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ABSTRACT Dengue virus (DENV) infection causes serious clinical symptoms, includ-
ing dengue hemorrhagic fever (DHF) and dengue shock syndrome (DSS). Vascular
permeability change is the main feature of the diseases, and the abnormal expres-
sion of proinflammatory cytokines is the important cause of vascular permeability
change. However, the mechanism underlying vascular permeability induced by DENV
has not been fully elucidated. Here, we reveal a distinct mechanism by which DENV
infection promotes NLRP3 inflammasome activation and interleukin-1 beta (IL-1�) re-
lease to induce endothelial permeability and vascular leakage in mice. DENV M pro-
tein interacts with NLRP3 to facilitate NLRP3 inflammasome assembly and activation,
which induce proinflammatory cytokine IL-1� activation and release. Notably, M can
induce vascular leakage in mouse tissues by activating the NLRP3 inflammasome
and IL-1�. More importantly, inflammatory cell infiltration and tissue injuries are in-
duced by M in wild-type (WT) mouse tissues, but they are not affected by M in
NLRP3 knockout (NLRP3�/�) mouse tissues. Evans blue intensities in WT mouse tis-
sues are significantly higher than in NLRP3�/� mouse tissues, demonstrating an es-
sential role of NLRP3 in M-induced vascular leakages in mice. Therefore, we propose
that upon DENV infection, M interacts with NLRP3 to facilitate inflammasome activa-
tion and IL-1� secretion, which lead to the induction of endothelial permeability and
vascular leakage in mouse tissues. The important role of the DENV-M-NLRP3-IL-1�

axis in the induction of vascular leakage provides new insights into the mechanisms
underlying DENV pathogenesis and DENV-associated DHF and DSS development.

IMPORTANCE Dengue virus (DENV) is a mosquito-borne pathogen, and infections
by this virus are prevalent in over 100 tropical and subtropical countries or regions,
with approximately 2.5 billion people at risk. DENV infection induces a spectrum of
clinical symptoms, ranging from classical dengue fever (DF) to severe dengue hem-
orrhagic fever (DHF) and dengue shock syndrome (DSS). Therefore, it is important to
understand the mechanisms underlying DENV pathogenesis. In this study, we reveal
that the DENV membrane protein (M) interacts with the host NLRP3 protein to pro-
mote NLRP3 inflammasome activation, which leads to the activation and release of a
proinflammatory cytokine, interleukin-1 beta (IL-1�). More importantly, we demon-
strate that M protein can induce vascular permeability and vascular leakage and that
NLRP3 is required for M-induced vascular leakage in mouse tissues. Collectively, this
study reveals a distinct mechanism underlying DENV pathogeneses and provides new
insights into the development of therapeutic agents for DENV-associated diseases.

KEYWORDS DENV membrane protein, M, dengue virus, DENV, interleukin-1�, IL-1�,
NLRP3 inflammasome, Nod-like receptor (NLR) family pyrin domain containing 3,
NLRP3, vascular leakage, vascular permeability

Citation Pan P, Zhang Q, Liu W, Wang W, Lao
Z, Zhang W, Shen M, Wan P, Xiao F, Liu F,
Zhang W, Tan Q, Liu X, Wu K, Liu Y, Li G, Wu J.
2019. Dengue virus M protein promotes NLRP3
inflammasome activation to induce vascular
leakage in mice. J Virol 93:e00996-19. https://
doi.org/10.1128/JVI.00996-19.

Editor Jae U. Jung, University of Southern
California

Copyright © 2019 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Yingle Liu,
mvlwu@whu.edu.cn, Geng Li,
lg@gzucm.edu.cn, or Jianguo Wu,
jwu@whu.edu.cn.

P.P., Q.Z., and W.L. contributed equally to this
work. Y.L., G.L., and J.W. are co-senior authors.

Received 14 June 2019
Accepted 8 August 2019

Accepted manuscript posted online 14
August 2019
Published

CELLULAR RESPONSE TO INFECTION

crossm

November 2019 Volume 93 Issue 21 e00996-19 jvi.asm.org 1Journal of Virology

15 October 2019

https://orcid.org/0000-0002-8326-2895
https://doi.org/10.1128/JVI.00996-19
https://doi.org/10.1128/JVI.00996-19
https://doi.org/10.1128/ASMCopyrightv2
mailto:mvlwu@whu.edu.cn
mailto:lg@gzucm.edu.cn
mailto:jwu@whu.edu.cn
https://crossmark.crossref.org/dialog/?doi=10.1128/JVI.00996-19&domain=pdf&date_stamp=2019-8-14
https://jvi.asm.org


Dengue virus (DENV) is a single-strand and positive-sense RNA virus belonging to
the Flavivirus genus of the Flaviviridae family. Dengue is a mosquito-borne infec-

tious disease caused by four serotypes of DENV (DENV1 to -4) and is prevalent in over
100 tropical and subtropical countries, with approximately 2.5 billion people at risk
(1–3). DENV infection induces a spectrum of clinical symptoms, ranging from classical
dengue fever (DF) to severe dengue hemorrhagic fever (DHF) and dengue shock
syndrome (DSS) (4, 5). The clinical manifestation of DF is fever, headache, rash, arthralgia,
myalgia, and retro-orbital pain, which provides lifelong immunity to the infecting strain.
Secondary infection with different DENV serotypes induces severe DHF and DSS, which
is associated with life-threatening increases in hypotension, hypovolemia, vascular
permeability, and shock (4, 6–8). Although a hypothesis is known as antibody-
dependent enhancement (ADE) (9, 10), the pathogenesis of DHF/DSS remains largely
unclear.

DENV is spherical with an envelope structure, has a single-stranded RNA genome of
approximately 11 kb, and encodes a polyprotein, which is cleaved by cellular and viral
enzymes into three structural proteins and seven nonstructural proteins (11). Viral
structure proteins play critical roles in the DENV life cycle. The M protein production is
sheared of Prm in the trans-Golgi apparatus through host Furin protease (12, 13). M
protein contains 75 amino acids; the N-terminal 40 amino acids form an ectodomain
containing a hydrophobic loop followed by an amphipathic helical portion, and the
C-terminal 35 amino acids form a transmembrane region (14). The amphipathic helical
portion interacts with envelope protein (E) to promote DENV invasion, packing mature,
and release (15–18). These studies suggest that M plays an important role in DENV
infection. However, the effect of M protein on host immunity is not clear.

Despite the fact that DENV pathogenesis is not completely understood, massive
cytokine secretion (cytokine storm) is believed to be one of the primary contributory
factors (19, 20). Clinical studies demonstrated that cytokines play a vital role in DHF
pathogenesis (21, 22). Interleukin-1 beta (IL-1�), an important proinflammatory cyto-
kine, is induced upon DENV infection (23, 24). IL-1� is not only an endogenous pyrogen
inducing fever but also regulates systemic inflammation responses (25, 26). IL-1�

activation requires two pathways: signal I regulates nuclear factor �B (NF-�B) signaling
to induce pro-IL-1� mRNA transcription and pro-IL-1� protein synthesis (27), whereas
signal II activates the inflammasome to promote IL-1� maturation and secretion (28).
The best characterized inflammasome is the Nod-like receptor (NLR) family pyrin
domain containing-3 (NLRP3) inflammasome (29, 30). As a crucial part of the innate
immune system, the NLRP3 inflammasome plays a critical role in recognizing viral
infections (31–36). Once activated, NLRP3 can recruit apoptosis-associated speck-like
protein with CARD domain (ASC) and pro-caspase-1 to form the inflammasome com-
plex. Active caspase-1 is formed by autocatalytic cleavage, which catalyzes proteolytic
processing of pro-IL-1� into active IL-1�. Although the myeloid Syk-coupled C-type
lectin 5A (CLEC5A) is critical for inflammasome activation upon DENV infection (23) and
receptor-interacting protein (RIP) kinases and reactive oxygen species (ROS) generation
in platelets are required for inflammasome activation (37), the mechanism by which
DENV infection regulates the inflammasome remains largely elusive. This study reveals
a distinct mechanism by which DENV infection facilitates NLRP3 inflammasome acti-
vation and IL-1� release through the viral M protein, which lead to the induction of
endothelial permeability and vascular leakage in mouse tissues.

RESULTS
DENV protein synthesis is required for NLRP3 inflammasome activation. To

reveal the mechanism by which DENV infection regulates the NLRP3 inflammasome, the
effects of DENV2 replication, genomic RNA, and viral proteins on the inflammasome
activation were determined. Human peripheral blood mononuclear cells (PBMCs),
granulocyte-macrophage colony-stimulating factor (GM-CSF)-differentiated mouse bone
marrow-derived macrophages (BMDMs), or phorbol-12-myristate-13-acetate (PMA)-
differentiated THP-1 macrophages were treated with infectious DENV2(NGC), UV-
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irradiated DENV2(NGC), or heat-inactivated DENV2(NGC). Reverse transcriptase PCR
(RT-PCR) analyses showed that DENV2(NGC) E and NS5 mRNAs were expressed in
human PBMCs (Fig. 1A), mouse primary BMDMs (Fig. 1B), and THP-1 differentiated
macrophages (Fig. 1C) infected with DENV2(NGC), whereas they were not detected in
the cells treated with UV-irradiated or heat-inactivated DENV2(NGC) (Fig. 1A to C).
Interestingly, quantitative RT-PCR (qRT-PCR) analyses and enzyme-linked immunosor-
bent assays (ELISAs) revealed that IL-1� mRNA, IL-6 mRNA, and tumor necrosis factor

FIG 1 The replication and protein synthesis of Dengue virus are essential for the activation of NLRP3 inflammasome. Human PBMCs (A, D), GM-CSF differentiated
mouse BMDMs (B, E), and PMA-differentiated THP-1 macrophages (C, F, and G) were treated with infectious, UV-, or heat-inactivated DENV2(NGC) at an MOI
of 5 for 24 h. The DENV E gene mRNA and NS5 gene mRNA were quantified by RT-PCR (A to C). IL-1� RNA, IL-6 mRNA, and TNF-� expression was determined
by qRT-PCR, and IL-1� was measured by ELISA (D to F). IL-1� in cell supernatants was measured by ELISA and proteins in cell extracts (Lys) were analyzed by
Western blotting (WB) (G). THP-1 macrophages were transfected with RNA extracted from infectious DENV2(NGC) at 0.5, 1, and 2 �g (H to K) or with in
vitro-transcribed DENV2(TSV01) RNA at 2, 6, and 10 �g or treated with 10 �g/ml poly(dA·dT) (L to O). The DENV E gene mRNA (H, L), IFN-� RNA (I, M), or IL-1�
RNA (J, N) was determined by RT-PCR, and IL-1� was measured by ELISA (K, O). (P, Q) PMA-differentiated THP-1 macrophages were pretreated with 100 �M
CHX for 2 h and stimulated with nigericin (2 �M) for 2 h (P) or infected with DENV at an MOI of 5 for 48 h (Q). Supernatants were analyzed (top) by ELISA for
IL-1�. Cell lysates were analyzed (bottom) by immunoblotting. Data are representative of three independent experiments. Mock, supernatant of C6/36 cells
without DENV2 infection (A to G, P, and Q) or unprocessed cells (H to O); Lipo, transfection with Lipofectamine 2000 reagent. Values are means � SEMs. ns,
not significant; *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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alpha (TNF-�) mRNA expression and IL-1� protein secretion were induced by
DENV2(NGC) but not by UV-irradiated or heat-inactivated DENV2(NGC) in PBMCs,
BMDMs, or THP-1 macrophages (Fig. 1D to G). These results suggest that infectious
DENV can induce IL-1�, IL-6, and TNF-� expression and IL-1� secretion, whereas
inactivated DENV fails to induce IL-1�, IL-6, and TNF-� expression and IL-1� secretion.

To determine the effect of DENV RNA on the expression of the cytokines, THP-1
differentiated macrophages were transfected with RNA extracted from infectious
DENV2(NGC) or with in vitro transcribed RNA of DENV2(TSV01). Notably, in the THP-1
differentiated macrophages transfected with RNA isolated from infectious DENV2(NGC),
E mRNA and beta interferon (IFN-�) mRNA were expressed (Fig. 1H and I), whereas
IL-1� mRNA and protein secretion were relatively unaffected (Fig. 1J and K).
Moreover, in THP-1 differentiated macrophages transfected with in vitro transcribed
RNA of DENV2(TSV01), E mRNA and IFN-� mRNA were expressed (Fig. 1L and M);
however, IL-1� mRNA expression and protein secretion were not influenced (Fig. 1N
and O). In addition, THP-1 macrophages were treated with poly(dA·dT). We also noticed
that E mRNA was not induced by poly(dA·dT) (Fig. 1L), whereas IFN-� mRNA expression
and IL-1� mRNA and protein secretion were significantly induced by poly(dA·dT) (Fig.
1M to O). Collectively, these results suggest that DENV2 RNA is unable to activate IL-1�.

To determine the effects of viral proteins on inflammasome activation, THP-1
differentiated macrophages were pretreated with cycloheximide (CHX; an inhibitor of
protein biosynthesis) (32) and stimulated with nigericin (an inducer of NLRP3 inflam-
masome) or infected with DENV2(NGC). The results indicated that IL-1� secretion, IL-1�

p17 maturation, and caspase-1 p20 cleavage induced by nigericin were relatively
unaffected by CHX (Fig. 1P), whereas IL-1� secretion, IL-1� p17 maturation, and
caspase-1 p20 cleavage induced by DENV2(NGC) infection were inhibited by CHX (Fig.
1Q), revealing that protein synthesis is essential for DENV to induce the inflammasome.
Taken together, we demonstrate that DENV replication and protein synthesis are
required for the activation of the NLRP3 inflammasome.

DENV M protein promotes the activation of NLRP3 inflammasome and IL-1�. As
we revealed above, DENV protein synthesis is necessary for the activation of the NLRP3
inflammasome. Next, we explored which DENV protein plays the crucial role in NLRP3
inflammasome activation by using a caspase-1 activation and IL-1� cleavage cell
system as established previously (34). IL-1� secretion was detected in the presence of
all components of the NLRP3 inflammasome, namely, NLRP3, ASC, pro-caspase-1, and
pro-IL-1� (Fig. 2A), indicating that this system was functioning well. The cells of the
system were then transfected with plasmids carrying each of the DENV2 genes, as
indicated in the figure. Notably, IL-1� secretion, IL-1� p17 maturation, and caspase-1
p20 cleavage were mainly induced by M protein (Fig. 2B). We also noticed that NS2A,
NS2B, and NS4B were expressed at lower levels than other proteins. We speculate that
such reduction might be due to the natures of these proteins. To confirm the role of M
protein in the activation of the NLRP3 inflammasome, cells of the caspase-1 activation
and IL-1� cleavage system were transfected with plasmid encoding DENV2 M protein
at different concentrations. The results showed that IL-1� secretion, IL-1� p17 cleavage,
and caspase-1 p20 maturation were significantly induced by M protein in dose-
dependent manners (Fig. 2C). In addition, to further determine the effect of M protein
on the activation of the NLRP3 inflammasome, THP-1 cells were infected with M-lentivirus
to generate cells stably expressing M, which were then differentiated into macro-
phages. IL-1� secretion, IL-1� p17 maturation, and caspase-1 p20 cleavage induced by
nigericin or DENV2(TSV01) were significantly promoted by M-lentivirus (Fig. 2D and E).
Moreover, IL-1� secretion induced by ATP or nigericin was further facilitated by
M-lentivirus (Fig. 2F, top), and DENV2 M RNA was detected in M-lentivirus-treated
mouse primary BMDMs but not in control (CT)-lentivirus-treated cells (Fig. 2F, bottom).
Thus, the results suggest that DENV-M promotes NLRP3 inflammasome activation.
Furthermore, we verified the role of M in such regulation by using SCP0148 (the
inhibitor of Furin protease) in DENV-infected cells. Previous studies had reported that
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DENV Prm protein can be cleaved into M protein by the host’s Furin protease (12, 13).
PMA-differentiated THP-1 macrophages were infected with DENV2(NGC) and then
treated with SCP0148 at different concentrations. ELISAs revealed that the secretion of
IL-1� protein in the cell supernatants was detected upon DENV infection but signifi-

FIG 2 M protein promotes the activation of the NLRP3 inflammasome. (A) HEK293T cells were transfected with the expression plasmid pro-IL-1�, pro-IL-1�, and
pro-caspase-1, any three of the four plasmids, and four plasmids (pro-IL-1�, pro-caspase-1, ASC, and NLRP3) for 48 h. (Top) Supernatants were analyzed by ELISA
for IL-1�. (Bottom) Cell lysates were analyzed by immunoblotting. (B) HEK293T cells were cotransfected with plasmids encoding NLRP3, ASC, pro-caspase-1
(pro-Casp1), or pro-IL-1� and with plasmids encoding Cap, M, Prm, E, NS1, NS2A, NS2B, NS3, NS4A, NS4B, or NS5 for 48 h. (Top) Supernatants were analyzed
by ELISA for IL-1�. (Bottom) Cell lysates were analyzed by immunoblotting. (C) HEK293T cells were cotransfected with plasmids encoding NLRP3, ASC, pro-Casp1,
and pro-IL-1� and with different concentrations of plasmid encoding DENV2 M for 48 h. (Top) Supernatants were analyzed by ELISA for IL-1�. (Bottom) Cell
lysates were analyzed by immunoblotting. (D) THP-1 cells were stably infected with lentivirus-CT or lentivirus-M, differentiated into macrophages, and
stimulated with 2 �M nigericin. IL-1� in cell supernatants was measured by ELISA and proteins in Lys were analyzed by WB. (E) THP-1 cells were stably infected
with lentivirus-CT or lentivirus-M, differentiated into macrophages, and stimulated with DENV2(TSV01) at an MOI of 5 for 48 h. IL-1� in cell supernatants was
measured by ELISA and proteins in Lys were analyzed by WB. (F) Mouse BMDMs were infected with lentivirus-CT or lentivirus-M and stimulated with LPS
(1 �g/ml) plus ATP (2.5 mM) or LPS (1 �g/ml) plus nigericin (2 �M). IL-1� in supernatants was measured by ELISA and M gene mRNA was quantified by RT-PCR.
(G) PMA-differentiated THP-1 macrophages were infected with DENV2(NGC) at an MOI of 5 for 12 h, and then Furin protease inhibitor (SCP0148) was added
at different concentrations (12.5, 25, 50 �M) and the infection allowed to continue for 12 h. IL-1� in cell supernatants was measured by ELISA and proteins in
Lys were analyzed by WB. (H) HEK293T cells were cotransfected with plasmids encoding NLRP3, ASC, pro-Casp1, and pro-IL-1� and with different concentrations
of plasmid encoding DENV2 M or DENV2 NS5 (0, 0.5, 1, and 2 �g) for 48 h. (Top) Supernatants were analyzed by ELISA for IL-1�. (Bottom) Cell lysates were
analyzed by immunoblotting. (I) HEK293T cells were cotransfected with plasmids encoding NLRP3, ASC, pro-Casp1, and pro-IL-1�, and transfected with plasmid
encoding DENV1-M, DENV2-M, DENV3-M, and DENV4-M (2 �g) for 48 h. (Top) Supernatants were analyzed by ELISA for IL-1�. (Bottom) Cell lysates were analyzed
by immunoblotting. Ctrl, empty plasmid (B); Mock, unprocessed cells (D, E, and F). Data are representative of three independent experiments. Values are
means � SEMs. ns, not significant; *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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cantly attenuated by SCP0148 in a dose-dependent manner (Fig. 2G, top). Western blot
analyses showed that the production of intracellular Prm protein was promoted by
SCP0148 in a dose-dependent fashion (Fig. 2G, bottom). These results indicate that the
cleavage of Prm protein into M protein is required for the promotion of IL-1� secretion
and thus suggest that M is involved in NLRP3 inflammasome activation.

As we previously reported that Zika virus (ZIKV) NS5 pays an important role in NLRP3
inflammasome activation (38), here we determined the effect of DENV2(NGC) NS5 on
NLRP3 inflammasome activation. We noticed that unlike DENV M, DENV NS5 failed to
activate the inflammasome (Fig. 2H). Additionally, we explored whether different
serotype DENV M proteins have broad roles in NLRP3 inflammasome activation. Nota-
bly, like DENV2-M, DENV1-M, DENV3-M, and DENV4-M also induced IL-1� secretion,
IL-1� p17 maturation, and caspase-1 p20 cleavage (Fig. 2I). Taken together, our results
reveal that M plays a crucial role in NLRP3 inflammasome activation.

M interacts with NLRP3 in the endoplasmic reticulum and Golgi compartment.
The mechanism by which M promotes inflammasome activation was evaluated. Coim-
munoprecipitation assays were used for exploring the interaction of M protein with the
components (NLRP3, caspase-1, and ASC) of the NLRP3 inflammation in HEK293T cells
cotransfected with hemagglutinin (HA)-M and Flag-NLRP3, Flag-pro-caspase-1, or Flag-
ASC. Coimmunoprecipitation (Co-IP) results indicated that, interestingly, M interacts
with NLRP3 but failed to interact with ASC or caspase-1 in HEK293T cells (Fig. 3A), M and
NLRP3 interacted with each other in HEK293T cells (Fig. 3B), and M and endogenous
NLRP3 interacted with each other in THP-1 macrophages (Fig. 3C). Notably, sequence
analyses revealed that although homologies among the 4 M proteins of DENV sero-
types were not very high (Fig. 3D), all M proteins interacted with NLRP3 (Fig. 3E), which
was consistent with our above-described result showing that four serotypes of DENV M
activated the NLRP3 inflammasome (Fig. 2I). A glutathione transferase (GST) pulldown
assay was used to prove a direct interaction of M and NLRP3. Importantly, our results
showed that GST-M protein bound to NLRP3 protein (Fig. 3F). Importantly, we also
proved that endogenous NLRP3 interacted with DENV2 Prm in DENV2(NGC)-infected
THP-1 macrophages (Fig. 3G). It is well known that NLRP3 contains three prototypic
domains: N-terminal pyrin domain (PYRIN), NACHT-associated domain (NBD), and
C-terminal leucine-rich repeat (LRR) domain (39). Notably, Co-IP results indicated that
the NBD domain and LRR domain interacted with all four M proteins of DENV serotypes
(Fig. 3H to K). Finally, immunofluorescence assays revealed that M and NLRP3 were
specifically distributed in the endoplasmic reticulum (ER) (Fig. 3L) and Golgi compart-
ment (Fig. 3M). Together, our results demonstrate that M protein directly interacts with
NLRP3 through its NBD and LRR domains.

M promotes the NLRP3 inflammasome assembly and activation. As M interacts
with NLRP3, we wanted to know the role of M in the regulation of the inflammasome.
Initially, we examined the effect of M protein on the expression of NLRP3, caspase-1,
and ASC. The results showed that the productions of NLRP3, caspase-1, and ASC were
not affected by M in HEK293T cells, THP-1 cells, and mouse BMDM cells (Fig. 4A to C);
similarly, the abundance of NLRP3 was not affected by M (Fig. 4D), indicating that M is
not required for production of inflammasome components. Next, we assessed the
ability of M to interact with ASC in HEK293T cells cotransfected with Flag-M and
HA-NLRP3 or HA-ASC. Co-IP results showed that M protein did not interact with ASC in
the absence of NLRP3; however, M and ASC interacted with each other in the presence
of NLRP3 (Fig. 4E), and the NLRP3-ASC interaction was enhanced by M in a dose-
independent manner (Fig. 4F), suggesting that M promotes NLRP3-ASC interaction. In
the process of inflammasome assembly, ASC proteins aggregate to form oligomers (40).
Thus, we evaluated the role of M protein in the regulation of ASC protein aggregation
in THP-1 macrophages infected with CT-lentivirus or M-lentivirus and stably expressing
M protein. We revealed that in the absence of M, endogenous ASC was diffusely
distributed in THP-1 macrophages, whereas in the presence of M, ASC formed small
spots in the cells (Fig. 4G). Interestingly, ASC oligomerization was activated by
M-lentivirus, and ASC oligomerization stimulated by nigericin was further facilitated by
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FIG 3 Dengue virus M only interacts with NLRP3 protein. (A) HEK293T cells were cotransfected with HA-M and Flag-NLRP3, Flag-pro-caspase-1, or Flag-ASC. Cell
lysates were immunoprecipitated using anti-Flag antibody and analyzed using anti-Flag and anti-HA antibodies. Cell lysates (40 �g) were used as input. (B)
HEK293T cells were cotransfected with HA-NLRP3 and Flag-M. Cell lysates were immunoprecipitated using anti-Flag antibody or anti-HA antibody and analyzed
using anti-Flag and anti-HA antibodies. Cell lysates (40 �g) were used as input. (C) THP-1 macrophages were stably infected with lentivirus-M. Cell lysates were
immunoprecipitated using anti-Flag antibody or anti-NLRP3 antibody and analyzed using anti-Flag and anti-NLRP3 antibodies. Cell lysates (50 �g) were used
as input. (D) Sequence alignment of dengue virus M protein with different serotypes. (E) HEK293T cells were cotransfected with HA-NLRP3 and Flag-DENV1-M,
Flag-DENV2-M, Flag-DENV3-M, or Flag-DENV4-M. Cell lysates were immunoprecipitated using anti-Flag antibody and analyzed using anti-Flag and anti-HA
antibodies. Cell lysates (40 �g) were used as input. (F) Purified GST (10 �g) or GST-M (10 �g) was incubated with cell lysates of Flag-NLRP3-transfected HEK293T
cells. (G) THP-1 macrophages were infected with DENV2(NGC) for 48 h. Cell lysates were immunoprecipitated using anti-NLRP3 antibody and analyzed using
anti-DENV2-Prm antibody. Cell lysates (40 �g) were used as input. (H to K) HEK293T cells were cotransfected with HA-DENV1-M, HA-DENV2-M, HA-DENV3-M,
HA-DENV4-M, and Flag-NLRP3, Flag-PYRIN, Flag-NBD, or Flag-LRR. Cell lysates were immunoprecipitated using anti-Flag antibody and analyzed using anti-Flag
and anti-HA antibodies. Cell lysates (40 �g) were used as input. (L) HeLa cells were transfected with Flag-M, HA-NLRP3, or Flag-M/HA-NLRP3 for 24 h.
Endoplasmic reticulum marker ER-Tracker (blue), Flag-M (red), and HA-NLRP3 (yellow) were then visualized with confocal microscopy. (M) HeLa cells were
transfected with Flag-NLRP3, GFP-M, or GFP-M/Flag-NLRP3 for 24 h. Golgi apparatus marker antibodies against syntaxin 6 (yellow), Flag-tagged NLRP3 (red),
and GFP-tagged M (green) and nucleus marker DAPI (blue) were then visualized with confocal microscopy. Flag-Ctrl, Flag-NC, or HA-NC indicates pcDNA3.1(�)-
3�Flag or pCAggs-HA empty plasmid. Data are representative of three independent experiments.
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M-lentivirus (Fig. 4H). These results suggest that M promotes inflammasome complex
assembly.

Moreover, we examined the effect of M protein on the localization of NLRP3 as
speck, which is an indicator of inflammasome complex formation (41). HeLa cells and
HEK293T cells were cotransfected with green fluorescent protein (GFP)/HA-ASC, GFP-

FIG 4 Dengue virus M facilitates the assembly of NLRP3 inflammasome by interacting with NLRP3. (A) HEK293T cells were cotransfected with HA-CT or HA-M
plus Flag-NLRP3, Flag-pro-Casp1, or Flag-ASC for 36 h. The indicated proteins in cell extracts were analyzed by WB. (B) THP-1 cells were stably infected with
lentivirus-CT or lentivirus-M and differentiated into macrophages, and the indicated proteins in cell extracts were analyzed by WB. (C) Mouse BMDMs were
infected with lentivirus-CT or lentivirus-M for 48 h, and the indicated proteins in cell extracts were analyzed by WB. (D) HEK293T cells were cotransfected with
different concentrations of HA-M plus Flag-NLRP3 and GFP for 36 h. The indicated proteins in cell extracts were analyzed by WB. (E) HEK293T cells were
cotransfected with Flag-M, HA-NLRP3, and pcDNA3.1(�)-ASC for 24 h. Cell lysates were immunoprecipitated using anti-Flag antibody and analyzed using
anti-NLRP3, anti-ASC, and anti-Flag antibodies. HEK293T cells were cotransfected with GFP-M, HA-NLRP3, and Flag-ASC. Cell lysates were immunoprecipitated
using anti-Flag antibody and analyzed using anti-NLRP3, anti-ASC, and anti-GFP antibodies. Cell lysates (40 �g) were used as inputs. (F) HEK293T cells were
cotransfected with different concentrations of Flag-M plus HA-NLRP3 and HA-ASC for 24 h. Cell lysates were immunoprecipitated using anti-NLRP3 antibody
and analyzed using anti-HA and anti-Flag antibodies. (G) THP-1 macrophages were stably infected with lentivirus-CT or lentivirus-M. Subcellular locations of ASC,
Flag-M, and DAPI were visualized under confocal microscopy. (H) THP-1 macrophages were stably infected with lentivirus-CT or lentivirus-M and stimulated by
2 �M nigericin. ASC oligomerization was analyzed by immunoblotting. HeLa cells (I) and HEK293T cells (J) were cotransfected with GFP/HA-ASC, GFP-M/HA-ASC,
GFP/Flag-NLRP3, GFP-M/Flag-NLRP3, GFP/HA-ASC/Flag-NLRP3, or GFP-M/HA-ASC/Flag-NLRP3 for 24 h. The subcellular locations of HA-tagged ASC (red),
Flag-tagged NLRP3 (yellow), GFP-tagged M (green), and nucleus marker DAPI (blue) were visualized with confocal microscopy. The data are representative of
three independent experiments.
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M/HA-ASC, GFP/Flag-NLRP3, GFP-M/Flag-NLRP3, GFP/HA-ASC/Flag-NLRP3, or GFP-M/
HA-ASC/Flag-NLRP3. In HeLa and HEK293T cells, ASC was distributed in the cytosol and
nucleus (Fig. 4I and J, a to e), M and ASC were not colocalized (Fig. 4I and J, f to j), and
NLRP3 was distributed in the cytosol (Fig. 4I and J, k to o). However, in the presence of
M and NLRP3 or ASC and NLRP3, M or ASC colocalized with NLRP3 to form spots (Fig.
4I and J, p to y). Moreover, in the presence of M, ASC, and NLRP3, the three proteins
colocalized and formed ring-like structures in HeLa cells and HEK293T cells (Fig. 4I and
J, z to ad). Collectively, these results reveal that M facilitates NLRP3 inflammasome
assembly by interacting with NLRP3.

M induces vascular leakage in mice by activating IL-1�. As a previous study
found that DENV2 infection activates IL-1� to induce vascular permeability in platelets
(37) and here we reveal that M plays an important role in NLRP3 inflammasome
activation, we further determined the biologic effect of M on vascular permeability in
mice. We selected adeno-associated virus (AAV9) as the vector system to express M
protein in mice, as AAV9 has low immunogenicity and high expression efficiency in the
host (42). In order to be consistent with the mouse model of DENV infection, IFNAR�/�

C57BL/6 mice (43) were used and intravenously injected with AAV9 (42) expressing M
protein (AAV9-M) or its control (AAV9-CT). M mRNA was expressed in the blood of mice
infected with AAV9-M, whereas it was not detected in the control mice (Fig. 5A). We
also noticed that M mRNA was highly expressed at 7 days postinfection and decreased
from 14 to 21 days postinfection (Fig. 5A). We suspected that this phenomenon was
due to the intravenous injection of the virus, which causes a high initial titer of the virus
in the blood. With the circulation of the blood, the virus invades different tissues and
is removed by lymphocytes in the blood, dropping the virus titer to lower levels. The
body weights of AAV9-M mice (n � 8) were lower than those in the AAV9-CT group
(n � 8) at 6 days and 28 days postinfection (Fig. 5B). M mRNA was expressed at higher
levels in heart and liver, whereas it was detected at lower levels in spleen, lung, and
large intestine of AAV9-M mice at 21 days and 28 days posttreatment (Fig. 5C). In small
intestine, a low level of M mRNA was detected at 21 days posttreatment, but M mRNA
was expressed at a higher level 28 days posttreatment (Fig. 5C). Enhanced GFP (EGFP;
as an indicator of AAV9-M replication) was expressed in heart, liver, lung, spleen, large
intestine, and small intestine at 28 days postinfection, indicating that M protein was
successfully expressed in the mouse tissues (Fig. 5D to F). EGFP (as an indicator of M
protein) and Flag-M fusion protein were expressed in heart, liver, spleen, kidney, lung,
large intestine, and small intestine at 28 days postinfection, indicating that M protein
was successfully expressed in the mouse tissues (Fig. 5D to F).

Moreover, the levels of M mRNAs were determined and compared in AAV9-M-
treated mice and DENV2(NGC)-infected mice. IFNAR�/� C57BL/6 mice were intrave-
nously injected with AAV9-M for 2, 14, and 21 days or with DENV2(NGC) for 2, 4, and
6 days. At 2 days postinfection, M mRNA was significantly higher in AAV9-M-infected
mice than in DENV-infected mice. At 14 days postinfection, M mRNA was significantly
lower in AAV9-M-infected mice than in DENV-infected mice; however, at 21 days
postinfection, M mRNA was very low in the two groups and had no significant differences
(Fig. 5G). In addition, M mRNA expression in the tissues was determined and compared
between DENV2-infected mice at 6 days postinfection and AAV9-M-infected mice at
28 days postinfection. In heart, liver, and small intestine, there were no differences in M
mRNA levels between the two mouse groups. In spleen, lung, and large intestine, M
mRNA was significantly higher in DENV2-infected mice than in AAV9-M-infected mice,
while in kidney, M mRNA was significantly higher in AAV9-M-infected mice than in
DENV2-infected mice (Fig. 5H). These results reveal that like in DENV2-infected mice, M
was successfully expressed in AAV9-M-infected mice.

Notably, IL-1� was highly produced in sera of AAV9-M-infected mice at 7 days
postinfection and decreased gradually from 14 to 21 days postinfection (Fig. 5I). IL-1�

was detected at higher levels in heart, liver, spleen, lung, large intestine, and small
intestine of AAV9-M infected mice at 28 days postinfection (Fig. 5J). More importantly,
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FIG 5 DENV M protein induces IL-1� activation and vascular leakage in mice. IFNAR�/� C57BL/6 genetic background mice received tail vein injections of 300 �l
containing 5 � 1011 vg of AAV9-EGFP or AAV9-EGFP-M. Serum was collected every 7 days for AAV9 groups from the orbits. (A) Total RNA was extracted from
the plasma from mice. The RNA level of M protein was quantified by qRT-PCR. (B) Mice (n � 8 per group) were weighed every 2 days, and weight was expressed
as the percentage of the initial weight. (C) The RNA levels of M protein in heart, liver, spleen, lung, large intestine, and small intestine were quantified by
qRT-PCR. (D) Western blot analysis of EGFP expression in heart, liver, spleen, lung, large intestine, and small intestine after AAV9-EGFP and AAV9-EGFP-M
infection. (E) Western blot analysis of EGFP and Flag-M expression in heart, liver, spleen, lung, large intestine, and small intestine in mock- and AAV9-EGFP-
M-infected mice. (F) Immunofluorescence analysis of EGFP expression in heart, liver, spleen, kidney, and small intestine after AAV9-EGFP-M infection. (G) Total
RNAs was extracted from blood samples from DENV2(NGC)-infected IFNAR�/� mice (n � 10) at 2, 4, and 6 days postinfection or AAV9-EGFP-M-infected
IFNAR�/� mice (n � 8) at 2, 14, and 21 days postinfection. The DENV M gene mRNA was quantified by RT-PCR. (H) Total RNA was extracted from tissues,
including heart, liver, spleen, lung, kidney, large intestine, and small intestine, from DENV2(NGC)-infected mice after 7 days or AAV9-EGFP-M-infected
mice after 28 days. The DENV M gene mRNA was quantified by RT-PCR. (I) IL-1� in sera was measured by ELISA. Points represent the IL-1� values from
each serum sample. At 28 days postinfection, mice were euthanized, and tissues were collected. (J) Immunohistochemistry analysis of IL-1� in the tissues,
including heart, liver, spleen, lung, large intestine, and small intestine after AAV9-EGFP or AAV9-EGFP-M infection. Black arrows indicated the
immunostaining of IL-1�. (K) Histopathology analysis of tissues, including heart, liver, spleen, lung, large intestine, and small intestine, after AAV9-EGFP
or AAV9-EGFP-M infection. Black arrows indicated the infiltrated inflammatory cells; red circles indicate the aberrant cells. Evans blue dye was
intravenously injected into mice 28 days after infection with AAV9-EGFP-M (n � 6) and AAV9-EGFP control (n � 5). The dye circulated for 2 h before mice
were euthanatized, tissues including liver (L), spleen (M), large intestine (N), and small intestine (O) were collected, and the value of Evans blue was
measured at OD610. Data are representative of two independent experiments. Values are means � SEMs. ns, not significant; *, P � 0.05; **, P � 0.01; ***,
P � 0.001.
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hematoxylin and eosin staining showed inflammatory cell infiltration (indicated by
black arrows in Fig. 5K) and tissue injuries (indicated by the red circles in Fig. 5K) in
heart, liver, spleen, lung, large intestine, and small intestine of the AAV9-M-infected
group compared with tissue staining from AAV9-CT-infected mice, and Evans blue
intensities in AAV9-M-treated mouse tissues were significantly higher than in the
AAV9-CT-treated group (Fig. 5L to O), demonstrating that M induces vascular leakages
in mouse tissues. Taken together, our data suggest that M facilitates vascular leakage
in mice by activating IL-1�.

NLRP3 plays a crucial role in M-induced IL-1� activation and vascular leakage
in mice. The role of NLRP3 in M-induced vascular leakage was determined in mice.
Initially, the BMDMs isolated from NLRP3�/� and NLRP3�/� mice were infected with
lentivirus-M and treated with lipopolysaccharide (LPS) plus ATP or LPS plus nigericin. M
mRNA was expressed in lentivirus-M-infected BMDMs of both wild-type (WT) and
NLRP3�/� mice (Fig. 6A, top). NLRP3 was induced by ATP or nigericin in lentivirus-M-
treated BMDMs of WT mice, whereas it was not detected in lentivirus-M-treated BMDMs
of NLRP3�/� mice (Fig. 6A, bottom). These results confirm that M protein was ex-
pressed in both WT and NLRP3�/� mice and NLRP3 was knocked out in NLRP3�/� mice.
IL-1� protein was significantly induced by ATP or nigericin in lentivirus-M-infected
BMDMs of WT mice but slightly facilitated in lentivirus-M-infected BMDMs of NLRP3�/�

mice (Fig. 6B). We also knocked down NLRP3 in THP-1 cells. Compared with that in
control (shNC) cells, the level of IL-1� secretion upon M protein expression in knock-
down (shNLRP3) cells was largely reduced both in mock-treated or nigericin-treated
cells (Fig. 6C). These results suggest that NLRP3 is involved in M-mediated IL-1�

activation.
In WT and NLRP3�/� mice infected with AAV9-M, M mRNA was highly expressed in

mouse sera at 7 days, reduced at 14 days, and barely detected at 21 days postinfection
(Fig. 6D), and IL-1� protein was significantly higher at 7, 14, and 21 days postinfection
in WT mouse sera than in sera from NLRP3�/� mice (Fig. 6E), suggesting that NLRP3
knockout suppresses IL-1� activation. We noticed that the pattern of M expression is
consistent with the pattern of IL-1� production (Fig. 6D and E), supporting that M
induces IL-1� production. At 28 days postinfection, M mRNA was expressed in tissues
of both AAV9-M-infected WT and NLRP3�/� mice (Fig. 6F, top), NLRP3 was detected in
WT mouse tissues but not in NLRP3�/� mouse tissues (Fig. 6F, bottom), and IL-1� was
induced by M in WT mouse tissues but not induced in NLRP3�/� mouse tissues
(Fig. 6G). These results reveal that NLRP3 is required for M-induced IL-1� activation in
mouse tissues. More importantly, inflammatory cell infiltration and tissue injuries were
induced by M in WT mouse tissues, but they did not occur in NLRP3�/� mouse tissues
(Fig. 6H), demonstrating that NLRP3 is essential for M-mediated tissue injuries. The
intensities of Evans blue in liver, spleen, lung, and large intestine of WT mice were
significantly higher than in NLRP3�/� mice (Fig. 6I to L), revealing that NLRP3 is
required for M-induced vascular leakages in mice. Therefore, we demonstrate that M
induces vascular leakage via interacting with NLRP3 and activating the inflammasome
and IL-1� (Fig. 7).

DISCUSSION

DENV infection causes diseases ranging from self-limited DF to severe DHF and DSS
(4). The change of vascular permeability is one of the main features of the diseases (6),
and proinflammatory cytokines play a central role in endothelial activation and plasma
leakage (19, 20). Although DENV induces IL-1� production by activating NLRP3 inflam-
masomes in platelets and macrophages (23, 37), the specific mechanism underlying
DENV action needs to be elucidated. This study further reveals that DENV M is required
for NLRP3 inflammasome activation and IL-1� release in cell lines and mouse tissues. M
directly interacts with NLRP3 and facilitates inflammasome activation, thereby promot-
ing IL-1� secretion. More importantly, we demonstrate for the first time that M induces
vascular permeability and vascular leakage in mouse tissues by activating the NLRP3
inflammasome and IL-1�.

DENV Induces Vascular Leakage via NLRP3 Inflammasome Journal of Virology

November 2019 Volume 93 Issue 21 e00996-19 jvi.asm.org 11

https://jvi.asm.org


FIG 6 NLRP3 is crucial for M-induced IL-1� activation and vascular leakage in mice. (A and B) GM-CSF differentiated NLRP3�/� mouse BMDM cells and NLRP3�/�

mouse BMDM cells were infected with M-encoding lentivirus for 48 h and then stimulated with LPS (1 �g/ml) for 6 h and ATP (2.5 mM) for 20 min or nigericin
(2 �M) for 2 h. (A) The relative M RNA level was measured by RT-PCR, and NLRP3 and �-actin proteins were determined by Western blotting. (B) IL-1� secreted
in cell supernatants was analyzed by ELISA. PMA-differentiated THP-1 macrophages stably expressing short hairpin RNAs (sh-RNAs), sh-NLRP3, and transfected
with HA-ctrl or HA-DENV2-M plasmid for 48 h were stimulated with nigericin (2 �M) for 2 h. (C) IL-1� in cell supernatants was measured by ELISA (top) and
proteins in cell extract (Lys) were analyzed by WB (bottom). (D and E) NLRP3�/� C57BL/6 mice (n � 6) or NLRP3�/� C57BL/6 mice (n � 6) received tail vein
injections of 300 �l of M-encoding AAV9 (5 � 1011 vg) (AAV9-EGFP-M). Serum was collected every 7 days for AAV9 groups from the orbits. Total RNA was
extracted from plasma samples from mice. (D) The RNA level of M protein was quantified by qRT-PCR. (E) IL-1� in the sera was measured by ELISA. Points
represent the IL-1� values from each serum sample. At 28 days postinfection, mice were euthanized, and tissues were collected. (F) The levels of M RNA in heart,
liver, spleen, lung, large intestine, and small intestine were quantified by qRT-PCR analyses (top), and the levels of NLRP3 protein and EGFP were determined
by Western blot analyses (bottom). (G) Immunohistochemistry analysis of IL-1� in the tissues, including heart, liver, spleen, lung, large intestine, and small

(Continued on next page)
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Notably, DENV replication and proteins are required for NLRP3 inflammasome
activation and IL-1� release, whereas viral RNA and particles are not involved in such
regulations. Previous studies showed that many viral proteins play different roles in
NLRP3 inflammasome activation. Measles virus (MV) V inhibits the inflammasome (33).

FIG 6 Legend (Continued)
intestine, after AAV9-EGFP-M infection. Black arrows indicated the immunostaining of IL-1�. (H) Histopathology analysis of tissues, including heart, liver, spleen,
lung, large intestine, and small intestine, after AAV9-EGFP-M infection. Black arrows indicate the infiltrated inflammatory cells. At 28 days postinfection, mice
were intravenously injected with Evans blue dye. The dye was circulated for 2 h before mice were euthanized, and tissues including liver (I), spleen (J), lung
(K), and large intestine (L) were collected. The value of Evans blue was measured at OD610. Data are representative of two independent experiments. Values
are means � SEMs. *, P � 0.05; **, P � 0.01; ***, P � 0.001.

FIG 7 A proposed model in which DENV M induces vascular leakage by activating the NLRP3 inflammasome. Upon DENV
infection, the Prm protein is cleaved by Furin protease in the Golgi apparatus to form M protein. M protein then interacts with
NLRP3 to facilitate NLRP3 inflammasome assembly. Once the NLRP3 inflammasome is activated, a large proportion of IL-1� is
produced and released. Mature proinflammatory cytokine IL-1� then causes changes in endothelial cell permeability, including
in the liver, spleen, large intestine, and small intestine.
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Influenza A virus (IAV) M2 (44) and encephalomyocarditis virus (EMCV) 2B (32) promote
inflammasome activation, whereas IAV NS1 (45) and enterovirus 71 (EV71) 2A and 3C
antagonize inflammasome activation (46). We have revealed that EV71 3D enhances
inflammasome assembly (34) and more recently demonstrated that Zika virus (ZIKV)
NS5 facilitates inflammasome activation (38). DENV contains a single open reading
frame (ORF) encoding a polyprotein, which is subsequently cleaved into three structural
proteins and seven nonstructural proteins (14). We noticed that M is responsible for NLRP3
inflammasome assembly and IL-1� secretion, and unlike ZIKV NS5 and DENV M, DENV NS5
failed to regulate the NLRP3 inflammasome. It is known that M interacts with E to change
the pH value of the cellular surface, thus affecting virus invasion, packaging, and maturation
(12, 14, 17). Here, we reveal a new function of M in the activation of the NLRP3 inflam-
masome and IL-1�. As a crucial component of the innate immune system, the inflam-
masome not only plays an important role in host defense against pathogen infections but
also is involved in the progression of inflammatory diseases, such as gout and type 2
diabetes (47, 48). DENV triggers NLRP3 inflammasome assembly in platelets, and platelets
may contribute to increased vascular permeability by regulating IL-1� (37). Importantly, we
further demonstrate that M plays a key role in activating the NLRP3 inflammasome and
IL-1� in human cell lines and in mouse primary cells and tissues.

More interestingly, M activates IL-1� secretion, thereby inducing vascular permea-
bility and vascular leakage in mice. By studying WT mice and NLRP3�/� mice, we
confirm that NLRP3 plays essential roles in M-mediated IL-1� secretion and vascular
leakage in mouse tissues. It was reported that DENV NS1 induces endothelial hyper-
permeability and vascular leak (43) and disrupts the endothelial glycocalyx-like layer
(49). However, a recent study showed that NS1 acts on the endothelium to induce
vascular leak independent of Toll-like receptor 4 (TLR4) signaling and proinflammatory
cytokines (50). We reveal that M triggers vascular leakage through a distinct mecha-
nism: M directly interacts with NLRP3 to promote ASC oligomerization and inflam-
masome assembly and facilitate IL-1� secretion, thereby inducing vascular leakage in
mice. This study reveals a key role of M in DENV pathogenesis, provides new insights
into the mechanisms underlying DENV-associated diseases, and demonstrates a direct
link between NLRP3 inflammasome activation and vascular leakage in mice.

MATERIALS AND METHODS
Human blood sample analysis. All blood samples from healthy donors were randomly collected

from the Wuhan Blood Donation Center (Wuhan, China). Peripheral blood mononuclear cells (PBMCs)
were separated by density centrifugation of fresh peripheral venous blood samples that were diluted 1:1
in pyrogen-free phosphate-buffered saline (PBS) over Histopaque (Haoyang Biotech). Cells were washed
twice with PBS and resuspended in medium (RPMI 1640) supplemented with 10% fetal bovine serum
(FBS), penicillin (100 U/ml), and streptomycin (100 �g/ml).

Animal study. Wild-type C57BL/6 mice were purchased from Hubei Research Center of Laboratory
Animals, Wuhan, China. NLRP3�/� C57BL/6 mice were provided by Di Wang of Zhejiang University,
Hangzhou, China. IFNAR�/� C57BL/6 mice were provided by Jincun Zhao of Guangzhou Medical
University, Guangzhou, China. Mice were bred and maintained under specific pathogen-free conditions
at Wuhan University.

Age- and sex-matched mice were randomly assigned to animal studies. Six-week-old IFNAR�/� mice
received tail vein injections of DENV2 (1 � 106 PFU/mouse) or PBS (mock). Six-week-old IFNAR�/� mice
received tail vein injections of 300 �l of AAV9-EGFP-M (5 � 1011 viral genomes [vg]) or AAV9-EGFP.
Six-week-old WT mice and NLRP3�/� mice received tail vein injections of 300 �l of AAV9-EGFP-M
(5 � 1011 vg). Serum was collected every 2 days for DENV2 groups and every 7 days for AAV9 groups from
the retro-orbital areas. One week after DENV2 injection and 4 weeks after AAV9 injection, mice were
sacrificed and tissues were collected for immunohistochemistry (IHC) or histopathology analysis.

Mouse bone marrow-derived macrophages (BMDMs) were separated from 6- to 8-week-old male
C57BL/6 mice and male NLRP3�/� C57BL/6 mice. Cells were cultured in RPMI 1640 medium with 10% FBS
and 10% GM-CSF conditioned medium from L929 cells for 6 days.

Ethics statement. The study was conducted according to the principles of the Declaration of Helsinki
and approved by the Institutional Review Board of the College of Life Sciences, Wuhan University, in
accordance with its guidelines for the protection of human subjects. Written informed consent was
obtained from each participant.

All animal studies were performed in accordance with the principles described by the Animal Welfare
Act and the National Institutes of Health Guidelines for the care and use of laboratory animals in
biomedical research. All procedures involving mice and experimental protocols were approved by the
Institutional Animal Care and Use Committee (IACUC) of the College of Life Sciences, Wuhan University.
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Cell lines and cultures. Human monocytic cell lines (THP-1), embryonic kidney cell lines (HEK293T),
Aedes albopictus gut cell lines (C6/36), HeLa cells, and African green monkey kidney cells (Vero) were
purchased from American Type Culture Collection (ATCC).

THP-1 cells were grown in RPMI 1640 medium and HEK293T, HeLa, and Vero cells were grown in
Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% fetal calf serum, 100 U/ml penicillin, and
100 �g/ml streptomycin and maintained at 37°C in a 5% CO2 incubator. C6/36 cells were grown in minimal
essential medium (MEM) supplemented with 10% fetal calf serum, 100 U/ml penicillin, and 100 �g/ml
streptomycin and maintained at 30°C in a 5% CO2 incubator. THP-1 cells were stimulated with phorbol-12-
myristate-13-acetate (PMA) for 12 h for differentiation into macrophages. THP-1 macrophages were infected
with DENV or stimulated with nigericin, LPS, or ATP. Supernatants were collected for measurements of IL-1�

(p17) and caspase-1 (p20). Cells were harvested for RT-PCR and immunoblot analyses.
Viruses. DENV2 strain NGC (GenBank accession number KM204118.1) was provided by Xulin Chen of

Wuhan Institute of Virology, Chinese Academy of Sciences. DENV2 strain TSV01 (GenBank accession
number AY037116.1) was provided by Wenxin Li of College of Life Sciences, Wuhan University, China. To
generate DENV stocks, C6/36 or Vero cells were incubated with DENV at a multiplicity of infection (MOI)
of 0.5 for 2 h. Infected cells were cultured in fresh medium with 2% FBS for 7 days. Supernatants were
harvested and centrifuged at 4,000 rpm for 10 min to remove debris and filtrated by a 0.22-�m filter
membrane. DENV was aliquoted into tubes for freezing at �70°C. Virus titers were determined by plaque
assay in Vero cells. For animal experiments, DENV was concentrated by ultracentrifugation at 30,000 �
g for 2 h at 4°C and purified using a 20% sucrose solution at 80,000 � g overnight at 4°C.

Reagents and antibodies. PMA, cycloheximide (CHX), nigericin, ATP, LPS, and dansylsarcosine
piperidinium salt (DSS) were purchased from Sigma-Aldrich. ER-Tracker (E12353) was purchased from
Thermo Fisher. TRIzol reagent was purchased from Ambion. Lipofectamine 2000 reagent was purchased
from Invitrogen. The human IL-1� ELISA kit was purchased from BD Biosciences. Mouse IL-1� ELISA kit
was purchased from R&D systems.

Anti-NLRP3 (D4d8T), anti-caspase-1 (D7F10), anti-IL-1� (D3U3E), anti-syntaxin 6 (C34B2), and
anti-IL-1� (3A6) antibodies were purchased from Cell Signaling. The anti-GFP antibody was pur-
chased from ABclonal. The antibody against DENV-Prm (GTX128092) was purchased from Genetex.
Antibodies against Flag (F3165) and HA (H6908) were purchased from Sigma. The anti-�-actin
antibody (66009) was purchased from Proteintech. The antibody against ASC (sc-271054) was
purchased from Santa Cruz Biotechnology. Rabbit IgG and Mouse IgG were purchased from
Invitrogen. Anti-GST (HT601) was purchased from TRANS. Anti-mouse IgG DyLight 649, anti-mouse
IgG DyLight 488, anti-rabbit IgG DyLight 649, and anti-rabbit IgG fluorescein isothiocyanate (FITC)
were purchased from Abbkine.

RNA extraction and qRT-PCR. TRIzol reagent (Invitrogen, CA) was used for total RNA extraction
according to the manufacturer’s instructions. RNA (1 �g) was reverse transcribed to cDNA with 0.5 �l
oligo(dT) and 0.5 �l random primer at 37°C for 60 min and 72°C for 10 min. The resulting cDNA was used
as the templates for RT-PCR analysis, which was performed in a LightCycler 480 thermal cycler (Roche)
with heat activated polymerase at 95 for 5 min, 45 cycles of 95°C for 15 s, 58°C for 1 s, and 72°C for 30
s; the fluorescence was collected and analyzed at the 72°C step. A final melting curve step from 50°C to
95°C was used to test primer specificity. The primers used for RT-PCR are listed in Table 1.

Plasmid construction. Plasmids pcDNA3.1(�)-NLRP3, pcDNA3.1(�)-caspase-1, pcDNA3.1(�)-ASC,
pcDNA3.1(�)-IL-1�, pcDNA3.1(�)-3�Flag-NLRP3, pcDNA3.1(�)-3�Flag-caspase-1, pcDNA3.1(�)-3�Flag-

TABLE 1 Primers used for real-time PCR detection in this study

Primer name Primer sequences (5=¡3=)
Human IL-1� forward CACGATGCACCTGTACGATCA
Human IL-1� reverse GTTGCTCCATATCCTGTCCCT
Human GAPDH forward AAGGCTGTGGGCAAGG
Human GAPDH reverse TGGAGGAGTGGGTGTCG
DENV2-E forward CATTCCAAGTGAGAATCTCTTTGTCA
DENV2-E reverse CAGATCTCTGATGAATAACCAACG
DENV2-M forward GGAATGGGACTGGAGACACG
DENV2-M reverse TGGTGTATGCCAGGATTGCT-3
DENV2-NS5 forward AGAGCCCGAATTTCCCAAGG
DENV2-NS5 reverse TCCACATTTGGGCGTAGGAC
Mouse �-actin forward AGAGGGAAATCGTGCGTGAC
Mouse �-actin reverse CAATAGTGATGACCTGGCCGT
Mouse IL-1� forward TGCCACCTTTTGACAGTGATG
Mouse IL-1� reverse TGTGCTGCTGCGAGATTTGA
Human IL-6 forward GTACATCCTCGACGGCATCTCA
Human IL-6 reverse GCACAGCTCTGGCTTGTTCCTC
Human TNF-� forward TCTCGAACCCCGAGTGACA
Human TNF-� reverse GCCCGGCGGTTCA
Mouse IL-6 forward AGACAAAGCCAGAGTCCTTCAGAGA
Mouse IL-6 reverse GCCACTCCTTCTGTGACTCCAGC
Mouse TNF-� forward ACGTGGAACTGGCAGAAGAG
Mouse TNF-� forward CTCCTCCACTTGGTGGTTTG
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ASC, pcDNA3.1(�)-3�Flag-IL-1�, pcDNA3.1(�)-3�Flag-NBD, pcDNA3.1(�)-3�Flag-LRR, pcDNA3.1(�)-
3�Flag-PYRIN, and pCAggs-HA-NLRP3/ASC were constructed previously by our laboratory. All DENV
proteins were cloned into the pcDNA3.1(�)-3�Flag vector using specific primers. The cDNA templates
came from the reverse transcription of RNA of the supernatants of DENV-infected C6/36 cells. To
construct pCAggs-HA-M and pEGFP-C1-M, the DENV M gene was subcloned into pCAggs-HA at EcoRI and
XhoI sites and into pEGFP-C1 at EcoRI and BamHI sites. The primers for plasmid construction are listed
in Table 2.

Cell transfection. HEK293T and PMA-differentiated THP-1 cells were transfected with Lipofectamine
2000 reagent (Invitrogen). To construct the NLRP3 inflammasome in HEK293T cells in vitro, the cells were
seeded into 6-well plates at 5 � 105 per well for 24 h and transfected with pcDNA3.1(�)-NLRP3 (60 ng),
pcDNA3.1(�)-caspase-1 (10 ng), pcDNA3.1(�)-ASC (10 ng), pcDNA3.1(�)-IL-1� (300 ng), and plasmids
carrying each of the DENV2 genes (1 �g) for 48 h. Cell supernatants were collected and analyzed for
mature IL-1� by ELISA, and cells were lysed and analyzed by Western blotting.

Enzyme-linked immunosorbent assay. IL-1� in culture supernatants and mice sera was measured
with an IL-1� ELISA kit (BD Biosciences, CA) and by R&D systems (Minneapolis, MN) for mice. LPS in
culture supernatants was measured with an LPS ELISA kit (Expandbio).

Western blotting. THP-1 differentiated cells were washed twice with PBS and dissolved in THP-1 lysis
buffer (50 mM Tris-HCl [pH 7.4], 150 mM NaCl, 0.1% Nonidet P-40, 5 mM EDTA, and 10% glycerol).
HEK293T cells were prepared in lysis buffer (50 mM Tris-HCl [pH 7.4], 300 mM NaCl, 1% Triton X-100,
5 mM EDTA, and 10% glycerol); 10% protease inhibitor (Roche) was added to the lysis buffer before using.
Protein concentration was measured with a Bradford assay (Bio-Rad, Richmond, CA). Cultured cell lysates
(50 �g) were electrophoresed on 8% to 12% SDS-PAGE gels and transferred to nitrocellulose membranes
(Amersham, Piscataway, NJ). Nonspecific bands of control (NC) membranes were blocked with 5% skim
milk for 2 h. Membranes were washed three times with phosphate-buffered saline with 0.1% Tween
(PBST) and incubated with antibodies. Protein bands were visualized using a luminescent image analyzer
(Fujifilm LAS-4000).

Co-immunoprecipitation assays. HEK293T, PMA-differentiated THP-1 cells, and THP-1-M stable cells
grown to 70% to 80% confluence in 10-cm dishes were cotransfected with the above-indicated plasmids
for 24 to 36 h. Transfected HEK293T cells were lysed in 293T lysis buffer, and transfected THP-1 cells were

TABLE 2 Primers used for plasmid construction in this study

Primer name Primer sequences (5=¡3=)
Capsid sense BamHI GCGGATCCAATAACCAACGAAAAAAGGC
Capsid antisense EcoRI CGGAATTCCGCCATCACTGTTGGAATCAGC
Envelope sense XhoI CGCTCGAGATGCGTTGCATAGGAATATC
Envelope antisense XbaI CGTCTAGAGGCCTGCACCATAACTC
Prm sense BamHI CGGGATCCTTCCATTTAACCACACG
Prm antisense EcoRI GCGAATTCTGTCATTGAAGGAGCGA
M sense BamHI CGGGATCCTCAGTGGCACTCGTTCCAC
M antisense EcoRI GCGAATTCTGTCATTGAAGGAGCGA
NS1 sense BamHI CGGGATCCGATAGTGGTTGCGTTGTG
NS1 antisense XhoI CGCTCGAGGGCTGTGACCAAGGAGTT
NS2A sense BamHI CGGGATCCGGACATGGGCAGATTGAC
NS2A antisense EcoRI GCGAATTCCCTTTTCTTGTTGGTTC
NS2B sense BamHI GCGGATCCAGCTGGCCACTAAATGA
NS2B antisense EcoRI GCGAATTCCCGTTGTTTCTTCACTT
NS3 sense BamHI CGGGATCCGCTGGAGTATTGTGGGATG
NS3 antisense XbaI GCTCTAGACTTTCTTCCAGCTGCAAAC
NS4A sense BamHI GCGGATCCTCCCTGACCCTGAACCTA
NS4A antisense EcoRI GCGAATTCTCTTTTCTGAGCTTCTCTGGT
NS4B sense BamHI GCGGATCCGCAGCAGCGGGCATCATGA
NS4B antisense EcoRI GCGAATTCCCTTCTCGTGTTGGTTGTGT
NS5 sense BamHI GCGGATCCGGAACTGGCAACATAGGAGAGA
NS5 antisense XbaI GCTCTAGACCACAGGACTCCTGCCTCTT
M sense EcoRI GCGAATTCTCAGTGGCACTCGTTCCAC
M antisense XhoI GCCTCGAGTGTCATTGAAGGAGCGACA
M sense EcoRI GCGAATTCTTCAGTGGCACTCGTTCCAC
M antisense BamHI GCGGATCCTGTCATTGAAGGAGCGACAG
M sense XbaI GCTCTAGATCAGTGGCACTCGTTCCAC
M antisense BamHI GCGGATCCTGTCATTGAAGGAGCGACAG
M sense EcoRI GCGAATTCTCAGTGGCACTCGTTCCAC
M antisense XhoI GCCTCGAGTGTCATTGAAGGAGCGACA
DENV1-M sense BamHI GCGAATTCTCCGTAGGATGGGGCGAC
DENV1-M antisense EcoRI GCGAATTCGGCCATGGATGGTGTTACCAG
DENV3-M sense BamHI GCGGATCCTCAGTGGCGTTAGCTCC
DENV3-M antisense EcoRI GCGAATTCTGTCATGGATGGGGTGACCAGC
DENV4-M sense BamHI GCGGATCCTCAGTAGCCCTAACACCA
DENV4-M antisense EcoRI GCGAATTCTCCGTAGGATGGGGCGAC
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dissolved in THP-1 lysis buffer. The lyses were rotated at 4°C for 30 min and centrifuged at 12,000 rpm
for 15 min to remove debris. A aliquot of supernatants was used as input, and the remainder of the
supernatants was incubated with antibodies overnight at 4°C and mixed with protein G Sepharose beads
(GE Healthcare) for 2 h at 4°C. Immunoprecipitates were washed 4 times with respective lysis buffers,
boiled in protein loading buffer, and analyzed by Western blotting.

GST pulldown assays. To construct pGEX6p-1-M, the M gene was subcloned into pGEX6p-1 at EcoRI
and XhoI sites. Plasmid pGEX6p-1-M was transfected into Escherichia coli strain BL21. After growing in
ampicillin-containing LB medium at 37°C until the optical density at 600 nm (OD600) reached 0.6 to 0.8, IPTG
(isopropyl-�-D-thiogalactopyranoside) was added to a concentration of 0.2 mM, and the medium was trans-
ferred to 16°C for 12 to 16 h. Cells were harvested and sonicated in lysis buffer (PBS, 100 mM dithiothreitol
[DTT], 100 mM phenylmethylsulfonyl fluoride [PMSF], 1% Triton X-100, pH 7.3). Lysates were centrifuged at
12,000 rpm for 15 min to remove debris. Supernatants were loaded into glutathione Sepharose columns
(GenScript), shaken at 4°C for 2 h, slowly flowed from columns, and washed twice with PBS. Recombinant
GST-M protein was eluted using elution buffer (50 mM Tris-HCl [pH 8.0], 150 mM NaCl, 5 mM EDTA, 1% Triton
X-100, 9 mg/ml reduced glutathione, and 200 �g/ml PMSF). Recombinant GST-M containing reduced gluta-
thione was placed into PBS by using a Millipore ultrafiltration tube. Glutathione Sepharose beads (Novagen)
were incubated with purified GST-M at 4°C for 2 h and then incubated with cell lysates from HEK293T cells
transfected with pcDNA3.1(�)-3�Flag-NLRP3 for 4 h at 4°C. Precipitates were washed 4 times with PBS, boiled
in protein loading buffer, and separated by SDS-PAGE.

Immunofluorescence. HEK293T and HeLa cells grown on sterile coverslips were transfected with
pGFP-M, pHA-NLRP3, and pFlag-ASC at 40% confluence for 48 h. Cells were fixed with 4% paraformal-
dehyde for 15 min, washed 3 times with ice-cold PBS containing 0.1% bovine serum albumin (BSA), and
permeabilized with PBS containing 0.2% Triton X-100 for 5 min. Cells were incubated overnight with
anti-HA antibody and anti-Flag antibody (1:200 in wash buffer) followed by staining with FITC-
conjugated donkey anti-mouse IgG and DyLight 649-conjugated donkey anti-rabbit IgG secondary
antibody (Abbkine) (1:100 in wash buffer). Nuclei were stained with DAPI (4=,6-diamidino-2-phenylindole)
for 5 min, and the cells were washed 3 times. Cells were viewed under a confocal fluorescence
microscope (FluoView FV1000; Olympus, Japan).

ASC oligomerization analysis. PMA-differentiated THP-1 cells were lysed in lysis buffer, gently
shaken at 4°C for 30 min, and centrifuged at 6,000 rpm at 4°C for 15 min. Pellets were washed 3 times
with PBS and resuspended in 500 �l PBS. Next, 2 mM DSS (Sigma) was added to resuspend the
pellets, which were cross-linked at 37°C for 30 min. The samples were centrifuged at 6,000 rpm for
10 min. Cross-linked pellets were resuspended in 50 �l 2� SDS loading buffer, boiled for 10 min, and
analyzed by Western blotting.

Quantization of vascular leakage in vivo. Vascular leakage was quantified with the Evans blue
assay. Briefly, 300 �l of 0.5% Evans blue dye was injected intravenously 4 weeks postinfection for AAV9
groups, and the dye was allowed to circulate for 2 h. Mice were euthanized and perfused with PBS.
Tissues were collected, weighed, added to 1 ml formamide, and incubated at 37°C for 24 h. Evans blue
concentration was quantified by measuring the OD610 and comparing the values to the standard curve.
Data are expressed as nanograms Evans blue dye per milligram tissue weight.

Statistics. All experiments were repeated at least three times with similar results. All results are
expressed as the means � the standard errors of means (SEMs). Statistical analysis was carried out using
the t test for two groups and one-way analysis of variance (ANOVA) for multiple groups (GraphPad Prism
5). The data were considered statistically significant at a P value of �0.05.
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