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Molecular Therapy
Original Article

CTLA-4 blockade induces tumor pyroptosis
via CD8™ T cells in head and neck
squamous cell carcinoma

Shuo Wang,'-* Zhi-Zhong Wu,'> Su-Wen Zhu,' Shu-Cheng Wan,' Meng-Jie Zhang,' Bo-Xin Zhang,'
Qi-Chao Yang,' Yao Xiao,! Hao Li,! Liang Mao,! Zhi-Yong Wang,® J. Silvio Gutkind,** and Zhi-Jun Sun’?

IThe State Key Laboratory Breeding Base of Basic Science of Stomatology (Hubei-MOST) & Key Laboratory of Oral Biomedicine Ministry of Education, School & Hospital
of Stomatology, Wuhan University, Wuhan 430072, China; 2Department of Oral Maxillofacial-Head Neck Oncology, School and Hospital of Stomatology, Wuhan
University, Wuhan 430079, China; *Moores Cancer Center, University of California San Diego, La Jolla, CA 92037, USA; “Department of Pharmacology, University of

California San Diego, La Jolla, CA 92093, USA

Immune checkpoint blockade (ICB) treatment has demon-
strated excellent medical effects in oncology, and it is one of
the most sought after immunotherapies for tumors. However,
there are several issues with ICB therapy, including low
response rates and a lack of effective efficacy predictors. Gasder-
min-mediated pyroptosis is a typical inflammatory death mode.
We discovered that increased expression of gasdermin protein
was linked to a favorable tumor immune microenvironment
and prognosis in head and neck squamous cell carcinoma
(HNSCC). We used the mouse HNSCC cell lines 4MOSC1
(responsive to CTLA-4 blockade) and 4MOSC2 (resistant to
CTLA-4 blockade) orthotopic models and demonstrated that
CTLA-4 blockade treatment induced gasdermin-mediated py-
roptosis of tumor cells, and gasdermin expression positively
correlated to the effectiveness of CTLA-4 blockade treatment.
We found that CTLA-4 blockade activated CD8" T cells and
increased the levels of interferon y (IFN-y) and tumor necrosis
factor o (TNF-at) cytokines in the tumor microenvironment.
These cytokines synergistically activated the STAT1/IRF1 axis
to trigger tumor cell pyroptosis and the release of large amounts
of inflammatory substances and chemokines. Collectively, our
findings revealed that CTLA-4 blockade triggered tumor cells
pyroptosis via the release of IFN-y and TNF-o from activated
CD8" T cells, providing a new perspective of ICB.

INTRODUCTION

Head and neck squamous cell carcinoma (HNSCC) is one of the most
common cancers, and its incidence has risen recently due to an in-
crease in the number of cases of human papillomavirus (HPV)-
related cancer.”” Immune checkpoint blockade (ICB) therapies that
target the programmed cell death protein 1 pathway (PD-1/PD-L1)
and cytotoxic T lymphocyte-associated antigen 4 (CTLA-4) have
changed the therapies of many cancers and have resulted in excellent
survival in some oncological patients in recent years.”> However, ICB
response rate in HNSCC is only approximately 20%, which highlights
the significance of elucidating the underlying mechanisms of initial
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resistance to immunotherapies.” A critical objective in targeting
ICB-resistant (e.g., “cold,” immune-excluded, or immune-desert) tu-
mors is the induction of inflammation in the tumor microenviron-
ment, particularly in tumor nests, to convert “cold” tumors into
“hot” tumors that respond to ICB.”

Pyroptosis is an inflammatory cell death process mediated by gasder-
mins that plays a vital role in innate immunity. Pyroptosis is distin-
guished by cell swelling and rupture.*'° Gasdermins A-E and
DENB59 are members of the gasdermin family.'" All of these proteins
(with the exception of DFNB59) share the same two-domain struc-
ture, and their N-domain induces pyroptosis.'*”'” The inflammatory
consequences of gasdermin-mediated pyroptosis in the tumor envi-
ronment may boost the performance of ICB by increasing lympho-
cyte infiltration and activation, which converts “cold” tumors into
16718 Recent evidence has directly linked gasdermins
with tumor-infiltrating lymphocytes, and increasing gasdermin E
(GSDME) expression in tumors enhanced the function and number
of tumor-infiltrating natural killer and CD8" T cells.!”*° Notably,
recent research has shown that natural killer cells and cytotoxic T
lymphocytes trigger pyroptosis in target cells”*' and that tumor cell
pyroptosis is induced during chimeric antigen receptor (CAR)
T cell treatment.”” The objective of the present study was to determine
the association between ICB therapy and the GSDM family in
HNSCC.

“hot” tumors.

We used The Cancer Genome Atlas (TCGA) database and human
HNSCC specimens to demonstrate that overexpression of GSDMs
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in HNSCC was associated with a favorable immune microenviron-
ment and better prognosis. We used the mouse HNSCC cell lines
4MOSC1 (responsive to CTLA-4 blockade) and 4MOSC2 (resistant
to CTLA-4 blockade) as orthotopic models™ to provide evidence
for the critical function of GSDM-mediated pyroptosis mediated in
CTLA-4 blockade therapy. We discovered that blockade of CTLA-4
increased tumor-infiltrating CD8" T lymphocytes, which activated
the STAT1/IRF1 signaling axis in tumor cells by increasing interferon
Y (IFN-v) and tumor necrosis factor . (TNF-a) in the tumor micro-
environment and induced robust pyroptosis of tumor cells to play an
antitumor role.

RESULTS

Overexpression of GSDMs in HNSCC indicates favorable
prognosis and “hot” tumors

The present study determined the expression of GSDMD and other
GSDM family proteins and their functions in the HNSCC microenvi-
ronment. We observed that GSDMB, GSDMD, and GSDME were
overexpressed in HNSCC tissue compared with normal mucosa ac-
cording to the GEPIA database (Figure S1). GSDM proteins only
exert pyroptosis-inducing activity after cleavage, which results in
the formation of an N-terminal fragment (GSDM-N) and a C-termi-
nal fragment (GSDM-C), with GSDM-N causing pyroptosis.'' West-
ern blotting has revealed that GSDMD-N and GSDME-N production
was higher in HNSCC tissue than in the adjacent oral mucosa
(Figures 1A and 1B). We used immunohistochemistry to stain
HNSCC tissue for GSDMD-N as a representative marker to detect
the relationship between activated GSDM proteins (pyroptosis) and
prognosis since there are currently no antibodies against other
GSDM protein N-terminal fragments.”* The results indicated that
GSDMD-N production was higher in HNSCC tissue than in adjacent
oral mucosa (Figure 1C), and higher production of GSDMD-N indi-
cated a favorable prognosis (Figure 1D).

Tumor cells with increased GSDM expression are more vulnerable to
endogenous stresses, such as hypoxia and endoplasmic reticulum
(ER) stress; this stress predisposes these cells to pyroptosis, which
then affects the tumor immune microenvironment.'’ Therefore, we
obtained data from the TCGA database to perform further analyses.
We investigated how immune-associated molecules, such as major
histocompatibility complex (MHC), immunostimulatory molecules,
immune-inhibitory molecules, chemokines, and chemokine recep-
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tors, were linked with three markers directly associated with pyropto-
sis: GSDMB, GSDMD, and GSDME (Figures S2-S4). GSDMD was
positively correlated with most immune-related molecules, including
MHC molecules, PD-1, CD80, CD86, and CCL5 (Figure S2). Simi-
larly, GSDMB and GSDME expression was also positively correlated
with many immune-related molecules (Figures S3 and S4). Most im-
mune-related molecules are associated with antitumor responses.””*°
For example, MHC molecules are involved in antigen presentation,
while CD80 and CD86 are markers of activated dendritic cells
(DCs).”” PD-1 is also a hallmark of activated T cells, and increased
CCL5 expression increases T cell infiltration into solid tumors.”**’
Therefore, these results suggest that pyroptosis mediated by
GSDMB, GSDMD, and GSDME contributes to a good antitumor
response in HNSCC.

We performed single-sample gene set enrichment analysis
(ssGSEA) and measured the infiltration levels of 28 immune cell
types in the HNSCC microenvironment.”>*° The results indicated
that GSDMB and GSDMD overexpression was strongly related to
the high infiltration of activated CD8" T cells, effector memory
CD8" T cells, activated CD4" T cells, natural killer (NK) cells,
myeloid-derived suppressor cells (MDSCs), and activated DCs
(Figure 1E); moreover, patients with HNSCC who had more infil-
trating activated CD8" T cells had a favorable prognosis (Fig-
ure S5). Similar to the results from the TCGA database, CD8"
and CD4" T cells were highly infiltrated in the HNSCC microen-
vironment where GSDMD-N production was high (Figure 1F).
GSDMD-N production was significantly linked with CD8, CD4,
and PD-1 expression (Figures 1G and 1H). GSDMD overexpres-
sion in TCGA HNSCC samples was linked to high expression of
activated CD8* T cell markers, such as interleukin-2 (IL-2),
TNF-a, IFN-v, and granzyme B (Figure S6). DCs were also of in-
terest. The KEGG pathway analysis from TCGA data indicated that
the antigen processing and presentation pathway was enriched in
the HNSCC tissues with high GSDMB and GSDMD expression
(Figures S7-S9). These results clearly showed that the HNSCC im-
mune microenvironment with high expression of GSDMB and
GSDMD was highly complex and varied (Figure 1I). Although
the TCGA database found no relationship between GSDME and
antigen presentation (Figure S10), a plethora of evidence suggests
that GSDME-mediated pyroptosis activates considerable antitumor

immune functions.'®"’

Figure 1. Expression of GSDM family proteins in HNSCC

(A and B) The production of GSDMD-N and GSDME-N in paired normal oral mucosal tissue (N) and HNSCC (T) was measured using western blotting (left) and corresponding
quantitative analysis (right). (C) Representative immunochemistry images of GSDMD-N production in primary HNSCC and normal mucosal tissues (left). Histoscores of
GSDMD-N determined from GSDMD-N production levels in normal mucosal (n = 41) and primary HNSCC (n = 57) tissue samples (right). Scale bars, 50 um. (D) Kaplan-Meier
(K-M) survival analysis of the HNSCC patient cohort divided into high and low GSDMD-N production groups. (E) Bubble chart of the correlations between GSDM family
proteins (GSDMB, GSDMD, and GSDME) and ssGSEA of 28 immune cell types in HNSCC samples from TCGA. (F) Representative graphs of multiplex immunohisto-
chemistry (IHC; CD8, CD4, PD-1, and DAPI) in HNSCC patient cohort sections (high GSDMD-N production vs. low GSDMD-N production). CD8: yellow; CD4: green; PD-1:
pink; DAPI: blue. Scale bars, 50 um. (G) Positive correlations among CD8, CD4, PD-1, and GSDMD-N in the HNSCC microenvironment are displayed by hierarchical
clustering. The color scale represents the histoscore. (H) The correlations between CD8, CD4, PD-1, and GSDMD-N in the HNSCC microenvironment. () Spearman’s
correlation analysis between GSDM family proteins (GSDMB, GSDMD, and GSDME) and the immune score, stromal score, and ESTIMATE score. Data, mean + SEM.

*p < 0.05, *p < 0.01, **p < 0.001.
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CTLA-4 blockade induces pyroptosis in HNSCC

Our findings revealed that GSDM protein expression was adversely
related to the immunological microenvironment of the tumor. Inter-
estingly, we discovered that GSDMD and GSDME expression was
significantly higher in the murine HNSCC 4MOSCI cell line (respon-
sive to CTLA-4 blockade) than in the 4MOSC2 cell line (resistant to
CTLA-4 blockade) (Figures 2A and 2B), which prompted us to inves-
tigate the relationship between ICB and GSDM-mediated pyroptosis.
4MOSC1 and 4MOSC2 cells were transplanted into the dorsum
linguae of C57Bl/6 mice, after which the mice were given an isotype
control or an anti-CTLA-4 antibody intraperitoneally every 3 days
(Figures S11A-S11C). GSDMD-N and GSDME-N production was
significantly elevated in 4MOSCI1 tissues after CTLA-4 blockade treat-
ment (Figures 2C and 2D), but GSDMD-N and GSDME-N production
did not change significantly in 4MOSC2 tissues after CTLA-4 blockade
treatment (Figures 2C and 2D). The western blotting results indicated
that pyroptosis is involved in the antitumor effect of CTLA-4 blocking
treatment. To further validate the effect of GSDM-mediated pyroptosis
on CTLA-4 blockade treatment, we constructed cell lines with stably
reduced GSDME expression using a lentivirus and validated the reduc-
tion using western blotting and real-time PCR (Figures S12A-S12C).
We discovered that decreased GSDME protein in 4MOSC1 cells
greatly decreased the antitumor impact of CTLA-4 blockade
(Figures S12D and S12E), which indicates a role for GSDM-mediated
pyroptosis in the antitumor effect of CTLA-4 blockade. We also used a
lentivirus to enhance the expression of GSDME in 4MOSC2 cells to
analyze whether increased GSDM protein expression would improve
the antitumor effect of ICB (Figure S13A). We demonstrated that
increased GSDME expression significantly reduced the size of some tu-
mors after CTLA-4 blockade (Figures S13B and S13C). In addition, we
knocked out Gsdmd, Gsdme, and Miklby CRISPR-Cas9 and used west-
ern blotting to validate the knockout efficiency (Figures S14A-S14C).
Our in vivo observations were consistent with the aforementioned
findings that GSDME-mediated pyroptosis exhibited a more substan-
tial influence on CTLA-4 blockade treatment than GSDMD-mediated
pyroptosis and MLKL-mediated necroptosis (Figures 2E and 2F).
Taken together, our findings indicate that GSDM expression in tumor
cells may affect the efficacy of ICB, which supports the use of GSDM as
a possible therapeutic target for future research into methods for
increasing ICB response rates and overcoming ICB resistance.

Intratumoral CD8* T cells regulate tumor pyroptosis during
CTLA-4 blockade treatment

Cancer immunotherapy restores or increases the effector function of
CD8" T cells in the tumor immune microenvironment,”' and evidence
has revealed that CD8" T cells triggered by cancer immunotherapy
cause tumor cell ferroptosis by releasing IFN-y.*” Immunohistochem-
istry and flow cytometry revealed an increase in the number of CD8"*

Molecular Therapy

T cells in the 4MOSC1 tumor after CTLA-4 blockade therapy
(Figures 3A and 3B). However, anti-CTLA4 therapy had little effect
on the CD8" T cell population in the 4MOSC2 tumor (Figure 3A),
which suggests that activation of CD8" T cells is required for anti-
CTLA-4 therapy to exert its antitumor effects. We used a CD8 blocking
antibody to reduce the number of CD8" T cells in the 4AMOSC1 tumor
and demonstrated that the antitumor effect of CTLA-4 blockade ther-
apy was decreased when fewer CD8" T cells were present (Figures 3C
and 3D). To exclude the effect of other cells, we also depleted CD4"
T cells and NK cells and demonstrated that intratumoral CD8"
T cells activated by ICB therapy are likely to destroy tumor cells via
GSDM-mediated pyroptosis (Figures S15A and S15B). Consistent
with this hypothesis, depletion of CD8" T cells led to a considerable
reduction in GSDMD-N and GSDME-N compared with anti-CTLA-
4 treatment alone (Figure 3E), which indicates that activated CD8"*
T cells exert their antitumor effects via pyroptosis.

Synergism of IFN-y and TNF-« triggers tumor cell pyroptosis
The mechanism by which intratumorally activated CD8" T lympho-
cytes induce pyroptosis of 4MOSCI1 cells upon ICB is a critical subject.
CD8" T lymphocytes trigger ferroptosis in tumor cells by secreting
IFN-v.** Therefore, we hypothesized that CD8* T lymphocytes induce
tumor cells to undergo pyroptosis by releasing specific cytokines. We
used real-time PCR to examine 6 common activating cytokines closely
associated with CD8" T cells and demonstrated that IL-2, IL-6, IFN-v,
and TNF-a were considerably enhanced in the 4MOSC1 tumor
microenvironment during anti-CTLA-4 treatment (Figure S16). We
tested the hypothesis that these elevated cytokines in the tumor micro-
environment caused tumor cell pyroptosis by treating 4MOSC1 cells
with these cytokines in vitro. We found that only the combination
of IFN-y and TNF-a significantly induced 4MOSC1 cell pyroptosis
(Figures 4A and 4B, S17, and S18). ELISA and flow cytometry showed
a link between the cytokines IFN-y and TNF-o. and CD8" T cells
(Figures S19A and S19B). Consistent with the in vitro findings, the
antitumor effect of anti-CTLA-4 treatment was weakened when intra-
tumoral IFN-y was neutralized (Figures 4C-4E), and the capacity of
anti-CTLA-4 therapies to trigger pyroptosis was diminished when in-
tratumoral IFN-y or TNF-a or IFN-y and TNF-a together were
neutralized (Figures 4F and S20). In summary, the synergy of intratu-
moral IFN-y and TNF-a after ICB triggers tumor cell death via pyrop-
tosis, which provides a new perspective for the mechanism of CD8*T
lymphocytes attacking tumor cells in immunotherapy.

Synergism of IFN-y and TNF-« initiates pyroptosis in tumor cells
via the STAT1/IRF1 axis

We performed RNA sequencing (RNA-seq) to further investigate the
mechanism of the induction of tumor cell pyroptosis via IFN-y and
TNF-o. Our RNA-seq results and previous studies’* suggested

Figure 2. CTLA-4 blockade induces pyroptosis in HNSCC

(A and B) The expression of GSDMD and GSDME in the 4AMOSC1 cell line and 4MOSC?2 cell line was evaluated using western blotting (left) and corresponding quantitative
analyses (right). (C and D) The production of GSDMD-N and GSDME-N was evaluated using western blotting in the control group (n = 3) and anti-CTLA-4 group (n = 3) for
4MOSC1 and 4MOSC2 tumors (left) and corresponding quantitative analyses (right). (E) Experimental schedule for tumor inoculation and CTLA-4 blockade. (F) Tumor volume
of 4MOSC1 tumor-bearing mouse with CTLA-4 blockade. Data, mean + SEM. *p < 0.05, **p < 0.01, **p < 0.001.
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that activation of the STAT1/IRF1 axis by IFN-vy and TNF-a result in
tumor cell pyroptosis (Figures 5A, S21A, S21B, and S22A-S22C). We
demonstrated that the addition of TNF-o and IFN-y to 4AMOSC1 cells
led to the activation of a substantial number of genes associated with
inflammation and immunity (Figure 5A). Western blotting analysis
revealed that the addition of IFN-y and TNF-a to 4MOSC1 cells
significantly increased STAT1 phosphorylation and IRF1 expression
as well as the activation of caspase-8 and caspase-3, which resulted in
the activation of GSDMD and GSDME and tumor cell pyroptosis
(Figures 5B-5D). When STAT1 expression was inhibited by small
interfering RNA (siRNA) followed by the addition of IFN-y and
TNF-a, western blotting analysis revealed that neither STAT1 phos-
phorylation nor IRF-1 expression was significantly increased.
Caspase-8 and caspase-3 activation was also reduced, which did not
result in the onset of pyroptosis (Figures S23 and S24). Similarly,
the siRNA-mediated suppression of IRF-1 expression followed by
the addition of IFN-y and TNF-a had no effect on STAT1 phosphor-
ylation, but rather this suppression caused dramatic inhibition of
caspase-8 and caspase-3 activation, and the initiation of pyroptosis
was not significantly induced (Figure S25). These results indicated
that synergism of IFN-y and TNF-o in the tumor microenvironment
activated the STAT1/IRF1 axis to trigger tumor cell pyroptosis and
the release of inflammatory chemokines.

IFN-y and TNF-« exert synergistic effects on pyroptosis in
human HNSCC tissues

We evaluated the synergistic effects of recombinant human IFN-y
and TNF-o on human HNSCC cells and tissues. The expression
levels of GSDMB, GSDMD, GSDME, and MLKL were quantified
in several human HNSCC cell lines, including Cal27, SCC4,
SCC9, and SCC25. GSDMB, GSDMD, GSDME, and MLKL expres-
sion levels were relatively high in the SCC9 cell line (Figures 6A and
S26A). The GSDMD-N and GSDME-N fragments resulted from
proteolytic cleavage by caspase-8 and caspase-3, respectively.
Consistent with the results observed in 4MOSC1 cells, the synergis-
tic stimulation of SCC9 cells with IFN-y and TNF-a. also eventually
induced the onset of GSDMD- and GSDME-mediated pyroptosis
(Figures 6B-6D and S26B) as well as a considerable increase in
cell death (Figures S27A and S27B). We collected 3 human
HNSCC specimens from the tongue or cheek and stimulated these
human HNSCC tissues with IFN-y and TNF-a. Consistent with the
in vitro data, the synergistic effect of IFN-y and TNF-a greatly
increased GSDMD-N and GSDME-N production in human
HNSCC tissue (Figures 6B, 6E, and S28). In conclusion, these results
showed that human IFN-y and TNF-a synergistically triggered
HNSCC tumor pyroptosis, which provides a concept and mecha-
nism for immune therapy.

Molecular Therapy

DISCUSSION

Several studies on GSDM-mediated pyroptosis in HNSCC have
been published.””** It is reported that GSDM-mediated pyroptosis
plays a critical role in antitumor therapy, and different treatments,
including chemotherapy and targeted therapies, exert antitumor ef-
fects by causing GSDM-mediated pyroptosis.”” ** Pyroptosis of 15%
of tumor cells is sufficient to eradicate an entire tumor,'” which
demonstrates that the strong antitumor immunity induced by py-
roptosis plays a significant role in tumor cell death. Pyroptosis
may also be used in conjunction with PD-1 blockade therapy to in-
crease the effectiveness of both treatments.'” GSDM-mediated py-
roptosis modifies the tumor immune microenvironment and the
inflow of tumor-infiltrating lymphocytes (TILs) to transform immu-
nologically “cold” tumors into “hot” tumors.'® According to these
discoveries, a tight association exists between GSDM-mediated py-
roptosis and ICB therapy. However, whether ICB therapy promotes
GSDM-mediated pyroptosis to exert antitumor effects is uncertain.
To determine whether pyroptosis was involved in the mechanism of
ICB therapy, we used a 4MOSC1 HNSCC orthotopic xenograft
model that responds to CTLA-4 blockade and a 4MOSC2
HNSCC orthotopic xenograft model that does not respond to
CTLA-4 blockade. The 4MOSC1 orthotopic xenograft model
showed a significant increase in pyroptosis after CTLA-4 blockade
treatment, but the 4MOSC2 orthotopic xenograft model showed
no significant change in pyroptosis after CTLA-4 blockade treat-
ment, which suggests that GSDM-mediated pyroptosis plays a role
in the antitumor effects of CTLA-4 blockade treatment.

Although the relationship between GSDM expression and the
response to ICB therapy is not clear, previous research has demon-
strated that tumor cells with high levels of GSDMs, such as
GSDME, are more susceptible to endogenous stress or extrinsic chal-
lenges that cause them to undergo pyroptosis and release large
amounts of inflammatory substances into the tumor microenviron-
ment. This release of inflammatory mediators increases the number
and function of TILs in the tumor microenvironment and promotes
phagocytosis by macrophages, which leads to antitumor effects.'” Our
findings revealed that GSDMB, GSDMD, and GSDME were strongly
expressed in HNSCC and favorably associated with many immune-
related molecules and that high GSDMD-N production was associ-
ated with a favorable prognosis. Notably, GSDMD and GSDME
expression was significantly higher in 4MOSC1 cells than in
4MOSC2 cells, which strongly suggests that the expression of
GSDMs affects the effect of ICB treatment. Our subsequent experi-
mental results also confirmed our hypothesis that the downregulation
of GSDME expression in 4MOSC1 cells was associated with poorer
efficacy of CTLA-4 blockade treatment and that the upregulation of

Figure 3. CD8" T cells regulate tumor pyroptosis during CTLA-4 blockade treatment

(A) Representative images of H&E staining and CD8 expression in the control group (Con) and anti-CTLA-4 group of 4MOSC1 tumors (left) and 4MOSC2 tumors (right).
Scale bars, 50 um. (B) CD8" T cell populations in the tumors (left) were measured using flow cytometry, and quantitative analyses were performed (right). (C) Experimental
schedule for tumor inoculation and CD8 blockade or CTLA-4 blockade. (D) Tumor volume of 4MOSC1 tumor-bearing mice with different treatments. (E) The production of
GSDMD-N and GSDME-N was evaluated using western blotting in different treatment groups for 4MOSC1 tumors (left) and corresponding quantitative analyses (right). Data,

mean = SEM. *p < 0.05, **p < 0.01, **p < 0.001.
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GSDME expression in 4MOSC2 cells was associated with better effi-
cacy of CTLA-4 blockade treatment.

The activation of cytotoxic T cells is critical for the efficacy of ICB
therapy, as these cells destroy tumor cells either directly via the release
of cytotoxic perforins and granzymes or indirectly via the release of
potent proinflammatory cytokines.*’ Insights into the mechanisms
of cytokine-mediated cancer cell killing are critical because cancer
cells disrupt granzyme- and perforin-mediated cell death.** IFN-y
secreted by CD8" T cells triggers cancer cell ferroptosis,”> which
has an antitumor effect. Therefore, we hypothesized that CD8*
T cells induce cancer cell pyroptosis via cytokine secretion. Our find-
ings support the hypothesis that TNF-a. and IFN-y work synergisti-
cally to cause cancer cell pyroptosis following CTLA-4 blockade ther-
apy. Recent investigations have demonstrated that TNF-a and IFN-y
synergistically induce pyroptosis and the release of large amounts of
inflammatory substances,”>>+4>1¢
with our experimental findings. We used RNA-seq to investigate
the mechanism by which TNF-a and IFN-v synergistically promoted
tumor cell pyroptosis. Taken together, these data offer new perspec-
tives on methods to increase ICB therapy response rates.

and these results are consistent

In conclusion, we evaluated the expression of GSDMs in HNSCC and
systematically investigated the relationship between GSDMs in
HNSCC and the tumor immune microenvironment using the
TCGA database, multiplexed immunohistochemistry, and other
methods. We used the 4MOSC1 HNSCC orthotopic xenograft model
that responds to CTLA-4 blockade and the 4MOSC2 HNSCC ortho-
topic xenograft model that does not respond to CTLA-4 blockade to
demonstrate the occurrence of GSDM-mediated pyroptosis in ICB
treatment and to further validate the effects of GSDM-mediated py-
roptosis in ICB treatment by knocking down and overexpressing
GSDM proteins. We demonstrated that CD8" T cells were required
for the regulation of CTLA-4-induced pyroptosis and increased the
levels of IFN-y and TNF-a cytokines in the tumor microenviron-
ment. These cytokines synergistically activated the STAT1/IRF1
axis to trigger tumor cell pyroptosis and the release of large amounts
of inflammatory substances and chemokines. Future studies should
delineate the underlying mechanisms by which GSDM proteins influ-
ence the efficacy of ICB therapy in greater depth.

MATERIALS AND METHODS

Ethical statement, HNSCC tissue samples, and HNSCC patient
cohort

The Medical Ethics Committee of School and Hospital of Stomatol-
ogy, Wuhan University, approved this study (2014LUNSHENZI06),
which was performed in accordance with the institutional guidelines.

Molecular Therapy

All participants provided written informed permission. Two pathol-
ogists performed clinical staging and histological grading in accor-
dance with the appropriate guidelines, the International Alliance
for Cancer Control (eighth edition) protocol,’” and the World Health
Organization system."® Protein extraction and in vitro cytokine stim-
ulation assays were performed on HNSCC tissue specimens. The
HNSCC tissue cohort contained 57 primary HNSCC tissue samples
and 41 adjacent mucosal tissue samples.

Cell lines, animal models, and treatments

SCC4, SCCY, and SCC25 (human HNSCC cell lines from the Amer-
ican Type Culture Collection) were cultured in F12/DMEM plus
400 ng/mL hydrocortisone. Cal27 (the human HNSCC cell line
from the American Type Culture Collection) was cultured in
DMEM/high glucose.*” 4MOSC1 and 4MOSC2 cells were gifts
from Prof. J. Silvio Gutkind at the University of California San Diego
via a materials transfer agreement (SD2017-202).**°° 4MOSC1 and
4MOSC2 cells were cultured in keratinocyte serum-free medium
(K-SEM; Gibco-BRL). To construct orthotopic HNSCC mouse
models, 4MOSC1 or 4MOSC2 cells (1 x 10%/per mouse) were sepa-
rately transplanted into the dorsum linguae of female C57Bl/6 mice
aged 6-8 weeks and weighing 18-20 g.** The mice were fed in compli-
ance with the recommendations of the Institutional Animal Care and
Use Committee of School and Hospital of Stomatology, Wuhan Uni-
versity (S07921090A, S07920090H, and S07921020D), and the
ARRIVE Guidelines.”’ The mice were given an isotype control
antibody (10 mg/kg; BE0086; Bio X Cell) or CTLA-4 antibody
(10 mg/kg; BE0164; Bio X Cell) intraperitoneally every 3 days after
the tumors formed. The mice were subjected to strict observation. Tu-
mor sizes were measured every 2 days. Tumor volume was calculated
using the equation tumor length x tumor width?/2. When the treat-
ment experiment was complete, the mice were euthanized and
dissected to obtain the tumors. On days 0, 4, and 8, mice were given
NK1.1 (10 mg/kg; BE0036; Bio X Cell), CD4 (10 mg/kg; BEO119; Bio
X Cell), and CD8 (10 mg/kg; BE0004-1; Bio X Cell) target antibodies
for in vivo NK cell, CD4" T cell, and CD8" T cell depletion. For in vivo
cytokine neutralization, mice received IL-2 (10 mg/kg; BE0043; Bio X
Cell), IL-6 (10 mg/kg; BE0046; Bio X Cell), TNF-o. (10 mg/kg
BE0058; Bio X Cell), or IFN-y (10 mg/kg; BE0055; Bio X Cell)
neutralizing antibodies the day before each CTLA-4-targeting anti-
body treatment was given.

In vitro cytokine stimulation assay

For 4MOSC1 cells, IL-6 (25 ng/mL, Peprotech, 212-16), IL-2
(25 ng/mL, Peprotech, 212-12), TNF-a (25 ng/mL, Peprotech, 315-
01A), and IFN-y (25 ng/mL, Peprotech, 315-05) were used for
48 h. For SCC9 cells, 25 ng/mL TNF-a (Peprotech, AF-300-01A)

Figure 4. Synergism of IFN-y and TNF-a triggers tumor cell pyroptosis

(A) Apoptosis measured using flow cytometry of AMOSC1 cells 48 h after different treatments. (B) The production of GSDMD-N, GSDME-N, and p-MLKL was evaluated using
western blotting in different treatment groups of 4AMOSC1 cells. (C) Experimental schedule for tumor inoculation and treatment with IFN-vy blockade or CTLA-4 blockade. (D)
Tumor images of 4AMOSC1 tumor-bearing mice with different treatments. (E) Tumor volume of 4MOSC1 tumor-bearing mice with different treatments. (F) The production of
GSDMD-N and GSDME-N was evaluated using western blotting in different treatment groups for 4MOSC1 tumors (left) and corresponding quantitative analysis (right). Data,

mean + SEM. *p < 0.05, “*p < 0.01, **p < 0.001.
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and IFN-y (Peprotech, 300-02) were used for 48 h.**** Within 30 min
of resection, freshly resected HNSCC tissues were cleaned and split
into various sections (1-5 mm®) using a scalpel, followed by injection
of 5% glucose control, TNF-a (50 ng/mL, Peprotech, AF-300-01A),
and IFN-y (100 ng/mL, Peprotech, 300-02) in a 5% glucose solution
at multiple sites. Each segment was cultured in 24-well plates for 24 h
in 0.5 mL RPMI 1640 media.”

Western blotting

Western blotting was performed as previously described.*” The pro-
tein was detected using an ECL kit (Advansta), and images were ob-
tained using an Odyssey system (LI-COR Biosciences). Image] was
used to calculate the amount of protein in each sample (National In-
stitutes of Health, Bethesda, MD, USA). The experiment was repeated
atleast 3 times. Detailed steps and a list of primary antibodies used for
western blotting are provided in the supplemental information.

Real-time PCR

Total RNA was obtained from tumor tissues and cells as directed by
the manufacturer (Axygen, Corning, NY, USA), and the RNA con-
centration was measured using a spectrometer (Shimadzu UV-
2401PC, Kyoto, Japan). 1 pg total RNA was reverse transcribed using
HiScript IT Reverse Transcriptase (Vazyme Biotech, Nanjing, China)
according to the manufacturer’s instructions, and approximately 1%
of the cDNA was used as a template in each real-time PCR with SYBR
master mix (Vazyme Biotech). Three steps of PCR were used.
Detailed steps and a list of the primer sequences used for real-time
PCR are provided in the supplemental information.

Immunohistochemistry

Paraffin-embedded tissues (4 pm) were sectioned consecutively, dew-
axed in xylene, rehydrated in a gradient alcohol series, heated for an-
tigen repair in a microwave oven, and incubated with endogenous
peroxidase blocking agent and goat serum at 37°C for 20 min. The
sectioned tissues were incubated with primary antibody overnight
at 4°C. A list of primary antibodies used for immunohistochemistry
is provided in the supplemental information. The secondary bio-
tinylated immunoglobulin G (IgG) antibody and the antibiotinyl-
peroxidase reagent were incubated in an incubator for 20 min.
DAB reagent (Mxb Biotechnologies) was used for staining, and the
nuclei were stained with hematoxylin. The entire process was based
on a horseradish peroxidase (HRP) color system. The sections were
scanned and analyzed using a Pannoramic Midi (3DHISTECH).

Multiplexed immunohistochemistry
The Opal serial immunostaining handbook was used to achieve
multiplexed immunohistochemistry, as previously described.>®

Molecular Therapy

Formalin-fixed and paraffin-embedded HNSCC patient tissues
were marked using an Opal 7-ColorManual immunohistochem-
istry Kit (NEL811001KT; PerkinElmer, Hopkinton, MA, USA). Af-
ter deparaffinization and hydration, the sections were placed in AR
buffer (pH = 6.0; PerkinElmer), sequentially incubated with block-
ing buffer (PerkinElmer) and primary antibodies, and subjected to
tyramide signal amplification (TSA; PerkinElmer Opal Kit). Pri-
mary antibodies included CD4 (ab133616; Abcam, Boston, MA,
USA), CD8 (85,336; Cell Signaling Technology), and PD-1
(86,163; Cell Signaling Technology). The sections were repeatedly
subjected to these steps until incubation with the final primary
antibody. Nuclear staining was performed with DAPI before
mounting. PerkinElmer Vectra software was used to scan the slides
(PerkinElmer).

Flow cytometry

Tumors were collected and processed into a single-cell suspension (gen-
tleMACS Dissociator, Miltenyi Biotec), followed by staining with anti-
bodies and T cell analysis. FlowJo 10 software (v.10.0.6, Tree Star) was
used to analyze and show the research results. Flow cytometry analysis
strategy for T cell gating is shown in Figure S29. Fluorescence-labeled
antibodies included Fixable Viability Dye (eBioscience, eFluor 506);
anti-CD45 (APC-CY7, BD Biosciences); anti-CD3 (FITC, BD Biosci-
ences); anti-CD4 (eFluor450, Invitrogen); anti-CD8 (PerCP-Cyanine
5.5, BioLegend); anti-IFN-y (PE, BioLegend); and anti-TNF-a (APC,
BioLegend). The supplemental information contains detailed instruc-
tions for detecting apoptosis.

Stable cell line generation

Single guide RNA (sgRNA) targeting Gsdmd, Gsdme, and MIkl was
constructed as part of a Lenti-CRISPRv2 vector.” Lentivirus was
generated in 293T cells, after which 4MOSCI cells were infected
with lentivirus containing sgRNA. After 36 h, 4MOSC1 cells were
selected with 5 pg/mL puromycin for 2 days. Cells were maintained
in culture medium containing puromycin (Sigma Aldrich). The
sequences are as follows: Gsdmd sgRNA 1: 5'-CACCGCAACAG
CTTCGGAGTCGTG-3'; Gsdme sgRNA 1: 5'-CACCgACAGGCTG
TATTGGCAATGG-3'; Gsdme sgRNA 2: 5'-CACCgATGGTGGfdb
9.1.450/W UnicodeCTTCGAGCATGAG-3’; and MIkl sgRNA 1:
5'-CACCGCCCTCCCAACGGCCCTCTG-3'.

The short hairpin RNA (shRNA) targeting sequence for mouse Gsdme
was purchased from Ubigene Biosciences (Guangzhou, China). The
specific targeting sequences were as follows: shGsdmel(mouse):
CCGTCAAGAGAACAGTTAATA; shGsdme2(mouse): TGGAGT
CAGACTTCGTGAAAT; and shGsdme3(mouse): GAGCGTTGTC
AATGGGTTATT.

Figure 5. Synergism of IFN-y and TNF-a triggers tumor cell pyroptosis via the STAT1/IRF1 Axis
(A) Heatmap depicting the expression levels of genes in 4AMOSC1 cells co-treated with TNF-a. and IFN-+y for 48 h relative to their expression in untreated 4MOSC1 cells. (B)
The expression of p-Stat1, IRF-1, Cle-caspase-8, Cle-caspase-3, and p-MLKL in 4MOSC1 cells and the production of GSDMD-N and GSDME-N in 4MOSC1 cells were
evaluated using western blotting in different treatment groups (left) and corresponding quantitative analyses (right). (C) Representative bright-field microscopy images of
4AMOSCH1 cells with different treatments. The arrows indicate pyroptotic cells. Scale bars, 20 um. (D) Schematic overview of TNF-a.- and IFN-y-induced tumor cell pyroptosis
and inflammatory factor and chemokine release. Data, mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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The 4MOSC1 cells were infected with 8 pg/mL polybrene (Sigma
Aldrich) and lentivirus supernatant then selected with 5 pg/mL puro-
mycin (Sigma Aldrich).*’ Protein and mRNA levels were verified us-
ing real-time PCR and western blotting.

To generate lentiviruses, EF-1aF/GFP-Puro empty vector (negative
control) or EF-1aF-Gsdme was transfected into HEK293T cells
with PG-P1-VSVG, PG-P2-REV, and PG-P3-RRE. The 4MOSC2
cells were infected with 8 pg/mL polybrene (Sigma Aldrich) and lenti-
virus supernatant then selected with 5 pg/mL puromycin (Sigma
Aldrich). The mRNA level was verified using real-time PCR.

RNA interference

The transfection of 4MOSCI cells with siRNA was performed using
Lipofectamine 3000 (Invitrogen, Waltham, MA, USA). The detailed
transfection procedure was discussed previously.”” GenePharma
(Shanghai, China) designed and produced siRNAs with the following
sequences: Statl siRNA: 5-AAGGAAAAGCAAGCGTAATCT-3,
and Irfl siRNA: 5-CCGAUACAAAGCAGGAGAATT-3.

ELISA

Fresh mouse tumor homogenates (100 mg tissue/mL PBS) were
centrifuged for 20 min at 3,000 RPM. Supernatants were obtained,
and protein concentrations were adjusted using a BCA Protein Kit
(Beyotime). TNF-a and IFN-y concentrations in supernatants were
measured using commercial ELISA kits (4A Biotech) in accordance
with the manufacturer’s instructions.

RNA-seq and bioinformatics analysis

Beijing Genomics Institution (Shenzhen, China) created the RNA-seq
library and performed RNA-seq construction. RNA-seq data have
been deposited to GEO under the accession number GEO:
GSE201367. To obtain more convincing results, patient RNA-seq
data from the TCGA-HNSCC cohort were grouped based on the me-
dian values of IFN-v and TNE. DEGs between the IEN-y™TNF™ and
IFN-y"TNF"° groups were identified using the Deseq2 R package
with significance cutoff parameters of p <0.05 (adjusted) and absolute
fold change >2. Differentially expressed genes (DEGs) overlapping
our RNA-seq data with TCGA-HNSCC RNA-seq data were extracted
for further analysis. To examine the expression of GSDM family pro-
teins and their relationship to the HNSCC microenvironment, we ac-
quired RNA-seq data and the corresponding clinical features of pa-
tients with HNSCC from GEPIA (http://gepia.cancer-pku.cn/) and
TCGA (https://portal.gdc.cancer.gov/). The enrichment scores for
patients with HNSCC in the TCGA database were calculated and
used to perform ssGSEA and differential enrichment analysis using
GSEA and gene set variation analysis (GSVA).”> ssGSEA was used
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to determine the tumor-infiltrating levels of 28 immune cell types,
which are represented as the normalized enrichment score (NES) of
the tumor microenvironment.””> To further analyze the complexity
and variations in the HNSCC microenvironment, we used the R pack-
age “estimate” to obtain an immune score, a stromal score, and an
ESTIMATE score for HNSCC.”

Statistical analysis

For statistical analysis, GraphPad Prism 7.0 was used, with Student’s t
test for two-group comparisons or ANOVA analysis for multigroup
comparisons. Spearman’s correlation coefficient was used for
correlation analyses. For survival analysis, a Mantel-Cox log rank
test was performed to evaluate statistical significance in Kaplan-
Meier analysis. p <0.05 was regarded as statistically significant
(*p < 0.05, **p < 0.01, *p < 0.001). The results are presented as
mean + SEM.
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Figure 6. Synergism of IFN-y and TNF-a triggers pyroptosis in human HNSCC cells and tissues

(A) The expression of GSDMD and GSDME was evaluated using western blotting in Cal27, SCC4, SCC9, and SCC25 human HNSCC cell lines (left) and corresponding
quantitative analyses (right). (B) Schematic overview of SCC9 cells and fresh HNSCC tissue stimulated with the cytokines IFN-y and TNF-a.. (C) The production of GSDMD-N
and GSDME-N was evaluated using western blotting in different treatment groups of SCC9 cells (left) and corresponding quantitative analyses (right). (D) Representative
bright-field microscopy images of SCC9 cells with different treatments. The arrows indicate pyroptotic cells. Scale bars, 20 um. (E) Quantitative analyses of GSDMD-N and
GSDME-N production in different treatment groups of HNSCC tumors as assessed using western blotting. Data, mean + SEM. *p < 0.05, **p < 0.01, **p < 0.001.
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