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ABSTRACT Inflammasomes play a key role in host innate immune responses to vi-
ral infection by caspase-1 (Casp-1) activation to facilitate interleukin-18 (IL-1B) secre-
tion, which contributes to the host antiviral defense. The NLRP3 inflammasome con-
sists of the cytoplasmic sensor molecule NLRP3, adaptor protein ASC, and effector
protein pro-caspase-1 (pro-Casp-1). NLRP3 and ASC promote pro-Casp-1 cleavage,
leading to IL-1B maturation and secretion. However, as a countermeasure, viral
pathogens have evolved virulence factors to antagonize inflammasome pathways.
Here we report that V gene knockout Sendai virus [SeV V(—)] induced markedly
greater amounts of IL-18 than wild-type SeV in infected THP1 macrophages. Defi-
ciency of NLRP3 in cells inhibited SeV V(—)-induced IL-18 secretion, indicating an es-
sential role for NLRP3 in SeV V(—)-induced IL-13 activation. Moreover, SeV V protein
inhibited the assembly of NLRP3 inflammasomes, including NLRP3-dependent ASC
oligomerization, NLRP3-ASC association, NLRP3 self-oligomerization, and intermolec-
ular interactions between NLRP3 molecules. Furthermore, a high correlation between
the NLRP3-binding capacity of V protein and the ability to block inflammasome
complex assembly was observed. Therefore, SeV V protein likely inhibits NLRP3 self-
oligomerization by interacting with NLRP3 and inhibiting subsequent recruitment of
ASC to block NLRP3-dependent ASC oligomerization, in turn blocking full activation
of the NLRP3 inflammasome and thus blocking IL-13 secretion. Notably, the inhibi-
tory action of SeV V protein on NLRP3 inflammasome activation is shared by other
paramyxovirus V proteins, such as Nipah virus and human parainfluenza virus type 2.
We thus reveal a mechanism by which paramyxovirus inhibits inflammatory re-
sponses by inhibiting NLRP3 inflammasome complex assembly and IL-18 activation.

IMPORTANCE The present study demonstrates that the V protein of SeV, Nipah vi-
rus, and human parainfluenza virus type 2 interacts with NLRP3 to inhibit NLRP3 in-
flammasome activation, potentially suggesting a novel strategy by which viruses
evade the host innate immune response. As all members of the Paramyxovirinae
subfamily carry similar V genes, this new finding may also lead to identification of
novel therapeutic targets for paramyxovirus infection and related diseases.

KEYWORDS NLRP3, V protein, inflammasome, paramyxovirus

ecombinant Sendai virus that does not express the V protein [SeV V(—)] is atten-
uated in vivo but not in vitro (1). Together with previous studies showing that SeV
V protein counteracts innate immunity other than that mediated by interferon (2, 3),
this finding suggests that SeV V protein may play a role in modulating the immune
response. Thus, the host factor responsible for the early clearance of SeV V(—) might be
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expressed in cells, such as macrophages and dendritic cells, present only in whole
organisms, including mice, but not in the standard cell lines used to model infection.
The host factor responsible for the early clearance of SeV V(—) remains enigmatic.

We have recently been studying the inhibitory action of SeV against innate immu-
nity (4-9) and found that the interleukin-1 (IL-18) response to SeV V(—) was greater
than that to wild-type SeV (SeV wt) in infected THP1 macrophages. This finding
indicates that the V protein may inhibit inflammasome activation and further inflam-
matory responses. Thus, we decided to study how SeV regulates IL-18 secretion in
macrophages during viral infection, as well as the underlying mechanism.

In response to viral infection, macrophages secrete large amounts of cytokines,
including IL-1B. Although the production of many proinflammatory cytokines is prin-
cipally regulated at the transcriptional level, IL-18 requires an additional proteolytic
event that is regulated in two steps (10). The first regulatory step involves stimulation
via Toll-like receptors (TLRs) or retinoic acid-inducible gene-l like receptors (RLRs),
which induces the synthesis of IL-18 as an inactive precursor. The second regulatory
step involves posttranslational processing, which is required for the secretion and
bioactivity of IL-18 and is catalyzed by inflammasome activation (11-13). The inflam-
masome operates as a platform for caspase-1 (Casp-1) activation, resulting in Casp-1-
dependent proteolytic maturation and secretion of IL-1B. This, in turn, activates the
expression of other immune genes and facilitates lymphocyte recruitment to the site of
primary infection, thereby controlling invading pathogens. Moreover, inflammasomes
counter viral replication and remove infected immune cells through an inflammatory
cell death program termed pyroptosis (14). As a countermeasure, viral pathogens have
evolved virulence factors to antagonize inflammasome pathways (14-17). Although
many RNA viruses are recognized by the NLRP3 and RIG-I inflammasomes (17, 18), SeV
has been reported to activate the inflammasome through double-stranded RNA
(dsRNA) (19, 20). Therefore, we hypothesized that SeV has evolved the V protein to
antagonize the NLRP3 inflammasome pathway.

In the present study, we clarified whether and how SeV V protein inhibits NLRP3
inflammasome activation leading to IL-18 secretion. Specifically, we showed that the V
protein of SeV inhibits NLRP3 self-oligomerization by interacting with NLRP3 to block
the NLRP3-mediated ASC oligomerization required for full activation of the inflam-
masome.

RESULTS

V gene knockout Sendai virus activates the NLRP3 inflammasome to induce
IL-13 secretion. The effect of SeV V protein on IL-18 activation was first determined in
THP1 macrophages infected with SeV V(—). These differentiated macrophages were
generated by stimulation of the human monocytic cell line THP1 with phorbol 12-
myristate 13-acetate (PMA) (21, 22).

In THP1 macrophages, IL-1B3 secretion in cell supernatants was induced approxi-
mately 7-fold by SeV V(—) (Fig. 1C), whereas pro-IL-18 mRNA and protein production
in cell lysates were increased approximately 2.7- and 2.3-fold, respectively, by SeV V(—)
(Fig. 1A and B) compared to that by SeV wt. IL-13 maturation and caspase 1 (Casp-1)
cleavage in cell supernatants were also activated by SeV V(—) (Fig. 1D). Taken together,
these results demonstrate that SeV V(—) activates the production and secretion of IL-18
in infected THP1 macrophages.

The activation of IL-18 is regulated by two pathways (10): transcription of mRNA for
pro-IL-1B regulated by nuclear factor kB (NF-«B) and processing of IL-13 mediated by
Casp-1. In THP1 macrophages, IL-13 secretion was stimulated by SeV V(—), although
this activation was repressed by VX-765, a Casp-1 inhibitor (Fig. 1E). However, the level
of pro-IL-18 was not affected by VX-765 (Fig. 1F). These results suggest that Casp-1 is
involved in SeV V(—)-induced activation of IL-1p.

To assess the role of the NLRP3 inflammasome in SeV V(—)-induced secretion of
IL-18, a THP1 cell line deficient for NLRP3 (THP1-defNLRP3) was used (23, 24). In
PMA-differentiated THP1-defNLRP3 macrophages, IL-183 secretion was reduced in the
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FIG 1 Role of the NLRP3 inflammasome in the regulation of SeV V(—)-induced IL-18 secretion. (A to D and H)
PMA-differentiated THP1 (THP1/PMA) cells in a 96-well plate, 24-well plate, or cell chamber were infected with SeV
wt or SeV V(—) at a multiplicity of infection (MOI) of 3 for 24 h. (E and F) THP1/PMA cells in a 96-well plate were
mock treated or treated with Casp-1 inhibitor VX-765 for 1 h and then infected with SeV wt or SeV V(—) at an MOI
of 3 for 24 h. (G) THP1/PMA or THP1-defNLRP3/PMA cells in a 96-well plate were infected with SeV V(—) at an MOI
of 3 for 24 h. mRNAs for pro-IL-18 and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were quantified by
real-time PCR (A). Pro-IL-18 levels in cell lysates (B and F) or IL-18 levels in cell supernatants (C, E, and G) were
determined by ELISA. Mature IL-18 in supernatants or pro-IL-18 in lysates was determined by immunoblot (IB)
analysis. (H) Subcellular localizations of NLRP3 and ASC were examined under confocal microscopy. The scale bars
represent 10 um. Data were derived from at least three or four independent experiments and are presented as
mean values. SD are shown as error bars. **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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absence of NLRP3 (Fig. 1G), indicating that NLRP3 is required for SeV V(—)-induced
secretion of IL-18.

Punctate localization of NLRP3 is an indication of inflammasome complex formation.
We thus investigated the effect of SeV V(—) on NLRP3 inflammasome formation (25).
NLRP3 was diffusely distributed in the cytoplasm of uninfected and SeV wt-infected
THP1 macrophages but formed distinct small specks in SeV V(—)-infected THP1 mac-
rophages (Fig. 1H), suggesting that SeV V(—) facilitates NLRP3 speck formation to
activate the inflammasome. As the oligomerization of ASC is a direct indicator of
inflammasome activation (26), we further examined the effect of SeV V(—) ASC pyrop-
tosome formation in THP1 macrophages. ASC was diffusely distributed in the nucleus
and cytoplasm in uninfected and SeV wt-infected macrophages but formed distinct
small specks in SeV V(—)-infected THP1 macrophages (Fig. 1H), suggesting that SeV
V(—) facilitates ASC oligomerization. Taken together, our findings demonstrate that SeV
V(—) activates the NLRP3 inflammasome by NLRP3 speck formation and ASC oligomer-
ization to induce IL-18 secretion.

SeV V protein inhibits the activation of the NLRP3 inflammasome to induce
IL-1 secretion. The NLRP3 inflammasome is composed of three major components: the
inflammatory signal recognition receptor NLRP3, the adaptor protein ASC, and pro-
caspase-1 (pro-Casp-1). On activation, danger signals from damaged cells and pathogens
induce the assembly of these components, which, in turn, activates Casp-1, leading to
cleavage and maturation of IL-1 for secretion. The ability to inhibit NLRP3 inflammasome-
dependent IL-13 secretion without the need for other viral proteins was assessed by using
a reconstitution system in which HEK293T cells were transfected with plasmids expressing
pro-IL-18 and the NLRP3 inflammasome components (NLRP3, ASC, and pro-Casp-1), to-
gether with the P gene products of SeV. HEK293T cells transfected with these plasmids
induced a large amount of mature IL-18 secretion (27). This secretion was markedly
inhibited (~60%) in the presence of SeV V protein without affecting the expression of
components of the NLRP3 inflammasome, albeit not in the presence of P or C protein (Fig.
2A), suggesting that V protein inhibits NLRP3 inflammasome-dependent IL-13 secretion
without the need for other viral proteins.

As THP1 macrophages are responsive to NLRP3 inflammasome ligands, we established
THP1 cells stably expressing Flag-tagged SeV V protein (THP1/V,,) to confirm the inhibi-
tory effect of V protein on NLRP3 inflammasome-dependent signaling. Stimulation with an
NLRP3 ligand, lipopolysaccharide (LPS) plus ATP, resulted in IL-1[3 secretion, whereas stable
expression of V protein clearly suppressed the response of THP1/vector macrophages to
LPS plus ATP. In contrast, no significant difference in IL-18 secretion was observed between
THP1/Vs.y and control macrophages when an AIM inflammasome ligand, poly(dA-dT), was
used (Fig. 2B), indicating that NLRP3 inflammasome-dependent signaling was prevented in
THP1/V., macrophages. These results suggest that V protein targets the NLRP3 inflam-
masome signaling pathway for inhibition of IL-13 secretion.

SeV V protein interacts with NLRP3 to inhibit inflammasome-dependent IL-13
secretion. Next, the mechanism by which SeV V protein inhibits the NLRP3 inflam-
masome was investigated. Coimmunoprecipitation experiments were performed to
identify the molecular target of SeV V protein. Flag-tagged NLRP3 (Flag-NLRP3) was
transfected into HEK293T cells together with V5-His (VH)-tagged P gene products of
SeV, and the resultant cell lysates were subjected to immunoprecipitation (IP). As
shown in Fig. 3A, Flag-NLRP3 was coimmunoprecipitated with VH-tagged SeV V (VH-V)
and with lesser amounts of VH-tagged SeV P (VH-P), but not with VH-tagged SeV C
(VH-CQ). VH-V was also coimmunoprecipitated with Flag-NLRP3. Similarly, endogenous
NLRP3 was coimmunoprecipitated with Flag-V when Flag-V was stably expressed in
THP1 macrophages (Fig. 3B). Conversely, when HEK293T cells were transfected with
Flag-tagged ASC (Flag-ASC) or Flag-tagged pro-Casp-1 (Flag-pro-Casp-1) together with
VH-tagged SeV V protein (VH-V), neither Flag-ASC nor Flag-pro-Casp-1 was coimmu-
noprecipitated with VH-V in the absence of NLRP3 (data not shown). These results
suggest that SeV V protein binds NLRP3.

October 2018 Volume 92 Issue 19 e00842-18

Journal of Virology

jviasm.org 4

1sanb Aq 8T0Z ‘2T 1eqwaidas uo /Bio wse’IAl//:dny wouy papeojumog


http://jvi.asm.org
http://jvi.asm.org/

Viral Strategy To Inhibit Inflammasomes

>

[ HEK293T

N
O
<"
£ 10- Flag-NLRP3 (B ] 100
£ Flag-pro-casp-1 [JERS W] — 50
‘@T- 5- Flag-pro-IL-1B
=

Flag-ASC |

-vectorP V C

=1 THP1/vector
B THP1/Vg.y

IL-18 (ng/ml)
(=)
s

]

0.0-

LPS LPS+ATP Control poly(dA:dT)

FIG 2 Role of SeV V protein in inhibition of the NLRP3 inflammasome. (A) HEK293T cells were transfected
with plasmids encoding NLRP3 inflammasome signaling molecules together with the indicated plasmid.
At 24 h posttransfection, IL-1f3 levels in cell supernatants were determined by ELISA, whereas cells were
immunoblotted with anti-Flag antibody to measure the expression of NLRP3, pro-Casp-1, pro-IL-183, and
ASC. (B) THP1/vector/PMA and THP1/V,,/PMA cells were stimulated with LPS (5 ng/ml) plus ATP (0 or
5 mM) or with poly(dA-dT) (0 or 400 ng/ml). IL-1p3 levels in cell supernatants were determined 24 h after
treatment (B). Data were derived from at least three or four independent experiments and are presented
as mean values. SD are shown as error bars. ***, P < 0.001.

The interaction of SeV V protein with NLRP3 is involved in inhibition of the
NLRP3 inflammasome. We subsequently examined the role of a functional region of
V protein for interaction with NLRP3 by constructing plasmids encoding the Flag-
tagged truncated mutants SeV Vn (amino acids [aa] 1 to 317) and SeV Vc (aa 318 to
384), as well as a point mutant, SeV Vcys (C362S and C365R) (Fig. 4A). VH-tagged NLRP3
(VH-NLRP3) was transfected into HEK293T cells together with one of these Flag-tagged
mutants, and the resultant cell lysates were subjected to immunoprecipitation. Coim-
munoprecipitation experiments showed that Vc essentially lost its NLRP3 binding
capacity, whereas Vn exhibited slight binding ability (Fig. 4B). In contrast, there was no
significant difference in NLRP3 binding between the Vcys mutant and wild-type V (Fig.
4B), suggesting that both the N and C-terminal regions are required for the interaction
of SeV V with NLRP3 but that C362 and C365 in SeV V protein are not critical for the
interaction.

V interacts with NLRP3 to inhibit inflammasome-dependent IL-1( secretion. To
assess whether the V-NLRP3 interaction is important for the blockade of NLRP3
inflammasome-dependent IL-183 secretion, HEK293T cells were transfected with pro-
IL-18 and the NLRP3 inflammasome components, together with either wild-type V or
one of the V mutants. Wild-type V and Vcys, but not Vn and Vc, inhibited NLRP3
inflammasome-dependent IL-1, in agreement with their binding ability (Fig. 4C). These
results demonstrate the importance of the V-NLRP3 interaction for the inhibition of
NLRP3 inflammasome-dependent IL-13 secretion.

SeV V protein interacts with NLRP3 to inhibit inflammasome assembly. As SeV
V protein binds NLRP3, the effects of this interaction on the formation of NLRP3-
dependent ASC specks (ASC specks), a key event in NLRP3 inflammasome activation,
were explored in HEK293T cells. NLRP3A2-21-GFP, a deletion mutant of NLRP3 that
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FIG 3 Interaction of SeV V protein with NLRP3 protein. (A) HEK293T cells were transfected with various
combinations of the indicated plasmids. These cells were then lysed 24 h after transfection and the lysates
were subjected to immunoprecipitation (IP) with anti-V5 or Flag antibody, followed by IB analysis with
anti-Flag or V5 antibody. The whole-cell lysates prepared for IP were also subjected to IB with anti-Flag or
anti-V5 antibody. (B) The THP1/V,,,/PMA cells were lysed, and the lysates were subjected to IP with anti-Flag,
followed by IB analysis with anti-NLRP3 or anti-Flag antibody. Data are representative of those from three
independent experiments.

lacks 20 amino acids at the N terminus, was used as a positive control to inhibit
NLRP3-dependent ASC speck formation (exhibiting loss of ASC specks) (28). When
HEK293T cells were transfected with GFP-tagged NLRP3 (GFP-NLRP3) and Flag-ASC,
together with the vector, NLRP3 and ASC were colocalized and distributed in the
cytosol to form single specks (ASC specks) (Fig. 5A and B, vector), whereas in the
presence of V or Vcys, the speck formation was reduced. In contrast, Vn or Vc exhibited
little inhibitory effect (Fig. 5A and B). No significant differences in the expression of V
were observed at the protein level between V and V mutants in HEK293T cells. V, Vn,
and Vcys localized in the cytosol, whereas Vc was observed in both the cytosol and the
nucleus (Fig. 5A and B), consistent with previous reports (29). Together, these data
suggest that V protein blocks NLRP3 inflammasome complex assembly via V-NLRP3
interaction.

We then examined whether V protein could affect the association of NLRP3 with
ASC, which may be essential for ASC oligomerization. The ability of V protein to block
intermolecular interactions between NLRP3 and ASC was assessed by using the biolu-
minescence resonance energy transfer (BRET) assay (30), in which HEK293T cells were
transfected with plasmids encoding yellow fluorescent protein (YFP)-tagged ASC (ASC-
YFP) and NLuc-tagged NLRP3 (NLRP3-NLuc), together with V mutants. As shown in Fig.
5C, all combinations provided similar inhibitory patterns, suggesting that V protein
disrupts the intermolecular interactions between NLRP3 and ASC. Taken together, these
results indicate that SeV V protein interferes with NLRP3-ASC association and subse-
quent NLRP3-dependent ASC oligomerization by interacting with NLRP3. This finding
raises the possibility that SeV V protein may directly interfere with NLRP3-ASC associ-
ation or inhibit the conversion of inactive NLRP3 to its active form.

V interacts with NLRP3 to inhibit the self-oligomerization of NLRP3. We exam-
ined the effect of V protein on the self-oligomerization of NLRP3, which is also required
for NLRP3-dependent ASC oligomerization (30). Transfection of NLRP3-GFP led to the
formation of small cytosolic aggregates (NLRP3 speck-like structures) (Fig. 6A, vector),
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FIG 4 Requirement of the NLRP3-binding ability of V protein for inhibition of the NLRP3 inflammasome. (A)
Schematic diagram of the SeV V mutants Vn (aa 1 to 317), Vc (aa 318 to 384), and Vcys (C362S and C365R).
(B) HEK293T cells were transfected with plasmids encoding NLRP3 inflammasome signaling molecules together
with the indicated plasmid. Immunoprecipitation and immunoblot analysis were performed as described for
Fig. 3A. Data are representative of those from three independent experiments. (C) HEK293T cells were
transfected with plasmids encoding NLRP3 inflammasome signaling molecules together with the indicated
plasmid. IL-18 levels in cell supernatants were determined as described for Fig. 2A. Data were derived from
at least three or four independent experiments and are presented as mean values. SD are shown as error bars.
*** P < 0.001.

consistent with previous reports (28, 31). NLRP3A2-21-GFP was also used as a positive
control to show loss of NLRP3 speck formation (28). Coexpression of V and Vcys with
NLRP3 abolished the NLRP3 speck-like structures. In contrast, little inhibitory effect was
observed for Vn and Vc (Fig. 6A and B), suggesting that V protein inhibits the
self-oligomerization of NLRP3 to activate inflammasome complex assembly by inter-
acting with NLRP3 (Fig. 6A and B).

To obtain more direct evidence of the inhibition of NLRP3 self-oligomerization, we
assessed the ability of V protein to block intermolecular interactions between NLRP3
molecules by using the BRET assay (31), in which HEK293T cells were transfected with
plasmids encoding NLRP3-YFP and NLRP3-Nluc, together with V mutants. As shown in
Fig. 6C, all combinations provided a similar inhibitory pattern in the BRET assay,
suggesting that V protein disrupts the intermolecular interactions between NLRP3
molecules. Taken together, these results indicate that SeV V protein disrupts NLRP3-
NLRP3 intermolecular interactions and subsequent NLRP3 self-oligomerization by in-
teracting with NLRP3.

Inhibition of NLRP3 inflammasome activation is shared by paramyxovirus V
proteins. The subfamily Paramyxovirinae consists of seven distinct genera, with all
members of the Paramyxovirinae subfamily carrying similar V genes. To determine
whether the inhibitory activity described above is shared across genera, we examined
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FIG 5 Effect of SeV V protein on NLRP3 inflammasome assembly. (A and B) HEK293T cells in an 8-well
microscope glass slide with a removable 8-well chamber were transfected with plasmids encoding
NLRP3-GFP and ASC-Flag, together with the indicated plasmid encoding Vq.,-V5His. (A) Subcellular
localizations of NLRP3-GFP (green), ASC-Flag (red), V..,-VH (blue-green), and nuclei (DAPI; blue) were
visualized by confocal microscopy. The scale bars represent 10 um. (B) ASC speck-forming cells and
V. -positive cells were quantified from five randomly selected fields, and the percentages of ASC speck-
and Vg -positive cells in total Vg, -positive cells are shown. Data were derived from at least three or four
independent experiments and are represented as mean values. SD are shown as error bars. **, P < 0.01. (C)
Experimental data on BRET signals at 24 h posttransfection were derived from three independent exper-
iments and are represented as mean values. SD are shown as error bars. **, P < 0.01 versus transfection with
empty vector.

the effect of two V proteins, that of Nipah virus (NiV; genus Henipavirus) and that of
human parainfluenza virus type 2 (HPIV2; genus Rublavirus), using the same procedure
as for SeV V. As shown in Fig. 7A, NiV V and HPIV2 V proteins exhibited similar inhibitory
activities against NLRP3-dependent IL-18 secretion. Coimmunoprecipitation experi-
ments and immunoblot (IB) analysis showed that both V proteins interacted with NLRP3
(Fig. 7B). Microscopy analysis showed that both V proteins inhibited NLRP3-dependent
ASC oligomerization and NLRP3 self-oligomerization (Fig. 7C). Furthermore, BRET ex-
periments showed that both V proteins inhibited intermolecular interactions between
NLRP3 and ASC, as well as NLRP3 and NLRP3 (Fig. 7D). These results revealed that
anti-NLRP3 inflammasome activity and its underlying mechanism have been conserved
during evolution.

DISCUSSION

A fundamental component of the innate immune response of the host to viral
infection is the production and secretion of the proinflammatory cytokine IL-18 (14).
The activation of IL-1 is regulated by two steps (10): (i) the production of IL-18 as an
inactive precursor induced via RLRs or TLRs and (ii) the secretion of IL-13 regulated by
the NLRP3 inflammasome complex (18, 25), in which NLRP3 together with ASC pro-
motes the cleavage of pro-Casp-1, which regulates IL-18 maturation. In the present
study, a novel mechanism by which SeV V protein suppresses NLRP3 inflammasome
activation to facilitate IL-18 maturation was revealed.

SeV V(—) activates the production and secretion of IL-18 in infected THP1 macro-
phages. This is consistent with previous reports that measles virus (MeV) V(—) activates
the production and secretion of IL-18 more than wild-type MeV does (27) and that
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FIG 6 Role of SeV V protein in NLRP3 self-oligomerization. (A and B) HEK293T cells in an 8-well microscope glass
slide with a removable 8-well chamber were transfected with plasmids encoding NLRP3-GFP, together with the
indicated plasmid encoding V..,-Flag. (A) Subcellular localizations of NLRP3-GFP (green), V..,-Flag (red), and nuclei
(DAPI; blue) were visualized by confocal microscopy. The scale bars represent 10 um. (B) NLRP3 speck-forming cells
and V. -positive cells were quantified from five randomly selected fields, and the percentages of NLRP3 speck- and
Vgov-positive cells in the total Vg -positive cells are shown. Data were derived from at least three or four
independent experiments and are presented as mean values. SD are shown as error bars. **, P < 0.01. (C)
Experimental data on BRET signals at 24 h posttransfection were derived from three independent experiments and
are presented as mean values. SD are shown as error bars. **, P < 0.01 versus transfection with empty vector.

influenza virus NS1 protein also targets both NF-«kB and NLRP3, thus abrogating
inflammasome activation (32). As SeV V protein is known as an antagonist of the
RIG-I-dependent pathway, similar to MeV V and influenza virus NS1 (33, 34), SeV V(—)
thus likely induces production of pro-IL-13 through the RIG-I-NF-«B pathway. However,
the modest increase (approximately 2.5-fold) in pro-IL-18 production in SeV V(—)-
infected cells alone probably does not explain the marked increase (approximately
7-fold) in IL-1B secretion. Deficiency of NLRP3 in THPT macrophages leads to down-
regulation of SeV V(—)-induced IL-1B3, demonstrating that NLRP3 is required for SeV
V(—)-induced IL-1 secretion. SeV V(—) facilitates NLRP3 speck formation, indicative of
inflammasome complex formation (25), as well as ASC oligomerization, a direct indi-
cator of inflammasome activation (26), suggesting that Casp-1 is required for SeV
V(—)-induced IL-1B3 secretion. Therefore, our findings demonstrate that SeV V(—)
infection triggers IL-18 secretion by activating the NLRP3 inflammasome.

To reveal the molecular mechanism by which SeV V protein inhibits the inflammasome
to facilitate IL-18 maturation, the effects of SeV V protein on NLRP3 inflammasome
activation and assembly were analyzed. Overexpression of V protein inhibited NLRP3
inflammasome-dependent IL-1 secretion, demonstrating that V protein targets the NLRP3
inflammasome signaling pathway without requiring other viral proteins. Moreover, SeV V
protein inhibited assembly of the NLRP3 inflammasome, including NLRP3-dependent ASC
oligomerization, NLRP3-ASC association, NLRP3 self-oligomerization, and intermolecular
interactions between NLRP3 molecules. Furthermore, a high correlation between the
NLRP3-binding capacity of V protein and the ability to block the inflammasome complex
assembly was observed. Therefore, SeV V protein likely inhibited NLRP3 self-oligomerization
by interacting with NLRP3 and inhibiting subsequent recruitment of ASC to block NLRP3-
dependent ASC oligomerization, in turn blocking full activation of the NLRP3 inflam-
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FIG 7 Inhibition of NLRP3 inflammasome activation is shared by paramyxovirus V proteins. HEK293T cells were
transfected with various combinations of the indicated plasmids. (A) The concentration of IL-18 in the culture
supernatants was determined as described for Fig. 1C. (B) IP and IB were performed as described for Fig. 3A. (C)
The effect of V protein of HPIV2 or NiV on ASC speck formation (left) or NLRP3 speck formation (right) was
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masome and subsequent IL-183 secretion. Similarly, a previous study indicated that MeV V
protein inhibits NLRP3 inflammasome-dependent IL-13 secretion (27). However, that study
did not elucidate how V protein inhibits activation of the NLRP3 inflammasome. In this
study, we characterized the detailed mechanisms underlying the inhibition of inflam-
masome activation by paramyxoviruses. Moreover, although the NS1 protein of influenza
virus has been previously reported to interact with NLRP3 and to inhibit NLRP3-dependent
ASC oligomerization leading to IL-13 secretion (35), we have further demonstrated that SeV
V protein disrupts NLRP3-NLRP3 intermolecular interactions to block NLRP3 self-
oligomerization and the subsequent recruitment of ASC required for NLRP3-dependent
ASC oligomerization.

The V protein is synthesized from an additional mRNA, which is generated from
the P gene by insertion of a pseudotemplated G residue at the specific editing site
in the middle of the gene. Consequently, P and V proteins share the same 317
residues at the amino terminus (Vn region), whereas the V protein has a unique
67-residue carbonyl terminus (Vc region). We found that V in particular is required
for regulation of the NLRP3 inflammasome. SeV V targets RLRs (MDA5 and RIG-I) to
inhibit RLRs signaling. Thus, we revealed a novel function of V in regulation of the
NLRP3 inflammasome. We showed that V protein inhibits NLRP3 inflammasome
activation in a Vc-independent and C362- and C365-independent manner, in agree-
ment with its NLRP3 binding ability.

SeV V protein comprises Vn and Vc domains and has several interacting partners in
host cells. Vc interacts with RIG-l, MDA5, and LGP2, whereas the entire V protein
interacts with IRF3 and NLRP3. These partner proteins are all involved in antiviral
responses, although V protein interacts with these proteins differently, as demonstrated
by the V protein mutant C362R C365S. Specifically, based on the crystal structure of
parainfluenza virus 5 V protein (36), it was predicted that SeV Vc forms two loops that
coordinate two zinc ions via one histidine and seven cysteine residues (37). The first
loop likely coordinates zinc via H318, C337, C362, and C365 and the second loop by the
central cysteines (C341, C353, C355, and C358). The substitution of C362 and C365 in
SeV V protein has been reported to disrupt its interaction with MDA5 (29), suggesting
that the first loop is important for the interaction of SeV V protein with MDA5. In
contrast, our results showed that mutations at C362 and C365 do not affect the
interaction of V with NLRP3, suggesting that the intact second loop of Vc is sufficient
for its interaction with NLRP3. Alternatively, a previous study suggested that MeV V
protein interacts with NLRP3 through its carboxyl-terminal domain (Vc) and that the
intact first loop of Vc is sufficient for its interaction with NLRP3 (27). However, we could
not confirm the inhibition of IL-18 secretion by MeV (Edmonton strain) Vc protein and
the interaction of MeV (Edmonton strain) Vc protein with NLRP3 (data not shown). The
differences in the V protein between the IC-B strain and Edmonton strain remain
unclear. Because we could not observe the inhibition of IL-13 secretion by the inter-
action of MeV (Edmonton strain) Vc protein with NLRP3, it would be of great interest
to determine the functional regions driving the V-NLRP3 interactions seen in these
paramyxoviruses, including those involving the MeV V protein.

Several viruses have evolved their own strategies to inhibit inflammasome assembly by
preventing its oligomerization (16, 17). Additionally, viral proteins can prevent the recruit-
ment of ASC molecules, thus inhibiting the innate immune response and promoting a
better environment for viral replication (26). Some viral proteins have been reported to
inhibit inflammasome activation by interacting with inflammasome members and thus
interfering with inflammasome formation. For example, Kaposi's sarcoma-associated her-
pesvirus Orf63, a viral homolog of human NLRP1, inhibits inflammasome activation by
interacting with NLRP1 (26). In addition, the PYD-containing proteins, Shope fibroma virus

FIG 7 Legend (Continued)

evaluated as described for Fig. 5B and 6B. (D) The effect of V protein of HPIV2 and NiV on intermolecular
interactions between NLRP3 and ASC (right) or NLRP3 and NLRP3 (left) was evaluated as described for Fig. 5C and

6C. SD are shown as error bars. **, P < 0.01, and ***, P < 0.001, versus transfection with empty vector.
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PYD-only protein and M13L protein from myxoma virus, a rabbit-specific poxvirus, interact
with ASC by PYD-PYD interactions and inhibit inflammasome activation (38, 39). These
studies demonstrate that viral proteins contain regions homologous with either NLRP1 or
ASC to inhibit inflammasome complex formation. However, the results of a Basic Local
Alignment Search Tool for proteins (BLAST) analysis and ClusalW2 alignment did not
provide evidence to support the notion that SeV V protein contains regions homologous
with NLRP3. Therefore, paramyxovirus likely inhibits inflammasome activation by interact-
ing with NLRP3 independently of homologous conserved sequences.

A critical question raised by these findings is whether the IL-18 antagonism that
decreases production and secretion of IL-18 by SeV V contributes to its pathogenicity. The
induction of IL-18 by inflammasome activation is required for immune defense of the host
against pathogens, including influenza virus. Moreover, the IL-18 response to viroporin SH
gene knockout respiratory syncytial virus (RSVASH) is greater than that to wild-type RSV,
despite a decreased viral load, whereas when IL-18 is blocked in vivo, the viral load returns
to wild-type levels (40). Therefore, antagonism of the inflammasome, which decreases IL-18
secretion, is likely involved in viral pathogenicity. This attenuation manifests in vivo but not
in vitro, whereas the IL-13 increase manifests even in vitro, similar to that occurring upon
SeV V(—) infection. SeV evades the RLR signaling pathway, leading to induction of inter-
feron beta (IFN-B) and probably pro-IL-18, which is important for host antiviral innate
immunity, through interaction of V with RIG-I (3, 41). Indeed, SeV V(—) induced pro-IL-13
mRNA and protein production in the present study. However, SeV V(—) still has functional
C proteins to counteract the IFN response; thus, innate immunity other than interferon is
thought to be important for early clearance of SeV V(—).

Here we demonstrate that SeV V suppresses IL-18 secretion by preventing NLRP3
inflammasome formation and thus reveal a novel function of V in the regulation of host
innate immunity. Consequently, SeV V as an inhibitor of NLRP3 inflammasome-
dependent IL-18 secretion might play important roles in SeV infection and associated
pathogenicity.

MATERIALS AND METHODS

Plasmid construction. The cDNA fragments for expressing the P, V, and C proteins of SeV (Z
strain), MeV (Edmonton strain), and NiV and HPIV2 (Toshiba strain) with either an N-terminal Flag or
V5-His (VH) tag were cloned into the multicloning site of pCA7 (42). The cDNA fragments for mutants
of SeV V protein (Vn [aa 1 to 317], Vc [aa 318 to 384], and Vcys [C362S and C365R]), each with either
a C-terminal Flag or VH tag, were newly created by PCR using appropriate PCR primers and SeV V
cDNA and introduced into the multicloning site of pCA7. The cDNA for human NLRP3 was purchased
from the National Institute of Technology and Evaluation, Biological Resource Center, Tokyo, Japan.
The plasmids encoding human ASC, pCas-1, and pro-IL-13 were gifts from T. Ichinohe (University of
Tokyo, Tokyo, Japan) (27). These cDNA fragments containing an open reading frame with an N- or
C-terminal Flag or VH tag were newly introduced into pCA7. The cDNA fragments for NLRP3 or ASC
with N- or C-terminal yellow fluorescent protein (YFP), or NanoLuc-luciferase (NLuc) tag, were newly
cloned into pCA7. The cDNA fragments for the mutant of NLRP3 [A2-21(aa 22-1036)], each with
C-terminal green fluorescent protein (GFP), were newly cloned into pCA7. pEBMulti-Puro-Flag-Vs.,,
was created by inserting Flag-tagged V., from pCA7-Flag-Vg,, (7) into the expression vector
pEBMulti-Puro (Wako Pure Chemical, Osaka, Japan). The sequence fidelity of all newly created
plasmids was confirmed by sequence analysis.

Cells and viruses. HEK293T cells were cultured in Dulbecco’s modified Eagle’s medium contain-
ing 10% heat-inactivated fetal bovine serum (FBS). THP1-Null (THP1) and NLRP3-deficient THP1
(THP1-defNLRP3) cells were purchased from InvivoGen (San Diego, CA), and THP1 cells were cultured
in RPMI 1640 medium containing 10% FBS according to the manufacturer’s instructions. THP1-Null
cells stably expressing the SeV V protein (THP1/V,,,) or the empty vector (THP1/vector) were isolated
from puromycin-resistant colonies after transfection with pEBMulti-Puro-Flag-V,, or pEBMulti-Puro,
respectively. For macrophage differentiation, THP1-Null and THP1-defNLRP3 cells were treated with
phorbol 12-myristate 13-acetate (PMA) (0.5 wg/ml; Sigma, St. Louis, MO) at 37°C for 6 h. SeV wt
(cDNA derived from Z strain) and SeV V(—) were propagated in Vero cells in the presence of 3 ug/ml
of trypsin (4).

Real-time PCR. Total RNA was isolated from THP1 macrophages using Nucleospin RNA Plus (TaKaRa,
Shiga, Japan), and cDNA was synthesized by reverse transcriptase (Superscript Ill; Invitrogen, Carlsbad,
CA). The level of mRNA expression was determined using TB Green Premix EX Taq, ROX plus (TaKaRa).
with a StepOne real-time PCR system (Applied Biosystems, Foster City, CA). Real-time PCR primers used
in this study were as previously described (43).

Quantitation of IL-103 and pro-IL-1p. Cell-free supernatants were collected at 24 h postinfection, at
24 h following transfection with poly(dA-dT) (InvivoGen), or at 24 h after stimulation with LPS plus ATP.
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IL-1B8 was quantified using an enzyme-linked immunosorbent assay (ELISA) kit from eBiosciences
(number 88-7010; San Diego, CA). To quantify intracellular pIL-18 levels, cells were lysed by repeated
cycles of freezing and thawing in phosphate-buffered saline (PBS) containing 2% FBS. The lysates were
then analyzed by the same ELISA kit.

Reconstitution of the NLRP3 inflammasome. Reconstitution was performed according to the
procedure of Komune et al. (27). Briefly, HEK293T cells (2 X 10° cells/well) in a 24-well plate were
transfected with plasmids encoding NLRP3 inflammasome signaling molecules (NLRP3 [10 ng/well], ASC
[2.5 ng/well], pro-Casp-1 [2.5 ng/well], and pro-IL-13 [50 ng/well]), together with the plasmids encoding
the viral proteins P, V, C, Vn, V¢, and Vcys (500 ng/well). At 24 h posttransfection, the levels of human
IL-1B in the cell-free supernatants were determined by ELISA.

Immunoprecipitation (IP). HEK293T cells (~5 X 10° cells/well) in a 6-well plate were transfected
with various combinations of plasmids (2 ug/well each) by using polyethyleneimine (PEI) MAX (number
24765; Polysciences Inc., Warrington, PA). After incubation for an appropriate duration, cells were lysed
in 400 pl of a lysis buffer (50 mM Tris-HCI [pH 7.4], 150 mM NaCl, 1% Triton X-100) containing protease
inhibitor cocktail (Nacalai Tesque, Kyoto, Japan). Cell lysates were then incubated with anti-Flag antibody
or anti-V5 mouse monoclonal antibody (MAb)-coated magnetic beads (MBL, Aichi, Japan) at 4°C for 1 h.
Beads were washed five times with the lysis buffer and boiled with Laemmli sample buffer (50 mM
Tris-HCl [pH 6.8], 2% sodium dodecyl sulfate [SDS], 0.1% bromophenol blue, 10% glycerol, and 5%
2-mercaptoethanol). The eluted proteins were subjected to immunoblot (IB) analysis.

IB analysis. Samples were resolved by SDS-polyacrylamide (10 to 20%) gel electrophoresis and
then electroblotted onto a membrane filter (Immobilon-P; Millipore, Bedford, MA). The membrane
was blocked in Blocking One (Nacalai Tesque) for 30 min, followed by incubation at room temper-
ature for another hour with a mouse monoclonal antibody to Flag (MBL), V5 (MBL), His (MBL), NLRP3
(AG-20B-014-C100; AdipoGen, San Diego, CA), ASC (sc-22514-R; Santa Cruz Biotechnology, Dallas,
TX), cleaved Casp-1 (number 4199; Cell Signaling Technology, Danvers, MA), or actin (number 4967;
Cell Signaling Technology). The membrane was then incubated at room temperature for 30 min with
horseradish peroxidase-conjugated anti-mouse or anti-rabbit 1gG antibody (GE Healthcare Bio-
Science, Little Chalfont, England). Immunoreactive bands were visualized using enhanced chemilu-
minescence Western Lightning Ultra substrate (PerkinElmer, Waltham, MA) and an LAS4000 imaging
system (GE Healthcare).

Immunofluorescence microscopy analysis. To observe the effects of SeV infection on NLRP3 inflam-
masome complex formation, THP1 differentiated macrophages were cultured or infected with SeV wt or SeV
V(—). At 20 h after infection, cells were fixed and permeabilized with PBS containing 2.5% formaldehyde for
20 min and 0.5% Triton X-100 for 15 min at room temperature. The cells were incubated with 5% bovine
serum albumin (BSA) in PBS for 1 h at room temperature and stained with primary antibodies (rabbit
monoclonal anti-NLRP3 antibody [AG-20B-014-C100; AdipoGen]) and rabbit monoclonal anti-ASC antibody
(sc-22514-R; Santa Cruz), followed by incubation with secondary antibodies [Alexa Fluor 488-conjugated goat
polyclonal anti-mouse IgG(H+L) (number 11001; Thermo Fisher, Waltham, MA) and Alexa Fluor 568-
conjugated goat polyclonal anti-rabbit IgG(H+L) (number 11011; Thermo Fisher)] for 1 h at room tempera-
ture. The cells were washed with 0.01% BSA in PBS between each step. The slide was mounted with SlowFade
Diamond antifade mountant (S36967; Thermo Fisher). Images were visualized using a confocal microscope
(Olympus Fluoview, Tokyo, Japan).

To observe the effects of wild-type and mutant V protein on the formation of NLRP3-dependent ASC
or NLRP3 specks, HEK293T cells in an 8-well microscope glass slide with a removable 8-well chamber
(SCS-N28; Matsunami-glass, Osaka, Japan) were transfected with plasmids encoding NLRP3-GFP WT(aa
1-1036) (50 ng/well) plus ASC-Flag (10 ng/well) or NLRP3-GFP (60 ng/well), together with plasmids
encoding the viral protein V, Vn, Vc, or Vcys (200 ng/well) using PEI MAX. The mutant NLRP3-GFP
A2-21(aa 22-1036) (75 ng/well) was used as a positive control to show loss of NLRP3-dependent ASC
speck formation and NLRP3 speck formation. At 24 h posttransfection, cells were fixed and permeabilized
with PBS containing 4% formaldehyde for 5 min and 0.2% Triton X-100 for 10 min at room temperature.
The cells were incubated in 3% BSA in PBS for 1 h at room temperature and stained with anti-Flag
tag-Alexa Fluor 594 (M185-A59; MBL), or anti-His tag MAb-Alexa Fluor 647 (D291-A64; MBL) for 1 h at
room temperature. The cells were washed with PBS between each step. The cells were counterstained
and mounted with 4',6'-diamidino-2-phenylindole (DAPI) Fluoromount-G (number 0100-20; Southern
Biotech, Birmingham, AL). Images were visualized by using a confocal microscope (Olympus Fluoview).
Where applicable, the ASC speck-positive cells or NLRP3 speck-positive cells and SeV V (Vg )-positive
cells were counted from five randomly selected fields per condition, and the percentage of ASC speck-
and Vg-positive cells among Vs, -positive cells was calculated.

BRET measurements. HEK293T cells (1.5 X 105 cells/well) in a 24-well plate were transfected with
plasmids encoding the bioluminescence resonance energy transfer (BRET) donor and acceptor NLRP3-
NLuc (25 ng/well) and ASC-YFP (75 ng/well) or NLRP3-Nluc (25 ng/well) plus NLRP3-YFP (75 ng/well),
together with the plasmids encoding the viral proteins V, Vn, Vc, and Vcys (200 ng/well). Signals were
detected by using a fusion universal microplate analyzer (Packard, Salt Lake City, UT) with two filter
settings: an NLuc filter (485 = 20 nm) and a YFP filter (530 = 25 nm). The BRET ratio was defined as the
difference between the emission at 530 nm/485 nm of cotransfected NLuc and YFP fusion proteins and
the emission at 530 nm/485 nm of NLuc fusion protein alone, and the ratios were expressed as the BRET
score. The amounts of YFP- and NLuc-tagged proteins were determined by reading separate plates at 530
nm after excitation at 485 nm in the presence of coelenterazine-H.

Statistical analysis. All graphs were generated with GraphPad Prism software (GraphPad Software,
Inc., San Diego, CA). Data are presented as means = standard deviations (SD), and P values were
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calculated using an unpaired Student t test with two-tailed analysis. A P value of <0.05 was considered
significant.
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