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The antiviral cGMP–AMP (cGAMP)–stimulator of inter-
feron genes (STING) pathway is well characterized in mamma-
lian cells. However, whether this pathway also plays a role in
insect antiviral immunity is unknown. In this study, we found
that cGAMP is produced in silkworm (Bombyx mori) cells
infected with nucleopolyhedrovirus (NPV). In searches for
STING-related sequences, we identified BmSTING, a potential
cGAMP sensor in B. mori. We observed that BmSTING overex-
pression effectively inhibits NPV replication in silkworm larvae,
whereas dsRNA-mediated BmSTING knockdown resulted in
higher viral load. Cleavage and nuclear translocation of Bm-
Relish, a NF-�B–related transcription factor, was also observed
when BmSTING was overexpressed and was enhanced by
cGAMP stimulation or viral infection of B. mori larvae.
Moreover, we identified a caspase-8 –like protein (BmCasp8L)
as a BmSTING-interacting molecule and as a suppressor of
BmSTING-mediated BmRelish activation. Interestingly, cGAMP
stimulation decreased BmCasp8L binding to BmSTING and
increased BmRelish activity. Of note, an interaction between
death-related ced-3/Nedd2-like caspase (BmDredd) and Bm-
STING promoted BmRelish cleavage for efficient antiviral sig-
naling and protection of insect cells from viral infection. Our
findings have uncovered BmSTING as a critical mediator of
antiviral immunity in the model insect B. mori and have identi-
fied several BmSTING-interacting proteins that control antivi-
ral defenses.

Over recent decades, the innate immune responses elicited
by nucleic acids derived from viruses, bacteria, or protozoan

parasites have been intensively studied in mammals (1, 2). An
endoplasmic reticulum protein, stimulator of interferon genes
(STING;4 also known as MITA, MPYS, or ERIS), was identified
as a critical mediator for inducing the production of type I inter-
ferons (IFNs) and other proinflammatory cytokines in response
to viral DNA (3–7). Later studies demonstrated that cGMP–
AMP (cGAMP) synthesized in DNA virus–infected cells func-
tions as a second messenger to stimulate STING (8). Activated
STING then recruits the protein kinases I�B kinase (IKK) and
TANK-binding kinase 1 (TBK1), which in turn activate NF-�B
and interferon regulatory factor 3 (IRF3) to induce potent IFN
production (9). In addition to the antiviral immune response to
DNA viruses, STING is also involved in RNA virus–elicited
responses and can directly bind cyclic dinucleotides produced by
certain bacteria (10). The essential role of the STING pathway has
been widely recognized in antiviral innate immunity; however,
whether it exists or functions in invertebrates is unknown.

Recent studies in insects have indicated that in addition to
RNAi-mediated antiviral mechanisms, Toll and immune defi-
ciency (IMD) pathways, which are canonical NF-�B– depen-
dent signaling pathways and well characterized in response to
bacteria or fungi infection, also confer antiviral activity (11–14),
although the mechanism is not clear. CG1667, which encodes a
homolog of mammalian STING in Drosophila, has been
reported to be up-regulated 48 h after Drosophila C virus infec-
tion (15). Its expression level was also increased in WT flies
compared with microbiota-treated ones and decreased in
mutants bearing deficiency in Relish, the central transcriptional
factor in the IMD pathway (16), suggesting that the insect
STING homolog may be involved in responses to viral or bac-
terial infections. Considering the prominent role of STING in
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hedrovirus (NPV), and its natural host, Bombyx mori, were used
in this study to investigate insect STING functions. BmNPV
belongs to the Baculoviridae family, which has been proven to
evoke type I IFN production through STING in mammalian
cells (10). In addition, a genome-wide study of silkworm tran-
scription factors revealed that an NF-�B–like protein, BmRel,
was up-regulated 6 h after BmNPV infection (17). Expression of
several antimicrobial peptides, including gloverin-1, gloverin-2,
gloverin-3, gloverin-4, and lysozyme, was also induced in silk-
worm fat body and hemocytes by BmNPV infection (18). Glov-
erin has been identified as an antiviral protein combating bacu-
lovirus infection and highly expressed in BmNPV-resistant
silkworm strains (19, 20). Therefore, it is of interest to investi-
gate whether activation of the NF-�B signaling pathway by viral
infection in insects is mediated by certain unknown molecules,
such as putative STING.

In this study, we found that cGAMP was produced in cells
after BmNPV infection, and it promoted the expression of anti-
microbial peptides, such as BmCecropinA (BmCecA) and
BmCecropinB (BmCecB). We then identified BmSTING, the
potential sensor of cGAMP in silkworm. Knockdown of Bm-
STING in BmE and BmN4-SID1 cells resulted in less activation
of BmRelish and rendered cells more susceptible to BmNPV
infection. Furthermore, we identified BmCaspase-8 –like
(BmCasp8L), a paralogue of BmDredd that is responsible for
proteolytic activation of BmRelish, as an interacting protein
of BmSTING through immunoprecipitation coupled with
LC-MS/MS analysis. Interestingly, BmCasp8L lacks the caspase
domain, and it attenuated immune responses by inhibiting
BmDredd-mediated cleavage of BmRelish. Our findings reveal
a molecular mechanism of the regulation of antiviral immunity
in insects.

Results

cGAMP is produced in BmNPV-infected cells and induces
antiviral immunity

An endogenous second messenger, cGAMP, was reported to
be induced by DNA and DNA viruses (21, 22). To determine
whether DNA viral infection leads to the production of an acti-
vator in insect cells that triggers the innate immunity, we
infected BmE cells with BmNPV-GFP and then performed a LC
coupled with tandem MS (LC-MS/MS) analysis of the cytosolic
extract. In-depth examination of the MS spectra revealed one
ion with an m/z of 675.11 (Z � 1�), and collision-induced dis-
sociation fragmentation of this ion (Fig. S1A) revealed several
prominent ions with m/z values consistent with those expected
of cGAMP (Fig. S1B). Moreover, quantitative MS showed that
the abundance of ions representing cGAMP varied at different
times after BmNPV-GFP infection. Based on the calibration
curves of chemical-synthesized cGAMP, we found that the
concentrations of cytosolic cGAMP increased upon viral infec-
tion and reached a maximal level at �6 h postinfection (hpi).
The concentrations of cGAMP then decreased and sustained
from 24 to 72 hpi (Fig. 1, A and B). These results demonstrate
the production of cGAMP in BmE cells after BmNPV infection.

To determine whether cGAMP activates innate immunity in
insects, we examined the mRNA levels of the antibacterial pep-

tides BmCecA and BmCecB. Quantitative RT-PCR analysis
showed that chemically synthesized cGAMP induced BmCecA
and BmCecB in BmE cells (Fig. 1, C and D) as well as in the fat
body of silkworm larvae (Fig. 1E).

BmSTING mediates antiviral effects against BmNPV

Because STING has been proven to be a direct immune sen-
sor of cGAMP (23), we suspected that there exists a STING-ho-
mologous molecule in silkworm, which might play a similar role
in antiviral immune response as in mammals. Using human
STING sequence as the query to BLAST against the silkworm
genome database, we identified a sequence (XP_004923946)
encoding a putative protein comprising 329 amino acids with
an estimated molecular mass of 37.9 kDa. Full-length Bm-
STING was subsequently cloned by 5�-RACE. The C-terminal
domain (amino acids 126 –318) of BmSTING, which consists of
five � helices and six � sheets, presumably is highly conserved
with human and mouse STINGs, whereas the N-terminal
sequence is more variable (Fig. S2A). Residues that are thought
to be critical for binding its ligands and activation, such as Ser-
133, Tyr-138, and Asn-224, which correspond to Ser-162, Tyr-
167, and Asn-241, respectively, in human STING are also con-
served in BmSTING.

To analyze sequence homology, STING sequences from
B. mori, Drosophila melanogaster, Danio rerio, Xenopus tropi-
calis, Gallus gallus, Rattus norvegicus, Mus musculus, Bos tau-
rus, Canis lupus, Macaca mulatta, Pan troglodytes, and Homo
sapiens were used for phylogenetic analysis (Fig. S2B). The
sequences were primarily clustered into two groups; all of the
sequences from vertebrates were clustered together, whereas
BmSTING and DmSTING (CG1667) formed a separate
branch. Immunoblotting confirmed the molecular weight of
BmSTING (Fig. S2C). Although BmSTING was ubiquitously
expressed in a variety of tissues of silkworm larvae, prominent
expression was noticed in hemocytes (Fig. 2A). Interestingly,
we also found that under cGAMP induction, BmSTING pre-
dominantly congregated to the perinucleus from the cytoplasm
(Fig. 2B), which was similarly observed for the localization of
STING upon viral infection or interferon stimulatory DNA
(ISD) transfection in mammalian cells (4). Taken together,
these results suggest that BmSTING may respond to cGAMP
and thus be involved in antiviral immunity.

To determine whether BmSTING is involved in regulating
innate immunity, we first examined whether overexpression of
BmSTING contributes to the up-regulation of antimicrobial
peptides, which are downstream effector molecules of insect
immune pathways. As shown in Fig. 2 (C and D), overexpres-
sion of BmSTING significantly induced the expression of
BmCecB. We then evaluated whether overexpression of Bm-
STING protects cells from the viral infection. BmE cells were
infected with BmNPV-GFP at a multiplicity of infection (MOI)
of 1. Viral titer measurements showed that overexpression of
BmSTING resulted in a decrease of viral DNA imported to cells
by 2-fold compared with that in control cells at 72 hpi (Fig. 2E).
Fluorescence microscopy also revealed that virus production
was decreased in BmSTING-expressing cells compared with
the control cells (Fig. 2F).
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To further characterize the function of BmSTING, RNAi was
performed to down-regulate the expression of endogenous
BmSTING (Fig. 2G). BmE cells from WT and BmSTING-
knockdown cells were then infected with BmNPV-GFP at an
MOI of 1 for up to 72 hpi. Our result indicated that knockdown
of BmSTING in BmE cells modestly reduced the expression of
BmCecB (Fig. 2H). However, those cells were extremely vulner-
able to viral infection, as more progeny viruses were produced
in dsBmSTING-treated cells than in dsRFP-treated cells (Fig. 2,
I and J). The same result was also observed in BmN4-SID1 cells
(Fig. S3).

To exclude off-target effects of RNAi, we used the CRISPRi
system (24), in which dCas9 was fused to effector domains to
serve as an RNA-guided DNA-binding protein to target gene
expression (Fig. 3A). Three gRNAs were constructed to target
the BmSTING promoter. After co-transfection with dCas9, the
gRNA that showed the highest degree of repression achieved by
CRISPRi (sgBmSTING-3) was selected for further study (Fig.
3B). The expression of BmSTING was reduced more than 50%
(Fig. 3C), and more progeny viruses were produced in dCas9-
SID and sgBmSTING-3– coexpressing cells than in dCas9-

SID– expressing cells (Fig. 3, D and E). These findings suggested
that BmSTING promoted antiviral immune response.

BmSTING is essential for antiviral defense in vivo

To investigate whether BmSTING plays a role in antiviral
immunity in vivo, we performed RNAi to down-regulate the
expression of endogenous BmSTING in the silkworms. The
expression level of BmSTING was reduced by 58%, confirmed
by qPCR (Fig. 4A). Then we injected BmNPV to RNAi-treated
larvae and analyzed viral DNA replication with qPCR for up to
120 hpi. We found that the survival rate of animals with
decreased BmSTING expression was lower than the controls at
each time point sampled (Fig. 4B). Additionally, more progeny
viruses were produced in dsBmSTING-treated silkworms com-
pared with dsRFP-treated ones (Fig. 4C). The expression of
BmCecB (Fig. 4D) and BmGloverin (Fig. 4E) was also reduced.
Overall, these results showed that the BmSTING knockdown
resulted in higher susceptibility to BmNPV infection in silk-
worm larvae, suggesting that BmSTING plays an important
antiviral role in vivo.

Figure 1. Identification of cGAMP in BmNPV-infected cells. A and B, relative abundance of cGAMP in BmNPV-infected cells at different times. Fractions of cell
extracts from BmNPV-infected cells were analyzed for the presence of cGAMP by selective reaction monitoring of the expected ions (n � 5). C and D, the levels
of BmCecA and BmCecB mRNA were increased in BmE cells after cGAMP stimulation. BmE cells were transfected with cGAMP (3 �g/ml) for 9 h, followed by
qRT-PCR analysis (n � 3). E, relative levels of BmCecA and BmCecB mRNA in the fat body of larvae injected with X-treme/cGAMP complexes and X-treme. The
relative mRNA levels in the treated fat body of larvae were increased compared with the mRNA levels in untreated larvae (n � 6). **, p � 0.01; ***, p � 0.001. Error
bars, S.D.
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BmSTING promotes BmRelish cleavage

Because both cGAMP treatment and BmSTING overexpres-
sion led to induction of antimicrobial peptides, which is usually
tightly controlled by NF-�B-like transcriptional factors, we
next investigated whether BmRelish was properly cleaved from
its full length (BmRelish-FL) into its active form BmRelishact
under the same condition. We found that both BmNPV infec-
tion and cGAMP stimulation resulted in the generation of
BmRelishact. When BmSTING was overexpressed, the cleavage
appeared to be more prominent, even in the absence of stimuli,
as indicated by quantitative analysis of relative BmRelishact
level (Fig. 5A). It was also noted that more BmRelish was trans-
located from the cytoplasm to the nucleus (Fig. 5B). Treatment
with c-di-GMP, ISD, poly(dA-dT), or poly(I:C) generated a
similar result (Fig. S4).

To examine whether the processing of BmRelish promoted
by BmSTING affects viral infections, we evaluated the viral
DNA levels in cells overexpressing BmRelish or its active form
BmRelishact alone or BmRelish together with BmSTING in
BmE cells (Fig. 5C). Cells co-expressing BmSTING and Bm-
Relish as well as cells expressing BmRelishact were much more
refractory to the BmNPV infection than cells expressing BmRelish
alone, as determined by qRT-PCR (Fig. 5D). Fluorescence images
of BmNPV-GFP–positive cells also confirmed that viral produc-
tion in BmRelishact-expressing cells or BmSTING and BmRelish–
co-expressing cells was lower than in BmRelish-expressing cells
(Fig. 5E). Consistently, the expression levels of BmCecB, BmCecA,
BmGloverin, and BmLysozyme were dramatically increased when
BmSTING and BmRelish were co-expressed compared with over-
expression of BmRelish alone (Fig. 5, F–I). Collectively, our data

Figure 2. BmSTING expression affects the host defense against BmNPV virus. A, expression profile of BmSTING in B. mori tissues. BmSTING was found to
be ubiquitously expressed in a variety of tissues, as determined by qRT-PCR analysis. B, BmSTING tagged with RFP was primarily found in the cytoplasm. cGAMP
induced predominant congregation of BmSTING to the perinucleus in cells. Cells were fixed and imaged by confocal microscopy (scale bar, 2 �m). C and D,
overexpression of BmSTING induced BmCecB expression. E and F, BmSTING is a strong antiviral protein. BmE cells were treated with BmNPV at an MOI of 1, total
genomes were extracted, and relative viral DNA level was determined by qPCR at 72 hpi. Fluorescence microscopy (GFP) of BmSTING-overexpressing cells or
controls after infection with BmNPV (MOI 1). G and H, BmCecB was down-regulated by the RNAi of BmSTING. qRT-PCR analysis of BmSTING and BmCecB mRNA
in dsBmSTING-treated or control BmE cells (scale bar, 100 �m). I and J, cells treated with dsBmSTING were more susceptible to BmNPV infection. BmE cells were
treated with dsRNA and infected with BmNPV at an MOI of 1, total genomes were extracted, and relative viral DNA level was determined by qPCR at 72 hpi.
Fluorescence microscopy (GFP) of BmSTING RNAi or control cells (scale bar, 100 �m). *, p � 0.05; **, p � 0.01; ***, p � 0.001. Error bars, S.D.
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indicated that BmSTING promoted the processing of BmRelish to
activate antiviral immune responses.

Identification of BmCasp8L as an BmSTING-interacting protein
and an attenuator of NF-�B signaling pathway

To further reveal the mechanism of STING-mediated NF-�B
activation, we employed immunoprecipitation to screen

molecules that interact with BmSTING by using HA-tagged
BmSTING as a bait. LC-MS/MS analysis identified BmCaspase-
8 –like (BmCasp8L, XP_012552745) from a protein band with
molecular mass about 30 kDa (Fig. 6A and Table 1). To verify
the interaction between BmCasp8L and BmSTING, we gener-
ated FLAG-tagged BmCasp8L and confirmed that it was co-
precipitated with HA-tagged BmSTING in BmE cells (Fig. 6B).

Figure 3. Targeting BmSTING by CRISPR fusion system resulted in more susceptibility to BmNPV infection. A, the modular CRISPR fusion system by which
dCas9 was fused with SID domains serves as an RNA-guided DNA-binding protein to target BmSTING DNA sequence. B, the dCas9-SID fusion protein efficiently
silenced BmSTING expression. Three sgRNAs targeting BmSTING were transfected into BmE cells with dCas9-SID, respectively. The expression of BmSTING was
quantified by qRT-PCR. C, CRISPRi resulted in more susceptibility to BmNPV infection. BmE cells were treated with sgBmSTING-3 together with dCas9-SID and
infected with BmNPV at an MOI of 0.5. Relative viral DNA level was determined by qPCR at 72 hpi. D, fluorescence microscopy (GFP) of STING-knocked-down
or control cells (scale bar, 100 �m). The data are displayed as mean S.D. (error bars) for three independent experiments. **, p � 0.01.

Figure 4. BmSTING expression affects the host defense against BmNPV virus in vivo. A, BmSTING was down-regulated by dsRNA injected into silkworm
larvae (n � 10). B, the survival rate of silkworm injected with dsBmSTING or dsRFP after BmNPV infection (n � 30). Nm DZ silkworms treated with dsRNA against
BmSTING were infected with BmNPV (106 pfu/ml) by injection. C–E, qRT-PCR analysis of viral DNA (C), BmCecB (D), and BmGloverin mRNA (E) in BmSTING RNAi
or control silkworm. The data are displayed as mean � S.D. (error bars) for three independent experiments. *, p � 0.05; **, p � 0.01; ***, p � 0.001.
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BmCasp8l and BmSTING were also found co-localized in the
cytoplasm (Fig. 6C).

BmDredd is an endoprotease that mediates Relish cleavage
(25, 26). Interestingly, BmCasp8L shares 70% sequence similar-
ity with the N-terminal domain of BmDredd but lacks the
C-terminal caspase domain of BmDredd (Fig. 6D), implying
that BmCasp8L may be involved in BmRelish processing but
possesses different function. A homolog of BmCasp8L was also
identified in Drosophila (Fig. S5). To further evaluate the role of
BmCasp8L in BmSTING-mediated signaling, BmRelish alone
or together with BmCasp8L was overexpressed in BmE cells,
which were then treated with different stimuli. Generation of
BmRelishact induced by cGAMP or BmNPV was abolished by

BmCasp8L expression; however, this suppression was not
observed when cells were treated with LPS or Escherichia
coli, suggesting that BmCasp8L may mainly affect the anti-
viral immune signaling (Fig. 6E). The translocation of
BmRelish induced by cGAMP was also attenuated by
BmCasp8L (Fig. S6). Expression of BmCecB induced by viral
infection or cGAMP stimulation was also remarkably re-
duced when BmCasp8L was co-expressed (Fig. 6F). In fact,
in the presence of increasing amounts of BmCasp8L, less
BmRelishact was detected, implying that BmSTING-medi-
ated BmRelish cleavage was inhibited by BmCasp8L (Fig.
6G). These data suggested that BmCasp8L is a suppressor of
the BmSTING-mediated antiviral pathway.

Figure 5. BmNPV infection activates BmRelish through the cGAMP-BmSTING pathway. A, cGAMP (3 �g/ml) and BmNPV virus were delivered to BmE cells
overexpressing BmRelish together with BmSTING or BmRelish alone, and BmRelish protein was then measured by Western blotting. All Western blotting
signals were analyzed, and densitometric analysis of the BmRelishact protein bands from the Western blots was performed using ImageJ software. B,
confocal analysis of BmE cells overexpressing BmRelish alone or together with BmSTING and treated with cGAMP (cGAMP) or only the same transfection
reagent (Mock) (scale bar, 10 �m). C, relative viral DNA level in BmE cells overexpressing both BmRelish and BmSTING, BmRelish, or BmRelishact alone and
infected with BmNPV at an MOI of 1 was determined by qPCR at 72 hpi. D, fluorescence microscopy (GFP) of BmE cells overexpressing both BmRelish and
BmSTING, BmRelish, or BmRelishact alone and infected with BmNPV at 72 hpi (scale bar, 100 �m). E–H, expression of BmCecB (E), BmCecA (F), BmGloverin
(G), and BmLysozyme (H) in BmE cells transfected with BmSTING and BmRelish separately or together. *, p � 0.05; **, p � 0.01; ***, p � 0.001; ****, p �
0.0001; ns, not significant. Error bars, S.D.
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Figure 6. Identification of BmCasp8L as a suppressor of the BmSTING-NF-�B pathway. A, BmCasp8L was identified from BmSTING immunoprecipitates by
LC-MS/MS. B, association of BmCasp8L and BmSTING in BmE cells. BmCasp8L–BmSTING association was detected by bidirectional co-immunoprecipitation
using an anti-HA antibody and immunoblotting with the reciprocal anti-FLAG-HRP antibody or anti-FLAG antibody and immunoblotting with the reciprocal
anti-HA-HRP antibody. C, subcellular localization of BmSTING and BmCasp8L in BmE cells (scale bar � 2 �m). D, sequence alignment between BmCasp8L and
BmDredd. E, immunoblot of the BmRelishact in BmE cells overexpressing BmRelish alone or together with BmCasp8L and treated with cGAMP, BmNPV, LPS, or
heat-killed E. coli. Densitometry analysis of the BmRelishact protein level induced by cGAMP or BmNPV was abolished by BmCasp8L expression, but not by LPS
or E. coli stimulation. F, BmCecB expression level in BmE cells overexpressing BmCasp8L at 9 h after stimulation with cGAMP, BmNPV, LPS, or E. coli. G,
immunoblot of the cleavage of BmRelish in BmE cells overexpressing BmRelish alone or with different amounts of BmCasp8L. In the presence of increasing
amounts of BmCasp8L, less BmRelishact was detected by densitometry analysis. WCL, whole-cell lysates; LPS, lipopolysaccharide; EGFP, enhanced green
fluorescent protein; *, p � 0.05; **, p � 0.01. Error bars, S.D.
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BmDredd interacts with BmSTING to enhance antiviral
signaling

To investigate how BmSTING-mediated signaling is sup-
pressed by BmCasp8L, we first determined the location of
BmCasp8L and BmSTING after cGAMP stimulation. Confocal
microscopy revealed that BmSTING and BmCasp8L were co-
localized in the cytoplasm in untreated cells. However, after
cGAMP treatment, BmSTING aggregated to the perinucleus
space, whereas BmCasp8L did not, suggesting that less Bm-
STING was co-localized with BmCasp8L in the cytoplasm (Fig.
7A). Moreover, we performed a time-course study of Bm-
STING co-immunoprecipitation in the presence of immune
stimulation to examine the interaction between BmSTING and
BmCasp8L (Fig. 7B). After cGAMP stimulation, as time
increased, less BmCasp8L was detected in the immunoprecipi-
tates of BmSTING, suggesting that immune stimulation altered
the interaction between BmSTING and BmCasp8L, thus
reversing BmCasp8L inhibition. Interestingly, the expression of
BmCasp8L after viral infection was dramatically decreased (Fig.
S7), which may represent a positive feedback mechanism of
lowering BmCasp8L in order to fully activate the innate
immune response. Taken together, these data indicate that
immune stimulation results in the release of BmSTING from
the BmSTING–BmCasp8L complex.

Considering the critical role of BmDredd in BmRelish pro-
cessing and its high homology with BmCasp8L, we suspected
that it also interacts with BmSTING. Therefore, we pretreated
BmE cells co-expressing BmRelish and BmSTING with differ-
ent amounts of Z-VAD-fmk, a caspase inhibitor, and then
examined the cleavage and translocation of BmRelish. The level
of BmRelishact decreased dramatically with increasing Z-VAD-
fmk in a dose-dependent manner (Fig. 8A). Translocation of
BmRelish from the cytoplasm into the nucleus promoted by
BmSTING was also abrogated when cells were treated with
Z-VAD-fmk (Fig. 8B). We then co-expressed BmDredd and
BmSTING and found that they were co-localized in the cyto-
plasm (Fig. 8C). A co-immunoprecipitation assay also con-
firmed the interaction between these two proteins (Fig. 8D).
Furthermore, when BmDredd and BmRelish were co-ex-
pressed with decreasing amounts of BmCasp8L, we found that
more BmRelish was activated (Fig. 8E). It may be possible that
the translocation of BmSTING following cGAMP stimulation
is prone to the interaction with BmDredd rather than with
BmCasp8L in favor of activating antiviral immune response.

Discussion

STING is a critical signaling molecule required for the
immune response to cytosolic nucleic acids, particularly

dsDNAs derived from pathogens and viruses as well as endog-
enous second messengers, such as c-di-GMP, cyclic-di-AMP
(10), and cGAMP (22), in mammalian cells. These events lead to
the production of innate immune response genes through the
IRF3 and NF-�B pathways (1). In this study, we found that
BmNPV infection led to cGAMP production in insects and that
BmSTING responded to cGAMP to activate insect immune
signaling pathways. The antiviral immune response that medi-
ated by cGAMP-BmSTING in insects was attenuated by
BmCasp8L. These findings provide novel insight into the
mechanism of the cGAMP-mediated BmSTING-dependent
NF-�B activation pathway after virus infection (Fig. 9).

Binding to cyclic dinucleotides is a deeply evolutionarily con-
served function of STING that can be traced back to sea anem-
one, although co-factors are possibly required for insect STING
proteins interacting with cGAMP in vitro (27). In this study, we
found that BmSTING aggregated to the perinuclear region in
response to cGAMP stimulation (Fig. 2E), and the expression of
antimicrobial peptides induced by cGAMP was significantly
down-regulated once BmSTING was knocked down by RNAi,
implying that BmSTING functions as a potential sensor of
cGAMP. Further study is needed to elucidate how BmSTING
responds to cGAMP stimulation.

Relish, a transcription factor of the NF-�B family, is similar to
mammalian p100 and p105. Its activation is dependent on sig-
nal-induced endoproteolysis, which requires the activity of the
I�B kinase complex and the caspase Dredd (26). In this study,
we discovered that BmCasp8L, which lacks the caspase domain,
functions as an inhibitor of Relish cleavage. Based on the high
similarity between BmCasp8L and the N-terminal domain of
BmDredd, we speculated that BmCasp8L may compete with
BmDredd in binding with DIAP2, an E3 ligase that binds to the
N-terminal death effector domain of Dredd and targets it for
polyubiquitylation, which is required for the full activation of
Dredd. As a result, less ubiquitinated Dredd would be available
to process Relish (28).

In mammals, activated STING by viral nucleic acids signifi-
cantly up-regulates the production of IFN (29). However, no
IFN homolog has been identified in insects. Recent studies
reported that an antiviral cytokine, Vago, was produced upon
viral infection in fruit fly and mosquito. Induction of Vago
depends on the helicase Dicer-2, which belongs to the same
DExD/H-box helicase family as RIG-I–like receptors, which
sense viral infections and mediate interferon induction in
mammals (30, 31). The Relish ortholog, Rel2, was also reported
to be required for Vago production in Culex mosquitos infected
with West Nile virus (32). Whether there exist any antiviral

Table 1
Proteins co-immunoprecipitated with BmSTING identified with LC-MS/MS

Protein IDs Accession Protein annotation Molecular mass iBAQa

kDa
BGIBMGA008319 XP_004928441.1 Uncharacterized protein 30.081 33,324
BGIBMGA009057 XP_004924417.1 Mitochondrial carrier protein 31.458 1,152,800
BGIBMGA013965 NP_001040428.1 H�-transporting ATP synthase 32.349 1,235,600
BGIBMGA008021 XP_004922896.1 BmCaspase-8 like (BmCasp8l) 29.754 1,449,400
BGIBMGA006158 NP_001040289.1 Prohibitin protein WPH 30.081 34,207,000
BGIBMGA003829 NP_001037072.1 ADP/ATP translocase 32.891 38,661,000

a Intensity-based absolute quantification.
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factors that are regulated by the BmSTING-NF-�B remain to
be elucidated.

A number of DNA sensors, such as interferon �–inducible
protein 16 (IFI16) (33), DEAD box protein 41 (DDX41) (34),
and cGMP–AMP synthase (cGAS) (21), have been character-
ized to induce STING-dependent IFN responses in mammals;
nevertheless, their homologs in insects were not characterized
to be intracellular DNA receptors involved in immune
response. For instance, Abstrakt, the homolog of DDX41 in
Drosophila, is well known for its role in the regulation of cell
division (35). We also identified a homologous gene that might
encode cGAS in silkworm. Further studies would be needed to
uncover their possible functions in DNA-triggered immune
response.

Our study demonstrated that the cGAMP–BmSTING–NF-
�B–mediated antiviral signaling pathway is conserved in silk-
worm, B. mori, a model organism of lepidopteran insects. Iden-

tifying the mechanism of BmRelish processing promoted by
BmSTING in B. mori will provide new insight into the antiviral
response regulation in insects. Because BmCasp8L serves as a
switch of BmSTING-mediated activation of BmRelish, target-
ing BmCasp8L may represent an approach to enhance early
host immunity mediated by BmSTING to protect the host from
viruses.

Experimental procedures

Insects, cells, and virus

Silkworm strain DaZao P50 was obtained from our labora-
tory. Larvae were reared following standard procedures. BmE
cells (36) and BmN4-SID1 cells (37) were maintained at 27 °C in
Grace medium or IPL-41 medium supplemented with 10% (v/v)
fetal bovine serum, penicillin, and streptomycin. BmNPV-GFP
viruses were propagated in BmE cells, and BmNPV titers were

Figure 7. cGAMP stimulation abates the inhibition of BmCasp8L. A, subcellular localization of BmSTING and BmCasp8L in BmE cells treated with or without
cGAMP (scale bar, 2 �m). B, co-immunoprecipitation assay of BmSTING and BmCasp8L in BmE cells treated with cGAMP for different times; immunoprecipi-
tation was performed using anti-HA antibody, and the presence of BmCasp8L in BmSTING immunoprecipitates was determined with anti-FLAG-HRP antibody.

Figure 8. BmDredd competes with BmCasp8L to regulate the activation of Relish. A, BmE cells were treated with the indicated amounts of caspase
inhibitor Z-VAD-fmk for 12 h before transfection with BmRelish and BmSTING-expressing plasmid; the cleavage of BmRelish was decreased dramatically with
increasing Z-VAD-fmk by immunoblot analysis. B, subcellular localization of BmE cells treated with 1 �l of the caspase inhibitor Z-VAD-fmk, which was dissolved
in DMSO at a final concentration of 20 �mol/liter (Z-VAD-fmk) or 1 �l of DMSO only (Mock) and then transfected with MYC-tagged BmRelish and BmSTING in
cells (scale bar, 10 �m). C, subcellular localization of BmSTING and BmDredd in BmE cells (scale bar, 10 �m). D, co-immunoprecipitation assay of BmSTING and
BmDredd. Immunoprecipitation was performed using anti-FLAG antibody, and the presence of BmSTING in BmDredd immunoprecipitates was determined
with anti-HA-HRP antibody. E, the activation of BmRelish mediated by BmDredd was inhibited by BmCasp8L in a dose-dependent manner. BmRelish and
BmDredd were co-expressed in BmE cells with decreasing doses of BmCasp8L. Error bars, S.D.
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determined via a TCID50 end-point dilution assay described by
O’Reilly et al. (38).

Plasmids

BmSTING (XP_0049239 46) was cloned by PCR using cDNA
of BmE cells as the template. 5�-RACE was performed by using
a 5�-full RACE kit with TAP (TaKaRa Bio Inc., Tokyo, Japan) to
obtain the full-length sequence. HA-tagged BmSTING (HA-
Bm-STING), FLAG-tagged BmCasp8L (FLAG-BmCasp8L),
BmDredd (FLAG-Bm-Dredd), and MYC-tagged BmRelishact
were constructed following the same procedure for con-
struction of the MYC-BmRelish expression vector. RFP-tagged
BmSTING (RFP-BmSTING), BmRelish (RFP-BmRelish), and
BmDredd (RFP-BmDredd) were constructed by the same
methods as described previously by Tatsuke et al. (39). The
entry clones for BmSTING, BmRelish, and BmDredd were con-
structed on pENTR11 from Invitrogen. The primer sets were
designed based on the registered sequence data and listed in
Table S1. The amplified BmSTING, BmRelish, and BmDredd
cDNA were digested with NcoI and XhoI and subcloned into
the pENTR11 and named BmSTING-pENTR11, BmRelish-
pENTR11, and BmDredd-pENTR11, respectively. pRFP-
BmSTING, pRFP-BmRelish, and pRFP-BmDredd were con-
structed by the Gateway LR reaction between the entry vectors,
BmSTING-pENTR11, BmRelish-pENTR1, and BmDredd-
pENTR11, and the DEST vectors pie2RW using LR ClonaseTM
Enzyme Mix (Invitrogen) according to the manufacturer’s
manual.

Cell stimulations

cGAMP was purchased from Invivogen. All transfections in
cells were carried out using X-treme GENE Transfection Rea-
gent according to the manufacturer’s instructions (Roche,
Basel, Switzerland). cGAMP, poly(dA:dT), poly(I:C), c-di-

GMP, and ISD were transfected at a final concentration of 3
�g/ml as described previously (40). 10 �l of cGAMP/X-treme
(0.1 �g/ml) transfection complex was injected into silkworm
larvae on the second day of fifth instar through the second-to-
last stoma of the abdomen with a fine needle. After 24 h, the fat
body was extracted for further study.

For detection of immunostimulated activation of BmRelish,
cells were first transfected with BmRelish-expressing plasmid
alone or along with BmSTING-expressing plasmid using
X-treme GENE Transfection Reagent (Roche). 48 h later, those
cells were then transfected with cGAMP at a final concentra-
tion of 3 �g/ml using X-treme GENE Transfection Reagent or
treated only with the same transfection reagent without
cGAMP. After 10 h, cells were stained for immunofluorescence
analysis (Fig. 5B).

Caspase inhibitor Z-VAD-fmk was purchased from Beyo-
time (Shanghai, China). To evaluate the effect of caspase inhib-
itor on BmRelish activation, cells were pretreated with 1 �l of
DMSO only or 1 �l of Z-VAD-fmk (Beyotime), which was dis-
solved in DMSO at a final concentration of 20 �mol/liter. Then
the cells were co-transfected with BmRelish- and BmSTING-
expressing plasmid using X-treme GENE Transfection Rea-
gent. 48 h later, cells were stained for immunofluorescence
analysis (Fig. 8B).

Measurement of viral DNA load

At the indicated time points, BmNPV-infected BmE cells
were harvested and suspended in PBS. Total DNA from each
sample was prepared with a TaKaRa MiniBEST universal
genomic DNA extraction kit (TaKaRa Bio) according to the
protocol in the manual. The viral DNA abundance of BmNPV
was examined by the expression of the GP64 gene. The silk-
worm GAPDH gene was used for normalization. Sequences of
primers are listed in Table S1.

Figure 9. Schematic model representation of BmSTING-dependent activation of BmRelish/NF-�B in response to NPV infection. In noninfected cells,
BmSTING interacts with BmCasp8L, which is an inhibitor of the BmSTING–BmRelish/NF-�B pathway and suppresses the activation of innate immunity. Upon
viral infection, production of cGAMP is triggered by signals from some unknown DNA sensors that recognize viral DNA. cGAMP then induces the translocation
of BmSTING from the cytoplasm to the prenuclear region. As a result, the interaction between BmSTING and BmCasp8L decreases, and BmSTING tends to
interact with BmDredd, promoting the processing of BmRelish/NF-�B. Consequently, activated BmRelish is translocated to the nucleus to initiate the tran-
scription of a plethora of target genes, including genes encoding antiviral factors and antimicrobial peptides.
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LC-MS/MS

BmE cells (3 � 106) were collected in 100 �l of 40% (v/v)
acetonitrile, 40% (v/v) methanol, 0.1 N formic acid methanol.
This slurry was incubated for 30 min at 	20 °C and concen-
trated at 4 °C for 15 min (41). The supernatant was moved to a
clean centrifuged tube, dried for 3 h in a vacuum concentrator,
and then dissolved in 100 �l of water. Next, 10 �l of each sample
was injected into a Thermo Fisher Scientific Ultimate 3000 sys-
tem (Agilent) equipped with a Pursuit 3 PFP column (3 �m, 2 �
150 mm). The ionization source parameters were set as follows:
positive mode; capillary temperature, 250 °C; spray voltage, 2.3
kV. Full-scan MS spectra were acquired in a mass range from
m/z 100 to 1000. The flow phases used were as follows: A, aque-
ous 0.1% (v/v) formic acid; B, 0.1% formic acid � 100% aceto-
nitrile. The gradient used was 2% B for 3.5 min, 2–30% B for 3.5
min, 30 – 65% B for 1.5 min, 65–95% B for 1.5 min, 95 to 2% B for
1.5 min, and re-equilibration for 1 min. The flow rate was 0.2
ml/min, and the column oven temperature was maintained at
40 °C. Targeted selected ion-monitoring (SIM)/ddMS2 mode
was used in the Q-Exactive mass spectrometer with an electro-
spray ion source. The precursor ion used to monitor cGAMP in
the samples was 675.107 [M � H]1�, and the production of
MS/MS was confirmed using Mass Frontier version 7.0 soft-
ware. Chemically synthesized cGAMP was dissolved in extrac-
tion buffer at concentrations of 0.245, 0.123, 0.062, 0.031, 0.016,
and 0.008 nM to generate a standard curve or by calculating the
cGAMP concentration in each extract. Quantifier SIM peak
areas were compared with the calibration curve of external stan-
dard peak areas to determine the cGAMP concentration.

RNAi

dsRNA was synthesized using RiboMAXTM large-scale RNA
production systems SP6 and T7 (Promega). The primer of
T7-BmSTING is listed in Table S1. BmE cells were seeded on
12-well plates at 1 � 105 cells/well and transfected with 5 �g of
dsRNA using X-treme GENE Transfection Reagent.

BmN4-SID1 cells were used for RNAi by adding 5 �g of
dsRNA directly into 1 ml of medium supplemented with 10%
FBS (37). After 5 days of RNAi, the rest of the process was as
described above for the BmE cells.

The fifth instar larvae of Nm DZ were injected was 20 �g of
dsRNA. Two days after RNAi, the larvae was injected with 5 �l
of virus (106 pfu/ml). Total DNA was obtained at 3 days after
injection. Each sample was extracted from 10 treated larvae,
and PCR analysis of BmNPV replication was performed as
described (43).

CRISPRi

The expression vector of T-hr3/A4-dCas9-SID was kept in
our laboratory. The sgRNAs of BmSTING promoter were syn-
thesized by Invitrogen and inserted into T-U6-gRNA2 vector.
All of the gRNA sequences are listed in Table S1. All of the
plasmids were purified with a Plasmid Mini Kit (Qiagen,
Hilden, Germany). T-hr3/A4-dCas9-SID was co-transfected
with T-U6-sgBmSTING into BmE cells for 60 h. Then the cells
infected with BmNPV at an MOI of 0.5 were collected 3 days
later for further study.

Mortality analysis

The survival rates of dsRFP-treated and dsBmSTING-
treated larvae after injection with virus were investigated. Each
line was infected three times, and each repetition included 30
larvae. Cumulative survival rates were calculated from the indi-
cated time of infection up to 120 hpi. Each assay was performed
three times.

Real-time PCR

Total RNA was isolated from cells using a Total RNA Kit
(Omega) and reverse-transcribed by a GoScript reverse tran-
scription system (Promega). Fluorescence real-time PCR was
performed using Ex TaqII (TaKaRa) on a 7500 fast real-time
PCR system (Applied Biosystems) with a program consisting of
an initial denaturing step of 30 s at 95 °C and 40 amplification
cycles consisting of 5 s at 95 °C followed by 30 s at 60 °C. The
expression level of BmSTING or GP64 was normalized to
GAPDH (XP_012549898). The primers used in qRT-PCR are
available in Table S1.

Immunoprecipitation and silver stain

BmE cells (3 � 107) transfected with HA-BmSTING or HA-
EGFP were separately collected and lysed in 1.5 ml of cell lysis
buffer (Beyotime) per well on ice for 30 min. After centrifuga-
tion at 12,000 rpm for 15 min, the clarified supernatants were
collected.

For immunoprecipitation experiments, total proteins were
mixed with 50 �g of recombinant anti-HA mouse mAb (HA-7)
(catalogue no. H3663-200 �l, Sigma) and incubated at 4 °C with
gentle agitation for 4 h. 100 �l of protein-agarose A/G beads
(Santa Cruz Biotechnology, Inc.) was added and incubated at
4 °C overnight. After washing five times with PBS containing
0.05% Tween 20, protein was eluted with 2� SDS-loading
buffer by boiling for 15 min. Eluted samples (40 �l) were sepa-
rated on 12% SDS-PAGE and then visualized by staining with
silver nitrate (AMRESCO 0377-100G) and analyzed by LC-MS/
MS, which was done by our laboratory as described previously
(44).

Co-immunoprecipitation and immunoblot analysis

Cells transfected with expression vectors of FLAG-
BmCasp8L or HA-BmSTING alone or together were collected
after transfection and lysed in 150 �l of cell lysis buffer (Beyo-
time) per well on ice for 30 min. After centrifugation at 12,000
rpm for 15 min, the clarified supernatants were collected. The
500 �l of supernatants was then incubated with 5 �g of anti-
FLAG antibody (catalogue no. F1804-200�g, Sigma) or 5 �g of
anti-HA mouse mAb (HA-7) (catalogue no. H3663-200�l,
Sigma) at 4 °C for 2– 4 h separately. 20 �l of protein-agarose
A/G beads (Santa Cruz Biotechnology) was added and incu-
bated overnight. The immune complexes were washed with
PBS containing 0.05% Tween 20 six times and eluted with 40 �l
of 2� SDS-loading buffer by boiling for 15 min. Protein con-
centration of whole-cell lysate was estimated by a BCA assay
(Beyotime). Sample from the co-immunoprecipitation assay
and whole-cell lysate was separately resolved on 12% SDS-
PAGE. After transfer to a polyvinylidene difluoride membrane
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(GE Healthcare), samples were immunoblotted with anti-HA-
HRP antibody (catalogue no. A00169-40, Genscript, Nanjing,
China), anti-FLAG-HRP antibody (catalogue no. A8592-2MG,
Sigma), or GAPDH antibody (catalogue no. abs830030, Shang-
hai, China) following the standard procedure and then devel-
oped using SuperSignalTM West Pico PLUS Chemiluminescent
Substrate (Thermo Fisher Scientific) as described previously
(45).

ImageJ-based quantitative analysis of Western blotting data

Quantitative analysis of the visible bands in the immunoblot
was performed by using the ImageJ program (46) and a proce-
dure described previously (42). The integrated density values of
all of the measured bands for the BmRelishact protein levels
were normalized to amounts of loading control GAPDH.

Confocal microscopy

BmE cells transfected with HA-BmSTING were first per-
meabilized with 0.5% Triton X-100 and blocked with 5% BSA in
PBS containing 0.1% Tween 20 (PBST) for 1 h at room temper-
ature. Then cells were incubated with anti-HA mouse mAb
(HA-7) (catalogue no. H3663-200�l, Sigma) and anti-MYC
rabbit mAb (catalogue no. AM933, Beyotime) for 1 h at room
temperature, followed by incubation with anti-mouse IgG con-
jugated with Cy3 (catalogue no. A0521, Beyotime) or anti-rab-
bit IgG conjugated with FITC (catalogue no. A0562, Beyotime),
respectively. The stained cells were visualized under an Olym-
pus FV-1000 confocal microscope (Olympus, Tokyo, Japan).

Statistics

The results are expressed as the means � S.E. Statistically
significant differences between the mean values were deter-
mined by Student’s t test (*, p � 0.05; **, p � 0.01; ***, p � 0.001;
****, p � 0.0001). Silkworm experiments were performed in
biological triplicate with the indicated number of silkworms per
group. Cell culture experiments were conducted with three or
five independent cultures for each sample.
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