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ABSTRACT

Background The effectiveness of immune checkpoint
inhibitors in colorectal cancer (CRC) is limited due to the
low tumor neoantigen load and low immune infiltration in
most microsatellite-stable (MSS) tumors. This study aimed
to develop a mitochondria-targeted photodynamic therapy
(PDT) approach to provoke host antitumor immunity

of MSS-CRC and elucidate the underlying molecular
mechanisms.

Methods The role and mechanism of mitochondria-
targeted PDT in inhibiting CRC progression and inducing
pyroptosis were evaluated both in vitro and in vivo. The
immune effects of PDT sensitization on PD-1 blockade
were also assessed in CT26 and 4T1 tumor-bearing mouse
models.

Results Here, we report that PDT using IR700DX-6T, a
photosensitizer targeting the mitochondrial translocation
protein, may trigger an antitumor immune response
initiated by pyroptosis in CRC. Mechanistically, IR700DX-
6T-PDT produced reactive oxygen species on light
irradiation and promoted downstream p38 phosphorylation
and active caspase3 (CASP3)-mediated cleavage of
gasdermin E (GSDME), subsequently inducing pyroptosis.
Furthermore, IR700DX-6T-PDT enhanced the sensitivity

of MSS-CRC cells to PD-1 blockade. Decitabine, a
demethylation drug used to treat hematologic neoplasms,
disrupted the abnormal methylation pattern of GSDME in
tumor cells, enhanced the efficacy of IR700DX-6T-PDT,
and elicited a potent antitumor immune response in
combination with PD-1 blockade and IR700DX-6T-PDT.
Conclusion Our work provides clear a understanding

of immunogenic cell death triggered by mitochondria-
targeted PDT, offering a new approach for enhancing the
efficacy of PD-1 blockade in CRC.

BACKGROUND

Colorectal cancer (CRC) is increasingly
recognized as a highly prevalent form of
malignancy globally, with an increasing inci-
dence among Asians similar to that in Europe
and the USA.' * Most patients with CRC
exhibit mismatch repair proficient (pMMR)
or microsatellite stability (MSS), which results

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Photodynamic therapy (PDT) using the translocation
protein (TSPO)-targeted photosensitizer, IR700DX-
6T, inhibited tumor progression in breast cancer,
induced immunogenic cell death and activated anti-
tumor immune responses.

WHAT THIS STUDY ADDS

= In this study, we demonstrated that TSPO-targeted
PDT inhibited the progression of colorectal can-
cer (CRC) in vitro and in vivo, triggered pyroptosis
through the reactive oxygen species/p38/CASP3/
gasdermin E (GSDME) axis, and enhanced anti-PD-1
antibody efficacy in microsatellite-stable (MSS)
CRC. Moreover, decitabine, a classic methyltransfer-
ase inhibitor, increased GSDME expression through
demethylation and induced dramatic tumor shrink-
age and immune cell infiltration when used in com-
bination with PDT and anti-PD-1 antibody in tumors
with low endogenous GSDME expression.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= TSPO-targeted PDT is a potential new therapeutic
strategy for the treatment of MSS-CRC.

in limited responses to immune checkpoint
inhibitors (ICIs) due to deficiency of mutated
tumor antigens.”*

With its advantages of specific targeting,
spatiotemporal controllability, and extremely
low invasiveness, photodynamic therapy
(PDT) shows great promise in treating various
malignant tumors.” PDT is achieved by exci-
tation with a specific wavelength of light to
generate reactive oxygen species (ROS),
particularly singlet oxygen, which initiates
the photochemical response, activating
signal pathways and inducing irreversible cell
death.’ To address limitations such as insuffi-
cient luminous flux, PDT has been combined
with  RNA interference, chemotherapy,
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photothermal therapy, and 1mmunotherapy to achieve
promising therapeutic effects.” The 18kDa transporter
protein (TSPO), a transmembrane protein located in
the outer membrane of mitochondria, is related to mito-
chondrial metabolism, immune regulation and other
cellular processes.® Its expression is particularly high in
CRC, breast cancer, glioblastoma, and some other types
of cancer.” In our previous study, we demonstrated the
efficacy of IR700DX-6T as a TSPO-targeted photosen-
sitizer in regressing breast cancer; however, the type of
cell death and underlying molecular mechanisms remain
unclear."’

Pyroptosis is a newly disclosed programmed cell death
pathway. Gasdermin family proteins act as key executors
of pyroptosis by inducing membrane permeabilization
and releasing cytoplasmic contents through caspase-
mediated cleavage.'' ' In addition to suppressing cellular
proliferation, invasion, and metastasis, pyroptosis can
elicit immunogenic cell death (ICD), thereby enhancing
tumor cell immunogenicity and promoting immune cell
infiltration.'®* However, most tumor cells exhibit limited
gasdermin E (GSDME) expression due to abnormal
methylation-mediated silencing."” Therefore, it is crucial
to explore innovative approaches for eliciting effective
pyroptosis and immune response in tumors.

Here, we demonstrated that IR700DX-6T-PDT effec-
tively inhibited CRC proliferation both in vitro and in
vivo. IR700DX-6T-PDT induced pyroptosis, p38 phos-
phorylation, and caspase3 (CASP3)-dependent cleavage
of GSDME. In cell lines with minimal GSDME expression
due to promoter methylation, IR700DX-6T-PDT exhib-
ited low efficacy. Decitabine, a methyltransferase inhib-
itor, reversed GSDME silencing by demethylating GSDME
and promoted the efficacy of IR700DX-6T-PDT. Remark-
ably, the combination of decitabine, IR700DX-6T-PDT
and an anti-PD-1 antibody greatly overcame the immu-
nosuppressive environment and resulted in dramatic
tumor shrinkage, thus providing a promising strategy for
improving the efficacy of ICIs. Our findings shed new
light on the mechanism of IR700DX-6T-PDT-induced
tumor cell death and provided a novel combinational
strategy for the treatment of “cold” tumors.

METHODS

Cell culture

Human CRC cell lines (HCT116, SW620, HCT15, DLD-1,
LS174T, SW480, SW1463, RKO, HCTS, and Caco-2), a
murine colon adenocarcinoma cell line (CT26), and a
murine breast cancer cell line (4T1) were obtained from
the American Type Culture Collection. DiFi and KM12SM
cells were gifted by the Coffey laboratory (Vanderbilt
University Medical Center). Human normal epithelial
cells line (NCM460) was obtained from the INCELL. The
CT26 cell line was stably transfected with Firefly luciferase
(CT26-Luc) following a pre-established protocol.'® All
cells were preserved at the State Key Laboratory of Holistic
Integrative Management of Gastrointestinal Cancers

(Xi’an, China). Cells were cultured in DMEM medium
(Gibco, Carlsbad, California, USA), supplemented with
10% fetal bovine serum (FBS, Gibco), 1% antibiotics,
nonessential amino acids and glutamine (Gibco) in a 5%
CO, incubator at 37°C.

In vitro PDT

The cells were seeded in 96-well plates, protected from
light, and the cell adhesion process was monitored. After
cell adhesion, the medium in the well was discarded
and replaced with a fresh medium containing different
concentrations of IR700DX-6T (0.125, 0.25, 0.5, 1, and
2pM) or DMSO to study photosensitizer concentration-
dependent PDT effect. After 16 hours, cells were washed
with fresh medium to remove the unbound photosen-
sitizers. The 96-well plates were irradiated with an LED
light (L690-66-60, Marubeni America, New York, New
York, USA) at the wavelength of 670-710nm for 27 J/
cm® as previously described.' 7 To study light dose-
dependent PDT effect, the cells were incubated with 1 pM
IR700DX-6T for 16 hours, and then irradiated at different
light doses (4.5, 9, 18, and 27 J/cm®). After light irradia-
tion for 16 hours, the CCK8 reagent (GK10001, GLPBIO)
was added to each well of the 96-well plates and cells were
incubated at 37°C for 2hours. The absorbance was read at
450 nm using a Thermo Fisher Scientific Varioskan Flash
multimode reader (Thermo Fisher Scientific, Carlsbad,
California, USA).

Hoechst 33342/propidium iodide staining

CT26 and HCT116 cells were seeded into 12-well plates
and treated with 1 pM IR700DX-6T for 16 hours. The light
dose applied to treat CT26 and HCT116 cells were 18 and
27 J/em®, respectively. After the indicated treatment, the
apoptosis and necrosis assay kit (C1056, Beyotime) was
used to stain the cells, and the propidium iodide (PI)-
positive cells were observed under an inverted fluores-
cence microscope (Olympus 1x83, Tokyo, Japan).

Cell death detection with flow cytometry
IR700DX-6T-PDT-induced cell death was detected using
an Annexin V-FITC apoptosis detection kit (C1062L,
Beyotime), according to the manufacturer’s protocol.
The cell culture medium was collected at specified times,
and adherent cells were washed with phosphate buffered
saline (PBS). When the cells were digested with trypsin
without EDTA, the cell culture medium was added. Cells
were then gently aspirated, collected, and washed with
PBS. After precipitation, the cells were resuspended in
Annexin V-FITC binding solution and stained with 5pL
of Annexin V-FITC and 10 pL of PI staining solution. Cells
were stained at room temperature (RT) in the absence of
light for 15min and immediately analyzed via flow cytom-
etry (Sony SA3800, Tokyo, Japan). All data were analyzed
using Flow]Jo (Tree Star, Ashland, Oregon, USA).

Lactate dehydrogenase release assay
Lactate dehydrogenase (LDH) was measured in the
supernatant of cell culture in order to determine
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pyroptosis. The cell was pretreated with Ac-DEVD-CHO
(100pM, HY-P1001, MedChemExpress, MCE), N-acetyl-
L-cysteine (NAC; b5mM, V900429, Sigma-Aldrich), p38
inhibitor SB202190 (10pM, HY-10295, MCE) or without
any of the above, for 4hours, before PDT was carried out.
LDH activity was measured using an LDH release assay
kit (C0017, Beyotime) according to the manufacturer’s
protocol. The absorbance was measured at 490 nm.

ROS and mitochondrial ROS measurement

DCFH-DA (S0033M, Beyotime) and MitoSox Red dye
(M36008, Invitrogen) were used to measure the total
and mitochondria ROS, respectively, according to the
manufacturer’s protocol. Cells were stained with 10 pM
DCFH-DA or 5pM MitoSox Red dye for 30min in the
dark at 37°C. Fluorescence intensity was measured using
flow cytometry (Sony SA3800).

Small interfering RNA transfection

Small interfering RNA (siRNA) targeting GSDME was
designed and synthesized by Tsingke (Beijing, China).
siRNA transfection was performed using Lipofect-
amine RNAiMAX Transfection Reagent (13778030,
Thermo Fisher Scientific), following the manufactur-
er’s instructions. RNA and proteins were extracted
at 48 hours and 72 hours after transient transfection,
respectively. The siRNA sequences were listed in
online supplemental table 1.

RNA extraction and RT-qPCR

Total RNA was extracted from cells using an RNA purifi-
cation kit (K0731, Thermo Fisher Scientific). The Prime
Script RT Reagent Kit (RR036B, TaKaRa) was used for
the reverse transcription of RNA into cDNA. qPCR was
performed using a SYBR Premix Ex Taq Kit (11 199ES03,
Yeasen) on a CFX96 Real-Time PCR Detection System
(Bio-Rad, Hercules, California, USA). PCR primers are
listed in online supplemental table 2.

Protein extraction and Western blot

Treated cell sample proteins were collected using RIPA
buffer containing a protease inhibitor (P8340, Sigma-
Aldrich) and phosphatase inhibitor (P0044, Sigma-
Aldrich). The cell lysates were quantified, combined with
SDS loading buffer and subjected to boiled for 10min in
order to be prepared for Western blot analysis following
the standard protocol. The following antibodies were used:
DFNA5/GSDME (ab215191) and GSDMD (ab219800,
ab210070) were purchased from Abcam. CASP3 (#9662),
cleaved-CASP3 (#9661), JNK (#9252), p-JNK (#4668),
p38 (#8690), p-p38 (#4511), MEK (#9126), p-MEK
(#9154), ERK (#4695), p-ERK (#4370), GAPDH (#5174),
and secondary antibodies (#7074, #7076) were obtained
from Cell Signaling Technology. ECL reagent (4AWO011,
4A Biotech) was used on a Molecular Imager ChemiDox
XRS' Imaging System with Image Lab software (Bio-Rad)
to visualize blotted bands.

In vivo animal experiments

For in vivo experiments, female BALB/c mice or BALB/c
(nu/nu) nude mice aged 6-8 weeks were obtained from
the Experimental Animal Center of the Air Force Medical
University (Xi’an, China) and raised in an SPF-grade
room with a 12-hours light/12-hour dark cycle and fed a
standard rat diet.

To establish a CT26 subcutaneous tumor model, we
inoculated CT26-fLuc tumor cells (5x10°) subcutane-
ously into the flank of mice. Tumor-bearing mice were
randomly divided into four groups (n=5): PBS, anti-PD-1,
IR700DX-6T+Light, and IR700DX-6T+Light with anti-
PD-1. The IR700DX-6T+Lightand IR700DX-6T+Light
with anti-PD-1 groups were intravenous injected with
7.5nM of IR700DX-6T in 100pL of PBS through the
tail vein on day 1. PDT was performed in vivo, as previ-
ously reported."’ Two hours after the injection of the
photosensitizer, the mice were anesthetized with a 2%
(v/v) isoflurane/oxygen mixture. The tumors were then
exposed to LED light at a wavelength of 670-710nm
(peak at 690nm) with the light dose of 18 J/cm?* admin-
istered at 30 mW/cm®. After 24 hours of irradiation, the
mice were initially intraperitoneally injected with 100 pg
of anti-PD-1 antibody (clone: RMP1-14, BioXcell) and
subsequently received injections every 3days. The mice
were treated with anti-PD-1 antibody four times. Measure-
ments of mouse tumor size, weight, and bioluminescence
imaging (BLI) were recorded regularly. Tumor volumes
were measured every 3days using vernier calipers and
calculated as follows: (lengthxwidth®) /2. On completion
of the experiment, the mice were sacrificed according to
institutional ethical guidelines.

To investigate the effect of decitabine combined with
IR700DX-6T+Lightand anti-PD-1, female BALB/c mice
were subcutaneously injected with 4T-1 cells (5x10° cells
per mouse). The mice were randomly divided into six
groups (n=b5): PBS, decitabine, decitabine+anti-PD-1,
IR700DX-6T+Light, IR700DX-6T+Light+decitabine,
and IR700DX-6T+Light+decitabine+anti-PD-1.  Decit-
abine (80pM, HY-A0004, MCE) was dosed for 3days,
and IR700DX-6T+Light (light dose of 18 J/cm®) was
performed soon after. Anti-PD-1 antibody was injected
intraperitoneally on days 4, 7, 10, and 13 after cell injec-
tion, followed by twice-weekly injections.

Flow cytometry assay

After the treatment, the tumor was stripped and cut into
a slurry using scissors. We used a digestive solution (1640
medium containing 2% FBS, 1mg/mL collagenase IV
(LS004188, Worthington Biochemical), and 200 pg/mL
DNase I (1.S002139, Worthington Biochemical)) to digest
tumor tissue. The mixture was digested at 37°C for 30 min
with a rotation speed of 30 rpm. Then, the tissue digestion
was terminated and filtered. The samples were centri-
fuged, and the supernatants were discarded. The precipi-
tate was resuspended in erythrocyte lysate and placed on
ice for 5min. Precooled PBS was added to the centrifuge
tube and washed before proceeding to the staining step.
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For staining: a Zombie NIR Fixable Viability Kit
(#423105, Biolegend) was used to determine whether
the cells were alive or dead. Next, the cells were sealed
with serum or TruStain FcX PLUS (anti-mouse CD16/32)
antibody (#156603, Biolegend) at 4°C for 10min and
then directly added to the antibody mixture for staining
under dark conditions for 30 min. For the staining of T
cells, the antibody mixture consisted of a cell staining
buffer (#420201, Biolegend) containing working concen-
trations of Percp/cyb.5-conjugated CD45 (#103132,
Biolegend), PB-conjugated CD3e (#155612, Biolegend),
FITC-conjugated CD4 (#100406, Biolegend), and PE-con-
jugated CD8b (#140408, Biolegend). For the staining of
dendritic cells (DCs), the antibody mixture comprised
cell staining buffer containing working concentrations
of Percp/cyb.5-conjugated CD45 (#103132, Biolegend),
FITC-conjugated ~ CDI11b  (#101206, Biolegend),
BV605-conjugated CD11c (#117334, Biolegend), APC-
conjugated CDS80 (#104714, Biolegend), and BV421-
conjugated CD86 (#105123, Biolegend). Cells were
washed and resuspended in 300pL of staining buffer
after being stained. Stained cells were analyzed using flow
cytometry (Sony SA3800), and the results were processed
using Flow]o software.

Immunohistochemistry and multiplex immunohistochemistry
Immunohistochemistry (IHC): Fixed and paraffin-
embedded mouse tumor specimens were continuously
sectioned, dewaxed, and inactivated with 3% H2O2. After
the slides were cleaned with PBS, the slides were placed
in the citric acid buffer for antigen repair. The tissue
samples on the slides underwent immunohistochemical
staining, and serum was added to the tissue samples. After
sealing at RT for 1 hour, the primary antibody against CD8
(#98941, CST) was added, and samples were incubated at
4°C overnight. After the HRP-conjugated goat anti-rabbit
(PV-6001, ZSGB) was incubated at RT for 1hour. The
3,3-diaminobenzidine tetrahydrochloride plus (DAB+,
Z1I-9018, ZSGB) and hematoxylin (ZLI-9610, ZSGB)
were used to stain the tissues and nuclei, respectively. The
distribution of CD8-positive cells in various tissue slides
was observed using an Olympus vs120 virtual slide scan-
ning system.

Multiplex IHC was performed using the Opal 6 color
Detection Kit (NEL821001KT, Akoya Biosciences), as
previously described.'® Formaldehyde-fixed and paraffin-
embedded sections were heated in an oven at 65°C
for 1.5hours and then deparaffinized and rehydrated
with xylene and ethanol. The slides were washed with
ddH,O (1x83min) and fixed in 10% formalin for 10 min
to increase the adhesion of the tissue patch. The slides
were then microwave heated in boiling AR6 (pH=6.0)
antigen repair solution for 15min for antigen retrieval.
The slides were washed with ddH,0O (1x30s) and incu-
bated with 3% H,O, for 10min to block endogenous
peroxidases, followed by washing with TBST (3x3min).
Next, the slides were blocked at RT for 10min with Opal
antibody diluent/blocking solution and incubated with

primary antibody against CD3 (#78588), CD4 (#25229),
CD8 (#98941), cleaved-CASP3 (#9664; all from CST) at
RT for 1 hour or at 4°C overnight. The slides were washed
in TBST (3x3min), incubated with goat anti-rabbit
IgG (HRP) secondary antibody (ab205718, Abcam) for
10min, washed in TBST (3x3min), and treated with
fluorophore-4 tyramine signal amplification (TSA) dye
(containing Opal 540, Opal 520, Opal 570, and Opal 620
fluorophores) for 10 min. After the first primary antigen
staining, microwave treatment with the AR6 antigen
repair solution was performed for 15min to completely
remove the antibody complex. Next, the antigens were
sequentially labeled with the primary antibody, followed
by secondary antibody incubation and TSA visualization,
after which all antigens were successfully labeled with
different fluorophores. Slides were stained with DAPI for
5min at RT, washed once with TBST, and sealed with an
anti-fluorescence quencher.

The stained slides were scanned using the PerkinElmer
Vectra 3 Imaging System, and brightfield and fluorescent
images of the entire tissue were obtained. The acquired
images were opened using Inform V.2.4 (PerkinElmer)
software and subjected to multispectral image analysis,
following previously reported methods.'®

Statistics

Each experiment was independently repeated at least
three times. The data are expressed as mean+SEM. Statis-
tical analyses were performed by using the GraphPad
Prism V.8 Software (GraphPad Software, San Diego, Cali-
fornia, USA). Intergroup differences were assessed using
the Student’s t-test or analysis of variance. A p<0.05 was
considered statistically significant (*p<0.05; **p<0.01).

RESULTS

IR700DX-6T-PDT inhibits CRC progression in vitro and in vivo
To determine the potential phototherapeutic effects of
IR700DX-6T-PDT on CRC cellsin vitro, CT26 and HCT116
cells were incubated with varying concentrations of the
photosensitizer for 16hours and subjected to varying
light intensities, followed by CCKS8 analysis. Remarkably,
IR700DX-6T-PDT effectively inhibited cancer cell viability
in a photosensitizer concentration-dependent and light-
dose-dependent manner (figure 1A,B). PI staining was
used to assess cell death after IR700DX-6T-PDT. Cells
with intact plasma membranes remained unstained.
CT26 and HCT116 cells exhibited considerably stronger
PI staining than the other control groups on incuba-
tion with IR700DX-6T followed by light irradiation,
indicating that IR700DX-6T-PDT induced membrane
rupture (figure 1C,E). Flow cytometry also showed that
PDT-treated cells proceeded to annexin V and PI double-
positive stages (figure 1D,F).

We investigated the efficacy of PDT in a CT26 tumor-
bearing BALB/c mouse model. IR700DX-6T was intro-
duced into the tumors via tail vein injection and irradiated
with light. Tumor progression was monitored by measuring
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Figure 1 IR700DX-6T-PDT inhibits CRC tumor progression in vitro and in vivo. (A) CT26 and HCT116 cells were incubated
with different concentrations of IR700DX-6T (0.125, 0.25, 0.5, 1.0, 2.0 uM) or controls for 16 hours, followed by light irradiation
at 27 J/cm? before CCK8 analysis. (B) Cells were treated with 1.0 yM photosensitizer for 16 hours, and subjected to various
light doses (4.5, 9.0, 18, 27 J/cm?) before cell viability was tested. (C-F) After cells were subjected to IR700DX-6T (1.0 pM) and
light irradiation (18 J/cm? with CT26 and 27 J/cm? with HCT116), Hoechst33342/PI double staining (C, E) and Annexin V-FITC/
PI dual-staining assay (D, F) were used to evaluate cell death. Scale bar, 50 um. (G) Schematic illustration of IR7O0DX-6T-PDT
in vivo. CT26-fLuc cells were subcutaneously injected into the flanks of each mouse. Tumor-bearing mice were randomized

into two groups, including PBS and IR700DX-6T+Light groups. Light irradiation at a dosage of 18 J/cm? was applied to the
IR700DX-6T+Light group. Representative BLI of BALB/c mice during PDT treatment (H) and quantified BLI from tumors

(n=5) (I). (J) Tumor growth curves of the treatment and control groups (n=5). (K) Representative flow cytometric analysis and
quantitative analyses of CD8 toxic T cell infiltration (above, the proportion of CD8" cells in the CD45* populations) and the
maturation level of DCs (below, the proportion of CD86 and CD80 double-positive cells in the CD11c* populations) in the single-
cell suspension of murine tumors at the end of treatment (n=3). (L) IHC analysis of CD8 expression in tumors (n=3). Scale bar,
50 um. Data are expressed as mean+SEM. ns, not significant, *p<0.05; **p<0.01. BLI, bioluminescence images; CRC, colorectal
cancer; DC, dendritic cell; PDT, photodynamic therapy; PI, propidium iodide; PBS, phosphate buffered saline.
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tumor volume and BLI every 3 days (figure 1G). Compared
with the control group, tumor growth was significantly
delayed in the IR700DX-6T with light irradiation group,
and at the end of the treatment, the tumors were consid-
erably smaller (figure 1H-]). Moreover, IR700DX-6T-PDT
had no effect on murine body weight, indicating minimal
side effects (online supplemental figure 1A).

DCs are specialized antigen-presenting cells that play
a crucial role in antitumor immunity by presenting anti-
gens to CD8" T cells and inducing tumor cell death.'® "
We found that at 14 days, the percentage of mature DCs
(CD80'CD86") was significantly elevated in the tumors of
IR700DX-6T-PDT-treated mice, suggesting that PDT stim-
ulated DC accumulation and maturation. In addition, the
PDT group exhibited a 1.6-fold increase in CD8" tumor-
infiltrating T lymphocytes compared with the control
group (figure 1K). IHC analysis showed that the density
of CD8" T cell infiltration in the tumors treated with PDT
was significantly higher than that in the control group,
indicating the ability of IR700DX-6T-PDT to promote
CDS8" T cell infiltration into tumors (figure 1L).

Furthermore, to determine the effect of IR700DX-
6T-PDT on tumor reduction is dependent on host
immune responses, CT26 cells were subcutaneously inoc-
ulated into immunocompetent BALB/c mice and T-cell
deficient BALB/cnu/nu (nude) mice, and treated with
IR700DX-6T-PDT or PBS. Although IR700DX-6T-PDT
treatment reduced tumor growth and tumor weight in
both BALB/c mice and nude mice (online supplemental
figure 1B, C), higher tumor reduction rates of tumor
growth and tumor weight were observed in IR700DX-
6T-PDT-treated BALB/c mice than in IR700DX-6T-PDT-
treated nude mice (online supplemental figure 1D),
indicating that IR700DX-6T-PDT induced anticancer
immune responses and that its efficacy depends on host
immunity. In addition, IR700DX-6T-PDT treatment had
no effect on murine body weight of each group (online
supplemental figure 1E).

IR700DX-6T-PDT induces CGRG cell pyroptosis via GSDME
cleaved by activated CASP3

To determine the type of cell death induced by
IR700DX-6T-PDT, we examined the morphological
changes in the cells following treatment. After irra-
diation, the cells showed pericellular swelling and
bubble-like protrusions on the membrane, which are
classic hallmarks of pyroptotic cells (figure 2A). The
release of intracellular LDH could serve as an indi-
cator for evaluating pyroptosis-related cytotoxicity.”’
Indeed, a substantial amount of LDH was detected in
the supernatant of cells treated with IR700DX-6T on
irradiation, while the control cells exhibited minimal
LDH release (figure 2B). The gasdermins (GSDMs)
family is a pore-forming effector protein that causes
cell membrane permeabilization and pyroptosis.
Next, we investigated the gasdermin responsible for
IR700DX-6T-PDT-induced pyroptosis. Western blot
analysis showed the release of the N-terminal fragment

of GSDME (GSDME-N) in CT26 and HCT116 cells
following IR700DX-6T-PDT, whereas no GSDMD
cleavage was observed, indicating that IR700DX-
6T-PDT induced GSDME-dependent pyroptosis in
CRC cells (figure 2C). To further elucidate the pivotal
role of GSDME in IR700DX-6T-PDT-induced pyro-
ptosis, we silenced GSDME expression in CT26 and
HCT116 cells using siRNA (figure 2D). In contrast
to IR700DX-6T-PDT-treated NC cells, GSDME knock-
down resulted in decreased expression of GSDME-N
protein and reduced LDH levels (figure 2E,F). These
findings indicate that IR700DX-6T-PDT-induced pyro-
ptosis is mediated by the key pyroptosis-executing
protein, GSDME.

Studies have shown that the CASP3/GSDME
signaling pathway mediates the interconversion
between tumor cell apoptosis and pyroptosis.21 Inter-
estingly, treatment with IR700DX-6T-PDT significantly
increased cleaved-CASP3 expression (figure 3A).
Pretreatment with Ac-DEVD-CHO, a specific inhib-
itor of CASP3, prevented the activation of CASP3,
inhibited the cleavage of GSDME, and attenuated
the release of LDH in CT26 and HCT116 cells on
IR700DX-6T-PDT (figure 3B,C). When CASP3 was
inhibited by Ac-DEVD-CHO, swollen pyroptotic cells
were barely observed in the IR700DX-6T-PDT group,
as shown in figure 3D,E. Collectively, these data indi-
cated that pyroptosis induced by IR700DX-6T-PDT is
mediated through active CASP3 cleavage of GSDME.

R0S/p38 pathway-mediated GSDME-dependent pyroptosis
induced by IR700DX-6T-PDT

ROS generated by PDT are the active forms of oxygen that
can impede cellular growth and damage cells. DCFH-DA
and MitoSox red fluorescent probes were used to detect
the total and mitochondrial ROS generated by IR700DX-
6T-PDT. We found that both the total and mitochondrial
ROS levels were dramatically increased in CRC cells after
IR700DX-6T-PDT. Pretreatment with N-acetyl-L-cysteine
(NAC), a potent ROS scavenger, effectively attenuated
the elevated ROS levels and markedly abolished cleaved-
CASP3 and GSDME-N expression in CT26 and HCT116
cells, indicating that ROS was the primary cause of
IR700DX-6T-PDT-induced pyroptosis (figure 4A-C and
online supplemental figure 2A).

ROS are known to modulate the signaling pathways of
mitogen-activated protein kinase (MAPK),* # we, there-
fore, studied the effect of IR700DX-6T-PDT on MAPK
pathway. Both JNK and p38, especially p38, were phos-
phorylated on IR700DX-6T-PDT in CT26 and HCT116
cells, compared with the control groups. However, the
expression of p-MEK and p-ERK increased exclusively
in CT26 cells but remained unchanged in HCT116 cells
(figure 4D). Next, we found that NAC pretreatment
resulted in significantly reduced p38 phosphorylation
but did not show a notable impact on the other MAPKs
(figure 4E and online supplemental figure 2B).
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Figure 2 GSDME but not GSDMD is cleaved in IR700DX-6T-PDT induced pyroptosis in CRC. (A) Representative bright-field
microscopy images (left) and corresponding quantitative analyses (right) of CT26 and HCT116 cells treated with IR700DX-6T-
PDT. The red arrows represent pyroptotic cells. Scale bars, 20 um. (B) Cytotoxicity was detected using the release of LDH in
the culture supernatants. (C) Western blot analysis of GSDMD and GSDME expression in CT26 and HCT116 cells. (D) gPCR
(below) and Western blot analysis (above) shows the silencing efficiency of siRNA against GSDME. (E) GSDME expression was
examined after CT26 and HCT116 cells were transfected with GSDME or control siRNA, and subjected to IR700DX-6T-PDT.
(F) LDH release was evaluated using the LDH release kit. Data are expressed as mean+SEM.**p<0.01. CRC, colorectal cancer;
GSDMD-F, gasdermin E-full length; GSDMD-N, GSDMD N-terminal fragment; LDH, lactate dehydrogenase.

To clarify the regulatory effect of p38 pathways on
IR700DX-6T-PDT-induced pyroptosis in CRC, cells were
preincubated with a p38 inhibitor (SB202190), which
effectively reversed the activation of GSDME-N and
cleaved-CASP3, as well as the release of LDH caused by
IR700DX-6T-PDT (figure 4F,G and online supplemental
figure 2C). Morphologically, incubation with SB202190
inhibited the formation of IR700DX-6T-PDT-induced cell
bubbles, indicating that the p38 inhibitor could effec-
tively reduce the pyroptosis induced by PDT (figure 4H).
These results indicated that p38 signaling acted as a
major upstream regulator of CASP3/GSDME-dependent
pyroptosis induced by IR700DX-6T-PDT.

Efficacy of IR700DX-6T-PDT in sensitizing MSS-type CRC
tumors to anti-PD-1 treatment

Recent clinical data indicate that immunotherapy,
especially ICIs, is ineffective against most CRC tumors.
Approximately 85% of patients with CRC have pMMR

or MSS tumors that do not respond to ICIs.” ** There-
fore, we investigated whether IR700DX-6T-PDT
could enhance the efficacy of PD-1 blockade in a
syngeneic mouse model with CT26 cells expressing
firefly luciferase (CT26-fLuc; figure 5A). With negli-
gible side effects of this treatment, as demonstrated
by the body weights in figure 5B, the IR700DX-
6T-PDT+PD-1 blockade exhibited a strong tumor
inhibition capacity. Tumor growth was significantly
inhibited in IR700DX-6T-PDT combined with anti-
PD-1 compared with the individual administration
of anti-PD-1 or PDT (figure 5C). Both tumor volume
and weight were significantly reduced in the combi-
nation treatment group compared with the control
groups (figure 5D,E). DCs are essential antigen-
presenting cells that serve as the first line of defense
against tumors and play a pivotal role in antitumor
immunity. We found that the amount of matured DCs
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Figure 3 GSDME cleaved by activated CASP3 mediates IR700DX-6T-PDT to causes pyroptosis of tumor cells. (A) Western
blot analysis of CASP3 expression in CT26 and HCT116 cells subjected to IR700DX-6T-PDT. (B) CASP3 and GSDME expression
in each group of CT26 and HCT116 cells treated with IR700DX-6T-PDT in the presence or absence of Ac-DEVD-CHO. (C) Effect
of CASP3 inhibitor on LDH release on IR700DX-6T-PDT treatment. (D, E) The morphological features of pyroptosis were
detected in different treatment groups of CT26 and HCT116 cells through light microscopy. Red arrows represent pyroptotic
cells. Scale bar, 20 ym. Data are presented as mean+SEM. **p<0.01. CASP3, caspase3; GSDME-F, gasdermin E-full length;
GSDME-N, GSDME N-terminal fragment; LDH, lactate dehydrogenase; PDT, photodynamic therapy.

(CD80"CD86'/CD11c") and cytotoxic T cells (CD8"/
CD45") increased dramatically in the combinational
treatment group compared with the individual treat-
ment groups, indicating that the combination therapy
could recruit more matured DCs and killer T cells to
the tumor site, thus improving the immune microen-
vironment of MSS-type “cold” tumors (figure 5F,G).

Multiplex THC analysis of the tumors also indicated
increased infiltration of CD3-positive, CD4-positive,
CD8-positive T cells and cleaved-CASP3 expression
in response to IR700DX-6T-PDT and anti-PD-1 on
the 15th day (figure bH,I). These data suggest that
IR700DX-6T-PDT stimulated the antitumor immune
response through DC maturation and cytotoxic T cell
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Figure 4 ROS/MAPK pathway mediates GSDME dependent pyroptosis induced by IR700DX-6T-PDT. (A) ROS levels in CT26
and HCT116 cells were detected using a DCFH-DA fluorescence probe. (B) Mitochondrial ROS expression level was detected
by flow cytometry using MitoSox Red staining. (C) Western blot analysis of pyroptosis-related protein expression (GSDME-F,
GSDME-N, pro-CASP3, and cleaved-CASP3) in CT26 and HCT116 cells after NAC pretreatments. (D) Phosphorylation of JNK,
p38, MEK, and ERK in different treatment groups. (E) p38 phosphorylation in CT26 and HCT116 cells treated with IR700DX-
6T-PDT in the presence or absence of NAC. (F) GSDME and CASP3 expression in cells were pretreated with p38 inhibitor
SB202190 and subject to PDT. (G) LDH release level of CT26 and HCT116 cells treated with or without IR700DX-6T-PDT and
p38 inhibitor. (H) The indicated cells were preincubated with p38 inhibitor for 4 hours and subjected to IR700DX-6T-PDT. Cell
pyroptosis and morphological changes were observed. Red arrows represent pyroptotic cells. Scale bar, 50 um. Data are
expressed as mean+SEM. *p<0.05; **p<0.01. CASP3: caspase-3; GSDME-F, gasdermin E-full length; GSDME-N, GSDME N-
terminal fragment; LDH, lactate dehydrogenase; NAC, N-acetyl-L-cysteine; ROS, reactive oxygen species.
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Figure 5

IR700DX-6T-PDT sensitizes PD-1 blockade in MSS-CRC tumors. (A) Schematic illustration of combinational

treatment of IR700DX-6T-PDT and PD-1 blockade. Ten days after the subcutaneous injection of CT26-fLuc cells into mice, PDT
treatment was applied. One day later, 100 ug of anti-PD-1 antibody was injected into the abdominal cavity of mice, and then
PD-1 blockade treatment was conducted every 3days, a total of four times. Body weight (B), tumor growth curves (C), and
tumor weight (D) were examined in different treatment groups (n=5 mice/group). (E) Representative BLI of indicated groups

of BALB/c mice during PDT treatment (left) and radiance measurements (right; n=5). (F, G) Ratios of CD8" cells (above) and
CD80*CD86" cells (below) were detected at the end of treatment (n=3). (H) Representative images of multiplex IHC staining.
Quantification is shown in (I) (h=16). CD3: orange; CD4: green; CD8: white; cleaved-CASP3: pink; DAPI: blue. Scale bar, 20 ym.
Data are presented as mean+SEM *p<0.05; **p<0.01. CRC, colorectal cancer; BLI, bioluminescence images; cleaved-CASP3,
cleaved-caspase3; MSS, microsatellite stable; PDT, photodynamic therapy; PBS, phosphate buffered saline.

10

Zhou Y, et al. J Immunother Cancer 2024;12:€008054. doi:10.1136/jitc-2023-008054



proliferation, thereby sensitizing MSS type CRC to
anti-PD-1 treatment

GSDME demethylation enhances IR700DX-6T-PDT-induced
pyroptosis and facilitates its antitumor effect

Dysregulation of epigenetic modifications, especially
DNA methylation, is a hallmark of cancer.®® GSDME is
aberrantly methylated in CRC, resulting in decreased
expression compared with that in normal cells.?® Decit-
abine is a commonly used DNA methyltransferase inhib-
itor that allows for DNA hypomethylation.27 Therefore,
we tested whether decitabine, as a preconditioning agent,
could sensitize cancer cells with GSDME methylation to
IR700DX-6T-PDT. Among several CRC cell lines, SW620
and HCT15 cells were selected because of their low
endogenous expression of GSDME (online supplemental
figure 3A). Following decitabine treatment, we observed
elevated levels of GSDME mRNA and protein expression
on the second and sixth day in SW620 and HCT15 cells,
respectively (figure 6A and online supplemental figure
3B, C). Decitabine pretreated cells were more responsive
to IR700DX-6T-PDT, as evidenced by the release of LDH
(figure 6B and online supplemental figure 3D), indi-
cating that GSDME demethylation promoted IR700DX-
6T-PDT-induced pyroptosis.

Low GSDME expression was observed in 4T1 mouse
breast cancer cells.”” Similar to SW620 and HCT15
cells, 4T1 cells showed elevated levels of GSDME after
being pretreated with decitabine (figure 6C,D). We
next studied the effect of combined IR700DX-6T-PDT
and decitabine pretreatment on enhancing the efficacy
of PD-1 blockade in 4T1 subcutaneous tumor-bearing
BALB/c mice (figure 6E). Although tumor growth was
comparable between PDT alone or in combination with
decitabine treatment, suggesting an immunosuppressive
microenvironment within the 4T1 tumors, the combi-
nation of decitabine, IR700DX-6T-PDT, and anti-PD-1
antibody resulted in the most significant tumor regres-
sion (figure 6G,F). The most notable increase in CD8"
T cells and CD80'CD86" DCs was detected in the triplet
therapy group compared with the other treatment or
control groups (figure 6H). Multiplex IHC analysis of the
tumor on the 15th day identified dramatically increased
cytotoxic T lymphocyte (CTL) infiltration and cleaved-
CASP3 in response to decitabine, IR700DX-6T-PDT and
PD-1 blockade (figure 6I). No evidence of normal tissue
toxicity was detected in the liver or kidneys as evidenced
by H&E staining (online supplemental figure 3E). These
results demonstrated that decitabine enhanced the
efficiency of IR700DX-6T-PDT-induced pyroptosis by
demethylating GSDME, thereby boosting the antitumor
immune response of IR700DX-6T-PDT in combination
with PD-1 blockade.

DISCUSSION
In this study, we elucidated the phototherapeutic effects
of TSPO-targeted PDT on pyroptosis in CRC. Pyroptosis, a

newly disclosed form of programmed cell death, is funda-
mentally proinflammatory and plays a critical role in
immune responses.'' *® A mitochondrial outer membrane
protein called TSPO is an evolutionarily conserved trans-
membrane protein that is implicated in the regulation
of oxidative stress, iron homeostasis, cholesterol trans-
port, and inflammatory response.” The high expres-
sion of TSPO in various cancers renders it a promising
target specific to tumors, given its involvement in tumor
progression and unfavorable prognosis.”” In our previous
study, we developed a TSPO-targeted photosensitizer,
IR700DX-6T, which resulted in breast cancer cell death
accompanied by significant mitochondrial damage on
PDT, leading to efficient and target-specific tumor regres-
sion.'” However, the precise role of IR700DX-6T-PDT in
modulating tumor cell death remained largely unknown.
Here, we showed that IR700DX-6T-PDT induces GSDME-
dependent pyroptosis in CRC. PDT reportedly triggered
cell death depending on the subcellular localization of
the photosensitizer and the degree of photodamage.™ *!
Mitochondria-anchored photosensitizer-mediated PDT
triggered pyroptosis in cervical and breast cancer cells,
revealing that mitochondria-targeted PDT seemingly
prompted a higher degree of pyroptosis.”® * Another
study also reported that TSPO deficiency exacerbated
GSDMD-induced macrophage pyroptosis in inflamma-
tory bowel disease,”® which is consistent with our results.
Our findings raise questions regarding the mecha-
nism underlying IR700DX-6T-PDT-mediated pyroptosis
in CRC cells through GSDME cleavage. Previous studies
have reported that the efficacy of PDT depends on ROS
generation, which plays a pivotal role in pyroptosis.”” *°
Our results revealed that ROS accumulated in CRC cells
on IR700DX-6T-PDT treatment, and the expression of
cleaved-CASP3 and GSDME-N was inhibited by NAC, indi-
cating that the pyroptosis signal was initiated by ROS on
IR700DX-6T-PDT treatment. The MAPK pathway is acti-
vated by oxidative stress, endoplasmic reticulum stress,
cytokines, and other stimuli. It plays an important role in
CRC progression.”” * In this study, we found that the p38
pathway was activated on PDT and that NAC treatment
effectively suppressed the phosphorylation level of p38
and the degree of pyroptosis, indicating that ROS served
as upstream regulators of p38. Therefore, we concluded
that IR700DX-6T-PDT triggers pyroptosis in CRC by acti-
vating the ROS/p38/CASP3/GSDME signaling pathway.
Cancer immunotherapy has rapidly evolved into
a mature treatment strategy for tumors. Checkpoint
blockade, such as PD-L1/PD-1 or CTLA-4 blockade,
conferred major clinical benefit to patients with CRC
with MMR-deficient and microsatellite instability-high.™
Nonetheless, singlet PD-1 blockade is inefficient in most
patients with CRC with pMMR/MSS because of limited
neoantigen repertoire and an immune-excluded or
immune-desert tumor microenvironment with deficient
or inactive tumorinfiltrating lymphocytes.” *' Here,
we found that IR700DX-6T-PDT sensitizes the immune
response of MSS-CRC to PD-1 blockade by inducing
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Figure 6 Demethylation of GSDME expression enhances IR700DX-6T-PDT sensitivity and improves the antitumor efficacy

of IR700DX-6T-PDT in combination with PD-1 blockade. (A) SW620 cells was treated with 5uM decitabine for 2days and then
GSDME mRNA (below) and protein (above) levels were assessed by gPCR and Western blot, respectively. (B) SW620 cells

with low endogenous GSDME expression were treated with 5uM decitabine and IR700DX-6T-PDT, and then analyzed for LDH
release. (C) Expressions of GSDME mRNA (below) and protein (above) levels in 4T1 cells after having been treated with 1.25uM
decitabine for 5days. (D) LDH release of 4T1 cells after indicated treatment. (E) Schematic illustration of the experimental
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weight in a subcutaneous 4T1 murine model (n=5). (H) Representative flow cytometry analysis (left) and proportions (right)

of CD8* T cells and CD80*CD86" cells within the tumor (n=3). () Multiplex IHC (CD3, CD4, CD8, and cleaved-CASP3) of

tumor tissues after different treatments (n=16). CD3: orange; CD4: green; CD8: white; cleaved-CASP3: pink; DAPI: blue.

Scale bar, 20 um. (J) The proposed working model. IR700DX-6T-mediated PDT induces pyroptosis and boosts antitumor
immunity. Data are presented as mean+SEM. **p<0.01. cleaved-CASP3, cleaved-caspase3; GSDME, gasdermin E; IHC,
immunohistochemistry; LDH, lactate dehydrogenase; PDT, photodynamic therapy; PBS, phosphate buffered saline.
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pyroptosis. Tumor cells undergoing pyroptosis may
secrete IL-1f, IL-18, and HMGBI, trigger ICD, and acti-
vate immune cells such as DCs, macrophages, natural
killer cells, etc. This process induces CTL infiltration,
thereby promoting antitumor effects by converting “cold”
tumors into “hot” tumors.”™* Our results indicated
that IR700DX-6T-PDT stimulated DC maturation and
CTL recruitment, improved the immune microenviron-
ment of CT26 transplanted “cold” tumor, and enhanced
the efficacy of PD-1 blockade. Notably, pyroptosis may
exhibit both antitumor and tumor-promoting effects,
hindering the clinical application of agents targeting
pyroptosis, such as metformin, paclitaxel, and anthocy-
anin.*” IR700DX-6T-PDT, as a novel tumor-targeted pyro-
ptosis inducer, could avoid the pyroptosis of immune cells
and damage to adjacent or normal tissues, rendering it
a promising future cancer therapeutic strategy either to
be applied alone or in combination with immunotherapy.
Methyltransferase inhibitors and other epigenetic drugs
can restore the expression of several genes. Decitabine, a
classic methyltransferase inhibitor, significantly increased
GSDME expression and induced pyroptosis in SW620 and
HCT15 cells on IR700DX-6T-PDT treatment. Decitabine,
either used alone or in combination, could significantly
inhibit the progression of non-small cell lung cancer
and gastric cancer.*® *’ In addition, decitabine plays an
important role in immune regulation, such as enhancing
the expression of costimulatory molecules, major histo-
compatibility complex class I and other immune markers
on tumor cells, improving the antitumor response of
CDS8' T cells, and reducing the depletion of CAR T cells
after antigen exposure.”® ™ In this study, we explored the
antitumor effect of decitabine treatment in CRC by ampli-
fying IR700DX-6T-PDT-induced pyroptosis. Expectedly,
IR700DX-6T-PDT partially inhibited tumor progression
in 4T1 cells with low endogenous GSDME expression,
whereas in combination with decitabine and an anti-PD-1
antibody, the triplet treatment induced dramatic tumor
shrinkage and immune cell infiltration. As a clinically
applicable drug, decitabine shows great potential for
promoting pyroptosis in tumors with low endogenous
GSDME expression on IR700DX-6T-PDT treatment.

CONCLUSIONS

In summary, our study demonstrated that IR700DX-
6T-PDT induced pyroptosis in CRC via the ROS/p38/
CASP3/GSDME axis and that IR700DX-6T-PDT could
sensitize MSS-CRC to PD-1 blockade treatment. Decit-
abine served as a pretreatment adjuvant in combination
with IR700DX-6T-PDT and PD-1 blockade to enhance
the antitumor response in tumors with low endogenous
GSDME expression (figure 6]). Therefore, IR700DX-
6T-PDT may serve as a novel therapeutic strategy to target
GSDME in MSS-CRC. The ROS/p38/CASP3/GSDME
axis shows promise as a potential therapeutic target for
CRC treatment.
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