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Impaired NLRP3 inflammasome activation/pyroptosis leads
to robust inflammatory cell death via caspase-8/RIPK3

during coronavirus infection
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Coronaviruses have caused several zoonotic infections in the
past two decades, leading to significant morbidity and mortality
globally. Balanced regulation of cell death and inflammatory
immune responses is essential to promote protection against co-
ronavirus infection; however, the underlying mechanisms that
control these processes remain to be resolved. Here we demon-
strate that infection with the murine coronavirus mouse hepati-
tis virus (MHV) activated the NLRP3 inflammasome and
inflammatory cell death in the form of PANoptosis. Deleting
NLRP3 inflammasome components or the downstream cell
death executioner gasdermin D (GSDMD) led to an initial
reduction in cell death followed by a robust increase in the inci-
dence of caspase-8— and receptor-interacting serine/threonine-
protein kinase 3 (RIPK3)-mediated inflammatory cell death
after coronavirus infection. Additionally, loss of GSDMD pro-
moted robust NLRP3 inflammasome activation. Moreover, the
amounts of some cytokines released during coronavirus in-
fection were significantly altered in the absence of GSDMD.
Altogether, our findings show that inflammatory cell death,
PANoptosis, is induced by coronavirus infection and that
impaired NLRP3 inflammasome function or pyroptosis can lead
to negative consequences for the host. These findings may have
important implications for studies of coronavirus-induced
disease.

Coronaviruses are single-stranded positive sense RNA
viruses with a wide range of hosts (1). Four coronavirus genera
(alpha, beta, gamma, and delta) have been identified based on
their genetic and serologic properties. Two members of the
betacoronavirus genera, severe acute respiratory syndrome-
associated coronavirus (SARS-CoV) and Middle East respira-
tory syndrome-associated coronavirus (MERS-CoV), have
caused zoonotic events in the recent past (2). Now, a new mem-
ber of the betacoronavirus genera, SARS-CoV-2, which was
first isolated in Wuhan, China in 2019, has emerged and is
causing a pandemic (3). SARS-CoV-2 infection leads to corona-
virus disease 2019 (COVID-19), which is most often a mild to
moderate respiratory illness with symptoms including fever, fa-
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tigue, and dry cough (4). However, patients can develop severe
COVID-19 with acute respiratory distress syndrome and pres-
ent with acute lung damage (5-7). Furthermore, cytokine
storm has been suggested to be involved in the pathogenesis of
severe and critical cases (8—10). Many cytokines, including
proinflammatory cytokines and chemokines, have been found
to be increased after SARS-CoV-2 infection (9, 11). Some of
them, such as tumor necrosis factor (TNF) and IL-6, are corre-
lated with disease development (8, 9, 12). Despite these find-
ings, little is known about what cellular and molecular mecha-
nisms contribute to the lung damage and determine the onset
of cytokine storm in response to SARS-CoV-2 infection.

With other infectious respiratory RNA viruses such as influ-
enza A virus (IAV) and MERS, studies have shown that aber-
rant programmed cell death may be a critical driver of organ
failure and overt cytokine release in severe cases (13—16). Pro-
grammed cell death is a genetically encoded, actively controlled
cellular process for the targeted removal of redundant, irrever-
sibly damaged, and/or potentially deleterious cells (17). Among
the programmed cell death pathways, apoptosis, pyroptosis,
and necroptosis have been the best characterized and function
during organismal development and infection. Apoptosis is a
caspase-8/10— or -9—dependent form of cell death that is exe-
cuted by caspase-3 and -7 (18, 19). Pyroptosis is executed by
gasdermin family members (20), which can be activated
through inflammasome activation-mediated caspase-1 cleav-
age of gasdermin D (GSDMD); caspase-11/4/5— or caspase-8—
mediated cleavage of GSDMD; caspase-3—mediated cleavage of
GSDME; or granzyme A-mediated cleavage of GSDMB (21—
27). Necroptosis is characterized by RIPK3-activated MLKL
oligomerization to mediate cell death (28). Numerous patho-
gens induce at least one of these three programmed cell death
pathways during infection. Some pathogens, such as IAV and
vesicular stomatitis virus (VSV), can even induce all three in
the same cell population through a process termed PANoptosis
(29, 30).

The concept of PANoptosis was established based on our
studies that have identified cross-talk between the inflamma-
some/pyroptosis and apoptosis and necroptosis (29-40, 94).
PANoptosis is a unique inflammatory programmed cell death
regulated by the PANoptosome, which provides a molecular
scaffold that allows for interactions and activation of the
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machinery required for inflammasome/pyroptosis (such as
NLRP3, ASC, caspase-1), apoptosis (caspase-8), and necropto-
sis (RIPK3/RIPK1) (29, 34, 37, 38). The ability of these mole-
cules to interact allows for intricate coregulation between cell
death pathways that had previously been thought to be inde-
pendent. PANoptosis has been implicated in infectious and
autoinflammatory diseases, cancer, and beyond (29, 30, 32, 34,
35, 37,40, 94). This process can trigger the release of proinflam-
matory cytokines and damage-associated molecular patterns,
which lead to robust inflammation (29, 38). Therefore, dysregu-
lation of these pathways can be detrimental to the host during
infection.

Sporadic studies have demonstrated that betacoronavirus
proteins or infection with full virus can induce apoptosis,
pyroptosis, and necroptosis in specific cell types. In HEK293T
cells, ORF-3a of SARS-CoV activates necroptosis (in RIPK3-
reconstituted cells) (16) or caspase-1 (in inflammasome com-
ponent—reconstituted cells) (16, 41), suggesting the capacity of
SARS-CoV to activate pyroptosis. Furthermore, transfection
assays indicate that ORF-8b (42) and ORF-3a (41) of SARS-
CoV can activate the NLRP3 inflammasome in THP1 cells. In
addition, the ion channel activity of the SARS-CoV envelope
(E) protein has been shown to contribute to IL-18 release in
vivo after SARS-CoV infection (43—45), suggesting an essential
role for the E protein in regulating SARS-CoV-induced inflam-
masome activation. This role is further supported by work
showing that transfection of the SARS-CoV E protein into Vero
E6 cells reconstituted with inflammasome components leads to
IL-1 release (46). Moreover, MERS and mouse hepatitis virus
(MHYV), another betacoronavirus, have also been shown to acti-
vate apoptosis (15, 47) and induce IL-1p release (48, 49), sug-
gesting the activation of the inflammasome and cell death path-
ways. However, the mechanistic details of the cell death
induced by coronaviruses and the functional consequences of
this cell death have not been elucidated.

Understanding how coronaviruses activate cell death and
how host factors regulate coronavirus-induced cell death and
proinflammatory cytokine expression is key to identifying
effective treatment strategies. In this study, we used the mouse
coronavirus MHV to systematically assess coronavirus-induced
cell death. MHYV is the prototypical laboratory coronavirus and
has been used to guide our understanding of coronavirus
immune responses (50). By infecting cells lacking one or more
specific programmed cell death pathway, we evaluated the cell
death and inflammatory cytokine release to examine the mech-
anistic details of these pathways. Our results highlight the role
of cell death pathways in coronavirus infection.

Results
Coronavirus infection induces PANoptosis

To systematically investigate the programmed cell death
pathways induced by coronavirus infection, we infected bone
marrow—derived macrophages (BMDMs) from mice with
strain A59 of MHV and monitored the effects on cell death
pathways. We found that caspase-1 was cleaved after MHV
infection, indicating that inflammasome activation was occur-
ring (Fig. 1A). Additionally, pyroptosis was induced by MHV
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infection, as evidenced by the presence of the p30 cleaved frag-
ment of GSDMD (Fig. 1A4). Consistent with previous reports
(47, 51), MHV infection also triggered apoptosis, as indicated
by the cleavage of caspase-8, -7, and -3 (Fig. 14). Previous stud-
ies have shown that caspase-3 or -7 activation can inactivate
GSDMD by processing it to produce a p20 fragment (52, 53). In
line with this, a p20 band of GSDMD was observed in MHV-
infected cells (Fig. 14). Moreover, phosphorylated MLKL was
detected in MHV-infected cells, suggesting that MHV could
also induce necroptosis. Together, these data indicate that, sim-
ilar to what we have shown previously with IAV and VSV (29,
30), MHV can induce PANoptosis.

To monitor the kinetics of cell death in response to MHV
infection, we used the nucleic acid stain SYTOX Green and
investigated cell death in real-time. It is known that the spike
protein of coronaviruses can mediate viral entry into infected
cells and also induce syncytia during the infection (54—56). Syn-
cytia formation was observed following MHV infection, and
the number of dead cells gradually increased over time (Fig. 1,
B and C). In addition, we also evaluated cytokine release from
the infected cells. In line with the cleavage of caspase-1, which
indicated inflammasome assembly, the downstream cytokines
IL-1B and IL-18 were detected, and their concentrations gradu-
ally increased in the supernatants of infected cells over time
(Fig. 1D). Other proinflammatory cytokines like IL-6 and TNF
were also detected (Fig. 1D), indicating that MHV infection can
induce inflammatory responses. Taken together, these data
show that coronavirus infection can initiate PANoptosis and
trigger inflammatory responses.

Pyroptosis deficiency leads to increased cell death after
coronavirus infection

In response to canonical inflammasome triggers, GSDMD is
processed by caspase-1, resulting in the release of the N termi-
nus of GSDMD to form pores in the cell membrane (22, 25, 57,
58). The GSDMD pore can initiate pyroptotic cell death and
also facilitates the release of active inflammasome-dependent
cytokines IL-18 and IL-18 (21, 59). To investigate the impor-
tance of inflammasome activation and GSDMD-mediated
pyroptosis in MHV-induced cell death, we infected BMDMs
deficient in caspase-1/11 or GSDMD. At 8 h post-infection, de-
letion of caspase-1/11 or GSDMD resulted in a decrease in cell
death (Fig. 2A4). Counterintuitively, deleting caspase-1/11 or
GSDMD led to substantially increased cell death in response to
MHYV infection compared with the cell death in WT cells at 14
h post-infection (Fig. 24). By contrast, cell death induced by
IAV, another respiratory infectious RNA virus, or VSV, a sin-
gle-stranded RNA virus, was not affected in BMDMs lacking
caspase-1/11 or GSDMD early or later in infection (Fig. 2, B
and Cand Fig. S1, A and B), suggesting that losing caspase-1/11
or GSDMD specifically affects coronavirus-induced cell death.
In line with this, activation of caspase-8, -7, and -3 and phospho-
rylation of MLKL was greatly increased after MHV infection in
cells lacking caspase-1/11 or GSDMD compared with their acti-
vation in WT cells (Fig. 2D). These data suggest that without a
functional inflammasome or GSDMD-mediated pyroptosis,
MHYV tends to induce more apoptosis and necroptosis. Of note,
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Figure 1. Coronavirus infection induces PANoptosis (pyroptosis, apoptosis, and necroptosis). A, immunoblot analysis of pro- (p45) and cleaved CASP1
(p20), pro- (p53), activated (p30), and inactivated (p20) GSDMD, pro- (p55) and cleaved CASP8 (p18), pro- (p35) and cleaved CASP7 (p19), pro- (p35) and
cleaved CASP3 (p17), and phosphorylated MLKL (pMLKL) in BMDMs after MHV infection for 12 h. Actin was used as the internal control. B, real-time analysis of
cell death in BMDMs using the IncuCyte imaging system and SYTOX Green nucleic acid staining after infection with MHV. Results at the indicated time points
are shown. The red denotes the dead cells counted during the analysis. Scale bar, 50 pm. C, quantification of the cell death observed in (B). D, IL-1, IL-18, IL-6,
and TNF release from BMDMs infected with MHV at the indicated time points. Data are representative of at least three independent experiments. Data are
shown as mean = S.E. (error bars) (C and D). *p < 0.05; ***p < 0.001; and ****p < 0.0001 (one-way ANOVA); ns, not significant; hpi, hours post-infection.

despite the robust cell death in caspase-1/11—deficient cells, no
increase in the presence of the p30 fragment of GSDMD, which is
responsible for executing pyroptosis, was detected after MHV
infection (Fig. 2D). These results indicate that the pyroptotic
product of GSDMD is processed by caspase-1/11 during MHV
infection at the time point tested.

In addition to GSDMD, other host factors are also able to
mediate pore formation leading to cell death, including
MLKL, which can form pores to initiate necroptosis (28), and
GSDME, which can be activated by caspase-3 to induce pyrop-
tosis (26, 60). To investigate whether these two pore-forming
proteins function similarly to GSDMD in the context of coro-
navirus infections, we infected Mikl~'~ or Gsdme™'~ BMDM:s
with MHV. We found a slight decrease in MHV-induced cell
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death in the Miki™'~ or Gsdme '~ BMDMs compared with
WT cells (Fig. S2A). Molecularly, we found that MLKL may
play a role in promoting MHV-induced inflammasome as-
sembly, as evidenced by reduced caspase-1 activation in the
MIkI™'™ cells (Fig. S2B). Whereas apoptosis markers were
comparable between WT and Miki~’~ cells, the amount
of the p30 fragment of GSDMD detected was reduced in
MIkI™'~ cells, which is consistent with the levels of activated
caspase-1, suggesting that activation of GSDMD-mediated
pyroptosis during MHYV infection depends on caspase-1 (Fig.
S2B). GSDME deficiency had no impact on GSDMD activa-
tion, and apoptosis and necroptosis were not impaired in
GSDME-deficient cells compared with WT after MHV infec-
tion (Fig. S2C).
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Figure 2. Pyroptosis deficiency leads to increased cell death after coronavirus infection. A, real-time analysis of cell death in BMDMs using the IncuCyte
imaging system and SYTOX Green nucleic acid staining after infection with MHV. Quantification (left) and images (right) of the cell death at the indicated time
points are shown. The red in cell death images denotes the dead cells counted during the analysis. Scale bar, 50 pum. B and C, real-time analysis of cell death in
BMDM:s using the IncuCyte imaging system and SYTOX Green nucleic acid staining after infection with IAV (B) or VSV (C). D, immunoblot analysis of pro- (p45)
and cleaved CASP1 (p20), pro- (p53), activated (p30), and inactivated (p20) GSDMD, pro- (p55) and cleaved CASP8 (p18), pro- (p35) and cleaved CASP7 (p19),
pro- (p35) and cleaved CASP3 (p17), and pMLKL in BMDMs after MHV infection for 12 h. GAPDH was used as the internal control. Data are shown as mean = S.
E. (error bars) (A-C). *p < 0.05 and ****p < 0.0001 (one-way ANOVA). Data are representative of at least three independent experiments. ns, not significant; hpi,

hours post-infection.

Together, these data suggest that inflammasome activation
and GSDMD-mediated pyroptosis play a critical role in inhibi-
ting coronavirus-induced apoptosis and necroptosis and that
loss of the inflammasome/GSDMD pathway results in robust
cell death.

Loss of the NLRP3 inflammasome lead:s to increased
apoptosis and necroptosis

Some coronavirus proteins and certain coronaviruses are
known to initiate NLRP3 inflammasome assembly (41, 42, 48,
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61). However, whether they can induce the activation of other
inflammasomes has not been examined. To investigate this, we
infected cells deficient in NLRP3, AIM2, NLRC4, or caspase-11
with MHV. We observed that NLRP3 deficiency completely
abolished caspase-1 activation following MHV infection, while
deleting AIM2, NLRC4, or caspase-11 did not impair MHV-
induced caspase-1 activation (Fig. 3A4). Given that NLRP3 in-
flammasome activation requires a priming signal to up-regulate
the expression of NLRP3, we checked NLRP3 protein levels fol-
lowing MHYV infection and found that NLRP3 expression was
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Figure 3. Loss of the NLRP3 inflammasome leads to increased apoptosis and necroptosis. A, immunoblot analysis of pro- (p45) and cleaved CASP1
(p20), pro- (p53), activated (p30), and inactivated (p20) GSDMD, pro- (p55) and cleaved CASP8 (p18), pro- (p35) and cleaved CASP7 (p19), pro- (p35) and
cleaved CASP3 (p17), and pMLKL in BMDMs after MHV infection for 12 h. GAPDH was used as the internal control. B, real-time analysis of cell death in BMDMs
using the IncuCyte imaging system and SYTOX Green nucleic acid staining after infection with MHV. Quantification of the cell death at the indicated time
points is shown. C, representative cell death images from (B) are shown. The red denotes the dead cells counted during the analysis. Scale bar, 50 um. Data are
shown as mean = S.E. (error bars) (B). Significant differences compared with WT are denoted as ***p < 0.001 and ****p < 0.0001 (one-way ANOVA). Data are

representative of three independent experiments. hpi, hours post-infection.

increased after MHV infection (Fig. S3). It was previously
shown that MyD88 is necessary for TNF and IL-6 release in
response to MHV infection (62), suggesting that MyD88 is
required to prime the inflammatory response. Consistent with
this, cells lacking MyD88 showed impaired NLRP3 expression
after MHYV infection (Fig. S3), indicating that MyD88 is essen-
tial for the priming of the MHV-induced NLRP3 inflamma-
some. These findings suggest that MHV infection specifically
induces the NLRP3 inflammasome. The reduced caspase-1
cleavage was further supported by impaired GSDMD cleavage
to form the p30 fragment in MHV-infected Nlrp3~' " cells (Fig.
3A), suggesting pyroptosis was not executed. By contrast,
AIM2-, NLRC4—, and caspase-11—deficient BMDMs showed
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similar pyroptotic GSDMD cleavage when compared with WT
BMDMs (Fig. 34). These data indicate that at the time point
tested, MHV-induced GSDMD activation depends on the
NLRP3 inflammasome.

Given that both caspase-1/11 and NLRP3 are required for
GSDMD cleavage, and caspase-1/11—-deficiency led to in-
creased cell death similar to that observed in GSDMD-deficient
cells after MHYV infection (Fig. 2A4), we investigated whether
NLRP3 functions similarly to caspase-1 during MHV infection.
We found that, similar to what we observed in caspase-1/11—
deficient cells, the activation of caspase-8, -7, and -3 and MLKL
was markedly increased in MHV-infected Nirp3 ™'~ cells com-
pared with WT cells (Fig. 34). By contrast, MHV-induced
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apoptosis and necroptosis activation were not increased in
Aim2~'", Nirc4~'~, or Casp11~'~ cells (Fig. 3A). In line with
the cell death markers, quantitatively, more cell death was
observed in MHV-infected Nirp3~'~ cells compared with WT
cells at 14 h post-infection following the initial slight reduction
at 8 h (Fig. 3, B and C and Fig. S2A). In the absence of AIM?2,
NLRC4, or caspase-11, MHV-induced cell death was not signif-
icantly affected (Fig. 3, B and C), further supporting the unique
role of NLRP3 during coronavirus infection. We also noted that
the increase in cell death corresponded to a decrease in MHV
viral replication, because cells deficient in NLRP3, caspase-1, or
GSDMD had reduced virus titers compared with that of WT
cells (Fig. S4).

To confirm the role of the other inflammasome compo-
nents during MHV infection, we evaluated ASC- and caspase-
1—deficient cells. Consistent with the function of NLRP3,
deleting caspase-1 or ASC increased cell death at 14 h post-
infection (Fig. S2A). We consistently observed that there was
more cell death in the WT cells at around 8 h post-infection
than in cells lacking NLRP3, ASC, caspase-1, or GSDMD (Fig.
3, Band C and Fig. S2A), suggesting that early cell death dur-
ing MHYV infection is largely caused by inflammasome-medi-
ated pyroptosis.

Taken together, these data imply that coronaviruses specifi-
cally activate the NLRP3 inflammasome, which supports viral
replication, and that GSDMD activation during coronavirus
infection depends on NLRP3 inflammasome assembly.

Increased cell death in the absence of NLRP3/pyroptosis
depends on caspase-8 and RIPK3

We have previously shown that IAV- and VSV-induced
PANoptosis activation completely (IAV) or heavily (VSV)
depend on caspase-8 and RIPK3 (29, 30). Consistent with these
previous results, we again observed IAV- and VSV-induced cell
death were abolished or dramatically reduced, respectively, in
Casp8~ '~ Ripk3~'" cells (Fig. S1, A and B). We then investi-
gated whether Casp8 ™'~ Ripk3™' cells have a similar pheno-
type following MHV infection. While Caspl ™'~ Casp11~'~ and
Gsdmd ™'~ cells showed robust cell death at 14 h after MHV
infection, RIPK3 deficiency slightly decreased MHV-induced
cell death, and cell death in Casp8™ '~ Ripk3~'~ cells was much
less than that in WT cells (Fig. 4, A and B). Furthermore, delet-
ing caspase-8 and RIPK3 can block the increase in cell death
caused by the loss of caspase-1/11 in response to MHV infec-
tion (Fig. 4, A and B). These observations suggest that MHV-
induced cell death largely depends on caspase-8 and RIPK3.
Additionally, we also observed consistently increased activation
of caspase-8, -7, and -3 and MLKL in cells deficient in caspase-
1/11 or GSDMD, whereas there was little activation of the
inflammasome (caspase-1), pyroptosis (GSDMD), apoptosis
(caspase-8, -7, and -3), or necroptosis (pMLKL) detected in
Casp8~'~Ripk3~'~ cells (Fig. 4C), further supporting the criti-
cal role of caspase-8 and RIPK3 in MHV-induced cell death.
In sum, these data suggest that coronavirus-induced cell death
predominantly signals through caspase-8 and RIPK3 together,
whereas GSDMD activation can inhibit caspase-8— and
RIPK3-mediated cell death.
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GSDMD deficiency affects cytokine release in response to
MHYV infection

Given that the loss of GSDMD had remarkable effects on
MHV-induced inflammatory cell death, we investigated
whether this loss would also affect MHV-induced cytokine
release. Consistent with the remarkably increased caspase-1
activation in Gsdmd ™'~ cells, IL-1 B and IL-18 levels were sig-
nificantly higher in Gsdmd '~ cells than in WT cells follow-
ing MHYV infection (Fig. 5, A and B), indicating that blocking
GSDMD alone cannot suppress inflammasome-dependent
cytokine release and instead promotes this release during co-
ronavirus infection.

It has been recently suggested that cytokine storm contrib-
utes to disease development during SARS-CoV-2 infection (10,
63), but little is known about how these cytokines become dys-
regulated in patients with severe or critical disease. Several
cytokines including IL-6, TNF, G-CSF, GM-CSF, IP-10, and
MIP-1a have been found to be increased following SARS-CoV-
2 infection and correlate with COVID-19 development (8, 9,
12). We therefore examined whether deleting GSDMD would
affect the release of these proinflammatory cytokines or che-
mokines during MHYV infection. We found that the levels of IL-
6, TNF, G-CSF, GM-CSF, IP-10, and MIP-1a were greatly
increased in the supernatant of MHV-infected cells at 12 h
post-infection (Fig. 5, C—H). Remarkably, loss of GSDMD sig-
nificantly increased the release of IL-6, GM-CSF, IP-10, and
MIP-1« in response to MHV infection (Fig. 5, C—H). These
results suggest that impairing GSDMD function could affect
both inflammasome-related and nonrelated cytokine release,
showing that GSDMD has a significant impact on coronavirus-
induced cytokine release.

Discussion

In this study, we systematically investigated cell death and
inflammasome activation and found that coronavirus infec-
tion activated PANoptosis and specifically induced NLRP3
inflammasome assembly. Deleting components of the NLRP3
inflammasome, i.e. NLRP3, ASC, or caspase-1, resulted in a
substantial increase in apoptosis and necroptosis beyond 8 h
of infection. The increased cell death was likely a result of the
loss of GSDMD activation, because cells lacking GSDMD
showed a similar phenotype. Our data suggest that GSDMD
inhibits coronavirus-induced cell death. The underlying
mechanism by which GSDMD mediates the inhibition is
unknown, but this phenotype is uncommon. In the case of
the classical inflammasome triggers, deleting inflammasome
components or GSDMD causes a delay and a reduction in cell
death compared with the cell death in WT cells (22, 64, 65).
Additionally, in the case of two other RNA viruses we tested,
IAV and VSV, which are both known to activate PANoptosis,
neither showed increased cell death in caspase-1/11- or
GSDMD-deficient cells after infection. Within the gasder-
min family, GSDME has also been shown to be critical in
mediating pyroptosis in macrophages (52). However, deleting
GSDME had little effect on the induction of coronavirus-
induced PANoptosis. Similar results were observed with
MLKL-deficient cells. These data indicate that GSDMD plays
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Figure 4. Increased cell death in the absence of NLRP3/pyroptosis depends on caspase-8 and RIPK3. A, real-time analysis of cell death in BMDMs using
the IncuCyte imaging system and SYTOX Green nucleic acid staining after infection with MHV. Quantification of the cell death at the indicated time points is
shown. B, representative cell death images from (A) are shown. The red denotes the dead cells counted during the analysis. Scale bar, 50 pm. C, immunoblot
analysis of pro- (p45) and cleaved CASP1 (p20), pro- (p53), activated (p30), and inactivated (p20) GSDMD, pro- (p55) and cleaved CASP8 (p18), pro- (p35) and
cleaved CASP7 (p19), pro- (p35) and cleaved CASP3 (p17), and pMLKL in BMDM:s after MHV infection for 12 h. GAPDH was used as the internal control. Data
are shown as mean = S.E. (error bars) (A). Significant differences compared with WT are denoted as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001
(one-way ANOVA). Data are representative of at least three independent experiments. hpi, hours post-infection.

a unique role in addition to mediating pyroptosis during co-
ronavirus infection. It was noteworthy that we observed a
clear transition in cell death over the time course of MHV
infection; NLRP3—-, caspase-1/11-, or GSDMD-deficient
cells showed much less cell death compared with WT cells at
around 8 h post-infection, but then exhibited greatly elevated
cell death at later times. These data suggest that early during
infection, the coronavirus induced the activation of the
NLRP3 inflammasome and GSDMD. The activated GSDMD
then controlled the induction of other forms of coronavirus-
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induced cell death to prevent dysregulated cell death from
occurring, and this dysregulated cell death was detrimental to
viral replication.

The substantially increased IL-13 and IL-18 release in
GSDMD-deficient cells showed that blocking GSDMD during
coronavirus infection is unlikely to inhibit the release of these
cytokines and may actually increase the release. Because MHV
induced PANoptosis, it is likely that without GSDMD pores,
IL-1B and IL-18 were released through the MLKL or GSDME
pore or both. It will be interesting to investigate the IL-13 and
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IL-18 release in cells lacking all three of these pore-forming
molecules after coronavirus infection.

Our study focuses on MHYV, the prototypical laboratory co-
ronavirus. MHV does not infect humans and has key differen-
ces from the human coronaviruses, including the host cell re-
ceptor used for invasion (66, 67); this difference between the
murine virus and SARS-CoV-2 prevents SARS-CoV-2 from
being studied in WT mouse models. However, MHV and other
mammalian coronaviruses have been important in guiding our
understanding of coronavirus immune responses, particularly
in the context of emerging infections where immune responses
are poorly understood (50). For example, shortly after the
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SARS-CoV outbreak began, clinicians observed an inflamma-
tory storm in patients that was similar to what had been seen
previously with MHV (68), and now a similar phenomenon
seems to occur with SARS-CoV-2 (10, 63, 69-71). The exten-
sive history of studies with MHV has served as a key starting
point for investigations of human coronaviruses, including the
initial identification of the spike protein as a potential vaccine
target (72). Therefore, it is important for future studies to
extend our findings in MHV to the pathogenic human
coronaviruses.

Severe forms of disease caused by the human coronavi-
ruses, including SARS, MERS, and COVID-19, have been
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characterized by lung damage (5, 7, 73, 74) and cytokine
storm (10, 63, 69-71). Additionally, the mortality rate of all
three diseases is extremely high in people over the age of 65
compared with younger populations (75-77). It is possible
that the elderly tend to have increased incidence of underly-
ing medical conditions that contribute to this death rate.
However, based on the observation that loss of NLRP3
resulted in increased cell death in the context of MHYV, it will
be important to extend these findings to human coronavi-
ruses and determine whether compromised NLRP3 inflam-
masome function in the elderly could be a contributing fac-
tor. Older mice have impaired NLRP3 inflammasome activity
in response to respiratory infectious agents, including S.
pneumoniae and IAV (78, 79). Macrophages and dendritic
cells isolated from these mice show attenuated expression of
NLRP3, ASC, and caspase-1 compared with the expression in
young mice, which could partially explain the decreased
NLRP3 inflammasome activation in older mice. Additionally,
older people have reduced NLRP3 expression compared with
younger individuals in response to IAV infection (80). Given
that loss of a functional NLRP3 inflammasome resulted in
increased cell death and that loss of the downstream execu-
tioner GSDMD led to increased proinflammatory cytokine
and chemokine release after MHYV infection, it will be impor-
tant to explore whether impaired NLRP3 inflammasome acti-
vation contributes to the high mortality rate of COVID-19 in
the elderly population.

Overall, our study identified that coronavirus infection
induced NLRP3 inflammasome assembly and activated PAN-
optosis. Furthermore, the inhibition of the NLRP3 inflamma-
some/pyroptosis may be detrimental to the host and result in
increased cell death and inflammatory cytokine release in the
context of coronaviruses. It is critical for future studies to
extend our findings with MHV to human coronaviruses, partic-
ularly SARS-CoV-2, to understand the basic biological proc-
esses that occur during the infection and inform which treat-
ments should proceed for clinical evaluation. These findings
here improve our understanding of coronavirus pathogenesis
as it relates to cell death and cytokine release and may provide
some constructive insight to inform studies of COVID-109.

Experimental procedures
Mice

Nirp3~'~ (81), Caspll™'~ (82), Gsdmd '~ (83), Gsdme '~
(84), Mikl~'~ (85), Asc™'~ (86), Nirc4~'~ (87), Aim2~'~ (88),
Ripk3™'~ (89), Casp8 '"Ripk3~'~ (90), Casp8 ' Ripk3™'~
Caspl/11~'~ (35), and MyD88_/_ (91) mice have been
described previously. All mice were bred at the Animal
Resource Center at St. Jude Children’s Research Hospital and
were backcrossed to the C57BL/6 background. Animal study
protocols were approved by St. Jude Children’s Research Hospi-
tal committee on the care and use of animals.

Bone marrow-derived macrophages

Primary BMDMs were cultured for 6 days in Iscove’s modi-
fied Dulbecco’s medium (Thermo Fisher Scientific, 12440-053)
supplemented with 10% FBS (Biowest, S1620), 30% L929-con-
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ditioned medium, 1% nonessential amino acids (Thermo Fisher
Scientific, 11140-050), and 1% penicillin and streptomycin
(Thermo Fisher Scientific, 15070-063). Then BMDMs were
seeded into 12-well plates at a density of 1 million cells/well
and incubated overnight before use.

Murine hepatitis virus culture

The murine hepatitis virus (A59 strain from Dr. Channappa-
navar) (95) was propagated in 17Cl-1 cells as previously
described (92). Virus titer was measured by plaque assay in
17Cl-1 cells.

Influenza A virus culture

The influenza A virus (A/Puerto Rico/8/34, HIN1 (PRS))
was rescued by reverse genetics as previously described (93).
Virus stocks were prepared by inoculation of the rescued virus
into the allantoic cavity of 9- to 11-day-old embryonated
chicken eggs. The virus was titrated by plaque assay in Madin-
Darby canine kidney cells.

Vesicular stomatitis virus culture

The Indiana strain of vesicular stomatitis virus was propa-
gated in Vero cells, and virus titer was measured by plaque
assay in Vero cells.

Cell stimulation/infection

For MHV infection, BMDMs seeded in 12-well plates were
infected at a multiplicity of infection (MOI) of 0.1 in DMEM
plain media (Sigma, D6171). For IAV and VSV infection, cells
were infected at an MOI of 20 or 1, respectively. After 2 h of
incubation with each virus, cells were supplemented with 10%
FBS and then incubated for the indicated time.

Immunoblot analysis

For caspase protein analysis, BMDMs were lysed with the su-
pernatant using 50 pl of caspase lysis buffer (1X protease inhib-
itors, 1X phosphatase inhibitors, 10% Nonidet P-40, and 25 mm
DTT), followed by the addition of 125 pl 4X SDS loading
buffer. For analysis of all other proteins, the supernatants were
removed, and cells were washed once with PBS. Then BMDMs
were lysed with radioimmune precipitation buffer. Electropho-
resis was utilized to separate proteins in 10%—12% polyacryl-
amide gels, after which proteins were transferred onto PVDF
membranes. The membranes were blocked with 5% skim milk
for 1 h at room temperature. All the primary antibodies were
incubated overnight at 4°C, and secondary antibodies with
HRP were incubated for 1 h at room temperature. Images were
developed using a GE Amersham Biosciences Imager 600.

The antibodies used were as follows: anti-caspase-1 (Adipo-
Gen, AG-20B-0042, 1:2000), anti-caspase-3 (Cell Signaling
Technology (CST), 9662, 1:1000), anti-cleaved caspase-3 (CST,
9661, 1:1000), anti-caspase-7 (CST, 9492, 1:1000), anti-cleaved
caspase-7 (CST, 9491, 1:1000), anti-caspase-8 (CST, 4927,
1:1000), anti-cleaved caspase-8 (CST, 8592, 1:1000), anti-
PMLKL (CST, 37333, 1:1000), anti-GSDMD (Abcam, ab209845,
1:1000), anti-NLRP3 (Adipogen, AG-20B-0014, 1:2000), anti-
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B-actin (Proteintech, 66009-1-1G, 1:5000), anti-GAPDH (CST,
5174, 1:1000), and HRP-conjugated secondary antibodies (Jack-
son ImmunoResearch Laboratories, anti-rabbit (111-035-047),
1:5000; anti-mouse (315-035-047), 1:5000).

Real-time cell death analysis

Real-time cell death analysis was conducted as previously
described (32). In brief, BMDMs were seeded in 24-well plates
(0.5 X 10° cells/well) and infected with the indicated virus. Af-
ter 2 h of incubation, 100 nm SYTOX Green (Thermo Fisher
Scientific, S7020) was added to the cells together with FBS.
Images were analyzed using IncuCyte S3 software.

Growth kinetics of MHV

BMDMs were seeded in 24-well plates (0.5 X 10° cells/well)
and infected with MHV at an MOI of 0.1. After 2 h of incuba-
tion, the virus was removed, and the cells were washed twice
with PBS. Then fresh media was added into each well, and
supernatants were collected at the indicated time points. Viral
titers were determined by plaque assay using 17CI-1 cells.

Cytokine analysis

Cytokines were analyzed by multiplex ELISA (Millipore,
MCYTOMAG-70K) or IL-18 ELISA (Invitrogen, BMS618-3)
according to the manufacturer’s instructions.

Statistical analysis

GraphPad Prism 7.0 software was used for data analysis.
Data are presented as mean = S.E. The one-way analysis of var-
iance (ANOVA) with Dunnett’s multiple comparisons test was
used to determine the statistical significance. p values less than
0.05 were considered statistically significant where *p < 0.05,
5 < 0.01, ***p < 0.001, and ****p < 0.0001.

Data availability

All data generated for this study are included within this arti-
cle and in the supporting information.
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