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ABSTRACT Influenza A virus (IAV) triggers multiple programmed cell death pathways,
including MLKL-dependent necroptosis, caspase-8-dependent apoptosis, and caspase-1-de-
pendent pyroptosis in myeloid cells. All three pathways share common upstream regulators,
namely, ZBP1 and RIPK3. Yet, the molecular mechanism underlying IAV-induced inflamma-
some activation remains unclear. Here, we demonstrate that MLKL promotes inflamma-
some activation and IL-1b processing in IAV-infected macrophages. MLKL drives NLRP3
inflammasome activation through potassium efflux. In the absence of the MLKL-inflam-
masome axis, caspase-8 coordinates the maturation and secretion of IL-1b . MLKL alone
is dispensable for host inflammatory responses to IAV in vivo. Taken together, MLKL and
caspase-8 serve as redundant mechanisms by which to drive an inflammatory form of cell
death in response to an IAV infection.

IMPORTANCE Influenza A virus (IAV) induces multiple types of cell death, which play
important roles in the host antiviral responses but can also cause unwanted inflammation
and tissue damage. In this study, we dissect the interplay of cell death pathways and
demonstrate that macrophages utilize redundant mechanisms to drive an inflammatory
form of cell death upon IAV infection. MLKL, the executor of necroptosis, promotes inflam-
masome activation and pyroptotic cell death. When the MLKL-inflammasome axis is inhib-
ited, cells divert to caspase-8-dependent inflammatory cell death. Our findings advance the
current understanding of the innate immune response to IAV infection as well as broader
contexts involving multifaceted cell death.
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Influenza A viruses (IAV) are negative-stranded RNA viruses that can cause severe inflam-
mation and tissue damage in the lung. An IAV infection triggers multiple programmed cell

death pathways, including apoptosis, necroptosis, and pyroptosis, all of which require the
master regulators ZBP1 and RIPK3 (1, 2). ZBP1 senses the double-stranded helical z-RNA that
is synthesized during viral replication (3) and engages RIPK3 to activate MLKL-dependent
necroptosis and FADD/caspase-8-driven apoptosis. RIPK3 phosphorylates MLKL, leading to
MLKL membrane translocation, pore formation, and, eventually, membrane rupture (4, 5).
RIPK3 can also complex with RIPK1, FADD, and caspase-8, which induces caspase-8 autocleav-
age that is independent of RIPK1 and RIPK3 kinase activity (1, 2). Active caspase-8 further
cleaves cellular proteins, including caspase-3 and caspase-7, to drive apoptosis.

Pyroptosis is driven by gasdermins that are activated by caspase-1 forming inflammasomes.
IAV-induced inflammasome activation typically involves the assembly of a multiprotein
oligomeric complex that is composed of the Nod-like receptor NLRP3, the adaptor ASC,
and caspase-1 (6–9). Prior to inflammasome assembly, the expression of NLRP3 and precur-
sors of the proinflammatory cytokines IL-1b and IL-18 are induced in a priming step, usually
through innate signaling pathways, such as Toll-like receptors (10, 11). Inflammasome assem-
bly then leads to caspase-1 activation, which cleaves GSDMD into an N-terminal fragment and
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IL-1b/18 into bioactive products (12–14). The GSDMD-N fragment forms pores on the plasma
membrane, leading to pyroptosis, the secretion of IL-1b/18, and a plethora of other alarmins
or danger signals. In contrast to MLKL and FADD/caspase-8, whether the inflammasome com-
ponents directly interact with ZBP1-RIPK3 during an IAV infection is unclear. Although it has
been proposed that the pyroptosis pathway acts in parallel with apoptosis and necroptosis or
downstream of caspase-8, the molecular mechanisms underlying inflammasome activation
during an IAV infection remain to be defined.

Emerging evidence suggests that apoptosis and necroptosis pathways can cross-
talk to pyroptosis. Caspase-8 can directly cleave GSDMD and IL-1b to promote inflam-
matory pyroptotic cell death in fungal and bacterial infections (15–17). In these cases,
GSDMD pores can cause potassium efflux and can activate the NLRP3 inflammasome,
thereby contributing to the release of IL-1b (13, 15, 18). Caspase-3/7 downstream of
caspase-8 in the apoptosis pathway can negatively regulate pyroptosis by cleaving
and inactivating GSDMD (19). Active MLKL in the necroptosis pathway can also trigger
the activation of the NLRP3 inflammasome via potassium efflux and can promote IL-1b
secretion independently of GSDMD (20). Given that all three pathways are induced in
IAV-infected cells and share upstream regulators, we investigated whether and how
apoptosis and necroptosis pathways regulate the pyroptosis pathway.

RESULTS
MLKL promotes IAV-induced inflammasome activation. Bone marrow-derived mac-

rophages (BMDMs) express the key molecules that coordinate apoptosis, necroptosis, and
pyroptosis. As a result, these cells are useful in the study of the interplay of cell death path-
ways during IAV infection. Although IAV itself provides a priming signal that is sufficient
for inflammasome activation (21), we pretreated the BMDMs with the TLR1/2 agonist
Pam3CSK4 to enhance the upregulation of pro-IL-1b , which allowed for a more robust
detection of mature IL-1b (Fig. S1). This also mimics the condition of IAV and bacterial
coinfection, such as Streptococcus pneumoniae (22).

To investigate whether the necroptosis pathway is involved in IAV-induced inflamma-
some activation, we tested small molecules that block RIPK3 kinase activity (GSK’872) or
RIPK3-MLKL interaction (Necrosulfonamide [NSA]) (4), and measured the release of IL-1b
and lactate dehydrogenase (LDH) in the supernatant. RIPK3 inhibition and NSA blocked the
release of IL-1b in a dose-dependent manner (Fig. 1A and B). However, neither affected IAV-
induced cell death, as indicated by comparable LDH release (Fig. 1D and E). The potassium
ionophore nigericin activates the canonical NLRP3 inflammasome, in which GSDMD is the
primary cell death executor and is required for IL-1b secretion (13, 14). Canonical NLRP3
inflammasome-mediated cell death and the release of IL-1b were inhibited by NSA, which
also targets GSDMD (23), but not by the RIPK3 inhibitor GSK’872 (Fig. 1C and F). These
results suggest that active MLKL, possibly phosphorylated by RIPK3, is involved in IAV-
induced inflammasome activation but not in canonical inflammasome activation.

We compared WT cells and cells lacking RIPK3, MLKL, or caspase-1/11 for their responses
to IAV infections (Fig. 2A and B). Real-time cell death was determined using automated
imaging and was indicated by the percentage of SYTOX Orange permissive cells in the total
cells (Fig. 2B). Consistent with the results of previous reports that show RIPK3 as the master
upstream regulator (1, 2), we observed a significant delay of cell death and diminished IL-1b
production from RIPK3 KO BMDMs (Fig. 2A and B). A deficiency of caspase-1/11 or MLKL led
to a slight delay in cell death at the early stage of infection, but they were largely dispensable
at later stages (Fig. 2B). As expected, caspase-1/11 DKO cells produced significantly less IL-1b ,
compared to the WT at 12 h postinfection (Fig. 2A). Consistent with the cells that were treated
with MLKL inhibitors, MLKL KO cells had significantly less IL-1b release at this time point
(Fig. 2A). The remaining level of IL-1b in MLKL KO cells was comparable to that of caspase-
1/11 DKO cells. Moreover, both MLKL KO cells and caspase-1/11 DKO cells were still capable
of releasing IL-1b , and their IL-1b levels were close to those of WT cells at 24 h (Fig. 2A).

Indeed, MLKL KO cells had reduced processing of caspase-1, IL-1b , and GSDMD at
12 and 24 h postinfection (Fig. 2C). The remaining levels of IL-1b p17 and GSDMD p30
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were comparable to those of the caspase-1/11 DKO cells at 12 h, suggesting that IAV-
induced inflammasome activation requires MLKL at the early stage (Fig. 2C). In contrast,
canonical NLRP3 inflammasome-mediated IL-1b secretion and cell death were depend-
ent on caspase-1/11 but not on RIPK3 or MLKL (Fig. 2D and E). Necroptosis triggered by
Pam3CSK4 and the pan-caspase inhibitor Z-VAD-FMK required RIPK3 and MLKL but not
caspase-1/11 (Fig. 2F). Together, these results support a model in which MLKL promotes
inflammasome activation at the earlier stages of IAV infection.

Caspase-8 regulates IL-1b production in the absence of MLKL-inflammasomes.
BMDMs can still process and release IL-1b in the absence of caspase-1/11 and MLKL (Fig. 2A
and C). MLKL and caspase-1/11 DKO cells also had reduced but residual levels of the GSDMD
p30 fragment (Fig. 2C). Moreover, IAV infection led to a p21 GSDMD product that was not
affected by MLKL or caspase-1/11 deficiencies (Fig. 2C). Previous studies have shown that cas-
pase-8 could generate IL-1b p17 and GSDMD p30 pore-forming fragments (15, 16). Further,
the downstream apoptotic caspases, caspase-3/7, can cleave GSDMD at position Asp88,
resulting in the inactive p43 and p21 fragments (19). Indeed, MLKL KO and caspase-1/11
DKO cells had normal, if not more, caspase-8 cleavage after IAV infection (Fig. 3A). We
hypothesized that the caspase-8-mediated cell death pathway acts in parallel with the
MLKL-inflammasome axis and contributes to the remaining IL-b production and cell death.

Caspase-8 can be activated through the TLR and TNFR pathways, which also signal
to MLKL when caspase-8 is inhibited. In most of these cases, MLKL activation and cas-
pase-8 activation require RIPK1 enzymatic activity (24–26). However, in IAV infection,
TNFR1 KO and RIPK1K45A kinase-inactive cells had normal IL-1b production and cell
death, supporting the claim that caspase-8 and MLKL downstream of ZBP1-RIPK3 but
not TNFR or RIPK1 phosphorylation are involved (Fig. 3B and C).

Deleting both MLKL and caspase-8 further blocked the release of IL-1b , compared to
MLKL KO cells, and rescued IAV-induced cell death, phenocopying RIPK3 KO cells (Fig. 3D
and E). However, caspase-8 has an essential scaffold function regulating NF-kB signaling
(27–30) and is required for the transcriptional upregulation of pro-IL-1b (Fig. 3F). To mini-
mize this effect, we used small molecules inhibiting caspase-8 and caspase-3, respectively, in
the background of MLKL deficiency after Pam3CSK4 priming (Fig. 3G and H). Treating MLKL
KO cells with the caspase-8 inhibitor Z-IETD-FMK recapitulated the phenotype of the MLKL/
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FIG 1 Necroptosis regulates IAV-induced IL-1b production but not cell death. (A, B, D, and E) Bone marrow-derived macrophages (BMDMs) were primed
with 100 ng/mL Pam3CSK4 (Pam3) for 3 h and were infected with influenza A virus H1N1 strain PR8 at a multiplicity of infection (MOI) of 2 or with no
virus (NT). The indicated concentrations of RIPK3 inhibitor (RIPK3i, GSK’872) and NSA were added 1 h later. The IL-1b (panels A and B) and LDH (panels D
and E) levels in the supernatant were determined 18 h after infection. (C, F) BMDMs were primed with Pam3 for 3 h and incubated with inhibitors for 1 h.
The cells were then stimulated with nigericin (NG). The IL-1b (panel C) and LDH (panel F) levels in the supernatant were determined 1 h later. The data
show one representative experiment of three independent experiments and are presented as the mean with the SD. N = 3 to 4 (replicate wells). The data
were analyzed via a two-way ANOVA. ns, not significant; *, P , 0.0332; **, P , 0.0021; ***, P , 0.0002; ****, P , 0.0001.
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caspase-8 DKO cells, in that IL-1b release was abolished and cell death was rescued (Fig. 3G
and H). In contrast, the RIPK3 inhibition and caspase-3 inhibitor Z-DEVD-FMK did not affect
IAV-induced cell death in MLKL KO cells (Fig. 3H). The inhibition of caspase-3, which is down-
stream of caspase-8 in the apoptosis pathway, partially reduced the remaining IL-1b levels
in MLKL KO cells (Fig. 3G). RIPK3 inhibition did not repress IL-1b in MLKL KO cells, confirm-
ing its specificity for MLKL (Fig. 3G). Together, those results support that caspase-8 and
MLKL serve as two major pathways for IL-1b production and cell death during IAV infection.

MLKL-mediated K+ efflux drives NLRP3 inflammasome activation. IAV infection
has been shown to activate the NLRP3 inflammasome (7–9). Given that MLKL-inflam-
masomes acts in the same axis, we hypothesized that MLKL drives NLRP3 inflamma-
some activation. We compared IL-1b levels and cell death in WT, MLKL KO, NLRP3 KO,
and GSDMD KO cells after IAV infections (Fig. 4A–C). NLRP3 KO cells produced signifi-
cantly less IL-1b at 12 h; however, the remaining IL-1b level was higher than that
observed in the MLKL KO cells (Fig. 4A). These data suggest that NLRP3 partially
accounts for the MLKL-mediated inflammasome activation. GSDMD alone, which lies

FIG 2 MLKL promotes inflammasome activation during IAV infection. (A) WT, Rip32/2, Mlkl2/2, and Casp1/112/2

BMDMs were primed with Pam3 for 3 h. The cells were then infected with PR8 at a MOI of 2 or with no virus
(NT). The IL-1b level in the supernatant was determined 12 and 24 h after infection. (B) To monitor cell death
in real-time, BMDMs infected as in (panel A) were incubated with SYTOX Orange and Hoechst and were
imaged hourly using a Cytation 5 system. The percentage of double-positive cells (membrane permeabilized
cells) in the Hoechst-positive cells (total cell numbers) is shown. (C) Western blots detecting IL-1b and caspase-1
in the composite of cell lysate and supernatant as well as GSDMD and GAPDH in the cell lysate. The full-length
(-FL) or cleaved form (-CL) of the protein is indicated. (D) WT, Rip32/2, Mlkl2/2, and Casp1/112/2 BMDMs were
primed with Pam3 for 3 h and were stimulated with nigericin (NG). The IL-1b level in the supernatant was
determined 1 h later. N.D., not detected. (E) Cell death after the NG treatment was monitored as in (panel B)
every 20 min for 80 min. (F) WT, Rip32/2, Mlkl2/2, and Casp1/112/2 BMDMs were treated with Pam3 and Z-VAD-
FMK (zVAD) for 24 h. Cell death was determined by measuring the release of LDH in the supernatant. The data
show one representative experiment of at least two independent experiments and are presented as the mean
with the SD. N = 3 (replicate wells). The data were analyzed via a two-way ANOVA. ns, not significant; *, P ,
0.0332; **, P , 0.0021; ***, P , 0.0002; ****, P , 0.0001.
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downstream of caspase-1/11 and caspase-8 activation, was dispensable for caspase-1 cleavage,
IL-1b cleavage, and IL-1b release (Fig. 4A–C). This suggests that inflammasome activation
is not driven by the GSDMD pores that are downstream of caspase-8 and that IL-1b is
released through GSDMD-independent mechanisms (Fig. 4C). Together, these observa-
tions further support that MLKL acts upstream of inflammasome activation.

Caspase-8 cleavage remained intact in MLKL KO, NLRP3 KO, and GSDMD KO cells,
consistent with the fact that those cells had largely normal cell deaths (Fig. 4B and C).
Deleting both MLKL and GSDMD did not alter IAV-induced IL-1b release or cell death,
compared to MLKL KO cells (Fig. 4D and E), which suggests that additional effectors,
other than GSDMD, are required downstream of caspase-8.

One converged trigger for the NLRP3 inflammasome is potassium efflux (31). MLKL pores
that execute necroptosis can cause potassium efflux and can activate the NLRP3 inflamma-
some (20). We investigated whether this mechanism contributes to inflammasome activa-
tion in IAV infection and tested it by blocking the ion efflux with extracellular ions (Fig. 4F–I).
As expected, extracellular K1 but not Na1 at as low of a concentration as 25 mM shut down
the canonical NLRP3 inflammasome that was activated by nigericin, a K1-H1 ionophore.
IAV-induced inflammasome activation, indicated by the release of IL-1b , was also inhibited
by extracellular K1, but this only occurred at 100 mM, which is a much higher threshold
than that observed with the nigericin-stimulated NLRP3 inflammasome. Although it remains
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determined 18 h after infection. The data show one representative experiment of at least two independent experiments and are presented as the mean with the
SD. N = 3 (replicate wells). The data were analyzed via a two-way ANOVA. ns, not significant; *, P , 0.0332; **, P , 0.0021; ***, P , 0.0002; ****, P , 0.0001.
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unclear why the thresholds were different, these data suggest that MLKL activates the
inflammasome partially through necroptosis-mediated K1 efflux, which activates NLRP3.

MLKL is dispensable for host responses to IAV infection. Next, we investigated
the role of MLKL in vivo by using a mouse model of IAV infection. We observed that
MLKL KO mice were comparable with WT mice in terms of body weight loss and sur-
vival at a sublethal dose (Fig. 5A and B). The production of IL-1b and IL-18 as well as
the recruitment of neutrophils are all hallmarks of inflammasome-mediated inflamma-
tory responses. To examine these responses, we used a lethal dose of IAV and analyzed
the mice 48 h after infection. Similar amounts of viral genome were detected in the
lungs of WT and MLKL KO mice (Fig. 5C). The IL-18, IL-1b , and IFN-b levels in the bronchoal-
veolar lavage fluid from MLKL KO mice were comparable to those of the WT mice (Fig. 5D).
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The neutrophil numbers were also largely comparable (Fig. 5E). Together, these data support
that MLKL serves as a redundant mechanism downstream of RIPK3 and that MLKL alone is
dispensable for host inflammatory responses against IAV in vivo.

DISCUSSION

IAV infection leads to multiple forms of cell death, including apoptosis, necroptosis,
and pyroptosis, through the common regulator RIPK3. Here, we demonstrated that the
three death pathways have a hierarchy and interplay with each other in IAV-infected cells.
Apoptosis and necroptosis are the primary pathways downstream of RIPK3. They act redun-
dantly to promote not only cell death but also the processing and release of the proinflam-
matory cytokine IL-1b . At the earlier stages of infection, MLKL-mediated necroptosis drives
inflammasome activation, contributing to the maturation of IL-1b . In the absence of the
MLKL-inflammasome axis, the production of IL-1b is delayed. However, active caspase-8
is sufficient for IL-1b processing and secretion at these later stages. In these cases, necroptosis
and caspase-8-dependent pathways eventually lead to an inflammatory form of cell death.

Inflammatory cell death is highly immunogenic. It is crucial in the antiviral response in
that it recruits neutrophils and monocytes to the site of infection, which activates adjacent
immune cells for effector functions and promotes the development of adaptive immune
responses (7–9, 32, 33). Additionally, the cell deaths of infected cells can halt viral replication
and can the prevent further dissemination of the virus (34). The interplay of the cell death
pathways in IAV-infected cells, especially myeloid cells that express components of all three
pathways, ensures the immunogenic outcome and viral restriction, even when viruses in-
hibit parts of the pathways. Indeed, pandemic but not seasonal H1N1 strains blocked cell
death in human dendritic cells, suggesting that successful viral evasion correlates with
enhanced pathogenicity (35).

RIPK3 KO mice were more susceptible to IAV infections (2, 3, 36, 37), whereas RIPK3
kinase-dead mutant or MLKL KO mice were comparable to WT mice (2, 36). We also observed
that MLKL KO mice had comparable survival to WT mice after an IAV infection (Fig. 5). This
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supports our hypothesis that the redundant caspase-8 pathway is sufficient for driving inflam-
matory cell death. On the other hand, Casp8DA/DAMlkl2/2 mice but not Casp8DA/DA mice were
more susceptible to IAV infection (38). Casp8DA/DA mutants had impaired apoptosis without
affecting necroptosis and NF-kB signaling. These data support that the MLKL-inflammasome
pathway is also sufficient in the absence of apoptosis.

The importance of inflammasome components for IAV infections was first identified
in vivo. ASC KO, caspase-1/11 DKO, and IL-1R KO mice were more susceptible to IAV infec-
tions, whereas NLRP3 KO mice had moderate to normal susceptibility, compared with WT
mice (7–9, 32). We also found that NLRP3 KO BMDMs had higher remaining levels of IL-1b ,
compared to MLKL KO cells, suggesting that NLRP3-independent inflammasomes are also
involved (Fig. 4). However, the milder phenotype of the MLKL KO mice, compared to mice
that were deficient in inflammasome components, conflicted with the in vitro observations
that MLKL KO BMDMs had impaired inflammasome activation. One potential reason could
be that non-myeloid cells have different mechanisms of activating inflammasomes inde-
pendently of MLKL and NLRP3. In support of this idea, a recent report showed that MxA,
rather than NLRP3, induces ASC oligomerization and caspase-1 activation in respiratory epithe-
lial cells (39).

Taken together, the results of our study provided a novel mechanism for IAV-
induced inflammasome activation and dissected the redundant roles of the apoptosis
and necroptosis pathways in driving inflammatory cell death.

MATERIALS ANDMETHODS
Mice. The mice were maintained in a specific pathogen-free (SPF) facility at the University of Massachusetts

Chan Medical School. All of the animal experiments were approved by the Institutional Animal Care and Use
Committee. The Rip32/2, Mlkl2/2, and Tnfrsf1a2/2 mice were obtained from Michelle Kelliher at UMass Chan
Medical School (40–42). The Rip32/2 and Gsdmd2/2 mice were generated by Vishwa Dixit at Genentech (13). The
Mlkl2/2 and Tnfrsf1a2/2 mice were from Jackson Laboratories. The Mlkl2/2Gsdmd2/2 and Mlkl2/2Casp82/2 mice
were bred in-house. The Nlrp32/2 and Pycard2/2 mice were kindly provided by John Bertin at Millennium
Pharmaceuticals (Takeda). The Ripk1K45A mutant mice were generated at GlaxoSmithKline and were provided by
John Bertin (43). The Casp1/112/2 (129 crossed to C57BL/6) mice were obtained from Michael N. Starnback (44,
45). The WT C57BL/6J and WT C57BL/6N mice were obtained from Jackson Laboratory and were bred in-house.

The Influenza A/Puerto Rico/8/1934 H1N1 virus (PR8) was grown in SPF embryonated chicken eggs
and was purchased from Charles River Laboratories (10100374). The mice were anesthetized using iso-
flurane and were intranasally inoculated with 25 mL diluted PR8 in PBS or PBS control. The mice were
monitored for body weight and disease daily. Alternatively, bronchoalveolar lavage (BAL) fluids and
whole lung tissues were collected at 2 days postinfection.

Cell culture. Bone marrow cells were harvested from approximately 6 to 24-week-old mice and
were removed of red blood cells using red blood cell lysis buffer (Sigma). Cells were cultured in DMEM
supplemented with 10% (vol/vol) fetal calf serum (FCS), 1� Penicillin-Streptomycin (Corning), and L929
conditioned media containing M-CSF. Fresh medium was added every 3 days. BMDMs were split and
used for experiments after at least 6 days of differentiation.

BMDMs were seeded the day before the stimulations. Cells were primed with 100 ng/mL Pam3CSK4
(Invivogen, tlrl-pms) for approximately 2 to 3 h. For the IAV infections, cells were washed twice with PBS and
incubated with PR8 diluted in 0.05% (wt/vol) bovine serum albumin (BSA)/PBS for 2 h at 37°C. X-Vivo 10 media
(Lonza, 04-743Q) containing FCS was added to a final concentration of 3% (vol/vol) FCS. Supernatant, cells, or
a mixture of supernatant and cells were collected at various time points for downstream analysis.

For the IAV infections with inhibitors, the inhibitors were added after 2 h of viral incubation. For the nigericin
(10mM, Sigma, N7143) treatment, the inhibitors were added after priming and 30 min before the nigericin: RIPK3
inhibitor GSK’872 (Tocris), MLKL and GSDMD inhibitor necrosulfonamide (Cayman), pan-caspase inhibitor Z-VAD-
FMK (Santa Cruz), caspase-3 inhibitor Z-DEVD-FMK (Santa Cruz), caspase-8 inhibitor Z-IETD-FMK (R&D).

Cell death assays. For real-time live cell imaging to monitor cell death, BMDMs seeded in 96-well
plates were incubated with 1mg/mL Hoechst (ThermoFisher) and 0.25mM Sytox Orange (ThermoFisher) for 30
min. For the IAV infections, dyes were added after 2 h of incubation with the virus. For the nigericin treatment,
dyes were added after priming and 30 min before the nigericin was added. The plates were read using a
Cytation 5 instrument (BioTek) with the temperature controlled at 37°C and the CO2 controlled. The percentage
of Sytox Orange-positive cells in the Hoechst positive-cells was calculated using the Gen5 software package.

Alternatively, the percentage of maximum lactate dehydrogenase (LDH) release was determined
using a CytoTox 96 Nonradioactive Cytotoxicity Assay (Promega).

Western blot. Protein was extracted using RIPA buffer (ThermoFisher). Lysates were added with SDS
sample loading buffer and dithiothreitol (DTT). Denatured samples were separated via SDS-PAGE and
were transferred to nitrocellulose membranes. The membranes were blocked using fresh 2% nonfat milk
in 1� tris buffered saline with Tween 20 (Santa Cruz, sc-362311) at room temperature for 1 h before
incubation with antibodies at 4°C overnight. After washing, the membranes were incubated with sec-
ondary antibodies at room temperature for 1 h and were visualized using an Odyssey Imaging System
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(LICOR) or X-ray films. Antibodies: mouse caspase-1 (Adipogen, AG-20-B-0042-C100), mouse GSDMD
(Abcam, ab209845), mouse IL-1b (R&D, AF-401-NA), full-length mouse caspase-8 (Cell Signaling
Technology, CST, 1C12), cleaved mouse caspase-8 (CST, D5B2), mouse/human b-actin (Sigma, AC-15),
mouse/human GAPDH (Sigma, GAPDH-71.1), IRdye 800C goat anti-rabbit IgG (LICOR, 926-32211), IRDye
680RD goat anti-mouse IgG (LICOR, 926-68070), goat anti-rabbit IgG HRP (Bio-Rad, 1705046), goat anti-
mouse IgG HRP (Bio-Rad, 1721011).

ELISA. The mouse IL-1b and IFN-b levels were determined using DuoSet ELISA Kits (R&D). Reagents
for mouse IL-18 ELISA: capture antibody (R&D, D047-3), detection antibody (R&D, D048-5), and recombi-
nant mouse IL-18 standards (R&D, B004-5).

cDNA synthesis and real-time PCR. Mouse whole lungs were harvested in QIAzol (Qiagen) and
were homogenized. Total RNA was extracted using chloroform, per the manufacturer’s instructions. The
RNA was quantified via NanoDrop. 500 ng of RNA were reversed transcribed using an iScript cDNA
Synthesis Kit (Bio-Rad). Real-time PCR was performed using SYBR green supermix (Bio-Rad) with detec-
tion on a CFX96 system (Bio-Rad). The primers were ordered from Integrated DNA Technologies. The rel-
ative expression was determined via 2-dCt, using Gapdh as the reference gene.

Flow cytometry. Cells were centrifuged from BAL fluids and were resuspended in FACS buffer (PBS,
5% FCS, 2 mM EDTA, and 0.05% sodium azide). Cells were stained for the viability dye and surface antigens
on ice for 30 min. After washing with FACS buffer, the cells were fixed on ice for 15 min using 1% parafor-
maldehyde (PFA). Fixed cells were supplemented with PKH25 reference microbeads (Sigma) and were ana-
lyzed on a Cytek Aurora spectral cytometer. The flow data were analyzed using FlowJo. Antibodies and
dyes: CD45.2 (104), CD11B (M1/70), CD11C (N418), Ly6G (1A8), Ly6C (HK1.1), MHC-II (M5/114.15.2), F4/80
(BM8), Ghost Dye Violet 540 (Tonbo, 13-0879).

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
FIG S1, PDF file, 0.9 MB.
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