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ARTICLE INFO ABSTRACT

Keywords: Negative regulation of the immune signaling pathway involves diverse negative regulators that target different
Caspase-8 like signaling molecules. One of the signaling molecules, DREDD, which activates the NF-xB transcription factor
DREDD

Relish in the IMD pathway, is a homolog of mammalian caspase-8. Some structural related proteins have been
identified to regulate the activity of caspase-8 in signaling complex assembly. However, it is unknown in insects
whether the IMD pathway undergoes such a down-regulation. In this study, we explored the regulatory role of a
newly identified protein BmCaspase-8 like (BmCasp8L) in silkworm, which displays high sequence similarity
with the N-terminus of BmDREDD to the IMD pathway, and investigated its mechanism. Domain prediction,
phylogenic analysis and gene architecture suggests BmCasp8L acts as a potential inhibitor to BmDREDD. We
then found it is highly expressed in the fat body and hemocytes, and suppresses the cleavage of BmRelish and
BmIMD mediated by BmDREDD upon PGN stimulation, resulting in deficiency in antimicrobial peptides pro-
duction. Besides the inhibitory role in the IMD pathway, it also suppresses the BnDREDD-induced apoptosis. By
investigating the amyloidal activity of BmCasp8L and its interaction with BmDREDD and BmFADD, we de-
monstrated that BmCasp8L forms amyloid-like aggregates in vitro as well as in vivo, and it inactivates BnDREDD
by blending into the amyloidal speck-like structure formed by BmDREDD and BmFADD that is required for
BmDREDD activity. Taken together, our results demonstrate BmCasp8L inhibits the IMD signaling pathway via
forming amyloidal aggregates with BmDREDD, suggesting an evolutionarily conserved regulatory mechanism of
innate immune signaling pathway.

IMD pathway
Death effector domain
Amyloidal aggregates

1. Introduction (Bonnay et al., 2013; Dantoft et al., 2013, 2016; Kounatidis et al., 2017;

Libert et al., 2006). Therefore, exploring the negative regulatory me-

As one of the two major NF-xB signaling pathways that mediate
innate immune response in insects, the immune deficiency (IMD)
pathway has been so intensively studied that how extracellular signals
are relayed from germ line-encoded receptors to downstream NF-kB
transcription factor is generally outlined (Kleino and Silverman, 2014;
Myllymaki et al., 2014). Once the NF-kB transcription factor Relish
which is normally restrained in the cytoplasm is activated, it translo-
cates into the nucleus and induces the production of a plethora of ef-
fector molecules, including antimicrobial peptides (AMPs). Besides its
critical role in defending Gram-negative bacterial infection, IMD path-
ways is also implicated in regulating homeostasis, since commensal
dysbiosis, tissue damage or short lifespan, has been reported as the
result of hyper-activation or des-regulation of the signaling pathway

chanism is necessary for understanding the coordination of immune
response with other physiological processes.

The IMD pathway is activated when membrane-bound pepti-
doglycan recognition protein (PGRP)-LC or intracellular PGRP-LE re-
cognizes diaminopimelic acid-type peptidoglycan (DAP-PGN) derived
from Gram-negative bacteria and certain Gram-positive bacteria, such
as Bacillus spp., then the signal is delivered sequentially through IMD,
Fas associated via death domain (FADD) and caspase-8 homolog Death
related ced-3/Nedd2-like caspase (DREDD), which subsequently
cleaves IMD and Relish (Akira et al., 2006; Kim et al., 2014; Royet et al.,
2005). Cleavage of IMD allows its polyubiquination and recruitment of
transforming growth factor (TGF)-activated kinase 1 (TAK1), which in
turn activates IkB kinase (IKK) complex, and eventually leads to Relish
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phosphorylation (Erturk-Hasdemir et al., 2009; Kleino et al., 2005;
Paquette et al., 2010). Cleavage of Relish, on the other hand, releases it
from the sequestering ankyrine-repeat domain on its own C-terminal
tail, resulting in nucleus transportation (Stoven et al., 2000, 2003).
Mutant or RNAi screening in Drosophila helped to identify diverse ne-
gative regulators which may target the same signaling molecule but
with distinct mechanism (Foley and O'Farrell, 2004; Kim et al., 2006;
Maillet et al., 2008; Morris et al., 2016). A majority of them inactivate
or promote the degradation of signaling molecules by modifying their
ubiquitination status (Engel et al., 2014), a few others may execute
inhibitory role by disrupting the interaction between signaling mole-
cules, which relies on mutual availability of certain structures on each
other. For instance, Poor IMD response upon knock-in (Pirk) interferes
with the amyloid-like fibrils formed by PGRP-LC, PGRP-LE and IMD
through their cryptic RIP homotypic interaction motifs (cRHIMs)
(Kleino et al., 2017; Kleino and Silverman, 2019). Since activation of
Relish is a decisive step in the IMD pathway, both of Relish phos-
phorylation and cleavage requires DREDD, making it an important
target subject to negative regulation.

Interestingly, the IMD pathway has been considered to be evocative
of the mammalian TNF-a receptor signaling pathway, since their sig-
naling molecules share striking similarity (Georgel et al., 2001). Par-
allels between receptor-interacting protein kinase (RIP) and IMD,
mammalian FADD and insect FADD, caspase-8 and DREDD suggest
these two pathways may share the same regulatory mechanism. Upon
TNF receptor activation by the ligands, FADD recruits caspase-8 at the
death-inducing signaling complex (DISC) through their death effector
domains (DEDs), leading to the formation of caspase-8 filaments (Riley
et al., 2015; Siegel et al., 1998). Moreover, this assembly is the target
for some tandem DED-containing proteins, such as cellular FLICE
(FADD-like IL-1B-converting enzyme)/Casp-8-like-inhibitory protein
(cFLIP) (Horn et al., 2017; Schleich et al., 2016), which made us
wonder whether DREDD and FADD in insects form such a cytoplasmic
structure, and any molecule may inhibit the IMD pathway by inter-
acting with them.

Recently, we discovered a novel protein with high sequence simi-
larity to the N-terminus of BmDREDD in silkworm, Bombyx mori and
named it BmCaspase-8-like (BmCasp8L) (Hua et al., 2018). It inhibited
the cleavage of BmRelish and production of BmCecropinAl under DAP-
PGN stimulation, suggesting it may act as a negative regulator of the
IMD pathway (Hu et al, 2018). In the present study, we found
BmCasp8L not only suppresses the BmDREDD-mediated cleavage of
both BmIMD and BmRelish, but its pro-apoptotic activity. Further, we
found BmCasp8L displays amyloidal activity as evidenced by amyloid
dye binding assays and semi-denaturing detergent agarose gel electro-
phoresis (SDD-AGE), and via interaction with both BmFADD and
BmDREDD, it is comingled into the aggregates formed by these two
signaling molecules. Collectively, our results demonstrate that
BmCasp8L acts as a regulator of signaling amyloid formation in the IMD
pathway, suggesting an evolutionary conservation in regulatory me-
chanism of innate immune signaling.

2. Materials and methods
2.1. Cells, insects and antibodies

BmE cells were maintained at 27 °C in Grace medium (Gibco,
Carlsbad, CA, USA) supplemented with 10% FBS and penicillin and
streptomycin (Hyclone, Logan, UT, USA). Silkworm DaZao P50 strain
was originally obtained from Silkworm Genetic Resource Supply in
Southwest University. Larvae were reared with fresh mulberry leaves at
27 °C under 12 h light/12h dark cycles. The following antibodies have
been used: anti-FLAG mouse monoclonal Ab (Sigma-Aldrich, St Louis,
MO, USA), anti-Myc mouse monoclonal Ab (Invitrogen, Carlsbad, CA,
USA), anti-HA mouse monoclonal Ab (Invitrogen), anti-Tubulin mouse
monoclonal Ab (Beyotime, Shanghai, China) and anti-V5 mouse
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monoclonal Ab (Abcam, Cambridge, UK). Rabbit polyclonal antibody
against BmCasp8L was generated by Novoprotein (Shanghai, China).

2.2. Plasmid construction, dsRNA synthesis and cell transfection

Bmfadd and BmIMD was cloned from silkworm larvae cDNA.
Expression plasmids containing N-terminal FLAG tagged-BmCasp8L
(FLAG-BmCasp8L), HA tagged-BmFADD (HA-BmFADD), C-terminal
Myc tagged-BmIMD (BmIMD-Myc) and N-terminal V5 tagged-
BmDREDD (V5-BmDREDD) was constructed following the same pro-
cedures of construction of Myc tagged-BmRelish (Myc-BmRelish) (Hua
et al, 2016). Fluorescent protein tagged constructs, including
BmDREDD-mCherry, BmFADD-EGFP, BmCasp8L-EGFP and BmCasp8L-
YFP were also constructed by the same methods.

Interfering dsRNA against Bmcasp8L (dsCasp8L) or egfp (dsEGFP)
was generated using T7 in vitro Transcription Kit (Promega, Fitchburg,
WI, USA) following the manufacturer's instruction. Primers used in this
study were listed in Supplementary Table 1.

Cells were seeded in an appropriate cell culture plate and incubated
overnight. Plasmids or dsRNA were transiently transfected into cells
using X-treme GENE transfection reagent (Roche, Basel, Switzerland)
following the manufacturer's instruction.

2.3. Infection experiments

Silkworm larvae were injected with dsRNA (20 pg/larvae) through
the second last stoma in abdomen with a fine needle at second day of
fifth instar. 24 h later, overnight-cultured Serratia marcescens (1 X 103/
larvae) or ddH,O were injected at the same site. Silkworm larvae were
collected and anti-microbial peptides were examined at different time
points for qRT-PCR.

2.4. Quantitative RT-PCR (qRT-PCR) analysis

Total RNA was extracted from whole silkworm larvae or BmE cells
using Total RNA kit (Omega, Atlanta, GA, USA) and reverse transcribed
by 5 X PrimeScript RT Master Mix (Takara, Japan). qRT-PCR was
performed using SYBR Premix Ex Tagq II (Takara). The expression level
of Bmcasp81, BmCecropinA1l, BmCecropinB and BmAttacin was normal-
ized to the control (SilkDB probe number: sw22934). Primers used in
qRT-PCR were listed in Supplementary Table 1.

2.5. Luciferase reporter assay

BmE cells were transfected with 1pug BmCasp8L-expressing con-
structs together with 0.5ug Firefly luciferase reporter and 0.05pg
Renilla luciferase plasmid. 24 h after transfection, cells were treated
with 10 ug/ml DAP-PGN (Sigma) for 12h. Luciferase activity was
measured using Dual-Glo luciferase Reporter Assay System (Promega)
following the manufacturer's instruction. Firefly luciferase readings
were divided by the Renilla luciferase readings to calculate the relative
fold change.

2.6. Immunoprecipitation and immunoblotting

Cells were lysed in NP40 lysis buffer (Beyotime) and the con-
centration was determined by BCA assay. 5 g antibodies as indicated in
figures was incubated with 25 pL Protein A/G Agarose (Beyotime) fol-
lowed by incubation with 500 ug total protein for 6 hat 4 °C. The im-
munoprecipitates were washed for 5 times and subjected to im-
munoblotting. For immunoblotting analysis, whole cell lysates or
immunoprecipitates were separated by SDS-PAGE and transferred to
PVDF membrane. The membrane was incubated with respective anti-
bodies and the protein bands were visualized using Super Signal West
Femto detection system (Thermo Scientific, Waltham, MA, USA).
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Fig. 1. Domain structure, phylogenic analysis and tissue-specific expression of BmCasp8L. (A) Schematic representation of the domain structure of BmCasp8L,
BmDREDD and capase-8. (B) Molecular phylogenic tree and gene architecture of caspase-8 homologs from various species. The tree was generated using the
neighbor-joining method. Numbers on nodes indicate bootstrap values from 1000 replications. (C) Tissue-specific expression of BmCasp8L in silkworm larvae on 3
day of 5th instar. HA, head; EP, epidermis; MG, midgut; MT, Malphghian tubule; FB, fat body; SG, silk gland; HE, hemocyte; TE, testis; OV, ovary.

2.7. Confocal microscopy

BmE cells grown on coverslips in 12-well plate were transfected
with Casp8L-YFP, Casp8L-EGFP, DREDD-mCherry or FADD-EGFP-ex-
pressing constructs alone or in combination in the presence of 50 mM
zVAD-FMK. Cells were fixed with 4% PFA for 20 min. Then they were
gently rinsed with PBS and permeabilized with 0.3% Triton X-100,
followed by staining with 3mM Thioflavin T (Santa Cruz

Biotechnologies, Dallas, TX, USA) in ethanol:PBS (30:70) for 20 min.
Next, cells were washed 3 times in 70% ethanol and 5 times in PBS.
Finally, cells were stained with DAPI (Beyotime) for 10 min and imaged
under a ZEISS LSM 880 confocal microscope with a 63 X oil immersion
objective using sequential scanning. ThT was excited at 458 nm and
emission detected at 485-530 nm, mCherry was excited at 587 nm and
emission detected at 610 nm, EGFP was excited at 488 nm and emission
detected at 509 nm, YFP was excited at 513 nm and emission detected
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at 527 nm, DAPI was excited at 358 nm and emission detected at

461 nm.

2.8. Transmission electron microscopy (TEM)

The ultrastructure of protein aggregates was observed under trans-
mission electron microscope. The purified BmCasp8L protein was
loaded on carbon-coated cooper TEM grids. After incubation for 1 min
and air dried, the samples were negatively stained with 2% uranyl
acetate for 45s. Then excess stain was removed and the samples were
left to dry. Images were obtained using Talos F200X transmission
electron microscope (Czech Republic) operating at 200 kV.

2.9. Semi-denaturing detergent agarose gel electrophoresis (SDD-AGE)

To analyze detergent resistant protein aggregates in cell, lysates of
BmE cells transfected with FLAG-BmCasp8L, HA-BmFADD, V5-
BmDREDD, were mixed with 4 X protein loading buffer (2 x TBE, 20%
Glycerol, 8% SDS, 0.2% Bromophenol blue) at room temperature for
10 min. Samples were separated by electrophoresis in the running
buffer (1 x TBE and 0.1% SDS) in a vertical 1.5% agarose gel con-
taining 0.1% SDS for 9 h with a constant voltage of 48 V at 4 °C. Proteins
were then transferred to PVDF by capillary transfer, and im-
munoblotted with corresponding antibodies.

2.10. Apoptotic assay

BmE cells grown in 48-well plate were transfected with FLAG-
BmCasp8L or V5-BmDREDD-expressing constructs. 72 h after trans-
fection, cells were washed with PBS, and fixed with 4% PFA for 20 min.
Cells were then permeabilized with 0.3% Triton X-100 followed by
TUNEL staining (Beyotime). Cells were examined by fluorescence mi-
croscopy and apoptotic cells were quantitated by the mean percentage
of the FITC fluorescence signs of apoptosis as fraction of the total
number of cells counted, about 5 visual fields per sample, at least
80 cells per visual fields.

2.11. Thioflavin T (ThT) fluorimetry

BmCasp8L with N terminal 6 x His-tag were expressed in E. coli and
purified by affinity chromatography (Novoprotein). 32 uM BmCasp8L,
AP (Sigma) and BSA was incubated at 37 °C for 24 h in sodium phos-
phate buffer (pH 7.4) respectively, ThT was added to each test sample
to a final concentration of 25 uM. Fluorescence was monitored at ex-
citation of 450 nm and emission of 485 nm.

2.12. Statistics

All data were expressed as means + SD. Statistical differences be-
tween control and treated groups were evaluated using Student's t-test
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3. Results
3.1. BmCasp8L is a caspase domain-missing homolog of Caspase-8

Domain analysis predicted tandem DEDs in BmCasp8L, which are
similar to the N terminus of BmDREDD and Caspase-8. However,
BmCasp8L does not have the C-terminal caspase domain shared by its
homologs (Fig. 1A). Due to the lack of comprehensive genomic data in
many other insects, Casp8L were only identified in domestic and wild
silkworm (Fig. 1B). Interestingly, a truncated isoform of Drosophila
DREDD, DREDD-PF also lacks the catalytic domain possessed by the
full-length isoform DREDD-PE that is usually shortened as DREDD (Di
Fruscio et al., 2003). An extensive survey of the gene architecture of
dredd/caspase-8 in various species revealed that it is encoded by multi-
exons, except in Lepidoptera, which is encoded by single exon. Alter-
native splicing of multi-exon gene would generate long and short iso-
forms, the latter was also reported in human caspase-8, known as cas-
pase-8L that carries a stop codon after the two N-terminal DED repeats
and acts as an inhibitor of the caspase-mediated apoptosis (Miller et al.,
2006). Dredd in Lepidoptera, on the contrary, only encodes the full
length protein containing catalytic domain, thus it would be under-
standable that other protein, such as Casp8L may be the substitute if the
counteraction carried out by the caspase domain-missing isoform is
vital for normal physiology. Expression of Bmcasp8l was detected in all
larval tissues, with the highest level in hemocytes and fat bodies
(Fig. 1C). Because most antibacterial proteins are expressed pre-
dominantly in these organs, the abundance of BmCasp8L implies that
BmCasp8L is involved in the immune responses of silkworm.

3.2. BmCasp8L down-regulates the IMD pathway through suppressing the
activity of BnDREDD

To explore the function of BmCasp8L in immune response, we
synthesized dsRNA (dsCasp8L) to knock down Bmcasp8l in larvae and

then infected them with S. marcescens. A significant increase in
BmCecropinA1l transcript level was observed 3h after infection com-
pared to dsEGFP-treated controls, and became more prominent at 12 h
after infection (Fig. 2A). Similarly, knock-down of Bmcasp8l in cells
enhanced several AMPs expression, including BmCecropinA1, BmAttacin
and BmCecropinB upon PGN stimulation (Fig. 2B). On the contrary, PGN
stimulation failed to activate BmCecropinA1-luciferase reporter when
BmCasp8L was over-expressed, and AMP levels were much lower in
those cells compared to control, further suggesting that the activity of
the NF-xB transcription factor BmRelish in the IMD pathway was down-
regulated (Fig. 2C).

Previously we have identified the cleavage of BmRelish under PGN
stimulation is suppressed by BmCasp8L (Hu et al., 2018). Since pro-
cessing of IMD is also triggered by PGN stimulation, we then examined
whether cleavage of BmIMD was affected by BmCasp8L. We co-ex-
pressed BmIMD and BmCasp8L in cells and examined the appearance of
cleaved form of BmIMD under the stimulation of PGN. Although we was
unable to detect the cleaved band in all samples, we found stronger full
length (BmIMDg;) band was present when BmCasp8L was co-expressed
(Fig. 3A), suggesting that less BmIMDg;, underwent processing. Con-
sidering DREDD is responsible for the cleavage of both Relish and IMD,
we suspected BmCasp8L suppresses the activity of BnDREDD. To test it,
we introduced BmDREDD into cells instead of PGN stimulation. More
BmRelish and BmIMD were present as full length protein (Fig. 3B-C),
and less cleaved form of BmRelish (BmRelish,.) was also observed,
consistent with results obtained under PGN stimulation. Taken to-
gether, these results suggest BmCasp8L down-regulates the IMD
pathway through inactivating BmDREDD.

3.3. BmCasp8L protects cells from BmDREDD-induced apoptosis

Besides cleaving Relish and IMD in response to immune stimulation,
DREDD also acts as an initiator caspase and induces apoptosis when
over-expressed (Chen et al., 1998; Wang et al., 2016). In order to in-
vestigate whether BmCasp8L suppresses the pro-apoptotic function of
BmDREDD, apoptotic cells were stained with TUNEL and quantitated.
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with BmCasp8L. (B) Quantitative analysis of TUNEL™" cells transfected with BmDREDD together with increasing amount of BmCasp8L.

Fluorescence microscopy showed that co-expression of BmCasp8L re-
sulted in less TUNEL™ cells than expression of BmDREDD alone
(Fig. 4A). In addition, this reduction was dose-dependent on BmCasp8L,
as apoptotic rate stepped down from 40% to 20% with increasing
amount of BmCasp8L (Fig. 4B).

3.4. BmCasp8L displays amyloidal activity

Since tandem DED repeats have been reported to mediate the as-
sembly of signaling complex, such as DISC and inflammasome in which
caspase-8 participates (Dickens et al., 2012; Vajjhala et al., 2015), we
wondered whether BmCasp8L can form similar DED filaments as cas-
pase-8. Fluorescent microscopy revealed certain aggregates in cells
transfected with construct encoding EGFP tagged-BmCasp8L (Casp8L-
EGFP), although they do not look like typical fibril structures (Fig. 5A).
We suspected those aggregates might be amyloid-like polymers, since
two other death domain (DD) superfamily members, PYD (pyrin

domain) and CARD (caspase recruitment domain) possess prion-like
properties (Cai et al., 2014). We tested it by adding Thioflavin T (ThT)
which binds to amyloid polymers and changes their spectral properties
to BmCasp8L protein expressed and purified from E. coli, then measured
fluorescence after excitation at 430 nm. Surprisingly, ThT fluorescence
spectra displayed an emission peak around 490 nm upon binding with
BmCasp8L, like AP protein used as positive control (Fig. 5B). In addi-
tion, when visualizing the aggregates under electron microscopy, we
found they displayed filamentous morphology, consistent with the
nature of amyloids (Fig. 5C). To further investigate the amyloids ag-
gregates in vivo, we stained cells expressing mCherry tagged-BmCasp8L
(Casp8L-mCherry) with ThT by taking advantage of its fluorescent
properties. BmCasp8L showed ThT fluorescence, which overlapped
with the mCherry signal (Fig. 5D). In addition, we used semi-denaturing
detergent agarose gel electrophoresis (SDD-AGE), a technique that
identifies detergent resistant aggregates, such as amyloid aggregates to
analyze BmCasp8L. It showed that BmCasp8L formed large aggregates
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Fig. 5. BmCasp8L forms amyloidal ag-
gregates in vitro and in A)
Immunofluorescence microscopy of cells

vivo.

ey QTKAB transfected with CaspSL-EGFP. (B) ThT
& ThT+BSA fluorescent emission spectra of BmCasp8L

compared to AP and BSA. (C) Negative
staining EM images of BmCasp8L. (D) BmE
cells were transfected with mCherry or
Casp8L-mCherry, and amyloidal aggregates
were visualized by ThT fluorescence. (E)
SDD-AGE profile of BmE cells lysates
transfected with FLAG-BmCasp8L. FLAG-
EGFP was used as negative control.
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while the control EGFP was monomeric (Fig. 5E). Taken together, these
results support the amyloid-like structure of BmCasp8L in vitro as well
as in vivo.

3.5. BmCasp8L is assembled with BnDREDD and BmFADD to form
compact amyloid aggregates

Since BmCasp8L attenuates the IMD signaling and apoptosis
through targeting BmDREDD, which also contains tandem DEDs, we
suspected they may form hetero-aggregates. ThT staining demonstrated
mCherry tagged-BmDREDD (DREDD-mCherry) formed amyloid poly-
mers alone in cells (Fig. 6A). When Casp8L-EGFP was co-expressed, the
colocalization of their fluorescent signals was clearly observed
(Fig. 6B). Intriguingly, a few condensed puncta appeared, which were
much more prominent than in cells expressing single protein, sug-
gesting these two proteins may be assembled into a highly-compact
structure. Their direct interaction was then confirmed by co-im-
munoprecipitation (Fig. 6C).

We also investigated whether another DED domain-containing
protein, BmFADD formed such aggregates in cells. To our surprise, it
was homogeneously distributed through the cytosol (Fig. 7A), which
differs with the filament structure formed by mammalian FADD (Siegel
et al., 1998). Consistently, no aggregates of BmFADD were detected by
SDD-AGE, while aggregates of BmDREDD were clearly visible (Fig. 7B).
However, co-expression of BnDREDD dramatically changed the cellular
distribution of BmFADD, they formed condensed speck-like structures
similar to that were observed in cells co-expressing BmDREDD and
BmCasp8L (Fig. 7A). In addition, BmCasp8L can be incorporated in the
complex formed by BmDREDD and BmFADD as revealed by their
overlapping fluorescence (Fig. 7C), and co-immunoprecipitation un-
raveled the interaction between BmCasp8L and BmFADD (Fig. 7D).

4. Discussion

In this study, we analyzed the regulatory role of a tandem DED-

Sy aggregates

]

monomers

L

containing molecule, BmCasp8L. It directly suppresses BmDREDD-
mediated cleavage of BmRelish and BmIMD, resulting in deficiency in
PGN-induced antimicrobial peptide production. Besides its inhibitory
role in the IMD pathway, it also suppresses the BmDREDD-induced
apoptosis. By investigating the interaction between BmCasp8L and
BmDREDD as well as BmFADD, we established that BmCasp8L forms
amyloid-like aggregates as BmDREDD does, and it inactivates
BmDREDD by blending into the speck-like structure formed by
BmDREDD and BmFADD that is required for signaling.

Gene architecture analysis demonstrated that except in Lepidoptera,
dredd/caspase-8 in other species is encoded by multi-exon gene, which
generates more than one splicing isoforms, including caspase domain-
containing full length protein and caspase domain-lacking protein. Both
isoforms are expressed under normal physiological conditions as dis-
covered in Drosophila as well as in human, expression level of caspase
domain-lacking protein is even more abundant than the full length
protein, whereas their ratio may change under pathological conditions
(Di Fruscio et al., 2003; Himeji et al., 2002). Drosophila kepl mutant has
higher level of DREDD-PF and displays reduced fertility, outgrowth of
extra cells and increased susceptibility to E. coli (Di Fruscio et al.,
2003). In human, lower expression of caspase-8L was reported in per-
ipheral blood lymphocytes from patients with systemic lupus er-
ythematous, but higher expression in severe leukemia samples
(Horiuchi et al., 2000; Mohr et al., 2005). Relations between the ab-
normal expression level of caspase domain-lacking protein with pa-
thological phenotypes indicate its essential role in maintaining phy-
siological integrity. Intron loss might have occurred to Lepidopteran
dredd during evolution, as a result, an intronless gene emerged.
Therefore, Casp8L, with the similar domain structure to the caspase
domain-lacking isoforms, might substitute them for counteracting the
activity of full length DREDD/caspase-8.

Activation of caspase-8 relies on the formation of DED filaments
(Singh et al., 2016). DED1 of the first recruited caspase-8 molecule
interacts with DED of FADD, resulting in surface exposure of the hy-
drophobic residues of DED2. DED2 further interacts with DED1 of
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A Fig. 6. BmDREDD interacts with BmCasp8L. (A) ThT
fluorescence in BmE cells transfected with mCherry
or DREDD-mCherry. (B) Fluorescence microscopy of
cells co-transfected with DREDD-mCherry and EGFP,
or with DREDD-mCherry and Casp8L-EGFP. Puncta
representing colocalization of DREDD-mCherry and
Casp8L-EGFP are indicated by arrowheads. (C) BmE
cells were transfected with V5-BmDREDD together
with FLAG-BmCasp8L or FLAG-EGFP. Cell lysates
were subjected to immunoprecipitation with anti-V5
antibody. Precipitated proteins were immunoblotted
with anti-FLAG antibody, and whole cell lysates as
input were immunoblotted with anti-V5, anti-FLAG
and anti-Tubulin antibodies.
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another caspase-8 (Chen et al., 2002; Park et al., 2007). Sequential
recruitment of caspase-8 results in a chain of caspase-8, which would
facilitate the dimerization between neighboring caspase-8 (Dickens
et al., 2012). Within the homodimer, autoproteolytic cleavage between
the linker and small subunit partially activate the protein. Subsequent
cleavage between DED2 and the large subunit releases the fully ma-
tured enzyme. Besides the caspase domain-missing isoform caspase-8L,
another structural-related molecule, cFLIP splicing variant named
cFLIPs has also been reported to inhibit caspase-8 activation (Scaffidi
et al., 1999). cFLIPs is only composed of two DED repeats and in-
corporated into the caspase-8 filaments, leading to a decrease in the

local concentration of the caspase domain of casapse-8 for dimerization
and auto-processing (Krueger et al., 2001). Based on the resemblance
between their characteristic tandem DEDs, we speculated BmCasp8L
may exploit the similar mechanism through disrupting the alignment of
neighboring DREDD (Fig. 8). Of note, the proper assembly of FADD-
cappase-8 complex seems to be prerequisite for caspase-8 fully func-
tioning, since mutation of self-processing sites in caspase-8 or Droso-
phila Dredd only affected its pro-apoptotic function but not non-
apoptotic function, such as cleavage of Relish or IMD (Kang et al., 2008;
Kim et al., 2014). Interaction of BmCasp8L with both BmFADD and
BmDREDD may interfere with the BmFADD-BmDREDD complex,



J. Hu, et al.

A
. @ .

FADD-EGFP

c
Casp8L-YFP FADD-EGFP
. Casp8L-YFP FADD-EGFP

D
FLAG-BmCasp8L  + +
HA-BmFADD = +
HA-EFGP + -

IB: FLAG

Input

I1B: Tubulin

-
W | B HA
B

Insect Biochemistry and Molecular Biology 114 (2019) 103225

V5-BmDREDD HA-BmFADD

aggregates

monomers

. ] monomers

10 um

Fig. 7. BmCasp8L is assembled with BnDREDD and BmFADD to form compact amyloidal aggregates. (A) Fluorescence microscopy of cells transfected with DREDD-
mCherry, FADD-EGFP, or DREDD-mCherry together with FADD-EGFP. Puncta representing colocalization of DREDD-mCherry and FADD-EGFP are indicated by
arrowheads. (B) SDD-AGE profile of BmE cells lysates transfected with V5-BmDREDD or HA-BmFADD. (C) Fluorescence microscopy of cells co-transfected with
Casp8L-YFP, FADD-EGFP and DREDD-mCherry. Puncta representing colocalization of Casp8L-YFP and FADD-EGFP, or colocalization of Casp8L-YFP, FADD-EGFP
and DREDD-mCherry are indicated by arrowheads. (D) BmE cells were transfected with FLAG-BmCasp8L together with HA-BmFADD or HA-EGFP. Cell lysates were
subjected to immunoprecipitation with anti-FLAG antibody. Precipitated proteins were immunoblotted with anti-HA antibody, and whole cell lysates as input were

immunoblotted with anti-FLAG, anti-HA and anti-Tubulin antibodies.

therefore, leading to the suppression of BmDREDD.

Two upstream signaling molecules, PGRP-LC/PGRP-LE and IMD
have recently been discovered to form amyloidal aggregates via their
cRHIM motif (Kleino et al., 2017). The C-terminal DD of IMD is pro-
posed to be positioned on the exterior of the amyloid fibril, which then
would facilitate the interaction with FADD DD. Eventually, a supra-
molecular architecture could be formed after DREDD recruitment and
DED chain assembly, leading to a robust signaling of IMD pathway.
Similar assembly of signaling proteins via homotypic interaction be-
tween the death domains into supramolecular complexes to enable
signal transduction and amplification has long been investigated in
mammalian innate immunity. For instance, viral RNA sensor RIG-I
(retinoic acid-inducible gene I) nucleates polymerization of MAVS
(mitochondrial antiviral signaling protein) through the interaction be-
tween CARD domain on both molecules (Hou et al., 2011). Another
example is ASC (apoptosis-associated speck-like protein containing a
CARD), which forms prion-like fibers upon binding to cytoplasmic DNA
sensor AIM2 (absent in melanoma 2) or cellular damage sensor NLRP3
(nucleotide-binding oligomerization domain, leucine rich repeat and

pyrin domain containing-3) via their PYD-PYD interactions, and then
through CARD-CARD interactions, the clustered ASC nucleates the
formation of caspase-1 filament which allows dimerization-mediated
auto-processing and activation (Proell et al., 2013). Both MAVSCARD
and ASCP¥" filament exhibit prion-like properties, although they do not
stain with ThT (Cai et al., 2014). Structural studies revealed that they
maintain a-helical conformation within their respective fibers rather
than P-sheets that are usually found in amyloids (Fu et al., 2016).
However, in our study, both BmCasp8L and BmDREDD bind ThT, even
they harbor DED domains that are assumed to share a common six -
helical structural fold with CARD and PYD. Whether they bear some
hydrophobic cavities containing an abundance of aromatic residues
that interact with or accommodate ThT, like some other non-p-sheet
rich proteins such as acetylcholinesterase (Dounin et al., 2011;
Sulatskaya et al., 2018), or regions connecting DED domains form
B-sheet layers awaits further structural elucidation.

While BmCasp8L was initially identified as a suppressor of Bombyx
mori STimultor of Interferon Genes (BmSTING)-mediated BmRelish
activation (Hua et al., 2018), the mechanism was unknown. Since both



J. Hu, et al.

CIEaVag e

Active DREDD

[a)
[a)]
L
o
[a)
[
=z
S
<

BmCasp8L and BmDREDD was co-precipitated with BmSTING, and
cGAMP stimulation led to weaker interaction of BmCasp8L with
BmSTING but more Relish cleavage, we suspected BmDREDD activity is
subjected to the same regulation of BmCasp8L in STING pathway as it is
in the IMD pathway. However, the formation of BnDREDD DED chain
relies on the recruitment of BmDREDD to DED-containing protein,
whether BmFADD is involved and how BmSTING participates in
prompting the assembly of signaling complex needs further investiga-
tion.

To our surprise, BmFADD seems incapable of forming aggregates
alone as revealed by SDD-AGE and its cellular distribution pattern, in
contrast to the filament formed by the DED of human FADD (Siegel
et al., 1998). The self-association of insect FADD via its own DED do-
main is probably too weak to form oligomer, which would explain over-
expression of Drosophila FADD in cells did not induce apoptosis as ob-
served in cells over-expressing human FADD (Hu and Yang, 2000).
However, BmFADD is effectively incorporated into BmFADD-
BmDREDD complex in a co-operative manner that is dependent on
BmDREDD, as implied by the co-expression study.

It is also worth noting that the compact aggregates formed by
BmFADD and BmDREDD appear similar to the ASC speck, which is
considered to be a hallmark of inflammasome activation in mammalian
cells (Dick et al., 2016; Hoss et al., 2017), although ASC speck can reach
the size as large as 1 pm in diameter and usually appears as a single
particle in most cells (Franklin et al., 2014). The downstream readout
for inflammasome activation is the secretion of pro-inflammatory cy-
tokines, such as interleukin-1f (IL-1p) and IL-18, which might be par-
alleled to the over-production of AMPs once Relish is activated by
FADD-DREDD complex in insects. Further studies would be needed to
investigate whether pyroptosis triggered by caspase-1 that is activated
upon assembly of inflammasome would also be observed in insect cells.

Insect Biochemistry and Molecular Biology 114 (2019) 103225

Fig. 8. A schematic diagram illustrating the me-
chanism of BmCasp8L for suppression of the IMD
pathway. The assembly of BmFADD and BmDREDD
into amyloidal aggregates facilitates the dimerization
between neighboring BmDREDD. Within the homo-
dimers, auto-cleavage occurs and activates
BmDREDD, which consequently cleaves IMD and
Relish. C-terminal depleted Relish is then translo-
cated into nucleus to induce the expression of AMP.
In the presence of abundant BmCasp8L, it is recruited
into the amyloidal aggregates of BmFADD-
BmDREDD alongside BmDREDD, leading to the het-
erodimer formation. As a result, BmDREDD cannot
efficiently form homodimers and its activation is
inhibited.

Collectively, our results demonstrate that the tandem DED-con-
taining protein BmCasp8L acts as a negative regulator of the IMD sig-
naling pathway. It has amyloidal activity and interacts with both
BmDREDD and BmFADD. By incorporation into the signaling complex
formed by BmDREDD and BmFADD, it suppresses the activity of
BmDREDD. Despite the divergence in dredd/caspase-8 gene architecture
between lepidoptera and other animals, which results in absence of
caspase domain-lacking DREDD/caspase-8 splicing variants in lepi-
doptera as observed in other animals, the existence of BmCasp8L re-
presents a common regulatory mechanism in innate immune signaling
pathways mediated by tandem DED-containing protein.
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