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ABSTRACT Enterovirus 71 (EV71) can cause hand-foot-and-mouth disease (HFMD) in
young children. Severe infection with EV71 can lead to neurological complications and
even death. However, the molecular basis of viral pathogenesis remains poorly under-
stood. Here, we report that EV71 induces degradation of gasdermin D (GSDMD), an es-
sential component of pyroptosis. Remarkably, the viral protease 3C directly targets
GSDMD and induces its cleavage, which is dependent on the protease activity. Further
analyses show that the Q193-G194 pair within GSDMD is the cleavage site of 3C. This
cleavage produces a shorter N-terminal fragment spanning amino acids 1 to 193
(GSDMD1–193). However, unlike the N-terminal fragment produced by caspase-1 cleav-
age, this fragment fails to trigger cell death or inhibit EV71 replication. Importantly, a
T239D or F240D substitution abrogates the activity of GSDMD consisting of amino acids
1 to 275 (GSDMD1–275). This is correlated with the lack of pyroptosis or inhibition of viral
replication. These results reveal a previously unrecognized strategy for EV71 to evade
the antiviral response.

IMPORTANCE Recently, it has been reported that GSDMD plays a critical role in reg-
ulating lipopolysaccharide and NLRP3-mediated interleukin-1� (IL-1�) secretion. In
this process, the N-terminal domain of p30 released from GSDMD acts as an effector
in cell pyroptosis. We show that EV71 infection downregulates GSDMD. EV71 3C
cleaves GSDMD at the Q193-G194 pair, resulting in a truncated N-terminal fragment
disrupted for inducing cell pyroptosis. Notably, GSDMD1–275 (p30) inhibits EV71 repli-
cation whereas GSDMD1–193 does not. These results reveal a new strategy for EV71
to evade the antiviral response.
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Enterovirus 71 (EV71) is a major etiological agent of hand-foot-and-mouth disease
(HFMD) which affects infants and children younger than 5 years of age. Most of

these infections are self-limited with mild symptoms, including fever and vesicular
eruptions mainly on the skin of hands and feet and in the mouth. However, some
patients show severe neurological diseases, including aseptic meningitis, acute flaccid
paralysis, encephalitis, and pulmonary edema. Since it was first isolated in California in
1974 (1–3), EV71 infection has caused many large-scale epidemics in the world,
especially in the Asia-Pacific region (1, 4–6). To date, there are no effective therapeutic
drugs for EV71 infection.

EV71 belongs to the Enterovirus genus of the family Picornaviridae. The viral genome
is approximately 7,500 nucleotides in length, with a single open reading frame that
encodes a large precursor protein that is subsequently processed into three structural
(VP0, VP1, and VP3) and seven nonstructural (2A, 2B, 2C, 3A, 3B, 3C, and 3D) proteins
by the virus-encoded protease 2A or 3C (7). The three structural proteins and the RNA
form provirions, in which VP0 is cleaved into VP2 and VP4 by RNA or 3CD, but the
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molecular mechanism is unclear (8). These proteases are also involved in a number of
biological processes. For example, 2A inhibits interferon (IFN) responses by cleaving
interferon receptor (IFNAR) or mitochondrial antiviral signaling (MAVS) protein (9, 10).
3C induces apoptosis through caspase activation (11) to facilitate viral spread or
pathogenesis. In addition, the 3C protease induces apoptosis by inducing cleavage of
PinX1, an intrinsic telomerase inhibitor, to facilitate EV71 release (12). Other important
roles of 3C are to dampen immune responses by impeding the RIG-I-MAVS interaction
or by cleaving a series of host factors, including TIR domain-containing adaptor
inducing IFN-� (TRIF), interferon regulatory factor 7/9, and TAK1/TAB1/TAB2/TAB3
complex (13–17).

Our previous results showed that NLRP3 inflammasome activation plays a protective
role against EV71 infection in vivo. Conversely, EV71 has developed mechanisms to
antagonize inflammasome activation through cleavage of NLRP3 by the 2A and 3C
proteases (18). The NLRP3 inflammasome is a caspase-1-activating complex, including
NLRP3, ASC, and procaspase-1, which is triggered by most endogenous danger- and
pathogen-associated molecules (19). Activated caspase-1 induces the maturation of
interleukin-1� (IL-1�) and cell pyroptosis. Pyroptosis is a form of programmed necrosis
that features pore formation in the plasma membrane, cell swelling, and lysis and
releases cytoplasmic content to the extracellular environment (20–22). Its initiation
depends on the activation of inflammatory caspases, such caspase-1, caspase-4, and
caspase-5 in humans (23, 24), leading to the release of cytoplasmic contents. Recently,
it has been reported that gasdermin D (GSDMD) mediates pyroptosis, which is cleaved
and activated by caspase-1 and caspase-11 (24–27). The cleaved N-terminal fragment of
GSDMD directly forms pores in the cytoplasmic membrane (28–33). It is believed that
pyroptosis can inhibit and clear intracellular pathogens (34). However, whether viral
replication or viral proteins inhibit pyroptosis is unclear.

Here, we report that EV71 infection decreases the expression of GSDMD. In this
process, 3C directly induces the cleavage of GSDMD at the pair of Q193-G194,
producing a nonfunctional GSDMD fragment consisting of amino acids (aa) 1 to
193 (GSDMD1–193). Importantly, we found that the GSDMD fragment consisting of
aa 1 to 275 (GSDMD1–275) cleaved by caspase-1 inhibited EV71 replication, while
GSDMD1–193 cleaved by 3C did not. These results suggest a previously unrecog-
nized mechanism of EV71 to evade the antiviral response.

RESULTS
EV71 infection induces the degradation of GSDMD. Recently, GSDMD has been

identified as a key determinant of pyroptosis (24–27). To investigate the impact of EV71
infection, we analyzed the expression of GSDMD. THP-1, 293T, and rhabdomyosarcoma
(RD) cells were mock infected or infected with EV71. At different time points postin-
fection, cell lysates were processed for Western blot analysis. As shown in Fig. 1,
GSDMD was expressed in mock-infected THP-1 (Fig. 1A), 293T (Fig. 1B), and RD (Fig. 1C)
cells. EV71 infection induced degradation of GSDMD in these cells. These results show
that EV71 infection downregulates GSDMD.

EV71 3C associates with and cleaves GSDMD in mammalian cells. We along with
others have reported that 3C can mediate cleavage of host factors and affect their
functions (12, 35, 36). To investigate whether EV71 3C targets GSDMD, we conducted
cleavage experiments. 293T cells were transfected with increasing amounts of a
plasmid expressing green fluorescent protein (GFP)-tagged 3C (GFP-3C), along with
a plasmid expressing GSDMD, with a Flag or Myc tag fused at its N or C terminus,
respectively. At 24 h after transfection, cell lysates were processed to detect 3C-
mediated cleavage of GSDMD by Western blotting. We found that smaller protein
bands (about 20 kDa of an N-terminal fragment detected by anti-Flag antibody and 32
kDa of a C-terminal fragment detected by anti-Myc antibody) appeared when GSDMD
was cotransfected with GFP-3C but not with GFP alone (Fig. 2A). These small bands
represent the N-terminal fragment (about 20 kDa) and the C-terminal fragment (about
32 kDa). Under this experimental condition, EV71 2A did not cleave GSDMD (Fig. 2B).
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To explore whether the 3C protease interacts with GSDMD, we performed an
immunoprecipitation assay. 293T cells were transiently transfected with GFP-3C along
with Flag-GSDMD. Cell extracts were immunoprecipitated with anti-Flag antibody,
followed by Western blotting with anti-GFP antibody. As indicated in Fig. 2C, GSDMD
associated with GFP-3C (Fig. 2C, lane 4) but not with GFP (Fig. 2C, lane 3). Taken
together, these results show that 3C protease associates with GSDMD and induces its
cleavage.

The protease activity of 3C is crucial for cleavage of GSDMD. To explore whether
the protease activity of EV71 3C is required for the cleavage of GSDMD, we evaluated
the impact of rupintrivir, which is an inhibitor of 3C protease with a broad spectrum of
activity against picornaviruses (37–39). As shown in Fig. 3A, expression of GFP-3C
resulted in a cleaved GSDMD fragment in the absence of rupintrivir (lane 2). However,
when cells were treated with rupintrivir, the cleavage of GSDMD was blocked (lane 4).

FIG 1 GSDMD is degraded in EV71-infected cells. THP-1, 293T, and RD cells were mock infected or
infected with EV71 at an MOI of 10, 2, and 1, respectively. At the indicated time points, cell lysates were
analyzed by Western blotting with antibodies for GSDMD, EV71, and �-actin.

FIG 2 The 3C but not 2A protease of EV71 cleaves GSDMD. (A) 293T cells were transfected with plasmids
encoding Flag-GSDMD-Myc along with GFP (lane 1) or increasing amounts of GFP-3C (lanes 2 to 5). At
24 h after transfection, the cells were then processed for Western blotting with antibodies, as indicated,
using a Li-Cor Odyssey dual-color system (Li-Cor, Lincoln, NE). Antibodies recognizing Flag-GSDMD-Myc
(Flag, N terminus of GSDMD, 800 nm, green; Myc, C terminus of GSDMD, 680 nm, red) were used. The
merged images of the two channels are shown below (yellow). 3C or GFP was detected by using GFP
antibody. �-Actin was included as a loading control. (B) 293T cells were transfected with plasmids
encoding Flag-GSDMD-Myc along with a control plasmid or pcDNA3.1-IRES-2A plasmid. At 24 h after
transfection, cells were lysed and analyzed by Western blotting. (C) The 3C protease interacts with
GSDMD. 293T cells were transfected with plasmids encoding Flag-GSDMD (lanes 3 and 4), GFP (lanes 1
and 3), or GFP-3C (lanes 2 and 4). The total amount of DNA was kept constant with an empty vector. At
24 h after transfection, cell lysates were immunoprecipitated with anti-Flag antibody. Immunoprecipi-
tates and aliquots of cell lysates were then analyzed by Western blotting. WCL, whole-cell lysates; IB,
immunoblotting.
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The caspase inhibitor Z-VAD (benzyloxycarbonyl-Val-Ala-Asp-fluoromethylketone) had
no effects on 3C-mediated GSDMD cleavage (Fig. 3B), suggesting that the cleavage is
induced by 3C but not by caspases. In order to further verify this issue, we carried out
mutational analysis. His40, Glu71, and Cys147 are key amino acids which form the
catalytic triad of EV71 3C (39). H40D and C147S substitutions in the active site of EV71
3C disrupt the protease activity. As shown in Fig. 3C, wild-type 3C, but not the GFP
control, cleaved GSDMD (lanes 1 and 2). However, neither the H40D nor C147S mutant
cleaved GSDMD, as measured by Western blotting (Fig. 3C, lanes 3 and 4). R84Q or
V154S still cleaved GSDMD (Fig. 3C, lanes 5 and 6). These two mutants are abolished for
the RNA binding activity but not the protease activity of 3C (15). All of these mutants
were expressed at levels comparable to the level wild-type 3C, as determined by
Western blotting (Fig. 3C). Hence, the protease activity of 3C is essential for GSDMD
cleavage.

The Q193-G194 pair is a cleavage site of 3C within GSDMD. In order to identify
the potential cleavage site within GSDMD, we carried out mutational analysis. There are
several glutamines which resemble the Q-G/Q-S sequence of proteolytic sites for the
EV71 3C protease within GSDMD. Based on the sizes of the cleaved bands, the
Q193-G194 and Q335-G336 pairs were tested as the potential cleaved sites for 3C
protease (Fig. 4A). As such, we constructed the two mutants in which Q was replaced
with an A residue. As shown in Fig. 4B, wild-type GSDMD was cleaved by GFP-3C,
resulting in a 20-kDa band representing the N terminus and a 32-kDa band represent-
ing the C terminus of GSDMD (lane 2). However, the Q193A mutant was resistant to
cleavage (Fig. 4B, lane 4); the two major cleaved fragments disappeared when it was
coexpressed with 3C. The Q335A mutant was also cleaved by 3C (lane 6). These results
show that the Q193-G194 pair is a major cleavage site of 3C within GSDMD.

EV71 promotes the cleavage of GSDMD in infected cells. The above data showed
that EV71 induced the degradation of GSDMD in THP-1, 293T, and RD cells (Fig. 1A to
C), but the cleaved fragments were not detectable in our system due to the low
expression level of endogenous GSDMD. To address this issue, a plasmid encoding
Flag-GSDMD-Myc was transfected into 293T cells. The cells were then infected with
increasing doses of EV71. As shown in Fig. 5A, the cleaved fragments of the N terminus
and C terminus were also seen in EV71-infected 293T cells. However, when the Q193A

FIG 3 The protease activity of 3C is needed for cleavage of GSDMD. (A and B) 293T cells were transfected with
plasmids encoding Flag-GSDMD-Myc along with GFP or GFP-3C. At 4 h after transfection, cells were incubated with
the protease inhibitor rupintrivir or caspase inhibitor Z-VAD, as indicated, for 24 h. Cell lysates were then processed
for Western blotting. (C) 293T cells were transfected with plasmids encoding Flag-GSDMD-Myc along with GFP or
GFP-3C variants, as indicated. Cell lysates were subjected to Western blot analysis with antibodies.
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mutant was ectopically expressed in 293T cells, these cleaved fragments disappeared
(Fig. 5B). Since NLRP3 mediates GSDMD cleavage at D275-G276 and GSDMD activation
(25–27), we further evaluated the effect of EV71 3C. As shown in Fig. 5C, in 293T cells
transfected with the inflammasome components, caspase-1 cleaved GSDMD at D275-
G276, resulting in GSDMD1–275 and GSDMD276 – 484. However, addition of GFP-3C
resulted in the shorter N-terminal fragment GSDMD1–193 and the C-terminal fragment
GSDMD194 – 484. Such a shift in the GSDMD cleavage pattern indicates that EV71 3C
precluded GSDMD activation by the inflammasome. Together, these results suggest
that EV71 infection induces cleavage of GSDMD in a 3C-dependent manner.

The cleavage fragment of GSDMD by 3C is unable to induce the pyroptosis.
GSDMD1–275 cleavage by caspase-1 induces pyroptosis by forming a large plasma
membrane pore (28–33). To evaluate the effect of EV71 3C on GSDMD, we assessed the
cell viability and cell death of different cleavage fragments of GSDMD. First, we
constructed the plasmids which express GSDMD1–275 and GSDMD276 – 484, two GSDMD
fragments that mimic cleavage products by caspase-1. In parallel, we constructed
GSDMD1–193 and GSDMD194 – 484, two GSDMD fragments that mimic cleavage by EV71
3C (Fig. 6A). 293T cells were transfected with these constructs individually. Figure 6B
shows that GSDMD1–275 but not wild-type GSDMD induced cell death, with typical
pyroptosis morphological features. However, GSDMD1–193 did not have such an effect.
The same results were observed in cell viability and cell death analyses. GSDMD1–275

triggered pyroptosis (Fig. 6C and D), while other fragments did not. The protein
expression levels were verified by Western blotting (Fig. 6E). However, the expression
level of GSDMD1–275 was not detectable, in agreement with the hypothesis that the
protein might have a toxic effect on the host cell.

Amino acids T239 and F240 are key sites for pyroptosis induced by GSDMD1–275.
Based on the above results, we speculated that GSDMD mediates pyroptosis through
an active motif located between amino acids 193 and 275. To test this, we constructed

FIG 4 The Q193-G194 pair is the site of GSDMD cleavage. (A) Primary sequences of amino acids 187 to
197 or 329 to 339 with GSDMD. In these regions, glutamine was replaced with alanine. (B) 293T cells were
transfected with plasmids encoding wild-type GSDMD or GSDMD variants along with GFP (lanes 1, 3, and
5) or GFP-3C (lanes 2, 4, and 6) as indicated. At 24 h after transfection, cell lysates were subjected to
Western blotting with antibodies against Flag, Myc, GFP, and �-actin.
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the a series of GSDMD deletion mutants (aa 1 to 203, 1 to 213, 1 to 223, 1 to 233, 1 to
243, 1 to 253, and 1 to 263) (Fig. 7A). These mutants were expressed in 293T cells for 24
h. As shown in Fig. 7B, the mutants consisting of aa 1 to 243, 1 to 253, and 1 to 263 could
also induce cell death in 293T cells, in contrast to GSDMD1–275. However, the mutant
constructs consisting of aa 1 to 193, 1 to 203, 1 to 213, 1 to 223, and 1 to 233 could not
induce cell death of 293T cells, indicating that the active site(s) of GSDMD1–275 is located
between amino acids 234 and 243. Similar results were obtained in cell viability and cell
death assays (Fig. 7C and D). Lactate dehydrogenase (LDH) release was detectable in cells
expressing fragments consisting of aa 1 to 243, 1 to 253, 1 to 263, and 1 to 275. Western
blot analysis detected the expression of inactive but not activated mutants (Fig. 7E).

To define the putative activity site(s) of GSDMD1–275, we constructed additional
point mutants, as indicated in Fig. 8A. As shown in Fig. 8B, all of the mutants, except
T239D and F240D, can induce cell death (Fig. 8B), indicating that T239 and F240 are the
critical sites for pyroptosis induced by GSDMD1–275. The same results were noted in cell
viability and cell death assays (Fig. 8C and D). The expression of only these two mutants
can be detected by Western blotting (Fig. 8E). Collectively, these data indicate that the
T239 and F240 residues in GSDMD are critical for cell pyroptosis mediated by the N
terminus of GSDMD.

Amino acids T239 and F240 within GSDMD determine EV71 replication. Finally,
we asked whether GSDMD cleavage by 3C or caspase-1 is linked to EV71 replication.

FIG 5 GSDMD is cleaved in EV71-infected cells. (A and B) 293T cells were transfected with plasmid
encoding GSDMD (A) or GSDMD-Q193A (B) for 24 h. Cells were then mock infected or infected with an
increasing dose of EV71. At 24 h after infection, cell lysates were analyzed by Western blotting using
antibodies against Flag, Myc, EV71, and �-actin. (C) 293T cells were transfected with plasmids encoding
GSDMD, NLRP3, ASC, and procaspase-1 and a plasmid expressing enhanced GFP (PEGFP) or PEGFP-3C.
At 24 h after transfection, cell lysates were subjected to Western blotting.
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Specifically, we transfected plasmids expressing GSDMD variants, including the frag-
ments consisting of aa 1 to 275, 276 to 484, 1 to 193, and 194 to 484, into the RD cells.
The cells were then infected with EV71 for 24 h, and RNA was extracted for real-time
reverse transcription-PCR (real-time RT-PCR) analysis. As shown in Fig. 9A, EV71 repli-
cation decreased in cells transfected with a vector expressing GSDMD1–275 compared to
that in cells with a control vector. However, wild-type GSDMD displayed little effect on
viral replication. Other cleavage fragments of GSDMD had no inhibitory effect on viral
replication. We further evaluated the effects of these fragments on viral production by
plaque assay. As shown in Fig. 9B and C, the results of the plaque assay are consistent
with the data from real-time RT-PCR, with only GSDMD1–275 significantly inhibiting EV71
production. Next, we investigated whether pyroptosis induced by GSDMD1–275 is
important for inhibiting EV71 production. As the T239 and F240 residues are critical
amino acids for cell pyroptosis induced by GSDMD1–275, we examined the effects of the
two mutants T239D and F240D on viral replication, which could not induce pyroptosis.
As illustrated in Fig. 9D, unlike the wild-type GSDMD1–275, neither T239D nor F240D
inhibited viral RNA replication. Similar results were obtained by plaque assay (Fig. 9E).
These results demonstrate that overexpression of GSDMD1–275 inhibits EV71 replication,
which is dependent on its pyroptosis activity. However, GSDMD1–193 cleaved by 3C
cannot inhibit viral production.

DISCUSSION

Several studies have suggested that EV71 suppresses antiviral immunity (9, 10,
13–17). In addition to inhibition of type I IFN induction, EV71 has evolved strategies to
counter inflammasome activation through cleavage of NLRP3 by viral proteases 2A and
3C (18). Although incompletely deciphered, these observations highlight the impor-
tance of inflammatory responses in the control of EV71 infection. In the present studies,
we found that the 3C protein of EV71 targets GSDMD, which is a key effector of
pyroptosis. Notably, EV71 3C mediates specific proteolytic cleavage within GSDMD,
resulting in its inactivation. Our work suggests that the interaction of EV71 3C and
GSDMD is an interface that may determine EV71 replication or pathogenesis.

FIG 6 The cleavage fragments of GSDMD by 3C cannot induce the pyroptosis. (A) Schematic diagrams
of GSDMD deletion mutant cleavage by caspase-1 or 3C protease. (B) Pyroptosis induced by GSDMD
mutants. 293T cells were transfected with Flag-tagged wild-type GSDMD or a cleaved fragment of
GSDMD. FL, full-length. (C and D) Assays for the wild-type or cleaved fragments of GSDMD in pyroptosis
of 293T cells. (E) Expression of GSDMD mutants. ***, P � 0.001.
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EV71 3C is a protease that primarily processes the EV71 precursor protein for
replication. Our experimental data suggest that it also cleaves GSDMD. Therefore,
GSDMD represents a novel cellular target of EV71 3C. In support of this notion, EV71 3C
associated with and cleaved GSDMD when it was expressed in mammalian cells.
Consistently, EV71 induced proteolytic cleavage of GSDMD in infected cells. Indeed,
protease-dead mutants of 3C were unable to mediate GSDMD cleavage whereas
mutants defective in RNA binding functioned effectively. Furthermore, rupintrivir but
not Z-VAD inhibited GSDMD cleavage by EV71 3C. On the other hand, expression of
GSDMD1–275 induced pyroptosis. This occurred in parallel with reduced viral replication.
These results suggest a biological connection of EV71 and pyroptosis.

As a key component in pyroptosis, GSDMD usually stays in an inactive form. Upon
activation by caspases, GSDMD undergoes proteolytic cleavage and releases its
N-terminal domain, GSDMD1–275 (28–32). As a result, this induces pyroptosis by causing
extensive pore formation on the cell plasma membrane (28, 29, 31–33, 40, 41).
Mutational analyses suggest that T239D and F240D substitutions had no effect whereas
T239D and F240D substitutions abrogated GSDMD activity, indicating that T239 and
F240 within GSDMD are essential for inducing pyroptosis. Although the underlying
mechanism is unknown, we suspect that the region with T239 and F240 likely serves as
a functional motif. An attractive possibility is that it may be involved in oligomerization
of GSDMD. Alternatively, this motif may be required for membrane insertion of GSDMD.
Additional work is needed to test these possibilities.

It is noteworthy that EV71 3C mediates GSDMD cleavage at the Q193-G194 pair. We
found that a mutation in an additional potential site, as represented by the Q335A
substitution, had no visible effect on GSDMD cleavage. Therefore, EV71 3C appears to
have a single cleavage site within GSDMD. Interestingly, when expressed in mammalian
cells, EV71 3C induced a 20-kDa protein fragment, GSDMD1–193. However, unlike the
GSDMD1–275 that mimics the cleavage product of caspases (aa 1 to 275), this fragment

FIG 7 The domain spanning amino acids 234 to 243 is a determinant for GSDMD-mediated pyroptosis. (A)
Schematic diagrams of deletion mutants of GSDMD. (B) Pyroptosis induced by deletion mutants of the N terminus
of GSDMD. (C and D) Assays for wild-type GSDMD and its variants in pyroptosis of 293T cells. (E) Expression of
GSDMD and the N terminus of GSDMD and its deletion mutants. **, P � 0.01; ***, P � 0.001.
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failed to induce pyroptosis or reduce viral replication. This is attributable to the
elimination of the functional motif from GSDMD by EV71 3C. Collectively, these results
support the argument that cleavage at the Q193-G194 pair by EV71 3C is a viral
mechanism to perturb pyroptosis mediated by GSDMD. Future work will investigate its
role in viral pathogenesis.

MATERIALS AND METHODS
Cells and viruses. Human rhabdomyosarcoma (RD) cells and embryonic kidney HEK-293T cells were

cultured in Dulbecco’s modified Eagle’s medium (DMEM; Gibco), supplemented with 10% heated-
inactivated fetal bovine serum (FBS), 100 U/ml penicillin, and 100 �g/ml streptomycin. Human monocytic
leukemia THP-1 cells were cultured in RPMI 1640 medium contained 10% heated-inactivated fetal bovine
serum (FBS; HyClone, Logan, UT). For EV71 infection of THP-1 cells, phorbol 12-myristate 13-acetate
(PMA)-differentiated THP-1 macrophages were used. To make macrophages, THP-1 cells were differen-
tiated by exposure to 200 ng/ml PMA (Sigma-Aldrich, St. Louis, MO, USA) for 12 h. The medium was
replaced, and the cells were allowed to recover for 24 h. Then the cells were used for infection. All of
these cells were purchased from the ATCC and cultured at 37°C in a 5% CO2 humidified atmosphere.
Enterovirus 71 infection was carried out as described previously (15–17).

Plasmids and antibodies. The plasmid expressing GSDMD was purchased from OriGene. The
variants were constructed by site-directed mutagenesis using PFU DNA polymerase (Stratagene, La Jolla,
CA). First, three plasmids encoding full-length GSDMD were constructed with different tags added,
including the Flag tag at the N terminus, the Myc tag at the C terminus, or a Flag tag and Myc tag located
at the N terminus and C terminus of GSDMD, respectively. Then, the deletion mutants (including
fragments of aa 1 to 275, 276 to 484, 1 to 193, and 194 to 484) were constructed based on the full-length
GSDMD plasmid. The deletion mutants (including fragments of aa 1 to 203, 1 to 213, 1 to 223, 1 to 233,
1 to 243, 1 to 253, and 1 to 263) and point mutants (including D234K, K235D, K236D, Q237D, R238D,
T239D, F240D, Q241D, P242D, and P243D) of the fragment of aa 1 to 275 were constructed based on the
plasmid containing the fragment of aa 1 to 275. All of these mutants were verified by nucleotide
sequencing analysis.

Antibodies against Flag, Myc, GFP, and �-actin were purchased from Sigma (St. Louis, MO). Mouse
anti-enterovirus 71 was purchase from Chemicon (Billerica, MA). Rabbit anti-GSDMD (G7422) was
purchased from Sigma.

Cell cytotoxicity and viability assay. Cell death and cell viability were analyzed by using a CytoTox
96 nonradioactive cytotoxicity assay kit (G1780) and a CellTiter-Glo luminescent cell viability assay
(G7571) according to the manufacturer’s instructions.

FIG 8 The T239 and F240 amino acids of the N terminus of GSDMD are necessary for its induced pyroptosis. (A)
Primary sequences of amino acids 234 to 243 within the N terminus of GSDMD. In this region, each amino acid was
replaced with aspartic acid. (B) Pyroptosis induced by point mutants of the N terminus of GSDMD. (C and D) Assays
of the wild-type GSDMD, GSDMD1–275, and GSDMD1–275 point mutants in pyroptosis of 293T cells. (E) Expression of
GSDMD, GSDMD1–275, and the GSDMD1–275 point mutants. ***, P � 0.001.
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Real-time reverse transcription-PCR. As for RD cells, at 24 h after transfection, cells were mock
infected or infected with EV71 at a multiplicity of infection (MOI) of 1 PFU per cell. After 24 h, the medium
was discarded, and total RNA was extracted from cells by using TRIzol reagent (Invitrogen, Carlsbad, CA).
The concentration of samples was measured by a NanoDrop instrument (ND-1000). The samples were
treated with DNase I (Pierce, Rockford, IL), and reverse transcription was carried out using a Superscript
cDNA synthesis kit (Invitrogen) according to the manufacturer’s instructions. cDNA samples were
subjected to real-time PCR by using SYBR green. Results are reported as fold change using the ΔΔCT

(where CT is threshold cycle) method.
Western blot analysis. Cells were collected by centrifuging at 5,000 rpm for 5 min at 4°C and lysed

in radioimmunoprecipitation assay (RIPA) buffer containing 150 mM NaCl, 25 mM Tris (pH 7.4), 1% NP-40,
0.25% sodium deoxycholate, and 1 mM EDTA with protease inhibitor cocktail (Roche, Indianapolis, IN).
The lysates were centrifuged at 16,000 � g for 10 min at 4°C. Cell lysates were electrophoresed on
SDS-PAGE gels and transferred to a nitrocellulose membrane (Pall, Port Washington, NY). The membranes
were blocked with 5% nonfat dry milk and then probed with the primary antibodies indicated in the
figures at 4°C overnight. The membranes were incubated with the corresponding IRDye Fluor 800-
labeled IgG or IRDye Fluor 680-labeled IgG secondary antibody (Li-Cor, Inc., Lincoln, NE) and scanned by
using an Odyssey infrared imaging system at a wavelength of 700 to 800 nm and analyzed with Odyssey
software.

Immunoprecipitation. Transfected cells were lysed with RIPA buffer, and then lysates were incu-
bated with anti-Flag antibody (Sigma, St. Louis, MO) in 500 �l of RIPA buffer at 4°C overnight on a rotator

FIG 9 The effect of GSDMD mutations on EV71 replication. (A) RD cells transfected with plasmids
encoding GSDMD and its variants as indicated. An empty vector was used as a control. At 24 h after
transfection, cells were infected with EV71. After 24 h, total RNA was extracted, and the viral RNA levels
of EV71 were evaluated by quantitative real-time PCR using SYBR green. Data are expressed as fold
change of the EV71 mRNA level relative to that of the control vector. (B and C) RD cells were treated as
described in panel A. Then plaque assays of viruses were performed on RD cells at 37°C. Monolayers were
stained with crystal violet at 72 h postinfection. Data shown are representative of three independent
experiments. (D) The effects of GSDMD1–275 point mutants on EV71 replication. RD cells were transfected
with plasmids as indicated. At 24 h after transfection, cells were infected with EV71. After 24 h, the viral
RNA levels were detected by real-time RT-PCR as described in for panel A. (E) Plaque assay of viral growth.
**, P � 0.01; ***, P � 0.001.
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in the presence of protein A/G-agarose beads (Santa Cruz Biotechnology, Santa Cruz, CA). The next day,
immunocomplexes captured on the beads were washed and analyzed by Western blotting.

Plaque assay. RD cells (2 � 105 per well) were seeded in 24-well plates with growth medium
(DMEM–10% FBS). The next day, growth medium was removed, and 200 �l of serial dilutions of EV71
stocks was added to wells (virus stock was serially diluted by 1:10). Then the 24-well plates were
incubated at 37°C for 2 h. One milliliter per well of 1.2% Avicel (R-591; FMC) (one volume of 2.4% Avicel
with the same volume of 2� DMEM) overlay medium was added to the plate (42). After 72 h, cells were
fixed and stained with crystal violet.

Statistics. A two-tailed Student’s t test was used for two-group comparisons. P values of �0.05,
�0.01, and �0.001 were considered significant.
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