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Zika virus elicits inflammation to evade antiviral

response by cleaving cGAS via NS1-caspase-1 axis
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Abstract

Viral infection triggers host innate immune responses, which

primarily include the activation of type I interferon (IFN) signaling

and inflammasomes. Here, we report that Zika virus (ZIKV) infection

triggers NLRP3 inflammasome activation, which is further enhanced

by viral non-structural protein NS1 to benefit its replication. NS1

recruits the host deubiquitinase USP8 to cleave K11-linked poly-

ubiquitin chains from caspase-1 at Lys134, thus inhibiting the

proteasomal degradation of caspase-1. The enhanced stabilization

of caspase-1 by NS1 promotes the cleavage of cGAS, which recog-

nizes mitochondrial DNA release and initiates type I IFN signaling

during ZIKV infection. NLRP3 deficiency increases type I IFN produc-

tion and strengthens host resistance to ZIKV in vitro and in vivo.

Taken together, our work unravels a novel antagonistic mechanism

employed by ZIKV to suppress host immune response by manipulat-

ing the interplay between inflammasome and type I IFN signaling,

which might guide the rational design of therapeutics in the future.
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Introduction

Zika virus (ZIKV) is an arthropod-borne flavivirus in the Flaviviridae

family, which was initially discovered from Rhesus macaque in

Uganda in 1947 (Dick et al, 1952). ZIKV contains a positive-sense

single-stranded RNA genome and is closely related to several other

important viruses that cause disease globally, including Dengue

(DENV), hepatitis C, yellow fever, West Nile, and Japanese encephali-

tis viruses (Pierson & Diamond, 2013). ZIKV genome encodes a single

polyprotein which can be processed to produce three structural (C,

prM, and E) and seven non-structural (NS1, NS2A, NS2B, NS3,

NS4A, NS4B, and NS5) proteins (Pierson & Diamond, 2013). ZIKV

infection was originally thought as a mild and self-limiting viral

illness and caught little attention (Rossi et al, 2016; Miner &

Diamond, 2017). However, it became a global health emergency since

accumulating evidence has suggested that ZIKV infection is associ-

ated with the increasing incidence of microcephaly in newborns and

Guillain–Barré syndrome during the outbreak of ZIKV in Brazil from

2015 (Ioos et al, 2014; Petersen et al, 2016; Rubin et al, 2016).

Type I interferon (IFN) response serves as the first line of defense

to combat viral infection (Schneider et al, 2014). Recently, we and

other groups have demonstrated that ZIKV evolved several strate-

gies to counter human IFN antiviral response (Fernandez-Garcia

et al, 2009; Grant et al, 2016; Kumar et al, 2016; Wu et al, 2017;

Xia et al, 2018). The IFN-antagonistic strategies can be mainly

divided into two types (Fernandez-Garcia et al, 2009): The first

strategy employed by ZIKV is to reduce and delay the activation of

IFN production. For example, we recently reported that NS1 and

NS4B of ZIKV blocked virus-mediated IFN signaling by targeting

TBK1 (Wu et al, 2017). Xia et al showed the similar result of NS1

and found that residue 188 is critical for the inhibition of IFN (Xia

et al, 2018). ZIKV could also utilize the other strategy to evade

innate immunity by antagonizing IFN-mediated downstream signal-

ing transduction. It has been reported that NS5 of ZIKV promoted

the degradation of STAT2 (Grant et al, 2016; Kumar et al, 2016),

while our study also revealed that NS2B3 can degrade JAK1 (Wu

et al, 2017), thus inhibiting JAK-STAT signaling and coincidentally

impairing downstream ISG expressions. Taken together, different

non-structural proteins of ZIKV attenuate innate antiviral response

at different levels of IFN signaling pathway and cooperatively assist

ZIKV to evade host immune response (Bowen et al, 2018).

To infect the fetus and affect the neural development of fetus, ZIKV

should first cross the placental barrier and reach the fetus (Li et al,

2016; Miner et al, 2016). However, there is no commonly accepted

mechanism employed by ZIKV to achieve mother-to-fetus transmis-

sion so far. One of the possible mechanisms utilized by ZIKV is to use

monocytes as the carrier (Parekh et al, 2010; Khaiboullina et al,

2017). Monocytes are able to detect several kinds of pathogens and
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respond with the activation of inflammasome, a large signaling

protein complex whose assembly usually requires the protein apopto-

sis-associated speck-like protein containing a CARD (ASC), caspases,

and scaffold proteins (such as NLRP3 or AIM2) (Martinon et al,

2009). Once activated, the inflammasome triggers the activation of the

cysteine protease caspase-1 to prompt the maturation and secretion of

the pro-inflammatory cytokines interleukin-1b (IL-1b) and IL-18 (Park

et al, 2007; Liu et al, 2016). IL-1b serves the central role in inflamma-

tory response and initiates a series of innate immune responses

(Dinarello, 2009). Recently, accumulating evidence has revealed that

ZIKV can infect monocytes and result in the activation of inflamma-

some pathway (Khaiboullina et al, 2017; Tricarico et al, 2017; Wang

et al, 2018). However, the correlation between inflammasome activa-

tion and ZIKV infection remains incompletely understood.

Here, we report that ZIKV activates host inflammasome

responses by increasing the stabilization of caspase-1. Interestingly,

ZIKV NS1 targets caspase-1 and removes its K11-linked ubiquitin

chains at lysine (Lys) 134 by recruiting deubiquitinase (DUB) USP8.

Consequently, caspase-1 targets to cGAS for cleavage, which results

in reduced type I IFN signaling and enhanced ZIKV replication.

Furthermore, NLRP3 deficiency increases type I IFN production and

strengthens host resistance to ZIKV in vivo. Taken together, we

identify a novel function of ZIKV NS1 in regulating the stability of

caspase-1 and therefore reveal a mechanism by which ZIKV evades

host antiviral response via initiating inflammasome activation. Our

findings will facilitate the development of antiviral inhibitors and

vaccine design toward novel strategies against ZIKV infection.

Results

ZIKV infection induces NLRP3 inflammasome activation

The inflammasome plays a key role in host innate immune responses

by promoting pro-caspase-1 cleavage to generate the active subunits

p20 and p10, leading to the maturation and secretion of IL-1b. In

order to determine whether ZIKV infection activates the

inflammasomes, we measured IL-1b secretion from unprimed or

lipopolysaccharide (LPS)-primed THP-1 cells (a human monocyte

cell line) infected with ZIKV (Asian lineage strain GZ01 (GenBank

No. KU820898) if not specified). Immunoblot and ELISA analyses

demonstrated that ZIKV infection induced the release of IL-1b from

both unprimed and LPS-primed THP-1 cells (Fig 1A and B). NLRP3

and AIM2 are known to play important roles in inflammasome acti-

vation by virus infection (Martinon et al, 2009). We next generated

NLRP3 and AIM2 knockout (KO) THP-1 cells by CRISPR/Cas9 tech-

nology (Fig EV1A), and KO efficiency was functionally validated by

LPS plus ATP or poly (dA:dT) treatment as positive or negative

controls. We found that ZIKV-induced IL-1b and IL-18 secretion as

well as caspase-1 cleavage was abrogated in NLRP3 KO THP-1 cells

but not in AIM2 KO THP-1 cells (Figs 1C and EV1B–D). To further

confirm the induction of NLRP3 inflammasome by ZIKV, we exam-

ined IL-1b secretion in two different clones of NLRP3 or AIM2 KO

cells at various time points after ZIKV infection and got consistent

results (Figs 1D and EV1E). Moreover, we found that knockdown of

NLRP3 by two different siRNAs suppressed IL-1b secretion after ZIKV

infection in human peripheral blood mononuclear cells (PBMCs)

from two healthy donors (Figs 1E and EV1F). We also examined

another ZIKV recombinant (MR766)—a historical African lineage

strain (Dick et al, 1952; Schwarz et al, 2016), which differs from

GZ01 by 11% at nucleotide level. We found that both African strain

MR766 and Asian strain GZ01 induced NLRP3 inflammasome activa-

tion (Fig 1F). In addition, we compared ZIKV with Dengue virus

serotype 2 (DENV-2) strain 16681 (Pu et al, 2011), a flavivirus

closely related to ZIKV, and found that compared with ZIKV, DENV-

2 only induced weak inflammasome activation (Fig 1F). Taken

together, these results demonstrate that ZIKV infection specifically

activates the NLRP3 inflammasome.

A number of viruses have evolved mechanisms to prolong their

intracellular survival by inhibiting the inflammasome activation

(Komune et al, 2011; Cheong et al, 2015). However, we observed

that ZIKV infection promotes the activation of inflammasomes,

since more cleaved IL-1b was detected in THP-1 cells infected with

ZIKV followed by LPS and ATP treatment to activate NLRP3

▸
Figure 1. The non-structural protein NS1 of ZIKV enhances ZIKV-induced NLRP3 inflammasome activation.

A ELISA of supernatant IL-1b for unprimed THP-1 cells (UT) or LPS-primed (500 ng/ml, 3 h) THP-1 cells infected with ZIKV (MOI = 1) for 36 h. Uninfected cells serve as

mock control.

B Immunoblot analysis of supernatant (Sup) and cell extracts (Lys) of THP-1 cells, left untreated, or primed by LPS (500 ng/ml, 3 h), after ZIKV infection (MOI = 1) for 36 h.

C ELISA of IL-1b in the supernatants of wild type (WT), NLRP3 knockout (KO) #1, or AIM2 KO#1 THP-1 cells left untreated (UT), or pre-treated with LPS (500 ng/ml, 3 h)

followed by ATP (5 mM, 6 h) stimulation, or stimulated with poly (dA:dT) (1 mg/ml, 6 h), or infected with ZIKV (MOI = 1, 36 h).

D ELISA of IL-1b in the supernatants of two clones of NLRP3 KO THP-1 cells with or without ZIKV infection (MOI = 1) at the indicated time points.

E ELISA of IL-1b in the supernatants of PBMCs from two donors transfected with control (ctrl) siRNA or NLRP3 siRNA followed by ZIKV infection (MOI = 1) for 36 h.

F ELISA of IL-1b in the supernatant of WT, NLRP3 KO, or AIM2 KO THP-1 cells with ZIKV (MR766 or GZ01) (MOI = 1) or DENV-2 (MOI = 1) infection for 36 h.

G ELISA of IL-1b in the supernatants of THP-1 cells pre-infected with ZIKV for 24 h or mock control. The cells were then treated with LPS (500 ng/ml, 3 h) followed by

ATP (5 mM) treatment for 6 h.

H Immunoblot analysis of supernatant (Sup) and cell extracts (Lys) of THP-1 cells pre-infected with ZIKV (MOI = 1) or mock control for 24 h. The cells were then treated

with LPS (500 ng/ml, 3 h) followed by ATP (5 mM) stimulation for 6 h.

I Immunoblot analysis of supernatants and cell extracts of 293T cells transfected with plasmids expressing NLRP3, ASC, pro-caspase-1, and pro-IL-1b together with NS1.

J Immunoblot analysis of protein extracts of Flag-tagged NS1-inducible THP-1 cells treated with increasing doses of doxycycline (Dox) for 24 h.

K ELISA of IL-1b in the supernatants of Flag-NS1-inducible THP-1 cells left unprimed then treated with ATP (5 mM, 6 h) or poly (I:C) (2 mg/ml, 6 h), or pre-treated with

LPS (500 ng/ml, 3 h) followed by ATP (5 mM, 6 h) or poly (I:C) (2 mg/ml, 6 h) stimulation.

L Immunoblot analysis of supernatants (Sup) and cell extracts (Lys) of Flag-NS1-inducible THP-1 cells pre-treated with LPS (500 ng/ml, 3 h) followed by ATP (5 mM,

6 h) or poly (I:C) (2 mg/ml, 6 h) stimulation.

Data information: In (B, H–J, L), data are representative of three independent experiments. In (A, C, D–G, K), data are mean values � SEM (n = 3). NS (non-significant),

P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001.

Source data are available online for this figure.
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inflammasome (Fig 1G and H). Meanwhile, ZIKV infection did not

affect the inflammasome activation-induced cell death (Fig EV1G).

Together, these results suggest that ZIKV infection triggers NLRP3

inflammasome activation.

The non-structural protein NS1 of ZIKV enhances

inflammasome activation

Next, we set out to unveil the underlying mechanisms through

which ZIKV promotes inflammasome activation. The non-structural

protein 1 (NS1) is the major host-interaction molecule that functions

in flavivirus replication, pathogenesis, and immune evasion

(Hilgenfeld, 2016). To evaluate whether NS1 of ZIKV plays a role in

inflammasome activation, we utilized human embryonic kidney

(HEK) 293T cells in which the NLRP3 inflammasome is deficient

and can be reconstituted. Overexpression of NS1 but not NS2B3 or

NS4B of ZIKV led to a profound inflammasome activation, as char-

acterized by the increased secretion of mature caspase-1 and IL-1b

into the culture medium (Figs 1I and EV1H). To further confirm

these results, we generated a doxycycline (Dox)-inducible NS1

THP-1 cell line (Fig 1J). After LPS priming and ATP or poly (I:C)

stimulation, more mature IL-1b and cleaved caspase-1 could be

detected when NS1 was induced to express (Figs 1K and L, and

EV1I). Taken together, these results demonstrate that NS1 further

facilitates NLRP3 inflammasome activation during ZIKV infection.

The enhanced inflammasome activation by NS1 benefits

ZIKV infection

In light of the critical role of the inflammasome in the host antiviral

responses, we turned our attention to its impact on ZIKV replication.

Surprisingly, we observed a significantly higher accumulation of

ZIKV viral RNA in LPS and ATP pre-treated THP-1 cells (Fig 2A).

Consistently, knockout (KO) of NLRP3 in THP-1 cells resulted in

lower viral replication (Fig 2B). To further confirm this finding, we

examined ZIKV replication in bone marrow-derived macrophages

(BMDMs) from NLRP3-deficient (Nlrp3�/�) mice (Fig 2C) by qRT–

PCR as well as plaque titration assay. The results showed that the

level of ZIKV RNA (Fig 2D) and virus titer (Fig 2E) was significantly

lower in Nlrp3�/� BMDMs, compared to that of wild-type (WT)

BMDMs. We next generated caspase-1 KO THP-1 cells (Fig 2F) and

found that caspase-1 deficiency also decreased ZIKV replication

(Fig 2G). Moreover, the use of Ac-YVAD-cmk (YVAD for short), a

specific inhibitor of caspase-1, attenuated ZIKV replication

(Fig EV2A), indicating that the reinforcing effect of NLRP3 inflamma-

some on ZIKV replication relied on the enzyme activity of caspase-1.

Consistently, NS1-induced up-regulation of ZIKV replication could be

blocked by YVAD (Fig 2H), indicating that NS1 also functions

through caspase-1 activity. To validate these findings in human

primary cells, we knocked down NLRP3 by siRNA in PBMCs from

two different healthy donors (Fig 2I). We observed lower viral repli-

cation after knockdown of NLRP3 (Fig 2J). Furthermore, YVAD treat-

ment in PBMCs also suppressed ZIKV replication (Fig 2K). We next

examined whether MR766 strain shared the same property as GZ01

strain and found that NLRP3 deficiency inhibited the viral replication

of both strains (Fig EV2B). Since NLRP3 inflammasome activation is

sufficient to drive pro-IL-1b processing and secretion, we therefore

assessed the contribution of IL-1b to this course. However, we found

that the replication of ZIKV was not affected by IL-1b treatment

(Fig EV2C). Taken together, these data suggest that the enhanced

NLRP3 inflammasome activation by NS1 benefits to ZIKV replica-

tion, which is dependent on the activity of caspase-1 but not IL-1b.

NS1 inhibits the proteasomal degradation of caspase-1

To dissect the molecular mechanisms by which NS1 enhances

inflammasome and caspase-1 activation, we sought to determine

whether NS1 directly interacts with inflammasome components. Co-

immunoprecipitation experiments showed that NS1 had a strong

interaction with caspase-1 in 293T (Fig 3A) and Flag-NS1-inducible

THP-1 cells (Fig 3B). Meanwhile, we repeatedly observed an

increased protein level of caspase-1 after increasing the effect of

NS1 on caspase-1 abundance, and we repeated this work both in

THP-1 and in 293T cells. After NS1 overexpression, we observed a

considerable accumulation of caspase-1 but not of any other

proteins such as IL-1b and NLRP3 (Fig 3C and D). In addition, RT–

PCR showed that caspase-1 mRNA abundance was not altered with

NS1 overexpression (Fig 3D). We did not observe the accumulation

effect of caspase-1 by DENV-2 NS1 protein, although DENV is a fla-

vivirus closely related to ZIKV (Fig 3E). In line with this result, we

observed increased protein abundance of caspase-1 after the infec-

tion of both strains of ZIKV but not DENV-2 (Fig EV2D). We next

performed cycloheximide (CHX) chase assay to determine whether

NS1 affects the stability of caspase-1 (Figs 3F and EV2E) and found

that NS1 stabilized caspase-1 protein by delaying its degradation. To

reveal which degradation system is responsible for the degradation of

caspase-1, we assessed the caspase-1 stability in the presence of dif-

ferent inhibitors and found that NS1-mediated stabilization of

caspase-1 was blocked by the proteasome inhibitors MG132, lacta-

cystin, or carfilzomib, but not by the autophagy inhibitor (3MA) or

lysosome inhibitor chloroquine (CQ) and NH4Cl (Figs 3G and EV2F).

We also performed confocal microscopy analysis to visualize the co-

localization of caspase-1 with the proteasome and observed that

caspase-1 co-localized with the proteasome subunit PSMD14.

However, the co-localizations were diminished in the presence of

NS1, suggesting that the degradation of caspase-1 via proteasome

pathway can be inhibited by NS1 (Fig EV2G). Collectively, these

results demonstrate that NS1 protects caspase-1 from proteasomal

degradation.

Ubiquitination is a major signal for proteasomal degradation. We

next analyzed whether NS1 affects the ubiquitination of caspase-1

and found NS1 markedly inhibited the ubiquitination of caspase-1

(Fig 3H). To unravel the possible linkage types affected by NS1,

we overexpressed caspase-1 with different types of ubiquitin

mutants and found that NS1 markedly inhibited WT and lysine

residue 11 (K11)-linked ubiquitination of caspase-1 but had no

appreciable effect on the other linkages (Figs 3I and EV2H).

These results suggest that NS1 specifically decreases K11-linked

poly-ubiquitination of caspase-1, thus preventing its proteasomal

degradation.

NS1 recruits USP8 to cleave the K11-linked poly-ubiquitin chains

from caspase-1

NS1 is not a deubiquitinase (DUB), so we supposed that NS1

might hijack certain host DUBs to prompt the deubiquitination
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of caspase-1 (Nijman et al, 2005). To this end, we investigated

whether NS1 recruits host DUBs to deubiquitinate thus stabilize

caspase-1 in a panel of DUB deficient cells. Among them, we

found that knockout of USP8 decreased the stabilization of

caspase-1 mediated by NS1 (Figs 4A and EV3A and B). To

further corroborate the role of USP8 in NS1-mediated stabiliza-

tion of caspase-1, we first determined whether USP8 stabilized

caspase-1. In line with NS1, USP8 also stabilized caspase-1 by

inhibiting its proteasomal degradation, since the stabilization of

caspase-1 by USP8 was abrogated by MG132 treatment (Fig 4B).

We next set out to determine the interaction between NS1 and

USP8 and found that NS1 could interact with ectopic USP8

(Fig EV3C). Furthermore, we confirmed that NS1 interacted with

endogenous USP8 in Flag-NS1-inducible THP-1 cells and the

interaction was further enhanced by poly (I:C) transfection

(Fig 4C). We next sought to determine whether NS1 functions as

a scaffold by recruiting USP8 to caspase-1 and found that the

interaction between USP8 and caspase-1 was enhanced by NS1

(Figs 4D and EV3D). We also observed that the interaction

between USP8 and caspase-1 was promoted by ZIKV infection in

A B C D

E F G H

I J K

Figure 2. NS1 enhances inflammasome activation to benefit ZIKV infection.

A Relative qRT–PCR analysis of ZIKV RNA in THP-1 cells left untreated or treated with LPS (500 ng/ml, 3 h) and ATP (5 mM, 6 h), followed by ZIKV infection (MOI = 1)

for the indicated time points.

B Relative qRT–PCR analysis of ZIKV RNA in wild type (WT) or NLRP3 knockout (KO) THP-1 cells infected with ZIKV (MOI = 1) for the indicated time points.

C Immunoblot analysis of extracts of WT or Nlrp3�/� BMDMs by the indicated antibodies.

D Relative qRT–PCR analysis of ZIKV RNA in WT or Nlrp3�/� BMDMs infected with ZIKV (MOI = 1) for the indicated time points.

E Plaque titration of ZIKV in supernatants of WT or Nlrp3�/� BMDMs infected with ZIKV (MOI = 1) for the indicated time points.

F Immunoblot analysis of extracts of WT or caspase-1 KO THP-1 cells by the indicated antibodies.

G Relative qRT–PCR analysis of ZIKV RNA in WT or caspase-1 KO THP-1 cells infected with ZIKV (MOI = 1) for the indicated time points.

H Relative qRT–PCR analysis of ZIKV RNA in NS-1-inducible THP-1 cells treated with or without doxycycline (Dox), then left untreated or treated with Ac-YVAD-cmk (20

lM) for 3 h followed by ZIKV infection (MOI = 1) for the indicated time points.

I Relative qRT–PCR analysis of NLRP3 knockdown efficiency in PBMCs from two donors.

J Relative qRT–PCR analysis of ZIKV RNA in PBMCs transfected with control siRNA or NLRP3 siRNA then infected with ZIKV (MOI = 1) for 36 h.

K qRT–PCR analysis of ZIKV RNA in PBMCs treated with DMSO or Ac-YVAD-cmk (20 lM) for 3 h followed by ZIKV infection (MOI = 1) for 36 h.

Data information: In (C, F), data are representative of three independent experiments. In (A, B, D, E, G–K), data are mean values � SEM (n = 3). NS (non-significant),

P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001.
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THP-1 cells (Figs 4E and EV3E). In addition, ZIKV infection

failed to enhance the deubiquitination and stabilization of

caspase-1 in USP8 KO THP-1 cells (Figs 4F and EV3F).

Moreover, USP8 inhibited total and K11-linked ubiquitination of

caspase-1 (Figs 4G and EV3G), which was consistent with the

effect of ectopic NS1 (Fig 3I). To further confirm that USP8

A B C

D E

F
G

H I

Figure 3.
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directly remove the conjugated ubiquitin chains on caspase-1,

we performed two-step immunoprecipitation assay. The immuno-

precipitates were denatured in SDS-containing lysis and immuno-

precipitated again by anti-Flag beads to get rid of un-conjugated

ubiquitin chains or other ubiquitinated proteins attached to

caspase-1. We found that the ubiquitination of caspase-1 was

decreased by NS1 in WT rather than USP8-KO cells (Figs 4H

and EV3H), suggesting that USP8 cleaved the conjugated ubiqui-

tin chains on caspase-1 rather than other proteins attached to

caspase-1. To further investigate whether deubiquitination of

caspase-1 requires the enzyme activity of USP8, we reconstituted

USP8 KO cells with WT or enzyme inactive mutant (C786A)

(Hasdemir et al, 2009) of USP8 and found that USP8-C786A

neither inhibited K11-linked ubiquitination of caspase-1 nor stabi-

lized caspase-1, indicating that USP8 affected caspase-1 stability

in a protease-dependent manner (Figs 4I and EV3I). Taken

together, these results indicate that NS1 recruits USP8 to cleave

K11-linked ubiquitin chains of caspase-1, thus blocking its

proteasomal degradation.

NS1-USP8 removes K11-linked poly-ubiquitin Chains from

caspase-1 on Lys134

To identify the lysine residues of caspase-1 to which K11-linked

ubiquitin is attached, we performed an in silico search for ubiq-

uitin binding sites on caspase-1 using the UbPred program

(Radivojac et al, 2010). This analysis revealed seven putative

target lysine residues: K11, K37, K44, K64, K134, K296, and

K319. We then generated Flag-caspase-1 mutants in which each

of these lysine residues was replaced with arginine (R) and

found that NS1 failed to stabilize caspase-1-K134R mutant, but

not other caspase-1 mutants (Figs 5A and EV3J). Ubiquitination

assay also revealed that caspase-1-K134R mutant displayed a

dramatic reduction of K11-linked ubiquitination (Fig 5B). The

◀
Figure 3. NS1 inhibits the proteasomal degradation of caspase-1.

A Co-immunoprecipitation and immunoblot analysis of extracts of 293T cells transfected with HA-NS1 together with Flag-NLRP3, Flag-ASC, Flag-caspase-1, and Flag-IL-

1b. WCL, whole-cell lysates.

B Co-immunoprecipitation and immunoblot analysis of extracts of NS1-inducible THP-1 cells, which expressed Flag-tagged NS1, treated with or without doxycycline

(Dox) (100 ng/ml).

C Immunoblot analysis of extracts of THP-1 cells treated with LPS (500 ng/ml, 3 h) and ATP (5 mM, 6 h) followed by increasing doses of Dox treatment.

D Immunoblot analysis of extracts of 293T cells transfected with Flag-caspase-1 together with increasing amount of HA-NS1. Below, caspase-1 mRNA RT–PCR; RPL13A

mRNA RT–PCR serves as a loading control.

E Immunoblot analysis of extracts of 293T cells transfected with Flag-caspase-1 together with increasing amount of HA-DENV-2-NS1.

F Immunoblot analysis of extracts of 293T cells transfected with Flag-caspase-1 together with empty vector or HA-NS1 followed by cycloheximide (CHX) treatment

(100 lg/ml) for the indicated time points. Intensity analysis of the bands from the three independent experiments is shown in Fig EV2E.

G Immunoblot analysis of extracts of 293T cells transfected with Flag-caspase-1 together with empty vector or HA-NS1 then treated with MG132 (10 mM), lactacystin

(5 lM), carfilzomib (100 mM), or CQ (50 mM) for 6 h.

H Co-immunoprecipitation and immunoblot analysis of extracts of Flag-NS1-inducible THP-1 cells treated with or without Dox (100 ng/ml).

I Co-immunoprecipitation and immunoblot analysis of extracts of 293T cells transfected with plasmids expressing Flag-caspase-1 and indicated HA-tagged WT

ubiquitin or mutants (K6-, K11-, K27-, K29-, K33-, K48-, and K63-only), together with empty vector or Myc-NS1, followed by MG132 (10 mM) treatment for 6 h.

Intensity analysis of the bands from the three independent experiments is shown in Fig EV2H.

Data information: Data are representative of three independent experiments.

Source data are available online for this figure.

▸
Figure 4. NS1 recruits USP8 to cleave K11-linked poly-ubiquitin chains from caspase-1.

A Immunoblot analysis of extracts of wild type (WT) and USP8 knockout (KO) 293T cells transfected with Flag-caspase-1 together with empty vector or Myc-NS1.

B Immunoblot analysis of extracts of transfected with Flag-caspase-1 together with empty vector or Myc-USP8 then treated with or without MG132 (10 mM) for 6 h.

C Co-immunoprecipitation and immunoblot analysis of extracts of Flag-NS1-inducible THP-1 cells treated with or without Dox (100 ng/ml) then transfected with or

without poly (I:C) (2 mg/ml, 6 h).

D Co-immunoprecipitation and immunoblot analysis of extracts of 293T cells transfected with Flag-caspase-1 and Myc-USP8 together with HA-NS1 followed by MG132

treatment (10 mM) for 6 h. Intensity analysis of the bands from the three independent experiments is shown in Fig EV3D.

E Co-immunoprecipitation and immunoblot analysis of extracts of THP-1 cells infected with ZIKV (MOI = 1) for 24 h. Intensity analysis of the bands from the three

independent experiments is shown in Fig EV3E.

F Co-immunoprecipitation and immunoblot analysis of extracts of WT and USP8 KO THP-1 cells infected with ZIKV (MOI = 1) for 24 h. Intensity analysis of the bands

from the three independent experiments is shown in Fig EV3F.

G Co-immunoprecipitation and immunoblot analysis of extracts of 293T cells transfected with plasmids expressing Flag-caspase-1 and indicated HA-tagged WT

ubiquitin (Ub) or mutants (K6-, K11-, K27-, K29-, K33-, K48-, and K63-only), together with empty vector or Myc-USP8, followed by MG132 (10 mM) treatment for 6 h.

Intensity analysis of the bands from the three independent experiments is shown in Fig EV3G.

H Immunoblot analysis of extracts of WT or USP8 KO 293T cells transfected with Flag-caspase-1, HA-K11-Ub together with empty vector or Myc-NS1, followed by two-

step immunoprecipitation with anti-Flag beads and immunoblot analysis with anti-HA. Intensity analysis of the bands from the three independent experiments is

shown in Fig EV3H.

I Co-immunoprecipitation and immunoblot analysis of extracts of USP8 KO 293T cells transfected with Flag-caspase-1 and HA-K11-Ub together with WT or inactive

mutant C786A of USP8. Intensity analysis of the bands from the three independent experiments is shown in Fig EV3I.

Data information: Data are representative of three independent experiments.

Source data are available online for this figure.
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A B

C D

Figure 5. NS1 stabilizes caspase-1 through the cleavage of poly-ubiquitin chains at Lys134.

A Immunoblot analysis of extracts of 293T cells transfected with empty vector or HA-NS1 together with Flag-caspase-1 wild type (WT) and mutants (K37R, K44R, or

K134R). Lower panel shows the intensity analysis of the bands from the three independent experiments. K11R, K64R, K296R, and K319R are shown in Fig EV3J.

B Co-immunoprecipitation and immunoblot analysis of extracts of 293T cells transfected with HA-K11-ubiquitin (Ub) together with Flag-caspase-1 (WT, K37R, K44R, K134R).

C Co-immunoprecipitation and immunoblot analysis of extracts of 293T cells transfected with Flag-caspase-1 (WT or K134R) and HA-K11-Ub, together with empty

vector or Myc-NS1. Lower panel shows the intensity analysis of the bands from the three independent experiments.

D Co-immunoprecipitation and immunoblot analysis of extracts of 293T cells transfected with Flag-caspase-1 (WT or K134R) and HA-K11-Ub, together with empty

vector or Myc-USP8. Lower panel shows the intensity analysis of the bands from the three independent experiments.

Data information: Data are representative of three independent experiments. In (A, C, D), data are mean values � SEM (n = 3). NS (non-significant), P > 0.05; **P < 0.01;

***P < 0.001.

Source data are available online for this figure.
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caspase-1-K134R mutant seemed to be more stable than the WT

protein. It is due to that K134R abolished the ubiquitination on

this site, thus blocking its degradation. We next found NS1 and

USP8 failed to decrease the K11-linked ubiquitination of K134R

(Fig 5C and D). Moreover, we found that the K11-linked ubiqui-

tination of WT caspase-1 was further decreased when NS1 and

USP8 were co-expressed, while K11-linked ubiquitination of

caspase-1-K134R mutant was not affected by either NS1 or USP8

(Fig EV3K and L). These results suggest that NS1-USP8 specifi-

cally removes the K11-linked poly-ubiquitin chains from caspase-

1 on Lys134.

NS1-mediated inflammasome activation attenuates type I IFN

signaling in vitro and in vivo

Caspase-1 has been characterized to play central roles in the

fine-tuning regulation between type I IFN and inflammasome

activation (Winkler & Rosen-Wolff, 2015). Considering the vital

antiviral effect of type I IFN against ZIKV, we wondered whether

NLRP3 inflammasome activation affects type I IFN signaling

during ZIKV infection. We found that the expression of IFN-b

and its downstream interferon stimulated genes (ISGs), including

IFIT1 and IFIT2, was stronger in caspase-1 KO THP-1 cells,

compared to that in WT THP-1 cells after ZIKV infection

(Fig 6A). Consistently, we observed that ZIKV induced lower

type I IFN response in THP-1 cells pre-treated with LPS plus

ATP, compared to the un-pre-treated group (Fig 6B). NLRP3 is

indispensable for ZIKV-mediated caspase-1 activation (Fig 1C),

and we found that the expression of IFN-b was much higher in

NLRP3 KO cells than in WT THP-1 cells during ZIKV infection

(Fig 6C). Meanwhile, we observed this phenomenon after the

infection of both strains of ZIKV (Fig EV4A). We next found that

the inhibition of type I IFN by overexpressing NS1 was largely

rescued by YVAD treatment (Fig 6D). Furthermore, knockdown

of NLRP3 in PBMCs promoted the expression of IFN-b (Fig 6E).

YVAD treatment also facilitated the transcription and secretion of

IFN-b in PBMCs (Fig 6F and G), which were consistent with our

observations in THP-1 cells. Collectively, ZIKV-induced type I

IFN production was attenuated by NS1-mediated NLRP3

inflammasome activation, which led to higher viral replication

(Fig 2).

To further address the impact of inflammasome activation on

type I IFN signaling, we performed in vivo ZIKV infection in

Nlrp3�/� mice. According to previous work, 1-day-old neonatal

mice were intracerebrally injected with ZIKV for 5 days

(Manangeeswaran et al, 2016; Shan et al, 2017). The produc-

tion of IL-1b was significantly decreased in the brains of

Nlrp3�/� mice than that in WT mice (Fig 6H). We detected a

prominent increase in the production of IFN-b in the brains from

Nlrp3�/� mice, compared to that from WT mice, after ZIKV

infection (Fig 6I and J). Meanwhile, lower accumulation of viral

RNA as well as ZIKV infectivity titers in the brain of Nlrp3�/�

mice was observed (Fig 6K and L). Additionally, Nlrp3�/� mice

showed a higher rate of weight gain than WT mice after ZIKV

infection (Fig 6M). Together, ZIKV takes advantage of the

inflammasome activation to impose restrictions on type I IFN

signaling, thus facilitating its replication both in vitro and

in vivo.

Cleavage of cGAS by caspase-1 assists ZIKV replication

Previous study demonstrates caspase-1 could cleave cGAS during

DNA virus infection (Wang et al, 2017). To test whether NS1-

mediated stabilization of caspase-1 can attenuate type I IFN

signaling through cGAS, we infected Flag-NS1-inducible THP-1

cells with HSV-1 (a DNA virus) and observed a significant inhibi-

tion of type I IFN signaling when NS1 was expressed (Fig EV4B).

To evaluate the function of cGAS during ZIKV infection, we

constructed cGAS KO cell line (Fig EV4C) and detected an

increased ZIKV replication (Fig 7A) and decreased host resistance

in the absence of cGAS (Fig 7B), indicating that cGAS plays a

critical role in the defense of ZIKV. Furthermore, we examined

the role of cGAS in PBMCs during ZIKV infection. Knockout of

cGAS also facilitated ZIKV replication and impaired IFN-b produc-

tion, while knockout of NLRP3 showed the opposite effect

(Figs 7C and EV4D). To prove the effect of inflammasome activa-

tion on type I IFN and ZIKV replication is dependent on cGAS,

we examined whether the function of inflammasome to prompt

ZIKV infection still exists in the absence of cGAS. As expected,

both YVAD (Fig 7D) and LPS plus ATP (Fig EV4E) lost their

effects to benefit ZIKV replication in cGAS KO cells. In line with

that, ectopic cGAS was cleaved in THP-1 cells after infection with

either HSV-1 or ZIKV, and the cleavage of cGAS was not detected

in the presence of YVAD (Fig 7E), suggesting ZIKV infection

induced cGAS cleavage by caspase-1. We also detected the abun-

dance of cGAS after ZIKV infection in NLRP3 KO and caspase-1

KO THP-1 cells and found that NLRP3 and caspase-1 deficiency

resulted in higher abundance of endogenous cGAS (Fig 7F and

G). These observations were further confirmed in WT and

Nlrp3�/� BMDMs, and we detected enhanced phosphorylation of

TBK1 and IRF3 in Nlrp3�/� BMDMs during ZIKV infection

(Fig 7H). In human primary cells, knockdown of NLRP3 also

resulted in the accumulation of cGAS (Fig 7I). Furthermore, we

found that NS1 stabilized pro-caspase-1 and produced more active

caspase-1, which in turn promoted the cleavage of cGAS (Fig 7J).

We next reconstituted cGAS KO THP-1 cells with WT or D140A/

D157A cGAS mutant, which cannot be cleaved by caspase-1, and

found that compared to WT cGAS, cGAS D140A/D157A mutant

generated stronger antiviral responses upon ZIKV infection

(Figs 7K and EV4F), firmly proving the connection between the

cleavage of cGAS with the inhibition of type I IFN during ZIKV

infection.

As a DNA sensor, cGAS is also reported to be involved in the

detection of some RNA viruses, such as DENV, through recogniz-

ing mitochondrial DNA (mtDNA) as a ligand (Aguirre et al, 2017).

To test whether mtDNA could also induce type I IFN responses

through cGAS during ZIKV infection, we evaluated the relative

abundance of genomic DNA (gDNA) versus mtDNA in samples

with or without ZIKV infection. We found the gDNA fragments

bound to cGAS exhibited no significant differences after ZIKV

infection, while the mtDNA bound to cGAS showed an enrich-

ment for four mtDNA fragments in ZIKV-infected cells (Fig EV4G

and H), demonstrating that mtDNA is enriched and is bound to

cGAS during ZIKV infection. In conclusion, ZIKV infection induced

a release of mtDNA which was identified as a ligand for cGAS.

Although both ZIKV and DENV target cGAS for immune

evasion, they use different strategies. DENV directly degraded
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Figure 6. NS1-mediated NLRP3 inflammasome activation attenuates type I IFN signaling.

A Relative qRT–PCR analysis of IFNB, IFIT2, and IFIT1 mRNA levels in wild type (WT) or caspase-1 knockout (KO) THP-1 cells infected with ZIKV (MOI = 1) for the

indicated time points.

B Relative qRT–PCR analysis of IFNB mRNA levels in THP-1 cells left untreated or treated with LPS (500 ng/ml, 3 h) and ATP (5 mM, 6 h), followed by ZIKV infection

(MOI = 1) for the indicated time points.

C Relative qRT–PCR analysis of IFNB mRNA levels in wild type (WT) or NLRP3 knockout (KO) THP-1 cells infected with ZIKV (MOI = 1) for the indicated time points.

D Relative qRT–PCR analysis of IFNB, IFIT2, and IFIT1 mRNA levels in Flag-NS1-inducible THP-1 cells treated with or without Dox then left untreated or treated with

YVAD (20 lM) for 3 h, followed by ZIKV infection (MOI = 1) for the indicated time points.

E Relative qRT–PCR analysis of IFNB mRNA in PBMCs transfected with control siRNA or NLRP3 siRNA then infected with ZIKV (MOI = 1) for 36 h.

F Relative qRT–PCR analysis of IFNB mRNA in PBMCs treated with DMSO or Ac-YVAD-cmk (20 lM) for 3 h followed by ZIKV infection (MOI = 1) for 36 h.

G ELISA of IFN-b in the supernatants of PBMCs treated with DMSO or Ac-YVAD-cmk (20 lM) for 3 h followed by ZIKV infection (MOI = 1) for 36 h.

H ELISA of IL-1b production in brain of WT or Nlrp3�/� 1-day-old neonatal mice (n = 3 per group) intracerebrally injected with 1 × 105 plaque-forming units (PFU) of

ZIKV for 5 days.

I Relative qRT–PCR analysis of IFNB mRNA levels in brain tissues of WT or Nlrp3�/� neonatal mice with or without ZIKV infection in panel (H).

J ELISA of IFN-b production in brains of WT or Nlrp3�/� neonatal mice in (H).

K Relative qRT–PCR analysis of ZIKV RNA levels in brain tissues of WT or Nlrp3�/� neonatal mice with or without ZIKV infection in (H).

L Plaque titration of ZIKV in brain tissues of WT or Nlrp3�/� neonatal mice shown in (H).

M Body weight gain of WT and Nlrp3�/� neonatal mice (n = 4 per group) inoculated with ZIKV (1×105 PFUs).

Data information: Data are mean values � SEM (n = 3). NS (non-significant), P > 0.05; **P < 0.01; ***P < 0.001.
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cGAS by NS2B while ZIKV promoted the cleavage of cGAS via

inflammasome activation. NS1 of ZIKV alone has no effect on

cGAS (Fig EV4I). Taken all data together, we conclude that the

stabilization of caspase-1 by NS1 assists ZIKV replication

through the cleavage of cGAS to antagonize type I IFN signaling

(Fig 8).

A
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Figure 7.
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Discussion

The host innate immune system triggers its activity through multiple

ways to carry out the task of antiviral process. Both type I IFN and

inflammasome signaling are indispensable in response to viral

infection (Akira et al, 2006). Virus recognition triggers transcriptional

activation of cytokines and type I IFN responsive genes (Schneider

et al, 2014), while the formation of inflammasomes enables

proteolytic activation of caspase-1, which in turn can cleave multiple

pro-inflammatory substrates including pro-IL-1b and pro-IL-18

(Martinon et al, 2009). Cell inherent antiviral effector proteins exert

their functions by targeting different viral components in every

period of viral life history (Schneider et al, 2014). It is thus no

surprising that viruses have evolved an array of sophisticated strate-

gies to counteract host immune response (Fernandez-Garcia et al,

2009). For example, NS1 of influenza antagonizes type I IFN signal-

ing by targeting RIG-I (Gack et al, 2009); DENV, another member of

Flavividae family, mediates a drastic degradation of cGAS by its

protease cofactor NS2B (Aguirre et al, 2017). Distinct from other

Flaviviridae family members directly targeting and inhibiting the

cytosolic signaling molecules (Fernandez-Garcia et al, 2009; Chan &

Gack, 2016; Aguirre et al, 2017), ZIKV has come up with a more

dramatic strategy. In this report, we identify a novel mechanism that

ZIKV utilizes the inflammasome activation to suppress type I IFN

signaling thus assisting its replication. After ZIKV infection, NS1

recruits USP8 to cleave the K11-linked poly-ubiquitin chains from

caspase-1 at Lys134, thus stabilizing caspase-1 to enhance inflamma-

some activation. The active caspase-1 in turn promotes the cleavage

of cGAS, which recognizes mtDNA to initiate type I IFN signaling

during ZIKV infection. Finally, type I IFN production is attenuated

and ZIKV evades host antiviral response (Fig 8).

Recent studies indicate that cGAS-mediated type I IFN signaling

is an essential component of host antiviral immunity (Chen et al,

2016). Although cGAS has been classified as a DNA sensor, it has

also been demonstrated to have antiviral effect against several RNA

viruses, including DENV and other members of flavivirus family

(Schoggins et al, 2014). A recent study demonstrates that cGAS

restricts DENV replication through sensing mitochondrial damage

(Aguirre et al, 2017). Here, we also show that cGAS is critical to the

antiviral defense of ZIKV, and we observed the mtDNA recognition

by cGAS during ZIKV infection, suggesting that prevalent mitochon-

drial dysfunction may be a shared feature during flavivirus

infection.

In order to evade cGAS-mediated viral detection, ZIKV employs

several elaborate mechanisms to cleave and remove the intracellular

cGAS. On the first step, ZIKV NS1 recruits USP8 to maintain the

stabilization of caspase-1. Since caspase-1 is a unique cysteine

protease playing central roles in innate immunity (Shrivastava et al,

2016), the stability and activation of caspase-1 should be controlled

strictly. While the K63-linked ubiquitination is responsible for the

activation of caspase-1 (Labbe et al, 2011), our study demonstrates

that the K11-linked ubiquitination of caspase-1 is a signal to induce

its proteasomal degradation, and this process can be reversed by the

deubiquitinase USP8. Utilizing this endogenous stabilization mecha-

nism of caspase-1, ZIKV hijacks USP8 to enhance pro-caspase-1

abundance in the cytoplasm. Secondly, high abundance of active

caspase-1 produced through ZIKV-induced NLRP3 inflammasome

activation leads to the cleavage and removal of cGAS, which in turn

enhances the replication of ZIKV. Different from previous studies,

which have shown that a number of viruses encode proteins directly

targeting to inflammasome components to impede inflammasome

activation (Taxman et al, 2010), we found that ZIKV manages to

evade cGAS-mediated detection by benefiting from caspase-1-depen-

dent inflammasome activation.

Besides the well-known pro-inflammatory functions in process-

ing pro-IL-1b and pro-IL-18, or promoting inflammasome-induced

pyroptosis, caspase-1 has now been identified to play additional

roles in antiviral immune response by fine-tuning the expression of

antiviral cytokines (Wang et al, 2017). Regulation of type I IFN

signaling and autophagy by caspase-1 is mediated by the cleavage

of TIR-domain-containing adapter inducing interferon-b (TRIF)

(Jabir et al, 2014). Picornavirus has come up with a more dramatic

strategy to trigger MDA5 and RIG-I cleavage and degradation by

using host caspases (Barral et al, 2009). Accumulating evidence

from other groups revealed that inflammasome activation is neces-

sary during ZIKV infection (Khaiboullina et al, 2017; Wang et al,

2018). Our in vivo experiments also suggest that NLRP3 inflamma-

some deficiency protects mice from ZIKV infection. Taken together,

instead of pathogen clearance, inflammasome activation plays a

“villain” against type I IFN antiviral response during ZIKV infection.

◀
Figure 7. Cleavage of cGAS by caspase-1 inhibits type I IFN signaling and assists ZIKV replication.

A Relative qRT–PCR analysis of ZIKV RNA levels in wild type (WT) or cGAS knockout (KO) THP-1 cells after ZIKV infection (MOI = 1) for indicated time points.

B Relative qRT–PCR analysis of IFNΒ, IFIT2, and IFIT1 mRNA levels in WT or cGAS KO THP-1 cells after ZIKV infection (MOI = 1) for indicated time points.

C Relative qRT–PCR analysis of ZIKV RNA and IFNB mRNA levels in PBMCs transduced with Cas9 and small-guide RNA targeting GFP, cGAS, or NLRP3 and infected

with ZIKV (MOI = 1) for 36 h.

D Relative qRT–PCR analysis of ZIKV RNA and IFNB mRNA levels in WT or cGAS KO THP-1 cells treated with or without YVAD (20 lM), followed by ZIKV infection

(MOI = 1) for indicated times points.

E Immunoblot analysis of extracts of Flag-cGAS-overexpressed THP-1 cells treated with or without YVAD (20 lM) then infected with ZIKV (MOI = 5) for 24 h or

infected with HSV-1 (MOI = 1) for 24 h.

F, G Immunoblot analysis of WT, NLRP3 KO (F), and caspase-1 KO (G) THP-1 cells infected with ZIKV (MOI = 1) for the indicated time points.

H Immunoblot analysis of extracts of WT or Nlrp3�/� BMDMs infected with ZIKV (MOI = 1) for the indicated time points.

I Immunoblot analysis of PBMCs from Donor #1 transfected with control siRNA or NLRP3 siRNA followed by ZIKV infection (MOI = 1) for the indicated time points.

J Immunoblot analysis of extracts of 293T cells transfected with Myc-cGAS (tagged on C-terminal), GFP-ASC, Flag-caspase-1, together with empty vector or HA-NS1.

K Relative qRT–PCR analysis of ZIKV RNA and IFNB mRNA levels in WT, cGAS KO THP-1 cells, as well as cGAS KO THP-1 cells reconstituted with WT or D140A/D157A

mutant of cGAS, followed by ZIKV infection (MOI = 1) for 24 h. Expression levels of restored cGAS WT or D140A/D157A mutant were determined by immunoblot

analysis in Fig EV4F.

Data information: In (E–J), data are representative of three independent experiments. In (A–D, K), data are mean values � SEM (n = 3). NS (non-significant), P > 0.05;

**P < 0.01; ***P < 0.001.

Source data are available online for this figure.
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ZIKV detection by cGAS is due to virus-induced release of host-

derived immune-stimulatory danger signals and the induction of

type I IFN is a critical part of host antiviral defense to ZIKV. To

evade host defense, ZIKV craftily targets to the antagonistic mecha-

nisms between NLRP3 inflammasome and type I IFN pathways, in

which caspase-1 activated by inflammasome cleaves cGAS. Further

studies are required to unravel the interplay between inflammasome

and type I IFN during different kinds of viral infection.

ZIKV exhibits strong neurotropism and has strong links with the

incidence of microcephaly (Rubin et al, 2016). It has been implied

that ZIKV might cross the placenta by utilizing monocytes as a

carrier (Khaiboullina et al, 2017). Here, we demonstrate a detailed

mechanism that ZIKV utilized to enhance its replication in the

monocyte-derived cells, thus contributing to its transmission and

pathogenesis. That might be the reason why NS1 promotes instead

of suppressing inflammasome activation. We also highlight the

important role of caspase-1, as the hub of two most important

antiviral pathways, which is skillfully used by ZIKV to assist its

infection and transmission. Pharmacological inhibition of caspases

has been shown to be a potential therapeutic approach for a series

of diseases in several animal models and clinical trials (Lee et al,

2018). Given the importance of caspase-1 in ZIKV infection, it is of

great potential to develop novel strategies or inhibitors targeting

caspase-1, and even USP8, for the therapy of ZIKV infection. In

summary, our study unveils a novel mechanism by which ZIKV

manipulates the cross-talk of inflammasome and type I IFN signal-

ing to evade antiviral response, which might suggest a framework

for rational vaccine design and antiviral development.

Materials and Methods

Cell lines and cultures

Human embryonic kidney cells (HEK293T) from ATCC and African

green monkey kidney epithelial cells (Vero) from ATCC were cultured

in DMEM (Corning) with 10% fetal bovine serum (GenStar). THP-1

cells from ATCC and bone marrow-derived macrophages (BMDMs)

were maintained in RPMI-1640 medium (Gibco) with 10% fetal

bovine serum in a 5% CO2 incubator at 37°C. Blood from healthy

donors was used for the isolation of PBMCs by Ficoll–Hypaque

density-gradient centrifugation. The use of PBMCs was in compliance

Figure 8. Schematic representation of ZIKV by targeting the cross-talk between inflammasome and type I IFN signaling.

ZIKV non-structural proteins NS1 enhance inflammasome activation to benefit its infection by recruiting USP8 to cleave K11-linked poly-ubiquitin chains from caspase-1 at

Lys134. NS1-mediated stabilization of caspase-1 further promotes the cleavage of cGAS, thus inhibiting type I IFN signaling as well as antiviral innate immunity.
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with institutional ethics guidelines and approved protocols of Sun

Yat-sen University. The cell lines were tested for mycoplasma

contamination by MycoAler Mycoplasma Detection Kit (Lonza).

Antibodies and reagents

Horseradish peroxidase (HRP)-anti-Flag (M2) (A8592), anti-b-actin

(A1978) were purchased from Sigma. Anti-hemagglutinin-HRP (HA)

(3F10) and mouse monoclonal anti-c-Myc-HRP (11814150001) were

purchased from Roche Applied Science. Anti-caspase-1 (#2225), anti-

IL-1b (3A6), anti-pTBK1 (S172) (#5483P), anti-TBK1 (#3504), anti-

pIRF3 (S396) (#4947), anti-PSMD14 (#4197) were acquired from Cell

Signaling Technology. Anti-cGAS (sc-24558), anti-IRF3 (sc-33641),

anti-Ub (sc-8017), anti-USP8 (sc-376130) were purchased from Santa

Cruz Biotechnology. Anti-AIM2 (#ab93015) was purchased from

Abcam. Rabbit polyclonal antibodies against murine cGAS (R3252-1)

were from Abiocode. Anti-NLRP3 (#A27391510) was from

AdipoGen. Mouse and rabbit IgG were from Beyotime. Protein G

agarose and protein A agarose were purchased from Pierce.

Lipopolysaccharide (LPS), MG132 (C-2211-5MG), doxycycline

(Dox; D9891), chloroquine phosphate (CQ) (PHR1258-1G), and

3-methyladenine (3-MA) (M9281-100MG) were purchased from

Sigma. Lactacystin and carfilzomib were purchased from ApexBio.

ATP and poly(I:C) (LMW) were purchased from Invivogen. Ac-YVAD-

cmk (10014) was purchased from Cayman Chemical Company.

Viruses and plasmids

ZIKV GZ01 (KU820898) and ZIKV (UG MR766) strains (Schwarz

et al, 2016) are used in this study. It is GZ01 if not specified. Herpes

simplex virus type 1 (HSV-1, KOS strain) was kindly provided by Dr.

Guoying Zhou, Guangzhou Medical University. Plaque assays were

performed to determine viral titer as previously described (Wu et al,

2017). Cells were infected at various MOI, as previously described

(Wu et al, 2017). Plasmids encoding NS1, NS2B3, and NS4B of ZIKV

were previously described (Wu et al, 2017). Other plasmids

mentioned were acquired by the means of standard PCR techniques.

Mice and animal study

C57BL/6 Nlrp3�/� mice were kindly provided by Dr. Rongbin Zhou,

University of Science and Technology of China. C57BL/6 WT mice

were purchased from Guangdong Medical Laboratory Animal Center.

Mice were kept and bred in specific-pathogen-free (SPF) conditions

and were randomly chosen for experiments. The Institutional Animal

Care and Use Committee of Sun Yat-sen University, PRC, approved

all the experimental protocols concerning the handling of mice. The

isolation of BMDMs was performed as described previously (Chen

et al, 2016). For in vivo infection of ZIKV, 1-day-old WT and Nlrp3�/�

C57BL/6 neonatal mice were injected with PBS or 1 × 105 PFU ZIKV

intracerebrally. RNA levels, cytokine productions, and virus infectiv-

ity titer in brain were analyzed at 5 days post-infection.

Immunoprecipitation and immunoblot analysis

For immunoprecipitation, whole-cell extracts were prepared after

transfection or stimulation with appropriate ligands, followed by

incubation overnight with the appropriate antibodies plus Protein

A/G beads. For immunoprecipitation with anti-Flag or anti-HA, anti-

Flag, or anti-HA agarose gels (Sigma) were used. Beads were then

washed five times with low-salt lysis buffer (50 mM HEPES,

150 mM NaCl, 1 mM EDTA, 10% glycerol, 1.5 mM MgCl2, and 1%

Triton X-100), and immunoprecipitates were eluted with 2 × SDS

loading buffer and resolved by SDS–PAGE. Proteins were transferred

to PVDF membranes (Bio-Rad) and further incubated with the

appropriate antibodies. Immobilon Western Chemiluminescent HRP

Substrate (Millipore) was used for protein detection.

Two-step immunoprecipitation and ubiquitination assays

Two-step immunoprecipitation and ubiquitination assays were

performed according to the previous report (Wang et al, 2014). For

the first-step immunoprecipitation assay, whole-cell extracts were

prepared by using low-salt buffer supplemented with a 5 mg/ml

protease inhibitor cocktail (Roche). Lysates were incubated with

the anti-Flag beads overnight. The immunoprecipitates were

washed 3–5 times with low-salt buffer. For the second-step

immunoprecipitation assay, the immunoprecipitates were denatured

by boiling for 5 min in the lysis buffer containing 1% SDS. The

elutes were diluted 1:10 with low-salt buffer. The diluted elutes

were reimmunoprecipitated with anti-Flag beads overnight. After

3–5 times wash, the immunoprecipitates were resolved by

SDS–PAGE.

Gene edition by CRISPR/Cas9 technology

After 293T, THP-1 cells, and PBMCs were seeded, medium was

replaced with DMEM containing polybrene (8 lg/ml) (Sigma) and

lentiviruses expressing Cas9 and specific sgRNAs for 18 h. Cells

were selected for puromycin resistance, and polyclonal pools of

transduced cells were used for clonal selection and following

experiments. The small-guide RNA (sgRNA) sequences targeting

indicated genes are as follows:

GFP guide RNA: 50-CACCGGGGCGAGGAGCTGTTCACCG-30

NLRP3 guide RNA: 50-AAGGAAGAAGACGTACACCG-30

caspase-1 guide RNA: 50-TCCACTAGCATCTTACCTTG-30

AIM2 guide RNA: 50-CCTTATCCTACCTTAACATG-30

cGAS guide RNA: 50-CGGCCCCCATTCTCGTACGG-30

USP4 guide RNA: 50-ATGAGGACCACACTCCAACG-30

USP6 guide RNA: 50-AGATGACACGAACGAGCAAG-30

USP8 guide RNA: 50-ATGCAGATTAGATCGTGATG-30

USP10 guide RNA: 50-GCCTGGGTACTGGCAGTCGA-30

USP14 guide RNA: 50-GAATGACTCTACTAATGATG-30

USP18 guide RNA: 50-CTGCGAGGACTCAGCCAGGA-30

USP25 guide RNA: 50-AGTTGTCTCCTCCTGCTGAG-30

USP27 guide RNA: 50-ACAAGCCTCCACCTCAACAG-30

USP31 guide RNA: 50-TGGACAGCGTCTTGAGAACG-30

USP32 guide RNA: 50-GATCGGATTCCTCAGCTACG-30

RNA extraction and quantitative RT–PCR

Total RNA was extracted using TRIzol reagent (Invitrogen) and

reverse-transcribed using oligo-dT primers and reverse transcriptase

(Vazyme). Real-time quantitative PCR was performed using SYBR

Green qPCR Mix kit (GenStar) with the primers listed below:
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Human IFN-b: forward: 50-CCTACAAAGAAGCAGCAA-30

Reverse: 50-TCCTCAGGGATGTCAAAG-30

Human IFIT2: forward: 50-GGAGGGAGAAAACTCCTTGGA-30

Reverse: 50-GGCCAGTAGGTTGCACATTGT-30

Human IFIT1: forward: 50-TCAGGTCAAGGATAGTCTGGAG-30

Reverse: 50-AGGTTGTGTATTCCCACACTGTA-30

Human NLRP3: forward: 50-GATCTTCGCTGCGATCAACAG-30

Reverse: 50-CGTGCATTATCTGAACCCCAC-30

Human RPL13A: forward: 50-GCCATCGTGGCTAAACAGGTA-30

Reverse: 50-GTTGGTGTTCATCCGCTTGC-30

Mouse IFN-b: forward: 50-CAGCTCCAAGAAAGGACGAAC-30

Reverse: 50-GGCAGTGTAACTCTTCTGCAT-30

Mouse GAPDH: forward: 50-GAAGGGCTCATGACCACAGT-30

Reverse: 50-GGATGCAGGGATGATGTTCT-30

ZIKV genomic RNA: forward: 50-TTGGTCATGATACTGCTGATTG

C-30

Reverse: 50-CCYTCCACRAAGTCYCTATTGC-30

Knockdown of NLRP3 by RNA interference

NLRP3 siRNA and control (scramble) siRNA were obtained from

Transheep and transfected into PBMCs with RNAiMAX (Invitrogen),

according to manufacturer’s instruction. RNA oligonucleotides used

in this study are as follows:

NLRP3 siRNA#1 forward: GGAAGUGGACUGCGAGAAGUU

Reverse: AACUUCUCGCAGUCCACUUCC

NLRP3 siRNA#2 forward: GCUGUAACAUUCGGAGAUUGU

Reverse: ACAAUCUCCGAAUGUUACAGC

Viral plaque titration

The ZIKV-containing supernatants were collected. Vero cells were

infected with ZIKV supernatants for 1 h at room temperature as

described (Wu et al, 2017). After washing with PBS, the plate was

overlaid with Dulbecco’s modified Eagle’s medium containing 1%

low melting-point agarose and incubate at 37°C for 72 h before crys-

tal violet staining.

Measurement of cytokines

Human IL-1b in cell culture supernatants was detected with an

ELISA kit (BD Biosciences, No. 557953) according to the manufac-

turer’s protocols. Human IL-18 in cell supernatants was detected

with an ELISA kit (MBL, 7620) according to the manufacturer’s

protocols. Human IFN-b in cell supernatants was detected with an

ELISA kit (Cloud-Clone Corp, SEA222Hu) according to the manufac-

turer’s protocols. Mouse IL-1b in cell culture supernatants was

detected with an ELISA kit (BD Biosciences, No. 559603) according

to the manufacturer’s protocols. Mouse IFN-b in brains was detected

with an ELISA kit (Cloud-Clone Corp, SEA222Mu) according to the

manufacturer’s protocols.

Caspase-1-mediated inflammasome activation assay

THP-1 cells or 293T cells were seeded in 12-well plates overnight

before changed to Opti-MEM, and then, the cells were primed with

LPS (500 ng/ml) for 3 h followed by various inflammasome ligands

stimulation. For NLRP3 inflammasome activation, the cells were

treated with ATP (5 mM) or poly (I:C) (2 mg/ml) for 6 h. Culture

supernatants of THP-1 or 293T cells treated with indicated stimuli

were precipitated by adding an equal volume of methanol and 0.25

volumes of chloroform. The supernatant mixtures were vortexed

and then centrifuged for 15 min at 16,000 g. The upper phase was

discard, and 500 ll methanol was added to the interphase. This

mixture was centrifuged for 15 min at 16,000 g and the protein

pellet was dried at 55°C, followed by immunoblot analysis to detect

mature IL-1b (p17) and mature caspase-1 (p20) fragment,

respectively.

Cytotoxicity assay

Relevant cells were treated as indicated. Cell death was measured

by a lactate dehydrogenase (LDH) assay using CytoTox 96 Non-

Radioactive Cytotoxicity Assay kit (Promega).

Quantification of cGAS-bound DNA

Flag-cGAS THP-1 cells were infected with either MOCK or ZIKV

(MOI = 5) for 36 h, and then, the cell extracts were immunoprecipi-

tated by anti-Flag beads. Immunoprecipitates were washed with

low-salt lysis buffer and eluted with TE buffer then incubate at 65°C

overnight. Finally, DNA precipitation was carried out with isopro-

panol and analyzed by qRT–PCR. Under each of the conditions

(Mock or ZIKV), 20 ng of a purified plasmid encoding for the EGFP

gene was added. The mix of endogenous DNA and EGFP plasmid

was used to quantify the presence of specific DNA fragments.

Primer sets for human mtDNA are previously described (Aguirre

et al, 2017), and the sequences are shown below. Relative levels of

the DNA molecules of interest were calculated based on the Ct

values of EGFP gene amplification using the following primers:

EGFP-F: ACGGCGACGTAAACGGCCAC, EGFP-R: GCACGCCGTAGG

CTAGGGTG; hMyc-F: AAGGACTATCCTGCTGCCAA, hMyc-R: CCT

CTTGACATTCTCCTCGG; 18S-F: TAGAGGGACAAGTGGCGTTC, 18S-R:

CGCTGAGCCAGTCAGTGT; mtDNA1-F: CACCCAAGAACAGGGTT

TGT, mtDNA1-R:TGGCCATGGGTATGTTGTTAA; mtDNA2-F: CTAT

CACCCTATTAACCACTCA, mtDNA2-R:TTCGCCTGTAATATTGAA

CGTA; mtDNA3-F:AATCGAGTAGTACTCCCGATTG, mtDNA3-R:

TTCTAGGACGATGGGCATGAAA; mtDNA4-F: AATCCAAGCCTAC

GTTTTCACA, mtDNA4-R: AGTATGAGGAGCGTTATGGAGT.

Statistical analysis

The results of all quantitative experiments are reported as

mean � SEM of three independent experiments, and Student’s t-test

or one-way ANOVA with Tukey’s post hoc test was used for statisti-

cal analyses with the GraphPad Prism 5.0 software.

Expanded View for this article is available online.
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