results, we subsequently established a
tumor rechallenge model manipulating BDP-pATS-aA2Ai + L
against melanoma recurrence. As illustrated in Fig. 8D, B16-
F10 cells (3 x 10° cells/mouse) were inoculated on Day 6, fol-
lowed by twice PDT treatment. After the first tumor inoculation,
mice achieving complete tumors ablation were rechallenged with
the second subcutaneous injection of B16-F10 cells (2 x 10° cells/
mouse) on Day 16. As exhibited in Fig. 8E—G, 50% tumor-free
occurrence (2 out of 4 mice) were observed in mice previously
treated with BDP-pATS-aA2Ai + L from Day 16 to Day 42,
which was in sharp contrast to rapid tumor growth in PBS-treated
mice. Concretely, tumor recurrence was first detected at Day 24
with minor tumor volume, followed by rapid growth from Day 32
to Day 42. Another tumor maintained growth quiescence until
Day 30, after which progressive tumor expansion was observed.
Of particular note, two mice remained completely recurrence-free
throughout the entire observation period. These results verified the
durable and potent antitumor capability against B16-F10 cell
bearing recurrence tumor via BDP-pATS-aA2Ai-mediated pho-
toimmunotherapy. Collectively, the immune efficacy of BDP-
pATS-aA2Ai, generated by PDT-based immunogenic pyroptosis
synergistic with adenosine—A2AR blocking, can noticeably
inhibit the metastatic and recurrent tumors in living C57BL/6
mice.

4. Conclusions

This work constructed a novel multifunctional nanoprodrug sys-
tem, incorporating photo-controlled pyroptosis and acid-
activatable adenosine—A2AR interruption into a single nano-
therapeutic  platform, serving as the synergistic photo-
immunotherapy and immunometabolic therapeutics. In vitro and
in vivo results consistently manifested that BDP-pATS-aA2Ai-
mediated synergistic therapeutics can not only potentiate tumor
immunogenicity via PDT-based  pyroptosis, but also

counterbalance immunosuppressive TME via inhibiting adenosi-
ne—A2AR pathway, finally facilitating potent CTLs infiltration
and decreasing the immunosuppressive Treg cells in TME. Such a
synergistic therapeutic platform of BDP-pATS-aA2Ai completely
eradicated primary tumors, and also effectively restrained pul-
monary metastasis and reinoculation-induced tumor recurrence,
which barely can be accomplished by mono-immunotherapy or
traditional photodynamic therapy.

There are several limitations existing within our study. First,
although desirable results were manifested on in vivo antitumor
models, this work preliminarily evaluated the tumor suppression
efficacy towards lung metastatic and tumor recurrence, wherein
the systemic immunological memory indicators should also be
analyzed in our future research. Second, the generalizability of
this platform across different tumor types needs experimental
validation. Last, whether our newly discovered application of
artesunate, serving as a novel epigenetic drug, has widespread
application also demands further research. Despite these limita-
tions, our work establishes a novel therapeutic paradigm that
combines photoimmunotherapy with immunometabolic modula-
tion, offering a new perspective for melanoma treatment.
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