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Purpose: To understand pyroptosis induced by ionizing radiation and its implications for radiation therapy, we explored the
involved factors, possible mechanisms of radiation-induced pyroptosis and consequent antitumor immunity.

Methods and Materials: The occurrence of pyroptosis was assessed by cell morphology, lactate dehydrogenase release,
Annexin V/PI staining and the cleavage of Gasdermin E (GSDME). Cell radiosensitivity was tested with MTT and colony sur-
vival assays. Xenograft tumor volume, Ki-67, CD8" lymphocytes, and ELISA were used to evaluate the effect of GSDME on
tumor suppression after irradiation.

Results: Irradiation induced pyroptosis in GSDME high-expressing tumor cell lines covering lung, liver, breast, and glioma
cancers. Cleavage of GSDME occurred in a dose- and time-dependent manner after irradiation, and pyroptosis could be
induced by various kinds of irradiation. The combination of chemotherapy drugs for DNA damage (cisplatin or etoposide) or
demethylation (decitabine or azacytidine) and irradiation significantly enhanced the occurrence of pyroptosis. Moreover, we
revealed that the Caspase 9/Caspase 3/GSDME pathway was involved in irradiation-induced pyroptosis. Notably, enhanced
tumor suppression was observed in Balb/c mice bearing GSDME-overexpressing 4T1 tumors compared with those bearing vec-
tor tumors for the promotion of antitumor immunity, which was manifested as distinctly elevated levels of cytotoxic T lympho-
cytes and release of the related cytokines rather than the direct effect of pyroptosis on tumor cell radiosensitivity.
Conclusions: As an immunogenic cell death caused by radiation, pyroptosis promotes antitumor immunity after irradiation.
Our findings may provide new insights to improve the efficacy of tumor radiation therapy. © 2022 Elsevier Inc. All rights reserved.
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Introduction

Radiation therapy (RT) is a major treatment for many cancers,
including lung, esophageal, and head and neck. The effect of
radiation therapy is mainly attributed to the inhibition of
tumor cell growth and induction of cell death by ionizing radi-
ation (IR) by promoting the production of reactive oxygen
species (ROS) and causing DNA damage in the tumor cells.
In recent decades, more types of programmed cell death,
including autophagy, pyroptosis, and ferroptosis, have been
reported. Beyond apoptosis, the roles of cell death in tumors
are still under exploration." Although different types of cell
death are highly diverse in their phenotypes and modulating
signal pathways, possible cross-links exist between these path-
ways to switch one type of cell death to an alternative one.”
The differences between different death modes provide a new
strategy for improving efficacy in cancer therapy. Further-
more, the antitumor immunity triggered by some cell death
types, such as necroptosis, provides more insights into clinical
cancer therapy, including the use of RT to induce whole-body
effects on the inhibition of tumor growth.’

Pyroptosis, a kind of programmed cell death, is character-
ized by the formation of plasma membrane pores and the
release of intracellular contents.” As the executors of pyropto-
sis, gasdermin family proteins, including GSDMA, GSDMB,
GSDMC, GSDMD, GSDME, and Pejvakin, can form mem-
brane pores and destroy the integrity of the cell membrane.’
Among them, GSDMD, mainly expressed in immune cells, is
cleaved by Caspase 1/Caspase 11 and mediates many inflam-
matory processes, such as infectious, autoimmune diseases,
and tumors.’ In recent years, GSDME has been reported to
play an important role in pyroptosis induced by various stim-
uli, such as chemotherapeutic drugs, cold atmospheric plasma,
photodynamic therapy, and CAR T-cells.” '’ Caspase 3 has
been shown to cleave GSDME and trigger pyroptosis in
tumors with high GSDME expression but apoptosis in tumors
with low GSDME expression.'”'* In addition to Caspase 3,
granzyme B (GzmB) is also able to cleave GSDME in target
tumor cells.”

The immune system plays a critical role in the recogni-
tion and elimination of transformed malignant cells.'* The
antitumor immune response induced by immunotherapy,
chemotherapy, and RT are beneficial in that they eliminate
cancer cells and prevent metastasis and recurrence, thereby
improving the prognosis of patients. Some types of radia-
tion-induced cell death, sometimes also considered “in situ
vaccination,” contribute to the antitumor immune response
after IR."> A large number of antigens released from dying
irradiated tumor cells are presented by host antigen-present-
ing cells, such as CD169-positive macrophages, which can
then trigger an antigen-specific immune response.'® In addi-
tion, the damage-associated molecular patterns (such as
HMGBI, heat shock protein, ATP, etc) released from dying
cells after IR also promote the activation, migration and
effect or function of antigen-specific killer T-cells by activat-
ing antigen-presenting cells (APCs), such as dendritic cells

(DCs), mononuclear phagocytes and B cells."”'® However,
not all modes of cancer cell death can induce an immune
response. As a lytic and inflammatory type of programmed
cell death, pyroptosis has been reported to elicit robust anti-
tumor activity. Even less than 15% of tumor cells undergo-
ing pyroptosis were confirmed to be sufficient to eliminate
all 4T1 tumors in a mouse model.'” Accumulating evidence
demonstrates that pyroptosis induced by chemotherapeutic
drugs and some small molecule drugs can act as a trigger for
the antitumor immune response. However, whether RT
induces pyroptosis in tumor cells remains unclear, and little
is known about the role of pyroptosis in RT-induced antitu-
mor immunity.

In this study, GSDME-mediated pyroptosis induced by
IR was investigated. IR-induced pyroptosis in a time- and
dose-dependent manner by activating the Caspase 9/Cas-
pase 3/GSDME pathway. Importantly, we found that IR-
induced pyroptosis boosted tumor suppression by initiating
antitumor immunity, as shown by the enhanced activation
of DCs and infiltration of cytotoxic T lymphocytes (CTLs)
but did not sensitize tumor cells to irradiation. In addition,
the combination of IR and chemotherapy or demethylated
agents was identified as an effective strategy to increase the
intensity of pyroptosis. We hope our study will be helpful
for understanding pyroptosis induced by IR and will provide
new insights into clinical RT.

Methods and Materials

Cell culture

PC-9, SF126, U251, HepG2, SF268, Huh-7, HCCLM3,
MHCC-97L, T47D, THP1, 4T1, U87MG, MCEF-7, MDA-MB-
231, and HEK-293T cells were obtained from the Cell Bank of
Type Culture Collection of the Chinese Academy of Sciences
(Shanghai, China). H1299, Calu-1, A172, BT549, H460, H226,
MDA-MB-468, and Hep3B cell lines were purchased from the
American Type Culture Collection (Manassas, VA).

H1299, Calu-1, Huh-7, BT549, T47D, THP1, and 4T1 cells
were cultured with RPMI-1640 medium (Gibco, Carlsbad,
CA). PC-9, H460, H226, A172, SF126, SF268, U251, US7MG,
HepG2, Hep3B, MHCC-97L, HCCLM3, MCEF-7, MDA-MB-
231, and MDA-MB-468 cells were cultured with DMEM
(Gibco, Carlsbad,CA). All culture media were supplemented
with 10% FBS (Lonsera, Uruguay), 100 p1g/mL streptomycin
and 100 U/mL penicillin. All cells were verified to be free of
mycoplasma and cultured at 37°C in 5% CO,.

Antibodies

The primary antibodies used in the present study, including
anti-GSDMA (49307), anti-PARP (9532), anti-Caspase 3
(14220), anti-cleaved Caspase 3 (9661), anti-cleaved Caspase
7 (9491T), anti-Caspase 9 (9502), anti-GSDMB (76439), and
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anti-GSDMD (96458), were purchased from CST (Beverly,
MA). The anti-GSDME-N antibody (ab215191) was
obtained from Abcam (Cambridge, MA). Anti-Caspase 7
(271551-1-AP), anti-Caspase 8 (13423-1-AP), and anti-
B-actin were obtained from Proteintech (Wuhan, China).
Anti-GSDMC (AP10771c) was purchased from Abgent
(Suzhou, China). The anti-rabbit (926-32211) and anti-
mouse (926-68070) secondary antibodies were purchased
from Li-COR (Lincoln, NE). The antibodies against FITC-
CD8a (100804), PerCP/Cyanine5.5-CD45 (1003132), and
PE-CD3 (100206) were obtained from Biolegend (San
Diego, CA). The antibody against mouse CD16/CD32
(553141) and Fixable Viability Stain 660 were obtained
from BD (San Diego, CA). The antibodies against FITC-
CD83 (121505), PE-CD40 (157505), PerCP/Cyanine7-
CD86 (105014), APC-CD80 (104714), PE-CD335 (NKp46)
(1137604), and FITC-CD49b (103504) were obtained from
Biolegend.

Reagents

LPS (HY-D1056), cisplatin (HY-17394), etoposide (HY-
13629), 5-fluorouracil (HY-90006), doxorubicin (HY-
15142), and decitabine (HY-A0004) were purchased from
MCE (New Jersey, USA). DNase I (DN25) and collagenase
D (Colld-ro) were purchased from Sigma (New York, NY).
Mouse TNF-«a (M0002), IFN-y (M0007), and GzmB ELISA
Kits (M0594) were purchased from Elabscience (Wuhan,
China). Recombinant murine granulocyte macrophage col-
ony stimulating factor (GM-CSF) (315-03) and interleukin
4 (IL-4) (214-14) were purchased from Peprotech (East
Windsor, NJ).

Irradiation

The cells cultured in dishes were irradiated with an X-ray
irradiator (XHA600D, SHINVA, Zibo, China) at a dose rate
of 1.88 Gy/min or a y-ray irradiator (BIOBEAM GM2000,
GSM, Germany) at a dose rate of 2 Gy/min. For «-particle
irradiation (3 MeV, 0.067 Gy/min), the cells were cultured
in dishes with a Mylar film (3.5 um) bottom to facilitate
penetration of « particles.

Western blotting

The cells were collected by centrifugation and lysed in RIPA
buffer with PMSF (1 mM). The protein concentration was
determined with a BCA Protein Assay Reagent Kit (Beyo-
time Biotechnology, Shanghai, China). The cell protein
extracts were subjected to SDS-PAGE, transferred onto
polyvinyl difluoride membranes, blocked with 5% nonfat
dry milk, and subsequently incubated with primary antibod-
ies at 4°C overnight. The membranes were incubated with
secondary antibodies for 1 hour, and signals were detected
with an Odyssey CLx Infrared Imaging System (Li-COR,
Lincoln, NE).

Lactate dehydrogenase release assay

The lactate dehydrogenase (LDH) released was assayed with
an LDH Cytotoxicity Assay Kit (C0017, Beyotime, Shanghai,
China). In brief, the cells were irradiated and cultured for
48 hours, and the culture medium was then replaced with
fresh culture medium with 1% FBS. At 72 hours after IR, the
supernatant of the cell culture was collected for the detection
of LDH activity according to the manufacturer’s protocol.

Cell viability assay

Cell viability was assessed with a Cell Counting Kit-8 assay
according to the manufacturer’s recommendation.

ELISA

Tumors excised from Balb/c mice were pulverized and
treated with PBS buffer for 10 min at 4°C. The mixture was
centrifuged at 5000g at 4°C for 10 minutes, and the superna-
tants were collected for ELISA detection according to the
manufacturer’s instructions.

Small interfering RNA transfection

The siRNAs for Caspase 9 and Caspase 7 and the control
siRNA were synthesized by GenePharma (Shanghai, China).
The siRNA sequences of Caspase 9 were as follows:
siRNA#1, = CCAGGCAGCTGATCATAGA; siRNA#2,
CGACCTGACTGCCAAGAAA. The siRNA sequences of
Caspase 7 were as follows: siRNA#1, CCGUCCCUCUUCA-
GUAAGA; siRNA#2, UUUGCUGAAUCCUCAACCC. The
cells were transfected with double-stranded siRNAs by using
the Lipofectamine2000 transfection reagent (11668019,
Thermo, CA) according to the manufacturer’s protocol.

CRISPR/Cas9-mediated GSDME or Caspase 3
gene knockout

The GSDME or Caspase 3 knockout cell lines were estab-
lished by using the CRISPR/Cas9 system. The target single
guided RNA (sgRNA) sequence of GSDME was 5-ATTCA-
TAGACATGCCAGAT-3’, and the sequence of Caspase 3
was 5-AATGGCACAAACATTTGAAA-3". These sgRNAs
were cloned into the lenti-CRISPR V2 vector and then used
to package lentivirus with pSPAX2 and pMD2G. Subse-
quently, PC-9 cells were infected with lentivirus and then
cultured in DMEM complete medium containing 1 pg/mL
puromycin for 14 days. Single surviving cells were plated
into 96-well plates. After 2 weeks, the clones expanded from
a single cell were detected for GSDME or Caspase 3 expres-
sion with western blotting. The clones without GSDME or
Caspase 3 protein expression, named PC-9 KO GSDME or
PC-9 KO Caspase 3, respectively, were selected for further
experiments.
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Establishing stable GSDME-overexpressing cells

The human GSDME plasmid (a kind gift from Dr F. Shao,
National Institute of Biological Sciences, Beijing, China) was
constructed by inserting cDNAs of human GSDME
(hGSDME) into a pWPI-2 x Flag-HA lentiviral vector. A
mouse GSDME plasmid was constructed by inserting mouse
GSDME (mGSDME) ¢cDNAs (NM_018769.4) into a PCDH-
CMV-MCS-EF1-CopGFP-T2A-Puro lentiviral vector plas-
mid (Miaolingbio, Wuhan, China). To generate lentiviruses,
the GSDME plasmid or the corresponding empty vector
plasmid was transfected into HEK293T cells with pSPAX2
and pMD2G at a ratio of 5:3:2. Lentivirus-containing super-
natant collected at 48 hours after transfection was used to
infect cells for 48 hours. The infected cells were then cul-
tured in DMEM containing 2 pug/mL puromycin for 14 days
to obtain hGSDME-overexpressing H1299 cells (H1299
GSDME). A stable 4T1 cell line overexpressing mGSDME
was also established with the same method.

Flow cytometry for cell death detection

The cells were collected and washed with PBS at 72 hours
after irradiation. Subsequently, the cells were resuspended
in binding buffer and stained with Annexin V-FITC/propi-
dium iodide (PI) (BD Sciences, San Diego, CA) for flow
cytometry according to the manufacturer’s instructions.
Data were processed with Flow]Jo software.

Detection of tumor-infiltrated immune cells

Tumors excised from Balb/c mice were cut and treated with
DMEM containing 2 mg/mL collagenase D, 100 pg/mL
DNase I, and 1% FBS at 37°C for 30 minutes with agitation.
Tumor fragments were collected and filtered with 70 um
strainers, and the filtered cells were then treated with red
blood cell lysis buffer (Beyotime Biotechnology, Shanghai,
China) and washed twice with FACS buffer (PBS with 2%
FBS). Single-cell suspensions prepared as previously
described were incubated with antimouse CD16/CD32 for
30 minutes at 4°C and then incubated for 30 minutes at 4°C
with antibodies against CD45, CD8-a, and CD3. Dead cells
were excluded using Fixable Viability Stain 660 supple-
mented with antibodies. Cells prepared as previously
described were washed twice and resuspended in FACS
buffer (PBS with 2% FBS) and then analyzed by flow cytom-
etry. Data were processed with FlowJo software.

RNA extraction and quantitative real-time PCR

Total RNA was isolated from cells with a RNeasy Mini kit
(Qiagen, Germany), and cDNAs were synthesized from
2 g of total RNA with a NovoScript 1st Strand cDNA Syn-
thesis kit (Novoprotein, Shanghai, China).

Real-time PCR was performed with One Step SYBR Prime-
ScriptTM RT-PCR Kits (Takara Bio, Dalian, China) on a
Roche 480 Light Cycler (Roche, Basel, Switzerland). The
primers for PCR amplification are shown as follows:
5-ACATGCAGGTCGAGGAGAAGT-3’, 5-TCAATGA-
CACCGTAGGCAATG-3" (GSDME); 5-TGCACACCAG-
GACCCTATCC-3’, 5-GAGGCTGACAGGCTGCAGAT
GT-3’ (H2-D1), 5-ACGTGGCGGCGATTATCAC-3’, 5’-
'AGGTAGGCCCTGTAATACTCTG-3’ (H2-Q10), and 5’-
CTGGGACGACATGGAGAAAA-3, 5-AAGGAAGGCTG-
GAAGAGTGC-3’ (Actin). The actin gene was used as a con-
trol, and the data are presented as fold changes in gene

expression in the tested samples compared with the control
with the 2744 method.

Tumor growth and treatments

Six-week-old female Balb/c-nude and Balb/c mice (Gem-
Pharmatech, Nanjing, China) were used to graft 4T1 vector
or 4T1 mGSDME cells (5 x 10°) by subcutaneous injection
into the right flank. When tumors reached a size of ~200
mm’, they were irradiated with 3 x 8 Gy X-ray. Tumor
growth was monitored by measuring the volume of tumors
every 2 days.

The volume of the tumor was calculated as (L x $%)/2,
where L was the longest length and S was the shortest
length. The mice were killed at day 36 after the cell injection,
and all tumors were excised.

Culture of bone marrow-derived dendritic cells

Bone marrow-derived dendritic cells (BMDCs) were
obtained as previously described.”’ In brief, the femurs and
tibiae of Balb/c mice were isolated from surrounding muscle
tissues and washed twice in PBS. Both joints were cut to
expose the marrow cavity, and the cells in the cavity were
blown out with RPMI 1640 medium with a 1 mL syringe. A
total of 1 x 107 cells were cultured in RPMI 1640 supple-
mented with GM-CSF (10 ng/mL), IL-4 (10 ng/mL), FBS
(10%), streptomycin (100 pg/mL), and penicillin (100 U/
mL). After 24 hours of incubation, nonadherent cells were
discarded, and the medium was replaced with fresh
medium. On day 6, flow cytometry analysis was conducted
to test the cell purity of the separated BMDCs.

Co-culture system of tumor cells and BMDCs

BMDCs (3 x 10° cells per well) and tumor cells (5 x 10°
cells per insert) were seeded into 6-well plates and Transwell
inserts, respectively. Before IR treatment, the medium in the
wells and inserts was replaced with fresh complete medium.
Immediately after IR (10 Gy), the Transwell inserts were
placed into 6-well plates for co-culture. The DCs were then
detected with flow cytometry after 72 hours.
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Immunohistochemistry

The tumor sections (5 um) were deparaffinized in xylene,
rehydrated through gradient ethanol and then stained with
Ki-67 (Keygen Biotech, Nanjing, China), CD8 (MA1-7632,
Novusbio Biologicals, Littleton, CO), CD4 (MHCDO0400,
Novusbio Biologicals, Littleton, CO), and CD68 (28058-1-
AP, Proteintech, Wuhan, China) detection immunohis-
tochemistry kits (KIT-5010, MXB Biotechnologies, Fuzhou,
China) according to the manufacturers’ instructions.

Statistical analysis

All experiments were performed at least 3 times. All analy-
ses were performed with GraphPad Prism statistical soft-
ware. For all experiments, comparisons between 2 groups
were based on a paired sample ¢ test, and one-way analysis
of variance was used to test the difference between 3 or
more groups. Comparisons between 2 groups were based on
t tests. Data are shown as the means & standard deviation.

Results

IR induces pyroptosis in various cancer cell lines
with high GSDME expression

Gasdermin family proteins, including GSDMA, GSDMB,
GSDMC, GSDMD, and GSDME, are considered executors
of pyroptosis.” In this study, the constitutive expression of
GSDMA, GSDMB, GSDMC, GSDMD, and GSDME was
first screened in 20 cancer cell lines in total covering liver
(MHCC-97L, Huh-7, Hep3B, HCCLM3, and HepG2), lung
(H1299, PC-9, Calu-1, H460, and H226), glioma (A172,
U87MG, U251, SF268 and SF126), and breast (MDA-MB-
468, BT549, MDA-MB-231, T47D and MCF-7) cancers. As
shown in Figure E1A-D, GSDMA, GSDMB, and GSDMC
proteins could not be observed in any of the examined cell
lines, and GSDMD proteins could only be observed in some
of these cell lines. However, GSDME proteins were detected
in most of these tested cell lines (Fig. 1A). These results indi-
cate that GSDMD or GSDME may be involved if pyroptosis
can be induced by X-ray irradiation. Indeed, we found obvi-
ous cleavages of GSDME after IR in cells with high GSDME
expression (Fig. 1A). Nonetheless, the cleavage of GSDMD
was not observed after IR in MDA-MB-231 and HCCLM3
cells (Fig. E1E), although both GSDMD and GSMDE were
highly expressed in these 2 cell lines. To further clarify the
role of GSDME in IR-induced pyroptosis, 4 pairs of cell lines
(PC-9/H1299, HepG2/MHCC-97 L, SF126/U251, and
MCEF-7/MDA-MB-468) with relatively high or low GSDME
expression were selected for further detection. The typical
morphologic characteristics of pyroptosis, including cell
swelling and the formation of large bubbles from the plasma
membrane, were observed in cancer cells with high GSDME
expression but not in those with low GSDME expression

(Figs. 1B). In pyroptotic cells losing membrane integrity by
gasdermin-mediated membrane pore formation, increased
Annexin V/PI double-positive cells and LDH release have
been observed.” Coincidently, in our study, the proportion
of Annexin V/PI double-positive cells and the release of
LDH in cells with high GSDME expression were also signifi-
cantly higher than those in cells with low GSDME expres-
sion (Fig. 1C-E). These results suggest that IR induces
pyroptosis in cancer cells with high GSDME expression.

IR induces pyroptosis in a dose- and time-
dependent manner

The dose- and time-dependent effects of IR-induced pyropto-
sis were then explored. The cleavage of GSDME showed a
dose-dependent increase in cells with high GSDME expression
(PC-9, HepG2, and SF126) after exposure to a series of IR
doses (Fig. 2A, Fig. E2B). Considering the important clinical
use of different dose fractions of IR, we next evaluated pyrop-
tosis induction after exposure to the same total IR dose but
different dose fractions (1 x 10 Gy/d vs. 5 x 2 Gy/d). As
shown in Figure 2B, a single fraction of 10 Gy promoted more
GSDME cleavages compared with multiple fractions, indicat-
ing that a large IR dose fraction is more effective than conven-
tional IR dose fractions in pyroptosis induction. In addition to
X-ray, y-ray, and « particles also exhibited a similar effect on
GSDME cleavage and pyroptosis induction in tumor cells
(Fig. 2C, D). With a typical dose (10 Gy) of IR, the level of
GSDME-N continued to increase in PC-9, HepG2, and SF126
cells 96 hours after IR (Fig. 2E, Fig. E2C), indicating a time-
dependent pyroptosis induction.

GSDME mediates IR-induced pyroptosis

To further confirm the critical role of GSDME in IR-
induced pyroptosis, we generated GSDME knockout PC-9
cells (PC-9 KO GSDME) and GSDME-overexpressing
H1299 cells (H1299 GSDME). As shown in Figure 3, PC-9
KO GSDME cells displayed a distinct reduction in cell swell-
ing (Fig. 3A), ratio of Annexin V/PI double-positive cells
(Fig. 3B, Fig. E2E), LDH release (Fig. 3C) and GSDME-N
levels (Fig. 3D) after IR compared with the negative control
(NC) cells. In contrast, H1299 GSDME cells displayed more
cell swelling (Fig. 3A), elevated GSDME-N protein levels
(Fig. 3D), more released LDH (Fig. 3C), and more Annexin
V/PI double-positive cells (Fig. 3B, Fig. E2D) compared
with H1299 vector cells after IR. These results indicate that
GSDME is necessary for IR-induced pyroptosis. To further
explore the role of GSDME in IR-induced pyroptosis, we
overexpressed mGSDME in mouse breast cancer 4T1 cells
(4T1 mGSDME) (Fig. 3E). The results of in vitro experi-
ments (Fig. 3E, Fig. E2F) also showed that overexpressing
mGSDME in 4T1 cells significantly enhanced IR-induced
pyroptosis.

Given that the expression of GSDME is usually sup-
pressed in various cancers due to methylation of its
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promoter DNA,”" we speculated that DNA demethylation
agents might promote the expression of GSDME in cancer
cell lines with low GSDME expression. As expected, we
found that GSDME expression was enhanced after treat-
ment with decitabine (5 M) or azacytidine (10 uM) in
MDA-MB-468 cells (Fig. 3F). Moreover, increased GSDME
cleavage was also observed after IR in MDA-MB-468 cells
pretreated with azacytidine or decitabine. Considering the
common combination of radio- and chemotherapy in clini-
cal use, we further evaluated the effect of some other drugs
often used in cancer chemotherapy on IR-induced pyropto-
sis. As shown in Figure 3G, the combination of IR with cis-
platin or etoposide rather than 5-FU or doxorubicin
boosted GSDME cleavage in PC-9 cells. Collectively, these
results reveal that IR combined with DNA demethylation

agents or some other chemotherapy agents could enhance
IR-induced pyroptosis. Interestingly, the mRNA expression
of GSDME was upregulated in MCF-7 and MDA-MB-231
cells after IR, indicating that IR can enhance GSDME
expression in some cancer cell lines (Fig. 3H).

GSDME mediates IR-induced pyroptosis through
the Caspase 9/Caspase 3 pathway

Caspase 3 activation has been reported to trigger both apo-
ptosis and pyroptosis by cleaving PARP and GSDME,
respectively.” Indeed, we found not only activated Caspase 3
and cleaved GSDME but also cleaved PARP in irradiated
PC-9 cells (Fig. 4A), implying that IR induced both
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apoptosis and pyroptosis. In addition, to investigate the
upstream targets of Caspase 3, activation of Caspase 8
(receptor-mediated death pathways) and Caspase 9 (mito-
chondrial death pathway) were also detected. The results
(Fig. 4A) showed a distinct increase in cleaved Caspase 9
but not Caspase 8 after IR, suggesting that the mitochon-
drial death pathway might trigger IR-induced apoptosis/
pyroptosis. This conclusion was also supported by the
increased level of Bax protein after IR (Fig. 4A).

To further confirm the critical role of Caspase 3 in IR-
induced apoptosis/pyroptosis, we knocked out Caspase 3 in
PC-9 cells by using the CRISPR/Cas9 system. Notably, Cas-
pase 3 KO completely suppressed the cleavage of GSDME
but only partially reduced the cleavage of PARP (Fig. 4B),
providing strong evidence that activation of Caspase 3 is
indispensable for IR-induced pyroptosis but not apoptosis.

Moreover, the distinct reduction in pyroptosis characteris-
tics, including cell swelling (Fig. E2G), the proportion of
Annexin V/PI double-positive cells and LDH release
(Fig. 4C-E) after IR in the absence of Caspase 3 also further
proved the key role of Caspase 3 in IR-induced pyroptosis.
In line with these results, we noticed that Caspase 7, known
as the other Caspase except Caspase 3 responsible for PARP
cleavage, was also activated after IR (Fig. 4B), possibly
explaining the cleavage of PARP in the absence of Caspase
3. Subsequently, Caspase 7 specific siRNA was employed to
interfere with the expression of Caspase 7 in Caspase 3 KO
cells to determine the possible involvement of Caspase 7 in
IR-induced apoptosis. As shown in Fig. 4F, a significant
decrease in cleaved PARP was observed in Caspase 7 knock-
down cells compared with the control, confirming the
involvement of Caspase 7 in IR-induced apoptosis. We also
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further examined the effect of Caspase 9 on promoting IR-
induced apoptosis and pyroptosis by knocking down Cas-
pase 9. Caspase 9 knockdown cells displayed less cleavage of
Caspase 3, Caspase 7, GSDME, and PARP, which suggests
Caspase 9 played a key role in triggering IR-induced apopto-
sis and pyroptosis (Fig. 4G).

Opverall, our results revealed that IR induced both apo-
ptosis and pyroptosis in tumor cells with high GSDME
expression when Caspase 9 triggered the Caspase 3/GSDME
and Caspase 3/7/PARP pathways, respectively. Further-
more, we found that apoptosis mediated by Caspase 7 did
not switch to pyroptosis, even in the presence of high
GSDME expression.

GSDME-mediated pyroptosis boosts tumor
suppression by triggering antitumor immunity
rather than the direct cell killing effect of IR

To explore the role of GSDME-mediated pyroptosis in
radiotherapy, we injected 4T1 mGSDME or 4T1 vector cells
into Balb/c mice. After 3 x 8 Gy IR, stronger inhibition of
tumor growth was determined by tumor volume and tumor
weight (Fig. 5A-C); immunohistochemistry (IHC) of Ki-67

(Fig. 5F, G) was observed in mGSDME-overexpressing 4T1
tumors compared with 4T1 vector tumors. Meanwhile, dis-
tinct cleavage of GSDME was detected after IR in
mGSDME-overexpressing 4T1 tumors (Fig. 5D, E). These
results suggest that GSDME-mediated pyroptosis enhances
tumor suppression after radiation.

Considering that enhanced pyroptosis might elevate the
radiosensitivity of tumor cells, we tested the colony survival
and cell viability of tumor cells after irradiation. Surprisingly,
overexpression of GSDME/mGSDME in H1299 and 4T1 cells,
respectively, did not reduce the cell viability or survival frac-
tion after irradiation though distinct pyroptosis (Fig. 5H, I;
Fig. E3A, B). The results of the in vivo experiment, performed
in the subcutaneous tumor model of Balb/c nude mice,
showed that mGSDME-overexpressing 4T1 tumors did not
display a stronger inhibitory effect of IR (3 x 8 Gy) on tumor
growth, as evaluated by tumor volume and IHC of Ki-67,
than 4T1 vector tumors (Fig. 5]-N). A similar result was also
shown in GSDME-overexpressing and vector H1299 xeno-
grafted models of Balb/c nude mice (Fig. E3C-I). These results
suggest that GSDME-mediated pyroptosis did not change the
radiosensitivity of tumor cells.

Considering the possibility of antitumor immunity activa-
tion in the mGSDME-overexpressing 4T1 subcutaneous
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tumors after IR causing further suppression of tumor growth,
we detected the infiltration of immune cells, including T lym-
phocytes, NK cells and macrophages, in the irradiated tumors
(Balb/c mice) with flow cytometry and immunohistochemis-
try. The results in Figures 6A and 6B showed that more CD8"
T lymphocytes but no more NK cells after IR were observed
in mGSDME-overexpressing 4T1 tumors than 4T1 vector
tumors. In addition, there were no significant differences in
the infiltration of CD4" T-cells and macrophages between
irradiated 4T1 mGSDME tumors and irradiated 4T1 vector
tumors in Balb/c mice after IR (Fig. 6D, E). These results indi-
cated that CD8" T-cells may play an important role in antitu-
mor immunity, which was also confirmed by the results that
Granzyme B, TNF-« and INF-y (Fig. 6F), important antitu-
mor molecules released by cytotoxic T-cells, were also signifi-
cantly increased in irradiated 4T1 mGSDME tumors but not
in irradiated 4T1 vector tumors.

Next, we assessed the expression of MHC class I mole-
cules (H2-Q10 and H2-D1), which were reported to be
involved in the immune response against tumors by inter-
acting with CD8" T-cells,”” in 4T1 vector cells and 4T1
mGSDME cells after IR. No significant difference in the
expression of H2-Q10 and H2-D1 was observed between
the irradiated 4T1 vector cells and irradiated 4T1 mGSDME

cells (Fig. 6G), suggesting that overexpressing GSDME does
not change the immunologic “visibility” of tumor cells.

Given that DCs play a critical role in antigen presenta-
tion, which is required for the activation of CD8" T-cells,
the expression of DC surface antigens such as CD40, CD83,
CD86, and CD80, markers of mature and activated
DCs,”*** was detected after coculture with irradiated tumor
cells (Fig. 6H). As expected, we found that the expression of
all these markers was elevated after coculture with irradiated
4T1 mGSDME cells but not irradiated 4T1 vector cells
(Fig. 6I), indicating that GSDME-mediated pyroptosis after
IR enhances the antigen presentation of DCs.

Taken together, our results indicate that GSDME-mediated
pyroptosis effectively promotes the infiltration of CD8" T
lymphocytes by enhancing the antigen presentation of DCs
but not NK cells, CD4" T lymphocytes or macrophages,
thereby boosting antitumor immunity after irradiation.

Discussion

Radiation is conventionally considered to suppress activa-
tion of the immune system, while accumulating evidence
indicates activated antitumor immunity after RT under
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some circumstances.”” The genetic characteristics of tumors
and the dose/dose fraction of IR, etc, are believed to play
important roles in triggering antitumor immunity after
RT.”® As one member of the gasdermin family of proteins,
GSDME-mediated pyroptosis has also been considered for
its important role in immunoregulation. Zhang et al showed
that even slight pyroptosis initiated by spontaneous apopto-
sis or immune-mediated killing in mouse-derived GSDME-
overexpressing tumor cells, in the absence of any extrinsic
stimuli, could boost antitumor immune responses to inhibit
tumor growth.'” Although this inhibition of tumor growth
was not observed in our study (Fig. 5A, B), enhanced cleav-
age of GSDME and slightly increased CD8" T lymphocytes

were observed in some nonirradiated GSDME-overexpress-
ing Balb/c mouse tumors compared with vector tumors
(Figs. 5E and 6A). We speculated that the extremely low
level of spontaneous pyroptosis mediated by GSDME in
some mouse tumors might not be enough to significantly
inhibit tumor growth in our study. Indeed, after IR treat-
ment of GSDME-overexpressing 4T1 tumors, significant
pyroptosis in tumors and an enhanced antitumor immune
response, including increased CD8" T lymphocyte infiltra-
tion and levels of TNF-«, IFN-y and granzyme B in tumors,
were found. Previous studies reported similar results in
GSDME-positive tumors after cisplatin or BRAFi + MEKi
treatment.””*® Furthermore, a difference in recruited
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immune effector cells triggered by pyroptosis after different hypomethylating agents used clinically, have been reported
stimuli was noticed. Erkes DA reported that BRAFi + MEKi to elevate the expression of GSDME.”" Similarly, azacytidine
treatment-induced pyroptosis accelerated the proliferation or decitabine promoted GSDME expression, and either of
of CD8" and CD4" T-cells.””** Spontaneous pyroptosis was them combined with IR also induced more pyroptosis in
found to enhance the number and function of tumor-infil- our study (Fig. 3G). Existing evidence also showed that deci-
trated lymphocytes (NK cells and CD8" T lymphocytes) tabine enhanced T-cell-mediated cytotoxicity and the
and macrophage-mediated phagocytosis.">  Pyroptosis release of IFN-y against target tumor cells after IR.”> More-
induced by IR (4 x 2 Gy) was reported to promote the infil- over, our data also indicate that some chemotherapeutic
tration of NK cells in colon tumors in mice,”” whereas drugs, such as cisplatin and etoposide, also enhance the
pyroptosis initiated by IR (3 x 8 Gy) recruited CD8" T-cells cleavage of GSDME induced by IR (Fig. 3G). This was con-
but not NK cells or CD4" T-cells in breast tumors in our sistent with some previous studies showing that combined
study. Given the different and complex responses of antitu- chemoradiotherapy (carboplatin or paclitaxel plus IR)
mor immunity to the stimuli to the tumor, more involved increased immunogenic cell death and enhanced proimmu-
factors beyond pyroptosis should be considered in the acti- nogenic signaling from dying tumor cells.”” However, some
vation of antitumor immunity. clinical studies also indicated that chemo- (platinum or 5-

Considering the downregulation of GSDME by hyperme- FU) radiation therapy significantly upregulated PD-L1
thylation of its promoter region in many cancers,” the low expression in tumors along with the increase in CD8"
expression level of GSDME is regarded as a primary obstacle tumor-infiltrating lymphocytes®*” or even stimulated the

to inducing pyroptosis. Azacytidine and decitabine, DNA recurrence or metastasis of tumors by suppressing
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antitumor immunity.”®”” The combined treatment of ste-
reotactic body radiation therapy (SBRT) plus pembrolizu-
mab, an anti-PD-1 antibody, and trametinib (in phase 2
trials) has been proven to extend the median overall survival
of patients with locally recurrent pancreatic cancer,”® sug-
gesting that the combination of chemoradiotherapy and
immune checkpoint inhibitors may be a promising strategy
for cancer treatment in the future. In addition, several clini-
cal reports have investigated the relationship between differ-
ent CD8" T-cell immunophenotypes, such as Trtr, Tcowms
Tem and Ty, and clinical outcomes. The Tt immunophe-
notype was discovered to play an important antitumor role
and may be a target for anti-PD-1 immunotherapy.’”*’
Accordingly, more factors beyond pyroptosis of tumor cells,
such as antigen release and CD8" T-cell immunophenotype,
should be considered when evaluating the effect of chemora-
diotherapy on antitumor immunity.

Increasing evidence has revealed the important role of
the segmentation mode of IR dose, an important clinical
parameter associated with prognosis, in driving antitumor
immunity by inducing many types of tumor cell death
beyond apoptosis and necrosis; high-dose fractionated IR
showed stronger effects than conventional fractionated
IR.*"** This is also supported by our results that a single
dose of 10 Gy resulted in stronger pyroptosis than conven-
tional fractionated IR (5 x 2 Gy) (Fig. 2B). Although the
fractionated radiation treatment regimen of 3 x 8 Gy has
been proven to effectively induce antitumor immunity in
some previous studies,””*’ the infiltration of CD8" T lym-
phocytes was not significantly increased in the irradiated
4T1 vector (3 x 8 Gy) group compared with the nonirradi-
ated 4T1 vector group in our study. Some previous studies
also showed that infiltration of CD8" T lymphocytes and
antitumor immunity were not obvious in 4T1 tumors after
radiation (3 x 8 Gy).“’45 These studies indicated that the
mechanisms of IR-induced antitumor immunity were com-
plicated and that the dose and dose fraction mode were not
the only determining factors in addition to the GSDME
level. Additionally, the upregulated levels of GSDME tran-
scription and translation observed in MCF-7 and MDA-
MB-231 cells indicate that IR can enhance GSDME expres-
sion in some cancer cells. We hope that the underlying
mechanism explored in the future can provide significant
clinical guidance for cancer therapy.

Mitochondrial (Caspase 9/Caspase 3) or death receptor
apoptotic (Caspase 8/Caspase 3) pathways are involved in
apoptosis and pyroptosis induction in response to oxidative
stress.”>"” Caspase 3-mediated GSDME cleavage contributes
to the switch from apoptosis to pyroptosis.” Consistent with
a previous study,'” our findings confirmed that activation of
the Caspase 9/Caspase 3/GSDME pathway after IR led to
pyroptosis in tumor cells and that GSDME was indispens-
able in IR-induced pyroptosis. Furthermore, we also
observed the cleavage of both PARP and GSDME in
GSDME-overexpressing tumor cells, implying the coexis-
tence of apoptosis and pyroptosis after IR in the same cell
population, possibly due to the heterogeneity of tumor cells.

Conclusion

We found that IR-induced pyroptosis in tumor cells pro-
moted CD8" T-cell tumor infiltration to activate the antitu-
mor response. Furthermore, we confirmed that a large
fraction of IR was better than conventional IR in triggering
tumor cell pyroptosis, and the combination of IR and deme-
thylated drugs or some chemotherapeutic drugs could also
induce more extensive pyroptosis than IR alone. Our find-
ings provide a new strategy for clinical RT and theoretical
guidance for further optimization of clinical RT plans.
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