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Virus-derived siRNA: Coronavirus and influenza virus
trigger antiviral RNAi immunity in birds
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Abstract

RNA interference (RNAI) is a key antiviral immune mechanism in eukaryotes. However, antiviral RNAI in vertebrates has only been observed
in cells with poor interferon systems or in viral suppressors of RNAi (VSR) deficiency virus infections. Our research discovered that infecting
macrophages with wild-type coronavirus (Infectious bronchitis virus, IBV) and influenza viruses (Avian influenza virus, AlV) can trigger RNAI
antiviral immunity and produce a certain amount of virus-derived siRNA (vsiRNA). These vsiRNAs have an inhibitory effect on the virus and carry
out targeted silencing along the DicerAgo2-vsiRNA axis. Notably, these vsiRNAs are distributed throughout the virus's entire genome, with a
predilection for A/U at the 5" and 3’ termini of vsiRNA. In addition, Dicer cleavage produces vsiRNA based on the RWM motif, where R represents
A/G, W represents A/C, and M represents A/U. We also discovered that avian LGP2 and MDADb proteins positively impact the expression of
the Dicer protein and the Dicer subtype “DicerM.” Most importantly, the PS-vsiRNA plasmid combined with nanomaterial polyetherimide (PEI)
showed excellent anti-virus activity in specific-pathogen-free (SPF) chickens. These findings show that RNA viruses trigger the production of the
vsiRNA in avian somatic cells, which is of great significance for the application of therapeutic vaccines.
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Introduction

RNA viruses have emerged as a significant threat to global
health, with frequent outbreaks and challenges in containing
their spread [1-3]. Influenza viruses and coronavirus are no-
toriously difficult to prevent and manage with conventional
methods due to their high rate of mutation and capacity to
adapt to new hosts and surroundings [4-6]. Elucidating the
mechanisms of RNA virus infection and cell-defining strate-
gies can lead to the identification of new targets for antiviral
drugs and vaccines, as well as insights into how the immune
system responds to these viruses [7].

The continuous conflict between viruses and their hosts is
an amazing sight in virology, underscoring the complex dance
of evolution. Two pivotal players in this drama are the inter-
feron (IFN) and RNA interference (RNAi) pathways, which
are fundamental antiviral defense mechanisms in hosts [8, 9].
The IFN pathway, characterized by its rapid response, is rec-
ognized for limiting viral spread, while the RNAi pathway,
known for its precision, targets viral RNA specifically [10, 11].
However, the interplay between these pathways and their ef-
fectiveness against different types of RNA viruses remains a
subject of intense study. As the avian antiviral system tran-
sitions from RNAIi to IFN, it becomes more susceptible to
RNA virus infections, including avian influenza virus (AIV)
and chicken infectious bronchitis virus (IBV) [12, 13]. For
these reasons, we selected the avian model to elucidate the
interaction between RNAi and RNA viruses.

RNAI is involved in specific recognition and cleavage of vi-
ral dsRNAs, thereby preventing virus replication [14-16]. The
core of RNAI lies in the production of small RNA molecules,
which are generated in a sequence-specific manner and target
only the complementary viral RNAs [17, 18]. To clarify the
molecular mechanism of antiviral RNAi systems in birds, our
study focused on three basic questions. (1) Can viral dsSRNA
be cleaved into virus-derived siRNA (vsiRNA)? (2) What is
the mechanism by which vsiRNA exerts antiviral effects? (3)
How to use the vsiRNA-based discovery in clinical settings?
Although several studies have shown that mammals can har-
ness RNAi against the Human enterovirus 71, Zika virus, and
other RNA viruses in pluripotent or multipotent cells, these
are associated with cells that exhibit low responsiveness to
IFN [19-21]. Given that the avian IFN system lacks RIG-I re-
ceptors and several ISG genes, we selected the avian model
to investigate the molecular interactions between RNAi and
other key proteins in the RNA recognition pathway, such as
LGP2 and MDAS, which differ from those observed in mam-
mals [13]. This distinction could account for birds’ stronger
RNAI defenses against viral infections.

Finally, our study provides valuable insights into the an-
tiviral mechanisms of the IFN and RNAi pathways, the dis-
covery of a novel Dicer isoform “DicerM” in birds, and the
potential application of vsiRNA in antiviral therapy. This re-
search not only enhances our understanding of host-virus in-
teractions but also lays the foundation for the development of
novel antiviral strategies.

Materials and methods

Animals, viruses, and cells

The 2-week-old  Specific-Pathogen-Free  (SPF)  white
leghorn chickens were purchased by Nanjing Te Awe-
some Planting Professional Cooperative (Nanjing, China).

IBV strain QX (EIDso= 1075%/0.1 mL), IBDV BC6/85
strain (TCIDsg= 107*3/0.1 mL), and AIV strain HIN2
(EIDso = 1077/0.1 mL) were kindly provided by the Jiangsu
Academy of Agricultural Sciences (JAAS, Nanjing, China) and
stored in our lab. The medium was switched to RPMI 1640
or Dulbecco’s modified Eagle’s medium (DMEM) containing
2% fetal bovine serum (FBS) without antibiotics before virus
inoculation. Biosafety Level 2 (BSL-2) labs were used for virus
infection experiments in the mucosal immunology group.

HD11 cells, DF-1 cells, Chicken liver cancer cells (LMH),
293T cells and Madin-Darby Canine Kidney cells (MDCK)
were commercially obtained from American Type Culture
Collection (ATCC) and maintained in RPMI 1640 or DMEM
supplemented with 10% FBS, penicillin (100 U/ml), and strep-
tomycin (100 mg/mL) at 37°C in a humidified atmosphere
with 5% CO2. PBMCs-M¢ were isolated from peripheral
blood mononuclear cells (PBMCs) of specific-pathogen-free
(SPF) chickens by using Histopaque-1077 (Sigma-Aldrich)
and kept in -80°C. Dicer knockout (Dicer™/~) HD11 cells
line and Ago2 knockout (Ago2~/~) HD11 cells line were con-
structed via CRISPR/Cas9 system. This study was approved
by the Ethics Committee of the Animal Experiments Center,
and the Institutional Animal Care and Use Committee of Nan-
jing Agricultural University, and was carried out by the Na-
tional Institutes of Health guidelines.

Viruses infection

In cell experiments, regarding the pertinent literature concern-
ing the MOI of macrophages infected with IBV and AIV, our
manuscript specifies the following infection levels: IBV-QX
at an MOI of 5, AIV-HIN2 at an MOI of 1, and IBDV at
an MOI of 0.1, respectively [22-24]. They were incubated at
37°Cwith 5% CO; for 2 h and then cleaned using RPMI 1640
or DMEM. The non-infected virus cells for the Blank group.
The Mock group represents adding only RPMI-1640 medium
to cells and infecting them with the corresponding virus as a
positive control in the experiment. The RNA and protein sam-
ples were collected according to the indicated time (24 and 48
h). For animal experiments, the different experimental group
was inoculated with 10*EIDsy of AIV-HIN2 or IBDV. On the
the fourth day after infection, the lungs and bursa of Fabricius
were collected for histological section and hematoxylin-eosin
(HE) staining.

RNA extraction, reverse transcription, PCR and
gRT-PCR

Total RNAs from cells were extracted with the TRIzol™
reagent (Invitrogen) according to the manufacturer’s instruc-
tions. Around 500 ng/uL RNA was reverse transcribed to
c¢DNA by using HiScript IT Q Select RT SuperMix for qPCR
(Vazyme) according to the manufacturer’s instructions. For
PCR experiments, cDNA was amplified in 35 cycles of PCR
using Dicer and DicerM-specific primers, the 3-actin as con-
trol. For qRT-PCR data, the ChamQ Universal SYBR qPCR
Master Mix (Vazyme) was used in the application 7500 fast
real-time PCR system (Thermofisher). The gene expression
levels were normalized to gallus B-actin or gallus GAPDH.
Compare with the Control group in terms of statistics to ob-
tain 2722%, and the final result is that the Control group is
“1” and the virus-infected group or other experimental group
is different multiples of the Control group. All the primers
were designed and produced by Sangon Biotech Co., Ltd.



(Shanghai, China). The detailed information on all primers is
listed in Supplementary Table S1.

Western blotting assay

Around 100 uL RIPA-PMSEF lysates from cultured cells were
determined concentration through Bicinchonic Acid Assay
and were resolved on SDS-PAGE, semidry transferred onto
a polyvinylidene fluoride membrane (PVDF), and stained
at 4°C overnight with mouse anti-B-actin (1:5000), rabbit
anti-GAPDH (1:5000), rabbit anti-Dicer (1:500), rabbit anti-
Ago2 (1:500), rabbit anti-LGP2 (1:500), rabbit anti-MDAS
(1:500), mouse anti-GFP (1:10 000), mouse anti-his (1:2000),
mouse anti-myc (1:1 000), mouse anti-IBV N (1: 5000), and
mouse anti-IBDV VP2 (1:100). The signal was developed us-
ing Goat anti-Rabbit/Mouse IgG(H&L)-HRP secondary an-
tibody (1:5 000) and multifunctional gel image analysis sys-
tem (Tanon, China) by using Ultrasensitive ECL chemilumi-
nescence Kit.

CO-immunoprecipitation assay

The recombinant plasmids PC-Dicer, PC-DicerM, PC-LGP2,
and PC-MDAS were co-transfected into 293T cells in a 1:1 ra-
tio. After 24 h, the culture medium was discarded and washed
three times with PBS. The cells were collected in centrifuge
tubes and IP Lysis/Wash Buffer containing PMSF was added.
After mixing, they were placed on ice for 20 min and mixed
several times to fully lyse the cells and release the protein. Col-
lect cell samples according to CO-immunoprecipitation (Co-
IP) Kit (YEASEN) and perform the following operations: (1)
take 25 uL of Anti-myc/his magnetic beads and IgG antibody
magnetic Beads separately into clean centrifuge tubes; (2) add
pre-cooled PBS to the magnetic beads, gently mix and collect
the discarded supernatant using a magnetic rack; (3) add 200
uL of IP Lysis/Wash Buffer to the centrifuge tube. Gently mix
with a pipette for 1 min, collect the magnetic beads with a
magnetic rack, and discard the supernatant; (4) add the pre-
pared protein sample containing myc/his labeling into a cen-
trifuge tube containing magnetic beads and maintain mixing
incubate overnight at 4°C in a uniform state; (5) collect mag-
netic beads using a magnetic rack and remove unbound sam-
ples; (6) add 200 uL of IP lysis/wash buffer to the centrifuge
tube and gently mix with a pipette. Collecting magnetism, dis-
card the supernatant and repeat twice; (7) add 100 uL Elution
Buffer to the centrifuge tube for elution, keep it mixed and in-
cubate at room temperature for 10 min, then add 10 uL neu-
tralization buffer to neutralize the low pH. Separate magnetic
beads using a magnetic stand and retain the supernatant con-
taining the target antigen for western blotting validation.

Deep sequencing and bioinformatic analysis of
small RNAs

After 24 h of infection with 1 MOI AIV-HIN2 and 5§ MOI
IBV-QX in HD11 cells, RNA samples were extracted using
the TRIzol method and subjected to RNA deep sequencing.
The sequencing method and data analysis were as described
previously [11, 25, 26]. Libraries of small RNAs cloned from
cultured gallus cells were sequenced by an Illumina HiSeq
2000/2500 at the Hangzhou Lianchuan Biotechnology Co.,
Ltd. Small RNA reads were mapped to the virus and host
genome references or compared to mature miRNAs. Mapping
was done by ACGT101-miR (v4.2) and Bowtie 1.0.0 with ei-
ther a perfect match or two mismatches [5]. All reference se-
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quences were downloaded from the NCBI website, as listed
below. Gallus genome bGalGall for the NCBI RefSeq (Gen-
Bank: GCA-016699485.1), AIV-HIN2 for the (GenBank:
KP865772.1), and IBV-QX for the (GenBank: ON260865.1).
Notely, the adapter sequence for the sequencing is 5’Adaptor
(SADT): GTTCAGAGTTCTACAGTCCGACGATC, and the
3’Adaptor (3ADT): TGGAATTCTCGGGTGCCAAGG. Pairs
of complementary 21 nt vsiRNA or other high-abundance
vsiRNA in each library with different base-pairing lengths
were computed using a previously described algorithm10,
which calculates the total counts of pairs in each nucleotide
distance between the 5’ and 3’ ends of complementary 21 nt
vsiRNA or corresponding vsiRNA. The following of Yang Li.
et al. equations were used to do the correlation analysis of
small RNA populations [25].

Other group vsiRNA data analysis

To start, use the Gene Expression Omnibus (GEO) on
the NCBI website to query data by entering keywords.
Download the compressed GEO Series (GSE) package for
the relevant group (GSE147658, GSE11868, GSE90095,
GSE61251, GSE151033, GSE213638, GSE162317, and
GSE193555). For the AIV group are the Influenza A virus
(A/chicken/Jiangsu/A2093/2011(H9N2)) and the GenBank
number as follow, KP865892.1, KP865845.1, KP865799.1,
KP865958.1, KP866002.1, KP866046.1, and KP866088.1.
For the NDV group are the F48E9 (GenBank: MG456905.1)
and LaSota (GenBank: MG456905.1), and the IBDV group is
divided into A chain (GenBank: MZ740264.1) and B chain
(GenBank: MZ740265.1). Besides, the BVDV, BRSV, and BTV
groups need to be aligned and filtered the Bos taurus NCBI
RefSeq (GenBank: GCA-002263795.4) and Ovis aries (Gen-
Bank: GCA-016772045.2). Meanwhile, the virus reference
sequences are as follows, BVDV (GenBank: NC_001461.1),

BRSV (GenBank: MG947594.1), and BTV (GenBank:
KC879615.1, KC879616.1, KC879613.1, KC879619.1,
KC879620.1, KC879621.1, KC879621.1, KC879623.1,

and KC879624.1). The SARS-CoV-2 group was divided
into three types of infected-cells, A549-ACE2 cells, Caco-2,
and human small airway epithelial cells (SAECs). Com-
paratively, SARS-CoV-2 group vsiRNA analysis needs to
align the BetaCoV/Wuhan/IPBCAMS-WH-04/2019 strain
(GeneBank: MT019532.1) and SARS-CoV-2 USA-WA1,/2020
strain (GeneBank: MT246667.1).

Submit the collected GSE dataset, host genome, and cor-
responding viral nucleic acid sequences (FASTA format) to
Mormer Biotechnology Co., Ltd. (Nanjing, China) for bioin-
formatics analysis. The data returned by sample sequencing is
generally stored in a fastq file, usually in a compressed file for-
mat of filename.fq.gz. Firstly, count the reads of small RNA
sequencing and convert U into T, and then compare them
with the host genome to filter the siRNAs that match the host
genome. Compare the siRNAs that do not match the host
genome with the virus genome, screen the siRNAs that match
the virus, and count the number of siRNA with a length of
18-25 nt (especially 21-23 nt).

Plasmids and vsiRNA details

Construction of the overexpression plasmid. For the PC-
DicerM construction, DicerM ¢DNA was amplified using
PCR and introduced into the Hind III and 6 x His tagged-
Xbhol site, cut and inserted into the pcDNA3.1-EGFP-C


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf116#supplementary-data

4 Wu et al.

(YouBio, China) to generated C-term 6 x His tagged DicerM
fusion by use T4 DNA ligase (ATG Biotechnology, Nanjing,
China). Regarding the PC-Dicer and PC-Ago2, we used the
pcDNA3.1/myc-His B (+) vector (YouBio) as the skeleton
carrier, to produce C-term myc-tagged Dicer and Ago2 fu-
sion. Besides, the construction method of the plasmid PC-
LGP2 and PC-MDAS are consistent with PC-Dicer. For the
silenced plasmids (PS-Dicer, PS-DicerM, PS-LGP2, and PS-
MDAS) were constructed and saved by our lab are listed
in Supplementary Table S4. In the PS-vsiRNA plasmid con-
struction, vsiRNA was chosen by the vsiRNA enrichment
zone (M, NS1, VPS5, and VP3) and cloned into the skele-
ton vector pSilencer4.1 (PS) through homologous recombi-
nation, followed by the shRNA plasmid construction proto-
col [27]. The PC-vsiRNA-EGFP and PC-NC-EGFP plasmid
were synthesized using Youbio company’s chemical method,
which was the insert fragment we selected. All the plasmids
were preserved in our lab. The control plasmid groups were
the pcDNA3.1-EGFP-C, pcDNA3.1(+)/myc-His B (PC), and
the psilencer4.1-CMV-neo (PS). The PC is an eukaryotic ex-
pression plasmid that can efficiently express the target protein,
while PS-siRNA and PS-vsiRNA plasmids can express a large
number of siRNA fragments. For the next LGP2 and MDAS
experiments, | adjusted the amount of transfection reagent to
3 uL and the amount of plasmid to 2 ng, dissolved them in
the 1640 medium and allowed them to stand for § min. After
mixing, they were allowed to stand for another 5 min before
being added to the cells.

Double-stranded vsiRNA and the oligo transfection
test

The double-stranded vsiRNA used in this study was prepared
by in vitro T7 transcription. The templates for RNA syn-
thesis were generated by PCR amplification. The sequences
of the double-stranded vsiRNA and oligos are shown in
Supplementary Table S3. Cells were seeded at 80% conflu-
ency in six-well plates and transfected with 200 nM double-
stranded vsiRNA and single oligo with lipofectamine 3000 as
described above. HD11 cells were transfected with the AIV-
vsiRNA oligo (+), AIV-vsiRNA oligo (-), and AIV double-
stranded vsiRNA (200 nM) for 12 h, then infected the 1
MOI AIV-HIN2 and subjected to western blotting to detect
the AIV-NP expression for 24 h. It should be noted that the
sequence of vsiRNA shown in Supplementary Table S3 of
this manuscript, which is completely identical to the virus se-
quence, is represented as vsiRNA (+), while vsiRNA (-) is rep-
resented as a sequence that is completely complementary to
vsiRNA (+) and is not shown in Supplementary Table S3.

Fluorescence attenuation test

Cloned the 90 bp virus sequence containing the high abun-
dance vsiRNA targeting region into the pcDNA3.1-EGFP vec-
tor, to produce the pcDNA3.1-vsiRNA-EGFP plasmid (PC-
vsiRNA-EGFP) and not contain vsiRNA region as the control
group pcDNA3.1-NC-EGFP (PC-NC-EGFP). After transfec-
tion of PC-vsiRNA-EGFP plasmid in the indicate HD11 cells
(WT, Dicer ~/—, and Ago2 ~/7) for 12 h, infection was per-
formed with 1 MOI AIV-HIN2, and green fluorescence ob-
servation was performed 24 h after infection. Fluorescent im-
ages were presented under a confocal laser microscope (Zeiss,
Germany). As for the replenishment test, the fluorescence at-
tenuation test mentioned above should be performed after the

transfection of PC-Dicer, the PC-Ago2, and the PC-vsiRNA-
EGFP into knockout cells for 24 h.

PS-vsiRNA and PPvPNs protection test

The PS-VPS5-VP3 protection experiment is divided into cell
and SPF chicken part. The psilencer 4.1-CMV-neo (PS) plas-
mid and PS-VP5-VP3 were transfected into a 6-well plate for
24 h and then infected with 103EIDso IBDV for the qRT-PCR,
western blotting and plaque test. Lastly, SPF chickens were im-
munized with PS-VP5-VP3 plasmid and PEI at an NP ratio of
6.5 (nitrogen and phosphorus) for 24 h and then challenged
with 10°EIDso IBDV. The bursa of Fabricius was collected for
the HE staining to determine the protective effect of PS-VP3.
Besides, the steps of using PS-M-NS1 plasmid for AIV-HIN2
antiviral test are similar to those of the IBDV group test.

CRISPR-Cas9 knockout and siRNA/PS-shRNA
knockdown

Dicer and Ago2 knockout (KO) clones were generated
by transfection of HD11 cells with Cas9-Dicer sgRNA
pX459 (Cas9-Dicer) and Cas9-Ago2 sgRNA pX459
(Cas9-Ago2), selection under 4 pg/mL puromycin (San-
gon Biotech) for 3 days, and single-cell cloning as de-
scribed previously [28]. The resulting clones were con-
firmed by sequencing and western blotting. The online tool
from the Zhang Feng laboratory (http:/crispr.mit.edu/)
was used to design Dicer and Ago2 guide RNAs. Dicer
sgRNA was used TCGAACTGCTGCCGTTCATATGG
with  the Dicer sgRNA-F primer (5-CACCGTC-
GAACTGCTGCCGTTCATA-3') and Dicer sgRNA-R
primer (5-AAACTATGAACG-GCAGCAGTTCGAC-3').
Ago2 sgRNA was used GCTTTATATCCAACTCGTAATG-
G  with  the Ago2  sgRNA-F  primer  (5'-
CACCGCTTTATATCCAACTCGTAA-3') and Ago2 sgRNA
primer (5-AAACTTACGAGTTGGATATAAAGC-3'). Cells
surviving puromycin selection were seeded in single-cell
dilutions in 96-well plates, cultured, and expanded into fasks.
The Dicer and Ago2 knockout were validated by Sanger
sequencing and western blotting. HD11 cells were transfected
with the siRNA, PS-Dicer, PS-Ago2, PS-MDAS, and PS-LGP2,
subjected to QRT-PCR and western blotting to detect the gene
expression for 24 and 48 h.

Plaque assays

For the IBDV test. After 2 h of infection, discard the virus solu-
tion and wash with DMEM three times, pour the agar mixture
(2% low melting point agar, 5% Excell serum, 2 x DMEM)
into the well, and continue to culture at 37°C for 3 days. After
being fixed with 4% paraformaldehyde for 2 h, crystal vio-
let staining was performed, and the antiviral effect was deter-
mined by the number and size of the plaque.

For the AIV test, there is a slight difference in the plaque
test between the AIV group and the IBDV group. Transfer the
cell supernatant of HD11 cells infected with ATV to MDCK
cells after 24 h. Plaque assays were performed on MDCK cells
in 6-well plates and were incubated at 37°C for 2 h to allow
adsorption.

The docking analysis

The docking steps for Dicer, DicerM, LGP2, and MDAS
molecules are as follows. Protein pretreatment: Download
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protein structures from the PDB database, use Pymol to
remove protein solvent molecules and impurities, hydro-
genate and calculate charges. Ligand pretreatment: Download
small molecule structures, preprocess small molecules using
Autodock, hydrogenate and calculate charges. Defining ac-
tive sites, the selection of active sites is usually based on the
structural information and relevant biological activity data of
proteins. The active site is not exactly equal to the receptor
binding site, but in most cases they overlap with each other.
Determine a reasonable search space based on the active site
and limit the exploration range of ligands to improve com-
putational efficiency. Use appropriate molecular docking al-
gorithms to quickly explore multiple ligand conformations in
the search space and evaluate their binding energies with pro-
teins. Analyze the docking results, including predicting the op-
timal ligand conformation, binding site, and interaction mode.
Use a scoring function to evaluate different conformations
and determine their affinity and stability. Based on the dock-
ing results, subsequent structural optimization can be car-
ried out, including introducing modifying groups, designing
drug derivatives, etc., to further improve binding affinity and
selectivity.

Hematoxylin-eosin staining of the bursa of
Fabricius and lung

The fixed paraffin sections of the bursa of Fabricius were cut
into 5§ um sections. Remove the paraffin from the slices with
xylene, then pass through high to low-concentration alcohol,
and finally add distilled water to stain. Hematoxylin (H) is an
alkaline dye, which can dye the nucleus and cell kernel sugar
body into blue-purple. The structure dyed by the alkaline dye
is basophilic. Eosin (E) is an acidic dye that can dye the cyto-
plasm red or light red.

Statistical analyses

Quantitative and statistical analyses of data were performed
using GraphPad Prism 8.3.0. One-way analysis of vari-
ance (ANOVA) was used to determine significant differences
among multiple groups, while t-tests were employed to iden-
tify differences between two groups. Error bars representing
the standard deviation (SD) were utilized to present the cor-
responding legends. Statistical significance in the figures was
indicated as: ****P < 0.0001, ***P < 0.001, **P < 0.01,
*P < 0.05; ns, insignificant. Data were combined from at
least three independent experiments unless otherwise stated.
All used resources and reagents are listed in Supplementary

Table S2.

Results

AlV and IBV infection triggers the production of
vsiRNA in macrophages

IFN and RNAIi are two crucial antiviral mechanisms, and
their expression can illustrate the relationship between host
antiviral resistance and viral immune evasion. When we in-
fected macrophages (HD11 cells) with two respiratory viruses
(AIV and IBV) in birds, the mRNA expression levels of key
genes involved in the IFN pathway, such as MDAS, TLR3,
[FN-«, IFN-B, TLR7, IFN-y, and MyD88, exhibited signif-
icant increases (Fig. 1A and B and Supplementary Fig. S1A
and B). However, the qRT-PCR results demonstrated a sig-
nificant increase in the viral load of AIV-HIN2 and IBV-
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QX in macrophages, indicating that the rapid response of
the IFN pathway does not effectively limit the viral load in
macrophages following RNA virus infection (Fig. 1A and B).
Besides, western blotting results indicated that ATV-HIN2
and IBV-QX infections lead to a significant decrease in the
core proteins Dicer and Ago2 within the RNAi pathway
(Fig. 1C and D). This suggests that RNA viruses (AIV and
IBV) may facilitate their replication by inhibiting the RNAi
pathway.

The way to determine whether an RNAI antiviral response
has occurred is to detect the production of vsiRNA. Pre-
vious studies have detected vsiRNA in invertebrate cells or
mammalian cells with IFN system defects [29-31]. It is grat-
ifying that more and more research has found the detec-
tion of vsiRNA in mammalian cells [25, 32, 33]. Moreover,
when we infected macrophages with AIV-HIN2 or IBV-QX,
the small RNA sequencing and vsiRNA analysis data of the
macrophages revealed an interesting phenomenon (Fig. 1E
and Supplementary Fig. S1C and D). The statistical results
regarding vsiRNA quantities indicated that both the AIV-
H9N2 and IBV-QX groups exhibited a measurable amount of
vsiRNA. In the AIV group, negative-strand vsiRNA was pre-
dominant, whereas in the IBV group, positive-strand vsiRNA
was more prevalent. Meanwhile, the vsiRNA reads showed
a peak in 21 nt size for both groups (Fig. 1F-I). The above
results indicated that infection of macrophages with two res-
piratory RNA viruses (AIV and IBV) in birds can induce the
production of vsiRNA and RNAI antiviral immunity.

VsiRNA silences cognate viral RNA and inhibits
virus replication

The distribution of vsiRNA in the viral genome can truly re-
flect the host’s antiviral ability and preference to cleave viral
dsRNAs. The distribution of vsiRNA in the ATV-HIN2 group
is mainly concentrated in the HA, NP, NA, M, and NS gene
regions (Fig. 2A), while in the IBV-QX group, vsiRNAs are
distributed primarily on the non-structural protein 8 (NSP8),
NSP9, and N gene regions (Fig. 2B). Subsequently, we selected
three abundant vsiRNAs from the AIV and IBV groups for an-
tiviral experiments. The western blotting results showed a sig-
nificant decrease in the content of AIV-NP protein and IBV-N
protein, indicating that transfection of the ATV group doubles-
stranded vsiRNA (1, 2, and 3) and IBV group double-stranded
vsiRNA (1, 2, and 3) can exhibit excellent anti-AIV and anti-
IBV ability (Fig. 2C and D and Supplementary Fig. S2A-
S2B). In order to further investigate the antiviral ability of ho-
mologous siRNA (+), complementary siRNA (-), and double-
stranded RNA (&), we selected the third vsiRNA from the AIV
and IBV groups for another antiviral experiment. The western
blotting results showed that transfection of vsiRNA (-) and
vsiRNA (%) in HD11 cells had a good inhibitory effect on
the virus, while the effect of vsiRNA (+) was not significant
(Supplementary Fig. S2C and D). To better apply it in cells
and animals in the future, vsiRNA fragment was inserted into
the psilencer4.1 vector through enzyme digestion and homol-
ogous grouping methods and obtained the PS-vsiRNA plas-
mid, which can efficiently express double-stranded vsiRNA
(Supplementary Fig. S2E). As we can see, western blotting
results also showed that the PS-vsiRNA plasmid (1, 2, and
3) had strong antiviral activity in both the ATV-HIN2 and
IBV QX groups (Fig. 2E and F and Supplementary Fig. S2F
and G).
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Figure 1. AlV and IBV infection triggers the production of vsiRNA in macrophages. (A and B) HD11 cells were infected with AIV-HIN2 (A) at MOI 1 and
IBV-QX (B) at MOI 5, with the uninfected cells as the Control group. gRT-PCR was used at the indicated time point (24 h and 48 h) to assess the relative
mRNA expression of AIV-NP, IBV-QX, MDA5, TLR3, IFN-«, and IFN-[3. Data show expression calculated relative to (3-actin and depicted as fold change
relative to the Control group, normalized to 1. C and D: Western blotting was used for the AIV-NP (C), IBV-N (D), Dicer, and Ago2 detection. The loading
control protein is (3-actin, and the grey analysis is on the right. E: Flowchart of the vsiRNA analysis process for AlV and IBV groups. HD11 cells were
infected with 1 MOI AIV-HIN2 and 5 MOI IBV-QX for 24 h. RNA extracts were prepared and subjected to RNA sequencing. Filter out the small RNAs
matching the host genome, then compare the remaining small RNAs with the viral genome. F-I: Size distribution and abundance (counts per million of
total reads, CPM) of 18-25 nt AIV-HIN2 (F) and IBV-QX (H) vsiRNA. Frequency of each distance category between 5'- and 3’-ends of a 21 nt
complementary AIV-HIN2 (G) and IBV-QX (I) vsiRNA pair. Data are shown as the mean + SD, n = 3. The differences were not significant at P> 0.05 (ns)

or significant at P < 0.05 (¥), P < 0.01 (*¥), P < 0.001 (**¥*).
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Figure 2. VsiRNA silences cognate viral RNA and inhibits virus replication. (A-B) The distribution and abundance map of 18-25 nt and 21-23 nt (+)- and
(-)-stranded vsiRNA in the viral genome of AlV (A) and IBV (B) groups. (C-D) The western blotting results showed the antiviral effect of double-stranded
vsiRNA in the AIV (C) and IBV (D) groups, as shown in the greyscale analysis on the right. The uninfected cells were marked as the Control group.
3-actin was used as an internal reference protein, and the expression level of the Mock group (AIV-HIN2 positive control group) was set to “1,” while
the expression levels of other groups were multiples of the Mock group. It is worth noting that the vsiRNA and vsiRNA NC sequences of the AlV and
IBV groups are different, as shown in Supplementary Table S3 for sequence information. (E-F) The western blotting results showed the antiviral effect of
PS-vsiRNA in the AV (E) and IBV (F) groups. (G-l) Fluorescence attenuation test mode diagram (G). HD11 cells were transfected with PC-vsiRNA-EGFP
and PC-NC-EGFP for 12 h, then infected the 1 MOI AIV-HIN2 and subjected to fluorescence to detect the GFP expression for 24 h. The PC-NC-EGFP
group was used as the negative control, and the right for the fluorescence intensity analysis. Besides, the fluorescence expression level of the
PC-NC-EGFP Control group was set to “1,” while the expression levels of other groups were multiples of the PC-NC-EGFP Control group (H). Western
blotting result for the AIV group GFP expression in HD11 cells infected with AIV-HIN2 after transfected with PC-vsiRNA-EGFP, and PC-NC-EGFP as the

control. The right figure shows the grey value analysis (). Data are shown as the mean + SD, n = 3. The differences were significant at P < 0.05 (*),
P < 0.01 (**), or not significant at P> 0.05 (ns).
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To further investigate whether gene silencing is caused by
virus-induced vsiRNA targeting viral fragments, we designed
a green fluorescence attenuation assay linked by vsiRNA tar-
geting fragments and EGFP. The 90 bp AIV-HIN2 virus se-
quence, which contains the vsiRNA-targeted sequence, was
inserted into the pcDNA3.1-EGFP-C (PC) plasmid that could
express the EGFP protein (Supplementary Fig. S3A). HD11
cells were transfected with PC-vsiRNA-EGFP and PC-NC-
EGFP for 12 h, and then infected the 1 MOI AIV-HIN2 and
subjected to fluorescence to detect the GFP expresson for 24 h
(Fig. 2G). The fluorescence microscopy results demonstrated
that the expression level of GFP protein in the PC-vsiRNA-
EGFP group decreased following AIV-HIN2 infection (Fig.
2H and Supplementary Fig. S3B), and the western blotting re-
sult also corroborated this finding (Fig. 2I). In addition, we
also designed a double-stranded vsiRNA-targeted silencing
PC-vsiRNA-EGFP assay to further validate the results of the
virus group (Supplementary Fig. S4A). Both western blotting
and fluorescence assay results showed that vsiRNA can target
viral homologous fragments and lead to a decrease in EGFP
expression (Supplementary Fig. S4B-D). Overall, these results
indicate that vsiRNA can effectively target and silence homol-
ogous RNA (Fig. 2C-I).

The production and function of vsiRNA depend on
the dicer-Ago2-vsiRNA axis

Dicer and Ago2 proteins are primarily responsible for the si-
lencing effect of RNAi. We conducted HD11 cell knockout
studies and subsequent complementation experiments to ver-
ify whether the vsiRNA synthesis and function are Dicer- and
Ago2-dependent. Firstly, the western blotting results showed
the successful construction of Dicer knockout cells (Dicer
=/~ HD11 cells) and Ago2 knockout cells (Ago2 ~/~ HD11
cells) (Fig. 3A and Supplementary Fig. SSA and B). Sec-
ondly, we found that the expression level of GFP protein
and the intensity of green fluorescence did not decrease in
Dicer /= HD11 cells and Ago2 /=~ HD11 cells (Fig. 3B-
C and Supplementary Fig. SSC-E). Following this, we con-
structed overexpression plasmids of Dicer and Ago2, and
western blotting results confirmed the successful construction
of these plasmids (Fig. 3D and Supplementary Fig. S6A and
B). Thirdly, we transfected PC-Dicer and PC-Ago2 into the
respective knockout cells for complementation. Fluorescence
analysis indicated a moderate decrease in fluorescence quan-
tity and intensity following complementation with Dicer and
Ago2 (Fig. 3E and Supplementary Fig. S6C and D). Fourthly,
we also observed significantly elevated mRNA levels of ATV
and IBV following Dicer and Ago2 knockout (Fig. 3F). Upon
overexpression of Dicer and Ago2, the NP protein levels of
ATV-HIN2 were significantly reduced (Fig. 3G). Meanwhile,
we also have supplemented the proposed RNA sequencing, as
shown in Supplementary Fig. S6E and F. Indeed, the number of
vsiRNA increased after transfection of PC-Dicer and PC-Ago2
in knockout cells. In conclusion, vsiRNA production and si-
lencing are mediated by the Dicer-Ago2-vsiRNA axis, which
plays a crucial role in combating RNA viruses.

A conserved RWM motif for the vsiRNA production

The large-scale analysis of vsiRNA based on their antiviral
efficacy is of great significance for broad-spectrum antiviral
therapy. Firstly, we used the National Center for Biotechnol-
ogy Information (NCBI) GEO database to download small

RNAs sequencing data produced by bird RNA virus infected
cells or animal tissues, and performed vsiRNA statistical anal-
ysis on this portion of small RNAs. As we can see, vsiRNA
can also be detected in the group of AIV-HIN2 infected
dendritic cells, and the generated vsiRNA is mostly negative
chain (Fig. 4A-C). Interestingly, vsiRNA also can be found in
the NDV group, with the high-virulence strain FA8E9 having
more vsiRNA than the low-virulence strain LaSota (Fig. 4D-
F and Supplementary Fig. S7A-S7B). Besides, the number of
vsiRNA in the chicken infectious bursal disease (IBDV) group
is also significant, and the abundance of vsiRNA is higher
at the 5" and 3’ terminus (Fig. 4G-I). The information above
demonstrated that RNA virus-infected avian cells and tissues
can detect vsiRNA production. Strangely, vsiRNA was also
not detected in the bovine viral diarrhea mucosal disease virus
(BVDV) and bovine respiratory syncytial virus (BRSV) groups
of ruminant-related viruses. However, a large number of vsiR-
NAs can be detected in the Bluetongue Virus (BTV) group and
are concentrated in the 804 bp gene region at the 3’ termi-
nus (Supplementary Fig. S7C-E). Besides, we also analyzed
the SARS-CoV-2 related vsiRNA, which were mainly divided
into the Caco-2 cell group, A549-ACE2 cell group, and human
small airway epithelial cells (SAECs) group. A large number of
vsiRNA can be observed in the Caco-2 cell group and A549-
ACE2 cell group, and this part of vsiRNA is mainly concen-
trated in the ORF1 and structural protein gene regions, such
as the N gene (Supplementary Fig. S8A-F). It is worth pon-
dering that there is only a small amount of vsiRNA in the
SAECs cell group, and they are scattered in various regions
(Supplementary Fig. S8G-H). However, the antiviral testing
of this part of vsiRNA for SARS-CoV-2 needs to be validated.
As for whether other animal viruses will produce vsiRNA af-
ter infecting cells or animal tissues, it is still a mystery that
needs further research to explore.

A conserved GYM motif involved in miRNA detection and
cleavage was discovered in a recent study [34, 35]. There-
fore, we nested Homo sapiens, Sus scrofa, Bos taurus, Ovis
aries, Gallus, Danio rerio, and Drosophila miRNA into this
motif for scoring. Dicer cleaved Pre-miRNA into the miRNA
in most of these species, in accordance with this conserved
“GYM” motif (Fig. 5A). We then wondered whether there is a
specific sequence recognition motif in vsiRNA. We created an
vsiRNA database and examined the vsiRNA sequence bases
after 21-23 nt vsiRNA were screened (Fig. 5B). The findings
show that bases A and U are preferred at the 5" and 3’ ter-
minus of vsiRNA (Fig. 5C). Screening the coordinates with
significantly more initial reads, we took the bases within 6 bp
upstream and downstream of these sites to form a new fasta
file, which was then imported into logo to generate the cor-
responding motif. We found a position-dependent 3 bp mo-
tif that strongly promotes processing: a paired purine A or G
(R), a mismatched A or less favorably U (W), and a paired
A or U (M) at positions -1, 0, and 1 on the 3p side, respec-
tively. We named this element the RWM motif and it had a
clear consensus sequence. The RWM motif promotes process-
ing at a specific position to produce vsiRNA (Fig. 5D). To eval-
uate the effectiveness of generating vsiRNA based on RWM
motif cutting, we conducted anti-AIV-HIN2 experiments on
vsiRNA that conform to different RWM motifs. The results
of the plaque test showed that vsiRNA that maximally con-
forms to the RWM motif has better antiviral effects, indirectly
indicating that Dicer has a preference for cutting vsiRNA that
conforms to the RWM motif (Fig. SF and G).
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Figure 3. The production and function of vsiRNA depend on the DicerAgo2-vsiRNA axis. (A) Western blotting detection of the knockout effect of Dicer
and Ago2 proteins in Dicer knockout (Dicer ~/~) HD11 cells and Ago2 knockout (Ago2 ~/~) HD11 cells. (B-C) WT HD11 cells, Dicer =/~ HD11 cells, and
Ago2 ~/~ HD11 cells were transfected with PC-vsiRNA-EGFP and PC-NC-EGFP for 12 h, then infected the 1 MOI AIV-HIN2 and subjected to western
blotting (B) and fluorescence (C) to detect the GFP expression for 24 h. The “WT HD11 cells transfected PC-NC-EGFP group” was used as the control
and the right for the grey value analysis. Besides, the grey value expression of EGFP for the “WT HD11 cells transfected PC-NC-EGFP group” was set to
"1, while the expression levels of other groups were multiples of this group. Fluorescent protein represents the the GFP, while DAPI stained represents
the nucleus, 10x. (D) Western blotting detection of the overexpression effect of Dicer and Ago2 proteins in the HD11 cells after transfected the PC-Dicer
and PC-Ago2 plasmid for 48 h. (E) Fluorescent result of the Dicer ~/~ HD11 cells and Ago2 ~/~ HD11 cells were transfected with the PC-Dicer, PC-Ago2,
and pcDNAS.1(+)/myc-His B (PC) plasmid for 12 h. The PC group is the negative control for the overexpression. Subsequently, after transfecting the
PC-vsiRNA-EGFP plasmid for 12 h and then infecting the 1 MOI AIV-HIN2, we subjected to fluorescence to detect the GFP expression for 24 h. (F) WT
HD11 cells, Dicer =/~ HD11 cells and Ago2 ~/~ HD11 cells were infected with AIV-HON2 (1 MOI) and IBV-QX (5 MOI). gRT-PCR was used at the 24 h and
48 h time point to assess the relative mRNA expression of AIV-NP and IBV-QX. (G) The efficacy of PC-Dicer and PC-Ago2 against AIV-HIN2 was
detected by western blotting, the right for the grey value analysis. Data are shown as the mean + SD, n = 3. The differences were not significant at

P > 0.05 (ns) or significant at P < 0.05 (*), P < 0.01 (**), P < 0.001 (***).
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DicerM is a novel antiviral Dicer isoform in bird

It is well known that one or more Dicer proteins are respon-
sible for the production of small RNA in eukaryotes and in-
dicated that a novel Dicer isoform in mammalian stem cells
(AviD) and oocytes (DicerO) functions in viral defense [36,
37]. The gallus-Dicer protein was discovered to be very simi-
lar to that of mammals when we compared it with the Dicer
of several other species and examined the genetic evolution
tree (Fig. 6A). By analogy, we found that birds might also pos-
sess a Dicer isoform “DicerM,” which lacks exon 9 and exon
10, compared to Dicer (Fig. 6B). Subsequently, we designed
specific primers to clone distinct target bands for Dicer and
DicerM in both SPF chickens and their related cells (Fig. 6C
and D). Continued protein detection verified the Dicer and
DicerM protein expression in HD11, DF-1, Chicken liver can-
cer cells (LMH), and PBMCs-M¢ (Supplementary Fig. S9A).
To investigate the antiviral effects of Dicer and DicerM, we
set up three siRNA targeting Dicer and DicerM (Fig. 6E
and Supplementary Fig. S9B and C). qRT-PCR and west-

ern blotting results showed that the viral load of IBV was
higher in the Dicer and DicerM silencing group than in the
siNC group (Fig. 6F and Supplementary Fig. S9D-]). In addi-
tion, we also obtained similar results using the psilencer4.1
(PS) recombinant plasmid that can stably express siRNA
(Supplementary Fig. SOE-I). According to the vsiRNA analysis
results in Supplementary Fig. S6E and Fig. 2A, it can be seen
that after Dicer/DicerM knockout, the number of vsiRNA sig-
nificantly decreased, indicating that the production of vsiRNA
is related to Dicer/DicerM. As for why there is still a small
amount of vsiRNA produced in knock-out cells, the reason is
that there are other nucleases such as RNaseL inside the cells
that can cleave nucleic acids, but they also play a very minor
role.

For the overexpression experiment, we constructed the
DicerM overexpression plasmid pcDNA3.1-DicerM-his (PC-
DicerM) and validated its expression through double enzyme
digestion and fluorescence assays (Supplementary Fig. ST0A-
C). Following this, we found the overexpression of Dicer and
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DicerM could effectively reduce IBV viral load on PBMCs-
Mo, even in the Dicer =/~ HD11 cells (Fig. 6H and I and
Supplementary Fig. S10D and E). In addition, the Dicer iso-
form “DicerM” also has good anti-AIV-H9N2 and anti-IBDV
effects on DF-1 cells (Supplementary Fig. ST0F-S10G). Collec-
tively, these findings suggest that DicerM also plays a critical
role in inhibiting RNA virus replication, like the Dicer protein.

Alignment analysis of the helicase domains in RNA
recognition receptor proteins

Previous studies in mammals have revealed that the Helicase
(Hel) domain of AviD is closer to the dsRNA recognition
receptors Retinoic acid-inducible gene-I (RIG-I), Melanoma
differentiation-associated gene 5 (MDAJ), and Laboratory of
genetics and physiology 2 (LGP2) than Dicer, indicating the
stronger antiviral ability of AviD in mammals compared to
Dicer [36, 38]. DicerM executed its antiviral function mainly
by recognizing and cleavaging dsSRNA of RNA viruses. In
birds, due to the lack of Gallus-RIG-I receptors, we com-
pared Gallus-DicerM and Gallus-Dicer Hel domains with
Homo sapiens RIG-I, Gallus-MDAS, and Gallus-LGP2. Re-
sults showed that the Hel domain was highly similar among
the above-reported genes. Protein structure analysis found
that Gallus-DicerM lacked the Hel2i and a portion of the Hel2
domain of the N-terminal segment than Gallus-Dicer (Fig.
6]). Further structure analysis of the helicase domain revealed
that Gallus-DicerM was more similar to Homo sapiens RIG-1
(RMSD: 7.822) than Gallus-Dicer (RMSD: 12.052), indicat-
ing that Gallus-DicerM might be more efficient than Dicer in
identifying virus dsRNA (Fig. 6K and Supplementary Tables
S5 and S6).

Interactions between various dsRNA receptors

As we all know, the IFN system in higher organisms can gen-
erally inhibit Dicer recognition of dsRNA in RNAi via LGP2,
such as in mammals [9, 39]. We wondered why RNAI per-
forms better in birds. Therefore, we further investigate how
the RNAI system (DicerM and Dicer) and IFN system (LGP2
and MDAS) interact with each other. The results showed that
overexpression of DicerM induced a slight increase in mRNA
and protein levels of LGP2 and MDAS5 (Supplementary Fig.
S10H and I). On the one hand, the above expression indi-
cates that the expression of DicerM in the RNAi pathway
does promote the expression of key RNA recognition recep-
tor proteins in the IFN pathway. On the other hand, we fur-
ther observe whether the IFN system has a certain impact on
the RNAI system (Supplementary Fig. S11A and B). HD11
cells were transfected with the PC-LGP2 and PS-LGP2 for 48
h, and subjected to qRT-PCR and western blotting to detect
the Dicer and DicerM expression. Results showed that the
overexpression of the Gallus-LGP2 is beneficial for the ex-
pression of Dicer and DicerM, which is opposite to the re-
sults for mammals (Fig. 7A and Supplementary Fig. S11C-F).
In contrast, after transfection with PS-LGP2, results showed
that the silencing of LGP2 reduced the expression of Dicer
and DicerM in HD11 cells. Interestingly, MDAS also showed
similar conclusions (Fig. 7B and Supplementary Fig. S11C-F).
Meanwhile, the qRT-PCR and western blotting results show
that the LGP2 and MDAS overexpression can decrease the
AIV-NP mRNA and protein expression (Fig. 7C and D and
Supplementary Fig. S12A-D). These data hint that the expres-
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sion of LGP2 and MDAS plays an important role in reducing
the load of AIV-HIN2 in macrophages.

Further, we conduct molecular docking experiments on
DicerM/Dicer and LGP2/MDAS (Fig. 7E and F and
Supplementary Fig. S13A-D). The dock results show that
HIS395 and HIS69, positive-strand with LGP2 protein (L),
form salt bridge interactions with GLUS582 and GLU1507,
negative-strand with DicerM protein (A). LY2577, ASP583,
GLUS582, LYS618, ASN879, GLN1511, GLU1507, and
ARG1624 of DicerM protein form hydrogen bonds with
ARG72, HIS69, GLU2, ASP387, GLY393, HIS395, GLU429,
GLU447, and CYS1640 of LGP2 protein (Fig. 7E and F). In
addition, the positive-strand ARG1362 of DicerM (A) inter-
acts with the negative-strand 841 of MDAS protein (M) to
form a salt bridge, while the negatively charged ASP1124
and ASP395 of DicerM protein interact with the positively
charged ARG834 and LYS537 of MDAS protein to form a
salt bridge. ASP395, GLU443, and ASP237 of DicerM protein
form hydrogen bonds with LYS537, VAL226, and ARG422 of
MDAS protein (Supplementary Fig. S13C and D). More im-
portantly, we also conducted IP experiments, and the results
showed that Dicer and DicerM both interacted with LGP2,
but not with MDAS (Fig. 7G and H). As for which joint do-
main of Dicer and DicerM interacts with LGP2, it is worth fur-
ther exploring in the future. Together, the bird RNAIi system is
closely connected to the IFN system, playing a synergistic role
in vivo.

Antiviral application of PS-vsiRNA plasmid

Previous studies have shown the importance of RNAI in the
antiviral process of bird [35, 36]. Therefore, based on GWM
motif screening, we conducted antiviral validation using ATV
group vsiRNA target region (M and NS1) and IBDV group
vsiRNA target region (VPS5 an VP3). The data shows specific
screening and regions used for plasmid construction (PS-VP3
and PS-NS1) through pattern diagrams (Fig. 8A). Transfec-
tion of PS-M-NS1 plasmid in DF-1 cells can reduce the viral
load of ATV-HIN2 (Fig. 8B-C and Supplementary Fig. S14A
and B). Besides, the results of the western blotting, plaque
test, and qRT-PCR also demonstrated that PS-VP5-VP3 can
lower IBDV load level, hence preventing IBDV from prolifer-
ating and replicating (Fig. 8D and E and Supplementary Fig.
$14C and D). In a clinical setting, we combined the PS-M-
NS1 plasmid or the PS-VP5-VP3 plasmid with nanomate-
rial polyetherimide (PEI) and made it to the PEI/PS-viRNA
polyplex nanoparticles (PPvPNs). The nanoparticle size anal-
ysis showed that the size of PPvPNs was 116.1 nm, and the
Zeta potential result showed that it was 18.3 mV, indicat-
ing good positive charge characteristics for better adhesion
to mucous membranes (Supplementary Fig. S14E and F). Fi-
nally, we also administered the PPvPNs to SPF chickens by
nasal drip twice and the infection test after the second immu-
nization (Fig. 8F). PS-M-NS1 plasmid group can alleviate ATV-
HI9N2-related lung inflammation, hemorrhage, and other ail-
ments (Fig. 8G). Results from the bursa of Fabricius morphol-
ogy and HE staining revealed that the PS-VP5-VP3 immune
group can lower the IBDV viral load and shield immunized
hens after employing IBDV to battle the virus (Fig. 8H and
Supplementary Fig. S14G). In conclusion, the vsiRNA-based
prevention and control strategy using PS-vsiRNA plasmid in
conjunction with PEI worked well.
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Figure 7. Interactions between various dsRNA receptors. (A-B) The effect of LGP2 (A) and MDAS (B) overexpression and silencing on the expression
levels of Dicer and DicerM was detected by western blotting assay. C-D: HD11 cells were transfected with the PC-LGP2, PS-LGP2 (C), PC-MDAb, and
PS-MDAG5 (D) for 24 h, and then infected with 1 MOI AIV-HIN2 and subjected to western blotting to detect the AIV-NP expression for 24 h. The
uninfected cells as the Control group. 3-actin was used as an internal reference protein, and the expression level of the Control group was set to “1,”
while the expression levels of other groups were multiples of the Control group. Notably, the pcDNA3.1 (PC) group and the psilencer4.1 (PS) group were
used as the transfection control (negative). E-F: The three-dimensional and two-dimensional molecular docking results of LGP2&Dicer (E) and
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infusion and collect samples (lungs, bursa of Fabricius) for subsequent analysis on the 18th and 19th days. (G and H) Three days after the AlV and IBDV
challenge, showing the HE staining of the lung (H) and bursa of Fabricius (G). The arrow indicates the bleeding area, and the box surrounds the space
between the bursa of Fabricius. Data are shown as the mean + SD, n= 3.
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Discussion

A conserved gene-silencing mechanism called RNAi devel-
oped in various eukaryotes as a cell-intrinsic antiviral immune
defense mechanism [40, 41]. Whether RNAIi has an antiviral
response function in vertebrates is still a research direction,
and many studies have conducted various discussions on this,
such as the existence of the IFN system and how much an-
tiviral effect RNAI plays [42]. At the same time, a study has
shown that although the IFN antiviral system exists, the RNAi
antiviral defense system of the Ago protein is equally impor-
tant, indicating the importance of exploring the RNAI antivi-
ral system [43]. However, concerns regarding the role of RNAi
antiviral immunity in mammals were raised by the absence
of vsiRNA in virus-infected mammalian cells [31, 44, 45]. In
mammals, only a tiny number of studies have detected vsiRNA
in cells with relative deficiencies in the IFN system, such as
stem cells and oocytes [46—48]. It is gratifying that based on
the development of sequencing technology, many recent stud-
ies have shown that vsiRNA can be found in wild-type (WT)
viruses-infected mammalian somatic cells, and this portion of
vsiRNA has certain functions [26, 49, 50]. Retrospecting at
bird, chickens lack important dsRNA recognition receptors
RIG-I, resulting in relative deficiencies in the IFN system and
susceptibility to RNA virus attacks [51, 52]. Therefore, an in-
depth exploration of the relationship between RNAIi antiviral
immunity and RNA viruses in birds is of great significance for
comprehensive prevention and control in the poultry industry.

IFN and RNAI are two crucial antiviral mechanisms, and
their expression can illustrate the relationship between host
antiviral resistance and viral immune evasion. From the
AIV/IBV-infected HD11 cells experiment, we found that the
related genes in the IFN pathway are upregulated, while Dicer
and Ago2 are downregulated in the RNAi pathway. This sug-
gests that RNA viruses may facilitate their replication by in-
hibiting the RNAi pathway (Fig. 1A-D). The best way to de-
termine whether antiviral RNAi immunity occurs is to detect
the production of vsiRNA. According to our findings, both
the AIV-HIN2 and IBV-QX groups exhibited detectable lev-
els of vsiRNA with a peak at 21 nt size (Fig. 1E-I). Reviewing
the research of Kennedy EM et al., we also paid close atten-
tion to that the length of vsiRNA produced by influenza A
virus infecting DCs was mainly 21 nt, which is consistent with
the results of the AIV group in our manuscript (Figs 1F and
4A) [53]. For the comparison of vsiRNA analysis and antiviral
research after infecting cells with the same type of virus (In-
fluenza A virus, IAV vs AIV, and SARS-CoV-2 vs IBV), it is also
some work that our research group will continue to do in the
future. Besides, negative-stranded vsiRNA was predominant
in the AIV group, whereas positive-strand vsiRNA was in the
IBV group (Fig. 1F and H). The distribution of vsiRNA in
the viral genome can verily reflect the host’s ability and pref-
erence to cleave viral dsRNAs (Fig. 2A-B). Our results also
indicate that vsiRNA production and silencing are mediated
by the Dicer-Ago2-vsiRNA axis, which plays a crucial role in
combating RNA viruses (Fig. 3E-G).

However, despite the current absence of definitive evidence
indicating that positive-stranded RNA viruses predominantly
produce more (+) vsiRNA and negative-stranded RNA viruses
generate predominantly (-) vsiRNA, our manuscript indeed
observed this phenomenon in both the IBV-infected group
and the AlV-infected group. Nevertheless, further experimen-
tal validation is imperative to ascertain whether this phe-

nomenon is consistent across other viruses or cell types. Addi-
tionally, it is plausible that the replication and translation of
IBV occur within the cytosol. Since IBV does not necessitate
nuclear entry and lacks a capping step, its double-stranded
RNA (dsRNA) intermediates may exhibit enhanced instabil-
ity within the cytosolic milieu. The precise impact of this in-
stability on the engagement of these intermediates by Dicer
remains elusive.

As shown in the study by Backes et al., the length distri-
bution of vsiRNA varies among the fibroblasts infected with
different viruses. Borna disease virus group is mainly 21 nt, In-
fluenza A virus and Sindbis virus groups are mainly 19 nt, and
the Vesicular stomatitis virus group is mainly 22 nt [11]. In the
research of Li et al., the group of Norovirus is mainly 18 nt
[54]. The length of vsiRNA that is most abundant in the verte-
brate animal group has not been reported. Only the relatively
high abundance of vsiRNA between 18 and 25 nt can now be
established. The large-scale analysis of vsiRNA based on their
antiviral efficacy is significant for broad-spectrum antiviral
therapy. Interestingly, vsiRNA also can be found in the NDV,
IBDV, BTV, and SARS-CoV-2 groups with a higher abundance
at the 5" and 3’ terminus, not BVDV and BRSV groups (Fig. 4
and Supplementary Figs S7 and S8). As for whether other ani-
mal viruses will produce vsiRNA after infecting cells or animal
tissues, it is still a mystery that needs further research to ex-
plore. For example, vsiRNA was not detected in the positive
ssRNA bovine viral diarrhea virus (BVDV) dataset but was
detected in the severe acute respiratory syndrome coronavirus
type 2 dataset. Could this difference be due to the interaction
between the virus and host RNAi mechanisms, potential virus
inhibition mechanisms, RNA modifications, and differences
in cell type specific responses. As we all know, Dicer can pro-
cess Pre-miRNA and dsRNA into miRNA and siRNA. A con-
served GYM motif involved in miRNA detection and cleav-
age was discovered in recent studies [55, 56]. Our result also
found the RWM motif in vsiRNA, a paired purine A or G (R),
a mismatched A or less favorably U (W), and a paired A or U
(M) at positions -1, 0, and 1, respectively (Fig. 5). Besides, the
plaque test result showed that double-stranded vsiRNA that
maximally conforms to the RWM motif has better antiviral ef-
fects, indirectly indicating that Dicer prefers cutting vsiRNA
that conforms to the RWM motif (Fig. SF and G).

It is well known that one or more Dicer proteins are respon-
sible for producing small RNA in eukaryotes [50, 56]. Some
studies indicated that a novel Dicer isoform in mammalian
stem cells (AviD) and oocytes (DicerO) functions in viral de-
fense [36, 37, 57]. Invigoratingly, we also found that birds
might also possess a Dicer isoform (DicerM) which lacks exon
9 and exon 10. Dicer and DicerM play a critical role in in-
hibiting RNA virus replication (Fig. 6). At the same time, pre-
vious studies in mammals have revealed that the Hel domain
of AviD is closer to the dsSRNA recognition receptors RIG-I,
MDAS, and LGP2 than Dicer, indicating the stronger antiviral
ability of AviD in mammals than Dicer [36, 38, 58, 59]. Dicer
and DicerM executed their antiviral function mainly by rec-
ognizing and slicing dsSRNA of RNA viruses. Structure analy-
sis of the Hel domain revealed that Gallus-DicerM was more
similar to Homo sapiens RIG-I than Gallus-Dicer (Fig. 6K and
Supplementary Tables S5 and S6). Another confusing point is
that previous studies showed that mammals use LGP2 protein
to bind Dicer and regulate their RNAI, indicating a mutually
inhibitory relationship between the RNAi and IFN systems in
mammals [9, 39]. On the contrary, we wondered why RNAi
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performs better in bird. Our molecular docking, western blot-
ting, and CO-IP results showed that the RNAi system (DicerM
and Dicer) and IFN system (LGP2 and MDAS) have a collab-
orative antiviral relationship, and both RNAi and IFN play
an important role in reducing the load of RNA viruses in bird
(Fig. 7 and Supplementary Figs S11-S13). For the vsiRNA ap-
plication, based on GWM motif screening, we conducted an-
tiviral plasmid using AIV and IBDV vsiRNA region (Fig. 8A).
In conclusion, the vsiRNA-based prevention and control strat-
egy using PS-vsiRNA plasmid in conjunction with PEI worked
well (Fig. 8F-H).

Conclusion

RNAI is a highly conserved gene silencing mechanism that
functions quickly, efficiently, and precisely in antiviral pro-
cesses. Our findings show that RNA virus infection in chicken
cells can detect a certain level of vsiRNA and cause the RNAi
phenomenon. The vsiRNA that has been screened using the
RWM motif can be made into PS-vsiRNA plasmids and joint
the nanomaterial PEI to the PPvPNs that used to create ther-
apeutic vaccinations. Our research provides a crucial theoret-
ical foundation for the management and prevention of differ-
ent RNA viruses in bird.
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