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ABSTRACT The inflammasome represents a molecular platform for innate im-
mune regulation and controls proinflammatory cytokine production. The NLRP3
inflammasome is comprised of NLRP3, ASC, and procaspase-1. When the NLRP3
inflammasome is activated, it causes ASC speck formation and caspase-1 activa-
tion, resulting in the maturation of interleukin-1� (IL-1�). The NLRP3 inflam-
masome is regulated at multiple levels, with one level being posttranslational
modification. Interestingly, ubiquitination of ASC has been reported to be indis-
pensable for the activation of the NLRP3 inflammasome. Influenza A virus (IAV)
infection induces NLRP3 inflammasome-dependent IL-1� secretion, which con-
tributes to the host antiviral defense. However, IAVs have evolved multiple an-
tagonizing mechanisms, one of which is executed by viral NS1 protein to sup-
press the NLRP3 inflammasome. In this study, we compared IL-1� production in
porcine alveolar macrophages in response to IAV infection and found that the
2009 pandemic H1N1 induced less IL-1� than swine influenza viruses (SIVs). Fur-
ther study revealed that the NS1 C terminus of pandemic H1N1 but not that of
SIV was able to significantly inhibit NLRP3 inflammasome-mediated IL-1� produc-
tion. This inhibitory function was attributed to impaired ASC speck formation
and suppression of ASC ubiquitination. Moreover, we identified two target lysine
residues, K110 and K140, which are essential for both porcine ASC ubiquitination
and NLRP3 inflammasome-mediated IL-1� production. These results revealed a
novel mechanism by which the NS1 protein of the 2009 pandemic H1N1 sup-
presses NLRP3 inflammasome activation.

IMPORTANCE Influenza A virus (IAV) infection activates the NLRP3 inflammasome,
resulting in the production of IL-1�, which contributes to the host innate immune
response. ASC, an adaptor protein of NLRP3, forms specks that are critical for inflam-
masome activation. Here, we report that the NS1 C terminus of the 2009 pandemic
H1N1 has functions to suppress porcine IL-1� production by inhibiting ASC speck
formation and ASC ubiquitination. Furthermore, the ubiquitination sites on porcine
ASC were identified. The information gained here may contribute to an in-depth un-
derstanding of porcine inflammasome activation and regulation in response to dif-
ferent IAVs, helping to further enhance our knowledge of innate immune responses
to influenza virus infection in pigs.
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Pattern recognition receptors (PRRs) play important roles in host innate immune
responses to pathogens (1). Nucleotide-binding domain and leucine-rich repeat-

containing proteins (NLRs) are one of the families of PRRs, among which the NLR family
pyrin domain-containing protein 3 (NLRP3) has been extensively investigated. With the
apoptosis-associated speck-like protein containing caspase recruitment domain (ASC)
and procaspase-1, NLRP3 forms a cytosolic protein complex called the NLRP3 inflam-
masome (1, 2). When the NLRP3 inflammasome is activated in response to a variety of
pathogen-associated molecular patterns (PAMPs), it can then regulate the secretion of
inflammatory cytokines including interleukin-1� (IL-1�), which is a major mediator for
inflammation (1, 2). IL-1� is synthesized as an immature form, pro-IL-1�. Maturation of
pro-IL-1� relies on NLRP3 inflammasome activation. This activation occurs by the
formation of ASC specks and activation of caspase-1, which is converted from
procaspase-1 through an auto-processing mechanism (1, 2).

NLRP3 inflammasome-mediated IL-1� production plays a critical role in modulating
host immunity to influenza A virus (IAV) infection and IAV-induced lung pathology
(3–5). Sensing viral RNAs by Toll-like receptors or retinoic acid-inducible gene I (RIG-
I)-like receptors leads to pro-IL-1� and NLRP3 expression (6, 7). Recently, Z-DNA binding
protein 1 was identified as another sensor of IAV for NLRP3 inflammasome activation
and inflammatory responses (8). Activation of the NLRP3 inflammasome requires a
second signal that includes the recognition of viral components or virus-induced
intracellular processes through mechanisms that are less clearly understood (6, 7).
While viral RNA itself is shown to activate the NLRP3 inflammasome (4, 5), different viral
proteins of IAVs are reported to regulate the NLRP3 inflammasome. For example,
PB1-F2 protein could activate or inhibit the NLRP3 inflammasome in a virus strain-
dependent manner (9–11), whereas the M2 protein contributes to NLRP3 inflam-
masome-mediated IL-1� production through its ion channel activity (12). NS1 protein,
which is well known for its interferon (IFN)-antagonistic function (13), is reported to
inhibit both caspase-1 activation (14) and NLRP3-mediated IL-1� production (15–17).

Recent studies have revealed that the NLRP3 inflammasome is regulated by post-
translational modifications. Among different types of modifications, ubiquitination and
deubiquitination are known to play diverse roles in the regulation of inflammasomes
(18). Deubiquitinases are required for inflammasome-dependent IL-1� production (19),
and, more specifically, deubiquitination of NLRP3 is reported to be important for the
activation of the NLRP3 inflammasome (20–25). In contrast, autophagy-mediated or
proteasomal degradation of ubiquitinated NLRP3 leads to suppression of the NLRP3
inflammasome (26, 27). Upon activation of several different inflammasomes, caspase-1
can be ubiquitinated, which may downregulate the inflammasome activity (28). Also,
pro-IL-1� undergoes ubiquitination, which leads to its maturation into IL-1� or its
degradation (29–31).

ASC ubiquitination was first reported in a study of absent in melanoma 2 (AIM2)
inflammasome-related autophagy in response to double-stranded DNA (32). More
recent studies then revealed an effect of ASC ubiquitination on NLRP3 inflammasome
activation. While ASC ubiquitination by an E3 ligase, tumor necrosis factor receptor-
associated factor 6 (TRAF6), can limit NLRP3 inflammasome activity (33), deubiquitina-
tion of ASC is required for NLRP3 inflammasome activation (34). ASC can also be
modified by the linear ubiquitin assembly complex, which is required for the activation
of the NLRP3 inflammasome (35). In the context of RNA virus infection, ubiquitination
of ASC by the E3 ligase TRAF3 upon infection with vesicular stomatitis virus (VSV) is
critical for inflammasome-mediated IL-1� production (36). In spite of these studies, it
remains unknown how ASC ubiquitination regulates inflammasome activity during IAV
infection.

In this study, we focused on porcine NLRP3 inflammasome regulation upon IAV
infection in pigs. We first compared IL-1� production in primary porcine alveolar
macrophages (PAMs) infected with either swine influenza viruses (SIVs) or the 2009
pandemic H1N1 virus (pH1N1/09). We found that pH1N1/09 is better capable of
inhibiting IL-1� production than the SIVs. Further analyses revealed that the NS1 C
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terminus of the pH1N1/09 strain inhibits NLRP3 inflammasome-mediated IL-1� pro-
duction by suppressing ASC speck formation and the ubiquitination of porcine ASC.
Mutational analyses identified the target lysine residues, K110 and K140, found in
porcine ASC to be critical for NLRP3 inflammasome-mediated IL-1� production. Thus,
these results revealed a new mechanism of innate immune evasion achieved by the
NS1 protein in pH1N1/09.

RESULTS
IAV infection induces NLRP3 inflammasome-mediated IL-1� production in

PAMs. To assess the levels of IL-1� produced from PAMs in response to IAV infection,
PAMs were infected with two different subtypes of IAVs isolated from pigs, A/swine/
Saskatchewan/18789/2002/H1N1 (Sk02) (H1N1) and A/swine/Texas/4199-2/1998/H3N2
(Tx98) (H3N2), at the multiplicities of infection (MOIs) indicated in the legend to Fig. 1A.
At 24 h postinfection (hpi), cell-free supernatants were harvested for porcine IL-1�

enzyme-linked immunosorbent assay (ELISA), and the cells were lysed for Western
blotting to measure the expression of pro-IL-1� and viral proteins. PAMs from different
piglets showed variable levels of IL-1� production in response to SIV infection. How-
ever, the differences in IL-1� levels in response to SIVs at different MOIs were repro-
ducible when cells from different piglets were used, and we show representative data
using PAMs isolated from a piglet with the lowest background level of IL-1�. Pro-IL-1�

levels from PAMs infected at an MOI of 1 or 10 were comparable and were significantly
higher than those in mock-infected cells or in cells infected at an MOI of 0.1 (Fig. 1A).
In contrast, IL-1� levels in virus-infected cells were significantly higher than those of
mock-infected cells and were virus dose dependent. Accordingly, the expression levels
of the viral NP and NS1 proteins were also virus dose dependent, confirming that PAMs
were infected with SIVs. Based on these results, we chose an MOI of 1 for 24 h in the
following infection experiments with PAMs.

Since the above results suggested that viral replication is required for IL-1� pro-
duction in PAMs, we wanted to further confirm this finding by inactivating the two virus
strains by UV irradiation. The effect of UV inactivation on virus replication was con-
firmed by the NS1 protein expression level. Compared to wild-type (WT) viruses,
UV-inactivated viruses lost the ability to induce IL-1� production in PAMs (Fig. 1B),
indicating that viral replication is necessary for the conversion of pro-IL-1� into mature
IL-1�.

Next, we tested whether the NLRP3 inflammasome is involved in IL-1� production
in PAMs in response to SIV infection. PAMs were first treated with an NLRP3 inhibitor,
3,4-methylenedioxy-�-nitrostyrene (MNS), which inhibits inflammasome activation by
binding to NLRP3 (37), and were then infected with Sk02. Compared to the IL-1� levels
of vehicle-treated and virus-infected PAMs, a dose-dependent decrease in IL-1� induc-
tion upon inhibitor treatment was observed (Fig. 1C), indicating that porcine IL-1�

production in SIV-infected PAMs is mediated by the NLRP3 inflammasome. At the
tested concentration of MNS, cells did not show noticeable cytotoxicity (data not
shown).

Since primary macrophages are difficult to be transfected and, thus, knockdown or
overexpression of genes in PAMs is less practical and inefficient, we sought to recon-
stitute the porcine NLRP3 inflammasome in HEK293T cells that are deficient in the
endogenous human NLRP3 inflammasome (38). We cloned porcine NLRP3, ASC,
procaspase-1, and pro-IL-1� genes from PAMs and made corresponding mammalian
expression constructs. Cotransfection of all four plasmids led to a moderate level of
IL-1� in the supernatant owing to the engagement of NLRP3, ASC, and caspase-1. IL-1�

was significantly reduced when pro-IL-1� was expressed alone (Fig. 1D). These results
validated the successful setup of our reconstitution system, showing that IL-1� matu-
ration and secretion predominantly rely on the porcine NLRP3 inflammasome. To
confirm the dependency of IL-1� production on the NLRP3 inflammasome in the
context of IAV infection, the porcine NLRP3 inflammasome was reconstituted in
HEK293T cells for 12 h, and then cells were infected with Sk02 at an MOI of 5 for another
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12 h. In the presence of all the NLRP3 inflammasome components and pro-IL-1�,
infection with Sk02 induced over 5,000 pg/ml of IL-1� and a noticeable level of cleaved
caspase-1, p20, which were much higher than those of its counterpart in the absence
of virus infection (Fig. 1D). In all samples, viral protein expression and cellular �-actin
levels were monitored.

Pandemic influenza virus induces significantly less IL-1� than SIVs. To examine
whether other IAV strains in addition to SIVs also induce IL-1� in PAMs, the 2009
pandemic strain, A/Halifax/210/2009/H1N1 (Hf09), was used. Surprisingly, IL-1� produc-
tion at 24 hpi from Hf09-infected PAMs was significantly less than that from Sk02-
infected PAMs (Fig. 2A). The time course experiments showed that IL-1� production in
response to Sk02 increased sharply between 8 and 16 hpi, after the virus established its
productive replication at around 8 hpi, as indicated by the viral growth curve (Fig. 2B).
In contrast, this increase in IL-1� was not observed in Hf09-infected PAMs, while the

FIG 1 IAV infection induces NLRP3 inflammasome-mediated IL-1� production in PAMs. (A) PAMs were infected with two SIV strains, Sk02 and
Tx98, at MOIs of 0.1, 1, and 10. At 24 hpi, cell-free supernatants were harvested for porcine IL-1� ELISA, and cells were lysed for Western blotting
to measure the expression of pro-IL-1� and viral proteins. ***, P � 0.001. (B) PAMs were infected with WT or UV-inactivated virus of two SIV strains
at an MOI of 1 for 24 h. IL-1� production and pro-IL-1� expression were measured as described for panel A. ***, P � 0.001. (C) PAMs were treated
with DMSO or an NLRP3 inhibitor, MNS, and infected with Sk02 at an MOI of 1 for 24 h. IL-1� production was measured as described for panel
A. ***, P � 0.001. (D) HEK293T cells were transfected with different combinations of plasmids expressing porcine NLRP3, ASC, procaspase-1, and
pro-IL-1� as indicated. At 12 hpt, the cells were mock infected or infected with Sk02 at an MOI of 5. Porcine IL-1� from the cell-free supernatants
at 12 hpi was measured by ELISA. The expression of pro-IL-1�, the active caspase-1, p20, and viral proteins was measured by Western blotting
in the cell lysates (***, P � 0.001). Results are representative of three independent experiments using PAMs from different piglets.
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viral titers of Hf09 were comparable to those of Sk02 during the time course. These
results show that less IL-1� production by Hf09 is not due to the inefficient replication
of Hf09 in PAMs, which was also confirmed by viral NS1 expression levels (Fig. 2A). In
spite of the fact that the pro-IL-1� level in Sk02-infected PAMs was slightly higher than
that in Hf09-infected PAMs (Fig. 2A), the remarkable difference in IL-1� levels was
possibly attributed to the suppression of NLRP3 inflammasome activity in cells infected
by Hf09.

The NS1 C terminus of the pandemic virus, but not SIV, inhibits the production
of IL-1�. The NS1 protein of IAV is well known for its function of antagonizing host
immune responses (13, 15–17). However, the NS1 protein of the 2009 pandemic H1N1
was reported to be inefficient in controlling host gene expression (39). Our unexpected
results that Hf09 has a strong inhibitory effect on porcine IL-1� production prompted
us to further study whether Hf09 NS1 regulates NLRP3 inflammasome activity. To
investigate this, we constructed several mutant viruses derived from WT Sk02 or Hf09
containing mutations in the NS1 protein (Fig. 3A).

First, PAMs were infected with WT Sk02 or an Sk02 virus expressing NS1 consisting
of amino acids (aa) 1 to 99 (NS11–99), Sk02-NS1/1–99 virus. Deletion of the NS1 C
terminus in Sk02 resulted in moderate upregulation of the pro-IL-1� level but did not
alter the IL-1� level. Specifically, Sk02-NS1/1–99 virus induced only 1.07-fold more IL-1�

than that induced by WT Sk02 (Fig. 3B).
Next, we constructed two mutant Hf09 viruses, Hf09-816 and Hf09-817, encoding a

truncated NS1 (aa 1 to 73 or aa 1 to 99, respectively). The mutant viruses grew to titers
0.7 to 1 log lower on MDCK-NS1 cells than the WT Hf09 on MDCK cells (titers were 7 �

106 PFU/ml for Hf09-816 and 1.25 � 107 PFU/ml for Hf09-817 versus 7.5 � 107 PFU/ml
for WT Hf09). Upon infection of PAMs, the Hf09-816 and Hf09-817 viruses induced 2.53-
and 3.05-fold more IL-1� production than WT Hf09, respectively, yet they did not
significantly affect pro-IL-1� expression levels (Fig. 3C). In the reconstitution system,
Hf09-816 and Hf09-817 infection led to a striking increase of IL-1� production above
the WT Hf09 level although they did not markedly alter the pro-IL-1� level. The level of
active caspase-1, p20, another indicator for NLRP3 inflammasome activation, was also
consistently increased in the cells infected with NS1 mutant viruses (Fig. 3D).

FIG 2 Pandemic H1N1 induces significantly less IL-1� than SIVs. (A) PAMs were infected with an SIV
strain, Sk02, or a human pandemic strain, Hf09, at an MOI of 1. At 24 hpi, cell-free supernatants were
harvested for IL-1� ELISA, and the cells were lysed for Western blotting to measure the expression of
pro-IL-1� and viral NS1 protein. ns, not significant, ***, P � 0.001. (B) PAMs were infected with Sk02 or
Hf09 at an MOI of 1, and the supernatants were harvested at 8, 16, and 24 hpi. IL-1� was measured by
ELISA, and viral titers were determined by plaque assay on MDCK cells. Two-way ANOVA with Tukey’s
multiple-comparison test was used to compare IL-1� levels (***, P � 0.001), and a Mann-Whitney test was
used to compare virus titers (ns, not significant). Results are representative of three independent
experiments.

NS1 Inhibits Porcine ASC Ubiquitination Journal of Virology

April 2018 Volume 92 Issue 8 e00022-18 jvi.asm.org 5

http://jvi.asm.org


To demonstrate conclusively that the C terminus of Hf09 NS1 is responsible for
inhibition of IL-1� production, we constructed another two mutant viruses in the
background of Sk02 virus: Sk02-616 that has the entire segment 8 from Hf09 and
Sk02-930 that has a chimeric NS1 with the N terminus from Sk02 and C terminus from
Hf09. Their titers were comparable to the titer of WT Sk02 on MDCK cells: 6.25 � 107

PFU/ml for Sk02-616 and 8.75 � 107 PFU/ml for Sk02-930 versus 4 � 107 PFU/ml for WT
Sk02. Infection of PAMs with Sk02-616 or Sk02-930 led to a significant reduction of
IL-1�, while pro-IL-1� expression was not significantly impaired (Fig. 3E). To further
demonstrate that the C terminus of Hf09 NS1 has a greater effect on inflammasome
activation than on the pro-IL-1� level, the expression of pro-IL-1� and p20 upon
infection with Sk02 WT and Sk02-930 was monitored in the reconstitution system.
Indeed, Sk02-930 could inhibit both caspase-1 activation and IL-1� production while
not affecting pro-IL-1� expression (Fig. 3F).

Finally, we examined caspase-1 activity and IL-1� production in the reconstitution
system by including WT or mutant NS1 constructs. This experiment showed that
coexpression of the full-length Hf09 NS1 significantly inhibited IL-1� production,
whereas coexpression of the truncated NS1 with a C-terminal deletion had little or no
inhibitory effect (Fig. 3G). Further, coexpression of the C terminus of Hf09 NS1 aa 100

FIG 3 NS1 C terminus of pandemic H1N1, but not SIV, inhibits the IL-1� production. (A) A schematic representation of genome composition of WT and mutant
viruses. The NS1 protein encoded by different viruses is depicted. (B) PAMs were infected with Sk02 WT or Sk02-NS1/1–99 virus at an MOI of 1. At 24 hpi, cell-free
supernatants were harvested for IL-1� ELISA, and the cells were lysed for Western blotting to measure the expression of pro-IL-1� and viral proteins. ns, not
significant. (C) PAMs were infected with Hf09 WT or two NS1-mutant viruses, Hf09-816 and Hf09-817, at an MOI of 1 for 24 h. IL-1� ELISA and Western blotting
were done as described for panel B. *, P � 0.0201; **, P � 0.0015. (D) HEK293T cells were transfected with plasmids expressing porcine NLRP3, ASC, procaspase-1,
and pro-IL-1�. At 12 hpt, the cells were infected with Hf09 WT or NS1-mutant virus at an MOI of 5. IL-1� production at 12 hpi was measured by ELISA, and
the expression of p20, pro-IL-1�, and viral proteins was measured by Western blotting. ***, P � 0.001. (E) PAMs were infected with Sk02, Sk02-616, or Sk02-930
at an MOI of 1 for 24 h. IL-1� ELISA and Western blotting were done as described for panel B. *, P � 0.0104; **, P � 0.0012. (F) HEK293T cells were transfected
as described for panel D and infected with Sk02 or Sk02-930 at an MOI of 5 for 12 h. IL-1� ELISA and Western blotting were done as described for panel D.
**, P � 0.0056. (G) HEK293T cells were transfected with plasmids expressing porcine NLRP3 inflammasome components and pro-IL-1� along with Flag-vector
or Flag-tagged WT/N-terminal amino acids of Hf09 NS1. IL-1� levels and protein expression at 18 hpt were measured. **, P � 0.002; ***, P � 0.001. (H) HEK293T
cells were transfected with plasmids expressing porcine NLRP3 inflammasome components and pro-IL-1� along with Myc-vector or the Myc-tagged NS1 C
terminus from Hf09 or Sk02. IL-1� levels and protein expression at 18 hpt were measured as described for panel G. ***, P � 0.001.
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to 219 led to a reduction of IL-1� due to less caspase-1 activation, whereas this effect
was not observed with the NS1 C terminus derived from Sk02 virus (Fig. 3H). All of these
results evidently demonstrate that the C terminus of the Hf09 NS1 has an inhibitory
effect on NLRP3 inflammasome activation.

NS1 C terminus of pandemic virus inhibits ASC speck formation. To further
investigate the inhibition mechanism, we examined the roles of WT and NS1 mutant
Hf09 virus on the formation of ASC specks, a hallmark of NLRP3 inflammasome
activation. In noninfected cells, transfection of either ASC or NLRP3 alone did not
induce a noticeable number of specks (Fig. 4A, top three rows). In contrast, cotrans-
fection of porcine ASC and NLRP3 led to the aggregation of two proteins, forming the
specks in the perinuclear area. Furthermore, in virus-infected cells as indicated by NP
staining, Hf09-817 led to 2-fold more ASC speck formation than WT Hf09 (Fig. 4A,
bottom three rows). Specifically, while 6.8% of NP-positive cells displayed ASC specks
in Hf09-infected cells, 14.3% of NP-positive cells exhibited ASC specks in Hf09-817-
infected cells (Fig. 4B). These results further demonstrate that the Hf09 NS1 C terminus
inhibits NLRP3 inflammasome activation.

NS1 C terminus of pandemic virus inhibits the ubiquitination of porcine ASC.
Next, we were interested in investigating the mechanism by which Hf09 NS1 protein

FIG 4 NS1 C terminus of pandemic H1N1 inhibits ASC speck formation. (A) HEK293T cells were transfected with Myc-tagged NLRP3 or
Myc-vector and Flag-tagged ASC or Flag-vector for 24 h and left uninfected (top three rows). The cells were transfected with Myc-tagged
NLRP3 and Flag-tagged ASC for 12 h and left uninfected or infected with Hf09 or Hf09-817 at an MOI of 5 for 12 h (bottom three rows).
The cells were fixed, permeabilized, blocked, and probed with appropriate antibodies, followed by DAPI staining. NLRP3-Myc (gray),
Flag-ASC (green), viral NP (red), and nuclei (blue) were visualized by confocal microscopy. Scale bar, 10 �m. (B) ASC speck-forming cells
and NP-stained cells infected by Hf09 or Hf09-817 were quantified from five randomly selected fields, and the percentages of ASC speck-
and NP-positive cells in total NP-positive cells were shown. Results are representative of three independent experiments (**, P � 0.0025,
Mann-Whitney test).
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regulates the porcine NLRP3 inflammasome at the posttranslational level. We focused
on the regulation of NLRP3 and ASC ubiquitination. HEK293T cells were cotransfected
with plasmids expressing hemagglutinin (HA)-tagged ubiquitin and Flag-tagged NLRP3
or Flag-tagged ASC and were then infected with Hf09 WT or NS1 mutant viruses. NLRP3
was ubiquitinated in this setting; however, the ubiquitination levels were not affected
by infection with the Hf09 WT or the NS1 mutant viruses (Fig. 5A). In contrast, while ASC
was slightly ubiquitinated in mock- or WT Hf09-infected cells, the ubiquitination levels
of ASC were increased in cells infected with NS1 mutant viruses (Fig. 5B). The total
cellular ubiquitination levels were not considerably altered by viral infection. These
results suggested that the NS1 C terminus of Hf09 plays a role in inhibiting the
ubiquitination of ASC but has no effect on NLRP3 ubiquitination. To further confirm the
inhibitory function of NS1 on ASC ubiquitination, we conducted a compensation assay.
In this assay, Myc-tagged WT NS1 or truncated NS1 (NS1 aa 1 to 99) was preexpressed
together with ASC and ubiquitin in HEK293T cells. After 24 h, cells were infected with
an NS1 mutant virus, Hf09-817, to induce the ubiquitination of ASC. While preexpres-
sion of green fluorescent protein (GFP) or NS11–99 protein did not have any impact on
ASC ubiquitination, WT NS1 protein could diminish the ubiquitination induced by
Hf09-817 virus, reaffirming that the NS1 C terminus of Hf09 suppresses ASC ubiquiti-
nation (Fig. 5C). In addition, we questioned whether the ability of Hf09 NS1 to suppress
ASC ubiquitination is limited to porcine immunity by expanding our ubiquitination

FIG 5 NS1 C terminus of pandemic H1N1 inhibits ASC ubiquitination. (A and B) HEK293T cells were transfected with HA-vector or HA-ubiquitin (Ub) and
Flag-vector or Flag-NLRP3/ASC constructs. At 24 hpt, the cells were infected with WT or NS1-mutant Hf09 virus at an MOI of 10 for 9 h. Cell lysates under
denaturing conditions were subjected to co-IP with beads conjugated with anti-Flag antibody. IP and input samples were used for Western blotting with
antibodies indicated. (C) HEK293T cells were transfected with HA-vector or HA-ubiquitin and Flag-ASC constructs along with plasmids expressing GFP,
Myc-tagged WT, or mutant NS1 of Hf09. At 24 hpt, the cells were infected with Hf09-817 at an MOI of 10 for 9 h. Co-IP was done as described for panel A, and
Western blotting was done with the antibodies indicated. (D) HEK293T cells were transfected with HA-ubiquitin and Flag-tagged human ASC (Flag-huASC)
constructs for 24 h and infected with WT Hf09 or Hf09-817 at an MOI of 10 for 9 h. Co-IP was done as described for panel A, and Western blotting was done
with the antibodies indicated. The asterisks indicate IgG heavy chains. Results are representative of three independent experiments.
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assay by using human ASC. Interestingly, the ubiquitination level of human ASC was
increased in cells infected with Hf09-817 compared to that in mock-infected or WT
Hf09-infected cells (Fig. 5D), showing that the Hf09 NS1 C terminus can inhibit the
ubiquitination of both porcine and human ASC.

K110 and K140 in porcine ASC are the target sites for ubiquitination. Ubiquiti-
nation generally occurs by conjugation of ubiquitin molecules on the lysine(s) in target
proteins. To investigate which lysine in porcine ASC is targeted for ubiquitination, we
compared the positions of lysine residues in porcine ASC to those in human ASC. As
illustrated in Fig. 6A, porcine ASC has 16 lysines, among which 7 lysines (K79, K87, K91,
K96, K101, K106, and K183) (identified above the bar in Fig. 6A) are unique for porcine
ASC. The K175 residue in porcine ASC corresponds to K174 in human ASC, which was
reported to be the target site for ubiquitination upon an RNA virus infection (36). Thus,
we first tested whether these sites are targeted for ubiquitination. We made single
lysine-to-arginine mutation constructs; however, none of the mutations led to a re-
duced level of ASC ubiquitination upon Hf09-817 infection (Fig. 6B, right panel). We
then expanded the mutations to the remaining lysines. While individual mutations

FIG 6 K110 and K140 in the C terminus of porcine ASC are targeted for ubiquitination. (A) A schematic representation of WT and two mutant ASC constructs
(aa 1 to 109 and aa 1 to 158) is illustrated with lysine (K) residues. (B to D) HEK293T cells were transfected with HA-ubiquitin and Flag-tagged WT or mutant
ASC constructs. At 24 hpt, the cells were infected with Hf09 WT or Hf09-817 at an MOI of 10 for 9 h. Cell lysates under denaturing conditions were subjected
to co-IP with beads conjugated with anti-Flag antibody. IP and input samples were used for Western blotting with antibodies indicated. (E) HEK293T cells were
transfected with HA-tagged WT or mutant ubiquitin and Flag-ASC constructs for 24 h and infected as described for panel B. Co-IP and Western blotting were
done as described for panel B. The asterisks indicate IgG heavy chains. Results are representative of three independent experiments.
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were made on K55, K110, K140, and K159, we simultaneously mutated a cluster of
lysines (K21, K22, K24, and K26) due to their close proximity. However, the replacement
of these remaining lysines with arginines did not reduce the ubiquitination levels (Fig.
6B, left panel). ASC has an N-terminal pyrin domain (PYD) and a C-terminal caspase
activation and recruitment domain (CARD). Based on the reports that CARD is targeted
for different modifications (36, 40, 41), we tested whether multiple lysines in the CARD
of porcine ASC may be targeted for ubiquitination. Thus, we constructed two truncated
ASCs, ASC consisting of aa 1 to 109 (ASC1–109) and ASC consisting of aa 1 to 158
(ASC1–158) (Fig. 6A). Upon Hf09-817 infection, the ubiquitination level of ASC1–158 was
not altered, while the level on ASC1–109 was significantly reduced compared to that of
the WT ASC (Fig. 6C). This finding suggested that the two lysines, K110 and K140, within
aa 110 to 158, may be the target for ubiquitination. Indeed, ASC with a K110R/K140R
mutation had an appreciably reduced level of ubiquitination compared to that of WT
ASC in response to Hf09-817 infection (Fig. 6D). In contrast, other combinatorial
mutations did not show any impairment on ASC ubiquitination (data not shown).

Which lysine residue(s) among seven in the ubiquitin molecules is involved in the
ubiquitination of target proteins may determine the fate of target proteins. We further
conducted ubiquitination assays using mutant ubiquitin constructs with lysines re-
placed by arginines. Ubiquitination levels were not diminished when either lysine 48 or
63 was replaced by arginine in ubiquitin (Fig. 6E), suggesting that lysine 48 or 63 alone
is not linked to ASC ubiquitination, but, rather, mixed lysines are involved.

ASC ubiquitination at K110/K140 is essential for procaspase-1 cleavage and
IL-1� production. In an attempt to observe the impact of ubiquitination at K110/K140
on the ASC protein itself and on inflammasome activity, we first examined whether
ubiquitination on K110/K140 would affect ASC speck formation by immunofluores-
cence staining. Elimination of ASC ubiquitination by the K110R/K140R mutation did not
alter the overall number or the perinuclear localization pattern of ASC specks (Fig. 7A).
In NLRP3 inflammasome reconstitution followed by Hf09-817 infection, the NLRP3
inflammasome consisting of WT ASC generated an appreciable level of active
caspase-1, p20, and a large amount of IL-1�. In contrast, the inflammasome consisting
of ASC K110R/K140R produced lower caspase-1 activity, as evidenced by the reduced
level of both p20 and IL-1� (Fig. 7B). None of the single mutations on ASC had any
effect on caspase-1 activation and IL-1� maturation.

DISCUSSION

The NLRP3 inflammasome exerts important roles in the regulation of innate immu-
nity. In this study, we focused on porcine NLRP3 inflammasome regulation in response
to IAV infection. While SIVs generally induce inflammatory responses in pigs (42, 43), Ma
et al. (44) showed that pH1N1/09-infected pigs had upregulated expression of genes
involved in the inflammatory and immune responses. In terms of the cytokine response
in human cells infected by pH1N1/09, there have been some controversial reports. Both
upregulation of inflammatory cytokines (45–47) and poor inflammatory responses were
reported (48, 49). Nevertheless, there is little information concerning the regulation of
IL-1� production, which requires the activation of the NLRP3 inflammasome upon IAV
infection in pigs. Since alveolar macrophages are essential for the regulation of lung
inflammation and are required for protection against IAV infection (50–52), we first
utilized primary PAMs to characterize how porcine IL-1� is produced in response to IAV
infection. We showed that IAVs isolated from swine induced IL-1� production, which is
mediated by the NLRP3 inflammasome, in a viral dose- and replication-dependent
manner. In contrast, pH1N1/09 (Hf09) induced a much lower level of IL-1� production.
The fact that Hf09 and Sk02 replicate to similar titers in PAMs and that they induce
similar levels of pro-IL-1� suggested that the NLRP3 inflammasome is less active or is
suppressed in Hf09-infected cells. Infection with mutant Hf09 encoding an NS1 protein
with a C-terminal deletion, but not infection with a mutant of SIV (Sk02), resulted in an
increased level of IL-1� compared to that of each of their WT viruses. Moreover, a
mutant Sk02 virus (Sk02-930) whose NS1 C terminus was replaced by that from Hf09
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induced less IL-1� production than WT Sk02 due to inhibited caspase-1 activity. These
results strongly demonstrate an inhibitory function of the Hf09 NS1 C terminus on
NLRP3 inflammasome activity.

IAV NS1 protein has been reported to inhibit NLRP3 inflammasome-mediated IL-1�

production in a murine macrophage cell line and human THP-1 cells (16, 17). NS1
physically interacts with NLRP3 and suppresses inflammasome activation in THP-1 cells
(16). NS1 also suppresses IL-1� secretion by inhibiting NLRP3/ASC-induced single speck
formation. Using ectopically expressed NS1 constructs derived from the A/Puerto
Rico/8/34 (PR8) strain, the inhibitory function was mapped to the RNA-binding domain
and tripartite motif-containing protein 25 (TRIM25)-binding domain within the N
terminus of NS1 (17). Consistent with these studies, we observed that NS1 protein
derived from Hf09 disrupted porcine NLRP3 and ASC aggregation and speck formation.
In contrast to the aforementioned reports, we found that mutant pH1N1/09 virus
carrying an NS1 C-terminal deletion from aa 100 to 219 induced a strikingly higher level
of IL-1� and more ASC specks than the WT virus. Expression of the C-terminal aa 100
to 219 alone led to a decreased level of IL-1� secretion. Thus, our results demonstrated
that the C terminus of NS1 from pH1N1/09 has an inhibitory function on inflammasome
activation.

It is noted that NS1 from pH1N1/09 is 219 aa in length and is highly conserved
among the 2009 pandemic isolates, whereas the NS1 from Sk02 and PR8 consists of 230
aa. Whether the discrepancy in the responsible inhibitory domain of NS1 is due to the
host species difference between human and porcine NLRP3 inflammasomes or to the
strain difference warrants further investigation. Interestingly, all of the other pandemic
influenza viruses encode longer NS1 proteins than pH1N1/09. The 1918 pandemic NS1

FIG 7 ASC ubiquitination at K110 and K140 is critical for porcine NLRP3 inflammasome-mediated IL-1�
production. (A) HEK293T cells were transfected with plasmids expressing Myc-tagged NLRP3 and Flag-
tagged WT/mutant ASC. At 24 hpt, the cells were fixed, permeabilized, immunostained with appropriate
antibodies, and counterstained with DAPI. ASC specks formed by colocalization of NLRP3-Myc (gray) and
Flag-ASC (green) were seen in the perinuclear region. Nuclei were visualized in blue. Scale bar, 5 �m. (B)
HEK293T cells were transfected with plasmids expressing porcine NLRP3, Flag-tagged WT/mutant ASC,
procaspase-1, and pro-IL-1�. At 12 hpt, the cells were infected with Hf09-817 at an MOI of 5 for 12 h. Porcine
IL-1� was measured by ELISA with cell-free supernatants, and the expression of pro-IL-1�, p20, and viral
proteins was measured by Western blotting with cell lysates. Expression of pro-IL-1� and p20 was
normalized to that of �-actin using ImageJ. Results are representative of three independent experiments.
**, P � 0.002.
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consists of 230 aa, and both the 1957 and 1968 pandemic viruses encode an NS1
protein of 237 aa in length. Whether the described mechanism to regulate the immune
response is unique to pH1N1/09 also needs further examination. Nonetheless, the
capacity of pH1N1/09 to inhibit inflammatory cytokines may be beneficial to the virus,
allowing it to evolve in pigs and to keep the ability to reassort with other viruses.

Posttranslational modifications of the inflammasome components play key roles in
regulation of inflammasome activity. To seek the mechanism by which Hf09 NS1 sup-
presses porcine NLRP3 inflammasome activity, we explored whether NS1 modifies ASC or
NLRP3 ubiquitination. Our data showed that infection with mutant Hf09 viruses with an
NS1 C-terminal deletion caused more ubiquitination of ASC than the WT virus but did not
affect the ubiquitination of NLRP3, implying an inhibitory role of the Hf09 NS1 C terminus
on porcine ASC ubiquitination. We eliminated the speculation of an enhancing role of the
NS1 C terminus on ASC deubiquitination since WT virus infection induced a low level of
ubiquitination, which was similar to that in mock-infected cells. One possible speculation
could be that NS1 influences E3 ligase activity. This type of regulation is reported in RIG-I
ubiquitination by an E3 ligase, TRIM25 that is targeted by NS1 to suppress IFN production
(53). The NS1 C-terminal aa 126 to 225 of avian H5N1 was recently reported to downregu-
late RIG-I-mediated IFN signaling through interacting with TRAF3 and inhibiting the K63-
linked ubiquitination of TRAF3 (54). This shows that the inhibitory functions of the NS1 C
terminus on the host immunity is not limited to the suppression of the NLRP3 inflam-
masome. Guan et al. discovered that ASC undergoes ubiquitination via the E3 ligase TRAF3
by forming the complex ASC-TRAF3-MAVS (where MAVS is mitochondrial antiviral signaling
protein) upon VSV infection (36). In that study, MAVS contributes to the stability of ASC and
increases the interaction of ASC with TRAF3. In this context, it will be of interest to examine
if NS1 interacts with another adaptor protein that associates with an E3 ligase responsible
for the ubiquitination of porcine ASC. In addition to the K63-linked or linear ubiquitination
previously reported (35, 36), we found that ASC was modified by mixed lysine-linked
ubiquitination. This does not seem to be a rare event since NLRP3 is modified by both K48-
and K63-linked ubiquitination and is deubiquitinated upon activation (21, 24, 25, 27).
Different types of ubiquitination are thought to modulate the activities of inflammasomes
for tight regulation of innate immune signaling. We found that K110 and K140 in porcine
ASC were the ubiquitin acceptor sites, suggesting that modifications of the C-terminal
CARD of ASC, which interacts with another CARD of procaspase-1 (55, 56), are crucial for
inflammasome activation. We also showed that removal of ASC ubiquitination by a K-to-R
mutation on the acceptor sites impaired caspase-1 activity during virus infection but did
not affect the stability of ASC or localization and number of ASC specks, suggesting that the
ubiquitination of porcine ASC contributes to the fully functional activation of the NLRP3
inflammasome. It is noteworthy that deubiquitination of ASC can lead to inflammasome
activation (34), which contradicts our observation. The ambivalence may be due to the
diverse interplay between virus and the host signaling pathways that is unlike how
conventional agonists stimulate the immune system. IAV infection can manipulate not only
host gene expression but also the host ubiquitin system (57).

In conclusion, we demonstrated a novel role of NS1 protein in innate immune regula-
tion in pigs. Porcine IL-1� production in response to pH1N1/09 was significantly repressed,
and this was due to the inhibitory function of pH1N1/09 NS1 protein on NLRP3 inflam-
masome activation. The NS1 C terminus of pH1N1/09 performed this function by suppress-
ing ASC speck formation and ASC ubiquitination. Furthermore, two lysines in the ASC
CARD, K110 and K140, were identified as target sites for ubiquitination which is critical for
NLRP3 inflammasome activation. These findings enable a better understanding of the
mechanism by which IAV NS1 protein evades porcine immunity.

MATERIALS AND METHODS
Cells and viruses. PAMs were isolated from bronchoalveolar lavage fluid of 4- to 7-week-old piglets

that were confirmed to be seronegative against H1N1 and H3N2 subtypes of SIVs. All experimental
procedures were in accordance with the guidelines of the Canadian Council on Animal Care and were
approved by the University of Saskatchewan Animal Research Ethics Committee. PAMs were character-
ized by flow cytometry as previously described (58) and were cultured with HyClone RPMI 1640 medium
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(SH30027.01; GE Healthcare) supplemented with 20% fetal bovine serum (FBS) (16000-044; Thermo
Fisher), 50 �g/ml gentamicin (BS724; Bio Basic Canada), and 1� antibiotic-antimycotic (15240-062;
Thermo Fisher). Madin-Darby canine kidney (MDCK) cells were cultured with minimum essential medium
(MEM) (M4655; Sigma) supplemented with 10% FBS and 50 �g/ml gentamicin. Human embryonic kidney
293T (HEK293T) cells were cultured with Dulbecco’s modified Eagle’s medium (DMEM) (D5796; Sigma)
supplemented with 10% FBS and 50 �g/ml gentamicin.

The wild-type (WT) IAVs used in this study, which were all grown in MDCK cells, were influenza
A/swine/Saskatchewan/18789/2002/H1N1 (Sk02), influenza A/swine/Texas/4199-2/1998/H3N2 (Tx98),
and influenza A/Halifax/210/2009/H1N1 (Hf09). A mutant Sk02 virus (Sk02-NS1/1–99) containing only
amino acids (aa) 1 to 99 of the N-terminal NS1 was described previously (58). The following mutant
viruses were generated by reverse genetics: Sk02-616 and Sk02-930, two isogenic Sk02 viruses, with
Sk02-616 containing segment 8 of Hf09 and Sk02-930 containing a chimeric segment 8 that encodes NS1
with aa 1 to 99 from Sk02 and aa 100 to 219 from Hf09. Hf09-816 and Hf09-817 are two isogenic Hf09
viruses that encode a truncated NS1, i.e., aa 1 to 73 or 1 to 99, respectively. All mutant viruses with
truncated NS1 proteins were propagated in MDCK cells stably expressing the NS1 protein of influenza
A/Puerto Rico/8/1934/H1N1 (PR8) (MDCK-NS1), while Sk02-616 and Sk02-930 were propagated in MDCK
cells. Viral titers were determined by plaque assay in either MDCK or MDCK-NS1 cells.

Antibodies and reagents. Antibodies used for Western blotting and immunoprecipitation (IP) are as
follows. Rabbit polyclonal antibodies against NP and NS1 were generated as previously described (59).
Goat polyclonal anti-porcine IL-1� antibody (BAF681; R&D Systems), rabbit polyclonal anti-porcine
caspase-1 (p20) antibody (PAB592Po01; Cloud-Clone Corp), mouse monoclonal anti-�-actin antibody
(3700; Cell Signaling Technology [CST]), mouse monoclonal anti-GFP antibody (2955; CST), mouse
monoclonal anti-Myc tag antibody (2276; CST), mouse monoclonal anti-FLAG M2 antibody (F3165;
Sigma), rabbit polyclonal anti-HA tag antibody (ab9110; Abcam), and mouse monoclonal anti-ubiquitin
antibody (sc-8017; Santa Cruz) were purchased from different sources. For the secondary antibodies,
IRDye 680RD donkey anti-rabbit (926-68073), IRDye 800CW donkey anti-mouse (926-32212), and IRDye
800CW donkey anti-goat (926-32214) antibodies were purchased from Li-Cor Biosciences.

Transfection was conducted using TransIT-LT1 transfection reagent (MIR2300; Mirus Bio). EDTA-free
protease inhibitor cocktail tablets (4693132001; Roche) were used in cell lysis and IP. An NLRP3 inhibitor,
3,4-methylenedioxy-�-nitrostyrene (MNS) (574713; EMD Millipore), was used as previously reported (37),
and dimethyl sulfoxide ([DMSO] D2660; Sigma) was used as the vehicle.

Plasmid construction. Total RNA was extracted from PAMs stimulated with lipopolysaccharides
(L3024; Sigma) and ATP (A1852; Sigma), and then cDNA was synthesized using oligo(dT). The full-length
genes of porcine NLRP3, ASC, procaspase-1, and pro-IL-1� were amplified using primers that were
designed based on the GenBank sequences (accession numbers NM_001256770 for NLRP3, AB873106 for
ASC, NM_214162 for procaspase-1, and NM_214055 for pro-IL-1�). Primer sequences are available upon
request. The genes were cloned into pcDNA3.1, pCMV-3�Flag (N-terminal tag), or pcDNA3.1-3�Myc
(C-terminal tag) vector. The resulting plasmids were designated pcDNA-NLRP3, pcDNA-NLRP3-Myc,
pCMV-Flag-NLRP3, pCMV-Flag-ASC, pCMV-Flag-procaspase-1, and pcDNA-pro-IL-1�. Mutant ASC con-
structs with lysines replaced by arginines were generated by site-directed mutagenesis using pCMV-
Flag-ASC as the template. Truncated ASC with aa 1 to 109 or 1 to 158 was cloned into pCMV-3�Flag
vector generating pCMV-Flag-ASC1–109 and pCMV-Flag-ASC1–158. The full-length gene of human ASC
(huASC) was cloned into pCMV-3�Flag vector to generate pCMV-Flag-huASC using pCA7-ASC (60) as the
template and primers that were designed based on the GenBank sequence (accession number
NM_013258).

WT and truncated NS1 of Hf09 were cloned into pCMV-3�Flag vector, and the resulting plasmids
were designated pCMV-Flag-NS1, pCMV-Flag-NS11–73, and pCMV-Flag-NS11–99, encoding the full-length,
N-terminal aa 1 to 73, or N-terminal aa 1 to 99 of NS1, respectively. The WT and the N-terminal aa 1 to
99 of Hf09 NS1 were also cloned into pcDNA3.1-3�Myc to generate pcDNA-NS1-Myc and pcDNA-
NS11–99-Myc. The NS1 C termini of Hf09 and Sk02 were cloned into pcDNA3.1-3�Myc and designated
pcDNA-Hf09 NS1100 –219-Myc and pcDNA-Sk02 NS1100 –230-Myc, respectively.

The HA-tagged ubiquitin construct, pCMV-HA-ubiquitin, with eight tandem sequences of HA-
ubiquitin (61), was used in ubiquitination assays. pcDNA-HA-ubiquitin (62) was used as a template to
generate ubiquitin with the mutation K48R [pcDNA-HA-ubiquitin (K48R)] or K63R [pcDNA-HA-ubiquitin
(K63R)]. The mutations and truncations were confirmed by DNA sequencing.

Infection of PAMs. The culture supernatant of isolated PAMs from each individual piglet was
subjected to enzyme-linked immunosorbent assay (ELISA) to test for background levels of IL-1�. The cells
from six individual piglets with low background levels of IL-1� were selected for further use. PAMs were
seeded at 1 � 106 cells per well on 24-well plates and infected with viruses for 24 h at the multiplicities
of infection (MOIs) indicated in the figure legends. Cell-free supernatants were harvested for ELISA while
the cells were lysed with 1� sodium dodecyl sulfate (SDS) sample buffer for Western blotting. For time
course experiments, the supernatants collected at 8, 16, and 24 h postinfection (hpi) were used for both
ELISA and plaque assay in MDCK cells.

NLRP3 inflammasome reconstitution assay. HEK293T cells were seeded at 1.8 � 105 cells per well
on 24-well plates and transfected with pcDNA-NLRP3 (30 ng), pcDNA-ASC or pCMV-Flag-ASC (10 or 20
ng), pCMV-Flag-procaspase-1 (20 ng), and pcDNA-pro-IL-1� (100 ng). At 12 h posttransfection (hpt), cells
were infected with viruses. At 12 hpi, cell-free supernatants were harvested for porcine IL-1� ELISA, and
cells were lysed with 1� SDS sample buffer for Western blotting. For reconstitution with coexpressed
WT/mutant NS1, the cells were transfected as above along with 300 ng of an empty vector or tagged
WT/mutant NS1 constructs. At 18 hpt, the supernatants were harvested, and cell lysates were prepared.
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Porcine IL-1� ELISA. Immulon 2 HB U plates (3655; Thermo Fisher) were coated with 2 �g/ml of
mouse monoclonal anti-porcine IL-1� antibody (MAB6811; R&D Systems) in phosphate-buffered saline
(PBS) at room temperature overnight. All of the following steps were done at room temperature, and all
reagents or samples were applied at 100 �l per well. The plates were washed four times with
Tris-buffered saline (TBS) with 0.05% Tween 20 (P1379; Sigma) (TBST) between each step. Blocking was
done with 1% bovine serum albumin (BSA) (A7030; Sigma) in PBS for 1 h. Twofold serial dilutions of
recombinant porcine IL-1� protein (681-PI-010; R&D Systems) in diluent (0.1% BSA in TBST) was used as
the standard. The plates were incubated with samples or the standard for 2 h. The plates were then
incubated with 50 ng/ml of goat polyclonal anti-porcine IL-1� biotinylated antibody (BAF681; R&D
Systems) in diluent for 1 h, followed by the incubation with alkaline phosphatase streptavidin (016-050-
084; Jackson ImmunoResearch) diluted to 1/5,000 in diluent for another 1 h. For color development, the
plates were incubated with 1 mg/ml of p-nitrophenyl phosphate in diethanolamine buffer (1 M
diethanolamine, 0.5 M MgCl2, pH 9.8) until the optical density of the first dilution of the standard reached
around 2.0. The plates were read at 405 nm with a reference at 490 nm using an xMark microplate
absorbance spectrophotometer (Bio-Rad).

Western blotting. Cell lysates or IP samples were fractionated by SDS-polyacrylamide gel electro-
phoresis (PAGE) and blotted onto nitrocellulose membranes. The membranes were blocked with 5% skim
milk in TBS with 0.1% Tween 20 for 1 h and incubated with primary antibodies at 4°C overnight. After
incubation with the secondary antibodies at room temperature for 1 h, the membranes were scanned
with an Odyssey infrared imager (Li-Cor Biosciences). ImageJ software (National Institutes of Health, USA)
was used for the normalization of expression levels.

Ubiquitination assay. HEK293T cells were seeded at 1 � 106 cells per well on six-well plates and
transfected with 1 �g of pCMV-HA-ubiquitin or pcDNA-HA-WT/mutant ubiquitin together with one of the
following constructs encoding target proteins: 3�Flag-tagged NLRP3 (pCMV-Flag-NLRP3), WT/mutant
ASC (pCMV-Flag-WT/mutant ASC), or human ASC (pCMV-Flag-huASC). At 24 hpt, the cells were infected
with viruses at an MOI of 10 for 9 h. For the compensation assay, the cells were transfected with 1 �g
of pCMV-HA-ubiquitin and pCMV-Flag-ASC along with a plasmid expressing either GFP, pcDNA-NS1-Myc,
or pcDNA-NS11–99-Myc. At 24 hpt, the cells were infected with Hf09-817 as described above. Cell lysis and
IP were performed as previously described with some modifications (63). Briefly, the cells were lysed with
200 �l of SDS lysis buffer (20 mM Tris, pH 8.0, 250 mM NaCl, 3 mM EDTA, 10% glycerol, 1% SDS, 0.5%
Nonidet P-40 substitute) freshly supplemented with 20 mM N-ethylmaleimide (E3876; Sigma), 5 mM
1,10-phenanthroline monohydrate (P9375; Sigma), and 1� protease inhibitor cocktail, while 5% of the
cells were lysed with 1� SDS sample buffer for input. The clarified cell lysates were mixed with 600 �l
of SDS IP buffer (20 mM Tris, pH 8.0, 250 mM NaCl, 3 mM EDTA, 10% glycerol, 0.1% SDS, 0.5% Nonidet
P-40 substitute) freshly supplemented with 20 mM N-ethylmaleimide, 5 mM 1,10-phenanthroline mono-
hydrate, and 1� protease inhibitor cocktail and incubated with 40 �l of a slurry of mouse anti-FLAG M2
affinity agarose (A2220; Sigma) at 4°C for 4 h with agitation. After being washed four times with 500 �l
of SDS IP buffer, the agarose was mixed with 60 �l of 2� SDS sample buffer and boiled at 95°C for 5 min
for elution. The eluted proteins were subjected to SDS-PAGE and Western blotting.

Immunofluorescence microscopy. HEK293T cells were seeded at 6 � 104 cells per well on a
LabTek II CC2 chamber slide (154941; Thermo Fisher). The cells were transfected with 50 ng of
pcDNA-NLRP3-Myc or Myc-vector and 30 ng of pCMV-Flag-ASC or Flag-vector for 24 h to validate the
specificity of antibodies. To observe the effects of WT/mutant Hf09 virus on ASC specks, the cells
were transfected with pcDNA-NLRP3-Myc (50 ng) and pCMV-Flag-ASC (30 ng) for 12 h and infected
with Hf09 or Hf09-817 at an MOI of 5 for 12 h. To compare the specks formed by WT and mutant
ASC, the cells were transfected with pcDNA-NLRP3-Myc (50 ng) and pCMV-Flag-ASC (WT or K110R/
K140R; 30 ng) for 24 h. Cells were fixed with 4% paraformaldehyde for 10 min and permeabilized
with 0.2% Triton X-100 for 5 min at room temperature. The cells were incubated with 5% BSA in
Dulbecco’s phosphate-buffered saline (DPBS) (14040; Thermo Fisher) for 1 h at room temperature
and probed with the primary antibodies (rabbit monoclonal anti-Myc-tag antibody [2278; CST], goat
polyclonal anti-DDDDK tag antibody [ab1257; Abcam], and mouse monoclonal anti-IAV NP antibody
[MCA400; Bio-Rad]) overnight at 4°C followed by an incubation with the secondary antibodies (Alexa
Fluor 546 donkey polyclonal anti-rabbit IgGH�L [A10040, Invitrogen], Alexa Fluor 633 donkey
polyclonal anti-goat IgGH�L [A21082; Invitrogen], and Alexa Fluor 488 donkey polyclonal anti-mouse
IgGH�L [A21202; Invitrogen]) for 1 h at room temperature. The cells were washed with DPBS between
each step. The cells were counterstained with 4=,6-diamidino-2-phenylindole (DAPI) (D1306; Invit-
rogen) for 5 min, and the slide was mounted with ProLong Diamond Antifade Mountant (P36961;
Invitrogen) overnight. Images were visualized by using a confocal laser scanning microscope (TCS
SP8; Leica). Where applicable, the numbers of ASC speck-positive cells and IAV NP-positive cells were
counted from five randomly selected fields per each condition, and the percentages of speck- and
NP-positive cells in NP-positive cells are shown.

Statistical analysis. The data were analyzed using GraphPad Prism, version 7.0a, by one-way analysis of
variance (ANOVA) with Tukey’s multiple-comparison test. Two-way ANOVA with Tukey’s multiple-comparison
test or Mann-Whitney test was used where specified in the figure legends. The bars indicate the means �
standard deviations (SD). A P value of less than 0.05 was considered to be statistically significant.
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