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TRAF3 activates STING-mediated suppression of EV-A71

and target of viral evasion

Wenwen Zheng', Zhenbang Zhou', Yajuan Rui', Runxin Ye', Fengyan Xia', Fei Guo? Xiaoman Liu? Jiaming Su', Meng Lou' and

Xiao-Fang Yu(®'>*™

Innate immunity represents one of the main host responses to viral infection.'” STING (Stimulator of interferon genes), a crucial
immune adapter functioning in host cells, mediates cGAS (Cyclic GMP-AMP Synthase) sensing of exogenous and endogenous DNA
fragments and generates innate immune responses.* Whether STING activation was involved in infection and replication of

enterovirus remains largely unknown. In the present study, we discovered that human enterovirus A71 (EV-A71) infection triggered
STING activation in a cGAS dependent manner. EV-A71 infection caused mitochondrial damage and the discharge of mitochondrial
DNA into the cytosol of infected cells. However, during EV-A71 infection, cGAS-STING activation was attenuated. EV-A71 proteins
were screened and the viral protease 2AP™ had the greatest capacity to inhibit cGAS-STING activation. We identified TRAF3 as an
important factor during STING activation and as a target of 2AP™. Supplement of TRAF3 rescued cGAS-STING activation suppression
by 2AP™, TRAF3 supported STING activation mediated TBK1 phosphorylation. Moreover, we found that 2AP™ protease activity was
essential for inhibiting STING activation. Furthermore, EV-D68 and CV-A16 infection also triggered STING activation. The viral

protease 2AP™ from EV-D68 and CV-A16 also had the ability to inhibit STING activation. As STING activation prior to EV-A71 infection
generated cellular resistance to EV-A71 replication, blocking EV-A71-mediated STING suppression represents a new anti-viral target.
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INTRODUCTION

EV-A71 is a member of the genus Enterovirus in the Picornaviridae
family which mainly contributed to pathogenesis of hand-foot-
and-mouth disease (HFMD). HFMD is a disease that usually affects
young children and is mild by most people but possibly be related
to a severe form of brainstem encephalitis, pulmonary edema, and
is occasionally fatal.>™” EV-A71 is a non-enveloped virus bearing a
capsid with icosahedral symmetry containing a non-segmented,
single-stranded, positive-sense genomic RNA that is about 7,500
nucleotides long with an open reading frame (ORF) flanked by
untranslated regions (UTRs) at the 5' and 3' termini.2 Genomic RNA
is served as the template for translation and synthesis of negative-
strand viral RNA. Translation of the genomic RNA is driven
by an internal ribosome entry site (IRES) located in the 5' UTR;
however, it is not rested with the eukaryotic cap structure and is
instead processed by the viral 2A protease (2AP™) and 3C
protease cleavage to generate 11 viral proteins. Genome
replication depends on the negative strands synthesized by
RNA-dependent RNA polymerase 3D.%""

Host innate immune responses play significant roles in defenses
against EV-A71 infection. It reacts promptly to the invasion of
pathogens and usually effectively limit infections, subsequently
prime signals that prime adaptive immune responses for removal
of infectious organisms.'?>™'* There are ten members of the toll-like
receptor (TLR) family in humans, and TLR3 is a key sensor of viral
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genome RNA (dsRNA) during EV-A71 infection.'® TLR3 activation
triggers downstream signaling for type | IFN induction and anti-
viral responses.’®”'® RIG-I-like receptor (RLR) pathways include
retinoic acid inducible gene | (RIG-l) and melanoma
differentiation-associated protein 5 (MDAS5), both of which serve
as guards in the cytoplasm for detecting RNA virus infection.'#?°
MDA?S recognizes long dsRNA or RNA missing 2-O-methylation at
the 5 ends.”"*? RIG-I recognizes short dsRNA or viral RNA species
containing 5' triphosphates or diphosphates.”>** After binding
target RNA, MDA5 and RIG-I activate and recruit the mitochondrial
adapter molecule (MAVS) to prime innate immune responses.
For EV-A71 specifically, various studies have implicated MDA5
as a sensor of EV-A71 infection.>>’ Furthermore, it has been
shown that arrestin domain-containing 4 interacts with MDA5 to
facilitate its ubiquitination and activation to generate pro-
inflammatory cytokines during EV-A71 infection.?® Interestingly,
MDA5 polymorphisms have been reported to associate with
HFMD severity in children.?® Additionally, EV-A71 has evolved
various counter mechanisms to take the edge off host innate
immune responses, these counteractions ultimately lead to
efficient viral replication and enhancive host susceptibility to the
disease."**° It has been reported by a lot of relevant research
groups that EV-A71 infection could not trigger RLR mediated
innate immune responses in HEK-293T,>' HelLa*??*33 and RD®'
cells. Interestingly, naked EV-A71 RNA triggered RLR pathway
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activation in Hela cells*® comparing to native infection, suggest-
ing that EV-A71 particles have mechanisms for RLR evasion.>'>?

In addition to sensing viral RNA, cGAS-STING acts as a crucial
sensor in sensing viral DNA during multiple DNA viruses infection
and other abnormal DNA fragment accumulation during dis-
ease.>*** The activator of STING—2'3'-cyclic GMP-AMP (cGAMP) is
produced by the DNA pattern classical recognition receptor cyclic
GMP-AMP synthase (cGAS), which recognizes foreign DNA such as
pathogens or small DNA fragments in cells.**® Endogenous source
of small DNA fragments is reported mainly from different type of
DNA damage, including mitochondrial damage and subsequent
mitochondrial DNA (mtDNA)release,*” and the formation of micro-
nuclei,® et al. 2'3'-cGAMP can be directly produced in the cytoplasm
of DNA-producing cells or enter the cytoplasm through virus-
carrying,“'39 cell membrane channels, and cell membrane transpor-
ters, including SLC19A1, LRRC8, and P2X7R,**™*? et al. 2'3-cGAMP
then activates STING to form a complex with endogenous TANK-
binding kinase 1 (TBK1)-Interferon Regulatory Factor 3 (IRF3) to
activate host interferon gene transcription.”® Except for cGAS
dependent STING activation, cGAS independent activation has also
been reported. For example, influenza A virus can interact with
STING and prime its activation.** The classic output of cGAS-STING
activation is IRF activation and type | interferon response. Mean-
while, nuclear factor kappa-B (NF-kB) is another important STING
activated pathway. As one of the significant pathways of the human
innate immune response, NF-kB activate the transcription and
expression of a variety of antiviral components induced by innate
immunity, including a variety of type | interferons, interleukins,
inflammatory factors,***> and can induce dendritic cell maturation
and antigen presentation.*

However, it is not clear whether EV-A71 infection primes the
innate immune response through the STING-mediated signaling
pathway and the underlying mechanisms. In the present study,
STING activation triggered by EV-A71 infection was observed. This
process was dependent on cGAS activity of 2'3'-cGAMP produc-
tion and continuous EV-A71 replication in host cells. Moreover, EV-
A71 developed a strategy to suppress cGAS-STING function. EV-
A71 2AP™ strongly suppressed STING activation through its
cleavage of TRAF3 which is important factor for STING triggered
innate immune activation. TRAF3 turn out to be crucial for STING-
TBK1 interaction and downstream TBK1 phosphorylation. In
particular, 2AP® has a potent ability to inactivate STING-
mediated signaling and thus represents a new viral target for
therapeutic intervention.

RESULTS

EV-A71 infection triggers STING mediated immune activation and
viral suppression

In addition to sensing DNA virus infection, STING activation triggers
innate immune responses during SARS-CoV-2 infection*’® It is not
clear whether enteroviral infections can also trigger STING activation.
To address the question of whether EV-A71 infection can activate
the STING pathway, the STING-positive cell line THP-1 (Fig. 1a) was
used to study EV-A71 infection. STING-silenced THP-1 cells were
used as controls (Figs. 1b, c). STING-silenced THP-1 cells were
defective in response to STING agonist (Fig. 1d, Lanes 2 and 4) as
indicated by the reduced level of STING phosphorylation at Ser366,
downstream TBK1 and IRF3 phosphorylation, and suppressed
production of various known interferon stimulated genes (ISGs)
product such as MDA5, DDX58, 1SG60, ISG56, 1SG54, RSAD2, and
ISG15. The reduced production of various ISG mRNA was also
detected in STING-silenced THP-1 cells when compared with the
control group (Supplementary Fig. 1a).

THP-1 cells could be infected by EV-A71.*° We therefore
investigated whether EV-A71 infection could prime STING mediated
immune activation. As shown in Fig. 1e, f, EV-A71 infection
triggered STING activation as indicated by phosphorylation at
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Ser366. In addition, both TBK1 (phosphorylated at Ser172) and IRF3
(phosphorylated at Ser386) were activated in THP-1 cells after EV-
A71 infection (Fig. 1e, g, and h). However, activation of TBK1 and
IRF3 during EV-A71 infection was suppressed when STING was
silenced (Fig. 1e, g, and h). Consistent with TBK1 and IRF3 activation,
which triggers the production of type | interferons. Furthermore,
MDAS5, DDX58, ISG60, ISG56, 1SG54, RSAD2, and ISG15 were also
induced during EV-A71 infection of THP-1 cells (Fig. 1e). MDA5,
DDX58, 1SG60, 1SG56, 1SG54, RSAD2, and ISG15 induction were
suppressed during EV-A71 infection in STING-silenced THP-1 cells
(Fig. 1e). Furthermore, the reduced production of various ISGs and
other known interferon stimulated gene mRNA was also observed
in STING-silenced THP-1 cells after EV-A71 infection when
compared with the control group (Fig. 1i). These results suggested
that STING plays crucial roles in EV-A71 infection-triggered TBK1
and IRF3 activation and also in EV-A71 activated STING-mediated
innate immune activation.

EV-A71 infection induced mitochondrial damage in THP-1 cells
(Fig. 1j). EV-A71 infection also stimulated cGAMP production in
THP-1 cells (Supplementary Fig. 1b) and the discharge of mtDNA
into the cytosol of infected cells (Supplementary Fig. 1c).
Exhausting endogenous mtDNA with dideoxycytidine (DDC)*®
inhibited EV-A71 infection-induced c¢GAS-STING activation (Sup-
plementary Fig. 1d). Blocking mtDNA release by VBIT-4, a VDAC*®
inhibitor, suppressed EV-A71 infection induced cGAS-STING
activation (Supplementary Fig. 1e).

To examine whether STING activation was initiated by EV-A71
infection directly or indirectly, we inactivated EV-A71 using
B-propionolactone.>’ We observed that inactivated EV-A71
particles did not trigger STING phosphorylation and downstream
innate immune activation when compared to untreated EV-A71
(Supplementary Fig. 1f). This result indicated that productive
infection by EV-A71 is required to trigger STING activation.

Furthermore, we used gain-of-function approaches to
demonstrate that c¢cGAS was required for EV-A71 infection-
triggered STING activation (Fig. 1k). Notably, EV-A71 infection
did not trigger RLR mediated immune activation in HEK-293T
cells (Fig. 1k, line 3) as shown in previous studies.?’ Moreover,
we have also demonstrated that MAVS which is critical for RLR
pathway activation (Supplementary Fig. 1g) was dispensable
for EV-A71 infection-triggered STING phosphorylation (Supple-
mentary Fig. Th).

Above observation was further confirmed using cGAS knock-out
THP-1 cells (Supplementary Fig. 2a and b). EV-A71 infection could
trigger STING activation in human primary colonic mucosal
epithelial cells (Supplementary Fig. 2c), human NCM460 (normal
colon mucosal) cells (Supplementary Fig. 2d), and HUVEC (human
umbilical vein endothelial cells) cells (Supplementary Fig. 2e).

EV-A71 infection inhibits cGAS-STING pathway activation

It has been reported that cGAS-STING signaling pathway is
frequently suppressed by many viral proteins.>®> However, whether
EV-A71 can inhibit cGAS-STING function is not clear. To address
the issue, we activated cGAS-STING in HEK-293T cells using our
established system as previously reported.>® Exogenous expres-
sion of cGAS-STING in HEK-293T cells has also been frequently
reported by other research groups to study cGAS-STING triggered
innate immune activation.3***>> Stimulation of the cGAS-STING
pathway primed the activation of IRF3 and NF-kB.”> Consistent
with this idea, IRF3 activation was then observed after cGAS-STING
stimulation and was suppressed during EV-A71 infection
(Fig. 2a, b). Similarly, NF-kB activation was observed after cGAS-
STING stimulation yet was suppressed in the presence of EV-A71
infection (Fig. 2c). As IL-8 is activated by NF-kB,”® and we also
discovered that the IL-8 promoter was also activated by cGAS-
STING stimulation, but its activation was inhibited in the presence
of EV-A71 infection (Fig. 2d). The IFN-3 promoter contains both
IRF3 and NF-kB binding sites and was activated by cGAS-STING
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stimulation (Fig. 2e). Here, EV-A71 infection inhibited cGAS-STING-
stimulated IFN-B promoter function (Fig. 2e). Stimulation with
CcGAS-STING led to IRF3 activation, which was also observed by
increased TBK1 and IRF3 phosphorylation (Fig. 2a, Lane 2) when
compared with the control (Fig. 2a, Lane 1). EV-A71 infection
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inhibited cGAS-STING-stimulated TBK1 and IRF3 phosphorylation
(Fig. 2a, Lane 4).

Type | interferons are induced during cGAS-STING activation.>*
Type | interferons induce the production of 1SGs.>” We further
observed that cGAS-STING activation-stimulated I1SG production
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Fig. 1 EV-A71 infection triggers STING-mediated immune activation and viral suppression. a Relative expression of STING and cGAS in HEK-
293T and THP-1 cells. Cells were cultured and harvested for western blot analysis. STING and cGAS levels were evaluated using anti-STING and
anti-cGAS antibodies. GAPDH was used as a loading control. b, ¢ STING was efficiently down-regulated in shSTING-THP-1 cells compared with
control cells and was quantified using ImageJ software (National Institutes of Health, Maryland, USA). Cells were cultured and harvested for
western blot analysis. STING was tested using an anti-STING antibody. GAPDH was used as a loading control. d STING could be activated in
control THP-1 cells and such activation was impaired when STING was down-regulated. Equal numbers of THP-1 control or shSTING cells were
seeded into 12-well plates and treated with 100 nM STING agonist for 12 h and harvested for western blot analysis. MDA5, DDX58, p-TBK1
(Ser172), p-IRF3 (Ser386), ISG60, ISG56, 1SG54, STING, p-STING (Ser366), RSAD2, ISG15 and GAPDH were probed using the indicated antibodies.
GAPDH was used as a loading control. e-h EV-A71 infection could efficiently induce STING-triggered down-stream gene activation. Equal
volumes of EV-A71 (MOI of 0.5) were used to infect control/shSTING-THP-1 cells (2 x 10°/well in 24-well plates). Viral preservation solution was
used as a negative control. 24 h later, cells were harvested for western blot analysis. MDA5, DDX58, p-TBK1 (Ser172), p-IRF3 (Ser386), ISG60,
ISG56, 1SG54, STING, p-STING (Ser366), RSAD2, I1SG15, VP1 and GAPDH were probed using the indicated antibodies. GAPDH was used as a
loading control. p-STING (Ser366) (f), p-TBK1 (Ser172) (g), and p-IRF3 (Ser386) (h) protein expressions were represented by western blot bands
and were quantified using Image) software. n =3 independent experiments were performed (representative immunoblots are shown).
i Inhibition of EV-A71-stimulated human genes by silencing STING expression. THP-1 control or shSTING cells were infected with EV-A71 for
24 h and harvested for total RNA extraction, first strand cDNA synthesis, and RT-qPCR analysis with indicated interferon stimulated genes
specific primers. Human genes activated by EV-A71 alone served as a positive control and were set to 100%. Total RNA was prepared from
THP-1 cells and analyzed for the transcriptional level of the indicated genes by RT-gPCR (n = 3 independent biological experiments). Statistical
significance was determined by two-sided unpaired t-test. j Representative images of JC-1-stained THP-1 cells. Cells were infected with EV-A71
for 24 h and subjected to mitochondrial membrane potential using JC-1 staining. Scale bar: 80 um. k HEK-293T STING stable cell line were
transfected with cGAS expression vectors or empty vectors. After 36 h, those transfected cells were then mock-infected or infected with EV-
A71 at an MOI of 0.5 for 4 h and harvested for western blot analysis. p-TBK1 (Ser172), ISG60, cGAS, STING, p-STING (Ser366), ISG15, and Histone
H3 were probed using the indicated antibodies. Histone H3 was used as a loading control. Data in a-k represent the average of results from
three independent experiments (n = 3, representative immunoblots are shown). Error bars indicate the standard deviation of the data from
three independent experiments. Means and standard deviations are presented. Statistical significance was determined using two-sided

unpaired t-test, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001

<

including ISG60, ISG56, ISG54, RSAD2, and ISG15 was inhibited by
EV-A71 infection (Fig. 2a), which was further supported by the fact
that interferon stimulated response element (ISRE) promoter
activity was also activated by cGAS-STING stimulation and
suppressed in the presence of EV-A71 infection (Fig. 2f). Various
ISG mRNA was also activated by cGAS-STING stimulation and
suppressed in the presence of EV-A71 infection (Fig. 2g).

In addition to EV-A71, enteroviruses CV-A16 and EV-D68
infection also induce the production of cGAMP (Supplementary
Fig. 3a) and trigger STING activation during viral infection
(Supplementary Fig. 3b, c). Furthermore, CV-A16 and EV-D68
infection also markedly inhibited cGAS-STING mediated innate
immune activation (Supplementary Fig. 4). Collectively, our data
suggest that several enteroviruses have developed the ability to
suppress innate immune activation triggered by the cGAS-STING
pathway.

2AP™ EV-A71 inhibits cGAS-STING pathway activation

To identify the viral proteins responsible for EV-A71-mediated
CcGAS-STING inhibition, we co-expressed cGAS-STING with various
EV-A71-encoded proteins in HEK-293T cells (Fig. 3a). We found
that 2AP® had the strongest ability to inhibit cGAS-STING-
mediated IFN-B and NF-kB promoter activation compared to
other EV-A71-encoded proteins (Fig. 3b, c).

Furthermore, cGAS-STING-mediated IRF3 (Fig. 3d) and NF-kB
mediated IL-8 (Fig. 3e) activations were remarkably inhibited by
2AP™, cGAS-STING activation-stimulated ISRE promoter activity
(Fig. 3f) and production of ISG60 was also inhibited by 2AP™
(Fig. 3g). This observation was further supported by the fact that
TBK1 and IRF3 phosphorylation were activated by cGAS-STING
stimulation and suppressed in the presence of 2AP™ (Fig. 3g).

The active enzymatic site of EV-A71 2AP™ appears to be
important for its inhibitory activity against cGAS-STING function.
An EV-A71 2AP™ mutant (C110A) had defectiveness to inhibit
cGAS-STING-mediated IRF3 (Fig. 3h), NF-kB (Fig. 3i), IL-8 (Fig. 3j),
IFN-B (Fig. 3k), and ISRE (Fig. 3l) promoter activation. STING
phosphorylation, ISG60, and ISG15 induction were effectively
suppressed by EV-A71 2AP™ but not by EV-A71 2AP™ mutant
C110A (Fig. 3m).

We observed that EV-D68 2AP™ also inhibited STING
phosphorylation and ISG60 induction after STING activation
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(Supplementary Fig. 5a). cGAS-STING-mediated IRF3 (Supple-
mentary Fig. 5b), NF-kB (Supplementary Fig. 5c), IL-8 (Supple-
mentary Fig. 5d), IFN-B (Supplementary Fig. 5e), and ISRE
(Supplementary Fig. 5f) promoter activations were also inhibited
by EV-D68 2AP™. Similar results were also obtained for CV-A16
2AP™  (Supplementary Fig. 6). Therefore, our observation
indicated that 2AP™ of several enteroviruses have conserved
function of suppressing innate immune activation triggered by
the cGAS-STING innate immune pathway.

TRAF3 is involved in cGAS-STING pathway activation and is a
target of 2AP™ of EV-A71

We evaluated factors potentially involved in the cGAS-STING
pathway as targets of EV-A71 2AP™ (Fig. 4a). No EV-A71 2AP™-
cleaved protein product was detected for cGAS, STING, TBK1,
IRF3, IKKB, p50, p65, or TRAF6 (Fig. 4b, c). In contrast, we
detected a clear EV-A71 2AP™-cleaved protein product when co-
expressed with TRAF3 (Fig. 4c, d). The EV-A71 2AP™ mutant
(C110A) had an impaired ability to mediate TRAF3 cleavage
(Fig. 4d, Lanes 5 and 6) compared to EV-A71 2AP™ (Fig. 4d, Lanes
3 and 4). Induced mutations in TRAF3 reduced the ability of EV-
A71 2AP™ mediated cleavage of TRAF3 (Fig. 4e, f). TRAF3 was
also cleaved during EV-A71 infection (Fig. 4g and Supplemen-
tary Fig. 7a). Altogether, these results indicate that TRAF3 is a
target of EV-A71 2AP™,

To examine the role of TRAF3 in cGAS-STING-induced innate
immune activation, we silenced endogenous TRAF3 expression by
using small interfering RNA (siRNA). We observed that the
knockdown of TRAF3 expression by siRNA significantly reduced
the ability of STING activation-induced IRF3 (Fig. 5a and Supple-
mentary Fig. 7b), NF-kB (Fig. 5b and Supplementary Fig. 7c), IL-8
(Fig. 5c¢ and Supplementary Fig. 7d), IFN- (Fig. 5d and
Supplementary Fig. 7e), and ISRE (Fig. 5e and Supplementary Fig.
7f) promoter activation. Similarly, STING activation induced
STING, IRF3, and TBK1 phosphorylation, as well as the induction
of ISG60, was attenuated in the absence of TRAF3 (Fig. 5f and
Supplementary Fig. 7g and k). Moreover, we observed that neither
the N- nor the C-terminal fragment of TRAF3 cleavage products
(Supplementary Fig. 7h) had clear effect on cGAS-STING activation
(Supplementary Fig. 7i). Neither the N- nor the C-terminal fragment
of TRAF3 cleavage products (Supplementary Fig. 7h) rescued
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cGAS-STING expression vectors or empty vector. Eighteen hours post-transfection, cells were harvested for western blot analysis. Cell lysates
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infection. Eighteen hours post transfection (a), IRF3 (b), NF-kB (c), IL-8 (d), IFN-8 (e), and ISRE (f) promoter luciferase activity was measured using
a dual-luciferase reporter gene assay. Luciferase induced by cGAS-STING served as a control and was set to 100%. pRL-TK Renilla was used as
an internal control. g HEK-293T cells were infected with EV-A71 (MOI of 0.5) or mock-infected with virus preservation solution. Twenty-two
hours later, cells were transfected with cGAS-STING expression vectors or empty vector. Eighteen hours post-transfection, cells were harvested
for total RNA extraction. First strand cDNA synthesis and RT-qPCR analysis with indicated interferon stimulated genes specific primers. Human
genes activated by cGAS-STING transfection served as a positive control and were set to 100%. Total RNA was prepared from 293 T cells and
analyzed for the transcriptional level of the indicated genes by RT-qPCR. Data in a-g represent the average of results from three independent
experiments (n = 3, representative immunoblots are shown). Error bars indicate the standard deviation of the data from three independent
experiments. The means and standard deviations are presented. Statistical significance was determined using a two-sided unpaired Student’s
t-test, *p < 0.05; **p < 0.01; ***p < 0.001

HEK-293T cGAS-STING

the defect of cGAS-STING activation in TRAF3 depleted cells impaired by EV-A71 2AP™, could be partially rescued by

(Supplementary Fig. 7j).

We also investigated if suppression of TRAF3 would affect STING
foci formation. After STING activation by binding to cGAMP, STING
translocates from the endoplasmic reticulum (ER) to the ER-Golgi
intermediate compartment (ERGIC) and Golgi, and scattered
distributed STING transforms to dense foci, which is also termed
foci formation.>® To address this question, we measured the
intracellular distribution of green fluorescent protein (GFP) labeled
STING in live cells in response to agonizts. As shown in Fig. 5g, h,
STING specific agonizts led to foci formation 6h later, and
TRAF3 silencing decreased the appearance and intensity of STING
foci. Furthermore, TRAF3 showed an interaction with STING in
HEK-239T cells (Fig. 5i). Depletion of TRAF3 inhibited STING
interaction with TBK1 (Fig. 5j), a key regulator of STING
phosphorylation and activation.”” These data are in keeping with
a previous work that STING, TRAF3, and TBK1 form a complex.®°

EV-A71 2AP™ inhibited the cGAS-STING induced IRF3 (Fig. 5k),
NF-kB (Fig. 5l), IL.-8 (Fig. 5m), IFN-B (Fig. 5n), and ISRE (Fig. 50)
promoter activation, which was partially restored by the addition
of exogenous TRAF3 (Fig. 5 k-o). Similarly, cGAS-STING-induced
IRF3 phosphorylation as well as the induction of ISG60, which was
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exogenous TRAF3 (Fig. 5p). Together, these results suggested
that TRAF3 is an important factor in the cGAS-STING activation
pathway and an important target of EV-A71 2AP™,

2AP™ of EV-A71 inhibits the anti-viral function of cGAS-STING
activation

We evaluated whether STING pathway activation antagonizes EV-
A71 infection. HEK-293T cells were co-transfected with STING-
and cGAS-expressing plasmids to mimic STING and downstream
gene activation. At 18h post-transfection, cells were then
infected with EV-A71 for 12 h, washed, and defined as day 0
(Fig. 6a). Both EV-A71 viral titers (Fig. 6b) and viral VP1 levels (Fig.
6¢, d) were suppressed in the presence of STING activation. Cells
transfected with empty vector exhibited a significant cytopathic
effect (CPE) 5days post-infection (Fig. 6a). In contrast, STING-
activated cells showed no apparent CPE (Fig. 6a). Moreover, in
TRAF3 depleted cells, the anti-viral function of cGAS-STING was
attenuated (Supplementary Fig. 8). When 2A-resistant TRAF3 was
expressed in TRAF3 depleted HEK-293T cells, the anti-viral
function of cGAS-STING was restored (Supplementary fig. 8).
Our data reinforced the crucial role of TRAF3 in cGAS-STING
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activation and indicated that the importance of STING activation

in combatting EV-A71 infections in humans.

We have demonstrated above that EV-A71 2AP™ could suppress
STING activation-triggered innate immune responses. Next, we
tested whether EV-A71 2AP™ could effectively inhibit STING

SPRINGERNATURE

activation-induced antiviral activity against EV-A71. Over the next
5 days, supernatants were harvested each day for titer analysis,
and cells were observed under a microscope. As shown in Fig. 6,
compared to STING activation-suppressed EV-A71 replication,
2AP™ remarkably rescued cells from EV-A71-induced CPE (Fig. 6)
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Fig.3 2AP™ EV-A71 inhibits cGAS-STING pathway activation. a Schematic diagram of the genomic organization and encoded proteins of EV-
A71 strain. b, ¢ EV-A71 2AP™ rather than other viral proteins suppressed cGAS-STING-induced IFN-B and NF-kB promoter activation. HEK-293T
cells were co-transfected with IFN- (b) or NF-kB (c) promoter, empty vector, or cGAS-STING expressing vectors, in the presence or absence of
EV-A71 VPO, VP1, VP2, VP3, VP4, 2 A, 2B, 2C, 3 A, 3B, 3C and 3D expressing vectors. Transactivation of the luciferase reporter gene was
determined 18 h after transfection. Luciferase activity induced by cGAS-STING served as a control and was set to 100%. pRL-TK Renilla was
used as an internal control. d-f EV-A71 2AP™ inhibited cGAS-STING-induced IRF3, IL-8 and ISRE promoter activation. HEK-293T cells were co-
transfected with IRF3 (D), IL-8 (E) or ISRE (F) promoters, empty vector, or cGAS-STING-expressing vectors, in the presence or absence of EV-A71
2AP™ expressing vectors. Eighteen hours post-transfection, cells were harvested for dual-luciferase reporter gene assays. g EV-A71 2AP™
inhibited cGAS-STING triggered TBK1, IRF3 phosphorylation and ISG60 activation. HEK-293T cells were co-transfected with empty vector,
cGAS-STING-expressing vectors, empty vector, or EV-A71 2AP™ expressing vector. Eighteen hours post-transfection, cells were harvested for
western blot analysis. Anti-myc, anti-Flag, and anti-HA antibodies were used to detect cGAS, STING, and EV-A71 2AP™ expression, respectively.
p-TBK1 (Ser172), p-IRF3 (Ser386), ISG60, and GAPDH were probed using the indicated antibodies. GAPDH was used as a loading control.
h-m Enzymatic active site of EV-A71 2AP"™ appears to be important for its inhibitory activity against cGAS-STING function. HEK-293T cells were
co-transfected with IRF3 (h), NF-kB (i), IL-8 (j), IFN-B (k) or ISRE (I) promoters, empty vector, or cGAS-STING-expressing vectors, empty vector, or
EV-A71 2AP™ wild type (WT) or EV-A71 2AP™ C110A expressing vectors. Transactivation of the luciferase reporter gene was determined 18 h
after transfection. Luciferase activity induced by cGAS-STING served as a control and was set to 100%. pRL-TK Renilla was used as an internal
control. m HEK-293T cells were co-transfected with empty vector, cGAS-STING-expressing vectors, empty vector, or EV-A71 2AP™ WT or C110A
expressing vector. Eighteen hours post-transfection, cells were harvested for western blot analysis. Anti-HA antibodies were used to detect EV-
A71 2AP™ expression. 1ISG60, STING, p-STING (Ser366), ISG15 and GAPDH were probed using the indicated antibodies. GAPDH was used as a
loading control. Data in b-m represent the average of results from three independent experiments (n = 3, representative immunoblots are
shown). The error bars indicate the standard deviations of data from three independent experiments. Means and standard deviations are

presented. Statistical significance was determined by two-sided unpaired Student’s t-test, **p < 0.01; ***p < 0.001; ****p < 0.0001

<

and restored EV-A71 viral replication (Fig. 6). However, EV-A71
2AP™ mutant (C110A) could not neutralize the anti-viral activity
mediated by cGAS-STING activation (Fig. 6). Thus, inhibiting EV-
A71 2AP™ function represents a promising anti-viral strategy.

DISCUSSION

EV-A71 is a non-enveloped virus bearing a capsid with icosahedral
symmetry containing a non-segmented positive-sense single-
stranded genomic RNA. EV-A71 viral infection could trigger
RLR®"%2 and TLR®*** sensing owing to viral genomic RNA detection
by the host. The mechanism of viral evasion has been well
investigated.?®313%6566 Another important pathogen pattern recog-
nition pathway mediated by cGAS-STING recognizes intracellular
DNA fragments, thus representing host defenses against DNA
viruses.®” As a non-enveloped RNA virus, it is not known whether
EV-A71 infection triggers cGAS-STING activation. Results from this
work indicated that EV-A71 infection can trigger innate immune
responses through STING activation. We observed that EV-A71
infection-triggered STING activation is cGAS dependent (Supple-
mentary Fig. 1). Knocking out cellular cGAS expression prevented
EV-A71 triggered phosphorylation of STING and downstream
process of innate immune activation (Supplementary Fig. 2).
Inactivated EV-A71 failed to prime cGAS-STING activation (Supple-
mentary Fig. 1). According to our current data, EV-A71 infection
induced mitochondrial damage. Analysis of the mitochondrial
membrane potential using JC-1 staining uncovered that EV-A71
infection decreased the intensity of red fluorescence (590 nm) and
increased the intensity of green fluorescence (529 nm) in THP-1
cells, indicating mitochondrial damage (Fig. 1j). Consequently, we
detected the discharge of mtDNA into the infected cells’ cytoplasm
and the production of 2'3'-cGAMP, an indication of the activation of
cGAS (Supplementary Fig. 1). Suppression of mtDNA release or
mtDNA exhaustion prevented EV-A71 infection triggered activation
of STING (Supplementary Fig. 1).

Several research groups have reported that EV-A71 infection
could not trigger RLR-mediated immune responses in HEK-293T,*'
HelLa,>>3233 RD*' cells. Interestingly, naked EV-A71 RNA triggered
RLR pathway activation in Hela cells,”> suggesting that EV-A71
particles have mechanisms for RLR evasion3'??> We have
confirmed that EV-A71 infection did not trigger RLR-mediated
immune activation in HEK-293T cells (Fig. 1k) or STING silenced
THP-1 cells (Fig. 1e). However, when STING and cGAS molecules
were expressed in HEK-293T cells, these cells showed STING-
mediated immune activation (STING phosphorylation, IRF3
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phosphorylation, and ISG induction) after EV-A71 infection
(Fig. 1k). These gain-of-function experiments indicate that EV-
A71 infection could avoid RLR pathway activation and remain
sensitive to cGAS-STING-mediated innate immune activation.

We have also demonstrated that MAVS which is critical for RLR
pathway activation was dispensable for EV-A71 infection-triggered
STING phosphorylation (Supplementary fig. 1g). At the same time,
depletion of TRAF3 inhibited EV-A71 infection triggered STING
phosphorylation (Supplementary Fig. 7k). These results reinforce
the important and specific role of TRAF3 in STING activation
observed in our experimental system.

In addition to EV-A71, other enteroviruses EV-D68 and CV-A16
infection also triggered STING activation (Supplementary Fig. 3).
Suppression of cGAS-STING activation during these enteroviruses
infection was observed (Supplementary Fig. 4). To our knowledge,
this is the first example of a non-enveloped RNA virus that can
trigger STING activation. Previously, enveloped RNA viruses, such
as influenza®*®® and coronaviruses,*® have been shown to trigger
cGAS dependent STING activation after viral membrane and host
cell membrane fusion.3”*® Also, cGAS independent mechanism of
STING activation have also been reported.”® Hemagglutinin fusion
peptide of influenza A virus interacts with STING and primed
STING activation.** SARS-CoV-2 has also been reported to trigger
mitochondrial damage and mtDNA release during viral infection,
which subsequently prime cGAS-STING activation.*? Other studies
proposes that cell fusion damaged nuclei and resulted in the
formation of micronuclei that were sensed by cGAS and led to the
activation of STING.>® Different viruses have developed different
strategies for suppressing STING activation.*>74868

We also discovered that EV-A71 has evolved a strategy to limit
STING activation. Among the 12 EV-A71 encoded proteins, 2AP™
strongly inhibited STING activation (Fig. 3). Addition of 2AP"™ prior
to EV-A71 infection inhibited STING mediated suppression of EV-
A71 replication (Fig. 6). It is known that 2AP™ antagonizes the RLR
pathway by inducing the cleavage of MAVS®? and decreases the
expression of the RNA sensor MDA5.2® EV-A71 2AP™ also inhibits
TLR signaling by reducing the expression of TLR3.'” STING
activation triggers the phosphorylation of TBK1, STING, and
IRF3.>° Phosphorylated IRF3 molecules translocate to the nucleus
to boost type | interferons and induce the production of ISGs. EV-
A71 2AP inhibited STING activation-triggered phosphorylation of
TBK1, STING, and IRF3 (Fig. 3g). Consequently, STING activation-
triggered ISG induction is inhibited by EV-A71 2AP™. The viral
protease 2AP™ from EV-D68 and CV-A16 also had the ability to
inhibit STING activation (Supplementary Fig. 5 and 6), suggesting
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Fig. 4 TRAF3 is a target of EV-A71 2AP™. a Schematic diagram of the process of cGAS-STING activation and factors involved. b HEK-293T cells
were transfected with empty vector or EV-A71 2AP™”expressing vectors. Eighteen hours post-transfection, cells were harvested for western
blot analysis. Anti-HA was used to identify EV-A71 2AP™. GAPDH was used as a loading control. ¢ HEK-293T cells were transfected with empty
vector or EV-A71 2AP™-expressing vectors (b), cGAS, and STING expressing vectors. Eighteen hours post-transfection, cells were harvested for
western blot analysis. cGAS, STING, TBK1, IRF3, p50, p65, IKKp, TRAF6, TRAF3 and GAPDH were detected using the indicated antibodies.
GAPDH was used as a loading control. TRAF3 cleavage by EV-A71 2AP™ is indicated by an arrowhead. d HEK-293T cells were transfected with
increasing doses of EV-A71 2AP™ WT- or C110A-expressing vectors. Eighteen hours post-transfection, cells were harvested for western blot
analysis. Anti-HA and anti-TRAF3 antibodies were used to probe EV-A71 2AP™ and TRAF3, respectively. GAPDH was used as a loading control.
TRAF3 cleavage by EV-A71 2AP™ is indicated by an arrowhead. e, f TRAF3-WT but not TRAF3-Mut was cleaved by EV-A71 2AP™. HEK-293T cells
were transfected with empty vector, TRAF3-WT, TRAF3-Mut, and EV-A71 2AP™-expressing vectors. Eighteen hours post-transfection, cells were
harvested for western blot analysis. Anti-HA was used to identify EV-A71 2AP™, Anti-Flag was used to identify TRAF3. GAPDH was used as a
loading control. Western blot bands were quantified using ImageJ software and the cleavage efficiencies (defined by the ratio of bind 40KDa/
60KDa) of TRAF3-WT and TRAF3-Mut were shown as bar in e. g HEK-293T cells were transfected with TRAF3-WT and empty vector. Eighteen
hours post-transfection, cells were infected with increasing doses of EV-A71. Forty-eight hours post-infection, cells were harvested for western
blot analysis. Anti-HA and anti-TRAF3 antibodies were used to probe EV-A71 2AP™ and TRAF3. Histone H3 was used as a loading control.
TRAF3 cleavage by EV-A71 2AP™ is indicated by an arrowhead. Data in a-g represent the averages of results from three independent
experiments (n = 3, representative immunoblots are shown)

an evolutionarily conserved function of these viral proteins. As
mutant of enzymatic center of EV-A71 2AP™ showed defective
suppression of STING activation when compared to the wild type
2AP™®, the enzymatic activity of 2AP™ is essential for STING-
mediated immune function inhibition (Fig. 3h-m).

Evaluation of host factors potentially involved in STING
activation identified TRAF3 as a target of 2AP™ (Fig. 4). Important
roles for TRAF3 in TLR3-, TLR4-, and TLR9- triggered type | IFN
production has been reported.®®”® TRAF3 has also been shown to
be involved in RLR-mediated immune activation.”"”? TRAF3 is an
important RIG-I co-factor for the induction of IRF3 phosphorylation
and downstream type | IFN production.”>”* We discovered that
TRAF3 is also important for STING activation. TRAF3 showed
interaction with STING in co-immunoprecipitation (Fig. 5i).
Silencing TRAF3 inhibited STING-TBK1 interaction, TBK1 and IRF3
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phosphorylation and downstream signaling (Fig. 5). Consequently,
ISGs transcription was suppressed (Fig. 5). Addition of exogenous
TRAF3 rescued STING activation from 2AP™ mediated suppression
(Fig. 5). STING activation is triggered by binding to 2'3'-cGAMP and
the subsequent formation of foci in the ERGIC and Golgi.>® We
observed that TRAF3 was important for STING foci formation
(Fig. 5). EV-A71 2AP™ suppresses STING activation by inducing
TRAF3 cleavage (Fig. 4). Cleaved TRAF3 fragments showed no
function of supporting STING activation (Supplementary Fig. 7).
Knocking down TRAF3 impaired STING activation mediated anti-
EV-A71 replication. Addition of 2AP™® cleavage resistant TRAF3
mutant proteins rescued STING triggered anti-viral effect from
2AP™ mediated suppression (Supplementary Fig. 8). Activation of
CGAS-STING pathway has been shown to mediate broad viral
suppression against bacteria, DNA viruses, SARS-CoV-2, and
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CcGAS-STING

retroviruses. EV-A71 2AP™ mutant C110A could not neutralize the
anti-viral function of cGAS-STING activation (Fig. 6). Since STING
activation prior to EV-A71 infection could generate strong cellular
immunity against EV-A71 infection, restoring STING function by
inhibiting EV-A71 2AP™-mediated TRAF3 cleavage could be a
promising new anti-viral therapeutic drug target.
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cGAS-STING

MATERIALS AND METHODS

Cell lines and viruses

The epithelial kidney cells Vero (Cat No. CCL-81, ATCC), human
embryonic kidney cell line HEK-293T (Cat No. CRL-3216, ATCC,
Virginia, USA), HEK-293T-STING stable cell line, were maintained
in Dulbecco’s modified Eagle’s medium (Cat No. BC-M-005,
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Fig. 5 Silencing TRAF3 expression inhibited cGAS-STING activation and TRAF3 rescued cGAS-STING activation from 2AP™'s suppression.
a-e HEK-293T cells were transfected with control siRNA (siNC) or siTRAF3 for 24 h. Next, cells were co-transfected with IRF3 (a), NF-kB (b), IL-8 (c),
IFN (d) or ISRE (e) promoters, empty vector, or cGAS-STING-expressing vectors. Transactivation of the luciferase reporter gene was determined
18 h after transfection. Luciferase activity induced by cGAS-STING served as a control and was set to 100%. pRL-TK Renilla was used as an
internal control. f HEK-293T cells were transfected with control siRNA (siNC) or siTRAF3 for 24 h. Next, cells were co-transfected with empty
vector or cGAS-STING-expressing vectors. Eighteen hours post-transfection, cells were harvested for western blot analysis. p-TBK1 (Ser172),
p-IRF3 (Ser386), ISG60, TRAF3, p-STING (Ser366), STING and GAPDH were detected using the indicated antibodies. STING was detected by anti-
Flag antibody. GAPDH was used as a loading control. g, h Silencing TRAF3 decreased the number and intensity of STING foci formation. Hela
cells were transfected with Control siRNA or siTRAF3. Twenty-four hours later, control siRNA or siTRAF3 cells were transfected with STING-Flag.
Sixteen hours post-transfection, cells were primed with 100 nM STING agonist or solvent control. Six hours post agonist addition, cells were
fixed, treated with Triton-X100, and incubated in 5% FBS, and subcultured to anti-Flag and following FITC Conjugate Goat Anti-Rabbit IgG
(H+ L) reactivation. Images were captured using a ZEISS laser scanning confocal microscope (Zeiss LSM 900, Oberkochen, Germany). ZEISS
ZEN Microscope software was used for acquisition. Percentages of foci formation cells were statistical analyzed. i Co-immunoprecipitation
analysis of endogenous TRAF3 with STING-Flag. HEK-293T cells were transfected with STING-Flag or a control vector, as indicated. Cell lysates
were prepared and immunoprecipitated using anti-Flag beads 36 h after transfection. Precipitated samples were separated by SDS-PAGE,
transferred to polyvinylidene fluoride membranes, and reacted with anti-TRAF3 antibodies to detect potential binding of TRAF3 protein and
anti-Flag antibodies to detect STING-Flag. GAPDH was used as a loading control. j The effect of knocking down TRAF3 on STING-TBK1
interaction. HEK-293T cells were transfected with control siRNA (siNC) or siTRAF3. Twenty-four hours later, HEK-293T cells were co-transfected
with cGAS and STING-Flag expression vectors or control vectors for 16 h. Cell lysates were prepared and immunoprecipitated using anti-Flag
beads. Precipitated samples were separated by SDS-PAGE, transferred to polyvinylidene fluoride membranes, and reacted with anti-Flag, anti-
TBK1, anti-p-TBK1 (Ser172), anti-TRAF3, and anti-ISG60 antibodies to detect indicating proteins. GAPDH was used as a loading control.
k-p HEK-293T cells were transfected with IRF3 (k), NF-kB (1), IL-8 (m), IFNS (n), or ISRE (o) promoter and cGAS-STING expressing vectors, with
empty vector or EV-A71 2AP™ WT or EV-A71 2AP™ C110A expression vectors, in the presence or absence of vectors expressing TRAF3, as
indicated. Transactivation of the luciferase reporter gene was determined 18 h after transfection. Luciferase activity induced by cGAS-STING
served as a control and was set to 100%. pRL-TK Renilla was used as an internal control. p HEK-293T cells were transfected with cGAS-STING-
expressing vectors, empty vector, or EV-A71 2AP™ in the presence or absence of vectors expressing TRAF3, as indicated. Eighteen hours post-
transfection, cells were harvested for western blot analysis. Cell lysates were separated by SDS-PAGE, transferred to PVDF membranes, and
treated with antibodies to detect p-IRF3 (Ser386), ISG60, cGAS, and STING. Anti-Flag antibody was used to detect TRAF3. Anti-HA antibody was
used to detect EV-A71 2AP™, GAPDH was used as a loading control. Data in b-m represent the average of results from three independent
experiments (n = 3, representative immunoblots are shown). The error bars indicate the standard deviations of data from three independent
experiments. Means and standard deviations are presented. Statistical significance was determined by two-sided unpaired Student’s t-test,

**p <0.01; ***p <0.001; ****p < 0.0001

<

Bio-Channel, Nanjing, China) supplemented with 10% fetal
bovine serum (Cat No. BC-SE-FBSO01, Bio-channel). HEK-293T-
STING cells were cultured under puromycin selection. The
human cervical carcinoma cell line HelLa (Cat No. CRM-CCL-2,
ATCC) was maintained in Eagle’s Minimum Essential medium
(Cat No. BC-M-005, Bio-Channel, Jiangsu, China) supplemented
with 10% fetal bovine serum (Cat No. BC-SE-FBS01, Bio-Channel,
Jiangsu, China). THP-1 human leukemic monocyte cells (Cat No.
TIB-202, ATCC), NCM460 normal human colon mucosal epithelial
cells (Cat No. HTX1841, ATCC), THP-1 and THP-1 cGAS® cells
were maintained in RPIM-1640 medium (Cat No. BC-M-017, Bio-
Channel, Jiangsu, China) supplemented with 10% fetal bovine
serum. HUVEC human umbilical vein endothelial cells (Cat
No.CRL-1730, ATCC) were maintained in complete Endothelial
Cell medium (ScienCell™, Carlsbad, CA). Human primary colonic
mucosal epithelial cells (purchased from Meisen Chinese Tissue
Culture Collections, Zhejiang, China) were maintained in
complete Primary epithelial cell medium (CTCC-001-PriMed,
Meisen, Hangzhou, China). THP-1-cGAS*® cells were kindly
provided by Guofei (Chinese Academy of Medical Sciences,
Beijing, China). The cell lines were cultured in a humidified
atmosphere in 5% CO, at 37 °C. Phosphate-buffered saline (PBS)
used in cell culturing was purchased from Bio-Channel (Cat No.
BC-BPBS-01, Bio-Channel, Jiangsu, China).

The Changchun (CC) strains of EV-A71 viruses (CC063) were
isolated from throat swabs of patients with HFMD in Changchun,
China, in 2010.>7® EV-D68 circulating strains from the 2014
United States outbreak, US/KY/14-18953 (ATCC, VR-1825D), were
described previously.”” The CC024 strains of CV-A16 were isolated
from the throat swabs of patients with HFMD in 2010 and
described previously.”® Viruses were continuously subcultured in
Vero until the 10th passage to ensure stable titers and genetic
features. When the CPE cells reached 90%, viruses were collected
through centrifugation and filtration. Viral titers were determined
in Vero cells using the microplate CPE method and calculated
using the Reed-Muench method.””
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Antibodies and reagents

Anti-TRAF3 (rabbit / IgG, Cat No. 18099-1-AP), anti-STING (rabbit /
IgG, Cat No. 19851-1-AP), anti-cGAS (rabbit / IgG, Cat No. 26416-
1-AP), anti-ISG60 (rabbit / IgG, Cat No. 15201-1-AP), anti-MYC-tag
(rabbit / 1gG, Cat No. 16286-1-AP), anti-GAPDH (rabbit / I1gG, Cat
No. 10494-1-AP), anti-ISG15 (rabbit / 1gG, Cat No.15981-1-AP),
anti-MDAS5 (rabbit / 1gG, Cat No.21775-1-AP), anti-DDX58 (rabbit /
IgG, Cat N0.20566-1-AP), anti-ISG56 (rabbit / 1gG, Cat No.23247-1-
AP), anti-MAVS (rabbit / IgG, Cat No.14341-1-AP), anti-ISG54
(rabbit / 1gG, Cat No.12604-1-AP), anti-RSAD2 (rabbit / 1gG, Cat
No.11833-1-AP), anti-Histone H3 (rabbit / IgG, Cat No.17168-1-
AP) antibodies were purchased from Proteintech (lllinois, USA).
Anti-Phospho-TBK1/NAK (Ser172) (rabbit / IgG, Cat No. #5483),
anti-Phospho-IRF-3 (Ser396) (rabbit mAb, Cat No. #4947), anti-
TBK1/NAK (rabbit mAb, Cat No. #38066), and anti-IRF-3 (rabbit
mAb, Cat No. #11904), anti-Phospho-STING (rabbit / IgG, Cat
No.50907 s) antibodies were acquired from Cell Signaling
Technology (Massachusetts, USA). Mouse monoclonal anti-
FLAG monoclonal M2 antibody (Cat No. F1804) was obtained
from Sigma-Aldrich (St. Louis, Missouri, USA). The mouse
monoclonal anti-HA (hemagglutinin) antibody (Cat No. 901514)
was purchased from BiolLegend (California, USA). Anti-VP1
(rabbit / 1gG, Cat 43908) was purchased from GeneTex
(California, USA). STING agonist (Cat No. HY-103665, CAS No.:
2138299-29-1) and DDC (Cat No. HY-17392, CAS No.: 7481-89-2)
were purchased from MedChemExpress (Shanghai, China). VBIT-
4 (Cat No. T13287, CAS No.: 2086257-77-2) was purchased from
TOPSCIENCE (Shanghai, China).

Plasmids

The pEF-BOS STING-Flag-His, cGAS-myc-VR1012, NF-kB promoter,
IFN-B promoter, IL-8 promoter, IRF3 promoter and ISRE promoter
luciferase reporter plasmids were described previously.*” All EV-
A71 protein constructs utilized in this study have been described
previously,79 including VPO, VP1, VP2, VP3, VP4, 2 A,2 A C110A, 2B,
2C, 3 A, 3B,3C, and 3D. Flag tagged TRAF3, TRAF3 mutant G435A
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of cGAS-STING activation. a CPE induced by EV-A71. HEK-293T cells were transfected

with empty or cGAS-STING-expressing vectors in the presence or absence of exogenous EV-A71 2AP™ WT or C110A. Twelve hours later, the
cells were infected with equal amounts (MOI of 0.5) of EV-A71 for 6 h. The cells were then washed and incubated with fresh culture medium.
Five days later, the cells were observed for morphological changes and photographed using light microscopy at 400 x magnification. Scale bar
represents 50 pm. b EV-A71 from HEK-293T cells was collected on days 1-5 after infection (A). The viral titer was determined using CCID50
assays. ¢ The viral RNA levels of EV-A71 were evaluated by RT-qPCR using SYBR green. Primers targeted EV-A71 VP1 to monitor viral
replication. GAPDH abundance was used as a control. d EV-A71 from HEK-293T cells was collected on day 5 after infection for western blot.
Cell lysates were separated by SDS-PAGE, transferred to PVDF membranes, and treated with the indicated antibodies to detect EV-A71 VP1
and GAPDH. GAPDH was used as a loading control. Data in a-c represents the average of results from three independent experiments (n =3,
representative immunoblots are shown). Error bars indicate the standard deviation of the data from three independent experiments. Means
and standard deviations are presented. Statistical significance was determined using two-sided unpaired t-test, *p <0.05; **p <0.01;

**%p < 0,001; *%*p < 0.0001

& K436A (2AP™® natural recognition site during EV-A71 virus
assembly and replication) and TRAF3 cleavage products 1-435,
436-568 were cloned into the VR1012 vector. All plasmids were
sequenced with Sanger sequencing and the correct insertion of
each gene sequence was verified. The DNA plasmids were
transfected into HEK-293T cells using Hieff Trans™ Liposomal
Transfection Reagent (Yeasen Biotech, Shanghai, China) according
to the manufacturer’s instructions.

Cell transfection

Empty plasmids or various plasmids were transfected with the
Hieff Trans™ Liposomal Transfection Reagent (Cat No.
40802ES08, Yeasen Biotech, Shanghai, China) according to the
manufacturer’s instructions. HEK-293T STING stable expression

Signal Transduction and Targeted Therapy (2023)8:79

cell lines were constructed using the Lenti-X™ Expression
System (Cat No. 632164, Takara, Osaka, Japan). THP-1 Control/
shSTING shut-down cell lines were constructed using the Lenti-
X™ shRNA Expression Systems (Cat No. 632177, Takara, Osaka,
Japan). TRAF3 scrambled siRNAs were synthesized by RiboBio
(Guangzhou, China). siRNA was transfected using Lipofectamine
RNAIMAX (Invitrogen, California, USA) according to the manu-
facturer’s protocols.

CPEs observation

To observe CPEs, HEK-293T cells were seeded in a cell culture dish
and infected with EV-A71 of indicated multiplicity of infection
(MOI). Morphological changes were observed and photographed
using a light microscope at X400 magnification.

SPRINGER NATURE

11



TRAF3 activates STING-mediated suppression of EV-A71 and target of viral...

Zheng et al.

12

Viral titer determination

Virus titers were characterized using the median endpoint of the
cell culture infectious dose (CCID50). Serially diluted viruses
containing supernatants were added to Vero cells cultured in
96-well plates and eight replicates were used for each dilution.
CCID50 values were determined by counting infected Vero cell
culture wells with obvious CPEs and calculated using the
Reed-Muench method.

Western blotting

Cells were collected, washed twice with pre-cooled PBS, and lysed
in lysis buffer (Cat No. P0013, Beyotime, Shanghai, China)
supplemented with complete protease inhibitor cocktail tablets
(Roche, Basel, Switzerland) at 4 °C for 20 min, and then mixed with
5 X loading buffer (Cat No. FD002, Fude, Zhejiang, China) and
boiled for 30 min. Cell lysates were centrifuged at 13,000 rpm at
4°C for 5 min. Supernatant were loaded and separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
Separated proteins on gel were transferred to PVDF membranes
(IPVH00010, Millipore, Ireland) using a wet apparatus (Bio-Rad,
California, USA).2° The membranes were incubated overnight with
primary antibody dilutions. Next day, membranes were washed
with TBST for three times and then incubated in secondary
antibody dilutions (1:5000) for 1h (Cat No. HA1006 or HA1001,
HuaBio, Hangzhou, China). Exposure was performed with SignalB-
right Pro Chemiluminescent Substrate (Cat No. PK10011, Protein-
tech, lllinois, USA) following the manufacturer’s protocol.

Real-time quantitative PCR (RT-qPCR)

Total RNA was obtained using the TRIzol Reagent (Life Technol-
ogies, California, USA) following the manufacturer’s instructions,
and the extracted RNA served as templates of first strand cDNA
synthesis using M-MLV reverse transcriptase (Takara, Osaka,
Japan). The generated cDNA was used as a template to detect
EV-A71 RNA and host cellular mRNA expression. SYBR Premix Ex
Taq reagent (Takara, Osaka, Japan) was used to quantify RNA
copy numbers. The glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) gene was used as an internal control. The LightCycler480
(Roche) were used for real-time quantification PCR amplification.
Amplification reactions conditions: 95 °C for 30 s, 40 cycles of 95 °C
for 55, and 60 °C for 34 s, and dissociation. Single peaks identified
in the melting curve analysis indicated the presence of a specific
amplicons. Specific primers were used to amplify target genes
cDNA. Relative mRNA expression was calculated with the
comparative cycle threshold (2 — AACt) method. Experiments
were independently repeated three times. The qPCR primers used
in our experiments were listed as follows: EV-A71 VPI-F.
5'-ATGATGGGHACNTTCTC-3', EV-A71 VPI-R: 5-GANTTNCCDGCR
TAVTTTGG-3', IFIT2-F: 5'-AAGCACCTCAAAGGGCAAAAC-3', IFIT2-R:
5'-TCGGCCCATGTGATAGTAGAC-3', [FIT3-F: 5'-TCAGAAGTCTAGT
CACTTGGGG-3!, IFIT3-R: 5-ACACCTTCGCCCTTTCATTTC-3', IFITI-F:
5'-TTGATGACGATGAAATGCCTGA-3', IFIT1-R: 5'-CAGGTCACCAGAC
TCCTCAC-3', IFIH1-F: 5'-TCGAATGGGTATTCCACAGACG-3', IFIH1-R:
5'-GTGGCGACTGTCCTCTGAA-3', OASL-F: 5'-CTGATGCAGGAACTG
TATAGCAC-3', OASL-R: 5'-CACAGCGTCTAGCACCTCTT-3', DDX58-F:
5'-CTGGACCCTACCTACATCCTG-3', DDX58-R: 5'-GGCATCCAAAA
AGCCACGG-3', HERC5-F: 5'-GGTGAGCTTTTTGCCTGGG-3', HERC5-R:
5-TTCTCCGGCAGAAATCTGAGC-3', D-loop-MT325F: 5'-CACAGCAC
TTAAACACATCTCTGC-3', D-loop-MT474R: 5'-AGTATGGGAGTGRG
AGGGRAAAA-3'.

Luciferase activity

HEK-293T cells (1 x 10°) were plated in 24-well dishes 24 h before
transfection. One hundred and fifty nanograms reporter gene
plasmids for IFN-B, NF-kB, IRF3, IL-8, or ISRE-Luc promoter, 7 ng
Renilla luciferase plasmid (pRL-TK), and other expression vectors
were transfected with Hieff Trans™ Liposomal Transfection
Reagent (Yeasen Biotech). Sixteen hours post transfection, cells
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were collected and lysed with the Passive Lysis Buffer (Cat No.
E1941; Promega, Wisconsin, USA). Firefly or Renilla luciferase
activities were detected using a Dual-Glo Luciferase assay system
(Cat No. E2920; Promega, Wisconsin, USA). Firefly luciferase
activities represent primary reporter expression and Renilla
luciferase activity was used for reporter normalization.

Confocal microscopy

Transfected Hela cells were sub cultured and grown on coverslips.
To detect STING status and cellular location, cells were fixed with
4% paraformaldehyde, permeated with Triton-X100, and incu-
bated in 5% FBS, and incubated in anti-Flag and following FITC
Conjugate Goat Anti-Rabbit IgG (H+L) reactivation at room
temperature. Cell images were captured by ZEISS laser scanning
confocal microscope (Zeiss LSM 900, Oberkochen, Germany). The
ZEISS ZEN Microscope software was used for operation and
acquisition. Percentages of foci formation cells were statistical
analyzed.

Mitochondrial activity

Mitochondrial activity was defined by membrane potential which
was visualized using the JC-1 staining (JC-1 MitoMP Detection Kit
Dojindo, MT09, Kumamoto, Japan). Images were captured using a
ZEISS laser scanning confocal microscope (Zeiss LSM 900). A ZEISS
ZEN Microscope software was used for operation.

Isolation of mitochondria and measurement of ratio of D-loop
EV-A71 infected or mock-infected cells were collected by 500 x g
centrifugation for 5 min at 4 °C, cell pellets were washed once with
pre-cooled PBS and resuspended in cold hypotonic buffer with
protease inhibitors (complete protease inhibitor cocktail tablets
(Roche)) added and were then lysed by Dounce homogeniza-
tion.®! Cell lysates were centrifuged at 500 x g for 10 min at 4 °C to
remove nuclear pellets, and the supernatants were transferred to a
new Eppendorf tube and then centrifuged at 5000 x g for 10 min
at 4°C to obtain the mitochondrial fraction (P5K) and the
nonmitochondrial cytosolic fraction (S5K). mtDNA was purified
from different fractions with DNA extraction Kit (D3396-01,
OMEGA, Norcross, Georgia) and followed to real-time gPCR
analysis using specific D-loop primers.8? The ratio of S5K to P5K
represent the relative discharge of mtDNA to the cytosol from
mitochondria.

Detection of 2'3'-cGAMP content in cells

EV-A71-infected cells were harvest with pre-cooled PBS and
lysed in M-PER™ lysis buffer (78501, Thermo Fisher). 2'3'-cGAMP
was measured with a competitive ELISA assay (501700, Cayman
Chemical). This assay is based on the competition between
native 2'3'-cGAMP in samples and a defined dose of 2'3'-cGAMP-
horseradish peroxidase (HRP) conjugate (2'3'-cGAMP-HRP Tra-
cer) for a limited amount of 2'3'-cGAMP Polyclonal Antiserum.
The quantification was operated according to the manufacturer
instructions.

Immunoprecipitation (Co-IP)

HEK-293T cells were seeded onto 10-cm dishes and transfected
with empty plasmids, expression plasmids, siRNA using the Hieff
Trans™ Liposomal Transfection Reagent (Yeasen Biotech) or
Lipofectamine RNAIMAX (Invitrogen, California, USA) complying
with the manufacturer’s instructions. At 24 h after transfection, the
cells were harvest with pre-cooled PBS and lysed in lysis buffer
(150mM NaCl, 0.5% NP-40, and complete protease inhibitor
cocktail tablets (Roche) with 50 mM Tris (pH 7.5)) on shakers at
4 °C for 60 min. Cell lysates were then centrifuged at 10,000 x g at
4 °C for 30 min. Supernatant were incubated with anti-Flag affinity
matrix (A-2220; Sigma-Aldrich) at 4 °C for 12 h on a rotator. Matrix
was then washed six times with wash buffer (20 mM Tris (pH 7.5),
100 mM NadCl, 0.05% Tween-20 and 0.1 mM EDTA). Following 6th
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wash, 50 pl elution buffer (100 mM glycine-HCI (pH 2.5)) was used
to resuspend the matrix, incubated for 5 min at room temperature.
The matrix was then centrifuged for 1 min at 6000 rpm and
supernatant containing the eluted proteins were obtained.

Statistical analysis

Data presented used mean values + standard error (mean * SE) of
three independent experiments. Two-tailed Student’s t-tests were
introduced to analyze the significance of the potential differences.
Differences were considered to be statistically significant at
*P<0.05, and highly significant at **P<0.01, ***P<0.001 and
***¥¥P < 0.0001.

DATA AVAILABILITY
Data generated and analyzed in the current study are included in this manuscript and
supplementary files.

ACKNOWLEDGEMENTS

This work was supported, in part, by following fundings: the National Natural Science
Foundation of China (number 31970151, 92169203, 81701988, 31900133, 82172239,
82102384, 32041006, 81772169), the National Natural Science Foundation of
Zhejiang Province (LQ21C010001 and LY22C080002), the Leading innovative and
Entrepreneur Team Introduction Program of Zhejiang (2019R01007). We thank Yifei
Shi kindly provided key reagents.

AUTHOR CONTRIBUTIONS

W.Z, RY., and Z.Z. completed most of the molecular biology experiments. F.X., Y.R,,
and J.S. participated in and assisted the above experiment. The immunoprecipitation
and the fluorescent confocal experiments were conducted by W.Z. and R.Y., and M.L.
Y.R. and J.S. contributed the key reagents. W.Z,, RY., and F.X. performed the viral
infection experiments. Z.Z. constructed relevant plasmids. Y.R, W.Z, RY., Z.Z, and
X-F.Y. completed data analysis and quality control. F.G,, and X.L. constructed cGAS
knock down cell line (THP-1 cGAS¥®) and performed relevant infection experiments.
X.-F.Y. and W.Z. directed the project, analyzed the data, and wrote the paper, with
help from all authors. All authors have read and approved the article.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541392-022-01287-2.

Competing interests: The authors declare no competing interests.

REFERENCES

1. Iwasaki, A. & Pillai, P. S. Innate immunity to influenza virus infection. Nat. Rev.
Immunol. 14, 315-328 (2014).

2. Altfeld, M. & Gale, M. Jr. Innate immunity against HIV-1 infection. Nat. Immunol.
16, 554-562 (2015).

3. Diamond, M. S. & Kanneganti, T. D. Innate immunity: the first line of defense
against SARS-CoV-2. Nat. Immunol. 23, 165-176 (2022).

4. Ablasser, A. et al. cGAS produces a 2'-5"-linked cyclic dinucleotide second mes-
senger that activates STING. Nature 498, 380-384 (2013).

5. Ooi, M. H,, Wong, S. C., Lewthwaite, P., Cardosa, M. J. & Solomon, T. Clinical
features, diagnosis, and management of enterovirus 71. Lancet Neurol. 9,
1097-1105 (2010).

6. Esposito, S. & Principi, N. Hand, foot and mouth disease: current knowledge on
clinical manifestations, epidemiology, aetiology and prevention. Eur. J. Clin.
Microbiol Infect. Dis. 37, 391-398 (2018).

7. Li, X. W. et al. Chinese guidelines for the diagnosis and treatment of hand, foot
and mouth disease (2018 edition). World J. Pediatr. 14, 437-447 (2008).

8. Plevka, P. et al. Structure of human enterovirus 71 in complex with a capsid-
binding inhibitor. Proc. Natl Acad. Sci. USA 110, 5463-5467 (2013).

9. Lee, K. M. et al. The RNA-dependent RNA polymerase of enterovirus A71
associates with ribosomal proteins and positively regulates protein translation.
RNA Biol. 17, 608-622 (2020).

10. Xiang, Q. et al. Beclin1 binds to enterovirus 71 3D protein to promote the virus
replication. Viruses 12, 756 (2020).

Signal Transduction and Targeted Therapy (2023)8:79

TRAF3 activates STING-mediated suppression of EV-A71 and target of viral...

Zheng et al.

11. You, L. et al. Enterovirus 71 induces neural cell apoptosis and autophagy through
promoting ACOX1 downregulation and ROS generation. Virulence 11, 537-553
(2020).

12. Pathinayake, P. S., Hsu, A. C. & Wark, P. A. Innate immunity and immune evasion
by enterovirus 71. Viruses 7, 6613-6630 (2015).

13. Chen, N. et al. Enterovirus 71 inhibits cellular type | interferon signaling by
inhibiting host RIG-I ubiquitination. Micro. Pathog. 100, 84-89 (2016).

14. Jin, Y, Zhang, R, Wu, W. & Duan, G. Antiviral and inflammatory cellular signaling
associated with enterovirus 71 infection. Viruses 10, 155 (2018).

15. Chen, K. R. et al. Toll-like receptor 3 is involved in detection of enterovirus A71
infection and targeted by viral 2A protease. Viruses 10, 689 (2018).

16. Matsumoto, M. & Seya, T. TLR3: interferon induction by double-stranded RNA
including poly(l:C). Adv. Drug Deliv. Rev. 60, 805-812 (2008).

17. Perez de Diego, R. et al. Human TRAF3 adaptor molecule deficiency leads to
impaired Toll-like receptor 3 response and susceptibility to herpes simplex
encephalitis. Immunity 33, 400-411 (2010).

18. Gao, D. et al. TLR3 controls constitutive IFN-beta antiviral immunity in human
fibroblasts and cortical neurons. J. Clin. Invest 131, e134529 (2021).

19. Yoneyama, M. et al. The RNA helicase RIG-I has an essential function in double-
stranded RNA-induced innate antiviral responses. Nat. Immunol. 5, 730-737
(2004).

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

21. Zust, R. et al. Ribose 2'-O-methylation provides a molecular signature for the
distinction of self and non-self MRNA dependent on the RNA sensor Mda5. Nat.
Immunol. 12, 137-143 (2011).

22. Wy, B. et al. Structural basis for dsRNA recognition, filament formation, and
antiviral signal activation by MDAS. Cell 152, 276-289 (2013).

23. Pichlmair, A. et al. RIG-I-mediated antiviral responses to single-stranded RNA
bearing 5’-phosphates. Science 314, 997-1001 (2006).

24. Rehwinkel, J. et al. RIG-I detects viral genomic RNA during negative-strand RNA
virus infection. Cell 140, 397-408 (2010).

25. Kuo, R. L, Kao, L. T, Lin, S. J., Wang, R. Y. & Shih, S. R. MDAS5 plays a crucial role in
enterovirus 71 RNA-mediated IRF3 activation. PLoS One 8, e63431 (2013).

26. Feng, Q. et al. Enterovirus 2Apro targets MDA5 and MAVS in infected cells. J. Virol.
88, 3369-3378 (2014).

27. Kuo, R. L. et al. Role of enteroviral RNA-dependent RNA polymerase in reg-
ulation of MDA5-mediated beta interferon activation. J. Virol. 93, e00132-19
(2019).

28. Meng, J. et al. ARRDC4 regulates enterovirus 71-induced innate immune
response by promoting K63 polyubiquitination of MDA5 through TRIM65. Cell
Death Dis. 8, e2866 (2017).

29. Pang, L. et al. A polymorphism in melanoma differentiation-associated gene 5
may be a risk factor for enterovirus 71 infection. Clin. Microbiol Infect. 20,
0711-0717 (2014).

30. Yang, W. et al. Foot-and-mouth disease virus 3A protein causes upregulation of
autophagy-related protein LRRC25 To inhibit the G3BP1-mediated RIG-like
helicase-signaling pathway. J. Virol. 94, €02086-19 (2020).

31. Lei, X. et al. The 3C protein of enterovirus 71 inhibits retinoid acid-inducible gene
I-mediated interferon regulatory factor 3 activation and type | interferon
responses. J. Virol. 84, 8051-8061 (2010).

32. Wang, B. et al. Enterovirus 71 protease 2Apro targets MAVS to inhibit anti-viral
type | interferon responses. PLoS Pathog. 9, e1003231 (2013).

33. Visser, L. J. et al. Essential role of enterovirus 2A protease in counteracting stress
granule formation and the induction of Type | interferon. J. Virol. 93, €00222-19
(2019).

34. Ishikawa, H., Ma, Z. & Barber, G. N. STING regulates intracellular DNA-mediated,
type | interferon-dependent innate immunity. Nature 461, 788-792 (2009).

35. Chen, Q, Sun, L. & Chen, Z. J. Regulation and function of the cGAS-STING
pathway of cytosolic DNA sensing. Nat. Immunol. 17, 1142-1149 (2016).

36. Burdette, D. L. et al. STING is a direct innate immune sensor of cyclic di-GMP.
Nature 478, 515-518 (2011).

37. Zhou, Z. et al. Sensing of cytoplasmic chromatin by cGAS activates innate
immune response in SARS-CoV-2 infection. Signal Transduct. Target Ther. 6, 382
(2021).

38. Liu, X. et al. SARS-CoV-2 spike protein-induced cell fusion activates the cGAS-
STING pathway and the interferon response. Sci. Signal 15, eabg8744 (2022).

39. Gentili, M. et al. Transmission of innate immune signaling by packaging of cGAMP
in viral particles. Science 349, 1232-1236 (2015).

40. Luteijn, R. D. et al. SLC19A1 transports immunoreactive cyclic dinucleotides.
Nature 573, 434-438 (2019).

41. Zhou, C. et al. Transfer of cGAMP into bystander cells via LRRC8 volume-regulated
anion channels augments STING-mediated interferon fesponses and anti-viral
immunity. Immunity 52, 767-781 (2020). e766.

SPRINGER NATURE

13


https://doi.org/10.1038/s41392-022-01287-2

TRAF3 activates STING-mediated suppression of EV-A71 and target of viral...

Zheng et al.

14

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Zhou, Y. et al. Blockade of the phagocytic receptor MerTK on tumor-associated
macrophages enhances P2X7R-dependent STING activation by tumor-derived
cGAMP. Immunity 52, 357-373 (2020). e359.

Holm, C. K. et al. Influenza A virus targets a cGAS-independent STING pathway
that controls enveloped RNA viruses. Nat. Commun. 7, 10680 (2016).

Lawrence, T. The nuclear factor NF-kappaB pathway in inflammation. Cold Spring
Harb. Perspect. Biol. 1, a001651 (2009).

Jin, J. et al. Noncanonical NF-kappaB pathway controls the production of type |
interferons in antiviral innate immunity. Immunity 40, 342-354 (2014).

Shih, V. F. et al. Control of RelB during dendritic cell activation integrates cano-
nical and noncanonical NF-kappaB pathways. Nat. Immunol. 13, 1162-1170
(2012).

Rui, Y. et al. Unique and complementary suppression of cGAS-STING and RNA
sensing- triggered innate immune responses by SARS-CoV-2 proteins. Signal
Transduct. Target Ther. 6, 123 (2021).

Domizio, J. D. et al. The cGAS-STING pathway drives type | IFN immunopathology
in COVID-19. Nature 603, 145-151 (2022).

Shih, C. et al. Immunocompetent and immunodeficient mouse models for
enterovirus 71 pathogenesis and therapy. Viruses 10, 1878-1889 (2018).

Kim, J. et al. VDAC oligomers form mitochondrial pores to release mtDNA frag-
ments and promote lupus-like disease. Science 366, 1531-1536 (2019).
Logrippo, G. A. & Hartman, F. W. Antigenicity of beta-propiolactone-inactivated
virus vaccines. J. Immunol. 75, 123-128 (1955).

Ma, Z. & Damania, B. The cGAS-STING defense pathway and its counteraction by
viruses. Cell Host Microbe 19, 150-158 (2016).

Su, J. et al. HIV-2/SIV Vpx targets a novel functional domain of STING to selectively
inhibit cGAS-STING-mediated NF-kappaB signalling. Nat. Microbiol 4, 2552-2564
(2019).

Lau, L, Gray, E. E, Brunette, R. L. & Stetson, D. B. DNA tumor virus oncogenes
antagonize the cGAS-STING DNA-sensing pathway. Science 350, 568-571 (2015).
Zhang, J. et al. Species-specific deamidation of cGAS by herpes simplex virus
UL37 protein facilitates viral replication. Cell Host Microbe 24, 234-248 (2018).
e235.

Vlahopoulos, S., Boldogh, I, Casola, A. & Brasier, A. R. Nuclear factor-kappaB-
dependent induction of interleukin-8 gene expression by tumor necrosis factor
alpha: evidence for an antioxidant sensitive activating pathway distinct from
nuclear translocation. Blood 94, 878-889 (1999).

Schneider, W. M., Chevillotte, M. D. & Rice, C. M. Interferon-stimulated genes: a
complex web of host defenses. Annu Rev. Immunol. 32, 513-545 (2014).

Saitoh, T. et al. Atg9a controls dsDNA-driven dynamic translocation of STING and
the innate immune response. Proc. Natl Acad. Sci. USA 106, 20842-20846 (2009).
Tanaka, Y. & Chen, Z. J. STING specifies IRF3 phosphorylation by TBK1 in the
cytosolic DNA signaling pathway. Sci. Signal 5, ra20 (2012).

Chen, X. et al. SARS coronavirus papain-like protease inhibits the type | interferon
signaling pathway through interaction with the STING-TRAF3-TBK1 complex.
Protein Cell 5, 369-381 (2014).

Cao, Z. et al. Methylcrotonoyl-CoA carboxylase 1 potentiates RLR-induced NF-
kappaB signaling by targeting MAVS complex. Sci. Rep. 6, 33557 (2016).

Xu, C. et al. USP4 positively regulates RLR-induced NF-kappaB activation by tar-
geting TRAF6 for K48-linked deubiquitination and inhibits enterovirus 71 repli-
cation. Sci. Rep. 8, 13418 (2018).

Lin, Y. L. et al. Enterovirus-71 virus-like particles induce the activation and
maturation of human monocyte-derived dendritic cells through TLR4 signaling.
PLoS One 9, e111496 (2014).

Wang, C. et al. Differential regulation of TLR signaling on the induction of antiviral
interferons in human lintestinal epithelial cells infected with enterovirus 71. PLoS
One 11, e0152177 (2016).

SPRINGERNATURE

65.
66.

67.
68.

69.
70.

71.

72.
73.
74.
75.
76.
77.
78.
79.

80.
81.

82.

Lei, X. et al. Cleavage of interferon regulatory factor 7 by enterovirus 71 3C
suppresses cellular responses. J. Virol. 87, 1690-1698 (2013).

Lei, X. et al. Enterovirus 71 3C inhibits cytokine expression through cleavage of
the TAK1/TAB1/TAB2/TAB3 complex. J. Virol. 88, 9830-9841 (2014).

Kato, K., Omura, H., Ishitani, R. & Nureki, O. Cyclic GMP-AMP as an endogenous
second messenger in innate immune signaling by cytosolic DNA. Annu Rev.
Biochem 86, 541-566 (2017).

Moriyama, M., Koshiba, T. & Ichinohe, T. Influenza A virus M2 protein triggers
mitochondrial DNA-mediated antiviral immune responses. Nat. Commun. 10,
4624 (2019).

Vidya, M. K. et al. Toll-like receptors: Significance, ligands, signaling pathways,
and functions in mammals. Int Rev. Immunol. 37, 20-36 (2018).

Xie, X. et al. Cell type-specific function of TRAF2 and TRAF3 in regulating type |
IFN induction. Cell Biosci. 9, 5 (2019).

Wang, C, Huang, Y., Sheng, J.,, Huang, H. & Zhou, J. Estrogen receptor alpha
inhibits RLR-mediated immune response via ubiquitinating TRAF3. Cell Signal 27,
1977-1983 (2015).

Zhu, W. et al. TRAF3IP3 mediates the recruitment of TRAF3 to MAVS for antiviral
innate immunity. EMBO J. 38, e102075 (2019).

Fitzgerald, K. A. et al. IKKepsilon and TBK1 are essential components of the
IRF3 signaling pathway. Nat. Immunol. 4, 491-496 (2003).

Hacker, H., Tseng, P. H. & Karin, M. Expanding TRAF function: TRAF3 as a tri-faced
immune regulator. Nat. Rev. Inmunol. 11, 457-468 (2011).

Chang, J. et al. Determinants of EV71 immunogenicity and protection against
lethal challenge in a mouse model. Immunol. Res 62, 306-315 (2015).

Wang, X. et al. Characterization of full-length enterovirus 71 strains from severe
and mild disease patients in northeastern China. PLoS One 7, €32405 (2012).
Wei, W. et al. ICAM-5/telencephalin is a functional entry receptor for enterovirus
D68. Cell Host Microbe 20, 631-641 (2016).

Wei, W. et al. Circulating HFMD-associated coxsackievirus A16 is genetically and
phenotypically distinct from the prototype CV-A16. PLoS One 9, €94746 (2014).
Li, Z. et al. Enterovirus 71 antagonizes the inhibition of the host intrinsic antiviral
factor A3G. Nucleic Acids Res 46, 11514-11527 (2018).

Zhang, W. et al. Cytidine deaminase APOBEC3B interacts with heterogeneous
nuclear ribonucleoprotein K and suppresses hepatitis B virus expression. Cell
Microbiol. 10, 112-121 (2008).

Barnett, K. C. et al. Phosphoinositide interactions position cGAS at the plasma
membrane to ensure efficient distinction between self- and viral DNA. Cell 176,
1432-1446 (2019). e1411.

Rongvaux, A. et al. Apoptotic caspases prevent the induction of type | interferons
by mitochondrial DNA. Cell 159, 1563-1577 (2014).

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Signal Transduction and Targeted Therapy (2023)8:79


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	TRAF3 activates STING-mediated suppression of EV-A71 and target of viral evasion
	Introduction
	Results
	EV-A71 infection triggers STING mediated immune activation and viral suppression
	EV-A71 infection inhibits cGAS-STING pathway activation
	2Apro EV-A71 inhibits cGAS-STING pathway activation
	TRAF3 is involved in cGAS-STING pathway activation and is a target of 2Apro of EV-A71
	2Apro of EV-A71 inhibits the anti-viral function of cGAS-STING activation

	Discussion
	Materials and methods
	Cell lines and viruses
	Antibodies and reagents
	Plasmids
	Cell transfection
	CPEs observation
	Viral titer determination
	Western blotting
	Real-time quantitative PCR (RT-qPCR)
	Luciferase activity
	Confocal microscopy
	Mitochondrial activity
	Isolation of mitochondria and measurement of ratio of D-loop
	Detection of 2&#x00027;3&#x00027;-cGAMP content in cells
	Immunoprecipitation (Co-IP)
	Statistical analysis

	Supplementary information
	Acknowledgements
	Author contributions
	ADDITIONAL INFORMATION
	References




