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In Brief

Bats co-exist with a large variety of
viruses, and infection-derived cytosolic
DNA could result in heightened DNA
sensing and overactivation. Xie et al.
show that STING-dependent IFN
activation is dampened in bats due to the
replacement of the highly conserved and
functionally important serine

residue S358.

Cell


mailto:zlshi@wh.iov.�cn
mailto:peng.zhou@wh.iov.�cn
https://doi.org/10.1016/j.chom.2018.01.006
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chom.2018.01.006&domain=pdf

Cell Host & Microbe

Dampened STING-Dependent
Interferon Activation in Bats

Jiazheng Xie,'-2 Yang Li,"-2 Xurui Shen,-2 Geraldine Goh,® Yan Zhu,'-2 Jie Cui,'-2 Lin-Fa Wang,® Zheng-Li Shi,!-2*

and Peng Zhou':24*

1CAS Key Laboratory of Special Pathogens and Biosafety, Wuhan Institute of Virology, Chinese Academy of Sciences, Wuhan 430071, China

2University of Chinese Academy of Sciences, 100049 Beijing, China

3Programme in Emerging Infectious Diseases, Duke-NUS Medical School, Singapore 169857, Singapore

4Lead Contact

*Correspondence: zlshi@wh.iov.cn (Z.-L.S.), peng.zhou@wh.iov.cn (P.Z.)

https://doi.org/10.1016/j.chom.2018.01.006

SUMMARY

Compared with terrestrial mammals, bats have a
longer lifespan and greater capacity to co-exist
with a variety of viruses. In addition to cytosolic
DNA generated by these viral infections, the meta-
bolic demands of flight cause DNA damage and the
release of self-DNA into the cytoplasm. However,
whether bats have an altered DNA sensing/defense
system to balance high cytosolic DNA levels remains
an open question. We demonstrate that bats have a
dampened interferon response due to the replace-
ment of the highly conserved serine residue (S358)
in STING, an essential adaptor protein in multiple
DNA sensing pathways. Reversing this mutation by
introducing S358 restored STING functionality, re-
sulting in interferon activation and virus inhibition.
Combined with previous reports on bat-specific
changes of other DNA sensors such as TLR9, IFI16,
and AIM2, our findings shed light on bat adaptation
to flight, their long lifespan, and their unique capacity
to serve as a virus reservoir.

Bats are uniquely the only flying mammals and are found to have
a positively selected oxidative phosphorylation pathway as a
result of an increased metabolic capacity (Shen et al., 2010).
Byproducts of oxidative metabolism and stress are known to
cause DNA damage, resulting in the escape of self-DNA from
the nucleus, mitochondria, or lysosomes into the cytoplasm
(Barzilai et al., 2002). Bats have been increasingly linked to
deadly viruses such as severe acute respiratory syndrome
(SARS), Ebola virus, and henipaviruses (Wynne and Wang,
2013). Although most of these zoonotic viruses are RNA viruses,
bats also harbor a variety of DNA viruses (Brook and Dobson,
2015). In addition, it is known that infection of RNA viruses can
also result in cytosolic DNA due to intracellular damage (Ryan
et al., 2016). Infection-derived cytosolic DNA as well as self-DNA
is known to trigger robust immune responses, leading to inflam-
masome activation and type | interferon (IFN) induction (Schlee
and Hartmann, 2016). While it is accepted that overactivation
of either inflammasome or IFN can cause autoimmune diseases
(Peckham et al., 2017), it is unknown how bats, while naturally
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maintaining a high burden of viruses and the oxidative stressors
of flight, are able to regulate the response against stimulatory
sensing of cytosolic DNA to avoid overactivation of innate im-
mune pro-inflammatory pathways.

In humans, the DNA sensors of the innate immune system
include AIM2 and IFI16 in inflammasome assembly (Hornung
et al., 2009; Kerur et al., 2011), and TLR9, IFI16, DDX41,
LSM14A, and cGAS in IFN expression (Latz et al., 2004; Li
et al., 2012; Sun et al., 2013; Unterholzner et al., 2010; Zhang
et al., 2011). Among these cytosolic sensors, cGAS was identi-
fied as the universal and essential DNA sensor that produces cy-
clic GMP-AMP (cGAMP) in response to DNA stimulation (Sun
et al., 2013), which in turn binds to and activates stimulator of
IFN genes (STING; also known as MITA, ERIS, and MPYS), the
essential adaptor protein in multiple DNA sensing pathways (Ish-
ikawa and Barber, 2008; Jin et al., 2008; Sun et al., 2009; Zhong
et al., 2008). Following STING activation, TBK1 is recruited to
STING, leading to the subsequent phosphorylation of STING
and IRF3 by TBK1. This ultimately triggers the type | IFN
response. Point mutation of either phosphorylation site (S358
or S366) of STING to alanine significantly impaired its ability to
activate downstream IFNs (Liu et al., 2015; Tanaka and Chen,
2012; Zhong et al., 2008).

There are limited studies on bat DNA sensors despite the belief
that bat cells are likely to be more at risk of cytosolic DNA
exposure. A recent comparative genomics study showed that
the most positively selected genes of bats seemed to be concen-
trated in the DNA damage checkpoint pathway and innate
immunity (Zhang et al., 2013). One of these genes encodes the
inflammasome sensor NLRP3. More strikingly, the entire PYHIN
gene family, including AIM2 and IFI16, is lost in all bat genomes
sequenced so far, implying a dampened DNA-triggered inflam-
masome response (Ahn et al., 2016). Bats have been shown to
have a contracted type | IFN locus and different expression
patterns of type Ill IFNs compared with those in human and
mouse (Zhou et al., 2011, 2016). Also, TLR9 seems to be under
greater positive selection in bats compared with other mammals
(Escalera-Zamudio et al., 2015). Taken together, these findings
suggest that bats may have evolved to adopt a DNA sensing
and IFN response mechanism in adaptation to flight, which is
sufficiently different from terrestrial mammals.

In this context, we hypothesized that cytosolic DNA, whether it
is flight-induced or infection-derived, imposes strong selective
pressures on the bat DNA sensors, resulting in a functionally
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dampened sensing mechanism and downstream IFN production
to avoid overactivation on a regular basis during normal flight
and/or co-existence with viruses. As STING is increasingly being
recognized as the central molecule in the cytosolic DNA sensing
pathway, we conducted a comprehensive sequence and func-
tional analysis of bat STING. Sequence alignment of all available
bat STING (from a total of 30 different species) with ten major
non-bat mammalian STING revealed a key difference: while the
S358 residue is absolutely conserved among all known non-bat
mammalian STING, none of the bat STING retain the S358.
Instead, this residue has been replaced by a variety of different
residues at this position, including N, H, F, Y, P, D, and R
(Figure 1). As the S358 phosphorylation site is critical for down-
stream IFN activation in humans and other mammals (Liu et al.,
2015; Tanaka and Chen, 2012; Tsuchida et al., 2010; Zhong
et al., 2008), this key residue change strongly suggests a weak-
ened bat STING in the context of IFN activation.

To test this, we compared the functional difference in the in-
duction of IFNs between bat and mouse by cGAMP. Spleno-
cytes from three individual Rhinolophus sinicus (Rs) and three
laboratory mice were stimulated by cGAMP. Rs has been
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STING (Figure S1A). gPCR analysis of

mRNA levels in a range of Rs, Myotis
davidii (Md), and Pteropus alecto (Pa) primary organs revealed
an expression pattern not dissimilar to that found in mouse:
STING was found to be expressed in a variety of tissues in
bats, with highest levels in spleen and lung (Figure S1B). It can
thus be concluded that phylogenetic divergence or difference
in gene expression patterns between bats and mice is unlikely
to be responsible for the observed reduction in STING-mediated
IFN production.

We then examined whether the dampening of bat STING func-
tion by the change in residue 358 is common in other bats. In
HEK293T cells, which lack endogenous cGAS and STING
expression (Sun et al., 2013), STING from three representative
bats, Rs, Pa, and Md, and human was overexpressed together
with human cGAS and IFNB promoter plasmids. Although poly-
morphism has been observed in human STING, a previous study
indicated that the three variants (RGR, AQ, and HAQ) have
different but comparable ability in IFN induction activities de-
pending on the experimental conditions (Yi et al., 2013). In this
study, we have confirmed their observation and used the AQ
variant for further studies. Mutant human STING S358A signifi-
cantly reduced STING-induced IFNB production as reported
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previously (Zhong et al., 2008). Conversely, mutant bat STING
X358S (X = N, H, or D) significantly restored their ability for
IFNB induction (Figure 2C). To exclude the possibility that the
human cell system may affect bat STING function, we repeated
the experiment in PakiT03, a Pa bat cell line that expresses
reasonable amount of cGAS but a very low level of STING
(Zhou et al., 2016). The pattern was essentially identical to that
observed in HEK293T, with wild-type bat STING showing damp-
ened induction of IFN and ISGs compared with the X358S mu-
tants (Figure S2A). We also tested this dampening function by
cGAMP. HEK293T cells stably expressing wild-type (D358) or
mutant S358 Rs STING were stimulated with cGAMP in digitonin
permeabilization solution. The S358 STING induced significantly
higher IFN (Figure 2D). These results suggest that the S358
replacement is mainly responsible for dampened STING-
dependent IFN activation with cGAS co-expression or cGAMP
stimulation.

It is proposed that bat’s exceptional ability to host viruses with
few or no clinical disease is likely the result of an intricate balance

between the host immune system and virus infection (Schountz,
2014; Wynne and Wang, 2013). We hypothesized that the damp-
ened STING-IFN responses could be partially responsible for
that intricate balance. In assessing the effect of different STING
on herpes simplex virus (HSV) infection in PakiT03 cells, it was
found that the wild-type human STING was about 2.5-fold
more effective in blocking HSV replication than the S358A
mutant. However, this was reversed for bat STING, in which
the wild-type bat STING was less effective than the mutant
STING X358S with a reduction of approximately 3-, 2.5-, and
2-fold, respectively, for Md, Pa, and Rs STING (Figure 2E).

In human STING, residues S366 and S358 are important for
IRF3, but not TBK1, binding and activation (Tanaka and Chen,
2012). To understand the detailed mechanism of dampened
STING-dependent IFN activation, we investigated whether this
bat-specific S358 replacement universally affects IRF3 and
TBK1 activation. When HEK293T cells were transfected with
human or bat STING-expressing plasmids, phosphorylation of
IRF3, but not TBK1, was markedly higher in cells transfected
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with S358 STING (Figure S2B). Similar findings were observed in
bat PakiT03 cells (Figure S2C), which eventually contributed to a
different downstream IFN response and in turn the observed dif-
ference in modulating HSV replication. Taken together, these
results demonstrated that while bat STING maintained its anti-
viral defense similar to human STING, the dampening likely
contributed in part to the long-term co-existence of bats and
viruses.

We hypothesized that excessive exposure to cytosolic DNA in
bat cells during flight and/or viral infection would pose a strong
natural selection pressure to reduce activation of bat DNA sen-
sors. In this report, we have provided genetic and functional
data to support this hypothesis. We have demonstrated that
bat STING is less active in IFN induction and pinpointed residue
358 as the key site of difference between bat and human STING.
Experimentally, we have demonstrated the replacement of the
S358 residue in different bat STING resulted in dampened down-
stream IFN production via IRF3 phosphorylation. To our knowl-
edge, this is the most conclusive experimental demonstration
of a key innate defense pathway that is functionally different be-
tween bats and non-bat mammals with implications that bats are
more effective in peaceful co-existence with a large number of
viruses.

There is abundant evidence that bats harbor more viruses per
species than other mammals (Brook and Dobson, 2015; Luis
et al., 2013; Olival et al., 2017). Infection-derived DNA can act
as activators of DNA sensors such as cGAS and subsequently
STING (Schlee and Hartmann, 2016). Constitutive activation of
STING could cause severe autoimmune diseases, such as
vascular and pulmonary syndrome or Aicardi-Goutieres syn-
drome (Barber, 2015), while some highly pathogenic viruses
such as SARS-CoV are known to induce excessive inflammation
eventually leading to human death (Channappanavar et al.,
2016). The replacement of the serine residue at position 358 in
every known bat STING is highly significant considering it is
absolutely conserved in all other mammals. Our data support
that the S358 replacement in bat STING dampened but did not
fully diminish the functionality of STING. The nature of the weak-
ened, but not entirely lost, functionality of STING may have pro-
found impact for bats to maintain the balanced state of “effective
response” but not “over response” against viruses. A similar
finding was observed for bat IFNea, which are less in number
but are constitutively expressed without stimulation (Zhou
et al., 2016). Above all, this discovery helps to further our under-
standing of the complex mechanisms in which bats fine-tune
innate defense responses against insult by viral, bacterial, or
host cytosolic DNA.
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STARXxMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE

Antibodies

Rabbit monoclonal anti-phospho-IRF3 (Ser396)
Rabbit monoclonal anti-phospho-TBK1 (Ser172)
Rabbit monoclonal anti -TBK1 Abcam

SOURCE IDENTIFIER

Cell Signaling Technology Cat#4947S; RRID: AB_823547
Cat#5483S; RRID: AB_10693472
Cat#ab40676; RRID: AB_776632
Cat#11312-1-AP; RRID: AB_2127004
Cat#ab184223

Cat#60008-1-Ig; RRID: AB_2289225
Cat#32430; RRID: AB_1185566

Cat#31460; RRID: AB_228341

Cell Signaling Technology
Rabbit polyclonal anti-IRF3 proteintech
Mouse monoclonal anti-S tag Abcam
Mouse monoclonal anti-beta actin

Goat anti-Mouse 1gG (H+L) Secondary Antibody, HRP
Goat anti-Rabbit IgG (H+L) Secondary Antibody, HRP
Bacterial and Virus Strains

Sendai virus (SeV)

proteintech
Thermo Scientific
Thermo Scientific

Laboratory of Zhou P Zhou et al., 2016

luciferase-expressing HSV Laboratory of Zheng C, F Li et al., 2011
Biological Samples

Splenocytes isolated from 8-10 week old BALB/c mice this study N/A
Rhinolophus sinicus splenocytes this study N/A
Rhinolophus sinicus tissues this study N/A

Tissues from 8-10 week old BALB/c mice this study N/A

Myotis davidii tissues this study N/A

Pteropus alecto tissues this study N/A

Chemicals, Peptides, and Recombinant Proteins

Complete protease cocktail inhibitor Roche Cat#11836170001
Polyl:C (HMW) InvivoGen Cattttlrl-pic
2’,3’-cGAMP InvivoGen Cat#tlrl-nacga23
Lymphoprep Axis-Shield Cat#1114544
Lipofectamine 3000 Invitrogen Cat#L.3000015
SuperSignal West Femto substrate Thermo Scientific Cat#34094
Critical Commercial Assays

QuikChange site-directed mutagenesis kit Stratagene Cat#200519
RNeasy mini kit Qiagen Cat#74134
Dual-Luciferase Reporter Assay System Promega Cat#E1910
Luciferase Assay System Promega Cat#E1500
PrimeScript RT Master Mix Takara Cat#RR036A
SYBR Premix Ex Taq Il (Tli RNaseH Plus) Takara Cat#RR820Q
Deposited Data

RNA-Seq Data This study SRA: PRJNA393936
Eidolon helvum, Rhinolophus ferrumequinum and This study GenBank: MF174844-MF174846
Pteronotus parnellii STING nucleotide sequences

Experimental Models: Cell Lines

HEK293T ATCC Cat#CRL-11268
GP2-293 Clontech Cat#631458
PakiT03 Laboratory of Zhou P Zhou et al., 2016
HEK293T stably transfected with GFP This Study N/A

HEK293T stably transfected with R.sinicus STING This Study N/A

HEK293T stably transfected with R.sinicus STING(D358S) This Study N/A
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental Models: Organisms/Strains

BALB/c mice Beijing Vital River Strain code 211

Oligonucleotides

Primers for STING cloning and gRT-PCR, see Table S2 This Study N/A

Recombinant DNA

pQCXIH Clontech Cat#631516

pCDNAS3.1-Homo.cGAS Laboratory of Yan-Yi Wang Fu et al., 2017

pPCAGGS inserted with Homo sapiens, Myotis davidli, This Study N/A

Pteropus alecto and Rhinolophus sinicus STING or S tag

pQCXIH inserted with Rhinolophus sinicus STING or GFP tag This Study N/A

Software and Algorithms

Segman DNASTAR http://www.dnastar.com

SRA-blast SRA-blast https://blast.ncbi.nlm.nih.gov/Blast.cgi

MEGA4 Mega http://www.megasoftware.net/mega4/

Genedoc Genedoc http://genedoc.software.informer.com/

RSEM RSEM http://deweylab.github.io/RSEM/

DESeq Bioconductor http://bioconductor.org/packages/
release/bioc/html/DESeq.html

Prism software GraphPad https://www.graphpad.com

ImageJ ImageJ https://imagej.nih.gov/ij/

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents may be directed to and will be fulfilled by the Lead Contact, Peng Zhou (peng.zhou@
wh.iov.cn).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Ethics Statement
All animal experiments were approved by the Institutional Animal Ethical Committee of Wuhan Institute of Virology, Chinese Academy
of Sciences (Serial number: WIV05201603).

Bat and Mouse Experiments

Wild-type adult BALB/c mice between ages of 8 to 10 weeks were purchased from Beijing Vital River and cared at a specific pathogen
free (SPF) facility. Adult Myotis davidii and Rhinolophus sinicus captured from Taiyi cave (Xianning, China) and Pteropus alecto bats
trapped in Southern Queensland, Australia were euthanized and dissected directly. Mice and bats were used without gender pref-
erence. Splenocytes of bats and mice were prepared as previously described (Zhou et al., 2011). Briefly, spleen cell were obtained by
pressing spleen tissue through a cell strainer using a syringe plunger and splenocytes were collected with Lymphoprep (Axis-Shield)
following manufacturer’s instructions.

Viruses and Cell Lines

HEK293T cells were maintained in DMEM + 10% FCS (Gibco). Bat PakiT03 cells were maintained in DMEM/F-12 + 10% FCS (Gibco).
Splenocytes of bats and mice were maintained in RPMI-1640 + 10% FCS (Gibco). All cells were cultured at 37°C in 5% CO.. Cell lines
were tested free of mycoplasma contamination and authenticated by microscopic morphologic evaluation. Sendai virus (SeV) Cantell
strain was propagated in 10-day-old embryonated SPF chicken eggs at 37°C for 48 h. The HSV expressing luciferase was generously
provided by Chun-Fu Zheng at Institutes of Biology and Medical Sciences, Soochow University, China.

METHOD DETAILS

Plasmid Construction and Transfection

The STING sequence of Homo sapiens was amplified from HA-STING plasmid, which was generously provided by Yan-Yi Wang,
Wuhan Institute of Virology, CAS, China. Myotis davidii, Pteropus alecto and Rhinolophus sinicus STING sequences were amplified
from cDNA of corresponding bat spleen tissues and cloned into pPCAGGS with C-terminal S-tag. STING of Rhinolophus sinicus was
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also cloned into pQCXIH with C-terminal GFP-tag. Various mutants were generated using the QuikChange site-directed mutagenesis
kit (Stratagene). (see Table S2 for primers). Plasmids were verified by sequencing before transfection using lipofectamine 3000
(Thermo) following manufacturer’s instructions.

Virus Infection and Quantification

PakiT03 cells were infected with HSV-luciferase at MOI of 0.1 at 37°C for 1 hr. Cells were then washed with warm D-hanks and
cultured in complete DMEM/F-12. At 24 hr post infection, the cells were washed by cold PBS and HSV-luciferase quantified by
Luciferase Assay System (Promega) according to the manufacturer’s instructions.

HEK293T Cells Stably Expressing STING Construction

To generate retroviral vectors for transduction of Rhinolophus sinicus STING into HEK293T cells, GP2-293 Packaging Cells were
plated at 6-well plate overnight at the density of 4 x 10%/ml and transfected with 1.5 ng pQCXIH-R.sinicus. STING and 1.5 pg
pVSV-G using lipofectamine 3000 (Thermo). At 6 hr post transfection, the media was replaced with fresh media. At 48 hr post trans-
fection, the supernatants containing the retrovirus was collected, filtered through a 0.45 um filter, and used to infect HEK293T cells.
At 72 hr post infection, the transduced HEK293T cells were selected with 10 png/ml hygromycin.

Dual Luciferase Assay

Plasmids with optimized amount (100 ng pPCAGGS-STING; 200 ng pcDNAS3.1-cGAS; 100 ng IFNB-luc and 10 ng pRL-Tk, internal con-
trol from Promega) were transfected into HEK293T cells in 24-well plates. 24 hr later, luciferase was determined by Luciferase Assay
System (Promega). The ratio of firefly to renilla luciferase signal was calculated and then normalized to the wells transfected with
empty pCAGGS vector.

Quantification of Gene Expression by qRT-PCR

Total RNA was extracted using the RNeasy Mini Kit (QIAGEN), followed by cDNA reverse transcription using PrimeScript RT Master
Mix (Takara). Gene expression was determined by SYBR Premix Ex Taq Il (Tli RNaseH Plus) (Takara) on StepOnePlus system.
Primers were listed in Table S2.

Digitonin Permeabilization of STING Stably Expression HEK293T

cGAMP was delivered by digitonin permeabilization buffer (50 mM HEPES, pH 7, 100 mM KCI, 3 mM MgCI2, 0.1 mM DTT, 85 mM
Sucrose, 0.2% BSA, 1 mM ATP, 0.1 mM GTP) containing 10 png/ml digitonin. After incubation at 37°C for 30 min, the permeabilization
buffer was replaced by complete DMEM and incubated for another 16 hr.

Western Blot

HEK293T or PakiT03 Cells were washed with cold PBS for two times, then lysed by1% NP-40 buffer supplemented with complete
protease cocktail inhibitor (Roche) for 30 min onice. Cell lysates were mixed with SDS loading buffer and denatured at 95°C for 5min.
Equal amounts of denatured lysates were subjected to SDS-PAGE and transferred to PVDF membrane. The membranes were
blocked with 5% BSA for 1 hr. The following primary antibodies were used at 1:1000 dilution: anti-phospho-IRF3 (CST, 4947S),
anti-phospho-TBK1 (CST, 5483S), anti-TBK1 (Abcam, ab40676), anti-IRF3 (proteintech, 11312-1-AP). And the following primary
antibodies were used at 1:3000 dilution: anti-S tag (Abcam, ab184223), anti-B actin (proteintech, 60008-1-Ig). After an overnight in-
cubation with primary antibodies, the membranes were washed with TBS supplemented with 0.1% Tween-20 three times and then
incubated with HRP conjugated goat anti-rabbit or goat anti-mouse secondary antibody diluted in TBST. Membranes were then
washed three times and exposed using SuperSignal West Femto substrate (Thermo Scientific).

Splenocytes Stimulation and RNA Sequencing

2',3’-cGAMP and poly I:C (Invivogen) were transfected into splenocytes at 1ug/ml with lipofectamine 3000 or infected with
100 hemagglutinin units (HAU)/ml of SeV. 6 hr later, RNA was extracted and gene expression was determined by RT-qPCR. RNA-seq
was conducted with 150-bp paired-end reads on an lllumina HiSeq2000 sequencer.

Sequences and NGS Data Analysis

STING sequences of Eidolon helvum, Pteronotus parnellii and Rhinolophus ferrumequinum were predicted by Genewise using
Pteropus alecto STING protein as reference. Other STING sequences were either downloaded from Genbank or assembled with
transcriptome data, in which case the reads of STING were picked out by SRA-blast using annotated Genbank bat STING (Eptesicus
fuscus, Myotis davidii, etc) as query and assembled by Segman (Lasergene). The Genbank or SRA accession numbers are listed in
Table S1. The alignment of STING was generated by MEGA4 and edited by Genedoc. For the analysis of RNA-Seq data of spleno-
cytes, read counts were calculated by RSEM, and differential expression analysis was conducted with DESeq at FDR (false discovery
rate) < 0.05.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Immunoblot Band Quantitation
Quantification of band intensities was performed using Imaged (version 1.50i).

Statistical Analysis

Data analyses were performed using GraphPad Prism 6.0 software. All data are shown as mean + SD. Statistical analysis was per-
formed using student’s t test with two tailed, 95% confidence. P values less than 0.05 were considered statistically significant. The
“n” represents the number of animals, cells and experimental replicates carried out, and was specified in the figure legends.

DATA AND SOFTWARE AVAILABILITY
The accession number for the RNAseq data of splenocytes treatment by cGAMP reported in this paper is NCBI Short Read Archive

database, SRA: PRINA393936. The accession numbers for the Eidolon helvum, Rhinolophus ferrumequinum and Pteronotus parnel-
lii STING nucleotide sequences are GenBank: MF174844-MF174846.
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Figure S1. Phylogenetic tree of STING and Quantitation of STING mRNA in

tissues of Rhinolophus sinicus (Rs), Myotis davidii (Md), Pteropus alecto (Pa) bats
and mice. Related to Figure 1. (A) Phylogenetic tree of STING. The three
representative bat STING genes analyzed in this study were highlighted in red. The
full species name, accession numbers of STING and SRA accession numbers are
listed in Table S1. Tree was constructed by MEGA (Version 4) with the neighbor-
joining statistical method. Bootstrap values were calculated from 1000 replicates and
values >50 are shown. (B) Tissues were collected from healthy wild-caught Rs (n=3),
Md (n=3), Pa (n=2) and cultured BALB/c mice (n=3). The mRNA level was

normalized to housekeeping gene SNRPD3 and presented as the mean + SD.
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Figure S2. Effects of Serine 358 on the Dampening of IFN Activation and
Phosphorylation of IRF3 and TBKI. Related to Figure 2. (A) PaKiTO03 cells were
transfected with indicated STING plasmids and gene expression (normalized to
SNRPD?3) was determined by qPCR 24 hours later. Data are presented as the mean =+
SD, n=3, *p <0.05, **p < 0.01, ***p <0.001 (Student’s t test). (B) HEK293T cells
were co-transfected with STING, cGAS, IFN promoter firefly luciferase and renilla
luciferase plasmids. The levels of p-IRF3, IRF3, pTBK1, TBK1 and STING were
determined 24 hours post transfection. For the two R.sinicus STING samples, the p-
IRF3 levels of samples at 12, 18 hours post transfection were further indicated on the

top. (C) PaKiTO03 cells were transfected with indicated STING plasmids followed by



infection with HSV-luciferase at MOI=0.1 at 24 hours post transfection. At 24 hours
post infection, the levels of p-IRF3, IRF3, pTBK1, TBK1 and STING were
determined by Western blot. The amount of pIRF3 was counted by ImagelJ software
and labeled. Three independent experiments were performed. Abbreviations: WT =
wild type; mt = mutant; Hs = Homo sapiens; Md = Myotis davidii; Pa = Pteropus

alecto; Rs = Rhinolophus sinicus.



TableS1. Genbank accession numbers of STING sequences or SRA data ID used
in this study. Related to Figure 1.

Full name Abbreviation Accession numbers
Bats Artibeus jamaicensis A.jamaicensis SRR539297
Aselliscus stoliczkanus A.stoliczkanus SRR2153215
Carollia perspicillata C.perspicillata SRR2130341-SRR2130344
Cynopterus sphinx C.sphinx SRR2153213
Desmodus rotundus D.rotundus SRR606902,SRR606899,
SRR606908,SRR606911
Eptesicus fuscus E.fuscus XP_008139824.1
Eidolon helvum E.helvum MF174844
Eonycteris spelaea E.spelaea SRR1515272
Hipposideros armiger H.armiger XP_019517728.1
Hipposideros pratti H.pratti SRR2153216
Myotis brandftii M.brandftii XP_005881105.1
Myotis davidii M.davidii XP_006772500.1
Murina leucogaster M.leucogaster SRR2153222
Myotis lucifugus M.lucifugus XP_006086577.1
Megaderma lyra M.lyra SRR2153218
Miniopterus natalensis M.natalensis XP_016059234.1
Myotis ricketti M.ricketti SRR2153224
Miniopterus schreibersii M.schreibersii SRR974728-SRR974741
Pteropus alecto P.alecto XP_006923104.1
Pteronotus parnellii P.parnellii MF174846
Pteropus vampyrus P.vampyrus XP_011380567.1
Rousettus aegyptiacus R.aegyptiacus XP_016021870.1
Rhinolophus ferrumequinum R.ferrumequinum MF174845
Rousettus leschenaultii R.leschenaultii SRR2153214
Rhinolophus macrotis R.macrotis SRR1584445-SRR 1584447
Rhinolophus pusillus R.pusillus SRR2153217
Rhinolophus sinicus R.sinicus XP_019595754.1
Scotophilus kuhlii S.kuhlii SRR2153223
Taphozous melanopogon T.melanopogon SRR2153220
Tadarida teniotis T.teniotis SRR2153221
Non-bat | Mus musculus M.musculus NP_082537.1
animals | Rattus norvegicus R.norvegicus NP_001102592.1
Homo sapiens H.sapiens NP_938023.1
Loxodonta africana L.africana XP_003404845.1
Pan troglodytes P.troglodytes XP_001135484.1
Macaca mulatta M.mulatta EHH26836.1
Bos taurus B.taurus NP_001039822.1
Sus scrofa S.scrofa NP_001136310.1
Felis catus F.catus XP_003980949.1
Canis lupus familiaris C.familiaris XP_848338.2
Equus caballus E.caballus XP_005599422.1
Oryctolagus cuniculus O.cuniculus XP_002710295.1
Gallus gallus G.gallus NP_001292081.1
Danio rerio D.rerio NP_001265766.1




Table S2. Primers used in this study. Related to Figure 2 and STAR methods.

No. Primer Name Sequence (5’ - >3’) Purpose

1 Homo/Md/Rs.STING_Notl_F ATTTGCGGCCGCGCCACCATGCCCCACTCCAGC Clone the Homo sapiens/Myotis

2 Pa.STING_Notl_F ATTTGCGGCCGCGCCACCATGTCCCACTCCAGC davidii/Rhinolophus sinicus/Pteropus

3 Md/Pa.STING_Nhel_R CTAGCTAGCGAAGATATCTGTGCGGA alecto STING into pPCAGGS vector

4 Homo.STING_Nhel_R CTAGCTAGCAGAGAAATCCGTGCG (modified with an in-frame S tag at

5] Rs.STING_Nhel_R CTAGCTAGCGAAGACATCTGTGCGGA the C-terminal) with N-term Kozak
sequence and no stop codon

6 Md.STING_N358S-F TCCACATTGTCCCAAGAGCCTGAGCTCCTCATC Site-directed mutagenesis primers

7 Md.STING_N358S -R GCTCTTGGGACAATGTGGAAGAGTCAGGCACC for Myotis davidii STING

8 Homo.STING_S358A_F TCCACGATGGCCCAAGAGCCTGAGCTCCTCATC Site-directed mutagenesis primers

9 Homo.STING_S358A_R CTCTTGGGCCATCGTGGAGGTACTGGGCACC for Homo sapiens STING

10 Rs.STING_D358S-F CCACGCTATCCGAAGAGCCCCAGCTCCTCA Site-directed mutagenesis primers

11 Rs.STING_D358S-R GGCTCTTCGGATAGCGTGGAAGGTTCCGGC for Rhinolophus sinicus STING

12 Pa.STING_H358S-F CCACGCTGTCCCAAGAGCCCGAGCTCCTCATCAG Site-directed mutagenesis primers

13 Pa.STING_H358S-R GAGCTCGGGCTCTTGGGACAGCGTGGAGGAGACAGGCT for Pteropus alecto STING

14 Rs.STING_Age I-F CCCACCGGTATGCCCCACTCCAGCCTACAT Clone the Rhinolophus sinicus

15 Rs.STING_Not I_R ATTTGCGGCCGCGAAGACATCTGTGCGGAGTGGGAG STING into pQCXIH (modified with
in-frame GFP tag at the C-terminal)

16 Mus.Snrpd3_QPCR_F ATTGGTGTGCCGATTAAAGTCT gPCR primers for mouse reference

17 Mus.Snrpd3_QPCR_R ATACTTCCCCGGTGTTGGTCT gene SNRPD3

18 Mus.STING_QPCR_F TATACCTCAGTTGGATGTTTGGC gPCR primers for mouse STING

19 Mus.STING_QPCR_R CTGGAGTCAAGCTCTGAAGGC

20 Mus.IRF7_QPCR_F GAGACTGGCTATTGGGGGAG qPCR primers for mouse IRF7

21 Mus.IRF7_QPCR_R GACCGAAATGCTTCCAGGG

22 Mus.IFNB_QPCR_F AGCTCCAAGAAAGGACGAACA qPCR primers for mouse IFNf

23 Mus.IFNB_QPCR_R GCCCTGTAGGTGAGGTTGAT

24 Md.SNRPD3_QPCR _F ACCGCGGGAAGCTCATC gPCR primers for Myotis davidii

25 Md.SNRPD3_QPCR _R TGTTGGACATCTGGCAGTTCA reference gene SNRPD3

26 Md.STING_QPCR _F TGTTCAAGCGAGTCTGCAGTCT gPCR primers for Myotis davidii

27 Md.STING_QPCR _R TCACAGCCCTCCGGTAGCT STING

28 Rs.STING_QPCR-F CCAGACACTCGCGGACATC gPCR primers for Rhinolophus

29 Rs.STING_QPCR-R GCAGCTTCCAGGTAGACAATGA sinicus STING

30 Rs.SNRPD3_QPCR-F TGAGACAAACACTGGTGAGGTGTA gPCR primers for Rhinolophus

31 Rs.SNRPD3_QPCR-R GGACATCTGGCAGTTCATGTTG sinicus reference gene SNRPD3

32 Rs.IFNB1_QPCR-F ACCTCCTGTGGCAGTTGAATG gPCR primers for Rhinolophus

33 Rs.IFNB1_QPCR-R GCTTAAAGTCCATCCTGTCCTTGA sinicus IFNB

34 Rs.IRF7_QPCR-F TCCCCACACTACACCATCTAC gPCR primers for Rhinolophus

35 Rs.IRF7_QPCR-R TTCCCGTTGTACATGCTCC sinicus IRF7

36 Pa.STING_QPCR-F GCCGGACGCTTGAGGATAT qPCR primers for Pteropus alecto

37 Pa.STING_QPCR-R TCCTCTGTAGGTTCCTGGTAGACAA STING

38 Pa.SNRPD3_QPCR-F AGGTATACATCCGTGGCAGC qPCR primers for Pteropus alecto

39 Pa.SNRPD3_QPCR-R CCACTTGGGCCTTCAGAATA SNRPD3

40 Pa.lFNB1_QPCR-F CTCTAGCACTGGCTGGAATGAA qPCR primers for Pteropus alecto

41 Pa.IFNB1_QPCR-R TGCCCACCGAGTGTCTCA IFNB

42 Pa.lFIT1_QPCR-F CCTCCACCCATCTTAGGTTTATAG qPCR primers for Pteropus alecto

43 Pa.IFIT1_QPCR-R CATCACTGGGTACTCTCATGTC IFIT1

44 Pa.Cxcl10_QPCR-F TGCAAGTCAATCATGTCCACAA qPCR primers for Pteropus alecto

45 Pa.Cxcl10_QPCR-R CAGACATCTTTTTTCCCCGTTCT Cxcl10
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