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Abstract

ATP acts as a canonical activator to induce NLRP3 (NOD-like receptor family, pyrin domain containing 3) inflammasome
activation in macrophages, leading to caspase-1/gasdermin D (GSDMD)-mediated pyroptosis. It remains unclear whether
ATP can induce pyroptosis in macrophages when the NLRP3 pathway is blocked by pathogenic infection. In this study, we
used cellular models to mimic such blockade of NLRP3 activation: bone marrow-derived macrophages (BMDMs) treated
with NLRP3-specific inhibitor MCC950 and RAW264.7 cells deficient in ASC (apoptosis-associated speck-like protein
containing a caspase recruitment domain) expression. The results showed that ATP treatment induced lytic cell death mor-
phologically resembling canonical pyroptosis in both MCC950-treated BMDMSs and RAW264.7 cells, but did not cause
the activation of caspase-1 (by detecting caspase-1p10 and mature interleukin-1p) and cleavage of GSDMD. Instead, both
apoptotic initiator (caspase-8 and -9) and executioner (caspase-3 and -7) caspases were evidently activated and gasdermin
E (GSDME) was cleaved to generate its N-terminal fragment (GSDME-NT) which executes pyroptosis. The GSDME-NT
production and lytic cell death induced by ATP were diminished by caspase-3 inhibitor. In BMDMs without MCC950 treat-
ment, ATP induced the formation of ASC specks which were co-localized with caspase-8; with MCC950 treatment, however,
ATP did not induced the formation of ASC specks. In RAW264.7 cells, knockdown of GSDME by small interfering RNA
attenuated ATP-induced lytic cell death and HMGB/1 release into culture supernatants. Collectively, our results indicate
that ATP induces pyroptosis in macrophages through the caspase-3/GSDME axis when the canonical NLRP3 pathway is
blocked, suggestive of an alternative mechanism for combating against pathogen evasion.
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Introduction

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s10495-019-01551-x) contains
supplementary material, which is available to authorized users.

Innate immune cells sense pathogenic infection or tissue
injury by recognizing pathogen-associated molecular pat-
terns (PAMPs) and damage-associated molecular patterns
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The formation of NLRP3 inflammasome can be trig-
gered by a variety of DAMPs, PAMPs, or environmental
irritants [6, 7]. Extracellular ATP is a DAMP that activates
NLRP3 inflammasome by triggering K* efflux via binding
to purinergic P2X7 receptor (P2X7R) [8]. ATP-P2X7R-
induced K* efflux and activation of NLRP3 inflammasome
has recently been reported to be mediated by TWIK2 (two-
pore domain weak inwardly rectifying K* channel 2) [9].
The triggering of NLRP3 leads to the recruitment of adaptor
ASC (apoptosis-associated speck-like protein containing a
caspase recruitment domain) and pro-caspase-1 to form a
large multi-protein NLRP3 inflammasome resulting in the
autocatalytic activation of caspase-1 [3, 6, 7]. Activated
caspase-1 in turn cleaves gasdermin D (GSDMD, a mem-
ber of gasdermin family) into C-terminal and N-terminal
(GSDMD-NT) fragments [10, 11]. GSDMD-NT binds to
and forms pores on the plasma membrane, thereby causing
pyroptosis—a rapid proinflammatory programmed cell death
typified by cellular swelling, membrane disruption, and
release of proinflammatory cytoplasmic contents including
HMGBI1 [12-20]. Pyroptosis is therefore regarded as a criti-
cal host defense mechanism against intracellular pathogenic
bacteria by releasing them into the extracellular environment
where they can be killed by neutrophils [21-23].

Apart from GSDMD, gasdermin E (GSDME)/DFNAS
(another member of the gasdermin family) has been shown
to have a critical role in mediating pyroptotic/necrotic cell
death [24, 25]. Upon apoptotic stimulation, cleavage of
GSDME by activated caspase-3 leads to the production
of GSDME-NT (~ 37 kDa), which also forms pores on the
plasma membrane, and thereby transforms apoptosis into
pyroptosis/necrosis. This caspase-3-mediated cleavage of
GSDME has an important role in chemotherapy-induced
tissue damage and cytotoxicity on the intestines because
the intestinal epithelial cells express high levels of GSDME
protein [24].

Inflammasome-mediated pyroptosis and cytokine release
are critical defense against pathogenic microbes; success-
ful pathogens have therefore evolved strategies to evade
such mechanisms [26, 27]. For example, the Yersinia type
IT secretion effector YopM directly binds caspase-1 and
sequesters it from inflammasome formation, thus block-
ing pyroptosis and IL-1f processing [28]. Virus-encoded
proteins can also target inflammasome activation: myxoma
virus and rabbit fibroma virus express PYD-containing pro-
teins that bind to ASC thereby inhibiting caspase-1 activa-
tion and IL-1f secretion [29, 30]. Under such circumstances,
the switch between different forms of cell death may have
important physiological roles as an alternative mechanism
in defending the host against evasion of pathogens. But it
is still incompletely understood whether suppression of
NLRP3/caspase-1-mediated conventional pyroptosis could
switch to a different form of cell death.
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In this study, we aimed to explore the cell death form
in murine macrophages when the NLRP3 pathway was
blocked. We found that pyroptosis was observed in mouse
bone marrow-derived macrophages (BMDMs) with the
NLRP3 inflammasome activation being inhibited by
NLRP3-specific inhibitor MCC950 [31], upon ATP stimu-
lation. Similar pyroptosis was observed in RAW 264.7 cell
line that has deficiency in the NLRP3 pathway [14], in an
alternative way depending on the caspase-3/GSDME axis.
Our study highlights that ATP, acting as a DAMP during
tissue injury or infections, may induce an alternative form
of pyroptosis in macrophages when the NLRP3 inflamma-
some pathway has been blocked, suggestive of an alternative
mechanism against pathogen evasion.

Materials and methods
Reagents and antibodies

Adenosine triphosphate (ATP) (A6419), lipopolysaccha-
ride (LPS) (Escherichia coli O111:B4) (L4391), phorbol
12-myristate 13-acetate (PMA) (P8139), Tween-80 (P8074),
and propidium iodide (P4170) were obtained from Sigma-
Aldrich (St. Louis, MO, USA). ATP was freshly prepared
by dissolving in phosphate-buffered saline (PBS). Nigericin
(tlrl-nig) was obtained from InvivoGen (San Diego, CA,
USA). Ac-DEVD-CHO (#HY-P1001) was bought from
MedChem Express (Princeton, NJ, USA). MCC950
(#S7809) was from Selleck (Houston, TX, USA). Dulbec-
co’s Modified Eagle’s Medium (DMEM) with high glucose,
RPMI 1640, B-mercaptoethanol, fetal bovine serum (FBS),
Opti-MEM, streptomycin and penicillin were obtained from
ThermoFisher/Gibco (Carlsbad, CA, USA). CytoTox 96
Non-Radioactive Cytotoxicity Assay kit was obtained from
Promega (Madison, WI, USA). The antibody against NLRP3
(Cryo-2) (AG-20B-0014) was purchased from Adipogen AG
(Liestal, Switzerland). Specific antibodies against HMGB1
(#3935), ASC (#67824), IL-1p (#12242), cleaved caspase-9
(#9509), cleaved caspase-7 (#8438), cleaved caspase-8
(#8592), PARP (#9532), cleaved caspase-3 (#9664), cas-
pase-3 (#9665), ASC AlexaFluor488-conjugated (#17507),
horse-radish peroxidase (HRP)-conjugated horse anti-mouse
IgG (#7076), and HRP-conjugated goat-anti-rabbit IgG
(#7074) were purchased from Cell Signaling Technology
(Danvers, MA, USA). CF568-conjugated goat-anti-rabbit
IgG (#20103) was purchased from Biotium (Hayward, CA,
United States). The antibody against actin (sc-1616-R) was
bought from Santa Cruz (Dallas, TX, USA). Rabbit mono-
clonal antibodies against pro-cspasel+p10+pl12 (ab179515),
caspase-8 (ab108333), GSDMD (ab209845), and DFNAS/
GSDME (ab215191) were obtained from Abcam (Cam-
bridge, UK).
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Cell line and cell culture

RAW 264.7 and THP-1 cells were obtained from the Cell
Bank of the Chinese Academy of Sciences (Shanghai,
China). RAW 264.7 cells were maintained in DMEM sup-
plemented with 10% FBS, 100 U/ml penicillin, 100 pg/ml
streptomycin, and 2 mM L-glutamine (DMEM complete
medium) while THP-1 cells were cultured in RPMI 1640
plus 10% FBS, 100 U/ml penicillin, 100 pg/ml strepto-
mycin, 2 mM L-glutamine and 50 pM p-mercaptoethanol.
Cells were incubated at 37 °C in a humidified incubator of
5% CO,, and sub-cultured every 2—3 days. For induction of
macrophages, THP-1 cells were planted in 96-well plates at
4% 10* cells/well in 0.1 ml medium or in 24-well plates at
1.5 % 10° cells/well in 0.5 ml medium and treated with PMA
(100 nM) for 24 h.

Bone marrow-derived macrophage culture

Bone marrow was derived from hind femora and tibias
of C57BL/6 mice (6—-8 weeks of age) obtained from the
Experimental Animal Center of Southern Medical Univer-
sity (Guangzhou, China). Animal experiments were per-
formed according to the guidelines for the care and use of
animals approved by the Committee on the Ethics of Animal
Experiments of Jinan University. BMDMs were differenti-
ated as described previously [32]. In brief, bone marrow
cells were differentiated in DMEM supplemented with 10%
FBS, 100 U/ml penicillin, 100 pg/ml streptomycin and 20%
M-CSF-conditioned medium from L-929 fibroblasts for
6 days. After 6 days, BMDMs were collected by using a cell
scraper and then cultured in fresh DMEM complete medium
overnight in 24-well plates at 1.5x 10° cells/well in 0.5 ml
or in 6-well plates at 1.5x 10° cells/well in 2 ml.

Cell death assay

Cell death was measured by PI incorporation, which shows
loss of plasma membrane integrity. The assay was performed
essentially as described previously [33, 34]. In brief, cells
were seeded in 24-well plates, stimulated with or with-
out 500 ng/ml LPS for 4 h. Subsequently, the cells were
treated with various concentrations of ATP for indicated
time periods in Opti-MEM. PI (2 pg/ml) was added to cell
culture media at room temperature for 10 min, then cells
were observed immediately by live imaging using a Zeiss
Axio Observer D1 microscope equipped with a Zeiss LD
Plan-Neofluar 20x/0.4 Korr M27 objective lens. Fluores-
cence images were captured with a Zeiss AxioCam MR R3
cooled CCD camera controlled with ZEN software (Carl
Zeiss Microlmaging GmbH, Gottingen, Germany). In some

experiments, cell death was also measured by using LDH
release assay (CytoTox 96 Non-Radioactive Cytotoxicity
Assay), according to the manufacturer’s instructions.

Measurement of soluble IL-18

IL-1p in culture supernatants was measured by cytometric
bead array (CBA) mouse IL-1p Flex Set (#560232) with
the indicated buffer (#558266) (BD Biosciences, San Jose,
CA, USA) according to the protocol provided by the sup-
plier. Data were analyzed on a Attune NxT acoustic focusing
cytometer (ThermoFisher Scientific, Carlsbad, CA, USA).

Immunofluorescence microscopy

Immunofluorescence microscopy was performed as pre-
viously reported [34]. In brief, BMDMs were planted in
glass-bottom dishes at 1.2x 10° cells/well in 1.5 ml and
incubated at 37 °C overnight. After appropriate treatment,
cells were fixed by 4% paraformaldehyde and permeabi-
lized with methanol. Cells were blocked by blocking buffer
and then incubated with anti-caspase-8 antibody followed
by incubation with CF568-conjugated goat-anti-rabbit IgG
and subsequently stained with AlexaFluor488-conjugated
rabbit-anti-mouse ASC antibody. Nuclei were revealed
by Hoechst 33342 staining (5 pg/ml in PBS). Fluorescent
images of cells were captured under a Zeiss Axio Observer
D1 microscope with a Zeiss LD Plan-Neofluar 100x/0.6
Korr M27 objective lens (Carl Zeiss Microlmaging GmbH,
Gottingen, Germany).

Small interfering RNA (siRNA)

The siRNA (5'-GCTGCAAACTCCATGTTAT-3', 5'-GTA
CGCGCACAAGCTAGAA-3', and 5'-GTACTTAAATCG
TGAAACA-3' duplexes that target mouse GSMDE/DFNAS
caspase-3, and NLRP3, respectively) and negative control
(NC) siRNA were designed and synthesized by RiboBio
(Guangzhou, China). Transfection was performed using
Lipofectamine RNAiMAX (ThermoFisher/Invitrogen)
according to the manufacturer’s instructions. In brief, before
transfection, RAW 264.7 cells were plated in 6-well plates
or 24-well plates at 30-50% confluency overnight, and in
the next day, cells were transfected with GSDME siRNA
(20 nM) or NC siRNA (20 nM). The cells were cultured in
DMEM medium containing 10% FBS for 48 h, followed
by stimulation with ATP (2 mM). Cell death was assayed
by PI staining and fluorescent images were captured by
fluorescence microscopy, merged with bright-field images.
GSDME and HMGBI1 expression levels were determined
by using western blotting. For knockdown of caspase-3 in
RAW 264.7 cells, the siRNA concentrations were 50 nM
for 48 h and the cells were ready for experiments. For
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knockdown of NLRP3, RAW 264.7 cells were primed with
LPS for 4 h and then siRNA (10 nM) was transfected into
the cells for 48 h.

Precipitation of soluble proteins

Proteins in culture supernatants (equal volume for each
sample) were precipitated overnight with 7.2% trichloro-
acetic acid plus 0.15% sodium deoxycholate as previously
described [35, 36]. The precipitates were lysed in equal
volume of 1X sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE) loading buffer and subjected
to western blot analysis for HMGB1.

Western blot analysis

Western blotting was performed as previously described
to detect proteins in cell lysates and supernatants, respec-
tively [34]. In brief, equivalent proteins were separated by
SDS-PAGE and then transferred onto a PVDF membrane
(#03010040001; Roche Diagnostics GmbH, Mannheim,
Germany). Then the membranes were blocked with blocking
buffer [SO mM Tris-buffered saline (pH 7.4) containing 5%
nonfat milk and 0.1% Tween-20] and incubated with primary
antibodies at 4 °C overnight, followed by HRP-conjugated
goat anti-rabbit IgG or goat anti-mouse IgG secondary anti-
body. The bands were revealed with an enhanced chemilumi-
nescence kit [BeyoECL Plus (P0018); Beyotime, Shanghai,
China] and recorded on X-ray films (Carestream, Xiamen,
China). The densitometry of each band was quantified by
FluorChem 8000 (Alpha Innotech; San Leandro, CA, USA).

Statistical analysis

Experiments were performed three times independently.
Data were expressed as mean + standard deviation (SD).
Statistical analysis was performed using GraphPad Prism5.0
(GraphPad Software Inc., San Diego, CA, USA). Statisti-
cal evaluation was performed using Student’s ¢ test (two
tailed) between two groups or one-way analysis of variance
(ANOVA) followed by Tukey post hoc test for multiple
comparison. P-values < 0.05 were considered statistically
significant.

Results
Blockade of the NLRP3 pathway switches
ATP-induced canonical pyroptosis to alternative

pyroptosis in BMDMs

We sought to explore whether ATP could induce pyropto-
sis in primary macrophages with NLRP3 inflammasome
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activation being blocked. MCC950 is a specific inhibitor
of NLRP3 inflammasome [31]. We used this inhibitor at a
dose of 1 pM that can efficiently suppress NLRP3 inflamma-
some activation. Given that pyroptosis is a lytic form of cell
death with loss of membrane integrity [22], we evaluated
it (if there was) by analyzing the incorporation of PI into
the cells. In the absence of MCC950, we found that ATP
induced ~70% of lytic cell death, in LPS-primed BMDMs
(Fig. 1a, b), concomitant with the production of caspase-
1p10 and mature IL-1p as well as cleavage of GSDMD as
revealed by Western blot analysis of combined cell lysates
and precipitated proteins from culture supernatants (Fig. 1c).
Prolonged incubation with ATP led to increased activation
of caspase-1 (indicated by caspase-1p10) and production of
mature IL-1f, but only weakly led to caspase-3 activation
and GSDME-NT generation. Consistent with previous study
[31], pre-treatment of MCC950 almost completely blocked
ATP-induced lytic cell death at the time point of 1 h (Fig. 1a,
b), accompanied by suppression of caspase-1p10, mature
IL-1p, and GSDMD-NT production in comparison with
vehicle treatment (Fig. 1¢). However, when the incubation
time was prolonged, ATP did induce lytic cell death with
ballooning from the cells accompanied by the generation
of GSDME-NT, but not GSDMD-NT and caspase-1p10
(Fig. 1a—c). The lytic cell death by PI staining was confirmed
by LDH release assay (Supplementary Fig. 1a). Similar to
Western blot analysis, bead-based assay (CBA) showed
that ATP induced high levels of soluble IL-1p in the cul-
ture supernatants without MCC950 pre-treatment but only
induced very low levels of IL-1f in those cells pre-treated
with MCC950 (Supplementary Fig. 1b), thus confirming the
results of Western blotting (Fig. 1c). Apoptotic cells (judged
morphologically by their shrinkage and membrane blebbing)
were also observed (Fig. 1b). In line with this, apoptotic
caspases (caspase-8/-9/-3) were activated and poly-ADP
ribose polymerase (PARP) was also cleaved to produce the
89 kDa fragment (Fig. 1c), corroborating apoptosis in the
cells. Moreover, in the absence of MCC950, ATP treatment
induced formation of ASC specks which were co-localized
with caspase-8, consistent with previous observation [37]; in
the presence of MCC950, however, ATP did not induce the
formation of any ASC specks (Fig. 2), indicating complete
blockade of NLRP3 inflammasome assembly.

Apart from ATP, another NLRP3 inducer nigericin [8]
was used to trigger cell death in mouse BMDMs with or
without MCC950 treatment. Without MCC950 pre-treat-
ment, nigericin induced rapid cell death accompanied by
the activation of caspase-1 and cleavage of GSDMD and
pro-IL-1p; in the presence of MCC950, however, nigericin
induced a delayed cell death accompanied by the activa-
tion of caspase-8/-9/-7/-3 and the cleavage of GSDME
and PARP, but not cleavage of caspase-1, pro-IL-1p and
GSDMD (Supplementary Fig. 2a—c). Besides, we also
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Fig. 1 Induction of a delayed lytic cell death by ATP in BMDMs pre-
treated with MCC950. BMDMs were primed with LPS (500 ng/ml)
for 4 h, pre-treated with or without MCC950 (1 pM) for 30 min and
followed by stimulation with ATP (5 mM) for indicated time periods
in the presence or absence of MCC950. a Histograms show the ratios
of Pl-positive cells quantified by counting five randomly chosen
fields containing ~ 100 cells each. The percentage of lytic cell death
is defined as the ratio of PI-positive cells relative to all cells. Data are
shown as mean+SD (n=35). Statistical significance was analyzed by
one-way ANOVA followed by Tukey post hoc test. ***P <0.001. b

Merged images showing PI fluorescence (red) combined with bright-
field images. One set of representative images of three independent
experiments are shown. Scale bar, 50 pm. The arrow in each image
indicates a typical cell with ballooning morphology. ¢ Combined
precipitated proteins of culture supernatants and cell lysates were
collected and Western blot analysis was used to assess the expres-
sion levels of indicated proteins in the combined samples. Actin was
used as a loading control. C Cleaved, ns Not significant (Color figure
online)
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Fig.2 Blockade of ATP-induced formation of ASC specks by
MCC950 pre-treatment. BMDMs planted in glass-bottom dishes
were primed with LPS (500 ng/ml) for 4 h, and pre-treated with or
without MCC950 (1 pM) for 30 min, followed by stimulation with
ATP (5 mM) for indicated time periods in the presence or absence of
MCC950. After fixation and permeabilization, the cells were stained
with anti-caspase-8 antibody and CF568-goat-anti-rabbit IgG, fol-
lowed by AlexaFluor488 conjugated anti-ASC antibody. Nuclei were
revealed by Hoechst 33342 staining. Fluorescence images were cap-
tured by fluorescence microscopy. Merge images with nuclei are also
shown. Arrow heads indicate ASC specks which were co-localized
with caspase-8. Scale bars, 10 pum

performed experiments in THP-1-derived macrophages,
showing that nigericin could induce a delayed form of lytic
cell death in the cells pre-treated with MCC950 (Supple-
mentary Fig. 3a—c), suggesting similar phenomenon might
occur in human macrophages. Together, these results sug-
gested that blockade of NLRP3 inflammasome activation
switched NLRP3-mediated rapid pyroptosis into apoptosis
and delayed pyroptosis mediated by GSDME activation.
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Fig. 3 Induction of lytic cell death by ATP in RAW 264.7 cells. Cells»
were primed with or without LPS (500 ng/ml) for 4 h, followed by
stimulation with indicated concentrations of ATP. Cell death was
assayed by PI staining for 10 min and images were captured by flu-
orescence microscopy. a Histograms showing ratios of PI-positive
cells quantified by counting five randomly chosen fields (from 5
wells) each containing ~ 100 cells. The percentage of lytic cell death
is defined as the ratio of PI-positive cells relative to all cells. Data are
shown as mean+SD (n=35). Statistical significance was analyzed by
one-way ANOVA followed by Tukey post hoc test. ***P <0.001. b
Merged images showing PI fluorescence (red) combined with bright-
field (BF) images. RAW 264.7 cells were treated with ATP (2 mM)
for 4 h. One set of representative images of three independent experi-
ments is shown. Scale bar, 50 pm. The arrow in each magnified inset
indicates a typical cell with a ballooning morphology. ¢, d Whole cell
lysates were collected and Western blot analysis was used to assess
the expression levels of indicated proteins in the cell lysates. Actin
was used as a loading control. e, f Precipitated proteins of culture
supernatants and whole cell lysates were collected, respectively, and
Western blot analysis was used to assess the expression levels of indi-
cated proteins. The positive control (PC) of caspase-1p10 and mature
IL-1p was a sample of combined cell lysate and precipitated proteins
of culture supernatant of LPS-primed BMDMs stimulated with ATP
(5 mM) for 1 h. Actin was used as a loading control for cell lysates.
*Indicates non-specific bands (Color figure online)

ATP induces alternative pyroptosis in RAW 264.7
cells defective in NLRP3 pathway

Consistent with the fact that RAW 264.7 macrophages are
defective in the NLRP3 pathway due to deficiency in ASC
expression [38], we next assessed whether ATP could induce
alternative pyroptosis in this cell line. As expected, NLRP3-
mediated pyroptosis was not induced in this cell line upon
the stimulation of ATP within 1 h (Fig. 3a), which is the time
commonly used for inducing pyroptosis in wild-type mac-
rophages [8]. We thus prolonged the treatment time, and the
results showed that ATP induced time- and dose-dependent
lytic cell death in both unprimed and LPS-primed cells, while
there was no cell death or only a minor fraction of dying cells
in vehicle-treated cells (Fig. 3a). It is worth noting that more
than 1 or 2 h were required for ATP to induce such lytic cell
death (Fig. 3a). The dying cells had a swelling morphology
resembling that of pyroptotic cells with ballooning from the
cell membrane and loss of membrane integrity (Fig. 3b), sug-
gesting that ATP had induced pyroptosis in RAW 264.7 cells.

We next investigated whether ATP had activated apop-
totic or inflammatory caspases in RAW 264.7 cells. Western
blot analysis showed that both apoptotic initiator caspases
(caspase-8 and -9) and executioner caspases (caspase-3 and
-7) were markedly activated in a time-dependent manner
after prolonged ATP stimulation (Fig. 3c, d), and accord-
ingly their substrate PARP was also cleaved to generate an
89 kDa fragment (Although PARP was markedly decreased
after prolonged ATP treatment in LPS-primed cells (Fig. 3d),
it is unclear why the 89 kDa fragment was invisible; one pos-
sibility is that it had been further degraded). As expected,



Apoptosis (2019) 24:703-717 709
a LPS-primed
—~100- Vehicle ATP (2 mM) Vehicle ATP (2 mM)
2100 | , _
C ol
e o 80+ .
© > ‘$
L = 60+ :
1y
Sz 4 -
5 204 3
< =
04 ) ¥ b f
ATP (mM) 0 2 3 5 0 2 3
LPS-primed
c ATP - " B " 4 d LPS-primed
Tme() 0 1 2 4 6 8 AP - ¥+ + o+ o+
Cleaved caspase-5 1111 - 16 0a Tref @ @ 4 8 8
Cleaved caspase-0 1 i s e s s - 37 KDa e caspaee o
Cleaved caspase-9 - 37 kDa
Cleaved caspase-3 - 19 kDa -19 kDa
-17 kDa Cleaved caspase-3
Cleaved caspase-7 [ - 18 kDa Silrs
pese7 IR : Cleaven caspase-7 [ - 16 s
ot 50 koo PARE M S - 150
Cleaved PARP i - 89 kDa Cleaved PARP - 89 kDa
GSDME -55kDa GSDME - 55 kDa
—— Cleaved GSDME - 37 kDa
Cleaved GSDME - 37 kDa
GSDMD-- N . ..
- 32 kDa
I e T i ———— 02
e f LPS-primed
ATP - + + + + + ATP - + + + + +
Time(h) 0 1 2 4 6 8 PC Time(h) 0 1 2 4 6 8 PC
Caspase-1 -45kDa Caspase-1 -45kDa
5 g
g g
Cleaved caspase-1 -10kDa § Cleaved caspase-1 -10kDa §-
Pro-IL-18 - 31kDa|® Pro-IL-18 - 31 kDa (@
Mature IL-1B -17 kDa Mature IL-18 -17 kDa
Caspase-1 - 45 kDa Caspase-1 - 45 kDa
% 2
Cleaved caspase-1 -10kDa [ Cleaved caspase-1 -10kDa |5
P|'O-IHB-- N b o
Mature IL-18 217 kDa : s
; Mature IL-18 - - 17 kDa
W s s o —— - ] e
Actin . Actin Se——————— - 43 kDa

cleaved caspase-1p10 (a fragment of active caspase-1) was
undetectable both in the cell lysates and in the culture super-
natants even though pro-caspase-1 was detected in the super-
natants (Fig. 3e, f). Consistent with the absence of caspase-
1p10, GSDMD was not cleaved to generate GSDMD-NT

(32 kDa) (Fig. 3c, d), and no mature IL-1p was detected in
LPS-primed cell lysates and supernatants, although LPS-
induced pro-IL-1f was detectable in the supernatants upon
ATP stimulation (Fig. 3e, f). However, accompanying the
robust activation of caspase-3 at later time points, GSDME
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was cleaved to produce GSDME-NT (37 kDa) (Fig. 3c, d),
which has recently been shown to mediate pyroptosis [24,
25]. These results suggested that prolonged treatment with
ATP had induced caspase-3/GSDME- but not caspase-1/
GSDMD-mediated pyroptosis in the cells lacking conven-
tional NLRP3 activation.

Caspase-3 is involved in ATP-induced pyroptosis
in macrophages with NLRP3 pathway being blocked

We next sought to verify the role of caspase-3 and GSDME
in the alternative pyroptosis in BMDMs treated with ATP
in the presence of MCC950 and in RAW 264.7 cells. To
this end, we inhibited caspase-3 with its specific inhibitor
Ac-DEVD-CHO (DEVD). The results showed that DEVD
dose-dependently suppressed ATP-induced lytic cell death
(Fig. 4a, b). The generation of GSDME-NT and PARP frag-
ment in this process was also attenuated by DEVD (Fig. 4c).

-
o
g

»2 O @@
T T 9

Cell death
(% of Pl-positive cells)

N
T

0 T T T T
DEVD (uM) O 10 30 100 0 10 30 100
MCC950 + + + + + + + +
ATP - = = = + + + +

MCC950

Fig.4 Inhibition of caspase-3 attenuated ATP-induced lytic cell death
concomitant with decreased cleavage of gasdermin E (GSDME) in
BMDMs pre-treated with MCC950. BMDMs were first primed with
LPS (500 ng/ml) for 4 h, pre-treated with or without MCC950 (1 pM)
and caspase-3 inhibitor Ac-DEVD-CHO (DEVD) for 1 h and fol-
lowed by stimulation with ATP (5 mM) in the presence or absence of
MCC950. a Histograms show the ratios of PI-positive cells quantified
by counting five randomly chosen fields containing ~ 100 cells each.
The percentage of lytic cell death is defined as the ratio of PI-positive
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These results confirmed that active caspase-3 had been
involved in the cleavage of GSDME, which had mediated
such pyroptosis in macrophages upon ATP stimulation when
the NLRP3 pathway was blocked.

Similarly, in RAW 264.7 cells, it was shown that ATP-
induced lytic cell death was dramatically suppressed by
caspase-3 inhibitor DEVD in a dose-dependent manner
(Fig. 5a). Similar results were observed in ATP-induced
cell death in LPS-primed cells (Fig. 5b). DEVD (100 pM)
per se was unable to induce cell death or cell morphology
change (data not shown). Then we knocked down caspase-3
expression in RAW 264.7 cells by siRNA. This significantly
suppressed ATP-induced lytic cell death (Fig. 5c, d) and
decreased the cleavage of GSDME and PARP (Supplemen-
tary Fig. 4), confirming the role of caspase-3 in this pro-
cess. But, NLRP3 knockdown had minimal effect on the cell
death (Fig. 5e, f), suggesting that NLRP3 knockdown was
not necessary for blocking the inflammasome activation and

MCC950
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+ +
S . -89kDa

GSDME (s S s S - 55 <Da

- - 37 kDa

DEVD (100 pM) DEVD (100 pM) + ATP

A

cells relative to all cells. Data are shown as mean+SD (n=5). Sta-
tistical significance was analyzed by one-way ANOVA followed by
Tukey post hoc test. ***P <0.001. b Merged images showing PI fluo-
rescence (red) combined with bright-field images. One set of repre-
sentative images of three independent experiments are shown. Scale
bar, 20 pm. ¢ The cell lysates were collected and Western blotting
was performed to assess the expression levels of indicated proteins.
Actin was used as a loading control (Color figure online)
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GSDMD cleavage as ASC is deficient in RAW 264.7 cells.
These results corroborated that the lytic cell death induced
by ATP in RAW 264.7 cells was caspase-3/GSDME- but
not GSDMD-mediated pyroptosis, in which active caspase-3
was a key executioner caspase leading to GSDME cleavage.

Knockdown of GSDME partly attenuates
ATP-induced cell death

To further confirm the participation of GSDME in the lytic
cell death induced by ATP, we genetically knocked down its
expression in RAW 264.7 cells by siRNA. Western blotting
showed that the expression of GSDME protein was reduced
approximately 80% after knockdown (Fig. 6a). This signifi-
cantly attenuated the lytic cell death upon ATP treatment
in comparison to negative control (Fig. 6b, c). Morpho-
logically, ATP-induced dying cells, either with or without
GSDME knockdown, had similar ballooning and rounding
phenotypes, resembling pyroptotic but not apoptotic cells
(typified by cell shrinkage or membrane blebbing) (Fig. 6¢).
In addition, the release of HMGB1 (another DAMP that is
associated with lytic cell death) in the culture supernatant
of ATP group was also reduced after GSDME knockdown
as compared with negative control siRNA (Fig. 6d). In other
words, inhibition of GSDME-NT production by genetic
knockdown or caspase inhibition suppressed ATP-induced
pyroptosis. Together, these results demonstrated that the
activation of GSDME contributed, at least partly, to ATP-
induced lytic cell death in murine macrophages.

Discussion

In this study, we found that ATP induced an alternative
form of pyroptosis in macrophages with blockade of the
NLRP3 pathway, which was distinct from the canonical
pyroptosis following NLRP3 inflammasome activation in
view of their different occurrence time and mechanisms
(Fig. 7). The canonical pyroptosis usually occurs within
1-2 h upon inflammasome activation, but the alternative
pyroptosis in this study was delayed. Despite of this, the
cells undergoing alternative pyroptosis by ATP resem-
bled the morphological features of canonical pyroptosis
with cellular ballooning both in RAW 264.7 cells and
in BMDMs treated with MCC950 (an NLRP3-specific
inhibitor). Apoptotic caspases (especially caspase-3) were
activated during this process leading to the generation of
GSDME-NT (37 kDa) but not GSDMD-NT (32 kDa).
Besides ATP, nigericin could also induce similar lytic cell
death in BMDMSs and in THP-1-derived macrophages. In
line with this, GSDME knockdown or caspase-3 inhibition

significantly decreased the cell death in macrophages. All
these data indicated that the canonical NLRP3 activators
(e.g., ATP and nigericin) were able to induce alternative
pyroptosis in macrophages dependently on the activation
of apoptotic caspases and GSDME cleavage, instead of
caspase-1 and GSDMD activation, when the canonical
NLRP3 inflammasome pathway was blocked.

One major finding of this study is that ATP triggered a
transition of GSDMD-dependent pyroptosis into GSDMD-
independent pyroptosis in macrophages with the NLRP3
pathway being blocked. Basically, this is consistent with
several recent observations showing that alternative forms
of cell death other than GSDMD-dependent pyroptosis
take place in macrophages or bone marrow-derived den-
dritic cells that have deficiency in canonical inflamma-
some pathways [14, 39—41]. In wild type macrophages,
caspase-1 protease activity prevents the activation of
caspase-8 and induction of apoptosis [40], whereas in
caspase-1-deficient macrophages, triggering of NLRP1b
and NLRC4 sensors induces ASC/caspase-8-depdendent
apoptosis as an alternative form of cell death [40, 41].
In vitro, NLRC4/caspase-8-mediated apoptotic cells may
eventually undergo secondary necrosis (or pyroptosis)
as evidenced by loss of plasma membrane integrity [41].
Moreover, in RAW 264.7 cells reconstructed with ASC
expression, GSDMD-deficiency leads to the activation of
caspase-3, -7 and -8 upon ATP stimulation [14]. Another
study showed that, in the context of NLRP3 activation,
GSDMD-dependent pyroptosis prevents the activation of
caspase-8, whereas in GSDMD-deficient macrophages,
NLRP3 activation triggers delayed lytic cell death named
secondary pyroptosis which is dependent on apoptotic
caspases including caspase-8 and -3 [39]. Reciprocally
to GSDMD-mediated suppression of caspase-8 activa-
tion, caspase-3 activation cleaves GSDMD at residue D88
(D87 in humans) to generate fragments without the pore-
forming activity, highlighting a critical interconnection
between pyroptosis and apoptosis. Our data are in line
with these observations, adding another form of cell death
transition under circumstances of the suppression of con-
ventional NLRP3 inflammasome activation. We found that
in ASC-deficient RAW 264.7 cells and BMDMs treated
with MCC950, ATP induced an alternative form of pyrop-
tosis which was accompanied by the activation of multiple
apoptotic caspases including caspase-3, -7, -8, and -9. This
lytic form of cell death seemed independent of GSDMD
cleavage but was associated with caspase-3-mediated
GSDME cleavage, leading to the production of pore-form-
ing GSDME-NT to execute pyroptosis. Besides, necropto-
sis (another lytic cell death mechanistically different from
pyroptosis) might not have occurred in the context of this
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«Fig.5 Involvement of caspase-3 but not NLRP3 in ATP-induced lytic
cell death in RAW 264.7 cells. a, b Cells were pre-treated with indi-
cated concentrations of caspase-3 inhibitor Ac-DEVD-CHO (DEVD)
for 1 h, followed by stimulation with ATP (2 mM) for 4 h. Cell death
was assayed by propidum iodide (PI) staining, and observed by fluo-
rescent microscopy. PI-positive cells in five randomly chosen fields
(from 5 wells) each containing ~ 100 cells were quantified and shown
as histograms. The percentage of lytic cell death is defined as the
ratio of PI-positive cells relative to all cells. Data are presented as
mean+SD (n=5). Statistical significance was analyzed by one-way
ANOVA followed by Tukey post hoc test. *P <0.05; ***P<0.001;
ns, not significant. ¢, d RAW 264.7 cells were transfected with NC-
siRNA or caspase-3 siRNA, respectively and then treated with
ATP (2 mM) for 4 h. Cell death was assayed by PI staining. e, f For
NLRP3 knockdown, RAW 264.7 cells were primed with LPS and
then transfected with siRNA. The cells were stimulated with ATP
(2 mM) for 4 h. Cell death was assayed by PI staining. PI-positive
cells in five randomly chosen fields each containing ~ 100 cells were
quantified and shown as histograms. The percentage of lytic cell
death is defined as the ratio of PI-positive cells relative to all cells.
Data are presented as mean+SD (n=35). Statistical significance was
analyzed by Student’s t-test (two tailed). ***P <0.001, ns Not signifi-
cant

study considering that caspase-8 was robustly activated
and that caspase-8 prevents RIPK3-MLKL-dependent
necroptosis [42].

GSDME/DFNAS has recently been identified as a criti-
cal executor of chemotherapy drug-induced pyroptosis/
secondary necrosis owing to the pore-forming activity of
GSDME-NT similar to GSDMD-NT in the plasma mem-
brane [24, 25]. The cleavage of GSDME is mediated by
activated caspase-3, which produces the GSDME-NT frag-
ment thus switching the cell death mode from apoptosis to
pyroptotic cell death in chemotherapy drug-treated cells with
sufficient GSDME expression [24]. Our data are in line with
these studies. We showed that GSDME was constitutively
expressed in macrophages. Corresponding to the activation
of caspase-3, GSDME was cleaved to generate GSDME-
NT fragment (37 kDa) upon ATP stimulation. Accompa-
nied by the activation of caspase-3 and GSDME, lytic cell
death resembling the phenotype of canonical pyroptosis was
observed. However, this phenomenon took place only when
the canonical NLRP3 pathway was blocked, either due to
ASC deficiency (in RAW 2647 cells) or by NLRP3 inhibi-
tion (with MCC950 in BMDMs). Thus, our results suggested
that caspase-3-mediated cleavage of GSDME contributed to
ATP-induced pyroptotic cell death in macrophages with the
NLRP3 pathway being blocked. However, other caspase-3
substrates than GSDME may also be involved in this process
since the inhibition of ATP-induced lytic cell death by cas-
pase-3 knockdown appeared more pronounced than that by
GSDME knockdown (Figs. 5, 6). In support of this notion,
recent study reported that GSDME is dispensable for the
secondary necrosis that follows NLRC4-mediated apoptosis
in macrophages [41]. Further investigation is therefore war-
ranted to clarify this issue.

It is intriguing to learn what the cause was leading to the
activation of caspase-8 and -9. In our study, both intrinsic
(caspase-9) and extrinsic (caspase-8) apoptosis pathways
were activated by ATP in RAW 264.7 cells and MCC950-
treated BMDMs. It is well known that ATP can induce
K* efflux in macrophages [7, 9, 43]. ATP binds to P2X7R
and triggers cation (e.g., Na™ and Ca®") influx resulting in
TWIK2-mediated K* efflux [9]. It has been known that mito-
chondria can sense the perturbation of intracellular K*, lead-
ing to mitochondrial dysfunction and apoptosis [44]. Upon
triggering by ATP, oxidized mitochondrial DNA is released
from mitochondria into the cytosol to bind and activate
NLRP3 inflammasome [45, 46]. Thus, ATP-induced NLRP3
inflammasome activation seems to be downstream of mito-
chondrial dysfunction in macrophages. Under the setting of
NLRP3 pathway blockade, the rapidly occurred NLRP3-
mediated pyroptosis is blocked, whereas mitochondrial
dysfunction may still be able to activate the mitochondrion-
mediated intrinsic apoptosis pathway (indicated by active
caspase-9), since ATP induces loss of inner mitochondrial
membrane potential (loss of which is a surrogate marker
of apoptosis [47]) being independent of both NLRP3 and
caspase-1 [46].

However, it is largely unknown how the extrinsic apop-
tosis pathway (caspase-8) is activated by ATP considering
previous findings that caspase-8 activation requires ASC-
based inflammasome platform [39, 48-50]. Caspase-8 can
be activated via the extrinsic apoptotic pathway in which
ligand binding with death receptors can trigger the forma-
tion of the death receptor complex that activates caspase-8
[42]. However, it has been shown that FAS-mediated activa-
tion of caspase-8 in macrophages and dendritic cells, lead-
ing to the maturation of IL-1p and IL-18, is independent of
the inflammasome components NLRP3 and ASC [51]. In
BMDMs, we found that ATP induced ASC specks which
were co-localized with caspase-8. Blockade of NLRP3 acti-
vation by MCC950 abrogated ASC speck formation, but cas-
pase-8 could still be activated. In ASC-deficient RAW 264.7
cells, caspase-8 was also activated by ATP. These results
suggested that ASC specks were dispensable for caspase-8
activation in our experimental setting. Although previous
studies showed that activated caspase-8 can induce release
of IL-1P [39, 51, 52], we found that ATP induced minimal
release of IL-1f in MCC950-treated BMBMs. One possible
explanation is that MCC950 had prevented the formation of
NLRP3/ASC platform, which may be required for caspase-8
to mediate IL-1p maturation and release. In support of this
notion, MCC950 had been shown to inhibit IL-1f release
concomitant with the loss of ASC speck formation during
BH3-mimetic ABT-737 plus cycloheximide-mediated apop-
tosis [52]. Besides, although both caspase-8 and caspase-9
were activated in our study, further research is needed to
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Fig.6 Gasdermin E (GSDME) knockdown inhibited ATP-induced
lytic cell death. RAW 264.7 cells were transfected with negative con-
trol (NC) siRNA or GSDME-specific siRNA for 48 h. The cells were
then stimulated with extracellular ATP (2 mM) for 4 h. a Cell lysates
was analyzed for the efficiency of GSDME knockdown by western
blotting (left). Actin was used as a loading control. Histograms (right)
show the quantification of GSDME levels relative to actin (n=3). b,
¢ Cell death was assayed by PI staining, and PI fluorescence (red) was
captured by fluorescence microscopy and merged with bright-field
images. PI-positive cells in five randomly chosen fields each contain-
ing~ 100 cells were quantified (b). The percentage of lytic cell death

explore which caspase plays a major role in inducing cas-
pase-3 activation and GSDME-mediated cell death.

On the other hand, although caspase-8 prevents
RIPK3-MLKL-dependent necroptosis [42], emerging evi-
dence suggests that caspase-8 has important roles in inflam-
matory responses in macrophages infected with diverse path-
ogens. When the caspase-1 pathway is blocked or deleted,
caspase-8 activation may serve as a backup mechanism [37,
53]. Recent studies showed that inhibition of TAK1 activity
by Yersinia effector protein YopJ triggers the activation of
caspase-8 leading to GSDMD and GSDME cleavage to elicit
pyroptosis during Yersinia infection [54, 55]. The cleavage
of GSDME is dependent on caspase-3 activation down-
stream of caspase-8 [55]. Therefore, under the conditions
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that canonical inflammasome activation is suppressed by
pathogens [26, 27], such caspase-3-mediated pyroptotic
cell death may still take place as a backup mechanism to
promote innate immune responses against infections. Con-
sistent with this hypothesis, our data indicated that caspase-8
and -3 were activated to elicit GSDME-mediated pyropto-
sis when the NLRP3/ASC pathway was blocked (thus with
caspase-1 activation being blocked). Although our experi-
ments were performed in RAW 264.7 cells in which NLRP3
inflammasome pathway is blocked due to deficiency of a key
component ASC, and in BMDMs treated with MCC950 to
suppress NLRP3 activation, the data is still of interest. ATP
induced the activation of apoptotic caspases including cas-
pase-8/-9/-3 leading to an alternative pyroptosis and release
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Fig.7 Schematic depicting the action mechanisms for induction of
pyroptosis by ATP in bone marrow-derived macrophages (BMDMs)
and RAW 264.7 cell line. In RAW 264.7 cells deficient in ASC,
ATP induced a delayed form of pyroptotic cell death partly reliant

of proinflammatory factors such as HMGB1, corroborating
the possibility to induce robust inflammation. It is therefore
likely that such pyroptosis may intensify innate immunity
of the host to combat against pathogen evasion. Yet, more
investigation especially an appropriate animal model is war-
ranted to verify this hypothesis.

In summary, our study showed that ATP was able to
induce an alternative pyroptosis in macrophages in which
the NLRP3-mediated rapid pyroptosis had been blocked,
highlighting another form of interplay between pyropto-
sis and apoptosis pathways. Considering that ATP is an
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on GSDME cleavage (right panel). In BMDMs, ATP induces rapid
pyroptosis mediated by gasdermin D cleavage, whereas it induced
delayed pyroptosis associated with gasdermin E cleavage when the
canonical NLRP3 pathway has been blocked (left panel)

important DAMP during tissue injury or infections [56], fur-
ther research is warranted to explore the in vivo relevance in
an appropriate animal model of pathogenic infection where
inflammasome activation has been blocked or suppressed.
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