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Apoptotic caspase-7 activation inhibits non-canonical

pyroptosis by GSDMB cleavage
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GSDMB is associated with several inflammatory diseases, such as asthma, sepsis and colitis. GZMA is released by cytotoxic
lymphocytes and cleaves GSDMB at the K244 site and to induce GSDMB N-terminus dependent pyroptosis. This cleavage of GSDMB
is noncell autonomous. In this study, we demonstrated that the GSDMB-N domain (1-91 aa) was important for a novel cell-
autonomous function and that GSDMB could bind caspase-4 and promote noncanonical pyroptosis. Furthermore, activated

caspase-7 cleaved GSDMB at the D91 site to block GSDMB-mediated promotion of noncanonical pyroptosis during apoptosis.
Mechanistically, the cleaved GSDMB-C-terminus (92-417 aa) binds to the GSDMB-N-terminus (1-91 aa) to block the function of
GSDMB. During E. coli and S. Typhimurium infection, inhibition of the caspase-7/GSDMB axis resulted in more pyroptotic cells.
Furthermore, in a septic mouse model, caspase-7 inhibition or deficiency in GSDMB-transgenic mice led to more severe disease
phenotypes. Overall, we demonstrate that apoptotic caspase-7 activation inhibits non-canonical pyroptosis by cleaving GSDMB and

provide new targets for sepsis therapy.
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INTRODUCTION

GSDMB is a gasdermin family member. GSDMB is considered an
oncogene and is correlated with worse outcomes in several
cancers [1-3]. Furthermore, GSDMB is related to the susceptibility
of inflammatory diseases, such as sepsis, asthma and inflammatory
bowel disease [4-6]. Until now, the physiological function of
GSDMB has remained unclear.

Existing studies have demonstrated that the majority of
gasdermin family members, including GSDMB, can act as
pyroptotic executors. Granzyme A cleaves GSDMB at the K244
site and induces toxic N-terminus (1-244 aa)-mediated pyroptosis.
This pathway plays an important role in antitumor immunity and
intracellular bacterial killing [7, 8]. During this process, the
cleavage of GSDMB is noncell-autonomous and is dependent on
granzyme A released by neighboring cytotoxic lymphocytes. Our
previous work demonstrated that GSDMB enhanced caspase-4
enzyme activity to promote noncanonical pyroptosis, suggesting
that GSDMB has cell-autonomous functions [6].

Noncanonical pyroptosis is rapid inflammatory cell death and
can induce the quick release of inflammatory factors. It is
associated with a more severe disease phenotype in sepsis.
Caspase-11~~ septic mice showed impaired noncanonical pyr-
optosis and a significantly increased survival rate [9, 10]. Nedd4
(an E3 ubiquitin ligase) deficiency and sphingosine-1-phosphate
receptor 2 activation promote noncanonical pyroptosis and
exacerbate sepsis [11, 12]. In contrast, apoptosis is a relatively

mild noninflammatory cell death. The balance between apoptosis
and noncanonical pyroptosis is important in inflammatory
diseases. Caspase-3/7 are important executors of apoptosis [13].
Furthermore, activated caspase-3/7 can cleave GSDMB [6, 14]. This
finding indicates that the caspase-3, 7/GSDMB axis may play a role
in the balance between apoptosis and noncanonical pyroptosis.

In this study, we found that activated apoptotic caspase-7, but
not caspase-3 inhibited noncanonical pyroptosis by cleaving
GSDMB. Furthermore, inhibition or deficiency of caspase-7 in
GSDMB-transgenic mice leads to more severe sepsis phenotypes,
suggesting that caspase-7-related apoptotic inhibition of non-
canonical pyroptosis is the self-protective pathway for the host.
Furthermore, this pathway might be a potential therapeutic target
for sepsis in the future.

RESULTS

GSDMB is cleaved during apoptosis

Consistent with previous reports [6, 14], we found that the
overexpression of activated caspase-3/7 cleaved GSDMB in
HEK293T cells (Fig. 1A). Since caspase-3 and caspase-7 are
activated during apoptosis [13], we explored whether GSDMB
could be cleaved during apoptosis. Staurosporine (STAU) and
cycloheximide (CHX) are typical apoptotic activators (Fig. 1H)
[15-20]. Our data showed that significant cleavage of GSDMB was
detected in 3xflag-GSDMB overexpressing Hela cells during
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apoptosis induced by CHX or STAU (Fig. 1B, C). Consistently,
cleavage of endogenous GSDMB was observed in apoptotic THP-1
cells treated with CHX or STAU (Fig. 1D-G). Since STAU could
induce more severe apoptosis in THP-1 cells than CHX, it was used
as a proapoptotic reagent in subsequent experiments (Fig. TH).
These results suggest that GSDMB is cleaved during the
physiological process of apoptosis.
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Apoptosis inhibits noncanonical pyroptosis

Full-length GSDMB significantly promotes noncanonical pyropto-
sis [6]. Our results showed that GSDMB could be cleaved during
apoptosis (Fig. 1). It would be interesting to check whether the
activation of apoptosis could inhibit noncanonical pyroptosis
promoted by GSDMB. We induced apoptosis with STAU and
noncanonical pyroptosis with LPS electroporation in THP-1 cells.
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Fig. 1 GSDMB is cleaved during apoptosis. A Inmunoblotting for 3xflag-GSDMB-Full and 3xflag-GSDMB-Cleavage in whole cell lysates of
HEK293T cells overexpressing the 3xflag-GSDMB-Full and activated CASPASE-3 (p12 and p17) or activated CASPASE-7 (p11 and p20). GAPDH is
used as a loading control. B Immunoblotting for 3xflag-GSDMB-Full, 3xflag-GSDMB-Cleavage, CASPASE-3-Full, CASPASE-7-Full, CASPASE-3-
Cleavage and CASPASE-7-Cleavage in whole cell lysates of indicated Hela cells. a-TUBULIN is used as a loading control. HeLa cells transfected
with 3xflag-GSDMB and control plasmids were treated with 80uM CHX for 3.5 h (DMSO as control). C Immunoblotting for 3xflag-GSDMB-Full,
3xflag-GSDMB-Cleavage, CASPASE-3-Full, CASPASE-7-Full, CASPASE-3-Cleavage and CASPASE-7-Cleavage in whole cell lysates of indicated
Hela cells. a-TUBULIN is used as a loading control. HeLa cells transfected with 3xflag-GSDMB and control plasmids were treated with 8uM
STAU (DMSO as control) for 3.5 h. D Immunoblotting for GSDMB-Full, GSDMB-Cleavage, CASPASE-3-Full, CASPASE-3-Cleavage, CASPASE-7-Full
and CASPASE-7-Cleavage in whole cell lysates of indicated THP-1 cells. a-TUBULIN is used as a loading control. THP-1 cells were treated with
50 uM CHX for 4h (DMSO as control). Non-specific bands are indicated with an asterisk (¥). E Immunoblotting for GSDMB-Full, GSDMB-
Cleavage, CASPASE-3-Full, CASPASE-3-Cleavage, CASPASE-7-Full and CASPASE-7-Cleavage in whole cell lysates of indicated THP-1 cells. o-
TUBULIN is used as a loading control. THP-1 cells were treated with 1.34 uM STAU for 2.5 h (DMSO as control). Non-specific bands are indicated
with an asterisk (¥). F The gray scale analysis of GSDMB-Cleavage/GSDMB-Full in (D). G The gray scale analysis of GSDMB-Cleavage/GSDMB-Full
in (E). H Representative brightfield cell images. Representative apoptotic THP-1 cells are indicated with red arrows. Bar = 100 um. F, G Each
panel is a representative experiment of at least three replicates. Data are presented as the mean + SD. T-test: *p < 0.05, **p < 0.01. Full = full
length. All the 3xflag-tagged proteins were detected with anti-flag antibodies. Endogenous GSDMB proteins were detected with anti-GSDMB

antibodies.

First, we examined the efficiency of LPS electroporation by LPS-
FITC analysis. We confirmed that apoptotic and nonapoptotic cells
were equally able to take up LPS (Supplementary Fig. 1A). GSDMD
cleavage and LDH release in the apoptosis-+pyroptosis (STAU +
LPS) group were significantly downregulated compared with
those in pyroptosis (DMSO -+ LPS) group (Fig. 2A, B, D). Moreover,
the cleavage of GSDMB was significantly increased in the
apoptosis (STAU) and apoptosis+pyroptosis (STAU + LPS) groups
compared to the control groups (Fig. 2A, C). We performed
Annexin V-FITC and PI staining to detect cell death by FACS
(Fig. 2E, G and Supplementary Fig. 1E), as previously reported [21].
The apoptotic cells in late stage and the pyroptotic cells are
supposed to be Annexin V/PI double positive. To compare the
percentage of pyroptotic cells in pyroptosis (DMSO + LPS) group
and apoptosis + pyroptosis (STAU + LPS) group, we analyzed the
relative pyroptotic cells. We screened effective siRNAs targeting
CASPASE-4 and CASPASE-5 as the negative control (Supplementary
Fig. 1B-D). Compared to the pyroptosis (DMSO + LPS) group, the
percentage of relative pyroptotic cells was significantly decreased
in the apoptosis+pyroptosis (STAU + LPS) group in WT THP-1
cells, while there were no relative pyroptotic cells in CASPASE4/5-
knockdown THP-1 cells (Fig. 2E, G). Consistently, the percentages
of live cells were significantly decreased only in the pyroptosis
(DMSO + LPS) group and apoptosis+pyroptosis (STAU + LPS)
group of WT THP-1 cells, but not in CASPASE4/5-knockdown cells
(Fig. 2F, G), which suggested that LPS-induced cell death is mainly
CASPASE-4/5-mediated noncanonical pyroptosis. In summary,
these results suggest that apoptosis significantly inhibits non-
canonical pyroptosis, which correlated with GSDMB cleavage.

Apoptotic inhibition of noncanonical pyroptosis is dependent
on caspase-7
Although activated CASPASE-3 and CASPASE-7 can both cleave
GSDMB, the efficiency of CASPASE-7 is much higher (Fig. 1A). Our
goal was to explore whether these two caspases play critical roles in
apoptotic inhibition of noncanonical pyroptosis. We screened
effective siRNAs targeting CASPASE-3 and CASPASE-7 for subsequent
experiments (Supplementary Figs. 2A, B and 3A, B). After CASPASE-7
knockdown, GSDMD cleavage and LDH release were not different
between the pyroptosis (DMSO + LPS) group and the apoptosis
+pyroptosis (STAU + LPS) group, suggesting that apoptosis could
not inhibit noncanonical pyroptosis in CASPASE-7-knockdown THP-1
cells (Fig. 3A-C and Supplementary Fig. 2C-E). In contrast, the
cleavage of GSDMD and LDH release remained significantly down-
regulated by apoptosis in CASPASE-3-knockdown THP-1 cells
(Fig. 3D-F and Supplementary Fig. 3C-E). Taken together, these
results suggest that apoptotic inhibition of noncanonical pyroptosis
is dependent on caspase-7 but not caspase-3.

Apoptotic caspase-6 and caspase-8 have also been confirmed
that they could cleave GSDMB in our previous study [6]. Next, we
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explored if caspase-6 and caspase-8 are involved in GSDMB-
mediated noncanonical pyroptosis activation. We screened
effective siRNAs targeting CASPASE-6 and CASPASE-8 for subse-
quent experiments (Supplementary Fig. 4A, B, F, G). The GSDMD
cleavage and LDH release remained significantly downregulated
by apoptosis in CASPASE-6-knockdown THP-1 cells (Supplemen-
tary Fig. 4C-E). After CASPASE-8 knockdown, the GSDMD cleavage
was significantly downregulated in the apoptosis+pyroptosis
(STAU + LPS) group (Supplementary Fig. 4H, I). However, the
LDH release was not different between the pyroptosis (DMSO +
LPS) group and the apoptosis+pyroptosis (STAU + LPS) group in
CASPASE-8-knockdown THP-1 cells (Supplementary Fig. 4J), which
might be due to the activation of necroptosis after caspase-8
knockdown [22]. Our data showed that significant phosphoryla-
tion of MLKL was detected in caspase-8-knockdown THP-1 cells
during apoptosis (Supplementary Fig. 4K). Overall, apoptotic
inhibition of noncanonical pyroptosis is independent of caspase-
6 and caspase-8.

Caspase-7-mediated GSDMB cleavage is necessary for
apoptotic inhibition of noncanonical pyroptosis

Activated caspase-3/7 can cleave GSDMB at the D91 site [20, 21]. Our
previous data indicated that the caspase-7/GSDMB axis might play
an important role in apoptotic inhibition of noncanonical pyroptosis
(Figs. 1-3). To confirm the role of the caspase-7/GSDMB axis, we
mutated GSDMB D91 to A91. As expected, directly activated
CASPASE-3/7 could not cleave D91A-GSDMB in HEK293T cells
(Supplementary Fig. 5A). Furthermore, in apoptotic cells, D91A-
GSDMB could not be cleaved (Supplementary Fig. 5B). The cleavage
of GSDMD was not inhibited when the cells were cotransfected with
D91A-GSDMB in STAU +LPS group (Supplementary Fig. 5C, D).
Furthermore, the LDH release results showed no difference between
the pyroptosis (DMSO + LPS) group and apoptosis+pyroptosis
(STAU + LPS) group when the cells were transfected with D91A-
GSDMB (Supplementary Fig. 5E), suggesting that apoptosis could not
inhibit noncanonical pyroptosis when D91 was mutated to A91.
However, we found that the GSDMD cleavage and LDH release in the
pyroptosis (DMSO -+ LPS) group were significantly downregulated
when D91 was mutated to A91. We think it might because the D91 is
the key site to mediate full-length GSDMB-related promotion of
noncanonical pyroptosis. To exclude the direct effect of D91A
mutation, we constructed another GSDMB mutation, D91V. Con-
sistent with D91A-GSDMB, D91V-GSDMB could not be cleaved
during STAU-mediated apoptosis (Fig. 4A). D91V-GSDMB did not
affect the cleavage of GSDMD without STAU treatment. The GSDMD
cleavage and LDH release were not different in pyroptosis (DMSO +
LPS) group and apoptosis+pyroptosis (STAU + LPS) group when the
cells were cotransfected with D91V-GSDMB, suggesting that
apoptosis could not inhibit noncanonical pyroptosis when D91 was
mutated to V91 (Fig. 4B-D). In conclusion, caspase-7-mediated
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GSDMB cleavage is necessary for the apoptotic inhibition of
noncanonical pyroptosis.
Granzyme A produced by cytotoxic immune cells can cleave

GSDMB at the K244 site in target cells to produce a pyroptotic

Cell Death & Differentiation (2023) 30:2120-2134

N-terminal fragment [7]. Next, we explored whether this pathway
affected the balance between apoptosis and noncanonical
pyroptosis. As expected, the immunoblot results showed that
the K244 site was not cleaved, and its mutation did not affect the
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Fig. 2 Apoptosis inhibits non-canonical pyroptosis. A-D THP-1 cells were treated with 1.34 pM STAU (DMSO as control) for 2.5 h and then
electrically transferred LPS to induce non-canonical pyroptosis. A Immunoblotting for GSDMB-Full, GSDMD-Full, GSDMB-Cleavage, GSDMD-
p34, GSDMD-p45, CASPASE-3-Full, CASPASE-7-Full, CASPASE-3-Cleavage and CASPASE-7-Cleavage in whole cell lysates of indicated THP-1 cells.
oa-TUBULIN is used as a loading control. GSDMD-p34 was generated by D275 cleavage by CASPASE-4. GSDMD-p45 was generated by D87
cleavage by CASPASE-3/7. B The gray scale analysis of GSDMD-p34/GSDMD-Full in (A). C The gray scale analysis of GSDMB-Cleavage/GSDMB-
Full in (A). D LDH assay for cell death in indicated THP-1 cells. E-G The cell viability checked by FACS with Annexin V-FITC/PI staining. THP-1
cells were electrically transferred control siRNA (CASPASE4/5-siRNA-NC) and CASPASE4/5 siRNA (CASPASE4/5-siRNA-2). After 45 h, the cells were
treated with 1.34 pM STAU (DMSO as control) for 2.5 h and then electrically transferred LPS to induce non-canonical pyroptosis. E Relative
pyroptotic cells in indicated groups. The relative pyroptotic cells of group (DMSO + LPS) = group (DMSO + LPS) - group (DMSO). The relative
pyroptotic cells of group (STAU + LPS) = group (STAU + LPS) - group (STAU). F Percentage of live cells in indicated groups. G Representative
flow cytometry plots of indicated THP-1 cells. Q2: pyroptotic cells and late apoptotic cells, Q3: early apoptotic cells, Q4: live cells. Each panel is
a representative experiment of at least three replicates. Data are presented as the mean + SD. B T-test: ***p < 0.001. C-F ANOVA followed by
Bonferroni's post-test: **p <0.01, ***p <0.001, ****p <0.0001, NS = not significant. Full =full length. Endogenous GSDMB proteins were

:etected with anti-GSDMB antibodies.

cleavage of GSDMB by CASPASE-7 (Fig. 4E). We further confirmed
that apoptosis could significantly inhibit noncanonical pyroptosis
when the GSDMB K244 site was mutated to A244 (Fig. 4F, H),
suggesting that the granzyme A/GSDMB axis had no effect on cell-
autonomous apoptotic inhibition of noncanonical pyroptosis.
These results demonstrate that the caspase-7/GSDMB axis and
granzyme A/GSDMB axis are different pathways.

Apoptotic inhibition of noncanonical pyroptosis is
independent of the caspase-3, -7/GSDMD pathway and
caspase-3, -7/GSDME pathway

Activated caspase-3/7 can cleave GSDMD at the D87 site and
produce nontoxic N-terminal fragments that fail to induce
pyroptosis [23, 24]. Next, we identified whether the caspase-3,
-7/GSDMD pathway contributes to the apoptotic inhibition of
noncanonical pyroptosis. We confirmed that D87A-GSDMD could
not be cleaved by activated CASPASE-3/7 (Supplementary Fig. 6A,
B). The cleavage of GSDMD and LDH release data revealed that
apoptosis could significantly inhibit noncanonical pyroptosis in
the D87A-GSDMD group, demonstrating that the CASPASE-3, -7/
GSDMD pathway had no effect on the apoptotic inhibition of
noncanonical pyroptosis (Supplementary Fig. 6B—E). This result is
consistent with a previous report [25].

GSDME can be cleaved by caspase-3/7 to induce secondary-
necroptosis, which is also called apoptotic pyroptosis in cells
highly expressing GSDME [26-28]. GSDMB and GSDME can be
cleaved by activated CASPASE-7, and both of these pathways are
significantly activated when GSDMB and GSDME are over-
expressed (Supplementary Fig. 7A). Significant cleavage of GSDME
was also detected in apoptotic CASPASE-3-knockdown THP-1 cells
(Supplementary Fig. 7B). These results indicated that the caspase-
7/GSDME pathway might be activated in apoptotic THP-1 cells,
which might antagonize the apoptotic inhibition of noncanonical
pyroptosis. We screened effective GSDME siRNAs for subsequent
experiments (Supplementary Fig. 7C, D). The time-course results of
LDH release demonstrated that knockdown of GSDME did not
affect the activation of pyroptosis during apoptosis, suggesting
that the caspase-3, -7/GSDME pathway had no effect on the
apoptotic inhibition of noncanonical pyroptosis (Supplementary
Fig. 7E).

GSDMB cleaved at the D91 site cannot promote the enzyme
activity of caspase-4

Next, we explored the molecular mechanisms underlying the
promotion of noncanonical pyroptosis by GSDMB. Full-length
GSDMB can bind to caspase-4 to enhance its enzymatic activity
[6]. First, we checked the function of the cleaved GSDMB
N-terminus (1-91 aa) and C-terminus (92-417 aa) (Fig. 5A). Full-
length GSDMB and the N-terminus (1-91 aa) but not the
C-terminus (92-417 aa) significantly promoted the cleavage of
GSDMD (Fig. 5B). GSDMB-Full could significantly enhance the
enzymatic activity of caspase-4, but coexpressed GSDMB
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N-terminus (1-91 aa) and C-terminus (92-417 aa) could not
(Fig. 5C). The Co-IP results showed that the C-terminus (92-417
aa) could significantly inhibit the binding of the N-terminus (1-91
aa) and caspase-4 (Fig. 5D). To identify the key domain of the
GSDMB N-terminus (1-91 aa), we induced noncanonical pyroptosis
in cells expressing truncated proteins. The results showed that
only truncated GSDMB (34-83 aa) lost the ability to promote the
cleavage of GSDMD, suggesting that 1-33 aa is the key amino acid
sequence that promotes noncanonicalpyroptosis (Fig. 5E).

Additionally, we analyzed the interaction between different
fragments of GSDMB (Fig. 5A). As expected, Co-IP experiments
validated that the GSDMB C-terminus (92-417 aa) could bind to the
N-terminus (1-91 aa) (Fig. 6A). Furthermore, GSDMB (92-244 aa) could
bind to GSDMB (1-91 aa), but GSDMB (245-417 aa) could not,
suggesting the crucial role of GSDMB (92-244 aa) in the C-terminus
(92-417 aa) (Fig. 6B-D). Furthermore, we used fluorescence
resonance energy transfer (FRET) to confirm the Co-IP results. There
was significant fluorescence colocalization between GSDMB (92-417
aa) and GSDMB (1-91 aa) (Fig. 6F, G). Our data showed that both full-
length GSDMB and the GSDMB N-terminus (1-91 aa) promoted
pyroptosis (Fig. 5B, C). This finding suggests that the GSDMB
C-terminus (92-417 aa) can bind to the GSDMB N-terminus (1-91 aa)
to block its function after cleavage at D91.

Previous reports suggested that GSDMB (245-417 aa) binds to
GSDMB (1-244aa) before cleavage at K244 [7, 29]. However, our
results showed that the GSDMB C-terminus (92-417 aa) only
bound to the GSDMB N-terminus (1-91 aa) after cleavage at D91.
The reason for the differences between these two binding
mechanisms may be that the functional domain of the GSDMB
N-terminus (1-91 aa) is 1-33 aa (Fig. 5E) and cannot be blocked by
GSDMB (245-417 aa) (Fig. 6C, D). We also found that GSDMB (1-91
aa) and GSDMB (92-244 aa) could not bind to GSDMB (245-417 aa)
(Fig. 6C-E), revealing that the reported autoinhibition between
GSDMB (1-244 aa) and GSDMB (245-417 aa) is dependent on the
amino acid sequence or structure around D91. This finding further
indicates that the binding between GSDMB (1-244 aa) and GSDMB
(245-417 aa) cannot block the function of GSDMB (1-91 aa) in full-
length GSDMB. Furthermore, recent reports on the structural
analysis of GSDMB also indicated that the GSDMB-C-terminus
(220-411 aa) lacks autoinhibition of the membrane-binding
function of the N-terminus (2-226 aa) in full-length GSDMB,
revealing a potentially more open structural morphology between
the N-terminus and C-terminus of full-length GSDMB [14, 30, 31].

Collectively, we demonstrated that GSDMB could not promote the
enzymatic activity of CASPASE-4 when the D91 site was cleaved. The
underlying molecular mechanism involves GSDMB (92-417 aa)
significantly inhibiting the toxic function of GSDMB (1-91 aa).

Apoptotic inhibition of noncanonical pyroptosis is a self-
protective pathway during bacterial infection

Pyroptosis is the rapid inflammatory response to external
stimulation, such as bacterial infection. To analyze the

Cell Death & Differentiation (2023) 30:2120-2134



X. Li et al.

A B GSDMD-p34 A
CASPASE7-siRNA-NC  CASPASE7-siRNA-3 [ CASPASE7-siRNA-NC
DMSO STAU DMSO STAU — 20 Bl CASPASE7-SIRNA-3
+ + + + % NS
LPS LPS LPS LPS - 15 .
£
GSDMD-FUl {2= 5= = = 5 =08 = 3 & = == |55 ° 49
GSDMD-p45 - i - - — 45 a
£ 0.5
GSDMD-p34 - = e e - R ——T 5 %
© 00
U-TUBUUN-ﬁ—-—-——-----}55 ) S > S
NN NN
o7 W o7
G S
SR
I CASPASE7-siRNA-NC
C Bm CASPASE7-siRNA-3 ) )
CASPASE3-siRNA-NC  CASPASE3-siRNA-2
e DMSO STAU DMSO STAU
—_— NS + + + +
0.4 ' | LPS LPS LPS LPS
g 03 GSDMD-Full 55
§ 02 GSDMD-p45j_--‘=;--—:= = F45
g o1 CSDMD-p34 | e s e w—— - —— - - - — }34
0.0 I I a-TUBULIN -’——-———---—————--—' %55
0 & N © 0 & N ©
SIS IR KSEEFSIPA IR
Q %O N Q O N
& s @% <X
Q © Q ©
I CASPASE3-siRNA-NC
E F BE CASPASE3-siRNA-2
GSDMD-p34
[ CASPASE3-siRNA-NC e
BE CASPASE3-siRNA-2
- 15 . Si 05 KoKk kK
3 — 0.4
c * <
o) 1.0 — © 0.3
o g
2 05 38
g 0.1
[0
X 00 ool 1 1, . r
CHNS SN N & LR FEEE S
S X v X %Ox ?gx o (oox t‘o vgx O %Ox % Vgx
S ) S & S 2

Fig. 3 Apoptotic inhibition of non-canonical pyroptosis is dependent on caspase-7. A-C THP-1 cells were electrically transferred control
SiRNA (CASPASE7-siRNA-NC) and CASPASE7 siRNA (CASPASE7-siRNA-3). After 45 h, the cells were treated with 1.34 pM STAU (DMSO as control)
for 2.5h and then electrically transferred LPS to induce non-canonical pyroptosis. A Immunoblotting for GSDMD-Full, GSDMD-p34 and
GSDMD-p45 in whole cell lysates of indicated THP-1 cells. a-TUBULIN is used as a loading control. GSDMD-p34 was generated by D275
cleavage by CASPASE-4. GSDMD-p45 was generated by D87 cleavage by CASPASE-3/7. B The gray scale analysis of GSDMD-p34/GSDMD-Full in
(A). C LDH assay for cell death in indicated THP-1 cells. D-F THP-1 cells were electrically transferred control siRNA (CASPASE3-siRNA-NC) and
CASPASE3 siRNA (CASPASE3-siRNA-2). After 45 h, the cells were treated with 1.34 pM STAU (DMSO as control) for 2.5 h and then electrically
transferred LPS to induce non-canonical pyroptosis. D Immunoblotting for GSDMD-Full, GSDMD-p34 and GSDMD-p45 in whole cell lysates of
indicated THP-1 cells. a-TUBULIN is used as a loading control. GSDMD-p34 was generated by D275 cleavage by CASPASE-4. GSDMD-p45 was
generated by D87 cleavage by CASPASE-3/7. E The gray scale analysis of GSDMD-p34/GSDMD-Full in (D). F LDH assay for cell death in
indicated THP-1 cells. Each panel is a representative experiment of at least three replicates. Data are presented as the mean + SD. B, C, E and
F ANOVA followed by Bonferroni’s post-test: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, NS=not significant. Full=full length.

physiological function of the caspase-7/GSDMB pathway during
bacterial infection, we used E. coli to infect human THP-1 cells.
When CASPASE-7 was knocked down, the secretion of IL-1
significantly increased during E. coli infection (Fig. 7A). Corre-
spondingly, knockdown of CASPASE-7 significantly inhibited the
cleavage of GSDMB and promoted the cleavage of GSDMD,
suggesting that CASPASE-7 knockdown enhanced noncanonical
pyroptosis during E. coli infection (Fig. 7B-D). The live-cell imaging
results also showed that more pyroptotic cells were observed

Cell Death & Differentiation (2023) 30:2120-2134

during persistent infection with E. coli in the CASPASE-7-knock-
down group than in the control group (Fig. 7E and Supplementary
Movie 1). In summary, CASPASE-7-mediated apoptosis inhibits
noncanonical pyroptosis during bacterial infection in THP-1 cells.

Since there is no homolog of the human GSDMB gene in the
mouse genome, to explore the physiological function of GSDMB-
related apoptotic inhibition of noncanonical pyroptosis in vivo, we
generated BAC-transgenic mice carrying the human GSDMB gene
and its possible regulatory regions (Supplementary Fig. 8A). We

SPRINGER NATURE

2125



X. Li et al.

A 3xflag-WT-GSDMD 3xflag-WT-GSDMD
+ +

HA-WT-GSDMB HA-D91V-GSDMB

DMSO STAU DMSO STAU

+ + + +
DMSOLPS STAULPSDMSOLPS STAU LPS

- = — w— w— o 50

]
T
]
%

HA-GSDMB-Full -

——

3

[&]

GSDMB-Cleavage ‘ - -

3

al

CASF’ASE-3-FuII+- ——— S — —

1

©

CASPASE-3-Cleavage *

CASPASE-7-Full -

-—-—--——%35

L e - --20

Q-TUBULIN*-- L Y —— ’~55

CASPASE-7-Cleavage -

B 3xflag-WT-GSDMD  3xflag-WT-GSDMD
+ +
HA-WT-GSDMB HA-D91V-GSDMB
DMSO STAU DMSO STAU
+ + + +
LPS LPS LPS LPS

3xflag-GSDMD-Full ‘ LT —— }57

3xflag-GSDMD-Cleavage -Mae 3xflag-GSDMD-Cleavage -

G-TUBULINﬁ---—-—------’»55

C 3xflag-GSDMD-Cleavage
O3 WT-GSDMD+WT-GSDMB
" mm \WT-GSDMD+D91V-GSDMB
5 157 F———
> *kk NS
2 b i b i
£
QO
°
s
(]
B
©
[}
14

D
3 WT-GSDMD+WT-GSDMB
M WT-GSDMD+D91V-GSDMB
2.0 Fokokk

c 15

f:

T 1.0

o]

(@]

o o
o w

& Lo

IO NN
W® ¥

Q S

checked the mRNA levels and protein levels of GSDMB in different
tissues of WT mice and GSDMB-transgenic mice. Consistently,
GSDMB is mainly expressed in the gastrointestinal tract of mice
including small intestine, colon and stomach (Supplementary
Fig. 8C, D), which is similar to the expression profile in humans
[32]. GSDMB was expressed in the immune cells of GSDMB-
transgenic mice (Supplementary Fig. 8B, E). Bone marrow-derived
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macrophages (BMDMs) from GSDMB-transgenic mice were more
sensitive to E. coli than those from WT mice. The cleavage of
GSDMD and caspase-11 was enhanced during E. coli infection
(Supplementary Fig. 8E). Consistently, there were more pyroptotic
GSDMB-transgenic BMDMs during E. coli infection (Supplementary
Fig. 8F and Supplementary Movie 2). These results suggest that
consistent with humans, the GSDMB-enhanced pyroptosis
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Fig. 4 Caspase-7-mediated GSDMB cleavage is necessary for the apoptotic inhibition of non-canonical pyroptosis. A-D Hela cells were
transfected with 3xflag-WT-GSDMD and HA-WT-GSDMB or HA-D91V-GSDMB (empty vector as control), after 24 h, cells were treated with 8 uM
STAU (DMSO as control) for 3.5 h and then electrically transferred LPS to induce non-canonical pyroptosis. A Immunoblotting for CASPASE-3-
Full, CASPASE-7-Full, CASPASE-3-Cleavage, CASPASE-Cleavage, HA-GSDMB-Full and GSDMB-Cleavage in whole cell lysates. a-TUBULIN is used
as a loading control. B Immunoblotting for 3xflag-GSDMD-Full and 3xflag-GSDMD-Cleavage in whole cell lysates. a-TUBULIN is used as a
loading control. C The gray scale analysis of 3xflag-GSDMD-Cleavage/3xflag-GSDMD-Full in (B). D LDH assay for cell death in indicated HelLa
cells. E-H Hela cells were transfected with 3xflag-WT-GSDMD and HA-WT-GSDMB or HA-K244A-GSDMB, after 24 h, cells were treated with
8 uM STAU (DMSO as control) for 3.5 h and then electrically transferred LPS to induce non-canonical pyroptosis. E Immunoblotting for HA-
GSDMB-Full, GSDMB-p20, GSDMB-p30, GSDMB-p36, CASPASE-3-Full and CASPASE-7-Full in whole cell lysates. a-TUBULIN is used as a loading
control. GSDMB-p20 (92-244aa) was generated by D91 cleavage by CASPASE-3/7 and by K244 cleavage by GZMA. GSDMB-p30 (1-244aa) was
generated by K244 cleavage by GZMA. GSDMB-p36 (92-417aa) was generated by D91 cleavage by CASPASE-3/7. Non-specific bands are
indicated with an asterisk (¥). F Immunoblotting for 3xflag-GSDMD-Full and 3xflag-GSDMD-Cleavage in whole cell lysates. a-TUBULIN is used
as a loading control. G The gray scale analysis of 3xflag-GSDMD-Cleavage/3xflag-GSDMD-Full in (F). H LDH assay for cell death in indicated
Hela cells. Each panel is a representative experiment of at least three replicates. Data are presented as the mean = SD. C, D, G, and H ANOVA
followed by Bonferroni’s post-test: *p < 0.05, **p < 0.01, ***p < 0.001,****p < 0.0001, NS = not significant. Full = full length. All the HA-tagged
proteins were detected with anti-HA antibodies. All the 3xflag-tagged proteins were detected with anti-flag antibodies. Unlabeled GSDMB

proteins were detected with anti-GSDMB antibodies.

pathway is significantly activated during E. coli infection in
GSDMB-transgenic BMDMs from mice.

We also found the increased cleavage of Caspase-3, Caspase-7
and GSDMB in GSDMB-transgenic BMDMs during E. coli infection,
suggesting that apoptotic inhibition of noncanonical pyroptosis
may also occur in GSDMB-transgenic mice (Supplementary Fig. 8E).
The release of IL-1B3 and LDH was significantly increased when
caspase-7 was inhibited by inhibitor Z-DEVD-FMK in GSDMB-
transgenic BMDMs (Supplementary Fig. 9A, B). Furthermore, the
live-cell imaging data showed that there were more pyroptotic
cells when caspase-7 was inhibited during E. coli infection
(Supplementary Fig. 9C and Supplementary Movie 3). Further-
more, we constructed the GSDMB-transgenic + Caspase7-KO mice
to analysis cell death of BMDMs during bacterial infection. The
Caspasel11-KO mice were used as the negative control. The
secretion of IL-1@ significantly increased when caspase-7 was
knockout during E. coli infection (Fig. 7F). Correspondingly, the
live-cell imaging results showed that more pyroptotic cells were
observed during persistent infection with E. coli in the GSDMB-
transgenic + Caspase7-KO group than in the other group (Fig. 7G
and Supplementary Movie 4). Overall, apoptotic caspase-7
activation inhibits noncanonical pyroptosis during bacterial
infection in GSDMB-transgenic BMDM:s.

We explored the role of the caspase-7-GSDMB axis in regulating
caspase-4 and noncanonical pyroptosis after infection of the
sepsis-inducing S. Typhimurium in human THP-1 cells. CASPASE-4/5
knockdown THP-1 cells were used as the negative control. The
GSDMD cleavage, caspase-4 cleavage and IL-1(3 release were both
inhibited in CASPASE-4/5 knockdown THP-1 cells compared with
those of WT cells, suggesting that S. Typhimurium infection could
induce CASPASE-4/5-mediated noncanonical pyroptosis pathway
(Supplementary Fig. 8G, H, J). The cleavage of GSDMD and
CASPASE-4 was enhanced during S. Typhimurium infection in
CASPASE-7 knockdown THP-1 cells (Supplementary Fig. 8G, H).
Consistently, the release of IL-1 was significantly upregulated in
CASPASE-7 knockdown THP-1 cells (Supplementary Fig. 8J).
Furthermore, knockdown of CASPASE-7 significantly inhibited the
cleavage of GSDMB, suggesting that CASPASE-7 knockdown
enhanced GSDMB full length-mediated noncanonical pyroptosis
during S. Typhimurium infection (Supplementary Fig. 8G, I). These
results suggest that CASPASE-7-mediated apoptosis inhibits
noncanonical pyroptosis during S. Typhimurium infection in THP-
1 cells.

To explore the physiological role of GSDMB in vivo, we
generated a septic model by two consecutive intraperitoneal
injections of LPS, which primarily activated the noncanonical
pyroptosis pathway [33-35]. Compared to WT mice, GSDMB-
transgenic mice showed a lower survival rate, higher secretion of
IL-1B and more severe lung lesions (Supplementary Fig. 9D-F).
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These results suggest that GSDMB promotes noncanonical
pyroptosis in vivo. Next, we explored whether the septic mice
had spontaneously activated Caspase-7 and subsequent inhibition
of the GSDMB-mediated proinflammatory pathway. As expected,
the immunoblot results showed that Caspase-7 was significantly
activated in both WT septic mice and GSDMB-transgenic septic
mice (Supplementary Fig. 9G). Furthermore, GSDMB-transgenic
mice that were pretreated with the caspase-7 inhibitor Z-DEVD-
FMK showed a decreased survival rate, suggesting that inhibition
of caspase-7 significantly exacerbated sepsis (Supplementary
Fig. 9H). These results supported our conclusion that the cleavage
of GSDMB by caspase-7 alleviate the noncanonical pyroptosis.

Next, we confirmed the function of caspase-7 in septic GSDMB-
transgenic + Caspase7-KO mice. Compared to GSDMB-transgenic
mice, GSDMB-transgenic + Caspase7-KO mice showed a lower
survival rate and more severe lung lesions in septic models
(Fig. 7H, 1). We found that the WT + Caspase7-KO mice showed a
more severe septic phenotype compared to the WT mice (Fig. 7H,
), suggesting that Caspase-7 expression might be beneficial for
mice and the mice that completely lack Caspase-7 are more
susceptible to sepsis. A study reported that activated caspase-7
could cleave acid sphingomyelinase and promote the repair of
pyroptotic pores, which ameliorates tissue pathology during S.
Typhimurium infection [36]. In summary, apoptotic inhibition of
noncanonical pyroptosis is dependent on the caspase7/GSDMB
axis and is a self-protective pathway to avoid overactivation of
inflammation during bacterial infection.

DISCUSSION

The balance between apoptosis and pyroptosis is important for
inflammatory diseases, such as sepsis. Current studies of sepsis
have focused on targeting a specific gene to alleviate sepsis. An
antibody strategy targeting the TN/HMGB1 interaction and
knockout of caspase-12 or miR-221/222 can alleviate sepsis
[37-39]. The TLR4 inhibitors TAK-242 and parthenolide reduce
the levels of inflammatory factors and protect septic mice [40, 41].
The IL-17 receptor blocking antibody inhibits IL-18-mediated
toxicity and relieves sepsis [42]. Anakinra inhibits the IL-1 receptor
and improves the survival of septic patients [43]. In this paper, we
focused on the regulatory effect of apoptosis on noncanonical
pyroptosis, which might indicate new therapeutic targets for
sepsis in the future.

Caspase-7 plays an important role in the balance between
apoptosis and noncanonical pyroptosis. Activated caspase-7 can
cleave GSDMB at the D91 site during apoptosis. Cleaved GSDMB
(92-417 aa) blocked the interaction between GSDMB (1-91 aa) and
caspase-4 to inhibit noncanonical pyroptosis (Fig. 5). GSDMD can
be cleaved by activated caspase-3/7 at the D87 site and produce
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Fig.5 GSDMB cleaved at D91 site cannot promote the enzyme activity of caspase-4. A The schematic diagram of GSDMB cleavage. GSDMB
can be cleaved at D91 by CASPASE-7 and at K244 by granzyme A to produce the GSDMB (1-91aa), GSDMB (92-244aa) and GSDMB (245-417aa).
B Immunoblotting for 3xflag-GSDMD-Full and 3xflag-GSDMD-Cleavage in whole cell lysates. a-TUBULIN is used as a loading control. HelLa cells
were transfected with the indicated plasmids, after 24 h, cells were electrically transferred LPS to induce non-canonical pyroptosis. C The
CASPASE-4 enzyme activity of indicated cells was examined. HelLa cells were transfected with the indicated plasmids, after 24 h, cells were
electrically transferred LPS to induce non-canonical pyroptosis. D Co-immunoprecipitations with the anti-FLAG antibody and anti-HA antibody
of whole-cell extracts from HEK293T cells transfected with the indicated plasmids. Immunoblotting was performed using the indicated
antibodies. Non-specific bands are indicated with an asterisk (*). E Immunoblotting for 3xflag-GSDMD-Full and 3xflag-GSDMD-Cleavage in
whole cell lysates. a-TUBULIN is used as a loading control. HeLa cells were transfected with 3xflag-GSDMD-Full and indicated truncated
plasmids of GSDMB (empty vector as control), after 24 h, cells were electrically transferred LPS to induce non-canonical pyroptosis. Each panel
is a representative experiment of at least three replicates. Data are presented as the mean + SD. C ANOVA followed by Bonferroni’s post-test:
**p < 0.01, NS = not significant. Full =full length. All the HA-tagged proteins were detected with anti-HA antibodies. All the 3xflag-tagged
proteins were detected with anti-flag antibodies. All the Myc-tagged proteins were detected with anti-Myc antibodies.

nontoxic N-terminal fragments [23, 24]. However, apoptotic
inhibition of noncanonical pyroptosis was independent of this
pathway in Hela cells (Supplementary Fig. 6). There are two
possibilities for this result. First, previous studies that the D87 site
of GSDMD cleaved by apoptotic caspases inhibited pyroptosis
performed only in vitro experiments [23, 24]. A recent report
suggests that the cleavage of GSDMD by activated caspase-3/7
does not suppress pyroptosis in vivo [25]. Second, the apoptotic
cleavage of GSDMD may not be strong enough to block the toxic
effects of the GSDMD N-terminus.
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GSDME did not affect the apoptotic inhibition of noncanonical
pyroptosis (Supplementary Fig. 7). Compared with caspase-3, the
main downstream substrate of caspase-7 may be GSDMB rather
than GSDME during apoptosis in THP-1 cells. Furthermore, GSDME
is not highly expressed in THP-1 cells. Therefore, the GSDME-
related pyroptosis pathway does not function robustly, or GSDME-
mediated pores are repaired by membrane repair proteins, such as
the ESCRT-IIl complex.

The K244 site of GSDMB can be cleaved by granzyme A released
from natural killer cells and cytotoxic T lymphocytes. The toxic
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HEK293T cells co-expressing YFP-GSDMB (1-91aa) and GSDMB (92-417aa)-CFP. Bar = 10 um. These images were taken by Leica SP5. A donor
emission, B FRET, C acceptor emission. Data are presented as the mean = SD. F ANOVA followed by Bonferroni’s post-test: ****p < 0.0001. All
the HA-tagged proteins were detected with anti-HA antibodies. All the 3xflag-tagged proteins were detected with anti-flag antibodies. All the
Myc-tagged proteins were detected with anti-Myc antibodies.

Cell Death & Differentiation (2023) 30:2120-2134 SPRINGER NATURE

2129



X. Li et al.

2130

E. coliMOI=0.1
A B CASPASE7  CASPASE7 C
BE CASPASE7-sIRNA-NC SRNANC  SIRNA2 GSDMD-Cleavage
[ CASPASET7-siRNA-2 .
GSDMB-FuII-‘ - -- - },45 3 CASPASE7-siRNA-NC
25 . : B CASPASE7-SIRNA-2
seoE: oy
= 20 *%
S — 3 3
2 15 - s
= GSDMB-p20 - £
? 10 }L ® 17 % 2
2 5 GSDMD-FuH‘----— 55 a
(]
g = 2 !
T T & o
= 7 L GSDMD C|eavage+ . F34 3
0
MOI=0.1 TIME=3.5h
. , a-TUBULIN <<~ - o - a» o "55 E. coli MOI=0.1
D E E. coli MOI=0.1 F
GSDMB-p36 1h 2h 3h 4h
2 Lz.) [ Caspase?1-KO
1 CASPASETSRNANC 3 = coov
Bl CASPASE7-siRNA-2 % B GSDMB + Caspase7-KO
N
_ [
ﬂ>) 20 * g Ak
@ — % e
€ 15 < E
[0} O =
B o g
s 10 =1 @
2 % o004 2y
£ 05 g =
: 2
00 5 ,
E. coliMOI=0.1 3 E. coli MOI=0.1
E. coliMOI=0.1
G 45 mins 60 mins 75 mins 90 mins H

Caspase-11-KO

GSDMB
Caspase7-KO

Caspase11-KO

Survival of mice

[ —— Caspase11-KO mice
*

I: —— WT mice

*

I: —— GSDMB-transgenic mice

*| -=- WT + Caspase7-KO mice

-

GSDMB-transgenic + Caspase7-KO mice

Sd18:1110 /100 3 By/Buiol

100

Percent survival

10mg/kg LPS

N-terminal fragment can perforate the cell membrane to induce
pyroptosis [7]. We found that the granzyme A/GSDMB pathway
was activated in the lungs of sterile septic mice and the PBMCs of
septic patients (data not shown). These results might suggest that
GSDMB-mediated toxic effects during sepsis were dependent not
only on the GSDMB (1-91 aa) -mediated noncanonical pyroptosis
pathway but also on the GSDMB (1-244 aa) -mediated pyroptosis
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pathway. In PBMCs from septic shock patients, the granzyme A/
GSDMB pathway was significantly inhibited, while the caspase-7/
GSDMB pathway was significantly activated (data not shown). We
suspect that apoptotic caspase-7-related GSDMB cleavage not
only directly destroys toxic GSDMB (1-244 aa) but also activates
GSDMB (92-417 aa)-mediated inhibition of noncanonical pyrop-
tosis. Finally, activated caspase-7 alleviates these GSDMB-
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Fig. 7 Apoptotic inhibition of non-canonical pyroptosis is a self-protective pathway during bacterial infection. A-E THP-1 cells were
electrically transferred control siRNA (CASPASE7-siRNA-NC) and CASPASE7 siRNA (CASPASE7-siRNA-2). After 45 h, cells were incubated with E. coli
(MOI =0.1) for indicated time at 37°C (PBS as control). A IL-1p release from indicated THP-1 cells was measured by ELISA. B Inmunoblotting
for GSDMB-Full, GSDMD-Full, GSDMD-Cleavage, GSDMB-p20 and GSDMB- p36 in whole cell lysates. a-TUBULIN is used as a loading control.
GSDMB-p20 (92-244aa) was generated by D91 cleavage by CASPASE-3/7 and by K244 cleavage by GZMA. GSDMB-p36 (92-417aa) was
generated by D91 cleavage by CASPASE-3/7. Non-specific bands are indicated with an asterisk (*). C The gray scale analysis of GSDMD-
Cleavage/GSDMD-Full in (B). D The gray scale analysis of GSDMB-p36/GSDMB-Full in (B). E Data show representative time-course live cell
images (brightfield and fluorescence). Loss of membrane integrity was indicated by PI (red) staining of nuclear DNA. Representative pyroptotic
cells are indicated with white arrows. Bar = 50 pm. F, G Primary BMDMs from 10 ~ 12-week-old Caspase11-KO, GSDMB-transgenic and GSDMB-
transgenic + Caspase7-KO mice were incubated with E. coli (MOl =0.1) for indicated time at 37°C (PBS as control). F IL-1p release from
indicated BMDMs was measured by ELISA at 7 h after infection. G Data show representative time-course live cell images (brightfield and
fluorescence). Loss of membrane integrity was indicated by PI (red) staining of nuclear DNA. Representative increased pyroptotic cells are
indicated with white arrows. Bar = 100 pm. H, | 10 ~ 12-week-old WT (C57BL/6 J), GSDMB-transgenic, WT + Caspase7-KO, GSDMB-transgenic +
Caspase7-KO and Caspase11-KO male mice were intraperitoneally primed with 0.4 mg/kg E. coli O111:B4 LPS, then challenged with 10 mg/kg E.
coli O111:B4 LPS intraperitoneally (0.9% NaCl as control) after 6 h. H Survival of indicated septic mice. WT mice: n = 12, GSDMB-transgenic
mice: n =10, WT + Caspase7-KO mice: n = 14, GSDMB-transgenic + Caspase7-KO mice: n = 6, Caspase11-KO mice: n = 5. | Representative lung
sections stained with H&E from the indicated mice at 10 h after LPS challenge. Bar = 100 pm. Each panel is a representative experiment of at
least three replicates. Data are presented as the mean + SD. A, F ANOVA followed by Bonferroni’s post-test: **p < 0.01, ****p < 0.0001, NS = not
significant. C, D T-test: *p < 0.05, **p < 0.01. H Gehan-Breslow-Wilcoxon test: *p < 0.05. Full = full length. Endogenous GSDMB proteins were

2etected with anti-GSDMB antibodies.

mediated toxic effects and achieves self-protection. However, this
hypothesis needs further verification.

In addition to caspase-7, many studies have reported that other
members of the caspase family play roles in the balance between
pyroptosis and apoptosis. Activation of caspase-3 through endogen-
ous and exogenous apoptotic pathways cleave GSDME to promote
pyroptosis [27]. Caspase-3 is activated via the mitochondrial apoptotic
proteins BAX/BAK and promotes caspase-8-related cleavage of IL-1f
and potassium efflux-related NLRP3 inflammasome assembly [44].
Caspase-3 and caspase-7 have great sequence similarity compared to
other mammalian caspase family members, but they are functionally
different enzymes; caspase-3 is the major apoptosis-associated
effector [45]. The current experimental conclusions about the
regulation of apoptosis and pyroptosis by caspase-3/7 are still very
controversial. Therefore, caspase-3 and caspase-7 may rely on
different mechanisms and have different effects on the balance of
apoptosis and pyroptosis, which needs to be further identified.

Caspase-8 plays an important role in the exogenous apoptotic
pathway and can cleave caspase-3/7 to promote apoptosis.
Several studies have shown that caspase-8 is also involved in
the regulation of the pyroptosis pathway. Activated NLRP3
induced by caspase-8-related alternative inflammatory pathways
promotes the maturation of the inflammatory factor IL-13 [46].
The RIPK1/RIPK3-related pathway activates the NLRP3 inflamma-
some and promotes the release of IL-1B in caspase-8-deficient
dendritic cells [47]. Blocking the catalytic activity of caspase-8 can
activate ASC/caspase-1-related inflammatory pathways and pro-
mote the secretion of IL-1B, which induces perinatal lethality in
MLKL-deficient mice [48]. Activated caspase-8 also induces the
GSDMC-mediated pyroptosis pathway [49]. Furthermore, caspase-
8 promotes pyroptosis by inducing the cleavage of GSDMD [50].
Caspase-8 activation is mediated by the exogenous apoptotic
pathway and drives NLRP3 inflammasome assembly by activating
pannexin-1 [51]. During influenza A virus infection, caspase-8 can
activate caspase-1 and caspase-3 to induce the activation of both
apoptotic and pyroptotic pathways [52]. Overall, caspase-8 plays a
critical role in both the apoptotic and pyroptotic pathways.

Caspase-1 is a key factor in canonical pyroptosis. However,
activated caspase-1 promotes apoptosis when the canonical
pyroptosis pathway is blocked. Activated caspase-1 activates
caspase-3/7 to induce apoptosis in GSDMD-knockout cells after
stimulation with pyroptotic reagents [24]. Activated caspase-1
cleaves GSDMD and produces a toxic N-terminal fragment, which
perforates the mitochondrial membrane to promote apoptotic
body-mediated endogenous apoptotic pathways [53]. ASC
induces apoptosis in caspase-1-deficient macrophages after
stimulation with NLRP3 and AIM2 agonists [54]. The pyroptosis-
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associated NLRP1b and NLRC4 inflammasomes promote apoptosis
in caspase-1-deficient macrophages [55]. During NLRP3 and AlM2
inflammasome activation, ASC can bind to pro-caspase-1 and pro-
caspase-8 through different regions to induce the activation of
both apoptotic and pyroptotic pathways, and knockdown of
caspase-1 induces more apoptosis in cells [56]. Caspase-7 but not
caspase-3 is an important substrate of activated caspase-1 in
response to microbial stimuli and bacterial infection [57]. Caspase-
11 is a critical initiator caspase in noncanonical pyroptosis.
However, it can activate caspase-3 efficiently in a mouse model
of stroke [58]. Overall, the key caspases associated with pyroptosis
also trigger apoptosis.

Current studies have shown that caspase family members may
have potential roles in the regulation of apoptosis and pyroptosis.
However, the relevant mechanisms are still controversial and depend
on the cell type. Therefore, analyzing the specific regulatory
mechanism of caspase family members in different cell types is
necessary. It may help us to identify potential therapeutic targets to
reduce inflammation and treat inflammatory disease.

In conclusion, full-length GSDMB can bind to caspase-4 via its
N-terminus (1-91 aa) and enhance enzymatic activity during
noncanonical pyroptosis. Based on this, GSDMB may be a
proinflammatory factor in sepsis. Activated caspase-7 can cleave
GSDMB at D91 to block GSDMB-mediated promotion of non-
canonical pyroptosis. Mechanistically, the cleaved GSDMB-C-
terminus (92-417 aa) binds to the GSDMB-N-terminus (1-91 aa)
and then inhibits the function of the N-terminus. Furthermore, the
survival rates were significantly decreased when apoptosis was
inhibited in septic GSDMB-transgenic mice. Thus, caspase-7/
GSDMB-related apoptotic inhibition of noncanonical pyroptosis
is a self-protective pathway to avoid overactivation of inflamma-
tion during bacterial infection (Fig. 8). Moreover, this pathway
provides potential therapeutic targets for sepsis in the future.

MATERIALS AND METHODS

Cell culture

THP-1 cells (Shanghai Institute of Cell Biology) were cultured in RPMI 1640
medium. HEK293T cells (ATCC), HeLa cells (ATCC), primary BMDMs were
cultured in DMEM medium. All mediums were supplemented with 10%
fetal bovine serum (FBS, PAN Biotech) and 1% penicillin/streptomycin. All
cells mentioned above were grown at 37°C and 5% CO, and were
negative for mycoplasma test (#D101-02, Vazyme).

Plasmids and transfection
Complementary DNA (cDNA) for human GSDMD, GSDME and GSDMB was
amplified from reverse-transcribed c¢cDNA from THP-1 cells. <cDNA for
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Fig. 8 Conclusion. Apoptotic caspase-7 activation inhibits non-canonical pyroptosis via GSDMB cleavage.

human CASPASE3, CASPASE4 and CASPASE7 was kindly provided by Prof.
Jiahuai Han from Xiamen University, China. The other cDNAs were
constructed by PCR amplification. The detail construction was provided in
Supplementary information. All plasmids were identified by PCR and DNA
sequencing. All plasmids were transfected followed the instructions of
Lipofectamine 2000 Transfection Reagent (Invitrogen).

siRNA knockdown

Human CASPASE3, CASPASE7, CASPASE6, CASPASES, CASPASE4/5 and GSDME
siRNAs were purchased from GenePharma (Table S1). The Neon™ Transfection
System 10uL/100 L Kit (#MPK1096, Invitrogen) was used for electric
transfection. The details were provided in Supplementary information.

Activation of apoptosis and non-canonical pyroptosis
Staurosporine (#HY-15141, MCE) and cycloheximide (#HY-12320, MCE)
were used to activate apoptosis. The Neon™ Transfection System 10 pl/
100 pl Kit (#MPK1096, Invitrogen) was used to induce non-canonical
pyroptosis by LPS electroporation. The details were provided in
Supplementary information.

Measurement of LDH release, caspase-4 enzyme activity, and
IL-1B

CytoTox 96° Non-Radioactive Cytotoxicity Assay (#G1782, Promega) was
used to detect LDH release. The Caspase-4 Assay kit (#ab65659, Abcam)
was used to measure caspase-4 enzyme activity following the instructions.
The Human IL-Tbeta ELISA Kit (#FMS-ELH002, FCMACS) and the Mouse IL-
1B ELISA Kit (#FMS-ELM002, FCMACS) were used to measure IL-13 of cell
culture supernatant or mouse serum following the instructions of
manufacturers. The details were provided in Supplementary information.

Immunoblotting and antibodies
Detailed methods and antibodies were provided in Supplementary
information.
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FRET assay

YFP- and CFP- tagged plasmids were transfected into HEK293T cells that
had been plated at 30-40% density on confocal dishes. The images of the
FRET assay were taken and analyzed by a Leica SP5 system. The procedures
were performed according to FRET Sensitized Emission (SE) in LASAF (Leica
Microsystems Inc).

Bacterial infection experiments

Escherichia coli (#CICC 10003, China Center of Industrial Culture Collection)
was cultured in LB liquid medium at 37 °C. S. Typhimurium (#SL-1344 bio-
110940, Nanjing juxiong Hua Biotechnology Co., Ltd) was cultured in LB
solid medium at 37°C. The details were provided in Supplementary
information.

Animal studies
GSDMB-transgenic mice in C57BL/6 J background were generated by the
Nanjing Biomedical Research Institute (NBRI) of Nanjing University. C57BL/
6J mice, Caspase7-KO mice and GSDMB-transgenic + Caspase7-KO mice
were provided by the Model Animal Research Center (MARC) of Nanjing
University. Caspase11-KO mice were kindly provided by Prof. Shu Zhu from
University of Science and Technology of China. Mice were randomly
allocated into their respective groups (non-blinded).

The procedures of construction of LPS-induced septic mouse model,
H&E staining, and extraction of primary BMDMs were provided in
Supplementary information.

Co-immunoprecipitation experiments
The indicated HA-, Flag-, Myc-tagged plasmids were transfected into
HEK293T cells. The details were provided in Supplementary information.

Statistics
Sample size (n), performed statistical analyses and statistical significance
are stated in the figure legends. No statistical tests were used to estimate
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sample size. No sample or animal was excluded from the analysis.
GraphPad Prism 8.0.1 was used to quantize LDH and IL-1B release, FRET
efficiency, caspase-4 enzyme activity, mouse survival and FACS data.
ImageJ 1.8.0 was used to quantize the gray scale analysis of immunoblot-
ting. Mouse survival was analyzed statistically by Gehan-Breslow-Wilcoxon
test. The student t-test was used to analyze the data between the two
groups and the ANOVA with post hoc correction (Bonferroni's post-test
and Holm-Sidak’s post-test) was used to multi-group analysis. *p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001, NS = not significant.

DATA AVAILABILITY

The data sets used in the current study are available from the corresponding author
upon reasonable request. The western blot data are provided in Supplementary
Materials (Original western blots).
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