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RNA viruses promote activation of the
NLRP3 inflammasome through
cytopathogenic effect-induced potassium
efflux
Leandro Silva da Costa1,2, Ahmed Outlioua1,2,3, Adrienne Anginot1,2, Khadija Akarid3 and Damien Arnoult1,2

Abstract
Early detection of viruses by the innate immune system is crucial for host defense. The NLRP3 inflammasome, through
activation of caspase-1, promotes the maturation of IL-1β and IL-18, which are critical for antiviral immunity and
inflammatory response. However, the mechanism by which viruses activate this inflammasome is still debated. Here,
we report that the replication of cytopathogenic RNA viruses such as vesicular stomatitis virus (VSV) or
encephalomyocarditis virus (EMCV) induced a lytic cell death leading to potassium efflux, the common trigger of
NLRP3 inflammasome activation. This lytic cell death was not prevented by a chemical or genetic inhibition of
apoptosis, pyroptosis, or necroptosis but required the viral replication. Hence, the viruses that stimulated type I IFNs
production after their sensing did not activate NLRP3 inflammasome due to an inhibition of their replication. In
contrast, NLRP3 inflammasome activation induced by RNA virus infection was stimulated in IFNAR-deficient or MAVS-
deficient cells consequently to an increased viral replication and ensuing lytic cell death. Therefore, in a context of
inefficient IFN response, viral replication-induced lytic cell death activates of the NLRP3 inflammasome to fight against
infection.

Introduction
Besides directing adaptive immune responses, the

pleiotropic cytokines interleukin-1β (IL-1β) and IL-18
play an essential role in inflammatory responses1. The
production of both cytokines is a two-step process, as it is
regulated at the transcriptional as well as the post-
translational level. Hence, a pathogen or a danger mole-
cule that causes the secretion of IL-1β and IL-18 has to
provide both signals. Indeed, while pro-IL-18 is con-
stitutively expressed, pro-IL-1β expression is induced by
NF-κB, for instance after toll-like receptor activation.

Next pro-IL-1β and pro-IL-18 are matured and processed
by caspase-1. Activation of this inflammatory caspase is
regulated by a complex of proteins called the inflamma-
some. The cytosolic receptors of the NACHT and LRR-
containing gene (NLR) family are components of most
inflammasomes, and these receptors are indirectly cou-
pled to caspase-1 through the adaptor apoptosis-
associated speck (ASC-like protein containing a
CARD)2. Detection of an agonist by an NLR promotes its
oligomerization and recruits caspase-1 leading to its
activation after a proteolytic processing. Once activated,
caspase-1 also cleaves the N-terminal of gasdermin D to
promote pyroptosis, a lytic form of cell death2. Inflam-
masomes are now recognized for their crucial roles in
host defense against pathogens3, but abnormal inflam-
masome activations are also associated with several
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pathologies as the development of some cancers—neu-
rodegenerative, autoimmune, and metabolic diseases.
Several inflammasomes have been identified2. Unlike

the other inflammasomes that sense/detect specific ago-
nists, the NLRP3 inflammasome is activated by different
signals as crystals (Alum, CPPD, MSU, etc.), extracellular
ATP, nucleic acids, bacteria, fungi, viruses, etc.2. While
the mechanisms of NLRP3 inflammasome is still deba-
ted4, the efflux of intracellular K+ appears as a necessary
and sufficient upstream signaling event in NLRP3
activation2,5.
Since they are critical components of the innate

immunity, the inflammasomes have been reported to play
an important role in host defense by sensing viral infec-
tion and promoting responses from the innate immune
system6. After infection with a DNA virus as vaccinia
virus or murine cytomegalovirus, the AIM2 inflamma-
some is activated in response to the cytosolic double-
stranded DNA7,8. The NLRP3 inflammasome senses
infection of some DNA viruses and RNA viruses like
adenovirus, vesicular stomatitis virus (VSV), or influenza
virus9–11. Nevertheless, the mechanism by which NLRP3
perceives viral infection remains debated and unclear as
ion flux induced by the influenza virus-encoded M2
channel, detection of viral RNA, or involvement of a
RIPK1–RIPK3–Drp1 signaling pathway have been
proposed6,12,13.
In this study, we report that the cytopathogenic RNA

viruses like VSV or encephalomyocarditis virus (EMCV)
promote activation of the NLRP3 inflammasome as a
consequence of a K+ efflux induced by the lytic cell death
triggered by their replication.

Results
Cytopathogenic RNA viruses promote NLRP3
inflammasome activation
Although previous investigations have demonstrated

that some RNA viruses trigger NLRP3 inflammasome
activation14,15, few works have compared in the same
study the inflammasome activation through different
RNA viruses. For this purpose, the paramyxoviridae
Sendai virus (SeV), Sendai virus H4 strain (SeV M)
composed mostly of small copyback defective interfering
genomes overproducing pppRNAs, and underproducing
viral V and C protein16, the rhabdoviridae VSV, VSV with
a mutation in matrix (M) protein (VSV M)17, the picor-
naviridae EMCV, and the alphavirus Sindbis virus (SindV)
were used. LPS-primed bone marrow-derived macro-
phages (BMDMs) were infected with the different viruses,
next the presence of the p20 of the active caspase-1 and
IL-1β was assessed by WB in the supernatant of the
infected cells (Fig. 1a). p20 and mature IL-1β were only
detected in the supernatant of VSV-infected or EMCV-
infected BMDMs (Fig. 1a). In primed BMDMs infected

with SeV or SinV, pro-IL-1β was less expressed (Fig. 1a),
but it does not seem to be due to an inhibition of the NF-
κB signaling or to depend on IFN-β (Fig. S1). The sig-
nificant production of pro-inflammatory cytokine IL-1β
after VSV or EMCV infection was further confirmed by
enzyme-linked immunosorbent assays (ELISA) (Fig. 1b) as
well as the secretion of IL-18 (Fig. 1c). Caspase-1 activa-
tion not only promotes the release of pro-inflammatory
cytokines but also triggers a form of cell death called
pyroptosis through the cleavage of gasdermin D2,18. So,
the release of both cytokines was associated with cell
death in VSV-infected or EMCV-infected cells (Fig. 1d).
Interestingly, the capability of RNA viruses to trigger
inflammasome activation seems to be independent of
their sensing by the innate immunity machinery. Indeed
VSV, unlike EMCV, did not promote IFN-β production in
infected BMDMs (Fig. 1e, f), while both viruses were
excellent inflammasome inducers (Fig. 1a–c). BMDMs
without priming were infected with the different RNA
viruses and cell death was detected only after infection
with VSV or EMCV (Fig. 1g). Given that both viruses
replicated very well in BMDMs (Fig. 1h), our observations
suggest therefore that only the replicating viruses with a
cytopathogenic effect like VSV or EMCV are efficient in
inducing inflammasome activation (Fig. 1g, h). VSV or
EMCV infection was not capable per se to trigger pro-IL-
1β expression and prime NLRP3 inflammasome in vitro
(Fig. S2), in agreement with a previous study11.
Infection of primed BMDMs with increased MOI of

VSV or EMCV led to increased caspase-1 maturation, IL-
1β production, and cell death (Fig. 2a–c). As previously
reported11, VSV or EMCV infection triggered NLRP3
inflammasome activation because caspase-1 activation
was not observed and IL-1β release was severely blunted
when NLRP3−/− BMDMs were infected with the viruses
(Fig. 2d, e). As expected, the genetic deletion of the
adaptor ASC or of caspase-1 strongly inhibited IL-1β
production (Fig. 2e). Following treatment with a toxin like
nigericin, a classical NLRP3 activator, NLRP3 inflamma-
some formation leads to the recruitment and caspase-1
activation through the adaptor ASC, then active caspase-1
processes pro-IL-1β to its mature forms (Fig. S3) and
cleaves gasdermin D (GSDMD)2,18. The N-terminal
fragment of gasdermin D drives pyroptosis and allows
the release of mature IL-1β from the cell. Hence, both IL-
1β release and pyroptosis were strongly prevented in
GSDMD−/− BMDMs following nigericin treatment
(Fig. 2e, f). Interestingly, IL-1β release was not impaired
in GSDMD−/− BMDMs infected with VSV or EMCV
(Fig. 2e), suggesting that VSV or EMCV-mediated IL-1β
release is independent of gasdermin D. Furthermore, the
virus-induced cell death did not seem to be dependent
on any components of the inflammasome, since cell
death was not affected by the absence of NLRP3, ASC,
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caspase-1, or gasdermin D, unlike the treatment with
nigericin (Fig. 2f). Finally, the observed effects were not
due to altered viral replications as VSV or EMCV repli-
cation within the different BMDMs was normal (Fig. 2g).
VSV or EMCV infection induced the release of many

proteins into the cell culture medium, and the release was
unaffected by the absence of GSDMD (Fig. S4). The
profile of release was quite similar when BMDMs were
incubated in water to trigger necrosis (Fig. S4). These
observations suggest that IL-1β and IL-18 release, like
other cytosolic proteins, is simply due to plasma

membrane rupture (a hallmark of necrosis) as a con-
sequence of the lytic cell death induced by the replication
of the cytopathogenic viruses.

Cytopathogenic RNA viruses promotes potassium efflux to
activate NLRP3 inflammasome
Elimination of infected cells via apoptosis is one of the

most ancestral defense mechanism against viral infec-
tion19. VSV or EMCV infection promoted rapidly activa-
tion of the apoptotic effector caspase-3 (Fig. 3a). However,
the use of a broad caspase inhibitor like zVAD-fmk did

Fig. 1 Replicating and cytopathogenic RNA viruses trigger inflammasome activation. a Primed (LPS, 100 ng/ml for 3 h) BMDMs were infected
with different RNA viruses for 15 h. Then, cell supernatants and cell lysates were analyzed by WB for the indicated proteins. b, c Primed BMDMs were
infected with different RNA viruses. After15 h, IL-1β (b) or IL-18 release (c) in the cell supernatant was assessed by ELISA. The data shown are means ±
SD from three independent experiments (analysis of variance and comparison with mock BMDMs in Student’s t-test). ****P < 0.0001, ***P < 0.001,
**0.001 < P < 0.01, *0.01 < P < 0.05. d Primed BMDMs were infected with different RNA viruses. After 15 h, cell death was assessed using the LDH
release assay. The data shown are means ± SD from three independent experiments (analysis of variance and comparison with mock BMDMs in
Student’s t-test). ****P < 0.0001, ***P < 0.001, *0.01 < P < 0.05. ns, not significant. e BMDMs were infected with different RNA viruses for 8 or 16 h. Then,
cell lysates were analyzed by WB for the indicated proteins. f BMDMs were infected with different RNA viruses for 8 or 16 h. Then, IFNβ production
was assessed by ELISA. The data shown are means ± SD from three independent experiments (analysis of variance and comparison with mock
BMDMs in Student’s t-test). ****P < 0.0001, ***P < 0.001, **0.001 < P < 0.01. g BMDMs were infected with different RNA viruses. After 15 h, cell death
was assessed using the LDH release assay. The data shown are means ± SD from three independent experiments (analysis of variance and
comparison with mock BMDMs in Student’s t-test). ****P < 0.0001, **0.001 < P < 0.01, *0.01 < P < 0.05. h Analysis of the viral replication in BMDMs
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not prevent the virus-induced cell death (Fig. 3b). Finally,
caspase inhibition did not affect ASC speck formation and
ASC oligomerization (Fig. S5) after infection, indicating
that the NLRP3 inflammasome formation and activation
is independent of any caspase activity.
As shown in Figs. 1 and 2, infection with VSV or EMCV

generates NLRP3 inflammasome activation and ensuing
IL-1β release. However, when both viruses were UV-
inactivated, preventing therefore their replication
(Fig. 3c), IL-1β secretion from primed BMDMs was
strongly reduced (Fig. 3d), indicating that the viral repli-
cation is required for VSV or EMCV to be “sensed” by the
NLRP3 inflammasome. Moreover, UV-inactivated viruses

barely induced cell death (Fig. 3e), suggesting again that
cell death consequent to viral replication is required for
inflammasome activation.
As we observed that the replication of VSV or EMCV

within BMDMs promotes a form of necrosis (Fig. S4), we
then hypothesized that this plasma membrane rupture
allows an efflux of intracellular K+, a necessary and suf-
ficient upstream signaling event in NLRP3 activation2,5.
Confirming this, blocking K+ efflux by incubating cells in
increased concentrations of KCl or with the proton pump
inhibitor glyburide prevented IL-1β secretion after VSV or
EMCV infection (Fig. 3f), without however preventing the
cell death (Fig. 3g) or the viral replication (Fig. 3h). These

Fig. 2 VSV and EMCV promote NLRP3 inflammasome activation and inflammasome-independent cell death. a Primed BMDMs were infected
with increased MOI of VSV or EMCV for 15 h. Then, cell supernatants and cell lysates were analyzed by WB for the indicated proteins. b Primed
BMDMs were infected with increased MOI of VSV or EMCV. After 15 h, IL-1β release in the cell supernatant was assessed by ELISA. c Primed BMDMs
were infected with increased MOI of VSV or EMCV. After 15 h, cell death was assessed using the LDH release assay. d Primed WT or NLRP3−/− BMDMs
were infected with VSV or EMCV for 15 h. Then, cell supernatants and cell lysates were analyzed by WB for the indicated proteins. e Primed WT,
NLRP3−/−, ASC−/−, Casp1−/−, or GSDMD-/− BMDMs were infected with VSV or EMCV. After 15 h, IL-1β release in the cell supernatant was assessed by
ELISA. The data shown are means ± SD from three independent experiments. ***P < 0.001 versus WT BMDMs (Student’s t-test). ns, not significant.
f Primed WT, NLRP3−/−, ASC−/−, Casp1−/−, or GSDMD−/− BMDMs were infected with VSV or EMCV. After 15 h, cell death was assessed using the LDH
release assay. The data shown are means ± SD from three independent experiments. ****P < 0.0001 versus WT BMDMs (Student’s t-test). ns, not
significant. g Analysis of the viral replication in the different BMDMs

da Costa et al. Cell Death and Disease          (2019) 10:346 Page 4 of 15

Official journal of the Cell Death Differentiation Association



observations indicate therefore that the viral replication
promotes necrotic/lytic cell death and K+ efflux leading to
NLRP3 inflammasome activation and IL-1β maturation.

RLRs, MAVS, and DHX33 are not required for
inflammasome activation by RNA viruses
RIG-I-like receptors (RLRs) play a central role in the

innate immune response to RNA viral infection20,21.

Whether RLR signaling played a role in inflammasome
activation was then investigated. Neither RIG-I nor
MDA5 was required for IL-1β secretion in response to
VSV or EMCV and the absence of RLRs did not affect the
replication (Fig. 4a–d). As controls, the production of
IFNβ in response to VSV M required RIG-I (VSV being a
really weak IFN-β inducer), while secretion of IFNβ in
response to EMCV required MDA5 as previously

Fig. 3 Replicating VSV and EMCV promote caspase-independent cell death and NLRP3 inflammasome activation through K+ efflux. a
BMDMs were infected with VSV or EMCV. At different times after infection, cell lysates were analyzed by WB for the indicated proteins. Actinomycin D
treatment (ActD) (20 μM for 8 h) was used as a positive control. b BMDMs were infected with VSV or EMCV in the presence or the absence of the pan
caspase inhibitor zVAD-fmk (10 μM) for 15 h. Cell death was then assessed using the LDH release assay. The data shown are means ± SD from three
independent experiments. ns, not significant. c Analysis of VSV or EMCV replication, either untreated or UV inactivated. d Primed BMDMs were
infected with untreated or UV-inactivated VSV or EMCV for 15 h. Next, IL-1β release in the cell supernatant was assessed by ELISA. The data shown are
means ± SD from three independent experiments. ****P < 0.001 versus untreated virus (Student’s t-test). e Primed BMDMs were infected with
untreated or UV-inactivated VSV or EMCV. After 15 h, cell death was assessed using the LDH release assay. The data shown are means ± SD from three
independent experiments. ****P < 0.0001, ***P < 0.001 versus untreated virus (Student’s t-test). f Primed BMDMs were infected with VSV or EMCV for
15 h in the presence of increased concentrations of KCl or glyburide (a proton pump inhibitor that prevents the K+ efflux, 25 μg/ml). IL-1β release in
the cell supernatant was then assessed by ELISA. The data shown are means ± SD from three independent experiments. ****P < 0.0001, ***P < 0.001,
**0.001 < P < 0.01, *0.01 < P < 0.05 versus 5 mM KCl (Student’s t-test). g Primed BMDMs were infected with VSV or EMCV for 15 h in the presence of
increased concentrations of KCl or glyburide (25 μg/ml). Then, cell death was assessed using the LDH release assay. The data shown are means ± SD
from three independent experiments. ns, not significant versus 5 mM KCl (Student’s t-test). h Analysis of the viral replication in the presence of KCl or
glyburide
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reported11,20,22 (Fig. 4e, f). Our results indicate that RIG-I
and MDA-5 do not seem to play a role in inflammasome
activation in response to VSV or EMCV.

MAVS, the mitochondrial adaptor downstream of RLRs
required for the signal transduction leading to the pro-
duction of type I IFNs23,24 (Fig. 4f) has also been proposed

Fig. 4 (See legend on next page.)
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to be required in NLRP3 inflammasome activation25,26.
On the other hand, IL-1β release was not affected in
MAVS−/− BMDMs infected with VSV or EMCV (Fig. 4c).
Likewise, the loss of MAVS did not reduce caspase-1
activation and IL-1β maturation in primed BMDMs after
nigericin or ATP treatment (Fig. S6).
Finally, the DHX33 RNA helicase has been reported to

sense cytosolic RNA and activate the NLRP3 inflamma-
some in human macrophages27, but IL-1β secretion in
VSV-infected or EMCV-infected BMDMs was not affec-
ted after the knockdown of this helicase with siRNAs
(Fig. 4g). The knockdown of DHX33 did not alter the viral
replication (Fig. S7). In THP-1 cells, the knockdown of
DHX33 did not impair IL-1β secretion after VSV or
EMCV infection either, in agreement with another study13

(Fig. S8), but it did after Poly(I:C) transfection, as
reported27.

Necroptosis machinery and Drp1 are dispensable for
inflammasome activation by RNA viruses
Besides apoptosis, necroptosis is another host defense

strategy to prevent viral infection28–30. Hence, several
viruses have been reported to induce necroptosis after
infection29,30. Necroptosis is a form of a regulated cell
death involving proteins containing a RHIM domain
(RIPK1, TRIF, or ZPB1/DAI) allowing the recruitment of
RIPK3 that ultimately activates the necroptosis execu-
tioner MLKL through phosphorylation28.
Given that our results suggested that the cell death

induced by VSV or EMCV was independent of caspases,
we have explored whether the viruses that promoted
inflammasome activation, might trigger necroptosis as
well. MLKL phosphorylation is a hallmark of necroptosis
but VSV or EMCV infection did not cause its phosphor-
ylation (Fig. 5a). Necroptosis is mainly activated under
apoptosis-deficient conditions28, so only incubation with
the broad caspase inhibitor zVAD-fmk yielded a weak
MLKL phosphorylation (Fig. 5a). To rule out the

possibility that necroptosis is the form of cell death pro-
moting the K+ efflux involved in NLRP3 activation after
viral infection, MLKL−/− BMDMs were infected with
VSV or EMCV but IL-1β release as well as replication
were similar to the infected WT BMDMs (Fig. 5b, c). It
has been proposed that the RNA viruses promote
NLRP3 inflammasome activation through a RIPK1–
RIPK3–Drp1 signaling pathway13. On the other hand, the
loss of RIPK3 did not significantly affect IL-1β secretion
and viral replication after VSV or EMCV infection (Fig.
5b, c), and ASC speck formation or ASC oligomerization
was not significantly affected (Fig. S5). Furthermore,
simultaneous inhibition of apoptosis and necroptosis did
not alter ASC speck formation or ASC oligomerization
(Fig. S5), indicating that NLRP3 activation in the context
of cytopathogenic virus infection is independent of these
forms of programmed cell death. RIPK1−/− mice are not
viable31 so that RIPK1 was knocked down in BMDMs
using siRNA (Fig. 5d) and again, in agreement with a
recent paper32, the knockdown of RIPK1 did not impact
the inflammasome nor the viral replication following
infection (Fig. 5d, S7), while it did prevent MLKL phos-
phorylation following necroptosis induction (Fig. S9A).
RIPK1–RIPK3 following RNA virus infection were
reported to induce phosphorylation/activation of Drp113,
an effector of the mitochondrial fission machinery33.
While infection of BMDMs with EMCV led to an
increased Drp1 phosphorylation (Fig. 5e), in contrast
Drp1 phosphorylation was mitigated in VSV-infected cells
(Fig. 5e), suggesting that Drp1 phosphorylation is not a
hallmark for RNA virus-induced inflammasome activa-
tion. Moreover, the knockdown of Drp1 in BMDMs
(Fig. 5f, S9B) did not affect IL-1β production after VSV or
EMCV infection (Fig. 5f), as previously reported32. The
knockdown of Drp1 did not affect the viral replication
either (Fig. S7). Our observations suggest therefore that
neither RIPK1, RIPK3, MLKL, nor Drp1 are required for
inflammasome activation by RNA viruses.

(see figure on previous page)
Fig. 4 Virus-induced inflammasome activation is independent of RNA sensing by RIG-I, MDA-5, or DXH33. a Primed WT or RIG-I−/− BMDMs
were infected with VSV or EMCV. After 15 h, IL-1β release in the cell supernatant was assessed by ELISA. The data shown are means ± SD from three
independent experiments. ns, not significant versus WT BMDMs (Student’s t-test). b Analysis of the viral replication in WT or RIG-I−/− BMDMs.
c Primed WT, MAVS−/−, or MDA5−/− BMDMs were infected with VSV or EMCV. After 15 h, IL-1β release in the cell supernatant was assessed by ELISA.
The data shown are means ± SD from three independent experiments. ns, not significant versus WT BMDMs (Student’s t-test). d Analysis of the viral
replication in WT, MAVS−/−, or MDA5−/− BMDMs. e WT or RIG-I−/− BMDMs were infected with VSV, VSV M, or EMCV for 8 h. IFNβ release in the cell
supernatant was next assessed by ELISA. The data shown are means ± SD from three independent experiments. ****P < 0.0001, ***P < 0.001, ns, not
significant versus WT BMDMs (Student’s t-test). f WT, MAVS−/−, or MDA5−/− BMDMs were infected with VSV, VSV M, or EMCV for 8 h. IFNβ release in
the cell supernatant was assessed by ELISA. The data shown are means ± SD from three independent experiments. ****P < 0.0001, **0.001 < P < 0.01,
ns, not significant versus WT BMDMs (Student’s t-test). g BMDMs were transfected with siRNAs raised against DHX33 or nonspecific siRNA (NS). After
3 days, BMDMs were infected with VSV or EMCV for 15 h. IL-1β release in the cell supernatant was then assessed by ELISA. The data shown are means
± SD from three independent experiments. ns, not significant versus NS siRNA-transfected BMDMs (Student’s t-test). The efficiency of the knockdown
of DHX33 was confirmed by WB

da Costa et al. Cell Death and Disease          (2019) 10:346 Page 7 of 15

Official journal of the Cell Death Differentiation Association



Viral replication and ensuing cell death are required for
inflammasome activation
Type I IFNs are not only potent antiviral cytokines

preventing viral replication34, but they also inhibit

inflammasome activation35. Unlike VSV, VSV M was a
strong IFNβ inducer (Fig. 1f), did not replicate into
BMDMs (Fig. 1h) and did not activate inflammasome (Fig.
1a–c). To further confirm that viral replication is required

Fig. 5 (See legend on next page.)
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for NLRP3 inflammasome activation, IFNAR−/− or WT
BMDMs were infected with VSV M. While VSV M did
not replicate in WT BMDMs, it replicated well in
IFNAR−/− BMDMs (Fig. 6a) since these cells are insen-
sitive to type I IFNs. As it could replicate in IFNAR−/−

cells, VSV M then promoted cell death and IL-1β pro-
duction (Fig. 6b, c). Likewise, SindV also replicated only in
IFNAR−/− BMDMs triggering, to a lesser extent, cell
death and inflammasome activation (Fig. 6a–c). In
IFNAR−/− BMDMs, cell death induced by VSV M or
SindV was not prevented by the knockdown of NLRP3 or
GSDMD, suggesting that this cell death is not dependent
on the inflammasome (Fig. 6d). Both VSV M and SindV
did not activate inflammasome in BMDMs because their
sensing leads to the production of type I IFNs preventing
therefore their replication. Indeed, both viruses are sensed
by the RLRs because the absence of the adaptor MAVS
completely abrogated the production of IFNβ following
viral infection (Fig. 6e). Hence, due to the lack of type I
IFNs production in MAVS−/− BMDMs, VSV M, and
SindV induced-cell death allowed IL-1β release conse-
quently of the inflammasome activation (Fig. 6f, g).
Together, our observations suggest that viral replication-
induced cell death is a signal allowing inflammasome
activation after RNA virus infection.

Discussion
In this study, using different RNA viruses, we observed

that only replicating viruses with a cytopathogenic effect
like VSV or EMCV are capable of inducing a significant
inflammasome activation. In agreement with previous
studies11,13–15, the NLRP3 inflammasome is engaged in
the sensing of both viruses. Indeed, IL-1β release follow-
ing VSV or EMCV infection was severely impaired in the
absence of NLRP3, ASC, or caspase-1.
Pathogen recognition receptors (PRRs) sense

pathogen-associated molecular patterns (PAMPs) to
initiate an innate immune response36. Viral RNAs are
the main PAMPs that are sensed by the PRRs like the

RLRs (RIG-I and MDA-5) to induce the production of
type I IFNs and pro-inflammatory cytokines21. With the
exception of VSV, the different viruses triggered in
BMDMs IFNβ production which was blunted in the
absence of MAVS (Fig. S10), the mitochondrial adaptor
downstream of RIG-I or MDA-5 required for the sig-
naling, meaning that viral RNAs were sensed by the
RLRs. The viral sensing by those helicases does not seem
to be required for the inflammasome activation as SeV
M or VSV M, while both were strong IFNs inducers as a
consequence of RLR stimulation, did not trigger
inflammasome activation after infection with BMDMs.
Our results are in contradiction with a study by Poeck
et al.37. Indeed, they have proposed a role for RLRs in
NLRP3 inflammasome activation after infection with
RNA viruses. Based on their results, MDA5 plays an
essential but undefined role in NLRP3 inflammasome
activation by EMCV. Moreover, they have proposed that
following VSV infection, the virus is detected by a RIG-
I/ASC/caspase-1 inflammasome that does not require
NLRP3. Our results do not support this model as we
have constantly observed the requirement for NLRP3 in
response to VSV and EMCV, and, on the other hand, the
RLRs did not seem to be required for inflammasome
activation in response to these viruses. We have cur-
rently no explanations to clarify this discrepancy but our
conclusions are in complete agreement with the study of
Rajan et al.11. Furthermore, two other works have also
shown the need of NLRP3 after VSV infection11,13. It has
also been described that the DHX33 (also called
DDX33) RNA helicase senses cytosolic RNA and acti-
vates the NLRP3 inflammasome27. However, on the
other hand, the knockdown of this helicase in BMDMs
did not affect inflammasome activation after VSV or
EMCV infection. In agreement with another study13, the
knockdown of DHX33 in THP-1 cells did not impair
IL-1β secretion after VSV or EMCV infection either but
it did after Poly(I:C) transfection, as reported27. A pos-
sible explanation is that an excess of nucleic acids like

(see figure on previous page)
Fig. 5 Virus-induced inflammasome activation is independent of necroptosis machinery and Drp1. a BMDMs were infected in the presence or
the absence of zVAD-fmk (20 μM) with VSV or EMCV for 8 or 16 h. Then, cell lysates were analyzed by WB for the indicated proteins. As a positive
control, BMDMs were treated with TNFα (50 ng/ml), cycloheximide (1 μg/ml), and zVAD-fmk (20 μM) (TCZ) for 2 h. b Primed WT, RIPK3−/−, or
MLKL−/− BMDMs were infected with VSV or EMCV. After 15 h, IL-1β release in the cell supernatant was assessed by ELISA. The data shown are
means ± SD from three independent experiments. ns, not significant versus WT BMDMs (Student’s t-test). c Analysis of the viral replication in WT,
RIPK3−/−, or MLKL−/− BMDMs. d BMDMs were transfected with siRNAs raised against RIPK1 or nonspecific siRNA (NS). After 3 days, BMDMs were
infected with VSV or EMCV for 15 h. IL-1β release in the cell supernatant was then assessed by ELISA. The data shown are means ± SD from three
independent experiments. ns, not significant versus NS siRNA-transfected BMDMs (Student’s t-test). The efficiency of the knockdown of RIPK1 was
confirmed by WB. e BMDMs were infected with VSV or EMCV for the indicated times. Cell lysates were analyzed by WB for the indicated proteins. As a
positive control, BMDMs were treated with nocodazole (100 ng/ml) for 16 h. f BMDMs were transfected with siRNAs raised against Drp1 or
nonspecific siRNA (NS). After 3 days, BMDMs were infected with VSV or EMCV for 15 h. IL-1β release in the cell supernatant was then assessed by
ELISA. The data shown are means ± SD from three independent experiments. ns, not significant versus NS siRNA-transfected BMDMs (Student’s t-test).
The efficiency of the knockdown of Drp1 was confirmed by WB
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Fig. 6 (See legend on next page.)
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poly(I:C) in the cytosol after the transfection can be
sensed by DHX33 to activate NLRP3 inflammasome.
Based on our results, a key step for RNA viruses to

induce NLRP3 inflammasome activation is their cyto-
pathogenic effect as a consequence of their replication.
Indeed, when infection with the virus did not promote cell
death, either because the virus was not cytopathogenic
(the case of SeV) or because it did not replicate (VSV M or
SindV) after UV inactivation, the inflammasome activa-
tion was negligible. Infection with VSV or EMCV likely
triggers a form of necrosis (plasma membrane rupture) as
a consequence of the lytic cell death, promoting the efflux
of intracellular K+, a necessary and sufficient upstream
signaling event in NLRP3 activation2,5 (Fig. 7). Interest-
ingly, similar to the infection with cytopathogenic RNA
viruses, stimulation of the cGAS–STING axis in human
myeloid cells induces a cell death program initiating K+

efflux upstream of NLRP338. While both forms of cell
death lead to inflammasome activation, they allow the
release of IL-1β without the need of gasdermin D
suggesting a plasma membrane rupture allowing first
the K+ efflux upstream of NLRP3, then the release of
mature IL-1β.
In the case of canonical NLRP3 inflammasome activa-

tion, for instance with nigericin, inflammasome activation
leads to pyroptotic cell death as a consequence of gas-
dermin D cleavage by caspase-1. After VSV or EMCV
infection, despite NLRP3 inflammasome activation, cell
death was not affected in NLRP3, ASC, or caspase-1-
deficient BMDMs or after treatment with a broad
caspase inhibitor like zVAD-fmk, suggesting that pyr-
optotic or apoptotic cell death was not involved.
Necroptosis is another host defense strategy to prevent
viral infection28–30, but we did not observe MLKL phos-
phorylation in VSV or EMCV-infected BMDMs and the
absence of MLKL did not impact the inflammasome.
RIPK1 and RIPK3 are components of the necroptosome
and it was recently reported that the RNA viruses

promote NLRP3 inflammasome activation through a
RIPK1–RIPK3–Drp1 signaling pathway13. In agreement
with a recent study32, our results suggest that the
RIPK1–RIPK3–Drp1 signaling pathway is not required for
inflammasome activation after infection with RNA viru-
ses. While further studies are required to explain this
discrepancy, a possible explanation is that in their
BMDMs deficient for RIPK1, RIPK3, or Drp1, the repli-
cation of RNA viruses was reduced, promoting less
lytic cell death and thus less NLRP3 inflammasome
activation13.
After infection, viral RNAs are sensed by the RLRs in

the cytosol and through the mitochondrial adaptor
MAVS, they engaged a signaling pathway leading to type I
IFNs production and these cytokines combat viral infec-
tion for instance by preventing virus replication21. Hence,
infection of BMDMs with VSV M or SindV led to IFNβ
production that blocked the replication of both viruses
and there was no sign of inflammasome activation. In
MAVS or IFNAR−/− BMDMs, VSV M or SindV repli-
cated well because of a deficiency in IFNβ production or
the absence of this cytokine receptor. Then, the viral
replication triggered lytic cell death, K+ efflux-induced
NLRP3 inflammasome activation, and ensuing the pro-
duction of the highly inflammatory cytokines IL-1β and
IL-18.
Hence depending on the RNA virus nature, the innate

immune system deploys two strategies: on one hand, viral
RNAs detection by the RLRs in the cytosol leads to type I
IFNs production, on the other hand, the viruses that
escape to the IFN response can replicate and trigger lytic
cell death leading to IL-1β and IL-18 production through
the NLRP3 inflammasome.

Materials and methods
Cell culture
BHK-21 and L929 cells were cultured in DMEM high

glucose with 10% FBS. For the mouse BMDMs, the bone

(see figure on previous page)
Fig. 6 Viral replication is required for NLRP3 inflammasome activation. aVSV M or Sindbis virus (SindV) replication was assessed in WT, IFNAR−/−,
or MAVS−/− BMDMs. b WT or IFNAR−/− BMDMs were infected with VSV M or SindV for 24 h, then cell death was assessed using the LDH release
assay. The data shown are means ± SD from three independent experiments. ***P < 0.001, **0.001 < P < 0.01, versus WT BMDMs (Student’s t-test).
c Primed WT or IFNAR−/− BMDMs were infected with VSV M or SindV for 24 h. IL-1β release in the cell supernatant was then assessed by ELISA. The
data shown are means ± SD from three independent experiments. ****P < 0.0001, **0.001 < P < 0.01, versus WT BMDMs (Student’s t-test). d IFNAR−/−

BMDMs were transfected with siRNAs raised against NLRP3 or GSDMD or nonspecific siRNA (NS). After 3 days, BMDMs were infected with VSV M or
SindV for 24 h, then cell death was assessed using the LDH release assay. The data shown are means ± SD from three independent experiments. ns,
not significant versus NS siRNA-transfected BMDMs (Student’s t-test). The efficiency of the knockdown of NLRP3 and GSDMD was confirmed by WB.
e WT or MAVS−/− BMDMs were infected with VSV M or SindV for 8 or 16 h. IFNβ release in the cell supernatant was then assessed by ELISA. The data
shown are means ± SD from three independent experiments. ****P < 0.0001, ***P < 0.001, versus WT BMDMs (Student’s t-test). f WT or MAVS−/−

BMDMs were infected with VSV M or SindV for 24 h, then cell death was assessed using the LDH release assay. The data shown are means ± SD from
three independent experiments. **0.001 < P < 0.01, versus WT BMDMs (Student’s t-test). g Primed WT or MAVS−/− BMDMs were infected with VSV M
or SindV for 24 h. IL-1β release in the cell supernatant was then assessed by ELISA. The data shown are means ± SD from three independent
experiments. ****P < 0.0001, **0.001 < P < 0.01, versus WT BMDMs (Student’s t-test)

da Costa et al. Cell Death and Disease          (2019) 10:346 Page 11 of 15

Official journal of the Cell Death Differentiation Association



marrow was extracted by flushing from the femurs and
tibia of mice. Bone marrow was incubated in DMEM with
30% of L929-conditioned medium, 10% FBS, 1% penicillin
and streptomycin, and 2mM L-glutamine for 7 days
before using the differentiated macrophages for experi-
ments. Bone marrow from NLRP3−/−, RIPK3−/−, or
MLKL−/− mice were obtained from Dr. James Vince
(WEHI Institute, Melbourne, Australia), IFNAR−/− from
Dr. Damien Vitour (LabEx IBEID, Maisons-Alfort,
France), CASP-1/CASP-11−/− from Dr. Richard Flavell
(Department of Immunobiology, Yale University School
of Medicine, USA), MAVS−/− from Dr. Marie-Cécile
Michallet (Centre International de Recherche en Infec-
tiologie, INSERM U1111-CNRS UMR5308, Lyon, France),
ASC−/− from Dr. Ronan Le Goffic (Unité de Virologie et
Immunologie Moléculaires, UR 892 INRA, Jouy-en-Josas,
France), GSDMD−/− from Dr. Petr Broz (Faculty of
Biology and Medicine, Department of Biochemistry,
Université de Lausanne, Switzerland), RIG-I−/− from
Dr. Winfried Barchet (Translational Immunology Insti-
tute of Clinical Chemistry and Clinical Pharmacology,
University of Bonn, Germany), and MDA5−/− from the

Jackson Laboratory. All the mice were C57Bl/6 back-
ground except RIG-I mice that were CD1 (ICR)
background.

Viral Infections and cell treatments
The SeV M and the VSV wild type and mutant (VSV-

M) were kindly provided by Dr. Dominique Garcin
(Department of Microbiology and Molecular Medicine,
Faculty of Medicine, University of Geneva, Geneva,
Switzerland). The SindV was kindly provided by
Dr. Marco Vignuzzi (Institut Pasteur, Paris, France).
Briefly, BMDMs cells were washed once with 1⨯ PBS and
incubate with VSV, VSV-M, EMCV, SeV, SeV-M, and
SindV at a MOI of 5 for 2 h at 37 C in 5% CO2. Then, the
medium with a non-adsorbed viruses was removed by
washing, the cells were washed with serum-free medium
and cultured in DMEM supplemented with 5% FBS, at
37 °C in 5% CO2. After different time post-infection,
conditioned media were collected for virus titration,
necrosis, and cytokine quantification and some western
blot analyses. Whole cell extracts were used for western
blot analyses. As a control of virus replication, viruses

Fig. 7 Proposed model. NF-κB activation following TLR3, TNFR, or IL-1R stimulation or following RLR stimulation (not depicted) promotes pro-IL-1β
expression (signal I). In parallel, after infection, RNA virus replicates into the cell triggering a lytic form of cell death and plasma membrane rupture.
This lytic cell death allows K+ efflux (signal II) that activates NLRP3 inflammasome. Within this inflammasome, caspase-1 is activated then cleaves pro-
IL-1β into its mature form. IL-1β is released in the extracellular medium independently of the gasdermin D pores, likely as a consequence of the viral-
induced lytic cell death
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were UV inactivated by irradiation for 5 min in a Strata-
gene 2400 UV cross-linker.
In some experiments, BMDMs were treated with

zVAD-fmk (10 μM) (Invivogen), Nigericin (10 μM) (Invi-
vogen), ATP (5 mM) (Invivogen), and glyburide (25 μg/
ml) (Invivogen). BMDMs were primed with ultrapure LPS
(100 ng/ml) (Invivogen).

Virus quantification
The plaque assay—SindV, EMCV, and VSV infectious

particles released from infected cells were quantified by
determining virus titers in the culture medium by the
plaque assay in BHK-21 cells, as previously described39.
Plaques were visualized by staining the monolayer with
1 ml 1% crystal violet in 20% ethanol. SeV replication
was assessed by flow cytometry as the virus contains a
GFP-tag.

Cell death assay
Cell death was assessed through a lactate dehydrogenase

(LDH) released from infected macrophages. The LDH
release was determined by the Promega CytoTox 96
assay kit (Promega) according to the manufacturer’s
instructions.

Enzyme-linked immunosorbent assays (ELISA)—cytokines
quantifications
The concentrations of cytokines in the conditioned

medium of BMDM cultures were determined by ELISA.
IL-1β (Thermo Fisher Scientific), IL-18 (MBL Interna-
tional), IFN-β (PBL Assay Science) concentration was
quantified using the standard ELISA development kit
according to the manufacturer’s protocol.

Protein extraction and immunoblots
Cells were lysed in lysis buffer (50 mM Tris–HCl pH

7.4, 150mM NaCl, 1% Triton X-100, 2 mM EDTA, 2 mM
sodium pyrophosphate, 25 mM β-glycerophosphate,
1 mM sodium orthovanadate) supplemented with pro-
tease inhibitor cocktail (Thermo Fisher Scientific), and
the debris were removed by centrifugation at 10,000 × g
and 4 °C. Protein concentration was determined with a
micro-BCA kit (Thermo Fisher Scientific). Samples were
then boiled in SDS sample buffer (Novex) containing
10% β-mercaptoethanol (Sigma) and resolved by
SDS–polyacrylamide gel electrophoresis. Immunoblot
analysis was performed with specific antibodies and the
antigen–antibody complexes were visualized by chemi-
luminescence (Immobilon Western, Merck Millipore).

Antibodies
The primary antibodies used for immunoblotting were

mouse IgG1 anti-caspase-1 (p20) (Adipogen, #AG-20B-
0042, 1/2000 dilution), mouse IgG2b anti-NLRP3

(Adipogen, #AG-20B-0014, 1/1000), goat anti-mouse IL-
1β (R&D systems, #AF-401-NA, 1/1000), rabbit anti-
GAPDH (Sigma-Aldrich, #G9545, 1/20,000), rabbit anti-
IRF3 (Cell Signaling, #4302, 1/2000), rabbit anti-phospho-
IRF3 (Ser396) (Cell Signaling, #4947, 1/2000), rabbit anti-
MAVS (rodent specific) (Cell Signaling, # 4983, 1/1000),
rabbit anti-phospho-STAT1 (Tyr701) (Cell Signaling,
#9171, 1/1000), rabbit anti-STAT1 (D1K9Y) (Cell Sig-
naling, #14994, 1/3000), rabbit anti-caspase-3 (Cell Sig-
naling, #9662, 1/1000), mouse IgG1 anti-DDX33 (B-4)
(Santa Cruz, #sc-390573, 1/1000), rabbit anti-MLKL
(phospho S345) (Abcam, #ab196436, 1/1000), rabbit
anti-MLKL (D6W1K) (Cell Signaling, #37705, 1/2000),
rabbit anti-phospho-DRP1 (Ser616) (D9A1) (Cell Signal-
ing, #4494, 1/1000), mouse IgG1 anti-DRP1 (BD Bios-
ciences, #611113, 1/2000), rabbit anti-RIPK1 (D94C12)
(Cell Signaling, #3493, 1/2000), and guinea pig anti-
mouse gasdermin D (Adipogen, #AG-25B-0036, 1/1000).

Transfection with siRNA
BMDMs were transfected with small interfering RNAs.

Briefly, cells were plated in 48-well plates (at a density of
5 × 105 cells per well) and then were transfected with
50 nM siRNA through the use of INTERFERin (Polyplus)
according to the manufacturer’s guidelines. Control
nonspecific siRNAs and the specific siRNAs were pur-
chased from Sigma-Aldrich. The siRNAs used were: Drp1
a (5′GGAAUAAUUGGAGUAGUUAdTdT3′), Drp1 b
(CUGUCAAUUUGCUAGAUGUdTdT), DDX33 a (GCA
AGAAUAUGCUGCUAGUdTdT), DDX33 b (CCCAAA
UGUGCUCACCUUUdTdT), RIPK1 a (CACAAUCCU
UUCUUACACAdTdT), RIPK1 b (GGAAGAUAUUGU
GAGCGGAdTdT), NLRP3 a (GAUCAACCUCUCUACC
AGAdTdT), NLRP3 b (GUGUUGUCAGGAUCUCGC
AdTdT), GSDMD a (GAUUGAUGAGGAGGAAUUAdT
dT), GSDMD b (CUGCUUAUUGGCUCUAAAUdTdT).

ASC speck immunofluorescence
BMDMs were plated at 5 × 105 cells per well in 24-well

plates on sterile glass coverslips. Cells were fixed by incu-
bation in 4% paraformaldehyde in phosphate buffered saline
(PBS) for 10min, and then permeabilized by incubation
with 0.15% Triton X-100 in PBS for 15min. Nonspecific-
binding sites were blocked by incubating cells in a solution
of 2% BSA in PBS for 1 h. The cells were then incubated
overnight at 4 °C with the rabbit mAb anti-ASC mouse
specific (D2W8U) (Cell Signaling, #67824, 1/400 dilution).
They were washed three times, for 5min each, in PBS and
were then incubated for 1 h with the specific Alexa Fluor-
conjugated secondary antibodies (Invitrogen). Nuclei were
stained with DAPI (Sigma) and cells were again washed
three times with PBS. Images were acquired with a Leica
SP5 confocal microscope (Leica Microsystems) equipped
with a ×63 oil immersion fluorescence objective.
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ASC oligomerization
BMDMs were seeded in 24-well plates at 1.0 × 106 cells/

well. After appropriate treatments, cells were lysed with
cold PBS containing 0.5% Triton X-100, and the cell
lysates were centrifuged at 6000 × g for 15 min at 4 °C.
The pellets were washed twice with PBS and then resus-
pended in 200 μl PBS. Freshly prepared disuccinimidyl
suberate (2 mM) was added to the resuspended pellets
and the suspension was incubated at room temperature
for 30 min with rotation. The cross-linked pellets were
collected by centrifugation at 6000 × g for 15 min at 4 °C
and redissolved in 25 μl of 1× SDS–PAGE sample loading
buffer. Samples were boiled for 5 min and subjected to
western blot analysis.

Generation of THP-1 cells expressing shRNA
shRNAs targeting mRNA of DHX33 were from Sigma.
shDHX33 (1): CATTTCCTTTAGAACCCAAAT;

shDHX33 (2): GTTGACACGGGCATGGTTAAA.
A PLKO.1 vector encoding shRNA for a scrambled

(Sigma) or DHX33 was transfected into HEK293T cells
together with psPAX2, a packaging plasmid, and pMD2.
G, an envelope plasmid, for producing viral particles with
Lipofectamine 2000 (Life Technologies). Culture super-
natants were harvested 48 h after transfection, filtered
through a 0.45 nm filter and concentrated with PEG-IT
(Cell Signaling). THP-1 cells were infected with collected
supernatants containing lentiviral particles in the pre-
sence of 4 μg/ml polybrene (Sigma). After 48 h of culture,
lentiviral-infected cells were selected by 5 μg/ml pur-
omycin (Invivogen).

Stimulation of THP-1 macrophages
THP-1 cells were differentiated into macrophages with

60 nM phorbol 12-myristate 13-acetate (PMA; Sigma) for
16 h, and cells were cultured for an additional 48 h
without PMA. Differentiated cells were stimulated for
15 h with 1.0 μg/ml poly(I:C) (Invivogen) plus Lipofecta-
mine 2000 or infected with VSV or EMCV.

Statistical analysis
We carried out t tests with Tukey’s post hoc analysis to

assess the statistical significance of differences (Prism
GraphPad Software), and the P values obtained are indi-
cated in the figure legends. Differences were considered to
be significant if P < 0.05. ****P < 0.0001, ***P < 0.001,
**0.001 < P < 0.01, *0.01 < P < 0.05. ns, not significant. The
data shown in each histogram are the means ± SD from
three independent experiments.

Acknowledgements
We would like to thank Drs. James Vince, Damien Vitour, Richard Flavell, Jurg
Tschopp, Marie-Cécile Michallet, Ronan Le Goffic, Petr Broz, Winfried Barchet,
Dominique Garcin, Marco Vignuzzi, Thomas Henry, Seamus Martin, Benedicte

Py, Nicolas Manel, Florence Niedergang, Cécile Arrieumerlou, Nolwenn
Jouvenet, and Stephen Girardin for providing mice, bone marrow, reagents, or
helpful discussions. This work was supported by grants from Fondation ARC
(Association pour La Recherche contre le Cancer), LSDC is supported by a
fellowship from CNPq (Conselho Nacional de Desenvolvimento Cientifico e
Tecnologico).

Author details
1INSERM, UMR_S 1197, Hôpital Paul Brousse, Villejuif, France. 2Université Paris-
Saclay, Paris, France. 3Molecular Genetics and Immunophysiopathology
Research Team, Health and Environment Laboratory, Aïn Chock Faculty of
Sciences, Hassan II University of Casablanca, Casablanca, Morocco

Conflict of interest
The authors declare that they have no conflict of interest.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Supplementary Information accompanies this paper at (https://doi.org/
10.1038/s41419-019-1579-0).

Received: 16 November 2018 Revised: 4 April 2019 Accepted: 9 April 2019

References
1. Dinarello, C. A. Immunological and inflammatory functions of the interleukin-1

family. Annu. Rev. Immunol. 27, 519–550 (2009).
2. Broz, P. & Dixit, V. M. Inflammasomes: mechanism of assembly, regulation and

signalling. Nat. Rev. Immunol. 16, 407–420 (2016).
3. Man, S. M., Karki, R. & Kanneganti, T. D. Molecular mechanisms and functions of

pyroptosis, inflammatory caspases and inflammasomes in infectious diseases.
Immunol. Rev. 277, 61–75 (2017).

4. Lawlor, K. E. & Vince, J. E. Ambiguities in NLRP3 inflammasome regulation: is
there a role for mitochondria?. Biochim. Biophys. Acta. 1840, 1433–1440 (2014).

5. Munoz-Planillo, R. et al. K(+) efflux is the common trigger of NLRP3 inflam-
masome activation by bacterial toxins and particulate matter. Immunity 38,
1142–1153 (2013).

6. Kanneganti, T. D. Central roles of NLRs and inflammasomes in viral infection.
Nat. Rev. Immunol. 10, 688–698 (2010).

7. Hornung, V. et al. AIM2 recognizes cytosolic dsDNA and forms a caspase-1-
activating inflammasome with ASC. Nature 458, 514–518 (2009).

8. Rathinam, V. A. et al. The AIM2 inflammasome is essential for host defense
against cytosolic bacteria and DNA viruses. Nat. Immunol. 11, 395–402 (2010).

9. Ichinohe, T., Lee, H. K., Ogura, Y., Flavell, R. & Iwasaki, A. Inflammasome
recognition of influenza virus is essential for adaptive immune responses. J.
Exp. Med. 206, 79–87 (2009).

10. Muruve, D. A. et al. The inflammasome recognizes cytosolic microbial and
host DNA and triggers an innate immune response. Nature 452, 103–107
(2008).

11. Rajan, J. V., Rodriguez, D., Miao, E. A. & Aderem, A. The NLRP3 inflammasome
detects encephalomyocarditis virus and vesicular stomatitis virus infection. J.
Virol. 85, 4167–4172 (2011).

12. Ichinohe, T., Pang, I. K. & Iwasaki, A. Influenza virus activates inflammasomes via
its intracellular M2 ion channel. Nat. Immunol. 11, 404–410 (2010).

13. Wang, X. et al. RNA viruses promote activation of the NLRP3 inflammasome
through a RIP1-RIP3-DRP1 signaling pathway. Nat. Immunol. 15, 1126–1133
(2014).

14. Lupfer, C., Malik, A. & Kanneganti, T. D. Inflammasome control of viral infection.
Curr. Opin. Virol. 12, 38–46 (2015).

15. Poeck, H. & Ruland, J. From virus to inflammation: mechanisms of RIG-I-
induced IL-1beta production. Eur. J. Cell Biol. 91, 59–64 (2012).

16. Strahle, L. et al. Activation of the beta interferon promoter by unnatural Sendai
virus infection requires RIG-I and is inhibited by viral C proteins. J. Virol. 81,
12227–12237 (2007).

da Costa et al. Cell Death and Disease          (2019) 10:346 Page 14 of 15

Official journal of the Cell Death Differentiation Association

https://doi.org/10.1038/s41419-019-1579-0
https://doi.org/10.1038/s41419-019-1579-0


17. Kopecky, S. A., Willingham, M. C. & Lyles, D. S. Matrix protein and another viral
component contribute to induction of apoptosis in cells infected with vesi-
cular stomatitis virus. J. Virol. 75, 12169–12181 (2001).

18. Kesavardhana, S. & Kanneganti, T. D. Mechanisms governing inflammasome
activation, assembly and pyroptosis induction. Int. Immunol. 29, 201–210
(2017).

19. Castanier, C. & Arnoult, D. Mitochondrial localization of viral proteins as a
means to subvert host defense. Biochim. Biophys. Acta 1813, 575–583 (2011).

20. Chow, K. T., Gale, M. Jr. & Loo, Y. M. RIG-I and other RNA sensors in antiviral
immunity. Annu. Rev. Immunol. 36, 667–694 (2018).

21. Loo, Y. M. & Gale, M. Jr. Immune signaling by RIG-I-like receptors. Immunity 34,
680–692 (2011).

22. Kato, H. et al. Differential roles of MDA5 and RIG-I helicases in the recognition
of RNA viruses. Nature 441, 101–105 (2006).

23. Vazquez, C. & Horner, S. M. MAVS coordination of antiviral innate immunity. J.
Virol. 89, 6974–6977 (2015).

24. Zemirli, N. & Arnoult, D. Mitochondrial anti-viral immunity. Int. J. Biochem. Cell
Biol. 44, 1473–1476 (2012).

25. Park, S. et al. The mitochondrial antiviral protein MAVS associates with NLRP3
and regulates its inflammasome activity. J. Immunol. 191, 4358–4366 (2013).

26. Subramanian, N., Natarajan, K., Clatworthy, M. R., Wang, Z. & Germain, R. N. The
adaptor MAVS promotes NLRP3 mitochondrial localization and inflamma-
some activation. Cell 153, 348–361 (2013).

27. Mitoma, H. et al. The DHX33 RNA helicase senses cytosolic RNA and activates
the NLRP3 inflammasome. Immunity 39, 123–135 (2013).

28. Grootjans, S., Vanden Berghe, T. & Vandenabeele, P. Initiation and execution
mechanisms of necroptosis: an overview. Cell Death Differ. 24, 1184–1195
(2017).

29. Orzalli, M. H. & Kagan, J. C. Apoptosis and necroptosis as host defense stra-
tegies to prevent viral infection. Trends Cell Biol. 27, 800–809 (2017).

30. Upton, J. W., Shubina, M. & Balachandran, S. RIPK3-driven cell death during
virus infections. Immunol. Rev. 277, 90–101 (2017).

31. Kelliher, M. A. et al. The death domain kinase RIP mediates the TNF-induced
NF-kappaB signal. Immunity 8, 297–303 (1998).

32. Kang, S. et al. Caspase-8 scaffolding function and MLKL regulate
NLRP3 inflammasome activation downstream of TLR3. Nat. Commun. 6, 7515
(2015).

33. Ramachandran, R. Mitochondrial dynamics: the dynamin superfamily and
execution by collusion. Semin. Cell Dev. Biol. 76, 201–212 (2018).

34. Capobianchi, M. R., Uleri, E., Caglioti, C., Dolei, A. & Type, I. IFN family members:
similarity, differences and interaction. Cytokine Growth Factor Rev. 26, 103–111
(2015).

35. Guarda, G. et al. Type I interferon inhibits interleukin-1 production and
inflammasome activation. Immunity 34, 213–223 (2011).

36. Akira, S., Uematsu, S. & Takeuchi, O. Pathogen recognition and innate
immunity. Cell 124, 783–801 (2006).

37. Poeck, H. et al. Recognition of RNA virus by RIG-I results in activation of CARD9
and inflammasome signaling for interleukin 1 beta production. Nat. Immunol.
11, 63–69 (2010).

38. Gaidt, M. M. et al. The DNA inflammasome in human myeloid cells is initiated
by a STING-cell death program upstream of NLRP3. Cell 171, 1110–1124 e1118
(2017).

39. Silva da Costa, L., Pereira da Silva, A. P., Da Poian, A. T. & El-Bacha, T. Mito-
chondrial bioenergetic alterations in mouse neuroblastoma cells infected with
Sindbis virus: implications to viral replication and neuronal death. PLoS ONE 7,
e33871 (2012).

da Costa et al. Cell Death and Disease          (2019) 10:346 Page 15 of 15

Official journal of the Cell Death Differentiation Association


	RNA viruses promote activation of the NLRP3 inflammasome through cytopathogenic effect-induced potassium efflux
	Introduction
	Results
	Cytopathogenic RNA viruses promote NLRP3 inflammasome activation
	Cytopathogenic RNA viruses promotes potassium efflux to activate NLRP3 inflammasome
	RLRs, MAVS, and DHX33 are not required for inflammasome activation by RNA viruses
	Necroptosis machinery and Drp1 are dispensable for inflammasome activation by RNA viruses
	Viral replication and ensuing cell death are required for inflammasome activation

	Discussion
	Materials and methods
	Cell culture
	Viral Infections and cell treatments
	Virus quantification
	Cell death assay
	Enzyme-linked immunosorbent assays (ELISA)&#x02014;cytokines quantifications
	Protein extraction and immunoblots
	Antibodies
	Transfection with siRNA
	ASC speck immunofluorescence
	ASC oligomerization
	Generation of THP-1 cells expressing shRNA
	Stimulation of THP-1 macrophages
	Statistical analysis


	ACKNOWLEDGMENTS




