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Activation of the DNA-dependent innate immune pathway plays a pivotal role in the
host defense against poxvirus. Cyclic GMP-AMP synthase (CGAS) is a key cytosolic
DNA sensor that produces the cyclic dinucleotide cGMP-AMP (cGAMP) upon activa-
tion, which triggers stimulator of interferon genes (STING), leading to type | Interferons
(IFNs) production and an antiviral response. Ectromelia virus (ECTV) has emerged as a
valuable model for investigating the host-Orthopoxvirus relationship. However, the role
of cGas—Sting pathway in response to ECTV is not clearly understood. Here, we showed
that murine cells (L929 and RAW264.7) mount type | IFN responses to ECTV that are
dependent upon cGas, Sting, TANK binding kinase 1 (Tbk1), and interferon regulatory
factor 3 (Irf3) signaling. Disruption of cGas or Sting expression in mouse macrophages
blocked the type | IFN production and facilitated ECTV replication. Consistently, mice
deficient in cGas or Sting exhibited lower type | IFN levels and higher viral loads, and
are more susceptible to mousepox. Collectively, our study indicates that the cGas-Sting
pathway is critical for sensing of ECTV infection, inducing the type I IFN production, and
controlling ECTV replication.

Keywords: innate immunity, cGas, Sting, type | interferon, ectromelia virus

INTRODUCTION

Innate immune responses to pathogen infection are initiated with the recognition of microbial
pathogen-associated molecular patterns (PAMPs) through a limited number of germline-encoded
receptors called pattern-recognition receptors (PRRs) (1-3). PAMPs represent conserved molecule
motifs within a class of microbes that are recognized by cells of the innate immune system, which
include lipopolysaccharides, peptidoglycans, or nucleic acids (RNA and DNA) (2-4). PRRs exist in
the plasma or endosomal membranes, cytoplasm, and nucleus of some cell types to sense both extra-
cellular and intracellular infections (5-7). Nucleic acid-sensing PRRs are one of the major subsets
of PRRs that sense DNA and RNA (7-9). Some members of these membrane-bound PRRs, such
as Toll-like receptors (TLR3, 7, 8, and 9), are located in the endosomes that detect environmental
RNA or DNA, while others, such as the DNA sensors AIM2-like receptors (AIM2, IFI16, and IFIX)
and cyclic GMP-AMP synthase (cGAS), and the RNA sensors RIG-I-like receptors (RIG-I, MDAS5,
and LPG2), recognize microbial nucleic acid in the cytosol and/or nucleus (10-13). Following the
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recognition of microbial RNA or DNA, the PRRs are activated through conformational changes
or specific modifications that drive the induction of type I interferon (IFN) and pro-inflammatory
cytokines to protect the host from the invading pathogens (14-16).

Currently, an increasing number of studies have suggested that the cGAS-stimulator of
interferon genes (STING) pathway of cytosolic DNA sensing plays a major role in the immune
defense against microbial pathogens (17). Upon recognition of DNA viruses, retroviruses, and
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intracellular bacteria, cGAS catalyzes the formation of the
second messenger molecule cGMP-AMP (cGAMP), which
in turn associates with and activates the STING (17-19). The
activation of STING leads to its dimerization, relocalization,
and prion-like aggregation, which then associates with TANK
binding kinase 1 (TBK1) and causes the recruitment of inter-
feron regulatory factor 3 (IRF3) (5). IRF3 phosphorylates and
translocates to the nucleus where the production of type I IFNs
is induced (19-21). Furthermore, it has been reported that
STING acts as a direct sensor of cyclic dinucleotides such as mam-
malian 2'3’-cGAMP and prokaryotic 3'3'-cGAMP, c-di-GMP,
c-di-AMP, which can also induce the production of type I IFNs
(21,22).

Poxviruses are large, enveloped, double-stranded DNA viruses
that replicate entirely in the cytoplasm and cause human and vet-
erinary diseases. The orthopoxvirus (OPV) genus of Poxviridae,
including variola virus (VARV), vaccinia virus (VACV), monkey-
pox virus (MPXV), cowpox virus, and ectromelia virus (ECTV),
cause acute infections in their target hosts. Despite the eradication
of smallpox through a global vaccination campaign spearheaded
by the World Health Organization in the late 1970s, other OPVs
have been reported to persist in various animal species follow-
ing natural or experimental infections (23). Currently, with the
emergence of zoonotic MPXV, the outbreaks of VACV infections
in dairy cattle and their transmission to humans, and cases of
cowpox in humans, there is still great and essential significance
as well as interest in the molecular mechanisms of poxvirus infec-
tions and/or protection from OPV infections (24, 25). ECTV, a
mouse specific pathogen that causes mousepox, is closely related
to VARV and has been used as a model for the study of the patho-
genesis and immunobiology of OPV infection (26, 27).

Following ECTV infection, type I IFNs were shown to be
induced in vitro and in vivo (28, 29). C57BL/6 mice deficient in
Ifnarl, which encodes subunit 1 of IFNAR, an IFN a/f receptor,
are highly susceptible to ECTV infections (28, 30, 31). Studies
performed on murine cells and C57BL/6 mice have demonstrated
that the induction of type I IFNs in draining lymph nodes (dLNs)
during ECTV infections is because of the recognition of the virus
indirectly by the TLR9-MyD88-interferon response factor 7
(IRF7) pathway and directly by the STING-IRF7/nuclear factor
kappa B (NF-«xB) pathway (32). Mice deficient in TLRY and its
adaptor protein MyD88 show higher viral loads, more serious
pathology in the liver and spleen, and increased susceptible to
ECTYV infection than wild-type (WT) mice (31-34). Moreover,
C57BL/6 mice deficient in the transcription factors IRF7 and
NE-kB, which are downstream targets of both TLR9-MyD88 and
STING, are also highly susceptible to mousepox (32). Notably,
STING, as a critical adapter of the cytosolic DNA sensor, is also
essential for the resistance to lethal ECTV infections as well as the
expression of type I IFNs in the dLNs in vivo (32, 35). However,
Dai (DNA-dependent activator of IFN-regulatory factors), a
cytosolic DNA sensor upstream of STING, was demonstrated to
be less important for resistance to mousepox (32). Therefore, the
PRRs upstream of STING that contribute to the recognition of
ECTYV and resistance to mousepox remain unclear. In addition,
cGAS has been recently discovered to be a general cytosolic DNA
sensor upstream of STING that recognizes cytoplasmic DNA

derived from a large spectrum of DNA viruses, retroviruses, bac-
teria, fungi, and parasites (4-7). Not surprisingly, VACV as DNA
virus has the ability to trigger type I IFN production responses
via cGas-Sting pathway (36). However, it is currently not known
whether the cGAS is an important innate immune DNA sensor
also for ECTV infection.

Here, we examine the contribution of the cGas-Sting pathway
to the antiviral response to ECTV in vitro and in vivo. We showed
that murine L929 and RAW264.7 cells, but not NTH3T3 cells,
mount type I IFN responses against ECTV infection via the
cGas-Sting pathway. Disruption of cGas and Sting expression
by RNA interference or gene knockout impaired the expression
of type I IFNs at the mRNA or protein levels induced by the
virus. The induction of type I IFNs were abolished in TIr9™",
cGas™", Sting”~, Tbk1~~, and Irf37~ macrophages (RAW264.7
and peritoneal macrophages) and had significantly increased viral
titers in ¢cGas™~ and Sting™~ RAW264.7 cells, respectively, com-
pared with WT cells. We also demonstrate that ECTV infection
triggered the phosphorylation of Tbkl and Irf3. In vivo, mice
deficient in TIr9, cGas, or Sting blocked the production of type I
IFNs and showed higher viral loads and serious pathology in the
liver and spleen, and were more susceptible to lethality caused by
infections with ECTV as compared with WT mice. Our results
confirm that the cGas-Sting pathway is required for resistance to
ECTYV infections.

MATERIALS AND METHODS

Cells and Virus

Vero (African green monkey kidney cell line), L929 (murine
fibroblast cell line), NIH3T3 (murine embryo fibroblast cell line),
and HEK293T cells were obtained from the China Center for
Type Culture Collection, and were maintained in Dulbecco’s
Modified Eagle’s Medium (DMEM, Hyclone) supplemented with
10% sterile fetal bovine serum (Gibco), 100 IU of penicillin/mL,
and 100 pug/mL of streptomycin, and incubated at 37°C in the
presence of 5% CO,. RAW-Lucia ISG (rawl-isg), RAW-Lucia ISG-
KO-cGas (rawl-kocgas), RAW-Lucia ISG-KO-Sting (rawl-kostg),
RAW-Lucia ISG-KO-Irf3 (rawl-koirf3), and RAW-Lucia ISG-
KO-Tbk1 (rawl-kotbk) cells were purchased from the InvivoGen
company and were grown in DMEM (Gibco) supplemented with
10% sterile fetal bovine serum (Gibco), 100 ug/mL of Normocin,
and 200 pg/mL of Zeocin (InvivoGen).

The WT strain of ECTV was originally isolated from a natu-
rally infected laboratory mouse and then propagated in Vero cells
(37). Plaque-purified ECTV was serially passaged, and the virus
titer was measured by plaque assays on Vero cells. UV-inactivated
ECTYV was irradiated under short-wave (254 nm) ultraviolet light
for 2 h. The infectivity of UV-inactivated ECTV was confirmed
by the inability of the UV light-exposed viruses to produce a
cytopathic effect on the monolayers of Vero cells.

Plasmids

The murine cGas gene was amplified and cloned into the pCMV-
Tag2b vector with a FLAG tag on the N terminus. Expression
plasmids for HA-tagged Sting-wt (S-wt) (punolha-mstingwt) and
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Sting-gt (punol-msting-gt) were purchased from the InvivoGen
company, and their expressions were confirmed with immunob-
lotting. The IFN-f reporter and pRL-TK control plasmids for the
reporter luciferase assays used in the study were described else-
where (38). All constructs were confirmed using DNA sequencing.

Transfection and Luciferase Reporter
Assay

Transient transfection was carried out using the FuGENE® HD
transfection reagent (E2311, Promega) following the manu-
facturer’s instructions. HEK293T cells were seeded in 96-well
plates at a density of 1 X 10° cells/well and cultured until the cells
reached approximately 70-80% confluency. Next, 10 ng of pRL-
TK renilla luciferase reporter plasmid and 100 ng of IFN-f firefly
luciferase reporter plasmid were transfected together with 100 ng
of the indicated expression plasmids. After a 24-h transfection,
cells were stimulated with poly(dA:dT)/LyoVec (2 ug/mL), ISD/
LyoVec (1 pg/mL),2'3’-cGAMP (20 pg/mL), and ECTV (MOI of 1)
for 15 h, respectively. Luciferase activity was determined using
the Dual-Glo® Luciferase Assay System (E2920, Promega).

RNA Isolation and qRT-PCR

Total RNA was extracted from cellular or tissue (spleen)
samples using TRIzol reagent (Invitrogen), and first-strand
cDNA was synthesized using the PrimeScript RT reagent kit
(RR047A, TaKaRa) following the manufacturer’s instruc-
tions. SYBR Green premix (RR820A, TaKaRa) was used for
qRT-PCR with a Two Step Real-Time PCR Detection System
(Bio-Rad). The primer sequences used for the qPCR were as
follows: Ifn-o4, 5'-CCTGTGTGATGCAGGAACC-3’ and
5'-TCACCTCCCAGGCACAGA-3'; Ifn-p, 5'-CAGCTCCAAGA
AAGGACGAAC-3' and 5'-GGCAGTGTAACTCTTCTGC
AT-3'; Ifit], 5'-ACAGCAACCATGGGAGAGAATGCTG-3" and
5'-ACGTAGGCCAGGAGGTTGTGCAT-3'; p-actin, 5'-GGC
TGTATTCCCCTCCATCG-3" and 5-CCAGTTGGTAACAA
TGCCATGT-3'. Data were normalized to the mRNA levels of the
housekeeping gene p-actin. Relative gene expression data were
analyzed using the 2724 method.

RNA Interference

Chemically synthesized siRNA duplexes were obtained from
Gene-Pharma and transfected using the FuGENE® HD transfec-
tion reagent (E2311, Promega) according to the manufacturer’s
instructions. Briefly, a total of 1.0 X 10° L929 or NIH3T3 cells
were seeded onto 12-well plates and transfected at a density
of 80% with a final concentration of 100 nM of the indicated
siRNAs or si-NC. The siRNA oligonucleotides were as follows:
si-Sting, 5'-CGAAAUAACUGCCGCCUCATT-3; si-cGasl,
5-GAUUGAGCUACAAGAAUAUTT-3';si-cGas2,5-GAGGAA
AUCCGCUGAGUCATT-3'; and si-NC (negative control), 5'-UU
CUUCGAACGUGUCACGUTT-3'.

Enzyme-Linked Immunosorbent Assay
(ELISA)

RAW264.7 cells and peritoneal macrophages were stimulated
with virus or other reagents for the indicated times. Cell culture
supernatants and mouse serum were collected, and levels of

mouse IFN-B (439407, BioLegend) were measured according to
manufacturer’s instructions.

Western Blot Analysis

For the preparation of soluble cell extracts, harvested cells were
washed two times with cold phosphate-buffered saline (PBS)
and then were lysed in RIPA buffer containing protease and
phosphatase inhibitors (P0013, Beyotime Biotechnology, China).
The protein concentration of cell lysates was determined by bicin-
choninic acid (BCA) assay (QuantiPro BCA Assay Kit, Sigma-
Aldrich) according to the manufacturer’s instructions. Equal
amount of total protein (25 pg) was resolved by electrophoresis
on 12% Bis-Tris polyacrylamide gels (Shanghai Sangon Biotech,
China) and transferred to polyvinylidene fluoride membranes
(Immobilon-P Transfer membranes, Millipore). Membranes were
blocked for 2 h at room temperature in 5% (wt/vol) Tris-buffered
saline supplemented with 0.1% Tween 20 (TBST)-diluted bovine
serumalbumin (BSA, Amresco)buffer. Membraneswereincubated
with primary antibody diluted in 5% (wt/vol) BSA and 1x TSBT
at 4°C overnight. The primary antibodies used include anti-HA
(66006-1, Proteintech), anti-FLAG (F3165, Sigma-Aldrich), anti-
B-actin (60008-1, Proteintech), anti-cGas (#31659, Cell Signaling
Technology), anti-Irf3 (#4302, Cell Signaling Technology), anti-
Sting (#13647, Cell Signaling Technology), anti-Tbk1 (#3504, Cell
Signaling Technology), anti-phospho-Irf3 (#4947, Cell Signaling
Technology), and anti-phospho-Tbkl (#5483, Cell Signaling
Technology). Antibody signals were detected by the enhanced
chemiluminescence detection kit (#1705062, Bio-Rad) after
incubation with an appropriate secondary antibody conjugated to
horseradish peroxidase. All the membranes were imaged using the
ChemiDoc XRS* system (Bio-Rad).

Mice and Animal Experiments

Specific pathogen-free C57BL/6 mice (B6 strain) between 6 and
10 weeks of age were purchased from the Laboratory Animal
Center of Lanzhou Veterinary Research Institute (LVRI), Chinese
Academy of Agriculture Science (CAAS). The c¢Gas™~ [B6(C)-
Mb21d 1 AEUCoMMEmgu|T] - Stipgsst (C57BL/6]-Timem173%]), Irf3~/~
(B6; 129S6-Irf3"17/ TtgRbrc), and Tlr9~'~ (C57BL/6]-TlroM7r/
Mmjax) mice were originally purchased from the Jackson Labo-
ratory and were bred at the Laboratory Animal Centre of LVRI,
CAAS. Mice aged between 6 and 10 weeks were challenged with
3 X 10° or 1.0 X 10° plaque-forming units (PFU) of virus per
mouse by subcutaneous injection into the left footpad. Serum of
infected mice was collected at 6, 12, 24, and 48 h post-infection
(hpi) and 3, 5, and 7 days post-infection (dpi) for ELISA assay. For
the determination of survival, the mice were checked daily. For
viral titer, a portion of the spleen or liver was removed aseptically
from the mice and frozen at —70°C. The tissues from each mouse
were weighted and homogenized in PBS to a 10% (wt/vol) lysate.
The lysate was frozen and thawed three times and titrated by the
plaque-forming assay.

Generation of Murine Peritoneal

Macrophages
Murine peritoneal macrophages were generated as described
(39). Briefly, C57BL/6 mice (WT), Tlr9™"~, cGas™", Stings"¥', and
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Irf3~~ mice were injected with 1 mL of 3.8% Brewer thioglycollate
medium (T9032, Sigma-Aldrich) into the peritoneal cavity for
5 days. Then mice were euthanized by cervical dislocation and
pull back the abdominal skin to expose the transparent peritoneal
skin. Macrophages were collected by using syringes to inject cold
DPBS into the peritoneal cavity of each mouse. The peritoneal
fluid was centrifuged for 10 min to remove the supernatant. Cells
were resuspended and cultured in 12-well plates at a density of
1 X 10° cells/well. After an 18-h incubation, cells were infected
with ECTV (MOI, 5) for 15 or 18 h. Subsequently, the culture
media were collected for ELISA, and cells were harvested for
western blot analysis.

ECTV Genomic DNA Copy Number

and Viral Titer Measurements

Genomic DNA was extracted from the mouse spleen or liver
tissues using a viral RNA/DNA extraction kit (9766, TaKaRa)
according to manufacturer’s protocol. ECTV genomic DNA
copy numbers were determined by qPCR using ECTV P4b gene
specific primers: 5'-GTAGAACGACGCCAGAATAAGATA-3’
and 5'-AGAAGATATCAGACGATCCACAATC-3'. A standard
curve was established from a cloned DNA fragment of the ECTV
P4b gene (40). Cycle threshold (Ct) values obtained by the real-
time PCR were plotted on the standard curve to calculate the
viral DNA copy number. The titer of ECTV in the cellular and
tissue samples was measured by the plaque assay using Vero cells
in 12-well plates. Several 10-fold serial dilutions of the samples
were added to individual wells of Vero cell monolayers for 2 h.
After adsorption, the supernatants were removed, washed three
times in PBS, and then the cells were incubated with 1.0% (wt/vol)
high-viscosity carboxy-methyl cellulose (Sigma-Aldrich). At 6 dpi,
cells were fixed with 4% formalin for 4 h and then stained with
0.5% crystal violet solution for 20 min to visualize plaques.

Histological Analysis

Livers were harvested and fixed with 10% neutral buffered
formalin solution and then were embedded in paraffin. The par-
affin-embedded specimens were cut into 5-um sections and then
stained with hematoxylin and eosin. Each slide with the samples
was photographed with a digital optical microscope (Olympus,
Tokyo, Japan).

Statistical Analysis

Data are expressed as means =+ SD. Statistical analyses were per-
formed by one-way analysis of variance followed by the Duncan’s
multiple range test using the SPSS software (SPSS 18.0 for
Windows; SPSS, Chicago, IL, USA). For survival experiments, we
used the log-rank (Mantel-Cox). In all figures, ND, not detected;
ns, not significant; *P < 0.05; **P < 0.01; and ***P < 0.001.

RESULTS

ECTV-Induced Type | IFN Production
in L929 and RAW 264.7 Cells, but

Not in NIH3T3 Cells

To verify that an ECTV infection can induce type I IFNs produc-
tion, three cell lines including NIH3T3, L929, and RAW 264.7

were chosen for determining the expression of type I IFNs during
the ECTV infection. We found that ISD or ECTV-induced IFN-f3
production in L929 and RAW264.7 cells, but not in NIH3T3 cells
(Figure S1A in Supplementary Material). To assess the time course
of the induction of type I IFNs expression by the ECTV infection,
RAW?264.7 cells were infected with ECTV at an MOI of 5 and har-
vested for measuring the levels of IFN-a4 and IFN-f transcript
using qRT-PCR at the indicated time points. The expression
dynamics of IFN-a4 and IFN-f3 showed that the mRNA levels of
the two cytokines were upregulated and peaked at 18 hpi (Figures
S1D,E in Supplementary Material), which was consistent with the
protein levels of IFN-f as determined by ELISA (Figure SIF in
Supplementary Material). In addition, a dose dependency of type
I IFNs induced by ECTV in RAW264.7 cells was also confirmed
using increasing doses of virus from an MOI of 0.1-5. As shown
in Figures S1B,C in Supplementary Material, the expression levels
of IFN-a4 and IFN-f were increased with higher doses of ECTV,
which reached the highest level at an MOI of 5. We then used
an MOI of 5 for the ECTV infection in the rest of the in vitro
infection experiments reported in this paper.

Sting and cGas Are Required for the
Induction of IFN-p During the ECTV

Infection

In view of the importance of the cGAS-STING pathway in the
production of type I IFNs upon infections by DNA virus, we
hypothesize that the type I IFN gene expression induced by ECTV
mightbe through cGasand Sting. To investigate the roles of murine
cGas and Sting in response to the ECTV infection, we first com-
pared the ability of ECTV to stimulate cGas-induced pathways in
human cells. HEK293T cells were transfected with murine cGas
or in combination with Sting, and then infected/stimulated with
ECTYV, poly(dA:dT), ISD, or 2'3'-cGAMP. The protein levels of
cGas and Sting overexpressed in HEK293T cells were confirmed
by immunoblotting (Figure 1A). As previously mentioned, cGAS
and STING are poorly expressed in HEK293T cells (7, 41). As pre-
dicted, the increased IFN-f promoter activity was only observed
in cGas and Sting co-transfected cells (Figure 1B). Moreover,
the induction of the IFN-f promoter showed that all of the three
reagents and ECTV have stimulatory potency, and the triggered
IFN-pB response was entirely Sting-dependent. Consistent with
previous studies (42, 43), the magnitude of the IFN-p induction
by ISD was higher than others in cGas and Sting co-transfected
cells. HEK293T cells were then used to examine the role of Sting
in IFN-p expression during the infection. As compared with the
co-transfected treatment, HEK293T cells transfected with Sting
alone induced at lower levels of IFN-f expression (Figure 1C),
suggesting the Sting expression alone cannot entirely drive IFN-f
expression.

To validate the function of the cGas-Sting pathway in the
activation of IFN-p with ECTV, the induction of IFN-} expres-
sion by cGas and Sting in a dose-dependent manner was observed
during the ECTV infection (Figures 1D,E). In addition, we
tested the induction of the IFN-f promoter activated by ECTV
or UV-inactivated ECTV in the presence of cGas (50 ng) and/or
Sting (50 or 100 ng) (Figures 1E,G). As shown in Figures 1EG,
UV-inactivated ECTV can also induce the expression of IFN-f.
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FIGURE 1 | Sting and cGas are required for the induction of IFN-B during ectromelia virus (ECTV) infection. (A) Overexpressed cGas, Sting, and p-actin protein
levels in HEK293T cells were evaluated by Western blot. HEK293T cells (1 x 10°) were seeded in a 96-well plate and then were transfected with pRL-TK Renilla
luciferase reporter plasmid (10 ng/well), IFN- firefly luciferase reporter plasmids (100 ng/well), and together with cGas (100 ng/well), Sting (100 ng/well),

cGas + Sting (50 ng per plasmid per well), or vector only (100 ng/well) (B,C). After a 24-h transfection, cells were either stimulated with poly(dA:dT)/LyoVec

(2 pg/mLy, ISD/LyoVec (1 pg/mL), 2'3'-cGMP-AMP (cGAMP) (20 pg/mL), or infected with ECTV (MOI of 1) for 15 h, respectively. Luciferase activity was determined
using the Dual-Glo® Luciferase Assay System. (D) HEK293T cells were transfected with Sting expressing plasmid (50 ng/well), and increasing doses of plasmids
expressing cGas (25, 50, and 100 ng/well) combined with decreasing doses of vector (75, 50, and 0 ng/well). (E) HEK293T cells were transfected with increasing
doses of plasmids expressing Sting (25, 50, and 100 ng/well) combined with decreasing doses of vector (75, 50, and 0 ng/well). After a 24-h transfection, cells
were infected with ECTV at an MOI of 1 for 15 h. Expression of transfected cells with increasing doses cGas or Sting was examined by immunoblot analysis.
HEK293T cells were transfected with cyclic GMP-AMP synthase (CGAS) (50 ng) combined with Sting (50 ng) expressing plasmids (F) or Sting (100 ng) expressing
plasmids (G), and 24 h later, cells were infected with ECTV and UV-inactivated ECTV at an MOI of 1 for 15 h. Luciferase activity was determined using the Dual-Glo
Luciferase Assay System. All the data were averaged from three independent experiments in biological triplicate and represents mean + SD. Statistical analyses
were performed by a t-test (F,G) or one-way analysis of variance followed by the Duncan’s multiple range test (*P < 0.05; **P < 0.01; and ***P < 0.001).

As the host range of ECT'V is restricted, we next investigated the
roles of cGas and Sting in response to ECTV infection in murine
cells. NIH3T3 and L1929 cells were transfected with expression
plasmids or siRNAs for cGas or Sting, and then were infected
with ECTV. Overexpression or knockdown of cGas and Sting
in these two cell lines were confirmed by immunoblotting as
shown in Figure 2 and Figure S2 in Supplementary Material.
Overexpression of cGas or S-wt resulted in the increased induc-
tion of IFN-a, IFN-p, and Ifitl mRNA levels in ECTV-infected
L1929 cells, but which were non-existent in cells transfected with
Sting-gt (a point mutation that results in the loss of Sting expres-
sion) (Figure 2B). Expectedly, knockdown of either cGas or Sting
decreased the induction of IFN-a, IFN-f, and Ifit]l mRNA levels

in 1929 cells with the ECTV infection (Figure 2D). However, the
mRNA levels of the three molecules (IFN-a, IFN-f, and Ifitl)
showed no significant changes in NIH3T3 cells, and thus may
not have a function in the cGas-Sting pathway in this cell line
(Figures S2B,D in Supplementary Material). Therefore, this sug-
gests that the cGAS and STING may be responsible for sensing
ECTYV infections and inducing type I IFN expression.

ECTV Infection Induces the
Phosphorylation of Tbk1 and Irf3

It is well known that TBK1 and IRF3 are two important factors of
multiple antiviral signaling pathways, including cytosolic DNA
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FIGURE 2 | Sting and cGas are required for the induction of IFN-B during ectromelia virus (ECTV) infection in L929 cells. (A) Western blot analysis of overexpressed
cGas, Sting, and B-actin protein levels in L929 cells. (B) L929 (2 x 10°) cells were seeded in a 12-well plate and then were transfected with cGas, Sting-wt (S-wt),
Sting-gt (S-gt), or empty (Vec.) plasmids. Thirty hours after transfection, cells were infected with ECTV (MOI of 5) for 18 h, and then the mRNA levels of IFN-a, IFN-p,
and Ifit1 were analyzed by gPCR. (C) Western blot analysis of siRNA knockdown of cGas, Sting, and $-actin protein levels in L929 cells. (D) L929 (2 x 10°) cells
were seeded in a 12-well plate and then were transfected with siRNAs for cGas (si-C1 and si-C2), Sting (si-S), or si-NC (si-N). Thirty-six hours after transfection,
cells were infected with ECTV (MOI of 5) for 18 h, and then the mRNA levels of IFN-a, IFN-B, and Ifit1 were analyzed by gPCR. All the data represent mean + SD of
biological triplicates from at least three independent experiments. Statistical analyses were performed by one-way analysis of variance followed by the Duncan’s
multiple range test. Con. means control group, which cells were only infected with ECTV (MOI of 5). In this figure, *P < 0.05 and **P < 0.01.
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FIGURE 3 | Ectromelia virus (ECTV) infection induces the phosphorylation of Tok1 and Irf3. RAW264.7 cells (1 x 10°) were either stimulated with poly(dA:dT)/LyoVec
(2 pg/mL), ISD/LyoVec (1 pg/mL), 2'3"-cGMP-AMP (cGAMP) (20 pg/mL), or infected with ECTV (MOI of 5). The supernatants were collected at 18 h post-infection
(hpi) for determining the concentrations of IFN-B by using enzyme-linked immunosorbent assay (ELISA) (A), and cells were collected at 15, 18, and 24 hpi. All the
collected cells were used for western blot analysis using anti-phospho-Tbk1, anti-Tbk1, anti-phospho-Irf3, and anti-Irf3 (B). p-Actin was used as a loading control.
The ELISA data were averaged from three independent experiments in biological triplicate. The data were analyzed using a one-way analysis of variance followed by
the Duncan’s multiple range test. Results of western blot analysis shown are representative of three independent experiments (P < 0.05).

sensor signaling such as through the cGAS-STING signaling
pathway (44). We performed western blot analysis of ECTV-
infected 1929, NIH3T3, and RAW264.7 cells, and found that
the ECTV infection triggered Tbk1 and Irf3 phosphorylation in
RAW?264.7 and L929 cells, which reached peaks at 18 hpi (Figures
S3A,B in Supplementary Material), whereas it failed to do so in
NIH3TS3 cells (Figure S3C in Supplementary Material), indicating

that ECTV induced the levels of phosphorylation of Tbk1 and Irf3
in L929 and RAW264.7 cells in a cell type-dependent manner
(15, 45). In addition, upon stimulation with ISD and 2'3’-cGAMP,
the Irf3 and Tbk1 were phosphorylated, and IFN-f was secreted
in RAW264.7 cells (Figures 3A,B). Notably, much higher levels
of phosphorylation of Tbkl and Irf3 were stimulated by ISD
and 2'3’-cGAMP than by the ECTV infection, indicating that
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ECTV might express some potent immunomodulators that are
involved in the modulation of TBK1 and IRF3 phosphorylation.
Alternatively, this may be due to a stronger stimulation with the
concentrations of cGAMP or ISD.

The cGas-Sting-Tbk1-Irf3 Pathway Drives

the Early IFN Response to ECTV

The critical role of TIr9 for type I IFNs induction in ECTV-
infected mice has been recently emphasized (32). Other PRRs,
such as DAI, a receptor upstream of Sting, has been ruled out for
driving the expression of type IIFNs during ECTV infections (32).
As previously described, cGAS acts as a general cytosolic DNA
sensor upstream of STING that is responsible for the recognition
of several DNA viruses, including VACV, modified vaccinia virus
Ankara (MVA), herpes simplex virus 1 (HSV-1), murine gamma-
herpesvirus 68 (MHV68), Kaposi’s sarcoma-associated herpesvi-
rus, adenovirus, human papilloma viruses, hepatitis B virus, and
human cytomegalovirus (36, 41, 46-50). However, whether the
cGas also recognizes ECTV and induces the production of type
I IFNs are largely unknown so far. Subsequently, to investigate
the contributions of the cGas-Sting-Tbk1-Irf3 pathway for
driving the production of type I IFNs during the ECTV infec-
tion, cGas™", Sting™~, Tbk17~, and Irf3”~ RAW264.7 cells were
challenged with ECTV, and the secretion of IFN-f and levels of

phosphorylation of IRF3 and TBK1 were detected by ELISA and
immunoblotting, respectively. As shown in Figures 4A,B, we
found that ECTV-induced IFN-f secretion was reduced by nearly
82% in ¢Gas™" cells, while the Sting™~ cells nearly abolished the
secretion of IFN-f, which suggests the cGas deficiency might be
partially complemented by other receptors upstream of STING,
such as IFI16 (mouse: Ifi204) and DDX41. Similar to Sting™~
cells, ECTV-induced IFN-B secretion was barely detectable in
Tbk1~~and Irf37'~ cells (Figures 4C,D, respectively). In addition,
the phosphorylation levels of IRF3 and TBK1 were not detected
in these knockout cells by western blot analysis. As compared
with WT cells, Tbkl and Irf3 phosphorylation were severely
impaired in cGas-deficient cells (Figure 4A). Consistently, the
phosphorylation of Irf3 and Tbkl in Sting™~ cells appeared
weaker than in the WT cells (Figure 4B). As expected, cells
deficient in Tbk1 or Irf3 appeared to have weaker levels of Tbk1
or Irf3 phosphorylation, respectively (Figures 4C,D), indicating
other pathways involved in Tbk1 or Irf3 were activated during
the ECTV infection.

Furthermore, to confirm these results in primary cells, peri-
toneal macrophages were generated from WT, Tlr97~, cGas™",
Stings"¢', and Irf3”~ mice and the type I IFN induction and
phosphorylation of TBK1 or IRF3 upon ECTV infection were
evaluated. As shown in Figures 5A,B, the IFN-f secretion was
only detected in WT, cGas™~, and Stings"s' cells. As compared
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FIGURE 4 | The cGas-Sting-Tbk1-Irf3 pathway contributes to the induction of IFN-§ in RAW264.7 cells by ectromelia virus (ECTV). cGas™~ (A), Sting™~ (B),
Irf3~= (C), and Tbk1-~ (D) RAW264.7 and wild-type (WT) cells were infected with ECTV at an MOI of 5. Supernatants were collected 18 h post-infection (hpi) for
determining the concentrations of IFN- by using enzyme-linked immunosorbent assay (ELISA), and cells were collected at 15 and 18 hpi for western blot analysis
using anti-phospho-Tbk1, anti-Tbk1, anti-phospho-Irf3, and anti-Irf3. p-Actin was used as a loading control. The ELISA data are averaged from three independent
experiments in biological triplicate. Results of western blot analysis shown are representative of three independent experiments. The data were analyzed using a
t-test on SPSS software (P < 0.01 and ***P < 0.001).
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FIGURE 5 | Murine peritoneal macrophages response ectromelia virus (ECTV) infection was dependent on TIr9 and cGas-Sting-Irf3 pathway. Peritoneal
macrophages generated from wild-type (WT), cGas~~, Sting®’?', TIr9~~, and Irf3~~ mice were non-infected or infected with ECTV at an MOI of 5. Supernatants were
collected 18 h post-infection (hpi) for determining the concentrations of IFN-B by using enzyme-linked immunosorbent assay (ELISA) (A,B), and cells were collected
at 15 and 18 hpi for western blot analysis using anti-phospho-Tbk1, anti-Tbk1, anti-phospho-Irf3, and anti-Irf3 (C,D). p-Actin was used as a loading control. The
ELISA data were averaged from two independent experiments in biological triplicate. Results of western blot analysis shown are representative of two independent
experiments. The data were analyzed using a t-test on SPSS software. In this figure, ND, not detected; **P < 0.01 and ***P < 0.001.

with WT cells, ECTV-induced IFN-f secretion was reduced
by 70 and 86% in cGas™", and Stings”s' cells, respectively, while
the TIr9~~ and Irf37 cells abolished the secretion of IFN-f.
Similarly, the phosphorylation of TBK1 or IRF3 induced by
ECTYV were severely impaired in all these gene knockout perito-
neal macrophages (Figures 5C,D). Taken together, these results
definitively show that ECTV infection is capable of activating the
cGas-Sting-Tbk1-Irf3 axis and TIr9, leading to the transcription
of type I IFNG.

Sting and cGas Restrict ECTV

Replication in RAW264.7 Cells

It has been previously reported that STING has the ability to
control viral replication (15, 51, 52). To address whether the
cGas-Sting pathway has the ability to restrict ECTV replication,
cGas™~, Sting™~, and WT RAW264.7 cells were infected with two
doses (MOI of 0.1 and 5) of virus, and viral titers were assessed
after 24 and 48 hpi. Significant increases in the amount of viral
progeny released were observed in cGas™~ and Sting™~ cells
compared with WT cells at all time points. At a low MOI of 0.1,
cells deficient in Sting showed more increased viral replication
than those lacking cGas, which showed a fourfold and twofold
increase in Sting™~ and cGas™~ cells, respectively, as compared
with WT cells at 24 hpi (Figure 6A). At 48 hpi, similar results
were observed but a higher enhanced replication was observed in
knockout cells (20-fold and 5.7-fold in Sting™~ and cGas™~ cells,
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FIGURE 6 | Sting and cGas restrict ectromelia virus (ECTV) replication in
RAW264.7 cells. Sting~-, cGas~-, and wild-type (WT) cells were infected
with ECTV at an MOI of 0.1 (A) or 5 (B). After a 2-h incubation, the
supernatants were replaced with fresh medium supplemented with 1% fetal
bovine serum, and then the supernatants were collected at the indicated time
points for viral titer measurements by using the plaque assay. All the data
represent mean + SD of biological triplicates from at least three independent
experiments. The data were analyzed using a one-way analysis of variance
followed by the Duncan’s multiple range test (P < 0.01 and **P < 0.001).

respectively) (Figure 6A). Moreover, ECTV growth curves were
generated at an infection dose of MOI of 5. As compared with a
low infection dose, we observed reduced progeny release (3.2-
fold and 2.5-fold in Sting™~ and cGas™~ cells, respectively) at 48
hpi (Figure 6B). Collectively, these results demonstrate that cGas
and Sting have abilities to restrict ECTV replication in vitro.
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Sting and cGas Are Critical for
Mousepox Resistance In Vivo

Our in vitro studies reveal the cGas-Sting pathway plays an essen-
tial role in controlling ECTV infection via inducing the production
of type I IFNs. To further investigate whether the cGAS-STING
axis was required for resistance to mousepox in vivo, Tlr97",
cGas™~, Stings"¥, and WT C57BL/6 mice were infected with a
low (3 x 10° PFU per mouse) and high dose (1.0 X 10° PFU per
mouse) of ECTV in the footpad, respectively. We found that after
infection with a low dose (3 X 10° PFU per mouse) of ECTYV,
mice deficient in TIr9 (TIr9~-) or Sting (Sting®”s") were highly
susceptible to mousepox. In agreement with previous studies,
death occurred in 100% of TIr9~~ but only in 72.4% of Stings’s'
mice (Figure 7A). However, mice lacking cGas (cGas™~) showed
no lethality, similar to WT mice. Consistently, viral genome copy
number and viral loads in the livers and spleens of TIr9~~ and
Stings”¢" mice but not of ¢Gas™~ mice were significantly higher
than in WT mice (Figures 7D-G). Moreover, the livers of
TIr9~"~ and Sting®”s mice showed severe pathology as determined
by histology, which were mild in both ¢Gas™”~ and WT mice
(Figure 7C). More infiltration of inflammatory cells and massive
necrosis were observed in the livers of TIr9~~ and Stings”s' mice.
We next assayed the mRNA levels of IFN-f in the spleen at 3 dpi
as well as the secretion of IFN-f in the serum of infected mice
at 6, 12, 24, and 48 hpi and 3, 5, and 7 dpi. Unfortunately, none

of the serum samples from all the infected mice were detectable.
The expression of IFN-f in the spleens was significantly lower in
TIr97'~ and Stings"¢' but not in cGas™~ and WT mice (Figure 7B).
Nevertheless, TIr9~~ mice expressed significantly lower levels of
IFN-f than Sting®”s' mice (Figure 7B). Thus, TIr9~”~ and Stings”
¢ mice are both critical for resistance to ECTV infection at a
relatively low dose.

Considering the results obtained from a low dose of infection,
we found slightly reduced expression of IFN-f, mild pathology,
and higher viralloads in cGas™~ mice than in WT mice; therefore,
a lethal dose of virus (1.0 X 10° PFU per mouse) was used for
further animal infections. Similar to the low infection dose,
TIr9~~ and Stingés' mice were more susceptible to ECTV infec-
tion, but both resulted in 100% mortality. The cGas™~ mice had a
lower survival rate (14%) and succumbed to disease more rapidly
than WT mice. All TIr97~ mice died between 5 and 6 dpi, and
viral loads, viral genome copy number, and pathology were there-
fore only performed in the remaining three groups (Figure 8A).
Accordingly, vial genome copy number and viral loads in the
livers and spleens of Sting®’s’ and c¢Gas™~ mice were higher
than in WT mice (Figures 8D-G). Meanwhile, the Stings”s' and
cGas™~ mice showed more infiltration of inflammatory cells and
more severe bridging necrosis than WT mice as determined by
histology (Figure 8C). Furthermore, the expressions of IFN-f in
the spleens of TIr9~/~, Stings”¢', and cGas~~ mice were significantly
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lower than that in WT mice (Figure 8B). Thus, in addition to
TIr9, the cGas—Sting pathway is also essential for survival against
ECTYV infections.

DISCUSSION

Recognition of pathogen-derived DNA is a vital strategy by
which the innate immune system responds to microbial inva-
sions. Atypical or mislocalized DNA can engage multiple innate
immune pathways to trigger the production of type I IFNs and
the establishment of the cellular antiviral state (53). TLR9 is a
receptor for unmethylated CpG DNA motifs presents in the
endosomal membranes of phagocytic cells. Signaling through
TIr9 is induced by ECTV to produce type I IFNs responses in
plasmacytoid dendritic cells (pDCs) but not in classical dendritic
cells (cDCs) (33). The recognition of ECTV in a Tlr9-dependent
manner to produce type I IFNs has been well established in vitro
and in vivo (32-34). Experimentally, Tlr9 has been concluded
to be the only TLR required for mousepox resistance by ruling
out other TLR members (32). Recently, Sting, a critical mediator
of the cytosolic DNA-sensing pathway, has been confirmed to
have essential roles in the resistance to ECTV infections (32). In
addition, the cGAS-STING pathway is emerging as the dominant
cytosolic DNA-sensing pathway in infections by DNA viruses
(5, 8, 19). Furthermore, it has recently been demonstrated that

Dai was not the critical DNA sensor upstream of Sting for the
recognition of ECTV infection and the induction of type I IFNs
(32). However, the receptor upstream of Sting that senses ECTV
to drive the expression of type I IFNs has not yet been identified.
Therefore, we hypothesized that the cGas-Sting pathway contrib-
utes to the production of type I IFNs in ECT V-infected cells.
Using the in vitro ECTV-infection model, we have demon-
strated that ECTV induces type I IFN production in L929 and
RAW264.7 cells, but not in NIH3T3 cells. Similarly, ECTV can
stimulate the production of IFN-a in pDCs but not in cDCs (33).
Consistent with the determination of the phosphorylation of
TBK1 and IRF3, ECTV infections triggered the phosphorylation
of Tbk1 and Irf3 in L929 and RAW264.7 cells, whereas it fails to
do so in NIH3T3 cells. Moreover, overexpression or knockdown
levels of cGas and Sting have no significant effect on type I IFN
expression levels in ECT V-infected NIH3T3 cells. As described
in previous studies, not all cell lines are able to respond to DNA
viruses or cytosolic DNA, and the deficiency or poor expression of
some key factors involved in the innate immune response results
in the failure of type I IFN production (45). Thus, the NIH3T3
cell line is not suitable for the study of innate immune pathways.
In addition, the IFN-f luciferase promoter assay revealed that
overexpression of cGas and Sting can induce IFN-f promoter
activation following an ECTV infection. Accordingly, the cGas or
Sting-activating ligands ISD and 2'3’-cGAMP displayed higher
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sensor for the activation of IFN responses during an ECTV infection.

FIGURE 9 | Proposed model for illustrating the essential roles of DNA sensors in recognition and innate interferons (IFNs) production during ectromelia virus (ECTV)
infection. Upon viral entry, some of ECTV virions are processed in the endosome, and viral DNA is firstly detected by TIr9, which signals through the Myd88-Irf7 axis
to promote expression of type | IFNs. Moreover, some of viral DNA is detected by the cytosolic DNA sensor cGas, and cGas catalyzes the formation of cGMP-AMP
(cGAMP), which through the Sting-Tbk1-Irf3/7 axis leads to the activation of IFN responses. Other cytosolic DNA sensors, including Ifi204 and Ddx41, potentially
recognize viral DNA present in the cytoplasm for the activation of IFN responses. DA, one of the receptors upstream of Sting, has been ruled out as the critical DNA

SN -

stimulatory potency but not poly(dA:dT). As for poly(dA:dT),
this ligand has no effect on the induction of type I IFN in the
absence or presence of cGas or Sting, and it is possible that
the RNA polylII-RIG-I pathway is involved in a poly(dA:dT)
mediated-IFN response (42, 54). ECTV encodes host-response
modifiers (HRMs) of both NF-xB and type I IFN pathways
(55-58). The mechanism of action of HRMs to inhibit the host
immune response is by disrupting receptor-ligand interactions
but also acts through impeding cytokine secretion or modulating
post-ligation signaling (55, 56). Thus, the lower levels of IFN-f
expression induced by ECTV may result from the modification of
the type I IFN pathways by ECTV-encoded HRMs. Alternatively,
a higher stimulatory potency of ISD and 2'3’-cGAMP is observed
because they are “pure” ligands. Moreover, compared with ISD
and 2'3’-cGAMBP, the lower levels of phosphorylation of Irf3 and
Tbk1 induced by ECTV needs to be more fully confirmed in
future studies.

The STING has been identified as a pivotal signaling adaptor
for the cytosolic DNA sensors and the induction of type I IFN.
Besides cGAS, a series of studies have established several other
cytosolic DNA sensors utilizing STING as an adaptor, including
IF116 (mouse: Ifi204), DAL and DDX41 (54, 59, 60). We found
nearly 97 and 86% reduced IFN-B induction in ECT V-infected
Sting™~ RAW264.7 cells and Stingt”s' peritoneal macrophages,
respectively, whereas IFN-f induction was reduced by 82% in
cGas-deficient RAW264.7 cells and 70% in c¢Gas™~ peritoneal
macrophages, suggesting other Sting-dependent DNA sensors
might also be involved in the IFN-f production. However, Dai
has been ruled out as the DNA receptor upstream of Sting for

the recognition of ECTV in vivo because no differences were
observed in the survival rate and type I IFNs expression between
Dai~~ and WT mice (32). We have not yet determined the con-
tributions of 1fi204 and Ddx41 to the induction of type I IFN
production in ECTV infections. However, data from modified
vaccinia virus Ankara (MVA), an attenuated VACV also belong-
ing to OPV, showed that DDX41 is required for the MVA-induced
phosphorylation of TBK1 and IRF3 in macrophages, and no
significant differences were observed for MVA-induced type
I IFN production in IFI16-deficient ¢cDCs, as compared with
WT cells (36). Thus, the exact functions of Ifi204 and Ddx41
or other specific candidate receptors in the resistance to ECTV
need to be investigated in the future. Alternatively, an STING-
dependent but cGAS-independent pathway was reported in the
production of type I IFN and ISGs, which was stimulated by
membrane perturbation, including virus-cell fusion, liposome-
cell fusion or cell-cell fusion that act as a danger signal (61, 62).
Here, the different reduction of IFN-f in Sting-deficient and
cGas-deficient macrophages could originate from the capacity of
STING to sense the viral particles directly. Therefore, it should be
pointed out that an indirect activity of cGas cannot be ruled out
for the production of type I IFN through STING-dependent but
cGAS-independent pathway in this study.

ECTYV causes a lethal infection to mice but displays different
pathogenicity among different mouse genotypes (63). It was
established that C57BL/6 mice were classified as resistant, with
a 50% lethal dose (LDsp) > 10° PFU, whereas BALB/c mice are
susceptible (LDs, < 10 PFU) to ECTV infection (64). Using
two infection doses, 3 X 10®> PFU and 10° PFU, data from the
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survival rates, pathology, and IFN- induction of infected mice
revealed the importance of TIr9 in the resistance to mousepox,
which is consistent with the recent finding that TIr9 is the only
TLR required for resistance to mousepox. By contrast, the role
of cGas in the resistance to mousepox is not outstanding at the
low dose of infection, but its importance was highlighted at the
high dose of infection, which suggests that a weak or no role
of cGas-Sting pathway is involved at a low dose of infection.
However, mice deficient in Sting are more susceptible to mouse-
pox than cGas-deficient mice, suggesting other Sting-dependent
pathways might sense ECTV to drive type I IFN expression. As
mentioned earlier, Dai has been ruled out, and Ifi204 and Ddx41
need to be further evaluated. Fortunately, it has been established
that the production of IFN-a is mostly through Sting-Irf3 and
the production of IFN-f is through Sting-NF-kB (31, 32).
We therefore postulate that when the viral particle fuses to
the cell membrane, the ECTV genomic DNA are endocytosed
and are sensed by TLR9 in the endosomal/lysosomal compart-
ment. On the other hand, the ECTV capsid is broken down
in the cytoplasm, triggering leakage of the viral DNA into the
cytoplasm and leading to the detection of viral DNA by cGas
and other cytosolic DNA sensors, and the expression of type I
IFNs through the Sting adapter (Figure 9). In addition, it has
been shown that TLR9 contributes to the production of type I
IEFNs to systemic viral infections, while cytosolic nucleic acid
sensors including cGAS, IFI16 (mouse: Ifi204), RIG-I, and
MDAS5 mediate local immune responses to viral infections (36).
Notably, the secretion of IFN-f in the serum of all mice through
a subcutaneous infection was undetectable in our study, sug-
gesting the cGas-Sting pathway might be responsible for local
type I IFNs production at the early stage of ECTV infections.
Furthermore, at the late stage of viral infections, TIr9 may
contribute to the production of type I IFNs in a systemic ECTV
infection. Moreover, AIM2 is another cytosolic DNA sensor but
activates ASC-caspase-1-dependent inflammasome in response
to cytosolic dsDNA, leading to the generation of IL-1f and
1L-18 (65, 66). However, AIM2 inflammasome can attenuate
c¢GAS-STING-mediated type I IFNs production in resistance to
VACYV, HSV-1, VSV, and SeV infections (8). Also, we found that
Aim2™~ and caspase-1~"~ mice were resistant to ECTV infection
compared with the WT mice, which was associated with lower
viral loads and milder pathology in the spleens and livers of
Aim27'~ and caspase-1~'~ mice (unpublished data). Interestingly,
a recent published study has reported that Irf7 is necessary for
TIr9-Myd88 and Sting-Irf7/NF-xB pathway the expression of
pro-inflammatory cytokines and type I IFNs, respectively, but
not Irf3, with ECTV infection in vivo (31, 32). However, we
found that Irf3 is required for the ECTV-induced type I IFN
production in vitro, but the roles of Irf3/7 in the induction of
pro-inflammatory cytokines and type I IFNs are not investigated
in vitro and/or in vivo, and would need to be confirmed in future
studies. In addition, cGAS triggers innate immune responses
through the production of the second messenger cGAMP, which
binds and activates the STING, and ultimately leads to induction
of type I IFNs by the activation of the TBK1 and IRF3. Then,
further studies are needed to elucidate whether the cGAMP is
produced upon ECTYV infection.

In summary, we present data demonstrating the critical role
of the cGas-Sting pathway in ECT V-induced type I IFN produc-
tion in vitro and in vivo. ECTV was sensed by cGas and induced
the production of type I IFN through the Sting-Tbk1-Irf3 axis
to restrict the replication of virus. Although the importance of
the Tlr9-Myd88 pathway in mousepox resistance has been well
established, the cytosolic DNA-sensing pathways, especially the
cGas-Sting pathway, also act sequentially to orchestrate resist-
ance to ECTV infection.
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FIGURE S1 | Ectromelia virus (ECTV) induces type | IFN production in L929 and
RAW264.7 cells. (A) NIH3T3, L929, and RAW264.7 cells were either stimulated
with ISD (at a final concentration of 1 pg/mL) or infected with ECTV at an MOI of
5. Supernatants were collected at 18 h post-infection (hpi). The concentrations of
IFN-p in supernatants were determined by enzyme-linked immunosorbent assay
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(ELISA). RAW264.7 cells (1 x 10° were infected with ECTV at an MOI of 0.1, 0.5,
1, 2, or 5. Subsequently, cells were washed twice with cold phosphate-buffered
saline and were collected at 18 hpi. Total RNA was extracted using TRIzol
reagent and reverse transcribed into cDNA, which was used to determine the
relative mRNA levels of IFN-a (B) and IFN-B (C). RAW264.7 cells (1 x 10°) were
infected with ECTV at an MOI of 5. Cells and supernatants were separately
collected at 0, 4, 8, 12, 15, 18, and 24 hpi. Total RNA was extracted using
TRIzol Reagent and reverse transcribed into cDNA, which was determined the
relative mRNA levels of IFN-a (D) and IFN-$ (E). The concentrations of IFN-p in
supernatants were determined by ELISA (F). All results are shown as mean + SD
from four independent experiments. Statistical analyses were performed by
one-way analysis of variance followed by the Duncan’s multiple range test.

In this figure, ND, not detected.

FIGURE S2 | Sting and cGas are not required for the induction of IFN-B during
ectromelia virus (ECTV) infection in NIH3T3 cells. (A) Western blot analysis of
overexpressed cGas, Sting, and p-actin protein levels in NIH3T3 cells. (B)
NIH3T3 (1 x 109 cells were seeded in a 12-well plate and then were transfected
with cGas, Sting-wt (S-wt), Sting-gt (S-gt), or empty (Vec.) plasmids. Thirty hours

REFERENCES

1. WuJ, Chen ZJ. Innate immune sensing and signaling of cytosolic nucleic acids.
Annu Rev Immunol (2014) 32:461-88. doi:10.1146/annurev-immunol-032713-
120156

2. Cao X. Self-regulation and cross-regulation of pattern-recognition receptor
signaling in health and disease. Nat Rev Immunol (2016) 16:35-50. doi:10.1038/
nri.2015.8

3. Broz P, Monack DM. Newly described pattern recognition receptors team
up against intracellular pathogens. Nat Rev Immunol (2013) 13:551-65.
doi:10.1038/nri3479

4. Kieser KJ, Kagan JC. Multi-receptor detection of individual bacterial prod-
ucts by the innate immune system. Nat Rev Immunol (2017) 17:376-90.
do0i:10.1038/nri.2017.25

5. Tao J, Zhou X, Jiang Z. cGAS-cGAMP-STING: the three musketeers of cyto-
solic DNA sensing and signaling. [IUBMB Life (2016) 68:858-70. d0i:10.1002/
iub.1566

6. Gao ], Tao J, Liang W, Jiang Z. Cyclic (di)nucleotides: the common lan-
guage shared by microbe and host. Curr Opin Microbiol (2016) 30:79-87.
doi:10.1016/j.mib.2015.12.005

7. Sun W, Li Y, Chen L, Chen H, You F, Zhou X, et al. ERIS, an endoplasmic
reticulum IFN stimulator, activates innate immune signaling through
dimerization. Proc Natl Acad Sci U S A (2009) 106:8653-8. doi:10.1073/pnas.
0900850106

8. Wang Y, Ning X, Gao P, Wu S, Sha M, Lv M, et al. Inflammasome activation
triggers caspase-1-mediated cleavage of cGAS to regulate responses to DNA
virus infection. Immunity (2017) 46:393-404. doi:10.1016/j.immuni.2017.
02.011

9. Jose SS, Bendickova K, Kepak T, Krenova Z, Fric J. Chronic inflammation
in immune aging: role of pattern recognition receptor crosstalk with the
telomere complex? Front Immunol (2017) 8:1078. doi:10.3389/fimmu.2017.
01078

10. Liu CH, Liu H, Ge B. Innate immunity in tuberculosis: host defense vs
pathogen evasion. Cell Mol Immunol (2017) 14(12):963-75. doi:10.1038/cmi.
2017.88

11. Rosadini CV, Kagan JC. Microbial strategies for antagonizing toll-like-
receptor signal transduction. Curr Opin Immunol (2015) 32:61-70. doi:10.1016/j.
€0i.2014.12.011

12. Majer O, Liu B, Barton GM. Nucleic acid-sensing TLRs: trafficking and
regulation. Curr Opin Immunol (2017) 44:26-33. doi:10.1016/j.c0i.2016.
10.003

13. Hu MM, Liao CY, Yang Q, Xie XQ, Shu HB. Innate immunity to RNA virus is
regulated by temporal and reversible sumoylation of RIG-I and MDA5. ] Exp
Med (2017) 214:973-89. doi:10.1084/jem.20161015

14. Hu MM, Xie XQ, Yang Q, Liao CY, Ye W, Lin H, et al. TRIM38 negatively
regulates TLR3/4-mediated innate immune and inflammatory responses by
two sequential and distinct mechanisms. J Immunol (2015) 195:4415-25.
doi:10.4049/jimmunol. 1500859

after transfection, cells were infected with ECTV (MOI of 5) for 18 h, and then
the mRNA levels of IFN-a, IFN-p, and Ifit1 were analyzed by gPCR. (C) Western
blot analysis of siRNA knockdown of cGas, Sting, and B-actin protein levels in
NIH3T3 cells. (D) NIH3T3 (1 x 10°) cells were seeded in a 12-well plate and then
were transfected with siRNAs for cGas (si-C1 and si-C2), Sting (si-S), or si-NC
(si-N). Thirty-six hours after transfection, cells were infected with ECTV (MOI of 5)
for 18 h, and then the mRNA levels of IFN-a, IFN-B, and Ifit1 were analyzed by
gPCR. All the data represent mean + SD of biological triplicates from at least
three independent experiments. Statistical analyses were performed by one-way
analysis of variance followed by the Duncan’s multiple range test. Con. means
control group, which cells were only infected with ECTV (MOl of 5).

FIGURE S3 | Ectromelia virus (ECTV) infection induces the phosphorylation of
Tbk1 and Irf3 in L929 cells and RAW264.7 cells, but not in NIH3T3 cells. L929
cells (A) and NIH3T3 cells (C) (1 x 10% were uninfected or infected with ECTV
at an MOI of 5 and were collected at 4, 8, 12, 15, 18, and 24 h post-infection
(hpi). (B) RAW264.7 cells (1 x 10°) were uninfected or infected with ECTV at
an MOI of 5 and were collected at 3, 6, 12, 18, and 24 hpi. Results shown
are representative of three independent experiments.

15. Ran'Y, Shu HB, Wang YY. MITA/STING: a central and multifaceted mediator
in innate immune response. Cytokine Growth Factor Rev (2014) 25:631-9.
doi:10.1016/j.cytogfr.2014.05.003

16. Li Q Yan J, Mao AP, Li C, Ran Y, Shu HB, et al. Tripartite motif 8 (TRIMS)
modulates TNFa- and IL-1p-triggered NF-kB activation by targeting TAK1 for
K63-linked polyubiquitination. Proc Natl Acad Sci U S A (2011) 108:19341-6.
doi:10.1073/pnas.1110946108

17. Gao D, Wu J, Wu YT, Du E Aroh C, Yan N, et al. Cyclic GMP-AMP synthase
is an innate immune sensor of HIV and other retroviruses. Science (2013)
341:903-6. doi:10.1126/science.1240933

18. Herzner AM, Hagmann CA, Goldeck M, Wolter S, Kiibler K, Wittmann §,
et al. Sequence-specific activation of the DNA sensor cGAS by Y-form DNA
structures as found in primary HIV-1 cDNA. Nat Immunol (2015) 16:1025-33.
doi:10.1038/ni.3267

19. Xia P, Wang S, Gao P, Gao G, Fan Z. DNA sensor cGAS-mediated immune
recognition. Protein Cell (2016) 7:777-91. d0i:10.1007/s13238-016-0320-3

20. Santhakumar D, Rubbenstroth D, Martinez-Sobrido L, Munir M. Avian
Interferons and their antiviral effectors. Front Immunol (2017) 8:49. doi:10.3389/
fimmu.2017.00049

21. Shu C, Li X, Li P. The mechanism of double-stranded DNA sensing through
the cGAS-STING pathway. Cytokine Growth Factor Rev (2014) 25:641-8.
doi:10.1016/j.cytogfr.2014.06.006

22. Ablasser A, Schmid-Burgk JL, Hemmerling I, Horvath GL, Schmidt T, Latz E,
et al. Cell intrinsic immunity spreads to bystander cells via the intercellular
transfer of cGAMP. Nature (2013) 503:530-4. doi:10.1038/nature12640

23. Damon IK, Damaso CR, McFadden G. Are we there yet? The smallpox research
agenda using variola virus. PLoS Pathog (2014) 10:1004108. doi:10.1371/
journal.ppat.1004108

24. Arita I, Francis D. Is it time to destroy the smallpox virus? Science (2014)
345:1010. doi:10.1126/science.345.6200.1010-a

25. Reardon S. ‘Forgotten’ NIH smallpox virus languishes on death row. Nature
(2014) 514:544. doi:10.1038/514544a

26. Garver J, Weber L, Vela EM, Anderson M, Warren R, Merchlinsky M, et al.
Ectromelia virus disease characterization in the BALB/c mouse: a surrogate
model for assessment of smallpox medical countermeasures. Viruses (2016)
8:7. doi:10.3390/v8070203

27. Usme-Ciro JA, Paredes A, Walteros DM, Tolosa-Pérez EN, Laiton-Donato K,
Pinzén MD, et al. Detection and molecular characterization of zoonotic
poxviruses circulating in the Amazon Region of Colombia, 2014. Emerg Infect
Dis (2017) 23:649-53. doi:10.3201/eid2304.161041

28. Sigal LJ. The pathogenesis and immunobiology of mousepox. Adv Immunol
(2016) 129:251-76. d0i:10.1016/bs.ai.2015.10.001

29. Dolega P, Szulc-Dabrowska L, Bossowska M, Mielcarska M, Nowak Z, Toka FN.
Innate immune gene transcript level associated with the infection of macro-
phages with ectromelia virus in two different mouse strains. Viral Immunol
(2017) 30:315-29. d0i:10.1089/vim.2016.0173

30. Xu RH, Cohen M, Tang Y, Lazear E, Whitbeck JC, Eisenberg R], et al. The
orthopoxvirus type I IFN binding protein is essential for virulence and an

Frontiers in Immunology | www.frontiersin.org

June 2018 | Volume 9 | Article 1297


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1146/annurev-immunol-032713-
120156
https://doi.org/10.1146/annurev-immunol-032713-
120156
https://doi.org/10.1038/
nri.2015.8
https://doi.org/10.1038/
nri.2015.8
https://doi.org/10.1038/nri3479
https://doi.org/10.1038/nri.2017.25
https://doi.org/10.1002/iub.1566
https://doi.org/10.1002/iub.1566
https://doi.org/10.1016/j.mib.2015.12.005
https://doi.org/10.1073/pnas.
0900850106
https://doi.org/10.1073/pnas.
0900850106
https://doi.org/10.1016/j.immuni.2017.
02.011
https://doi.org/10.1016/j.immuni.2017.
02.011
https://doi.org/10.3389/fimmu.2017.
01078
https://doi.org/10.3389/fimmu.2017.
01078
https://doi.org/10.1038/cmi.
2017.88
https://doi.org/10.1038/cmi.
2017.88
https://doi.org/10.1016/j.coi.2014.12.011
https://doi.org/10.1016/j.coi.2014.12.011
https://doi.org/10.1016/j.coi.2016.
10.003
https://doi.org/10.1016/j.coi.2016.
10.003
https://doi.org/10.1084/jem.20161015
https://doi.org/10.4049/jimmunol.1500859
https://doi.org/10.1016/j.cytogfr.2014.05.003
https://doi.org/10.1073/pnas.1110946108
https://doi.org/10.1126/science.1240933
https://doi.org/10.1038/ni.3267
https://doi.org/10.1007/s13238-016-0320-3
https://doi.org/10.3389/
fimmu.2017.00049
https://doi.org/10.3389/
fimmu.2017.00049
https://doi.org/10.1016/j.cytogfr.2014.06.006
https://doi.org/10.1038/nature12640
https://doi.org/10.1371/journal.ppat.1004108
https://doi.org/10.1371/journal.ppat.1004108
https://doi.org/10.1126/science.345.6200.1010-a
https://doi.org/10.1038/514544a
https://doi.org/10.3390/v8070203
https://doi.org/10.3201/eid2304.161041
https://doi.org/10.1016/bs.ai.2015.10.001
https://doi.org/10.1089/vim.2016.0173

Cheng et al.

cGas-Sting Signaling Pathway Against ECTV

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

effective target for vaccination. J Exp Med (2008) 205:981-92. doi:10.1084/jem.
20071854

Rubio D, Xu RH, Remakus S, Krouse TE, Truckenmiller ME, Thapa R], et al.
Crosstalk between the type 1 interferon and nuclear factor kappa B path-
ways confers resistance to a lethal virus infection. Cell Host Microbe (2013)
13:701-10. doi:10.1016/j.chom.2013.04.015

Xu RH, Wong EB, Rubio D, Roscoe E, Ma X, Nair S, et al. Sequential activation
of two pathogen-sensing pathways required for type I interferon expression
and resistance to an acute DNA virus infection. Immunity (2015) 43:1148-59.
doi:10.1016/j.immuni.2015.11.015

Samuelsson C, Hausmann J, Lauterbach H, Schmidt M, Akira S, Wagner H,
et al. Survival of lethal poxvirus infection in mice depends on TLRY, and
therapeutic vaccination provides protection. J Clin Invest (2008) 118:1776-84.
doi:10.1172/JCI33940

Sutherland DB, Ranasinghe C, Regner M, Phipps S, Matthaei KI, Day SL, et al.
Evaluating vaccinia virus cytokine co-expression in TLR GKO mice. Immunol
Cell Biol (2011) 89:706-15. d0i:10.1038/icb.2010.157

Ishii KJ, Kawagoe T, Koyama S, Matsui K, Kumar H, Kawai T, et al. TANK-
binding kinase-1 delineates innate and adaptive immune responses to DNA
vaccines. Nature (2008) 451:725-9. doi:10.1038/nature06537

Dai P, Wang W, Cao H, Avogadri E Dai L, Drexler I, et al. Modified vaccinia
virus Ankara triggers type I IFN production in murine conventional dendritic
cells via a cGAS/STING-mediated cytosolic DNA-sensing pathway. PLoS
Pathog (2014) 10:¢1003989. doi:10.1371/journal.ppat.1003989

Cheng WY, Jia HJ, He XB, Chen GH, Feng Y, Wang CY, et al. Comparison of
host gene expression profiles in spleen tissues of genetically susceptible and
resistant mice during ECTV infection. Biomed Res Int (2017) 2017:6456180.
doi:10.1155/2017/6456180

Li T, He X, Jia H, Chen G, Zeng S, Fang Y, et al. Molecular cloning and func-
tional characterization of murine toll-like receptor 8. Mol Med Rep (2016)
13:1119-26. doi:10.3892/mmr.2015.4668

Layoun A, Samba M, Santos MM. Isolation of murine peritoneal macrophages
to carry out gene expression analysis upon toll-like receptors stimulation. J Vis
Exp (2015) 98:€52749. doi:10.3791/52749

Cheng W, He X, Jia H, Chen G, Wang C, Zhang J, et al. Development of a SYBR
Green I real-time PCR for detection and quantitation of orthopoxvirus by using
Ectromelia virus. Mol Cell Probes (2017) 38:45-50. doi:10.1016/j.mcp.2017.12.001
Sun L, Wu J, Du E, Chen X, Chen ZJ. Cyclic GMP-AMP synthase is a cyto-
solic DNA sensor that activates the type I interferon pathway. Science (2013)
339:786-91. doi:10.1126/science.1232458

Brunette RL, Young JM, Whitley DG, Brodsky IE, Malik HS, Stetson DB.
Extensive evolutionary and functional diversity among mammalian AIM2-
like receptors. J Exp Med (2012) 209:1969-83. doi:10.1084/jem.20121960
Zhang Y, Yeruva L, Marinov A, Prantner D, Wyrick PB, Lupashin V, et al. The
DNA sensor, cyclic GMP-AMP synthase, is essential for induction of IFN-f
during Chlamydia trachomatis infection. ] Immunol (2014) 193:2394-404.
doi:10.4049/jimmunol.1302718

Chen Q, Sun L, Chen ZJ. Regulation and function of the cGAS-STING path-
way of cytosolic DNA sensing. Nat Immunol (2016) 17:1142-9. doi:10.1038/
ni.3558

Fang R, Wang C, Jiang Q, Lv M, Gao P, Yu X, et al. NEMO-IKKP are essential
for IRF3 and NF-xB activation in the cGAS-STING pathway. ] Immunol
(2017) 199:3222-33. doi:10.4049/jimmunol.1700699

Schoggins JW, MacDuff DA, Imanaka N, Gainey MD, Shrestha B, Eitson JL,
et al. Pan-viral specificity of IFN-induced genes reveals new roles for cGAS in
innate immunity. Nature (2014) 505:691-5. doi:10.1038/nature12862

Lam E, Stein S, Falck-Pedersen E. Adenovirus detection by the cGAS/
STING/TBK1 DNA sensing cascade. J Virol (2014) 88:974-81. doi:10.1128/
JVI1.02702-13

Lau L, Gray EE, Brunette RL, Stetson DB. DNA tumor virus oncogenes antag-
onize the cGAS-STING DNA-sensing pathway. Science (2015) 350:568-71.
doi:10.1126/science.aab3291

Dansako H, Ueda Y, Okumura N, Satoh S, Sugiyama M, Mizokami M, et al.
The cyclic GMP-AMP synthetase-STING signaling pathway is required for
both the innate immune response against HBV and the suppression of HBV
assembly. FEBS ] (2016) 283:144-56. doi:10.1111/febs.13563

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Paijo J, Doring M, Spanier J, Grabski E, Nooruzzaman M, Schmidt T, et al.
cGAS senses human cytomegalovirus and induces type I interferon responses
in human monocyte-derived cells. PLoS Pathog (2016) 12:¢1005546. doi:10.1371/
journal.ppat.1005546

Aguirre S, Maestre AM, Pagni S, Patel JR, Savage T, Gutman D, et al. DENV
inhibits type I IFN production in infected cells by cleaving human STING.
PLoS Pathog (2012) 8:e1002934. doi:10.1371/journal.ppat.1002934

Lio CW, McDonald B, Takahashi M, Dhanwani R, Sharma N, Huang J, et al.
cGAS-STING signaling regulates initial innate control of cytomegalovirus
infection. J Virol (2016) 90:7789-97. d0i:10.1128/JVI1.01040-16

Konno H, Barber GN. The STING controlled cytosolic-DNA activated innate
immune pathway and microbial disease. Microbes Infect (2014) 16:998-1001.
doi:10.1016/j.micinf.2014.10.002

Zhang Z, Yuan B, Bao M, Lu N, Kim T, Liu YJ. The helicase DDX41 senses
intracellular DNA mediated by the adaptor STING in dendritic cells. Nat
Immunol (2011) 12:959-65. doi:10.1038/ni.2091

Seet BT, Johnston JB, Brunetti CR, Barrett JW, Everett H, Cameron C, et al.
Poxviruses and immune evasion. Annu Rev Immunol (2003) 21:377-423.
doi:10.1146/annurev.immunol.21.120601.141049

Esteban DJ, Buller RM. Ectromelia virus: the causative agent of mousepox.
] Gen Virol (2005) 86:2645-59. d0i:10.1099/vir.0.81090-0

van Buuren N, Burles K, Schriewer J, Mehta N, Parker S, Buller RM, et al.
EVMO005: an ectromelia-encoded protein with dual roles in NF-kB inhibition
and virulence. PLoS Pathog (2014) 10:e1004326. doi:10.1371/journal.ppat.
1004326

Burles K, van Buuren N, Barry M. Ectromelia virus encodes a family of
Ankyrin/F-box proteins that regulate NF-xB. Virology (2014) 46(8-470):
351-62. doi:10.1016/j.virol.2014.08.030

Storek KM, Gertsvolf NA, Ohlson MB, Monack DM. cGAS and 1fi204 coop-
erate to produce type I IFNs in response to Francisella infection. J Immunol
(2015) 194:3236-45. doi:10.4049/jimmunol. 1402764

Parvatiyar K, Zhang Z, Teles RM, Ouyang S, Jiang Y, Iyer SS, et al. The helicase
DDX41 recognizes the bacterial secondary messengers cyclic di-GMP and
cyclic di-AMP to activate a type I interferon immune response. Nat Immunol
(2012) 13:1155-61. doi:10.1038/ni.2460

Holm CK, Jensen SB, Jakobsen MR, Cheshenko N, Horan KA, Moeller HB,
et al. Virus-cell fusion as a trigger of innate immunity dependent on the
adaptor STING. Nat Immunol (2012) 13(8):737-43. doi:10.1038/ni.2350
Holm CK, Rahbek SH, Gad HH, Bak RO, Jakobsen MR, Jiang Z, et al. Influenza
A virus targets a cGAS-independent STING pathway that controls enveloped
RNA viruses. Nat Commun (2016) 7:10680. doi:10.1038/ncomms10680
Szulc-Dabrowska L, Gierynska M, Boratynska-Jasiniska A, Martyniszyn L,
Winnicka A, Niemialtowski MG. Quantitative immunophenotypic analysis
of antigen-presenting cells involved in ectromelia virus antigen presentation
in BALB/c and C57BL/6 mice. Pathog Dis (2013) 68:105-15. doi:10.1111/
2049-632X.12054

Melo-Silva CR, Tscharke DC, Lobigs M, Koskinen A, Wong YC, Buller RM,
et al. The ectromelia virus SPI-2 protein causes lethal mousepox by preventing
NK cell responses. J Virol (2011) 85:11170-82. doi:10.1128/JV1.00256-11
Fernandes-Alnemri T, Yu JW, Datta P, Wu J, Alnemri ES. AIM2 activates the
inflammasome and cell death in response to cytoplasmic DNA. Nature (2009)
458:509-13. doi:10.1038/nature07710

Rathinam VA, Jiang Z, Waggoner SN, Sharma S, Cole LE, Waggoner L, et al.
The AIM2 inflammasome is essential for host defense against cytosolic bac-
teria and DNA viruses. Nat Immunol (2010) 11:395-402. doi:10.1038/ni.1864

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2018 Cheng, He, Jia, Chen, Jin, Long and Jing. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner are credited and that the original publi-
cation in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

14

June 2018 | Volume 9 | Article 1297


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1084/jem.
20071854
https://doi.org/10.1084/jem.
20071854
https://doi.org/10.1016/j.chom.2013.04.015
https://doi.org/10.1016/j.immuni.2015.11.015
https://doi.org/10.1172/JCI33940
https://doi.org/10.1038/icb.2010.157
https://doi.org/10.1038/nature06537
https://doi.org/10.1371/journal.ppat.1003989
https://doi.org/10.1155/2017/6456180
https://doi.org/10.3892/mmr.2015.4668
https://doi.org/10.3791/52749
https://doi.org/10.1016/j.mcp.2017.12.001
https://doi.org/10.1126/science.1232458
https://doi.org/10.1084/jem.20121960
https://doi.org/10.4049/jimmunol.1302718
https://doi.org/10.1038/ni.3558
https://doi.org/10.1038/ni.3558
https://doi.org/10.4049/jimmunol.1700699
https://doi.org/10.1038/nature12862
https://doi.org/10.1128/JVI.02702-13
https://doi.org/10.1128/JVI.02702-13
https://doi.org/10.1126/science.aab3291
https://doi.org/10.1111/febs.13563
https://doi.org/10.1371/
journal.ppat.1005546
https://doi.org/10.1371/
journal.ppat.1005546
https://doi.org/10.1371/journal.ppat.1002934
https://doi.org/10.1128/JVI.01040-16
https://doi.org/10.1016/j.micinf.2014.10.002
https://doi.org/10.1038/ni.2091
https://doi.org/10.1146/annurev.immunol.21.120601.141049
https://doi.org/10.1099/vir.0.81090-0
https://doi.org/10.1371/journal.ppat.
1004326
https://doi.org/10.1371/journal.ppat.
1004326
https://doi.org/10.1016/j.virol.2014.08.030
https://doi.org/10.4049/jimmunol.1402764
https://doi.org/10.1038/ni.2460
https://doi.org/10.1038/ni.2350
https://doi.org/10.1038/ncomms10680
https://doi.org/10.1111/
2049-632X.12054
https://doi.org/10.1111/
2049-632X.12054
https://doi.org/10.1128/JVI.00256-11
https://doi.org/10.1038/nature07710
https://doi.org/10.1038/ni.1864
https://creativecommons.org/licenses/by/4.0/

	The cGas–Sting Signaling Pathway Is Required for the Innate Immune Response Against Ectromelia Virus
	Introduction
	Materials and Methods
	Cells and Virus
	Plasmids
	Transfection and Luciferase Reporter Assay
	RNA Isolation and qRT-PCR
	RNA Interference
	Enzyme-Linked Immunosorbent Assay (ELISA)
	Western Blot Analysis
	Mice and Animal Experiments
	Generation of Murine Peritoneal Macrophages
	ECTV Genomic DNA Copy Number 
and Viral Titer Measurements
	Histological Analysis
	Statistical Analysis

	Results
	ECTV-Induced Type I IFN Production 
in L929 and RAW 264.7 Cells, but 
Not in NIH3T3 Cells
	Sting and cGas Are Required for the Induction of IFN-β During the ECTV Infection
	ECTV Infection Induces the Phosphorylation of Tbk1 and Irf3
	The cGas–Sting–Tbk1–Irf3 Pathway Drives the Early IFN Response to ECTV
	Sting and cGas Restrict ECTV 
Replication in RAW264.7 Cells
	Sting and cGas Are Critical for 
Mousepox Resistance In Vivo

	Discussion
	Ethics Statement
	Author Contributions
	Acknowledgments
	Funding
	Supplementary Material
	References


