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The intrinsic nature of CRISPR-Cas in conferring immunity to
bacteria and archaea has been repurposed to combat patho-
genic agents in mammalian and plant cells. In this regard,
CRISPR-Cas13 systems have proved their remarkable potential
for single-strand RNA viruses targeting. Here, different types
of Casl3 orthologs were applied to knockdown foot-and-
mouth disease virus (FMDYV), a highly contagious disease of a
wide variety of species with genetically diverse strains and is
widely geographically distributed. Using programmable
CRISPR RNAs capable of targeting conserved regions of the
viral genome, all Cas13s from CRISPR system type VI (subtype
A/B/D) could comprehensively target and repress different se-
rotypes of FMDYV virus. This approach has the potential to
destroy all strains of a virus as targets the ultra-conserved re-
gions of genome. We experimentally compared the silencing ef-
ficiency of CRISPR and RNAi by designing the most effective
short hairpin RNAs according to our developed scoring system
and observed comparable results. This study showed successful
usage of various Casl3 enzymes for suppression of FMDV,
which provides a flexible strategy to battle with other animal in-
fectious RNA viruses, an underdeveloped field in the biotech-
nology scope.

INTRODUCTION

Pathogenic RNA viruses are responsible for a significant proportion
of animal diseases and have the potential to cross the species barrier
and infect humans. For most RNA virus infections, there are no
approved US Food and Drug Administration (FDA) vaccines or anti-
viral drugs.1 Moreover, available antiviral medications often have
limited efficacy and a narrow therapeutic window, meaning they
can only reduce the severity of the infection and must be administered
within a short time frame.” Therefore, new strategies are needed to
treat infection of RNA viruses.

One of the most infectious RNA viral diseases of domestic and wild
cloven-hoofed animals is foot-and-mouth disease (FMD) that is
capable of infecting cattle, sheep, goats, pigs, buffalo, and Asian and

family, including seven different serotypes named O, A, C, Asia 1,
Southern African Territories 1 (SAT 1), SAT 2, and SAT 3.> Due to
the high financial impact of FMD outbreaks, it can cause a significant
economic loss and lead to a serious global challenge.* FMD has a
morbidity rate of nearly 100%, typically a 1%-5% mortality rate in
adults and can lead to death in young animals due to myocarditis
(inflammation of the heart muscle).’

Regular vaccination is the most effective strategy to prevent FMD,
as there is no specific treatment available for this disease. Besides
vaccination, disease control also requires effective surveillance
through early detection, as well as movement restrictions and
farm quarantines to prevent the further spread of the disease.’
Although conventional inactivated FMD vaccines can protect ani-
mals from infection, they have a number of disadvantages. (1)
Vaccinated animals may still have viral replication in their oro-
pharynx without showing any symptoms, which can make them
carriers of the virus and trigger outbreaks.””” (2) Large quantities
of virulent and wild-type FMD virus are needed for traditional
FMD vaccines; in such a situation, incomplete inactivation of virus
during vaccine formulation process or the escape of infectious virus
from manufacturing facilities is possible.'” (3) High-potency vac-
cines require 7-10 days to generate protective immunity against
direct challenge with the virus and during this time, animals will
be vulnerable."" Other shortcomings include short-term protection,
multiple vaccinations for obtaining good levels of immunity, need
for high-biosafety production facilities, short shelf life, and problems
of some serotypes and subtypes to grow in cell cultures for vaccine
production.’®

The other important problem of the current FMD vaccines originates
from high mutation rates of FMDV genomes during replication that
allows viruses to evolve continuously and adapt to new environments.
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FMDYV serotypes exhibit considerable diversity, especially among vi-
ruses from different regions of the world. Nucleotide sequence anal-
ysis revealed that different topotypes of the virus serotypes (except for
Asia 1 serotype) are distributed in distinct geographical regions. All of
the seven immunologically distinct serotypes of FMDV can cause
FMD infection. Immunity against each serotype, either by vaccina-
tion or recovery from infection, does not confer protection for other
serotypes and sometimes against other subtypes within the same sero-
type.® Despite the efforts to develop novel FMD vaccines, such as
attenuated and marker inactivated vaccines, recombinant protein
vaccines, virus-like particles (e.g., adenovirus vector, nucleic acid,
and chimeric vaccines),'> synthetic peptide vaccines, and recombi-
nant empty capsids,”” many of the problems of inactivated vaccines
still persist.>'* Therefore, FMDV remains a major threat to the
food security of the world and there is an urgent need for a fast, sen-
sitive, and precise method to detect FMDV and protect the animals
from infection.

In recent years, CRISPR-Cas (clustered regularly interspaced short
palindromic repeats-CRISPR-associated protein)-based approaches
have been developed to combat viral infections and to overcome
the drawbacks of conventional vaccines. Compared with traditional
vaccines and antiviral drugs, CRISPR-based methods have various
benefits. They do not require biological perspectives of viruses
and virus-host interplay, which could slow vaccine and antiviral
development, especially in the face of emerging outbreaks. Among
different types of CRISPR-Cas systems, Casl3 has been harnessed
for RNA targeting.'” This type employs crRNAs (CRISPR RNAs)
that contain a customizable spacer sequence and a Cas protein
that is directed toward specific RNA molecules for targeted degrada-
tion. Several studies point to the potential of Cas13 variants to target
and suppress viral sequences in various conditions'® '%; however, it
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Figure 1. Schematic workflow of the used approach
in this study to inhibit FMDV infection using the
CRISPR-Cas system

(1) Transmission and circulation of FMD disease between
wildlife-livestock ecosystems due to animal interactions.
(2) Finding conserved regions among different FMDV se-
rotypes by considering multiple criteria and designing
efficient and specific crRNAs by the CaSilico tool. (3)
Designed crRNAs of type VI-A/B/D were synthesized as
DNA oligos, and then, each crRNA was cloned into
separate crRNA cloning backbones. In addition to crRNA
designing, several shRNAs were designed to compare
virus knockdown by RNAi and CRISPR-Cas systems. (4)
Virus propagation and titration of two FMDV serotypes
(O and A) were performed on BHK-21 cells to be used
7 for viral challenge. (5) The sgRNA screening was
\ T performed to validate potent crRNAs. (6) Two methods,
RT-gPCR and TCID50 assay were used to measure viral
RNA and FMDV infectivity, respectively. (7) CRISPR-Cas
systems can potentially be leveraged to aid antiviral
development for viral diseases in animals. Figure was
created with BioRender.com.

Serotype O

Serotype A

remains unclear whether this approach can be employed to effec-
tively target and cleave FMDYV with enormous genetic and phyloge-
netic diversity.

Here, crRNAs belonging to class II of the CRISPR system (type VI-A/
B/D) were employed to investigate whether it is possible to extend its
use to inhibit FMDV (Figure 1). We hypothesize that this system
could target FMD infection by degrading the viral RNA genome. Un-
like most previous studies, our approach aims to develop a strategy
that can target multiple FMDYV serotypes at once through specifically
targeting highly conserved regions. To identify potential Cas13 target
sites, we developed CaSilico'” to design crRNAs that target conserved
regions of all FMDV serotypes. This approach was experimentally
tested in baby hamster kidney (BHK-21) cells by live O and A sero-
types and was compared with short hairpin RNAs (shRNAs). The
CRISPR approach effectively reduced viral loads in BHK-21 cells,
demonstrating the ability of CRISPR to achieve reprogrammable
inactivation of the viral genome and block infection. The CRISPR sys-
tem offers some advantages over RNAi, rendering it more suitable for
therapeutic applications. For example, it generates less off-target ef-
fects, can target various subcellular compartments (such as nucleus,
cytosol, and others), and has the capability to prevent the virus
from evading the antiviral systems, unlike RNAi.'>'”*°"** Our results
highlighted the potential of Cas13 to target different FMDV serotypes
and as a new antiviral strategy can be extended to emerging patho-
genic viruses with no effective vaccines or pharmaceuticals.

RESULTS

Designing crRNA/shRNA

Based on the 1D gene sequences of FMD representative strains, a
phylogenetic tree was constructed that showed high diversity of
FMD strains (supplemental information, Figure S1). Hence, to
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Table 1. Spacers and shRNA sequences were used in this study for FMDV knockdown in BHK-21 cells

System Name Target sequence Spacer or shRNA sequence
L3D1 5’ AGCTACAGATCACTTTACCTGCGTTGGG3' (nt 8069-8096)" 5'CCCAACGCAGGTAAAGTGATCTGTAGCT3'
L3D2 5'CTTTACCTGCGTTGGGTGAACGCCGTGT3' (nt 8081-8108) 5'ACACGGCGTTCACCCAACGCAGGTAAAG3
CRISPR-Cas (type VI-A)
L3D3 5'TTTACCTGCGTTGGGTGAACGCCGTGTG3' (nt 8082-8109) 5'CACACGGCGTTCACCCAACGCAGGTAAA3
LNTC" NA® 5 ATGTAGAAGTTTCACTTAGAAGCGCGTA3
P3D1 5'CAGATCACTTTACCTGCGTTGGGTGAACGC3' (nt 8074-8103) 5'GCGTTCACCCAACGCAGGTAAAGTGATCTG3
P3D2 5'TCACTTTACCTGCGTTGGGTGAACGCCGTG3' (nt 8078-8107) 5'G'CACGGCGTTCACCCAACGCAGGTAAAGTGA3
CRISPR-Cas (type VI-B) P3D3 5'CACTTTACCTGCGTTGGGTGAACGCCGTGT3' (nt 8079-8108) 5'G'ACACGGCGTTCACCCAACGCAGGTAAAGTG3'
PNTC NA 5'GCATCAATTGTCCAATACTTAGGTGCTACA3
R3D1 5'TCTCCTTTGCACGCCGTGGGAC3' (nt 7944-7965) 5'GTCCCACGGCGTGCAAAGGAGA3'
R3D2 5'AGCTACAGATCACTTTACCTGC3' (nt 8069-8090) 5'GCAGGTAAAGTGATCTGTAGCT3
CRISPR-Cas (type VI-D)
R3D3 5'GCTACAGATCACTTTACCTGCG3' (nt 8070-8091) 5'CGCAGGTAAAGTGATCTGTAGC3'
RNTC NA 5'GGGTTTCTCTATCTCAATACTC3'
ad -
sh2B 5'CTTGAGATTCTGGACAGCA3' (nt 4265-4283) ijg A%i&i%iéii%g(,}GACAGCAM Teerer
1G4
- sh2C 5'CTGACCACTTCGACGGTTA3' (nt 4878-4896) ijg Aizi%%%%i—ggGACGGTTAMTAACCGT
i
sh3D 5'GCTACAGATCACTTTACCT3' (nt 8070-8088) igggégggﬁggﬁCTTTACCTMAGGTAAAG
SNTC NA 5'GTAGCATCCCATGGTAAGTCTCGAGACTTACCA

TGGGATGCTAC3'

Site of sequence was obtained from the NCBI reference genome.

“Target sequence position on the FMDV genome. Numbering is based on alignment result of FMD representative strains with complete genomic sequences.

"No template control.
“Not applicable.

4An additional "G" is added to the sequence to enable efficient transcription initiation by the RNA Polymerase IIL.

°shRNA loop is shown as underlined text.

identify the most conserved genes in the FMDV genome, gene iden-
tity and homology percentage for each gene in the genome was calcu-
lated. The genome of FMDYV is a single-stranded, positive-sense RNA
with a size of around 8.4 kb. It encodes four structural proteins (VP4,
VP2, VP3, and VP1) and eight non-structural proteins (L°*°, 24, 2B,
2C, 3A, 3B, 3CP™, and 3DP°).? The conservation analysis identified
2A, 2B, 2C, and 3D genes as the most conserved genes, which could
be used to be targeted by crRNA/shRNA (supplemental information,
Table S1). These genes play important roles in different phases of the
viral replication cycle. The 2A gene is involved in viral assembly and
maturation. FMDV 3D is a viral RNA-dependent RNA polymerase
that catalyzes the replication of RNA from the RNA genome. The
2B gene activates autophagy by inducing damage to the integrity of
the host cell’s membrane and the 2C gene is responsible for viral repli-
cation complex and membrane rearrangement.23 24 Of these, 2B, 2C,
and 3D genes were chosen for shRNA designing and 3D was consid-
ered as the target gene for designing crRNA molecules, as it has long
conserved regions.

CaSilico'” was used to find the conserved regions in the 3D gene se-
quences of different FMD strains. We set the conservation threshold
to 96% and used a sliding window method with a stride of one nucle-
otide to identify all the potential target sites for CRISPR-Cas13a/b/

day. In sum, 76, 29, and 121 candidates were designed for LwaCasl3a,
PspCas13b, and RfxCas13d, respectively (Table S3). A set of three
28-nt LwaCasl3a crRNAs (L3D1, L3D2, L3D3), three 30-nt
PspCas13b crRNAs (P3D1, P3D2, P3D3), and three 22-nt RfxCas13d
crRNAs (R3D1, R3D2, and R3D3) were selected from the suggested
candidates to target the 3D gene (Table 1; Figure 2). This set was
selected based on their features including number of mismatches, fre-
quency of cleaving base around the target site, target accessibility,
self-complementarity, and off-target analysis. This set of crRNAs pro-
vided a broad-genotypic coverage of FMDYV that guards targeting ac-
tivity against mutational escape.

There are a large number of tools available that consider multiple
criteria for designing shRNA, but there is no tool that can ensure
the effectiveness of an shRNA. Also, unlike CaSilico that detects
conserved regions among the provided sequences, these tools only
design shRNA to target one sequence. To overcome these problems
and increase knockdown efficiency, shRNAs were designed based on
the results of seven tools (especially those developed based on linear
regression models and artificial neural networks) and processed as
described in materials and methods. In total, 19, 12, and 50 candi-
dates were designed to target 2B, 2C, and 3D genes, respectively
(Table S4). All shRNAs are assigned a predicted efficiency
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Figure 2. Schematic of FMDV genome and targeted regions by CRISPR-Cas and RNAi systems

Scissors indicate target sites. Conserved regions of the 3D gene were tiled with nine crRNAs belonging to different subtypes of CRISPR-Cas type VI. LwaCas13a,
PspCas13b, and RfxCas13d spacers are indicated in blue, green, and orange, respectively. The nucleotides in red highlight residues in the guide (antisense) strand of shRNA.
Proper non-targeting controls as negative control “scramble” for nonspecific effects were designed. NTCs have the shuffled nucleotide sequence of the target-specific crRNA
or shRNA and have passed characteristics of a functional crRNA or shRNA such as off-target analysis (Table 1).

score based on the scoring system. shRNAs with higher scores, pref-
erentially without mismatches and designed by different tools,
were chosen for experimental analysis. After applying our scoring
system, one shRNA was selected for targeting each gene (Table 1,
Figure 2).

Cas13 is capable of suppressing FMDV replication in infected
cells

After computational screening for crRNAs, the potential of Casl3 as
a wide-range antiviral strategy was evaluated in viral infection using
the BHK-21 cell line. This cell line is most commonly used in pro-
duction of the FMDYV vaccine. For this purpose, Cas13a/b/day effec-
tors and crRNAs were expressed using separate plasmids (materials
and methods). Three targeting crRNAs and one non-targeting
crRNA control were used for each Casl3 to assess viral genome
cleavage activity (Table 1). To test multiplexing efficiency that can
target different regions of viral RNA to increase robustness of
knockdown and mitigate the risk of in vivo target inaccessibility,
three individual crRNAs for each subtype were pooled and trans-
fected into the BHK-21 cells. In each subtype of the type VI
CRISPR system, individual or pooled crRNAs and relative Casl3
enzyme encoding plasmids co-transfected into BHK-21 cells to
measure the inhibitory effects of crRNAs on FMD RNA replication
(Figure 3A). Since serotype O is responsible for most of the FMDV
outbreaks worldwide, viral challenge was carried out 24 h post
transfection (hpt) by this serotype.”> Supernatant from infected cells
was collected 24 h post infection (hpi) and viral RNA abundance
was quantified by RT-qPCR. As shown in Figure 3B, all L3D
crRNAs efficiently lowered viral copy numbers compared with con-
trol crRNA. Of these, L3D3 was the most effective crRNA that in-
hibited FMDV infection by the CRISPR-Casl3a system (p < 0.01,
p < 0.01, and p < 0.001, for L3D1, L3D2, and L3D3, respectively).
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Results of the Cas13b-mediated inhibition of FMDV replication re-
vealed that viral RNA levels were significantly lower in the superna-
tant of treated cells with P3D1 and P3D3 crRNAs relative to control
crRNA (p < 0.0001 and p < 0.0001, respectively, Figure 3C). In
RfxCas13d, only R3D2 crRNA significantly decreased the levels of
FMDYV viral RNA in comparison with control crRNA (p < 0.01, Fig-
ure 3D). Among the different Cas13 crRNAs, P3D3 crRNA showed
the highest efficiency to inhibit FMDV infection, as approximately
none of FMDV viral RNAs were observed in the treated samples.
In this regard, P3D1 was the next effective crRNA and reduced viral
RNA levels to ~45.4-fold in comparison to control.

Pooling and delivery of multiple crRNAs showed no significant effect
on viral replication in all subtypes (Figures 3B, 3C, and 3D).

Comparison of silencing efficiency of Cas13 and RNAi

Some studies have used position-matched shRNAs to compare the
silencing efficiency of CRISPR-Cas and RNAi systems.'>'”*>*’ This
means that the shRNAs are forced to be designed according to the po-
sition of crRNAs, which can affect the specificity and efficiency of
shRNAs. However, CRISPR-Cas and RNAI systems can be compared
under the same conditions, if ShRNAs are designed efficiently based
on the specific parameters that maximize the silencing potential of
them. In the present study, position-matched shRNAs were not
used and shRNAs were designed according to a scoring system that
considers their specificity as well as silencing efficiency (materials
and methods). To show the efficiency of CRISPR-Cas targeting to
other established strategies that have demonstrated to be effective
against viruses, plasmids expressing individual shRNAs, a cocktail
of three shRNA-encoding plasmids targeting different genes or
non-targeting shRNA control were transfected into the BHK-21 cells.
Twenty-four hours after transfection, BHK-21 cells were challenged
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(A) Experimental procedure for evaluating Cas13s and RNAi antiviral activity in BHK-21 cells. BHK-21 cells were transfected with plasmids containing targeting and non-
targeting shRNAs or Cas13 and crRNAs that target or do not target FMDV 24 h before infection. Then the supernatants were collected 24 hpi to evaluate the antiviral activity.
Silencing efficiency of LwaCas13a (B), PspCas13b (C), RfixCas13d (D), and RNAi system (E) on FMDV virus according to RT-gPCR results. In (B) to (E), data points in the graph
are five independent biological experiments performed in technical replicates, lines indicate means; error bars represent SD; t test was performed to compare each treatment
to non-targeting crRNA or shRNA (green and red color of the boxes indicate p < 0.05 and p < 0.01, respectively).

with FMDV serotype O and viral RNA levels in culture supernatant
were quantified using RT-qPCR, 24 hpi. Suppression of viral RNAs
was detected in the cells expressing sh2B and sh2C (p < 0.0001 and
p < 0.05, respectively, Figure 3E). sh3D shRNA that was identified
by i-Score and OligoWalk tools as well as obtained an acceptable score
based on our scoring system, failed to repress FMDV, while was acci-
dentally location-matched shRNA (Figure 2). Moreover, unlike
CRISPR experiments, pooling different shRNAs designed for dissim-
ilar genes was able to reduce viral replication (p < 0.01, Figure 3E).
This result showed that RNAi-mediated knockdown is comparable
to CRISPR-Cas.

crBRNAs targeting efficiency against the diverse FMDV strains

The silencing efficiency of LwaCas13a, PspCas13b, and the RNAi sys-
tem against another prevalent FMDYV serotype, type A, was investi-
gated to determine how well the crRNAs could target the diverse
FMDV strains. Since L3D3, P3D3, and sh2B (Figures 3B, 3C, and
3E) showed higher efficiency than the other crRNAs or shRNAs,
they were selected for this experiment. BHK-21 cells were transiently
transfected with plasmids encoding LwaCasl3a or PspCasl3b and
crRNA or shRNA-encoding plasmids. Twenty-four hours following
transfection, cells were challenged by FMDYV serotype A. Supernatant
from infected cells was isolated 24 hpi and viral RNA abundance was
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Silencing efficiency of LwaCas13a (A), PspCas13b (B), and the RNAi system (C) on FMDV virus according to RT-gPCR results. In (A)-(C), data points in the graph are four or
five independent biological experiments performed in technical replicates, lines indicate means; error bars represent SD; t test was performed to compare each treatment to

non-targeting crBNA or shRNA (red color of the boxes indicates p < 0.01).

quantified by RT-qPCR. The results showed that both L3D3 and
P3D3 crRNAs significantly reduced the viral RNA levels, in compar-
ison with control (p < 0.01 and p < 0.001, respectively), demonstrating
their efficiency to inhibit different FMD serotypes (Figures 4A and
4B). Consistent with the previous experiment, suppression of viral
RNAs by these crRNAs is comparable to sh2B (p < 0.01, Figure 4C).

Evaluation of Cas13-mediated inhibition of infectious virions
production

Although RT-qPCR is well established and widely used as the gold-
standard method for viral copy number quantification, this approach
cannot distinguish between partial genomic fragments (without
infectivity) and intact genomes that can produce infectious virions.”®
Therefore, RT-qPCR may overestimate the number of infectious par-
ticles in the supernatant containing degraded and packaged genomic
fragments, resulting from Casl3 activity. Hence, to illustrate the
inhibitory effect of the CRISPR-Casl3 system on producing infec-
tious particles, TCID50 assay was applied (Figure 5A). This method
can overcome the drawbacks of RT-qPCR and measure sample infec-
tivity. To do this, the remaining supernatants from the transfected
cells with L3D2 crRNA in the LwaCasl3a experiment (Figure 3B)
and sh2C shRNA in the RNAi experiment (Figure 3E) were used in
order to make a better comparison between the results of RT-qPCR
and TCID50 assay. Results of this experiment revealed that Lwa-
Casl3a and RNAi knockdown activity reduced FMDV infectivity
by ~7- and ~56-fold than control treatment, respectively (Figure 5B).
This was while L3D2 and sh2C with the lowest viral inhibition among
other crRNAs and shRNAs resulted in ~2.5- and 2.3-fold reduction,
respectively, in FMDV RNA levels as measured by RT-qPCR. There-
fore, the Casl3-like RNAi system not only inhibited FMDYV viral
replication but also suppressed the formation of infectious virions.
These results together demonstrate that animal ssRNA viruses can
be targeted by Casl3 orthologs and may aid in the development of
Casl3-based anti-FMDV therapeutics.

DISCUSSION
Emerging and reemerging animal and human viruses presented
themselves as a perennial problem. Many animal viruses not only
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infect different species but also have the potential to cause diseases
in humans. Among all potential pathogens that may be involved in
interspecies transmissions, RNA viruses are still the most important
candidates for the next global zoonotic pandemic. Moreover, they
play a major role in human and animal emerging pathogens.*’
Intense global mobility and increased human-animal interactions
have created favorable conditions for animal viral transmission
and posed an urgent need for tailor-made antivirals. Concerning
this, repression of FMDV with diverse serotypes and many subtypes
that geographically and genetically depict distinct evolutionary ori-
gins, is challenging. Conventional vaccines have serious limitations
associated with FMD prevention, because the virus mutates rapidly
and the vaccine needs to be updated regularly with new isolates
from the field. In contrast, combination of more strains increases
the cost of vaccine production and restricts its use in many devel-
oping countries.

CRISPR that is part of the bacteria and archaea immune system
can be employed to combat foreign genetic elements.’> Endonu-
clease activity of Casl3s has been repurposed for protection
against animal and human viral pathogens. Here it was demon-
strated that the CRISPR-Cas13 system has the potential to serve
as an antiviral with common targets in various serotypes of highly
pathogenic FMDV. In good agreement with the previous reports
that demonstrated that viral enzymes targeting is one of the
most effective methods in viral blokage (for several viruses like
SARS-CoV-2, HIV, and HCV),’”””Z our FMDV genome screening
revealed that FMDV polymerase enzyme (3D gene) can be the
most important target for antiviral development according to the
CRISPR-Cas13 system. The CRISPR-Cas13 system is a promising
antiviral strategy for FMDYV, as it can specifically and efficiently
target common regions of diverse and circulating strains,
providing cross-protection across serotypes and rapid deployment.
The CRISPR approach can take account of the characteristics of
the different serotypes in different ecological systems by targeting
conserved regions among all serotypes. In addition, Casl3s with
targeting RNA instead of heritable DNA are considered safer ver-
sions of Cas enzymes.
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Figure 5. Effect of Cas13 and RNAi on FMDV infectivity
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(A) Experimental schematic for evaluation of infectious particles production inhibition. BHK-21 cells were co-transfected with LwaCas13a and L3D2 or LNTC crRNA en-
coding plasmids or plasmids encoding sh2C and SNTC shRNA 24 h before infection with FMDV serotype O. Then the supernatants were collected 24 hpi to quantify in-
fectious virions using TCID50 assay. (B) Representative data of the TCID50 assay. The number of infectious virions was expressed as FMDV plaque-forming units/mL (PFU/
mL). In (B), lines indicate means; error bars represent SD; t test was performed to compare the two treatments (red color of the bar indicates p < 0.01).

Depending on the functionality that is needed for antiviral therapies,
three groups of Casl3 orthologs were tested: Casl3a, Cas13b, and
Casl3d. Unlike some other Casl3 effectors, LwaCas13a has more
flexibility for therapeutic applications, as it can target any RNA
genome that matches the crRNA, regardless of the adjacent nucleo-
tide.'® The PspCas13b ortholog can be an alternative and appropriate
choice, because of its increased specificity and long spacer sequence.*”
The small size and high catalytic activity of RfxCas13d makes it a
promising application prospect in this field.'® As expected, some of
the designed crRNAs failed to inhibit the infection and did not yield
optimal silencing, which emphasized that Cas13 knockdown activity
depends on multiple parameters, some of which remain unclear.
Thus, experimental validation of the designed crRNAs is necessary.
In spite of the various silencing efficiency, all the investigated Cas13
orthologs were able to cleave FMDV RNA and efficiently suppress
viral replication in cell culture. Furthermore, the TCID50 assay re-
vealed that this efficiency can be underestimated, as RT-qPCR over-
estimates RNA copy numbers of functional viruses. Hence, it is ex-
pected to have a higher silencing efficiency of Casl3s in practice.

Multiplexing based on tiled crRNAs in the present study yielded un-
satisfactory results. This finding can be justified by taking into ac-
count the target accessibility due to excessive accumulation of
Casl13-crRNA complexes in one region. Moreover, crRNAs can
compete and interfere with each other, preventing them from forming
functional complexes with Cas proteins. It worth noting that we were
forced to design the crRNAs in a limited conserved region (Figure 2).
All in all, these negative effects can affect the efficiency and kinetics of
the CRISPR-Cas system™* and pointed out that multiplexing does not
necessarily outperform a single crRNA. This is in complete agreement
with the Fareh et al. study that tested pooled crRNAs against SARS-
CoV-2 and obtained no better results than single crRNA to enhance
viral suppression. In another study by Freije et al, a modestly
increased effect was obtained by pooling four crRNAs against
IAV.'* Hence, possible drawbacks and challenges need to be
considered in using multiplexing of crRNAs. For example, it would

be better to design crRNAs targeting different regions to prevent
crRNA competition and provide target accessibility for each crRNA.

Defense against invading pathogens can be achieved by powerful ap-
proaches like CRISPR-Cas13 and RNAi and both methods are medi-
ated by small noncoding RNAs that guide a ribonucleoprotein com-
plex toward the targets. Therefore, the first step to make a precise
comparison between silencing efficiency of these approaches is
designing efficient crRNAs/shRNAs. In spite of the availability of effi-
cient crRNA designing tools such as CaSilico, there is not an appro-
priate tool that considers comprehensive and up-to-date rules to
design specific and effective shRNAs.”” It is worth highlighting that
in the present study a scoring system was developed to prioritize
the designed shRNAs by different tools. We considered 29 rules based

. 36-38
on the previous reports,””

which include the important features for
an efficient shRNA. This scoring system provides a resource for the
researchers to evaluate their sShRNAs and choose the accurate ones.
Taking into account designing efficient crRNAs/shRNAs, the
silencing efficiency of CRISPR-Casl3 and RNAi methods were
compared and the results revealed that the potential of CRISPR and
RNAi in FMDV knockdown were the same. Although both methods
target RNA molecules, the CRISPR-Cas13 system has some advan-
tages over RNAi. CRISPR-Casl3 shows higher specificity than
RNAI, since perfect base pairing between crRNA and the target is
needed for activation of the Cas effector, and some subtypes such
as Casl3b must recognize a PFS (protospacer flanking site) for
RNA cleavage to occur. RNAi on the other hand, lacks exclusive
RNA targeting and works even with partial base pairing between
guide and the target, suffering from more off-target effects.’” Some vi-
ruses have evolved strategies to impair cellular RNAi pathways, in this
situation the CRISPR-Cas system as an RNAi machinery-indepen-

49 In addition, un-

dent strategy can effectively degrade viral genomes.
like RNAI, which can only target cytoplasmic transcripts, Casl3 can
also target nuclear transcripts. Using CRISPR-Cas13-based technolo-
gies will require efficient administration of CRISPR-Cas components

into target cells, a major technical issue that has hindered the
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widespread application of CRISPR-based therapeutics and limits
CRISPR applications in clinical settings.*' Recent advances like vi-
rus-like particles, nRNA-based platforms, nanocomposites, and mo-
lecular adjuvants have tried to overcome this challenge.*>*

Since FMDYV has a short reproductive cycle with factors that promote
viral multiplication in host cells,** timely suppression of a virulent vi-
rus highlights the power of the CRISPR-Casl3 system as a novel
antiviral approach. Our results demonstrated the potential of
CRISPR-Casl13-based antivirals to broadly target many serotypes of
FMDYV viruses, which reinforced their therapeutic importance in vet-
erinary medicine. Animal protection using development of CRISPR-
Cas antivirals can be developed faster than for humans, as the regu-
latory approval process is less strict for animal use. Hence, developing
CRISPR-based viral suppressors that inhibit different serotypes, by
targeting conserved regions, can be a huge barrier against viral evolu-
tion and will be effective against future mutant viruses. With a safe
and effective delivery system, our method has the potential to be an
important FMDV inhibition strategy. Moreover, this approach is
easily expandable to other pathogenic viruses besides FMDV, which
makes it a unique strategy for antiviral therapeutics.

MATERIALS AND METHODS

Genome sequences collection

Complete genome sequences of representative strains or isolates
(where available) belong to FMDYV topotypes derived from serotypes
O, A, C, Asial,SAT 1, SAT 2, and SAT 3 that were obtained from the
website of Pirbright Institute (https://www.wrlfmd.org). Representa-
tive strains capture the genetic diversity of all FMDV serotypes, as
they show a high degree of variability. The multiple sequence align-
ment (MSA) for 1D gene sequences of representative strains was
done using the MAFFT (v7.475) tool, default settings with progressive
method (FFT-NS-2). A phylogenetic tree and the associated annota-
tions based on the MSA result were constructed by the neighbor-
joining method and jukes-cantor model. Finally, the Interactive
Tree Of Life (iTOL, v6) platform™ was used for further phylogenetic
tree visualization and annotation (supplemental information, Fig-
ure S1; Table S2).

crRNA design

To design crRNAs that target simultaneously various strains of
FMDV, first, the most conserved genes among the strains were de-
tected. To do this, annotation of the complete genomic sequences
of FMD representative strains was performed based on the reference
genome of FMDV (accession number NC039210, from NCBI data-
base). MSA for each class of the genes was conducted using the
MAFFT (v7.475) tool, default settings with progressive method
(FFT-NS-2).*° The results were further investigated through the
SIAS online tool (http://imed.med.ucm.es/Tools/sias.html) to iden-
tify gene identity or homology percentages. In this step, we selected
three genes with the highest degree of similarity among the strains
for further analysis. Then, the sequences of each selected gene from
the genome of strains were extracted and subjected to crRNA
designing using our CaSilico R package, to design crRNAs for class
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IT of the CRISPR system (type VI-A/B/D). Taking into account a
list of important features such as mismatch tolerance rules, frequency
of cleaving base around the target site, target accessibility, self-
complementarity, GC content, PFS requirement, and off-target anal-
ysis, CaSilico searches all potential crRNAs in a user-input sequence
and ranks them according to these features.'” Moreover, as a unique
feature of CaSilico, it can automatically design crRNAs that simulta-
neously target multiple sequences through conserved region detection
among the sequences. This feature enabled us to design crRNAs that
simultaneously target each gene in different strains. Non-targeting
crRNA control (NTC) for each subtype was created by shuffling the
nucleotide sequence of one 3D targeting candidate crRNA in that sub-
type. NTCs were assessed for self-complementarity and GC content
and BLASTn tool (with word size = 7 and an E-value = 10 cutoff)
was employed to identify potential off-targets against FMDV ge-
nomes as well as bovine, ovine, caprine, and porcine transcriptome.

shRNA design

To improve the shRNA efficiency, seven of the most popular
designing tools (siDirect, i-Score, s-Biopredsi, DSIR, Oligowalk,
RNAxs, BLOCK-iT RNAi designer) were applied. As described
above, three of most conserved genes among the strains were de-
tected and a consensus sequence for each gene was generated
by EMBOSS tool (https://www.ebi.ac.uk/Tools/msa/emboss_cons/).
The consensus sequences were inputted into the shRNA designing
tools. Then, the candidate shRNAs were filtered according to a
self-developed filtering system that considers some important pa-
rameters such as specific positional rules, nucleotide composition
rules, thermodynamics rules, and off-target analysis (Table 2).
BLASTn tool (with word size = 7 and an E-value = 10 cutoff)
was employed to identify potential off-target hits against bovine,
ovine, caprine and porcine transcriptome. The hits with a coverage
of at least 78% with unrelated RNA targets were considered as off-
targets. The candidates with off-targets were not considered for
further evaluation according to our scoring system. The other spe-
cific candidates were evaluated and a score was assigned to each
shRNA according to the 29 various characteristics (Table 2), as
higher scores indicate the higher efficiency. Non-targeting shRNA
control (NTC) was also created by shuffling the nucleotide sequence
of 2B targeting shRNA (sh2B) and was assessed according to
the filtering system. Non-targeting control was blasted against
FMDV genomes as well as bovine, ovine, caprine, and porcine
transcriptome.

Cloning of FMDV-targeting crBNAs and shRNAs

To generate crRNAs and shRNAs, spacers, shRNAs, and their reverse
complementary DNA oligomers were synthesized as single-stranded
DNA (ssDNA) by GenScript Biotech. Spacers were cloned into
pC0040-LwaCasl3a, pC0043-PspCasl3b, or pXR003-RfxCasl3d
guide RNA expression backbone plasmids (Addgene #103851,
#103854, and #109053, respectively) and shRNAs were cloned into
pMKO.1 puro plasmid (Addgene #8452). For spacer cloning in these
vectors, the double BbsI restriction site is present upstream of Lwa-
Casl3a and RfxCasl3d crRNA direct repeat (DR) sequence or
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Table 2. Scoring system for predicting siRNA efficiency using various characteristics

NO Parameters Score
Specific Positional Rules*”*%*7>
1 Weak base pairing at 5" end of antisense strand (presence of A/U at first position of antisense strand)* 2
2 Strong base pairing at 5" end of sense strand (presence of G/C at first position of sense strand)® 2
3 Presence of A and absence of C at the third position of sense strand 2
4 Absence of C at the fifth position of sense strand 1
5 Presence of A/U at the sixth position of sense strand 1
6 Absence of C at the seventh position of sense strand 1
7 Presence of U at the eighth position of sense strand 1
8 Presence of A/U and absence of C at 10" position of sense strand® 2
9 Absence of G at 11" position of sense strand 1
10 Absence of G at 13™ position of sense strand 1
11 Absence of G at 14" position of sense strand 1
12 Presence of A/C at 16™ position of sense strand 1
13 Absence of G at 17™ position of sense strand 1
14 Presence of A at 6™ position of antisense strand 1
15 Presence of U and absence of C at 7™ position of antisense strand 2
16 Presence of A at 10™ position of antisense strand 1
17 Presence of U and absence of G at 13 position of antisense strand 2
18 Presence of U and absence of G at 14™ position of antisense strand 2
19 Absence of A at 17 position of antisense strand 1
Nucleotide Composition Rules””**>*
20 At least 3 A/U bases between 13" and 19" position (seed region) of sense strand” 2
21 Less than 4 consecutive G/C and A/T¢ 1
22 Having GC content of 36%-52% 1
23 Having energy valley in 9"-14'" position of the sense strand (lower GC content) 2
24 Perfect base pairing with target region (mismatch at 5’ or 3’ ends can be tolerated)® 2
Thermodynamics Rules™
25 Low Tm at seed region (2-7 nt) of antisense strand” 2
26 The AG value throughout the siRNA stretch <34 (-kcal/mol) 2
27 Not having any stable internal secondary structures' 2
Blast Rules
28 BLAST of seed region 2
29 BLAST of sense or antisense strand 2

“Bases A and U are preferred within seven bases toward the 5" end.

"RNA polymerase III initiates transcription more efficiently when one purine is present at the 5'-end of the sense strand.

“RISC similar to most endonucleases cleaves mRNA between nucleotide 10 and 11 and prefers 3’ of U.

9This is important for target specificity and stability of the SiRNA-mRNA duplex.

“RNA polymerase III often ends transcription at the poly A site.

‘Energy valley boosts the complexity of RISC by prompting the most desirable conformation during mRNA cleavage.

8siRNAs recognize their target by perfect base pairing in positions 2-7 of the guide strand, which is known as the seed region, allowing bulges and loops in another region of the duplex.
Few mismatches, particularly near the end of the duplex, partially reduce the rate and extent of cleavage.

"Tn order to ensure a functional siRNA with minimized off-target effects, the melting temperature of the seed duplex must be less than 21.5°C.

'Secondary structures with Tm values less than 33°C can be tolerated since they are unwound by body temperature, 37°C.
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downstream of PspCas13b DR nucleotides. A total of 1 ng CRISPR
and RNAI plasmids were linearized by BbsI digestion (Thermo Fisher
Scientific) and EcoRI-Agel (Thermo Fisher Scientific) double diges-
tion following the manufacturer’s instructions (1 h at 37°C), respec-
tively. NEBcutter (v3.0.17) was used to check if there are any restric-
tion enzyme sites inside the spacers and shRNAs sequences. The
enzymatic digestion was verified by 1% agarose gel. Complementary
oligos for each spacer or shRNA at 10 uM were annealed in annealing
buffer (10 mM Tris at pH 7.5-8.0, 50 mM NaCl, 1 mM EDTA) in the
presence of T4 PNK (NEB). The tubes were incubated at 37°C for
30 min, then at 95°C for 5 min followed by a ramp from 95°C to
4 °C at a rate of 1°C/min in the thermocycler. The annealed oligos
were diluted 1:10 and then ligated into the digested vectors using
T4 DNA Ligase (Thermo Fisher Scientific, 1 h at 37°C).

Plasmid amplification and purification

The ligated plasmids were transformed into chemically competent
bacteria (DH50) using the heat shock method and plated for trans-
formants on lysogeny broth (LB) agar plates containing ampicillin
at 37°C overnight. Colony PCR and Sanger sequencing were per-
formed to screen and verify recombinant clones. Single positive col-
onies were picked and inoculated into LB agar cultures supplemented
with ampicillin and incubated 16 h for miniprep purification. Plasmid
DNA was extracted using Monarch Plasmid Miniprep Kit (NEB) ac-
cording to the manufacturer’s instructions and stored at —20°C. Plas-
mids encoding Casl3 effectors available at Addgene (pC0056
#105815, pC0046 #103862, and pXR001 #109049) were transformed
and isolated with the same protocol used for backbone plasmids
described above.

Cell culture

Baby hamster kidney cells (BHK-21, ATCC) were used to prepare
FMD virus stocks and determine virus titers, evaluate Cas13 activity
against FMDV, and perform the virus infectivity experiment. Low-
passage-number cells that were free of mycoplasma contamination
were used. We checked for mycoplasma with PCR using two sets of
primers that targeted the 165 rRNA gene, which is highly conserved
among different mycoplasma species. These primers did not amplify
eukaryotic DNA or bacteria that are closely related to mycoplasma
(fwdl: TGGGGAGCAAACAGGATTAGATACG; revl: TGCACCA
TCTGTCACTCTGTTAACCTC, fwd2: GCTGCGGTGAATAC
GTTCT; TCCCCACGTTCTCGTAGGG
GenScript Biotech). The amplification cycling was as follows: initial
denaturation at 95°C for 5 min, followed by 40 cycles of 94°C for
30 s, 54 for 30 s, and 72°C for 60 s, and a final extension for
10 min at 72°C.

rev2: ordered from

BHK-21 cells were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) with high glucose, GlutaMAX, 25 mM HEPES, sodium py-
ruvate (Thermo Fisher Scientific) containing 10% heat inactivated
fetal bovine serum (FBS) (Thermo Fisher Scientific), penicillin-strep-
tomycin (Thermo Fisher Scientific) (c(DMEM-10% FBS). Cell lines
were incubated in tissue culture incubators at 37°C and 5% CO..
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FMDV propagation and tittering

BHK-21 cells were grown until complete and confluent monolayer in
25-cm? culture flasks. To propagate FMDV stock, growth media was
removed and cells were washed twice with PBS. Then, cells were in-
fected at an MOI of 0.2 PFU per cell for 1.5 h in serum-free media.
For better absorption, culture flasks were rocked manually every
15 min to spread inoculum over the cell sheet. The cDMEM-2%
FBS was added to the cells after 1.5 h and they were returned to the
incubator and kept at 37°C. Cells were monitored for 48 h under
an inverted microscope until the development of characteristic cyto-
pathic effect (CPE). Viral culture supernatant was harvested after
observing severe CPE. To remove cell debris, infectious fluid was
pooled and centrifuged at 1,000 x g for 10 min. The resulting stock
was aliquoted and stored at —80°C for later use.

FMDV infectivity assay

Infectivity titers of viral stocks were determined using the median tis-
sue culture infectious dose (TCID50) method.”® For titration,
confluent cell monolayers were trypsinized, counted, and resus-
pended in cDMEM-6% FBS. Then, 50 pL of cell suspension contain-
ing 5 x 10* cells was put in each well of 96-well plates (Orange Sci-
entific). Ten-fold serial dilutions of viral stock with one freeze-thaw
cycle prepared in serum-free cDMEM so that dilution range was
from 10~ to 107 % and 100 pL of each dilution was added to the wells
of 96-well plates, eight replicates per dilution. As controls, first and
second columns were left without virus and 100 pL of serum-free
cDMEM was put in them instead. Cells were incubated for 3 days
at 37°C with 5% CO, and checked daily for presence or absence of
CPE using an inverted microscope. The endpoint titers were calcu-
lated by means of the Reed & Muench method and expressed as
TCID50/mL.

Plasmid DNA transfection and viral infection

All transfection experiments were performed in 96-well tissue cul-
ture-treated flat-bottom plates (Orange Scientific) using Lipofect-
amine 2000 (Thermo Fisher Scientific). Confluent BHK-21 cells
were trypsinized and counted to estimate cell density. Since all trans-
fections were performed prior to infections, 3.5 x 10* cells per well
were seeded 24 h before transfection to ensure 90%-95% confluency
at the time of transfection. In VI-A CRISPR-Cas experiments, BHK-
21 cells were transfected per well with 150 ng of plasmids encoding
LwaCasl13a and 200 ng of crRNA-encoding plasmids or non-target-
ing crRNA plasmid. In VI-B and VI-D CRISPR-Cas experiments
100 and 200 ng of plasmids encoding PspCas13b and RfxCasl3d
and 150 and 200 ng of crRNA-encoding plasmids or non-targeting
crRNA plasmid were used, respectively. For each well, plasmids
were combined with Opti-MEM I Reduced Serum Medium (Thermo
Fisher Scientific) to a total of 25 pL. In a separate tube, 0.9 uL of Lip-
ofectamine 2000 was mixed with 24.1 pL of Opti-MEM. Solution 1
and solution 2 were added together, mixed completely, and incubated
at room temperature for 20 min. The growth medium was gently aspi-
rated from the cells and 110 uL of cDMEM-2% FBS (without anti-
biotic) was added to each well. Then, the transfection complex was
slowly pipetted onto cells. Transfection conditions for shRNA
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experiments were the same as explained above, except 250 ng of
shRNA-encoding plasmids or non-targeting shRNA plasmid were
transfected per well. After transfection, cells were incubated at 37°C
with 5% CO..

FMDV infection

Twenty-four hours post transfection (hpt), transfection complex was
removed and cells were washed twice with DMEM. Cells were in-
fected with 100 uL of FMDV at 10> TCID50/mL (viral stock was
diluted in serum-free cOMEM) for 1 h with plate shaken manually
every 15 min. To remove excess virus and measure newly produced
viral RNA, inoculant was removed after 1 h of adsorption and cells
were washed twice with DMEM. The infection proceeded in
cDMEM-2% FBS, then virus containing cellular supernatants was
harvested 24 h post infection (hpi) and stored at —80°C for further
analysis.

Viral RNA quantification in supernatant

FMDV that could replicate and infect cells was quantified by RT-
qPCR assay. In order to construct the standard curve for quantifica-
tion of viral load, 10-fold serial dilutions of FMDV PCR target frag-
ments from 10° to 10 copies per microliter were used. Three separate
dilution series were prepared, and each dilution within each series was
amplified in duplicate. Viral RNA was extracted from harvested su-
pernatant of infected cells using the QIAamp viral RNA mini kit (Qia-
gen) with carrier RNA following the manufacturer’s instructions and
stored at —80°C until use. 3D region primer set was ordered from
GenScript Biotech (forward: CTCTCCTTTGCACGCCGTG; reverse:
CGCAGGTAAAGTGATCTGTAGCT) and RT-qPCR was conduct-
ed by BlazeTaq One-Step SYBR Green RT-qPCR kit (Genecopoeia)
on a Rotor-Gene Q instrument (Qiagen) in accordance with the man-
ufacturer’s instructions. The cycling parameters were 42°C for 10 min
for reverse transcription, and then 95°C for 3 min followed by 40 cy-
cles of 95°C for 15 s and 69°C for 30 s. Two technical replicates for
each sample were considered and a melt curve analysis was produced
to confirm specificity of the amplified product.

To monitor infectious virions, 24 hpi viral culture supernatant was
removed from BHK-21 expressing LwaCasl3a, L3D2, and LNTC
crRNA or sh2C and SNTC shRNA. Samples were pooled across the
biological replicates. TCID50 assay was performed in triplicate as
described above in “FMDYV infectivity assay.”

Statistical analysis

In each transfection experiment, five biological replicates were used.
For RT-qPCR analysis, the standard curve was used to convert Ct
values into the viral RNA copy numbers. Copy number for each bio-
logical replicate was calculated using the average of the duplicate cycle
threshold values. In all experiments, data analysis and plotting were
performed in R software. Unpaired two-tailed Student’s t test was
used to calculate p values and compare the statistical significance be-
tween targeting and non-targeting groups. A p value less than 0.05
was considered statistically significant.
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