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Summary

Numerous viral outbreaks have threatened us
throughout history. Here, we demonstrated a nucleic
acid-based antiviral strategy named AntiV-SGN.
Unlike those CRISPR-mediated methods, AntiV-SGN
has advantages of no targets’ sequence limitation,
such as protospacer adjacent motif (PAM) or proto-
spacer flanking sequence (PFS), being universal for
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both DNA and RNA viruses. AntiV-SGN was com-
posed of a FEN1 protein and specific hpDNAs target-
ing viruses’ nucleic acid. Its antiviral ability was
tested on SARS-CoV-2 and HBYV respectively. Repor-
ter assays in human cells first illustrated the feasibil-
ity of AntiV-SGN. Then, it was verified that AntiV-
SGN destroyed about 50% of live RNAs of SARS-
CoV-2 in Vero cells and 90% cccDNA of HBV in
HepG2.2.15 cells. It was also able to remove viral
DNA integrated into the host’'s genome. In the mouse
model, AntiV-SGN can be used to significantly
reduce HBV expression at a level of 90%. Actually,
in some cases, when viruses mutate to eliminate
PAM/PFS or hosts were infected by both DNA and
RNA viruses, AntiV-SGN could be a choice. Collec-
tively, this study provided a proof-of-concept antivi-
ral strategy of AntiV-SGN, which has potential
clinical value for targeting a wide variety of human
pathogens, both known and newly identified.

Introduction

Throughout the history of humanity, we have been
threatened by numerous viral outbreaks, such as severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
(Huang et al., 2020), Ebola (Rojek et al., 2017) and
AIDS (Margolis et al., 2020). However, few vaccines or
antivirals for known viruses have been approved (Freije
and Sabeti, 2021). Traditional antivirals require knowl-
edge of the optimal viral or host protein targets (De
Clercqg and Li, 2016) and rely on triggering the host
immune response (Carrat and Flahault, 2007). We were
even more unprepared for unknown viruses and lack of
weapons for such kinds of sudden infectious diseases.
Therefore, other technologies that only require knowl-
edge of the genomic sequence of viruses could be criti-
cal for successfully responding to future outbreaks.
Recently, we developed and reported a hairpin DNA
probe-SGN (HpSGN) system (Tian et al., 2020). The
HpSGN system is composed of the FEN1 nuclease and
the hairpin DNA probe (designated hpDNA below).
Moreover, the HpSGN system has been proved to
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mediate genomic DNA modification and mRNA degrada-
tion (Tian et al., 2020). The HpSGN system has advan-
tages of (i) without sequence limitation like PAM or PFS;
(i) being able to cleave both DNA and RNA simultane-
ously; (i) with smaller molecular weight and size
(35 kDa, 337 amino acids) to delivery in vivo and
ex vivo.

Therefore, we developed the HpSGN system as an
antiviral strategy (designated AntiV-SGN strategy below)
to break the viral genomic RNA of ssRNA viruses and
viral genomic DNA of DNA viruses. For the ssRNA virus
(a sample is SARS-CoV-2, Fig. 1), its spike protein unrav-
els and pulls the membrane of the virus and host
together, releasing the virus RNA genome into the
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cytoplasm. The virus transforms the cell’s endoplasmic
reticulum into bubble-like structures (called double-
membrane vesicles, DMVs) which are proposed as cellu-
lar compartments for the viral RNA to replicate and tran-
scribe (Snijder et al., 2020). And then, newly synthesized
genomes and subgenomic mRNAs (Hartenian
et al.,, 2020; V’Kovski et al.,, 2021) will be released into
the cytoplasm to package (Wolff et al., 2020). The AntiV-
SGN captures and degrades the genomic RNA and
subgenomic mMRNA in the cytoplasm to inhibit replication
and viral gene expression. For the DNA viruses (a sample
is HBV, Fig. 1), the virus infects cells and forms covalently
closed circular DNA  (cccDNA) (Ganem and
Prince, 2004), which integrates into the host genomic

\ 5N\/\3’ —_ 5

NS 3
Lol /%7 /%7
\ 5 ¥ s 3
% subgenomic mRNA

3
\ genomic RNA Genome degradation x
1 5,/\/\/\3, degradation
[ S n
—7  genomicRNA —> > 54 Ny \3
% éj'@ 5% 3 Genome degradation

New virus
packaging and release

degradation

N svlr\.n-/“\y

degradation
LV * oo OO
1) O <

n.r.
54 M3y Gene expression

Gene
expression

cccDNA formation
formation =
— ﬂ

Sy,

elimination

Pre-C mRNA\
NOaNY
- NS NPre-S mRNA
e — a/ ANV RN

%iption
OO

degradation

New virus packaging
and release

Fig. 1. Schematic of HBV/SARS-CoV-2 life cycle and putative antivirus effect of AntiV-SGN constructs. In the AntiV-SGN construct, the FEN1
was represented by a yellow ellipse, and the hpDNAs were represented by blue stem-loop lines.
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DNA and makes lasting HBV infection (Block
et al, 2007). The AntiV-SGN targets and destroys the
cccDNA and viral fragment integrated into the host geno-
mic DNA. Also, a recent study reported evidence that the
SARS-CoV-2 subgenomic RNAs can be reverse tran-
scribed and integrated into the host's genomic DNA by
cellular reverse transcriptase (long interspersed element-
1, LINE1) (Zhang et al., 2021). Therefore, directly attack-
ing the genetic materials (both DNA and RNA), which are
the fundamental keys of viruses, may be done once and
for all in antiviral treatments.

Although the CRISPR-Cas9 system has been success-
fully applied to directly disrupt essential genes of both
DNA viruses and RNA viruses (Price et al., 2015; Li
et al., 2016; Roehm et al., 2016; Bella et al., 2018), the
CRISPR-Cas13 system was used to reduce levels of viral
RNA (Abbott et al., 2020; Blanchard et al., 2021). How-
ever, it is wondering whether there is another nucleic
acid-based antiviral capable of combating not only DNA
viruses but also ssRNA viruses. In addition, we are wor-
ried that viruses may mutate and eliminate the PAM/PFS
to escape the attack from CRISPR-mediated antivirals
because the PAM (Wang et al., 2015; Hu et al., 2018) or
PFS (Abudayyeh et al., 2017; Cox et al., 2017) is neces-
sary for Cas9 or Cas13 nuclease respectively.

The feasibility of the constructed AntiV-SGN strategy
will be tested ex vivo and in vivo in this study. We
hypothesized that this proof-of-concept antiviral strategy
of AntiV-SGN has potential clinical value for targeting a
wide variety of human pathogens, both known and newly
identified.

Results

AntiV-SGN is capable of inhibiting SARS-CoV-2 reporter
expression in human cells

SARS-CoV-2 has an ssRNA genome with 30 000-nt
encodes 12 functional open reading frames (Chan
et al, 2020). A previous study (Abbott et al., 2020)
reported highly conserved regions to contain the nucleo-
capsid (N) gene at the end of the genome, which encodes
the capsid protein for viral packaging. Since our HpSGN
system has no limitation of targets’ sequence (like PAM/
PFS), theoretically, any position in the N gene could be
the candidate location of hpDNAs. However, guide
sequences potentially binding in the human reference
genome should be excluded. Then, four hpDNAs (shorted
as Hp-1, Hp-2, Hp-3 and Hp-4) targeting the N gene were
designed and synthesized (Fig. 2A, Table S1).

To verify the feasibility of the AntiV-SGN strategy in
human cells, we synthesized a gene encoding the A. ful-
gidus FEN1 gene (1011 bp, 337 amino acids, 35 kDa)
and attached a C-terminal NES for optimal expression in
the cytoplasm. Then, sequence coding of the N protein of

SARS-CoV-2 was inserted into the reading frame of
EGFP protein to construct a reporter plasmid (Table S2).
Those two plasmids and hpDNAs were transfected into
A549 cells, followed by detection of the EGFP reporter
expression level and CoV-N fragment mRNA transcript
abundance (Fig. 2B). As shown in Fig. 2C, relative to the
group transfected with non-targeting hpDNAs, the groups
transfected with Hp-1, Hp-2, Hp-3 and Hp-4 downregu-
lated the EGFP reporter expression by 52%, 54%, 51%
and 45%. The percentages of EGFP positive cells
decreased from 25.5% (non-targeting group) to 8.18%,
8.24%, 8.72% and 10.8% in Hp-1, Hp-2, Hp-3 and Hp-4
groups respectively (Fig. 2D). Following this, one pool of
targeting hpDNAs (Hp-1, Hp-2, Hp-3 and Hp-4 mixture)
was used to repress the CoV-N fragment mRNA transcript
abundance, causing a ~39% inhibition (Fig. 2E,
Table S4). Given that the processes of both degradation
of transcripts and post-translational modification affect the
uniformity of mMRNA and protein, the transcription level
and translation level are not completely consistent.

Then, we also constructed another reporter plasmid,
which contained a fragment encoding the RdRP gene
(Table S2). Then, four hpDNAs targeting the RdRP gene
(shorted as Hp-R1, Hp-R2, Hp-R3 and Hp-R4, the
detailed sequence is shown in Table S1), excluding
potential mismatch in the human genome, were
designed and synthesized. We co-transfected the EGFP
reporter and AntiV-SGN into human cells. After being
treated by AntiV-SGN, the efficiency of a downregulation
for EGFP mRNA was detected by qPCR analysis. As
shown in Fig. S1, relative to the group transfected with
non-targeting hpDNAs, the groups transfected with Hp-
R1, Hp-R2, Hp-R3 and Hp-R4 repressed the EGFP
reporter by 64%, 80%, 77% and 23% of RNA abun-
dance in HEK293T cells respectively.

Next, we compared the strategies of AntiV-SGN, RNAi
and CRISPR-Cas13 in HEK293A, A549 and HepG2 cells
with three identical random targeting loci (T1, T2 and T3)
(Fig. 2F). For each locus, targeting hpDNA, siRNA and
crRNA were designed with the same guide sequence
(Tables S1 and S3). AntiV-SGN performed better than
the other two strategies at the T2 locus in A549 cell
(24.4% inhibition) and T2/T3 loci in HepG2 cells (23.7%
and 49.2% inhibition respectively). Meanwhile, Cas13 had
outstanding behaviour at the T1 locus in HEK293A cell
(89.9% inhibition), T3 locus in HepG2 cell (49.2% inhibi-
tion) and T1/T3 loci in A549 cells (23.0% and 37.0% inhi-
bition respectively). Moreover, RNAi stood head at T2/T3
locus in HEK293A cell (31.6% and 20.3% inhibition
respectively). In addition, we found that the AntiV-SGN
(NLS-FEN1) and CRISPR (Cas9) induced cell viability
inhibition in HEK293T and A549 cells. Cell death was also
observed in A549 cells treated by AntiV-SGN (FEN1-
NES) and CRISPR (Cas13) (Fig. S2). The knocking-down
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Fig. 2. AntiV-SGN is capable of inhibiting SARS-CoV-2 reporters’ expression in human cells.
A. The locations of hpDNAs targeting the N gene of SARS-CoV-2.

B. Experiment workflow to challenge AntiV-SGN in A549 lung epithelial cells with CoV-N reporters.
C. The EGFP reporter expression of groups transfected with non-targeting hpDNA (NT) and targeting hpDNAs (Hp-1, Hp-2, Hp-3 and Hp-4).

n = 4, two-tailed Student’s t-test; P values for Hp-1 (P = 0.0016), Hp-2 (P = 0.005), Hp-3 (P = 0.005) and Hp-4 (P = 0.0034) are relative to NT.
D. Representative flow histograms of EGFP reporter levels after treated by AntiV-SGN. Cells shown were gated for EGFP+ cells only.

E. The CoV-N fragment mRNA relative expression of groups transfected with non-targeting hpDNA (NT) and one pool of targeting hpDNAs
(Hp-1, Hp-2, Hp-3 and Hp-4 mixture). n = 4, two-tailed Student's ttest; P = 8 x 107*.
F. Comparison of AntiV-SGN, siRNA and Cas13 strategy to cleaving RNA fragments from SARS-CoV-2 sequences in HEK293A, A549 and
HepG2 cells. n = 3.

ability variation was likely due to cell line characteristics,
antivirus strategies’ delivery efficiency and cell toxicity. It
reminds us that the robust performance of the nucleic
acid-based antiviral strategy may be inseparable from

effective delivery and good biosafety. For the AntiV-SGN
strategy, the small size of FEN1 protein (337 amino acids)
and no sequence limitation of targets seem to be benefi-
cial in some situations. The results indicated that AntiV-
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SGN could be an alternative complementary option for
the other two classical methods (RNAi and CRISPR-
Cas13).

AntiV-SGN has potent antiviral activity against SARS-
CoV-2 in Vero cells

We tried to evaluate AntiV-SGN’s potential to serve as
a programmable antiviral platform to combat a repre-
sentative of ssRNA viruses, SARS-CoV-2. The FEN1-
NES plasmid was transfected into Vero cells for 48 h.
Then, the cells were inoculated by SARS-CoV-2, and a
pool of hpDNAs (Table S1, as same as hpDNAs used
in Fig. 2E) was transfected 24 h later. The viral RNA
(vVRNA) from the cell supernatant was collected to per-
form absolute quantitative real-time PCR to examine
the vRNA level (Fig. 3A, Table S4). The effects of
AntiV-SGN against SARS-CoV-2 at MOls of 0.008 and
0.16 levels in Vero cells were tested. With an MOI of
0.008, a 60% (P = 0.0079) reduction in vVRNA com-
pared with the targeting group and virus-only group
was measured by RT-gPCR 48 h post infection (hpi)
(Fig. 3B). A 44% (P = 0.0246) reduction in vVRNA com-
pared with the targeting group and non-targeting group
was measured. With MOI of 0.16, the 42%
(P=0.0099) and 39% (P = 0.1299) reduction relative
to virus-only group and non-targeting group were
observed (Fig. 3B). It indicated that the AntiV-SGN
could destroy about 50% of live vRNAs of SARS-CoV-
2 in Vero cells within 24 h. However, after being treated
by AntiV-SGN, we did not inspect an obvious recovery
of the cellular state of the SARS-CoV-2 infected cells.
Compared with the CRISPR-based anti-SARS-CoV-2
strategy (Blanchard et al., 2021), which has a great
effect on increasing the percentage of live cells, the
CRISPR-based strategy can reduce several orders of
magnitude the RdRP or N gene copy number. This
result indicated that the current AntiV-SGN is not robust
enough to give sufficient clinical benefits and needs fur-
ther improvement.

Besides, known viral DNA and RNA are actively evolv-
ing in vivo, which leads to mutations in their coding
sequence to escape from nucleic acid-based antivirals.
Target site mutations can reduce the potency of many
antiviral approaches, and thus, the propensity for these
mutations to rise following treatment should be moni-
tored. To answer whether the unsolved SARS-CoV-2 in
cell supernatant varied their sequences to escape being
recognized by our AntiV-SGN or not (within the experi-
mental time period, 4 days), the vRNA collected from the
remaining SARS-CoV-2 was sequenced. The results in
Fig. 3C showed that no virus was mutant, which indi-
cated that AntiV-SGN did not force the virus to change

the sequence for absconding. Future work will be
required to evaluate the timescale and the degree to
which viral RNAs can evolve resistance to AntiV-SGN
targeting.

AntiV-SGN is capable of inhibiting HBV fragment
expression in human cells

To verify the feasibility of the AntiV-SGN strategy against
DNA virus, the sequence coding the X protein of Hepati-
tis B Virus (HBV) was inserted into the reading frame of
EGFP protein, and three pairs of hpDNAs targeting X
ORFs were designed (Fig. 4A, Hp-1 pairs, Hp-2 pairs
and Hp-3 pairs), excluding potential mismatch in the
human genome.

To evaluate the efficacy, we co-transfected the HepG2
cells with the HBV-X reporter plasmid, the NLS-FEN1
coding plasmid and individual hpDNAs pairs, followed by
detection of the EGFP reporter expression level and
HBV-X fragment mRNA transcript abundance (Fig. 4B).
As shown in Fig. 4C, relative to the group transfected
with non-targeting hpDNAs, the groups transfected with
Hp-1 pairs, Hp-2 pairs and Hp-3 pairs downregulated the
EGFP reporter expression by 43%, 56% and 66%
respectively. Moreover, as shown in Fig. 4D, these
hpDNA pairs decreased the HBV-X fragment mRNA
transcript abundance levels by 36%, 27% and 29%
respectively.

Next, we compared the strategies of AntiV-SGN,
RNAi and CRISPR-Cas9 at an identical random target-
ing locus (Fig. 4E). The targeting hpDNA, siRNA and
sgRNA were designed with the same guide sequence
(Tables S1 and S3). CRISPR-Cas9 performed effec-
tively and inhibited the HBV-X fragment mRNA about
37% and 61% in HEK293A and HepG2 cells respec-
tively. In parallel, AntiV-SGN had efficiencies of 28%
and 39% knockdown at this locus respectively. Com-
pared to AntiV-SGN, RNAi strategy was adversely
affected in HepG2 cells. The results indicated that
AntiV-SGN could be an alternative complementary
option for the other two classical methods (RNAi and
CRISPR-Cas9).

AntiV-SGN has potent antiviral activity against HBV in
human cells

To evaluate the ability of DNA viruses’ clearance medi-
ated by AntiV-SGN, the NLS-FEN1 coding plasmid with
a pool of hpDNAs was transfected into HepG2.2.15 cell
(Sells et al., 1987), which has four 5'-3' tandem copies
of HBV genome and is an ideal model for investigating
HBV (Ramanan et al., 2015) (Fig. 5A). Target loci of
hpDNAs were chosen to maximize conservation across
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Fig. 3. AntiV-SGN has potent antiviral activity against SARS-CoV-2 in Vero cells.

A. Experiment workflow to challenge AntiV-SGN in Vero cells infected with SARS-CoV-2.

B. Copy number of SARS-CoV-2 vRNA levels 24 hpi when transfection of FEN1-NES and targeting hpDNAs or non-targeting hpDNAs (NT) and
virus only group. n = 3, two-tailed Student’s ttest; *, P = 0.009 and **, P = 0.0048 for MOI = 0.008; **, P = 0.01 for MOI = 0.16; bars represent
mean + SEM.

C. Sequences of the vVRNA collected from remaining SARS-CoV-2. Forty clones were collected to be sequenced.

viral genotypes and minimize homology to the human pairs, Table S1). The cccDNA in the nucleus was
genome (Fig. 5B). Based on these criteria, we designed extracted and quantified by gPCR (detail in the Method
three pairs of hpDNAs (Hp-1 pairs, Hp-2 pairs and Hp-3 section, Table S4). As shown in Fig. 5C, quantitative
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Fig. 4. AntiV-SGN is capable of inhibiting HBV fragment expression in human cells.
A. The locations of hpDNA pairs targeting X ORFs of HBV.
B. Experiment workflow to challenge AntiV-SGN in HepG2 cells with HBV-X reporters.
C. The EGFP reporter expression of groups transfected with non-targeting hpDNA (NT) and targeting hpDNA pairs (Hp-1, Hp-2 and Hp-3).

n = 3, two-tailed Student’s t-test; P values for Hp-1 (P = 0.0014), Hp-2 (P = 0.00017) and Hp-3 (P = 6.7 x 10-5) are relative to NT.

D. The HBV-X fragment mRNA relative expression of groups transfected with non-targeting hpDNA (NT) and targeting hpDNAs pairs. n = 3 or

4; bars represent mean + SEM.

E. Comparison of AntiV-SGN, siRNA and Cas9 strategy to cleaving RNA fragments from HBV-X sequences in HEK293A and HepG2 cells.

n=3.
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Fig. 5. AntiV-SGN has potent antiviral activity against HBV in human cells.

A. Experiment workflow to challenge AntiV-SGN in HepG2.2.15 cells.

B. 100 HBV isolates were chosen from GenBank to testify the coverage of hpDNAs. The x-axis denotes the number of allowed mismatches,
and the y-axis denotes the percentage of sequenced isolates that fall within this number of mismatches to the native hpDNA target site.
C. The cccDNA levels of the mock group transfected with non-targeting hpDNA (NT) and targeting hpDNA pairs. n = 3 and n = 4, two-tailed
Student’s t-test; P values for pool (P = 0.0001) are relative for MOCK (HepG2.2.15 without transfected any plasmids), P values for pool

(P = 0.0397) are relative for NT; bars represent mean + SEM.

D. The HBV fragment integrated into the genome of HepG2.2.15 levels of transfected with non-targeting hpDNA (NT) and targeting hpDNA
pairs. n = 3, two-tailed Student’s t-test; P values for pool (P = 0.036) are relative for NT; bars represent mean + SEM.

E. The HBV mRNA expression levels of transfected with non-targeting hpDNA (NT) and targeting hpDNA pairs. n = 3, two-tailed Student’s
test; P values for pool (P = 0.004) are relative for NT; bars represent mean + SEM.

PCR showed a robust 90.4% (P = 0.0397) reduction in
cccDNA compared with control groups transfected with
FEN1 coding plasmid plus non-targeting hpDNAs. More-
over, a higher reduction (96.4%, P = 0.0001) compared
with control groups without FEN1 and hpDNAs.

© 2022 The Authors. Microbial Biotechnology published by Society

Then, to answer whether the AntiV-SGN could be used
to clean the HBV fragment integrated into the genome of
the host, the total DNA was isolated from AntiV-SGN trea-
ted HepG2.2.15, and we removed the cccDNA by gel chro-
matography to get the genomic DNA (Fig. S3). As shown
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in Fig. 5D, the AntiV-SGN could eliminate about 25% of
integrated HBV DNA in HepG2.2.15. In our previous study,
we demonstrated that FEN1 driven prefers inducing large
fragment mutations on targeting locus; therefore, the FEN1
has a higher probability in the ability to eliminate integration
compared to Cas9-driven mutagenesis. These results were
confirmed by reducing HBV mRNA (~ 29%) to controls

transfected with FEN1 coding plasmid plus non-targeting
hpDNAs (Fig. 5E), which was possibly an additive effect of
the combination of DNA cleaving and mRNA cleaving.
These results demonstrate that targeting multiple con-
served regions of HBV with AntiV-SGN could result in sup-
pression of viral transcription, depletion of cccDNA and
elimination of integrated HBV DNA.
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Fig. 6. Confirmation of anti-HBV effect in vivo.

Days post of hydrodynamic injection

A. Experimental schematic for: 1.3 x WT HBV, FEN1-coding plasmid and hpDNAs are delivered to the livers of C57BL/6 mice via hydrodynamic

injection.
B. The locations of hpDNA pairs targeting 1.3 x WT HBV.

C. HBV mRNAs are quantified in mouse liver at indicated time point post injection. All the points were normalized to the C57BL/6 which was
treated with EV plasmid and targeting pool. n = 3, two-tailed Student’s ttest; *, P < 0.05; ***, P < 0.001; bars represent mean + SEM.
D. HBsAg are quantified in mouse blood at indicated time point post injection. n = 2 or n = 3, two-tail Student’s ttest; *, P < 0.05; ***,

P < 0.001; bars represent mean + SEM.

E. Representative haematoxylin and eosin (H&E) of C57BL/6 mice injected control and FEN1-expressing plasmid at the 5th day. Scale bars are

50 mm. MOCK: The C57BL/6 did not treat with any plasmids.

F. Bodyweight changes of mice during 5 days post infection. Mice were injected with 1.3 x WT HBV. n = 4, bars represent mean + SEM.
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Confirmation of anti-HBV effect in vivo

To testify that our AntiV-SGN functioned appropriately in
primary hepatocytes, we sought to evaluate the antiviral
effect of AntiV-SGN for HBV in vivo. HBV plasmid,
FEN1 plasmids and hpDNAs were introduced to the liver
of C57BL/6 mouse by hydrodynamic injection (HDI)
(Fig. 6A). The HBV genome ORF and location of target
sequences for hpDNAs are shown in Fig. 6B (Table S1).
Animals expressing FEN1 and hpDNAs in this model
showed a progressive suppression of HBV expression
compared to controls, reflected by a 90% decrease in
HBV mRNA expression level on days 2 and 3 post injec-
tion (Fig. 6C). Corresponding to the efficiency in the
liver, the level of HBsAg serum rapidly decreased and
even became undetectable at the indicated time point
(Fig. 6D).

What is more, we testified whether the expression of
FEN1 causes an adverse effect in C57BL/6 mice or not;
we collected the lung, kidney, spleen and heart of the
mice treated by AntiV-SGN. As shown in Fig. 6E, the
expression of FEN1 did not cause obvious cytotoxicity
on mice’s organ cells. Meanwhile, FEN1 led to no signifi-
cant reduction in body weight (Fig. 6F). Collectively,
these findings verified that AntiV-SGN possessed a
strong antiviral effect in vivo in parallel with low toxicity.
Therefore, it has the potential to be developed as an
ideal candidate for virus treatment.

Discussion

Here, we demonstrated a nucleic acid-based antiviral
strategy named AntiV-SGN. We first proved that the
AntiV-SGN can effectively target and cleave EGFP
reporter plasmids of CoV-N protein and HBV-X protein
by both RNA abundance and reporter expression detec-
tion. In comparison with the other two kinds of nucleic
acid-based methods (RNAi and CRISPR system), our
AntiV-SGN performed similarly. Next, AntiV-SGN was
illustrated with antiviral activity against SARS-CoV-2 in
Vero cells and HBV in HepG2.2.15 cells and C57BL/6
mice. We demonstrated the ability to cleave VvRNA,
cccDNA, integrated vDNA and other viral gene expres-
sion and replication parameters by the AntiV-SGN strat-
egy.

One of the potential advantages of AntiV-SGN is its
size. A nucleic acid-based antiviral used in the clinic has
to be delivered effectively and safely in vivo. One attrac-
tive choice being employed is to deliver a ribonucleopro-
tein complex containing the FEN1 protein assembled
with hpDNAs. In the CRISPR-associated system, several
works have proven the feasibility of this ribonucleopro-
tein complex strategy (Staahl et al., 2017). In the AntiV-
SGN system, the FEN1 protein has only 337 amino
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acids, much smaller than the Cas-family protein.
Besides, the synthesis of a DNA probe with a length of
~50nt is easier and cheaper than an RNA probe.
Another attractive choice is the liposomal delivery strat-
egy, in which nuclease could be delivered in mRNA form
within chemical polymers or lipid nanoparticles (LNPs).
In a CRISPR-associated system, the length of mRNA of
Cas-family protein could be several thousands of bases
and complicated to the transcript in vitro by transcription
kits. Instead, the mRNA of FEN1 protein is much shorter,
which is only ~ 1000 nt bases.

Another potential advantage of AntiV-SGN is its result-
ing form, which introduces large fragment deletions, not
small indels (short for insertion and deletion) on the virus
coding sequence. In some cases, small indels disrupted
by Cas-family protein are still translated into effective
proteins and lead to escape mutations. Large fragments
deletions (> 100-nt) on the virus coding sequence will
destroy several ORFs and functional domains of pro-
teins.

Currently, in this study, not all of hpDNAs work well.
Delivery of multiple hpDNAs with more binding sites is
also effective. Fortunately, the large fragment deletions
made by AntiV-SGN weaken the need to test a large
number of hpDNAs sequences to identify ones with
potency. But the second structure of oligonucleotide
assembly and the locations of nucleic acid-based antivi-
ral on different functional domains in viruses may also
affect the cleaving results. Further research is required
to accelerate progress towards an antivirus therapeutic.
Beyond antiviral value, the AntiV-SGN may also poten-
tially be used as a research tool to investigate viral evo-
lution because we found that FEN1 can capture but not
cleave DNA/ RNA targets (submitted elsewhere).

Moreover, one of the disadvantages of AntiV-SGN is
its relatively weak efficiency. In our opinion, changing
hpDNA probes into hpRNA probes may be helpful to
improve efficiency. Because the amount of hpRNA
probes being transcripted is more than that of hpDNA
probes. The other disadvantage of AntiV-SGN is the
worry about its safety (including the off-target issue). In
the future, we try to synthesize in vitro transcribed
mRNA (Loomis et al., 2018; Tiwari et al., 2018) to
express FEN1 or deliver a ribonucleoprotein complex
(Xu et al., 2021) containing the FEN1 protein assembled
with hpDNAs to reduce the time span of FEN1 in human
cells. We anticipate that one of the above-mentioned
strategies can potentially contribute to the AntiV-SGN’s
practical antiviral application beyond only a proof-of-
principle method.

Whilst we sought to bioinformatically predict this
potential off-target activity of cellular transcripts by align-
ing the hpDNAs to the human genome, however, this
bioinformatic prediction of off-target activity requires
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further validation experimentally using transcriptome
analysis and genome analysis. In the future, we try to
minimize the off-targeting using the following methods in
the future study: i) optimizing the length of or modifying
the hpDNAs; ii) choosing an optimal delivery form of
AntiV-SGN to reduce the time span of FEN1 expression;
iii) adding a switch to regulate the activity of AntiV-SGN.

In summary, this study provided a proof-of-concept
antiviral strategy of AntiV-SGN to combat both DNA and
RNA virus, which has potential clinical value for targeting
a wide variety of human pathogens, both known and
newly identified.

Experimental procedures
Construction of plasmid expressing FEN1

The plasmids were constructed as described before
(Tian et al., 2020). For HBV relative experiments, NLS
was added to the N-terminus of A. fulgidus and then
subcloned to pcDNA3.1(+) to generate pcDNA3.1(+)-
HA-NLS-A. fulgidus FEN1. For SARS-CoV-2 relative
experiments, NLS was substituted by NES to generate
pcDNA3.1(+)-HA-A. fulgidus FEN1-NES.

Design and cloning of CoV-N/CoV-RdRP/HBV-X reporter

The sequence coding the N protein or RdRP protein of
SARS-CoV-2 and X protein of HBV was inserted into the
reading frame of EGFP protein to form a CoV-N/CoV-
RARP/HBV-X reporter plasmid. The pEGFP-N1 vector
was digested with Hindlll and Kpnl. The fragments CoV-
N or CoV-RdRP and HBV-X were synthesized by the
GenScript biotechnology company. Last, the fragments
inserted the pEGFP-N1 vector using T4 DNA Ligase
(Vazyme, C301-01, Nanjing, China) (the detailed
sequences are shown in Table S2).

Cell culture

HEK293T, Vero, HepG2, A549 and HepG2.2.15 cells
were maintained in Dulbecco’s modified Eagle’s Medium
(DMEM) or RPMI-1640 supplemented with 10% fetal
bovine serum (HyClone, Logan, UT, USA), 100 U mI™" of
penicillin and 100 pg ml™' of streptomycin at 37°C with
5% CO, incubation.

CoV-N/CoV-RdRP/HBV-X reporter test

On day 1, cells were seeded into 24-well plates (Corn-
ing, Corning, NY, USA) at a density of 70 000 cells per
well. On day 2, cells were transfected with CoV-N/CoV-
RdARP/HBV-X reporter plasmid (0.1 pg per well) and
pcDNA3.1(+)-HA-A. fulgidus FEN1-NES (in CoV-N
reporter test)/ pcDNA3.1(+)-HA-NLS-A. fulgidus FEN1

(in HBV-X reporter test) (0.5 pg per well). Then, 60-72 h
later, cells were transfected with hpDNAs (600 pmoL per
well) (the detailed sequences are shown in Table S1).
Twenty-four hours after transfection of hpDNAs, cells
were harvested and tested using flow cytometry to
detect EGFP reporter expression and using relative
quantitative PCR to detect CoV-N/CoV-RdRP/HBV-X
fragment mRNA abundance. For RNAi and CRISPR
groups, 50 pmoL siRNA or 1 pg plasmid expressing
Cas13a-sgRNA (in CoV-N reporter test)/Cas9-sgRNA (in
HBV-X reporter test) were used (the detailed sequences
are shown in Table S2).

Flow cytometric analysis

The cells were resuspended in PBS; the fluorescence
intensity (EGFP 488 nm excitation and 525 nm emis-
sion) was measured immediately using BD Accuri™ C6
Plus. 10 000 cells were counted and measured in each
sample. The EGFP fluorescence was calculated by sub-
tracting the geometric mean EGFP fluorescence mea-
sured in mock-infected samples. Each sample was
measured four times and got an average value.
- (Fb-Fa)-(Fc-Fa) (Fb-Fc)

Efficiency (%) = Fb-Fa = “Fo-Fa
Fa, the fluorescence intensity of the wild-type cells; Fb,
the fluorescence intensity of the cells transfected with
FEN1 and reporter plasmid; Fc, the fluorescence inten-
sity of the cells transfected with FEN1, reporter plasmid
and hpDNA

Relative quantitative PCR

Cells were trypsinized and washed once with PBS, and
total RNA was isolated with RNA-easy Isolation Reagent
(Vazyme, R701-01/02) following the manufacturer's
instructions. For mRNA, cDNA synthesis was performed
using the HiScript Il 1st Strand cDNA Synthesis Kit
(+gDNA wiper) (Vazyme, R312-01). The cDNA was
used in quantitative PCR analyses with AceQ gPCR
SYBR Green Master Mix (Low ROX Premixed) (Vazyme,
Q131-02) with specific primers listed in Table S4. Rela-
tive gene expression was calculated using the AACt
method. Results were normalized to Gapdh.

CCKB8 assay

On day 1, cells were seeded into 96-well plates (Corning)
at a density of 8000 cells per well. On day 2, cells were
transfected with CoV-N reporter plasmid (0.02 pg per
well), pcDNA3.1(+)-HA-A. fulgidus FEN1-NES (0.08 ng
per well) and Cas13a-NES (0.08 pg per well) (in CoV-N
reporter test); cells were transfected with HBV-X reporter
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plasmid (0.02 pg per well), pcDNA3.1(+)-HA-NLS-A. fulgi-
dus FEN1 (0.08 pg per well) and Cas9-NLS (0.08 pg per
well) (in HBV-X reporter test). Then, 24 h later, cells were
transfected with hpDNAs (50 pmoL per well) and sgRNA
plasmid (0.08 pg per well). Twenty-four hours after trans-
fection of hpDNAs and sgRNA, 10 pl of CCK8 solution
was added to each well and incubated for 4 h at 37°C.
Absorbance was read at 450 nm with a Synergy™ HT
multi-mode reader (Bio-Tek, Winooski, VT, USA). The
average value of the optical density (OD) of five wells was
used to determine cell viability according to the following
formula: Inhibition rates (%) = (1 — OD treatment group/
OD control group) x 100%.

Off-target mapping

To characterize the specificity of hpDNAs, we ensured
that hpDNA does not target any sequences in the
human reference genome. We used Bowtie 2 to align
hpDNAs to the human reference genome (hu-
man_g1k_v37). The results are shown in Table S5.

SARS-CoV-2 assay

On day 1, cells were seeded into 24-well plates (Corning)
at a density of 70 000 cells per well. On day 2, cells were
transfected with pcDNAS3.1(+)-HA -A. fulgidus FEN1-NES
(1 ng per well). Vero cells were transfected 48 h prior to
infection, cells were inoculated at MOI 0.008 and MOI
0.16 with SARS-CoV-2. After 1 h of inoculation, the inocu-
lum was removed. Twenty-four hours later, cells were
transfected with a hpDNAs pool (800 pmoL per well) (the
detailed sequences are shown in Table S1, same as
Fig. 2C). Finally, the cellular supernatant was collected for
absolute quantification PCR.

For the study of the mutation of SARS-CoV-2 targets,
the vVRNA was reverse transcription with the HiScript IlI
1st Strand cDNA Synthesis Kit (+gDNA wiper) (Vazyme,
R312-01). The N fragment was PCR amplified. To reduce
nonspecific PCR products, high-fidelity DNA polymerase
was used. cDNA (50 ng) was added as a template in a
20 pl of PCR mixture. The PCR program was 98°C for
5 min, 35 cycles (98°C for 10 s, 60°C for 5 s and 72°C for
30 s) and 72°C for 10 min. The products were purified
using EasyPure PCR Purification Kit (TransGen, EP101-
01, Beijing, China) following the manufacturer’s protocol
and analysed on 1% agarose gels. Gels were stained with
GelRed stain and imaged. For Sanger sequencing analy-
sis, PCR products corresponding to genomic modifica-
tions were purified and cloned with the pEASY®-Blunt
Zero Cloning Kit (TransGen, CB501-01). Then, transfor-
mants for each group were randomly selected and
sequenced to identify mutations using the M13 primer.
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Absolute quantification PCR

To determine the quantity of SARS-CoV-2 in Vero
cells, we measured viral RNA levels in the supernatant
of infected cell cultures. Cell culture supernatants were
processed by heat inactivation (95°C for 10 min). RT-
gPCR was performed using the HiScript Il One Step
gRT-PCR Probe Kit (Vazyme Q222-01) according to
the manufacturer’s instructions. A standard curve of
CoV-N fragment plasmid from 10’ to 10 copies per
microlitre was used to quantify the number of copies of
viral RNA in each replicate. The average of each sam-
ple’s three technical replicates was calculated. The
sequences of primers and TagMan probes are shown
in Table S4.

The HBV cccDNA extraction and analysis

Cell pellets were collected and DNA was extracted using
the Genomic DNA Kit (TransGen, EE101-01). DNA was
extracted according to the manufacturer’s protocol, and
the final product was eluted in 30 pl of water. For cccDNA
extraction and analysis, DNA extracted from cells was
subjected to ON digestion with a plasmid-safe DNase
(E3101K; Epicentre, Madsion, WI, USA). Following
enzyme inactivation at 65°C for 10 min, DNA was sub-
jected to HiScript Il One Step qRT-PCR Probe Kit
(Vazyme Q222-01) according to the manufacturer's
instructions and using cccDNA specific primers (the
detailed sequences are shown in Table S4). For quantifi-
cation, a standard curve derived from decreasing concen-
trations of standard plasmid was used. PCR was
performed using ABI 7500 Real-Time PCR System. Due
to operational errors in cell counting and aspirating liquid
in this experiment, there is a certain error in the quantifica-
tion of the number of cccDNA per million cells. During the
quantification of cccDNA, there is a certain error for the
number of cccDNA per million cells. The experimental
results mainly reflect the editing efficiency of AntiV-SGN.

The integrated HBV DNA extraction and analysis

Cell pellets were collected and DNA was extracted using
the Genomic DNA Kit (TransGen, EE101-01). DNA was
extracted according to the manufacturer’'s protocol, and
the final product was eluted in 30 pl of water. And then,
the integrated HBV DNA was isolated from genomic
DNA by gel chromatography. DNA was subjected to rel-
ative quantitative PCR. The detailed sequences are
shown in Table S4. And then, we testified whether the
cccDNA was removed from the genomics of HepG2.2.15
cells completely. Genomic DNA extracted from cells and
the integrated HBV DNA were subjected to ON digestion
with a plasmid-safe DNase (E3101K, Epicentre).
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Following enzyme inactivation at 65°C for 10 min, ampli-
fied the linearized genome using phi29 DNA polymerase
(EP0091; Thermo Scientific™, Waltham, MA, USA) (the
detailed primer sequences are shown in Table S4). And
then, the alphal antitrypsin (A1AT) genomic DNA
sequence and HBV S-ORF were amplified using specific
primers (the detailed sequences are shown in Table S4).
The results are analysed by 1% agarose gel elec-
trophoresis.

Animal studies

The male C57/BL6 mice (6-week old, weighing 16-20 g)
(Beijing HFK Bioscience Co., Ltd, Beijing, China) were
injected with a mixture of 20 pg 1.3 x HBV plasmid,
40 pg FEN1-expressing plasmid or EV control plasmid,
and 2200 pmolL targeting hpDNAs or non-targeting
hpDNAs by the hydrodynamic injection (HDI) technique.
Plasmids and hpDNAs were dissolved in 0.9% salt sal-
ine in a volume corresponding to 0.1 times the animal
weight (in grams) and the mixture was injected through
the tail vein in 5-8 s. After injection, the animals were
sacrificed at the indicated time points to detect the HBV
surface antigen (HBsAg) in peripheral blood and HBV
fragment mRNA in the liver.

HBsAg ELISA

The HBsAg ELISA was performed using the HBsAg
chemiluminescence Immunoassay kit (mlbio Human
HBsAg ELISA KIT Cat. #SU-B11678) according to the
manufacturer’s instructions. Plates were read using the
Varioskan Flash (Thermo Scientific).

IHC

The heart, spleen, lung and kidney of each group of
C57/BL6 mice were fixed with 10% formalin, embedded
in paraffin, deparaffinized and stained with haema-
toxylin—eosin staining solution. Observe the pathological
changes of the organs under an optical microscope. This
experiment uses paraffin sections of tissues. The sample
slices were placed in an oven at 60°C for about 1 h until
the sliced paraffin wax was in the shape of drops. Then,
put it in xylene to dewax for 10 min, replace with new
xylene and dewax again for 10 min. Soak the sample
slices in absolute ethanol for 5 min, 90% ethanol for
2 min, 70% ethanol for 2 min and distilled water for
2 min. Then, the sample section was stained with
haematoxylin staining solution for 10 min and washed
with PBS for 10 min to wash away the excess staining
solution. Wash with distilled water for 10 min, 95% etha-
nol for 5 s and stain with eosin staining solution for 30 s.
Then, the sample slices were dehydrated in 95% ethanol

for 2 min, replaced with 95% ethanol and dehydrated
again for 2 min. Soak the sample slices in xylene for
5 min. Replace with xylene, soak again for 5 min, mount
the tablet and observe under the microscope.

Statistical analysis

All data were expressed as mean + SEM from two to
four independent experiments performed in a parallel
manner. Comparisons between two groups were anal-
ysed using two-tailed Student’s ttests. P values <0.05
were considered statistically significant.
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Fig. S1. The CoV-RdRP fragment mRNA relative expres-
sion of groups transfected with non-targeting hpDNA (NT)
and targeting hpDNAs (Hp-R1, Hp-R2, Hp-R3, and Hp-R4).
n=3, two-tailed Student ttest; P values for Hp-R1
(P =0.0388), Hp-R2 (P = 0.0125), Hp-R3 (P = 0.0138) and
Hp-R4 (P = 0.5409) are relative to NT.

Fig. S2. HEK293T, HepG2 and A549 were treated by
AntiV-SGN and CRISPR-Cas, and the cells viability inhibi-
tion was determined by CCK8 assay. n = 4 or 5.

Fig. S3. Specific PCR showing that HBV cccDNA can be
removed totally by method of gel chromatography.

Table S1. All probe sequences used in the study, including
hpDNAs, were tested for targeting CoV-N/HBV-X/CoV-
RdRP reporters plasmids, SARS-CoV-2, HBV DNA, animal
studies and non-targeting (NT) hpDNAs.

Table S2. The sequences of CoV-N/HBV-X/CoV-RdRP
Reporter plasmids in the study.

Table S3. Spacer sequences (DNA) of crRNAs and
sequences of siRNAs targeting CoV-N/HBV-X reporters
plasmids in the study.
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