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ABSTRACT

Pyroptosis, a unique lytic programmed cell death, inspired tempting implications as potent anti-tumor strategy in
pertinent to its potentials in stimulating anti-tumor immunity for eradication of primary tumors and metastasis.
Nonetheless, rare therapeutics have been reported to successfully stimulate pyroptosis. In view of the intimate
participation of reactive oxygen species (ROS) in stimulating pyroptosis, we attempted to devise a spectrum of
well-defined subcellular organelle (including mitochondria, lysosomes and endoplasmic reticulum)-targeting
photosensitizers with the aim of precisely localizing ROS (produced from photosensitizers) at the subcellular
compartments and explore their potentials in urging pyroptosis and immunogenic cell death (ICD). The subse-
quent investigations revealed varied degrees of pyroptosis upon photodynamic therapy (PDT) towards cancerous
cells, as supported by not only observation of the distinctive morphological and mechanistic characteristics of
pyroptosis, but for the first-time explicit validation from comprehensive RNA-Seq analysis. Furthermore, in vivo
anti-tumor PDT could exert eradication of the primary tumors, more importantly suppressed the distant tumor
and metastatic tumor growth through an abscopal effect, approving the acquirement of specific anti-tumor
immunity as a consequence of pyroptosis. Hence, pyroptosis was concluded unprecedently by our proposed
organelles-targeting PDT strategy and explicitly delineated with molecular insights into its occurrence and the

consequent ICD.

1. Introduction

Cancer, owing to its inherent complication in pathophysiology and
formidable malignancy in invading the neighboring tissues and extrav-
asating for tumorigenesis at the distant sites, remains the clinical chal-
lenge and accounts for one of the most human mortalities [1,2]. In
addition to the surgical interventions, chemotherapy prevails as the
first-line clinical regime in suppressing cancer progression. Note that the
pharmacological schemes of most intensively-used chemotherapeutics
are intended for apoptosis, nonetheless, inherent or acquired
multi-resistance of cancerous cells to apoptosis (particularly subjected to
multiple circles of chemotherapy) underpins the failure of clinical
chemotherapy [3-5]. Moreover, apoptosis is acknowledged to be
non-immunogenic, and the ensuing apoptotic proceedings are stealthily
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confined in the cell interiors. Hence, to avert the intrinsic handicaps of
apoptosis, it is rationale to contrive alternative cell death pathways
rather than this silent apoptosis and inflame the immunological
dormancy for pronounced immunogenic cell death (ICD) and activated
anti-tumor immunities for complete eradication of cancerous cells.
Pyroptosis is a lytic programmed cell death, initially recognized as a
mechanism of anti-microbial host defense and of outflux of immunos-
timulatory cytokines (e.g, interleukin-1p and interleukin-18) [6,7].
Pyroptosis is schemed to exaggerate ICD by means of uncontrolled
release of intracellular pro-inflammatory contents [e.g., lactate dehy-
drogenase (LDH), inflammatory cytokines including interleukin-1p
(IL-1p) and interleukin-18 (IL-18)] [8,9]. Hence, the pro-inflammatory
programmed pyroptosis is presumed to not inflict apoptosis-associated
drug-resistance, more importantly, which could also stimulate ICD and
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facilitate the prime of immunity to the pyroptotic cells [10-14]. To date,
pyroptosis is primarily observed in the promoted clearance of infection
by viral, bacterial, fungal, and protozoan and barely reported from
several chemotherapeutic drugs [15-17]. Exceptional high spatiotem-
poral concentrations of chemotherapeutic drugs in the cell interiors
were reported to initiate pyroptosis, however, exceedingly high dosage
of chemotherapeutic drugs could induce acute off-target toxicity. To
circumvent this obstacle, we are encouraged to contrive a potent and
spatiotemporal precision approach to activate pyroptosis and investi-
gate its potentials in stimulating ICD and thereby eradication of
intractable tumors.

Photodynamic therapy (PDT) has gained clinical appreciation in
treatment of a number of intractable tumors due to its high spatiotem-
poral precision, minimal invasiveness and unlikely acquirement of PDT
resistance [18-21]. In principle, PDT is achieved by excitation of pho-
tosensitizing chemicals (photosensitizers) in molecular
oxygen-presenting atmosphere to stimulate photochemical reactions in
production of detrimental reactive oxygen species (ROS), particularly
singlet oxygen, with the intention of eliciting irreversibly cytocidal
consequence [22-26]. Given that recent researches on molecular
biology of pyroptosis disclosed the crucial participation of ROS in
inflammasome activation (NLRP3) [27], for instance, Nakahira et al.
and Shimada et al. reported oxidized mitochondrial DNA that is released
from destructive mitochondria can directly bind to and activate the
NLRP3 inflammasomes [28,29], and Zhou et al. suggested that Thio-
redoxin and Thioredoxin-interacting protein could respond the oxida-
tive stress and commit binding to the NLRP3 inflammasomes [30]. To
these respects, it is very intriguing to interrogate the possibilities of PDT
in inducing pyroptosis. Moreover, in view of ROS produced by PDT
susceptible to rapid elimination (ultrashort lifetime: 20-40 ns; effective
coverage: 20 nm) [31-33], as well as the aforementioned pyroptotic
signaling pathways starting from oxidization in specific subcellular or-
ganelles, we are motivated to elaborate an array of vital subcellular
organelles (mitochondria, lysosomes, endoplasmic reticulum)-targeting
photosensitizers, aiming to localize PDT for maximized activation of
inflammasomes and the consequent pyroptosis.

In this article, we would like to report for the first time that PDT
precisely aiming at specific subcellular organelles can lead to pyroptosis,
and the ROS-mediated organelle damage promotes the activation of
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pyroptosis-specific caspases (caspase 1) and commitment of hydrolysis
and liberation of pore-forming gasdermins (GSDMD-N) for the rupture
of plasma membranes, which facilitates the release of intracellular
contents (LDH et al.) and promotes abundant and large-scale ICD
(Scheme 1). The molecular design of subcellular target photosensitizers
referred to be Mito-ZS, Lyso-ZS, and ER-ZS, respectively (Fig. 1A),
which was rooted from the same parental cyanine chromophore [34],
followed by introduction of heavy atom with the aim of enhancing
intersystem crossing and ROS-producing capacities, as well as a variety
of targeting moieties for precise subcellular trafficking toward mito-
chondria, lysosomes and endoplasmic reticulum, respectively. Hence,
upon selective translocalization of the proposed photosensitizers into
organelles, the ROS converted from 30, to 10, can cause oxidative
damage efficiently to the organelles. Interestingly, we found that the
above-mentioned different subcellular target photosensitizers can cause
cancer cells pyroptosis in varying degrees. More importantly, the
occurrence of pyroptosis also stimulate ICD and facilitate the prime of
immunity. Hence, the intriguing synergy of photodynamic therapy and
immunotherapy for tumor treatment could be realized.

2. Experimental
2.1. Materials

DPBF and Reactive Oxygen Species Assay Kit (DCFH-DA) were ob-
tained from Beyotime biotechnology Co., Ltd. Hoechst 33324, Mito-
Tracker Green FM, and LysoTracker Green DND-26, were purchased
from Thermo (invitrogen). ER-Tracker Green (BODIPY® FL Glibencla-
mide) was purchased from MKBio. The anti-CD11c-APC, anti-CD80-
FITC, anti-CD86-PE-Cy5.5, anti-CD3-FITC, anti-FOXP3-PE, and anti-
CD4-PE-Cyanine7 were purchased from BioLegend (San Diego, CA,
USA).

2.2. Determination of singlet oxygen quantum yield (¢4)

1,3-Diphenylisobenzofuran (DPBF) as a singlet oxygen indicator was
added into sample solution (DCM) containing Mito-ZS, Lyso-ZS or ER-
ZS (10 pM) to adjust the absorbance at 415 nm close to 1.0. Afterward,
the mixed solution was treated with 580 nm laser irradiation (10 mW/
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Scheme 1. Schematic diagram in illustrating molecular mechanism of Mito-ZS, Lyso-ZS and ER-ZS for anti-tumor therapy.
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Fig. 1. (A) Schematic showing the different organelle-targeting photosensitizers. (B) Absorption and (C) fluorescence emission spectra of the photosensitizers with
varied subcellular targeting motifs (10 pM, Aex = 580 nm). Schematic illustration of the mechanism of (D) DPBF and (E) DCFH for 102 detection. (F) Quantification of
the produced 'O, using DPBF as an indicator. (G) Quantification of the produced ROS using DCFH as an indicator, In (I/Io) as a function of excitation periods, where
I and I stand for fluorescence intensities of DCFH (Aex = 488 nm, Aer, = 525 nm) prior to and post excitation (10 mW/cm?), respectively.

cm?) for different time and the absorption spectra of DPBF were
measured. The Rose Bengal (RB, 10 pM) was tested under the same
experimental procedures as the reference (Fig. S13). At last, the singlet
oxygen quantum yield was calculated with the following equation:

@y =Pgp X (Kps X Frp)/(Krs X Fpy)

dA represents the singlet oxygen quantum yield of the tested
photosensitizer; pRB represents the singlet oxygen quantum yield of RB
and the value is 0.76; Ps represents the tested photosensitizer; k repre-
sents the slope of the decrease of the absorbance at 415 nm of DPBF with
the addition of irradiation time; F is the correction factor which is
calculated by the following equation:

F=1-10"

OD represents the absorbance of the mixture at 580 nm.

2.3. Cell culture

The cancer cells (HeLa cells and 4T1 cells) were purchased from
Institute of Basic Medical Sciences (IBMS) of the Chinese Academy of
Science. The HeLa cells were cultured with DMEM high glucose medium
and 4T1 cells were cultured with RPMI-1640 medium. These cancer cells
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were grown in the above medium containing 10% fetal bovine serum
and 1% antibiotics (penicillin/streptomycin, 100 U mL ™) at 37 °C in a
humidified environment of 5% CO».

2.4. Intracellular tracking

HeLa and 4T1 cell lines were used for this study. The cells were
incubated with fresh medium containing Mito-ZS, Lyso-ZS or ER-ZS
(10 pM) for 20 min and washed with PBS, followed by costaining with 1
pM commercial dyes (Mito-Tracker Green, Lyso-Tracker Green and ER-
Tracker Green) for 20 min. After that, the samples were washed with
PBS and imaged by CLSM to investigate the subcellular localization of
Mito-ZS, Lyso-ZS or ER-ZS. Conditions: excitation wavelength: 488 nm
for Mito-Tracker Green, Lyso-Tracker Green, ER-Tracker Green and 580
nm for Mito-ZS, Lyso-ZS or ER-ZS; emission filter: 510-530 nm for
Mito-Tracker Green, Lyso-Tracker Green, ER-Tracker Green and
600-700 nm for Mito-ZS, Lyso-ZS or ER-ZS. After fluorescence images
were collected, the analysis was performed with Image J. software.

2.5. Intracellular ROS imaging

DCFH-DA was used to prove the generation of 05 in 4T1 cells. 4T1
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cells were plated onto 35 mmol confocal dishes and incubated with 5 pM
Mito-ZS, Lyso-ZS or ER-ZS for 1 h, then staining with DCFH-DA (10 pM)
for 30 min. After washed with serum free medium, the light group was
irradiated with 580 nm LED light (40 mW, 5 min, 12 J/ cm2). Then
confocal fluorescence imaging was carried out and collected. Condi-
tions: excitation wavelength was 488 nm and emission wavelength was
500-530 nm for DCF.

2.6. LDH release assays

4T1 cells were plated at 1 x 10° cells per well in a 96-well cell-
culture plate, followed by incubation at 37 °C for 24 h. Then the cells
were incubated with 5 pM Mito-ZS, Lyso-ZS or ER-ZS for 1 h and
washed with 100 pL fresh medium. The light groups were irradiated
with 580 nm LED lamp at a power density of 40 mW/cm? for 10 min and
continued growing for 12 h. The LDH release were detected according to
the instruction manual.

2.7. Invitro cytotoxicity assays

4T1 cells were plated at 1 x 10° cells per well in a 96-well cell-
culture plate, followed by incubation at 37 °C for 24 h. Then the cells
were incubated with varying concentrations of different photosensi-
tizers for 1 h and washed with 100 pL fresh medium. Then the cells were
irradiated with 580 nm LED lamp at a power density of 40 mW/cm? for
10 min and continued growing for 12 h. The fresh medium (100 pL) and
MTT (10 pL, 5 mg/mL) were added to each well and the cells were
incubated for another 4 h at 37 °C. Finally, the absorbance of 560 nm
was measured with a Bio-Rad microplate reader and the cell viability
was calculated. For dark toxicity measurement of different photosensi-
tizers, no light irradiation was applied to this experiment, and all other
steps were the same.

2.8. Western blotting analysis

4T1 cells treated with different formulations (Mito-ZS, Lyso-ZS and
ER-ZS) upon light irradiation or under dark were collected and sub-
jected to standard Western blot analysis. Non-treated 4T1 cells were
used as control. In brief, extracted proteins were separated by SDS-PAGE
and then transferred to polyvinylidene difluoride (PVDF) membranes.
The membranes were blocked with 5% nonfat milk solution to prevent
the interference from non-specific binding and incubated with indicated
primary antibody against GSDMD (Abcam Cambridge, MA, USA) and
B-actin (Proteintech Group, Inc. Chicago, USA) overnight at 4 °C. After
incubation with the goat-anti-rabbit IgG-HRP secondary antibody
(Thermo Fisher scientific, Oregon, USA) at room temperature for 2 h, the
immolunoreactive bands were determined using a chemiluminescence
(ECL) system (Bio-Rad, CA, USA).

2.9. CRT staining in 4T1 cancer cells

4T1 cells were plated onto 35 mm confocal dishes and incubated
with 5 pM Mito-ZS, Lyso-ZS or ER-ZS for 1 h, then the cells were washed
and irradiated by 580 nm LED lamp irradiation (40 mW/cm?) for 10
min. After 12 h, the cells were washed with pre-cooled 1 x PBS, fixed
with 4% paraformaldehyde on the ice for 1 min, and further incubated
with ATTO 488 labelled CRT antibody for 1 h. The CRT expression
fluorescence images collected by CLSM with the excitation at 488 nm
and signal acquisition in the range from 500 to 540 nm.

2.10. Antitumor capacity in vivo

The 4-6 weeks old BALB/c mice were chosen and 4T1 tumors were
established by s. c. injecting 2 x 10° 4T1 cells. When the primary tumor
volume reached 150 mm?, the tumor-bearing mice were randomly
divided into seven groups (PBS, Mito-ZS, Lyso-ZS, ER-ZS, Mito-ZS +
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Light, Lyso-ZS + Light and ER-ZS + Light, n = 5). The light group were
irradiated with 580 nm laser for 20 min at photodensity of 100 mW/
cm?. The distant tumor was established by s.c. injecting 1 x 10° 4T1
cells at 3 days after the treatment. As for live-imaging, the mice injected
with 50 pM (100 pL) different photosensitizers and imaged with a
NightOWL II LB983 small animal in vivo imaging system. The fluores-
cence was excitated at 580 nm and collected at 650 + 20 nm. The tumor
volume was calculated by using the formula:

1
v:§><a><b2

V represents the tumor volume of mice, a represents the longest
diameter of the tumor region, and b represents the diameter in the
vertical direction according to a of the tumor region. All the animal
experiments involved in this study were conducted in accordance with
the Guide for the Care and Use of Laboratory Animals published by the
US National Institutes of Health (8th edition, 2011), and approved by
the local research ethics review board of the Animal Ethics Commolittee
of Dalian University of Technology.

2.11. Anti-metastasis effect

The primary tumors were established and treated with different
formulations as the methods described previously. When the primary
tumor treated with different treatment, the 2 x 10° 4T1 cells were
administered intravenously via tail vein infusion into each BALB/c
mouse. 7 d later, after sacrificed mice, the lungs were photographed,
while the spleens were taken out for testing proportions of memory T
cells by flow cytometry.

3. Results and discussion

3.1. Preparation and characterization of organelle-targeting
Pphotosensitizers

The scheme of proposed photosensitizers was shown in Fig. 1A, the
synthetic routes were summarized in Fig. S1 and all the intermediates
and the ultimate products were confirmed by 'H NMR, '3C NMR, and
HRMS (Figs. S2-S12). Overall, UV-Vis absorption analysis revealed
similar spectra of the yielded photosensitizers, characterized to exhibit
strong absorption at 580 nm assignable to the cyanine moiety (Fig. 1B).
On the other hand, under excitation at 580 nm, tissue-penetrating
emission (600-750 nm, maximal: 620 nm) was determined (Fig. 1C)
and implied their potentials in self-tracking and theranostic utilities.
Quantitative measurements on 102 production based on DPBF (Fig. 1D)
and DCFH (Fig. 1E) assays approved their comparable ROS-producing
capacities upon excitation at 580 nm (Fig. 1F and G), the singlet oxy-
gen quantum yield (compared with rose bengal) was calculated to be
approximately 5.16%, 5.44% and 5.17% for Mito-ZS, Lyso-ZS and ER-
ZS, respectively (Fig. S13), which is assumed to be straightforward in
exploring the impact of organelle-dependent PDT on the cell death
paradigms.

3.2. Intracellular tracking and intracellular ROS imaging

To validate the subcellular organelle-targeting functionalities of our
elaborated photosensitizers, their intracellular distributions were
investigated by Confocal Laser Scanning Microscopy (CLSM). Note that a
class of commercial dyes, including Mito-Tracker®, Lyso-Tracker® and
ER-Tracker®, were employed for prior labelling the intended subcellular
compartments of mitochondria, lysosomes and endoplasmic reticulum,
respectively. As shown in Fig. 2A, excellent target accumulation into the
distinctive organelles was accomplished by all three photosensitizers, as
supported by high-degree colocalizations of the photosensitizers (red)
and the commercial organelle-staining dyes (green). The colocalization
coefficients were calculated to be approximately 0.96 (mitochondria),
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Fig. 2. (A) Intracellular distributions of Mito-ZS, Lyso-ZS and ER-ZS (red, hex = 580 nm, A, = 600-700 nm) by CLSM observation, wherein mitochondria, ly-
sosomes and endoplasmic reticulum were stained by commercial dyes (Aex = 488 nm, Aey, = 510-530 nm) of Mito-Tracker Green, Lyso-Tracker Green or ER-Tracker
Green, respectively. Scale bars: 20 pm. (B) ROS detection in 4T1 cells using DCFH-DA as the fluorescence indicator. Blue fluorescence (Aex = 405 nm, Aem = 450-470
nm); green fluorescence (Aex = 488 nm, Aem = 510-530 nm). Scale bars: 20 pm. (C) The quantified fluorescence intensities of DCFH-DA. (D) Fluorescence intensities
of DCFH-DA as a function of Mito-ZS concentration upon excitation at 580 nm (40 mW/cmz, 5 min, 12 J/cm?).

0.84 (lysosomes) and 0.87 (endoplasmic reticulum) (Table 1), respec-
tively. Notably, Mito-ZS owing to its cationic charge and appropriate
lipophilicity enables target transportation to the mitochondria in light of
the remarkably negative charge of mitochondrial membranes (~—220
mV) in cancerous cells [35,36]. Furthermore, our proposed photosen-
sitizers were determined to persistently reside in the targeted organelles
despite extended incubation (4 h, Fig. S14). These appreciably high
colocalization coefficients authenticate the validity of our molecular
design in pursuit of targeted accumulation at the distinct organelles.

Table 1

Furthermore, intracellular ROS production was studied with the aid
of ROS reporter (2,7-dichlorodihydrofluorescin diacetate: DCFH-DA),
wherein non-fluorescent DCFH-DA could be converted to be fluores-
cent emissive DCF due to its reaction with ROS. Pertaining to 4T1 cells
incubated in presence of the proposed three photosensitizers, bright
fluorescence (green) was uniformly observed in the cell interiors under
excitation at 580 nm (12 J/cm 2, Fig. 2B and C). Moreover, quantitative
measurement verified consistent rise in ROS production along the rising
dosages of photosensitizers (Fig. 2D and Fig. S15). Nonetheless, the

The colocalization coefficients of photosensitizers and commercial organelle-staining dyes.

Photosensitizers Targeting moities Targeting organelles Commercial dyes Colocalization degree
Mito-ZS Indolyl cation Mitochondria Mito-Tracker® 0.96
Lyso-ZS Morpholine group Lysosomes Lyso-Tracker® 0.84
ER-ZS Methylbenzenesulfonamide Endoplasmic reticulum ER-Tracker® 0.87
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overall ROS production was determined to be fairly comparable for the
proposed three photosensitizers if an equal dosage or excitation period
was applied, of particular convenience to interrogate the impact of
organelle-dependent PDT on the cytocidal pathway. The cytotoxic
consequence of the produced ROS aiming at the vital subcellular com-
partments were assessed based on Calcein-AM (liver cells, green) and PI
(dead cells, red) assay. Overwhelming cytotoxic potencies were
concluded for our proposed organelle-targeting PDT. Cell nuclei were
observed to be uniformly stained into red upon PDT as opposed to
negligible dark cytotoxicity (Fig. S16).

3.3. In vitro phototoxicity and morphological of pyroptosis

Furthermore, the cellular morphologic changes post precise
organelle-targeted PDT (580 nm, 24 J/cmz) were recorded based on
real-time CLSM observation, wherein the cells were incubated in
Confocal Chamber at 37 °C supplemented with 5% CO;. As shown in
Fig. 3A, bubble-like protrusions (indicated by white arrows in Fig. 3A)
from plasma membrane, in reminiscence of blebs, could be clearly
identified for the cells upon treatment of Mito-ZS, Lyso-ZS and ER-ZS
under excitation at 580 nm (24 J/cm?) despite the varied occurrence
rates. Moreover, real-time CLSM observation witnessed progressively
inflating bubbles (Supplementary Video S1). Note that these bubble-like
protrusions closely resemble pyroptotic bodies, a unique characteristic
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of pyroptosis [8,9], manifesting that organelle targeting of PDT may
lead to the occurrence of pyroptosis. With the intention of ruling out that
the bubbles as a result of apoptosis, we used H>O» as a classical apoptosis
inducer as a control. As shown in Fig. 3B, as opposed to abundant
bubbles by our proposed subcellular organelle-targeted PDT (Mito-ZS +
L and ER-ZS + L), very limited bubbles could be observed upon HyO»
treatment. Moreover, the appearances of the bubbles are significantly
different. The size of the bubbles produced by HoO»-induced apoptosis is
very small and does not change significantly over time. However, the
bubbles generated by Mito-ZS + L and ER-ZS + L expand rapidly in a
short period of time until the cell membrane ruptures to fully release the
intracellular material.

Supplementary data related to this article can be found at https://doi
.org/10.1016/j.bioactmat.2022.07.016.

Another distinguished characteristic of pyroptosis is the improved
permeabilities of plasma membrane for mass transportation between
intracellular and extracellular compartments. To assess the cytoplasmic
permeabilities, cytomembrane impermeable dyes of annexin V (AV,
green) and propidium iodide (PI, red) were employed due to their se-
lective affinities to phosphatidylserine (located on the inner cytoplasmic
surface of plasma membrane) and nuclei, respectively. As shown in
Fig. 3B, simultaneous positive staining of both cytoplasmic phosphati-
dylserine and nuclei could be observed for 4T1 cells upon PDT, as
opposed to the classical apoptosis induced by H,O, wherein positive AV-
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Fig. 3. (A) Representative morphologies of HeLa and 4T1 cells under treatment of diverse organelle-targeting photosensitizers (5 pM) in presence or absence of
excitation (580 nm, 40 mW/cm?, 10 min, 24 J/cm?). Scale bars: 20 pm. (B) Annexin V-FITC/PI co-staining assay, red fluorescence of PI (hex = 488 nm, Aey =
650-750 nm) and green fluorescence of Annexin V (Aexy = 488 nm, Aem = 510-530 nm). Scale bars: 20 pm. (C) Quantification of LDH release. (D) Cell viabilities of 4T1
cells under treatment of diverse organelletargeting photosensitizers (0-4 pM) in presence or absence of excitation (580 nm, 40 mW/cm?, 10 min, 24 J/cm?). (E) Dark
cytotoxicities of a variety of organelle-targeting photosensitizers against 4T1 cells. (*p < 0.05, **p < 0.01, ***p < 0.001.)
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staining could be only observed due to preserved cytoplasmic integrity
and partial translocation of phosphatidylserine to extracellular leaflet
during apoptosis. Moreover, bubble-like protrusions appeared to be
perfectly stained by AV as uniform and continued circle lines, as
opposed to the clustered AV-positive domains on the plasma membranes
under treatment of Hy02. This contrasting observation again indicated
organelle-targeting PDT in stimulating pyroptosis rather than apoptosis.

The loss of plasma membrane integrity due to pyroptosis permits
passive migration of AV and PI through plasma membrane to access
their intracellular targets, which apparently could also prompt the
leakage of intracellular components to the extracellular compartments.
Herein, lactate dehydrogenase (LDH) was utilized as the model molecule
to estimate the leakage of intracellular contents for 4T1 cells upon PDT
from Mito-ZS, Lyso-ZS and ER-ZS. In consistent with our speculation, as
opposed to negligible LDH leakage under dark, substantial LDH was
determined to release into the extracellular compartments, Lyso-ZS
(20.1%), Mito-ZS (54.7%), ER-ZS (86.8%) (Fig. 3C). Basically, the
occurrence rates of the bubble-like protrusions seemed to be well
correlated with the levels of LDH leakage. Hence, in view of their
comparable ROS production, localized photochemical reactions in
distinctive organelles are speculated to result in diversified cell death
paradigms. Possibly, pyroptosis was most favorably stimulated by ER-
targeted PDT from ER-ZS, yet pyroptotic rates was speculated to be
lowest for Lyso-targeted PDT from Lyso-ZS.

To our interest, MTT assay (Fig. 3D) on cell viabilities upon PDT
revealed contrasting tendencies, wherein highest light cytotoxic po-
tencies were actually accomplished by Lyso-ZS (ICsp: 0.42 pM) rather
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than comparably lowered cytotoxic potencies of Mito-ZS (ICso: 0.78 pM)
and ER-ZS (ICsp: 0.43 pM). And the ICsg indexes in dark of Mito-ZS,
Lyso-ZS and ER-ZS respectively were calculated to be approximately
79.46 pM, 80.43 pM and 86.15 pM, respectively, which is hundredfold
less toxic than their phototoxicities. (Fig. 3E). This inconsistency of light
cytotoxic again suggests distinguished cell death paradigms for our
proposed varied subcellular targeting photosensitizers. Most likely, the
major pyroptotic pathways induced by Mito-ZS and ER-ZS is charac-
terized by bubble-like protrusions, yet the major apoptotic pathway
(despite relatively low rate of pyroptotic occurrence) by Lyso-ZS pre-
venting leakage of intracellular contents. Therefore, pyroptosis may not
quantitatively upgrade the direct lethal potencies to the affected cells
but the most rewarding advantage of pyroptosis lies in its capacities in
prompting cell immunogenic death, which potentially facilitates the
development of anti-tumor immunities in subsequent suppression of the
primary tumors and distant metastasis through abscopal effect. Hence,
we aspire to explore deep insights into the immunostimulatory effects by
a variety of organelle targeting PDT in the subsequent experiments.

3.4. Mechanism analysis of organelle-targeting photosensitizers initiated
pyroptosis

To explore detailed insights into the genetic variables involved in
organelle-targeted PDT, transcriptomics study was conducted by
comprehensive RNA-seq analysis with the intention of scrutinizing the
impact of PDT on the transcriptional map. Meanwhile, differential
analysis was conducted by using Ingenuity Pathway Analysis (IPA) with
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the aim of unveiling the molecular signalling pathways in pertinent to
PDT. Overall, in relative to the blank control, 2010 genes were subjected
to upregulation and 2067 genes were downregulated upon PDT (Fig. 4A
and B). In reference to gene ontology, the main differences in the bio-
logical processes of 4T1 cells prior to and post PDT is involved in
biomolecule metabolic processes, including ribosome, rRNA meta-
bolism, nucleolar and preribosome, etc. (Fig. S17). In addition, the
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment
analysis of differentially expressed genes was performed (Fig. S18). The
pathways of ribosome biogenesis in eukaryotes, RNA transport, and
spliceosome, etc. were demonstrated to be upregulated by the differ-
entially expressed genes. Also, a variety of ROS-associated genes,
including TRPV1, XBP1, TNF, IL6 and BAX, were upregulated (Fig. S19).
In particular, endoplasmic reticulum stress was indicated with respect to
the activated EIF, signaling pathway (Fig. 4C), in agreement with our
strategically precision PDT at endoplasmic reticulum. Leadingly, anti-
oxidant machinery of NRF2 responsible for eliminating the produced
ROS was also observed to be activated. To discriminate the cell death
paradigms, differential analysis was emphasized on the signaling path-
ways in pertinent to apoptosis, necrosis and pyroptosis. As shown in
Fig. 4D, apoptotic and necrotic pathways appeared to be relatively
inhibited, yet pyroptosis was significantly activated upon PDT. Given
that the pioneer researches implied the correlation of ROS with activa-
tion of NLRP3 inflammasomes [30], our transcriptomics investigations
obtained consistent results that substantial upregulated NLRP3 was
initiated in response to PDT. In addition, another two important
pro-pyroptotic inflammasones (AIM2 and NLRC4 reported to be
involved in double-stranded DNA damage and microbes pyoptosis [37,
38], respectively) appeared to be also upregulated. This interesting
observation implied the possibilities of our proposed organelle-targeting
PDT could potentially instigate a variety of molecular pathways towards
pyroptosis. The formation of these pro-pyroptotic inflammasomes was
supported in view of the upregulated PYCARD (encoding the essential
inflammasome adaptor-protein ASC, thereby engaged in assembly of
NLRP3 inflammasomes). Furthermore, with aids of a number of upre-
gulated co-factors (e.g, TNF, TNFAIP3, TUBB6, Fig. 4D), the afore-
mentioned pro-pyroptotic inflammasomes could urge activation of
pyroptosis-specific caspases and commitment of hydrolysis and libera-
tion of pore-forming gasdermins for the rupture of plasma membranes.
The liberation of pore-forming gasdermins (GSDMD-N) were indeed
confirmed by Western blot analysis (Fig. 4E and F). GSDMD-N were
determined to be significantly higher for the cells upon PDT treatment,
approving the liberation of pyroptotic trademark gasdermins for elicit-
ing the subsequent pore-forming and rupture of plasma membranes.

To further verify the advantages of organelle-targeted photosensi-
tizers in regulating pyroptosis, non-organelle-targeted commercial
photosensitizer of Ce6 was selected as a control for insight into the level
of GSDMD and caspase-1 by Western blot analysis. As shown in Fig. S20,
the levels of the activated caspase-1 and GSDMD in the cells upon
treatment with our proposed organelle-targeted photosensitizers were
determined to be significantly higher than those of Ce6, indicating the
worthy of our precise organelle-targeted PDT strategy in pursuit of
maximized degrees of pyroptosis, especially targeting mitochondria and
endoplasmic reticulum.

In summary, according to the results of RNA-seq and Western blot
analysis, once the Mito-ZS, Lyso-ZS and ER-ZS accumulated into the
distinct subcellular organelles, the localized PDT in differing organelles
was determined to lead to contrasting degrees in stimulating NLRP3,
thus accounting for varied degrees in activation of caspase 1, followed
by cleavage of GSDMD into GSDME-N fragment for perforating cyto-
membranes and pyroptosis (Fig. S21). Eventually, the immunostimula-
tory intracellular components [e.g., lactate dehydrogenase (LDH) and
inflammatory cytokines] could outflux through the ruptured plasma
membranes and prompt strong inflammatory response for development
of ICD.
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3.5. ICD effect induced by pyroptosis

One of most intriguing aspects of pyroptosis for anti-tumor therapy is
its potentials in instigating overwhelming anti-tumor immunities, which
is stimulated as a consequence of not only the aforementioned release of
intracellular pro-inflammatory components but also presentation of
damage associated molecular patterns (DAMPs) on the cytoplasmic
surface [39-41]. In particular, pioneer researches revealed that trans-
location of calreticulin (CRT) from intracellular endoplasmic reticulum
compartments to the external surface of cytomembrane and ATP
released were crucial in pyroptosis with the aim of activation of ICD and
the ensuing DCs’ maturation and immunity [42-46]. Our subsequent
immunostaining assay pertaining to CRT identified abundant trans-
location of CRT onto the cytoplamsic surface of the cells upon PDT
treatment by Mito-ZS and ER-ZS (Fig. 5A and C), in contrast to markedly
low cytoplasmic CRT for Lyso-ZS-treated cells. In addition, as shown in
Fig. S22, compared to Ceb6-treated cells, the Western blot results also
proved that photosensitizers with organelle targeting enable promoted
CRT translocation, thus accounting for significantly more pronounced
ICD effect. And the result of ATP released in the cell supernatants also
has a similar trend with the CRT immunostaining assay (Fig. 5D),
wherein the leakage levels of ATP was significantly higher in Mito-ZS +
L and ER-ZS + L treated groups in relative to that of Lyso-ZS + L treated
group.

To further verify that the importance of pyroptosis in augmenting the
immunogenic potentials, the DCs’ maturation characterized to possess
positive CD80 and CD86 was evaluated by Flow Cytometry. In accor-
dance to our speculation, the prompted DCs’ maturation (Fig. 5B and
Fig. S23) was confirmed for bone marrow dendritic cells (BMDCs from
Balb/c mice) that were subjected to co-incubation with 4T1 cells upon
PDT. Moreover, interleukin 12 (IL-12p70), interleukin 6 (IL-6), tumor
necrosis factor « (TNF-a) and interleukin 4 (IL-4), correlated to activa-
tion of DCs and T lymphocytes and development of both innate and
specific immunities, were measured by enzyme-linked immune sorbent
assay (ELISA) to be significantly higher for the cells under PDT by Mito-
ZS and ER-ZS rather Lyso-ZS (Fig. 5E-H).

To further verify that the immunostimulatory effect was caused by
pyroptosis rather than necrosis, the Western blot analysis was performed
for insight into the necrosis marker protein P-MLKL post PDT treatment.
Herein, Necroptosis Inducer Kit of TSZ was included as a positive control
for necrosis. As shown in Fig. S24, as opposed to the positive control of
TSZ in stimulating necrosis (augmented level of P-MLKL), the negligible
level of P-MLKL was confirmed for the cells despite PDT treatment,
indicating unlikeliness of necrotic pathway in pertinent to PDT-
stimulated cell death. This result further confirmed that the immunos-
timulatory effect should be as a consequence of pyroptosis. Hence, the
obtained results verified the importance of targeted PDT at the mito-
chondria or endoplasmic reticulum compartments in pursuit of pyrop-
tosis, which accordingly faciliate acquirement of stimulated immunities
for propogated clearance of pathogens (e.g., tumors).

3.6. In vivo antitumor activity

Eventually, we attempted to implement pyroptosis by organelle-
targeting PDT for treatment of intractable triple-negative breast can-
cer. Prior to in vivo investigations, the pyroptotic potencies were
assessed based on a classical cell scratch assay, and the subsequent re-
sults identified rapid and potent cytocidal efficacy of our proposed
organelle-targeting PDT (Fig. S25). Furthermore, organelle-targeting
PDT was prescribed in treatment of not only the primary solid tumors
via direct intratumor administration to explore the potencies of pyrop-
tosis in eradication of primary tumors but also the distant tumors to
inspect the feasibilities of pyroptosis in development of anti-tumor im-
munities for inhibiting tumor metastasis and recurrence. The thera-
peutic scheme was illustrated in Fig. 6A (note that spatiotemporal
excitation was conducted at 2 h post intratumoral injection of
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Fig. 5. (A) Identification of translocation of CRT to plasma membrane by CLSM. Scale bars: 20 pm. (B) Quantification of CD80 and CD86 by flow cytometry. (C)
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0.01,
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photosensitizers based on the results in Fig. 6B).

Overall, the primary tumor growth of the intractable triple-negative
4T1 carcinoma appeared to be completely suppressed by PDT (Fig. 6C),
verifying the overwhelming potencies of organelle-targeting PDT for
pyroptosis and eradication of the solid tumors. To our interest, the tumor
progression at the distant sites appeared to be substantially retarded for
the mice whose primary tumors were subjected to PDT by ER-ZS and
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p < 0.001.) The 4T1 cells under treatment with the diverse organelle-targeting photosensitizers (5 pM) in presence or absence of excitation (580 nm, 40

Mito-ZS (Fig. 6D), which should be accredited to superior anti-tumor
immunities due to high-degree pyroptosis from treatment of ER-ZS
and Mito-ZS. Indeed, the stimulated immune responses were confirmed
by immunostaining the tumors upon PDT (Fig. 6F), wherein abundant
CD11b", CD11c" dendritic cells for activation of specific anti-tumor
immunity, as well as CD4", CD8" T lymphocytes for execution of spe-
cific anti-tumor immunity, were observed to infiltrate throughout the
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tumors.

3.7. In vivo antitumor immunity

To further verify the immune effect induced by tumor pyroptosis in
vivo, DCs maturation was further evaluated through flow cytometry
analysis. Similar to the results of in vitro, the groups of Mito-ZS + L and
ER-ZS + L had a significant DCs maturation rate (Fig. 7A and Fig. 526),
which was also conducive to activating CD8" T cells to directly kill
tumor cells and exert anti-tumor effects. As shown in Fig. 7B-E and
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Figs. $27-31, the populations of CD4", CD8" T cells and regulatory T
cells (Tregs) in primary and distant tumors were determined. Note that
the regulatory T cells interferes with the function of effector T cells and
DCs, thereby inhibiting the anti-tumor immune effect [47]. Compared
with the control group, the percentages of CD8" and CD4" T cells
increased and Tregs decreased in the all PDT groups, especially in the
groups of Mito-ZS + L and ER-ZS + L, the ratio of CD8"/Treg cells
reached the highest, it affirmed that oxidative stress at mitochondria and
endoplasmic reticulum compartments appeared to prompt higher de-
gree pyroptosis and significantly enhances specific anti-tumor
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immunity.

The stimulated specific anti-tumor immunities are believed to
conclude the observed anti-tumor potency for both primary tumors and
distinct metastasis. Meanwhile, the body weight of all groups (Fig. S32)
and histological analysis (Fig. 7E and Fig. S33) revealed the excellent
safety profiles of spatiotemporal PDT by observation of no obvious
morphological or histopathological abnormalities in other organs, but
massive tumor cell death in primary tumor under PDT treatment was
observed, indicating tumoral pyroptosis for targeted anti-tumor immu-
nities in clearance of the pathologic tumors rather than non-specifically
inflammatory reactions. Given the obviously immune effects of primary
and distant tumors therapy, it has been hypothesized that immune
memory effect would be augmented to prevent tumor recurrence and
metastasis. The therapeutic scheme of lung metastasis was illustrated in
Fig. 8A. To assess the immune memory effect, after 7 days of treatment,
the spleens were taken out from the mice with primary tumor for testing
proportions of memory T cells by flow cytometry. As shown in Fig. 8B-E,
Figs. S34 and S35, the percentages of central memory T cells (TCM) and
effector memory T cells (TEM) in mice treated with Mito-ZS + L and ER-
ZS + L were significantly higher than the other groups. Furthermore, the
immune memory effect was also confirmed in the pulmonary metastasis
model, which was established in primary tumor mice by intravenous
injection of 4T1 cells after different treatment. As displayed in photo-
graphs of lungs (Fig. 8F), compared with the control and no light group,
there were no metastatic nodules in the lung tissues of mice in the
normal, Mito-ZS + L and ER-ZS + L group. These results fully confirmed
that Mito-ZS + L and ER-ZS + L could prim the immune memory effect
of mice, thereby inhibiting tumor regeneration and metastasis.
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4. Conclusions

In summary, we report the precise elaboration of a class of well-
defined photosensitizers with excellent subcellular organelle-targeting
function and in situ photochemistry organelles for varied degree
pyroptosis towards the affected tumor cells. The pyroptotic rates were
observed to follow a distinct organelle-targeting PDT-dependent
manner, wherein the oxidative stress at mitochondria and endoplasmic
reticulum compartments appeared to prompt higher degree pyroptosis.
Of note, the prompted pyroptosis not only supported by the morpho-
logical and mechanistic characteristics but also for the first time fully
validated by the subsequent comprehensive RNA-Seq analysis. More-
over, pyroptosis was delineated to promote the development of potent
anti-tumor immunities as a result of uncontrolled release of intracellular
immunostimulatory components and specifically presentation of DAMP
on the cytoplasmic surface, eventually facilitating both innate anti-
tumor immunities and maturation of DCs, T lymphocytes and memory
T cells for specific anti-immunities maturation. The immunostimulatory
capacities of pyroptosis eventually demonstrated to be favorable in situ
eradication of the primary tumors but also propel clearance of distant
tumors and metastatic tumors, advocating the worthy of our endeavors
in pursuit of pyroptotic death pathway for potent anti-tumor therapy,
particularly in elimination of metastasis and inhibition of tumor recur-
rence. To our best knowledge, our study could represent the first
example of spatiotemporal PDT in accomplishing pyroptosis, what is
more, for the first time reporting the importance of precisely subcellular
organelle-targeted PDT in seeking maximized pyroptosis. Hence, the
present study provides critical information in understanding the corre-
lation of PDT and cytocidal pathways, which should be highlighted in
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program of PDT scheme to conclude compelling anti-tumor outcomes.
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