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Abstract: Advances in the field of CRISPR/Cas systems are expanding our ability to modulate
cellular genomes and transcriptomes precisely and efficiently. Here, we assessed the Cas13a-mediated
targeted disruption of RNA in chicken fibroblast DF1 cells. First, we developed a Tol2 transposon
vector carrying the Cas13a-msGFP-NLS (pT-Cas13a) transgene, followed by a stable insertion of the
Casl3a transgene into the genome of DF1 cells to generate stable DF1-Cas13a cells. To assess the
Casl13a-mediated functional knockdown, DF1-Cas13a cells were transfected with the combination of
a plasmid encoding DsRed coding sequence (pDsRed) and DsRed-specific crRNA (crRNA-DsRed)
or non-specific crRNA (crRNA-NS). Fluorescence-activated cell sorting (FACS) and a microscopy
analysis showed reduced levels of DsRed expression in cells transfected with crRNA-DsRed but
not in crRNA-NS, confirming a sequence-specific Cas13a mediated mRNA knockdown. Next, we
designed four crRNAs (crRNA-IAV) against the PB1, NP and M genes of influenza A virus (IAV) and
cloned in tandem to express from a single vector. DF1-Cas13a cells were transfected with plasmids
encoding the crRNA-TAV or crRNA-NS, followed by infection with WSN or PR8 IAV. DF1 cells
transfected with crRNA-IAV showed reduced levels of viral titers compared to cells transfected with
crRNA-NS. These results demonstrate the potential of Cas13a as an antiviral strategy against highly
pathogenic strains of IAV in chickens.
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1. Introduction

Influenza A virus (IAV), belonging to the family of Orthomyxoviridae, is a negative
sense single-stranded RNA (ssRNA) virus that causes severe disease in a wide variety of
avian and mammalian species. The genome of IAV consists of eight viral RNA (vVRNA)
segments that encode at least 11 proteins. Because of the tendency of IAV to acquire
mutations, new strains emerge frequently, requiring new vaccines and/or the development
of novel antiviral strategies [1]. Previous studies using RNA interference (RNAi)-mediated
targeting of essential viral genes showed a potent inhibition of IAV replication in cells and
embryonated chicken eggs [2,3]. However, issues such as off-targeting, delivery and cellular
toxicity have complicated the potential of RNAI for the treatment of viral diseases [4]. The
recent advances in CRISPR/Cas-based genome engineering tools provide an opportunity
to develop novel disease mitigation strategies for the control of IAV in the chicken.

The CRISPR/Cas system is an adaptive immune mechanism protecting bacteria and
archaea from invading RNA and DNA viruses [5]. The CRISPR/Cas system is broadly
classified into class 1 and class 2 and sub-classified into six types (type I to VI), based on
the protein constituents of Cas effector complexes. Class 2 CRISPR effectors, e.g., Cas9
and Cas12, type Il and V, respectively, are in widespread use to induce targeted sequence-
specific mutations into cellular DNA. In contrast, Cas13, a class 2 type VI effector protein,
mediates sequence-specific RNA-directed ssRNA recognition and cleavage [6].
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Abudayyeh and colleagues (2017) demonstrated that Cas13a from Leptotrichia wadei
(LwaCasl13a) directly targets RNA and mediates robust messenger (mRNA) knockdown by
expressing single or multiple crRNA and Cas13a in eukaryotic cells [7]. The CRISPR/Cas13a
system consists of the Cas13a protein and approximately 60 nucleotides (nt) CRISPR RNA
(crRNA), which encode a customizable 22-28 nt protospacer sequence that guides the
Casl3a protein to a targeted degradation of mRNA. Targeted ssRNA cleavage is mediated
by the higher eukaryotic and prokaryotic nucleotide-binding (HEPN) domain of Cas13a.
Currently, there are four Cas13 subtypes (Cas13a—Cas13d) that have been harnessed for
transcript targeting or editing in a range of eukaryotic systems and to abrogate the replica-
tion of RNA viruses [7-9]. However, the Cas13a-mediated knockdown of RNA in chicken
cells has not yet been reported.

In this study, we examined the Cas13a-mediated targeted knockdown of RNA molecules
in chicken cells. We designed crRNAs against two exogenous targets (DsRed and IAV) and
assessed their functionality in the chicken fibroblast DF1 cell line stably expressing Cas13a.
Our results demonstrate that Cas13a can be used for the targeted knockdown of RNA and
as a potential antiviral strategy for the control of RNA viruses in chicken cells.

2. Materials and Methods
2.1. Plasmids

The pC014-LwaCas13a-msGFP (Addgene No. #91902) and pC0040-LwaCas13a cr-
RNA expression vector (plasmid No. Plasmid #103851) were obtained from Addgene
(Watertown, MA, USA). The miniTol2 and Tol2 transposase (pTrans) constructs were a
gift from Professor S. C. Ekker, Mayo Clinic Cancer Center, Rochester, MN, USA. The
DsRed expressing plasmid (pDsRed-Express, Catalogue. No. 632535) was purchased from
Clonetech Laboratories (Mountain View, CA, USA).

To generate a Tol2 transposon vector that carries the Cas13a transgene, the Cas13a-
msGFP region in the LwaCas13a-msGFP vector was digested with Spel and BstZ171 and
directionally cloned into the previously described Tol2 vector [10] to obtain Tol2-Cas13a-
msGFP (referred to as pT-Cas13a).

2.2. Design and Cloning of crRNA into the Expression Vector

The crRNAs targeting DsRed or IAV genome (PB1, NP and M) (Table 1) were designed
following the minimal requirements specified by Abudayyeh et al., 2017. The crRNAs were
28 bp long, with an A, T or C protospacer flanking sequence (PFS) at the 3’ end. To clone the
crRNAs into the pC0040 vector, we followed the previously described protocol [11]. Briefly,
complementary oligos encoding the crRNA sequences with CACC or AAAA overhangs
were synthesized and inserted into the BbslI restriction enzyme (RE) site of the pC0040
vector. The inserted clones were verified by Sanger sequencing (Micromon Genomics,
Australia). The list of oligonucleotide sequences used in this study is provided in Table 2.

Table 1. List of crRNAs used in the study.

Target Sequence (5'-3')
DsRed CGACATCCCCGACTACAAGAAGCTGTCC
PB1-#1 TACACCATGGATACTGTCAACAGGACAC
PB2-#2 CTGAGATCATGAAGATCTGTTCCACCAT
NP1 AATGAAGGATCTTATTTCTTCGGAGACA
M GAACACCGATCTTGAGGTTCTCATGGAA
NS control ATGCATGCATGCATGCATGCATGCATGC

To generate a vector carrying four crRNA-IAV expression cassettes in tandem, we first
cloned each IAV crRNA individually into pC0040. Next, we PCR-amplified the expression
cassette region (hU6 promoter, crRNA, repeat and terminator) with introduced Xhol and
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Sall RE sites using primers TD1022 (Forward) and TD1023 (Reverse). The resulting PCR
products were ligated into a pGEM-T easy vector to generate four individual PGEM-T
easy vectors, allowing the assembly of multiple crRNA expression cassettes in tandem,
as previously described [12]. Finally, the pGEM-T easy vector carrying four IAV crRNAs
was generated, and the orientation of each expression cassette was verified by Sanger
sequencing. The crRNAs vectors targeting DsRed, IAV or non-specific sequences are
referred to as pcrRNA-DsRed, pcrRNA-IAV or pcrRNA-NS, respectively.

Table 2. List of primers used in the study.

Primer Sequence (5'-3')
crRNA-DsRed-F AAACGGACAGCTTCTTGTAGTCGGGGATGTCG
crRNA-DsRed-R AAAACGACATCCCCGACTACAAGAAGCTGTCC
crRNA-PB1#1-F AAACGTGTCCTGTTGACAGTATCCATGGTGTA
crRNA-PB1#1-R AAAATACACCATGGATACTGTCAACAGGACAC
crRNA-PB1#2-F AAACATGGTGGAACAGATCTTCATGATCTCAG
crRNA-PB1#2-R AAAACTGAGATCATGAAGATCTGTTCCACCAT
crRNA-NP-F AAACTGTCTCCGAAGAAATAAGATCCTTCATT
crRNA-NP-R AAAAAATGAAGGATCTTATTTCTTCGGAGACA
crRNA-M-F AAACTTCCATGAGAACCTCAAGATCGGTGTTC
crRNA-M-R AAAAGAACACCGATCTTGAGGTTCTCATGGAA
crRNA-NS-F AAACATGCATGCATGCATGCATGCATGCATGC
crRNNA-NS-R AAAAGCATGCATGCATGCATGCATGCATGCAT
TD1022 ACTACCGGTGTCGACCGCCAGAGGGCCTATTTCCCA
TD1023 ACTACCGGTCTCGAGGTGAATTCGAGCTCGGTACC

2.3. Cell Culture and Transfections

DF1 cells were maintained as previously described [13]. To generate the DF1-Cas13a
cell line, DF1 cells were seeded at a density of 2.5 x 10° per well in a 6-well plate 24 h
prior to transfection. The transfection mix consisted of 10 puL of Lipofectamine 2000 (L2000)
(Catalogue No. 11668019, Thermo Fisher Scientific, Waltham, MA, USA) complexed with
2 ug of pT-Cas13a plasmid and pTrans or irrelevant plasmid following the manufacturer’s
instructions. Stably transfected cells were sorted based on GFP expression at 14 days
post-transfection and expanded in culture. Additional rounds of sorting were performed
to improve the purity of the DF1-Cas13a cells.

To test knockdown of DsRed mRNA, DF1-Cas13a cells were seeded at a density of
2 x 10* cells per well and allowed to grow to 90% confluency overnight. The cells were
transfected with 900 ng of pcrRNA-DsRed or pcrRNA-NS and 100 ng of pDsRed-Express,
complexed with 3 pL of a L2000 reagent as per the manufacturer’s instructions.

2.4. DsRed Knockdown Assays

DsRed expression was examined at 48 h post-transfection using fluorescence mi-
croscopy (Leica DMLB). To perform the FACS analysis, transfected DF1 cells were har-
vested and resuspended in a FACS buffer (5% FCS in PBSA). The cells were analyzed using
a BD FACSAria II (BD Biosciences, BD Biosciences, San Jose, CA, USA) equipped with
530nm and 561 nm lasers with 530/30 (GFP) and 582/15 (DsRed) emission filters. From
each sample, approximately 30,000-50,000 cells were gated for analysis using standard
forward/side scatter (FSC/SSC) parameters. To assess the DsRed knockdown, the mean
fluorescence intensity (MFI) values were normalized as a percentage of the negative control
(pcrRNA-NS), from two independent transfection experiments.
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2.5. IAV Infection

DF1-Cas13a cells were seeded at a density of 2 x 10* cells per well in 24-well plates.
After 24 h, the cells were transfected with 1.5 ug of pcrRNA-IAV or pcrRNA-NS vectors
complexed with 3 pL of L2000. The transfected cells were maintained in a 0.25% FCS main-
tenance medium. To maximize the transfection rates, an additional round of transfection
was performed after the 1st transfection. Drained monolayers of transfected cells were
infected after 24 h with 100 uL of A/WSN/1933(HIN1) (WSN) or A /Puerto Rico/8/1934
(H1N1) (PR8), which was equivalent to an MOI of 0.1. Following the adsorption for 1 h,
the cells were maintained in 0.25% FCS maintenance media for cells infected with WSN
or maintenance media with 2 pg/mL TPCK-trypsin (Sigma-Aldrich) for the cells infected
with PR8. Supernatant fluids were collected at 24 h post infection (hpi) to determine the
viral titers using plaque assays.

2.6. Plaque Assay

To determine if Casl3a specifically reduced virus replication, plaque assays were
performed using MDCK cells as previously described [14]. Briefly, drained MDCK mono-
layers were inoculated with 400 uL of 10-fold serial dilutions of viral supernatant fluids.
After adsorption for 1 h, the monolayers were overlaid with 3 mL of media containing 1%
agar and incubated at 37 °C with 5% CO; until the plaques were visible at three days post
inoculation. The plaques were visualized by staining with crystal violet and enumerated,
and the PFU of the supernatant fluids was calculated.

2.7. Statistical Analysis

All statistical analyses were carried out using the GraphPad Prism 7 software. To
determine the significance in the reduction of virus replication in DF1-Cas13a cells trans-
fected with crRNA-NS or crRNA-AIV, we performed two-tailed, unpaired t-tests with the
Mann-Whitney test. p-values less than 0.05 were considered significant.

3. Results

To test whether Cas13a could mediate the targeted degradation of mRNA in chicken
cells, we began by modifying our previously published miniTol2 transposon vector (Tol2)
to carry a Cas13a-msGFP transgene to generate pT-Cas13a (Figure 1a). To generate a DF1
cell line stably expressing Cas13a, we co-transfected the pT-Cas13a and pTrans constructs
into DF1 cells and maintained the cells in culture for 2 weeks. Stable DF1-Cas13a cells were
sorted based on stable GFP expression using FACS (Figure 1b). To examine if the stably
integrated Cas13a transgene is functional and able to mediate targeted mRNA degradation,
we selected DsRed mRNA as our target, expressed from pDsRed-Express. DF1-Cas13a cells
were co-transfected with plasmids encoding pDsRed and pcrRNA-DsRed or pcrRNA-NS,
in two separate wells per treatment group. The functional knockdown effect of the Cas13a
and ctRNA-DsRed complex on DsRed expression was measured at 48 h post-transfection.
Fluorescent microscopy showed that the monolayers transfected with crRNA-DsRed had
less DsRed fluorescence than the monolayers transfected with NS-crRNA (Figure 1c). To
quantify the reduction of DsRed fluorescence, a FACS analysis was performed (Figure S1).
We observed a ~60% reduction in mean fluorescence intensity (MFI) in cells transfected
with pcrRNA-DsRed (average MFI: 6679) compared to pcrRNA-NS (average MFI: 11,448),
as demonstrated in two independent replicates per treatment group (Figure 1d).
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Figure 1. Evaluation of DsRed knockdown by Cas13a in stable DF1-Cas13a cells. (a) Schematic of pT-Cas13a vector carrying
the Cas13-msGFP-NLS transgene insert sequence; (b) Fluorescence microscopy image of DF1-Cas13a cells transfected with

pT-Casl3a and pTrans vectors. Stable GFP expressing cells were sorted using flow cytometry at 2 weeks post-transfection to

generate a stable DF1-Casl13a cell line; (c) Fluorescence microscopy images of DF1-Cas13a cells transfected with 100 ng

pDsRed and 900 ng of crRNA-DsRed or crRNA-NS. Images taken at 48 h post-transfection; (d) Flow cytometry analysis
of DsRed knockdown in DF1-Cas13a cells transfected with DsRed-crRNA or NS-crRNA 48 h post-transfection. The MFI
values were normalized as a percentage of the negative control crRNA-NS (100%). Each value is the mean with standard

deviation (2 replicates). Results are representative of 2 separate experiments (Figure S2).

Following the confirmation of the Cas13a-mediated sequence-specific targeting of
DsRed mRNA, we next evaluated whether Cas13a can be programmed to target IAV in
DF1 cells. Because Casl3a can recruit multiple crRNAs and mediate the sequence-specific
targeting of corresponding target mRINAs, we chose a combinatorial targeting approach
by simultaneously expressing crRNAs targeting the PB, NP and M genes of the influenza
virus (Figure 2a). We constructed a crRNA expression vector encoding four anti-influenza
crRNAs (pIAV-crRNAs) that were each cloned using the human U6 promoter to drive the
expression (Figure 2b). For virus inhibition studies, we selected two low pathogenic HIN1
influenza strains (WSN and PRS) that efficiently replicate in chicken DF1 cells. To examine
an anti-viral effect, DF1-Cas13a cells were transfected with pIAV-crRNA or pNS-crRNA
and infected with WSN or PR8 at a MOI of 0.1. Each experiment was conducted twice and
consisted of three independent replicates per treatment group. To accurately quantify the
reduction of viral replication, supernatant fluids were collected after 24 h, and viral titers
were measured by plaque assay. For WSN infection, supernatant fluids from DF1-Cas13a
cells transfected with pIAV-crRNAs (average titer: 19,166 & 6645.8 pfu/mL, n = 6) had an
approximately four-fold reduction of viral titers compared to pNS-crRNAs transfected cells
(average titer: 78,333 £ 11,690.4 pfu/mL, n = 6) (p-value = 0.002) (Figure 2c). For PRS, a two-
fold reduction was observed in cells transfected with pcrRNA-IAV (average titer: 29,583
£ 5791.5 pfu/mL, n = 6) relative to pcrRNA-NS (average titer: 65,833 & 11902.3 pfu/mL,
n = 6) (p-value = 0.002) (Figure 2d). These results demonstrate that Cas13a+crRNA-IAV
showed a sequence-specific inhibition of IAV.
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Figure 2. Evaluation of IAV inhibition using CRISPR/Cas13 in DF1 cells. (a) Schematic diagram of designed crRNAs in
the IAV viral genome. A redline on the PB1, NP and M gene denotes the position of each crRNA; (b) Schematic of the
pcrRNA-TAV construct developed to express four crRNAs targeting the PB1, NP and M genes of IAV; (¢,d) DF1-Cas13a
cells were transfected with pcrRNA-IAV or pcrRNA-NS 24 h and infected with WSN (c) and PR8 (d) at an MOI of 0.1.
Supernatant fluids were collected at 24 hpi to measure viral replication by plaque assays. The results are the pool of two

separate experiments (n = 6

the two treatment groups.

). The error bars correspond to standard deviation. The p-value indicates significance between

4. Discussion

We demonstrated the Cas13a-mediated sequence-specific targeting of RNA in chicken
cells by the transient expression of crRNAs in a DF1 cell line stably expressing Cas13a.
Because Casl3a expression plasmids are large and could potentially effect transfection
efficiency, we generated a stable DF1-Cas13a cell line which was used for transient trans-
fection with pcrRNAs. The knockdown of DsRed fluorescence in cells transfected with
pcrRNA-DsRed but not with pcrRNA-NS confirms that the stable expression of Cas13a is
tolerated and induces the sequence-specific knockdown of DsRed in a sequence-specific
manner in chicken cells. These data suggest that Cas13a can be used for the knockdown
of endogenous mRNA for functional studies, a potential alternative to existing siRNA
knockdown approaches. One of the apparent benefits of using Cas13a, instead of siRNAs,
is its high degree of precision while enabling robust mRNA degradation [7]. Furthermore,
the RNA sequencing analysis of Cas13a+crRNA-treated cells did not induce any off-target
effects at the transcriptomic level [7]. As crRNAs are transiently supplied into DF1-Cas13a
cells, the likelihood of off-targets in our experiments is very low.

IAVs have a complex replication cycle, in which the vVRNA segments are imported into
the nucleus for transcription and the production of complementary RNA (cRNA), followed
by synthesis of new copies of vVRNA from the cRNA templates. We used the Cas13a open
reading frame linked to the nuclear localization signal (NLS) to facilitate the transportation
of the synthesized Cas13a protein from the cytoplasm into the nucleus. Furthermore, the
crRNAs were designed to target nascent cRNA viral segments. Indeed, these two design
strategies will enable the Cas13a-mediated targeting of IAV in the nucleus instead of the
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cytoplasm in DF1-Cas13a cells transfected with pcrRNA-IAV. The reduction in titers of
WSN and PRS viruses suggests that IAV replication can be efficiently abrogated by the
direct cleavage of cRNA strands induced by the Cas13a-crRNA complex (Figure 2c,d).
Previously, a direct comparison of the siRNA-mediated targeting of vRNA and cRNA
strands of IAV showed that the cRNA is a likely target for siRNA [2]. Similar studies were
performed using Cas13a and found that the targeting of cRNA strands of IAV has efficiently
abrogated the replication in human cells [15].

It is worth noting that the combinatorial targeting approach using four crRNAs
targeting the PB1, NP and M genes has two advantages. First, the expression of crRNAs
from four individual U6 cassettes facilitates elevated crRNA levels in transfected cells,
permitting the efficient recruitment of crRNAs by the Cas13a complex for virus interference.
A previous study has shown that the simultaneous targeting of the viral genome with
multiple shRNAs reduced the risk of escape mutants whilst achieving virus inhibition [16].
Furthermore, the use of multiple crRNAs exhibited a robust Cas13a-mediated inhibition of
Porcine reproductive and respiratory syndrome virus compared to a single crRNA [17].
Second, targeting multiple viral segments could potentially reduce the emergence of escape
variants and enable a potential coverage, if any resistant mutations are acquired at the
target crRNA site. Because the viral polymerase PB1 gene is one of the highly conserved
genes of AV and an essential part of the IAV replication cycle, we targeted PB1 at two sites
by designing two crRNAs. Intriguingly, Freije et al. (2019) showed that the Cas13-mediated
targeting of AV in Madin-Darby canine kidney epithelial cells by electroporating plasmids
expressing crRNAs and Cas13 did not result in any escape mutants [18]. However, in
future studies it would be valuable to investigate if escape mutants were not generated
after sequential passages with CRISPR/Cas13a treatment. In conclusion, our combinatorial
strategy provided IAV inhibition and could serve as an effective strategy against potential
escape mutations.

To our knowledge, this is the first successful report on CRISPR/Casl13a-induced
programmable interference of exogenous RNA, including IAV in chicken cells. The data ob-
tained provide the foundation to test the Cas13a antiviral activity against highly pathogenic
avian influenza strains such as H5N1 avian influenza or other poultry pathogens. Anti-viral
CRISPR/Casl3a transgenes could be effectively inserted into the genome of chickens by
methods such as the Tol2 transposon to generate germline transgenic chickens [10,13,19]
expressing Casl3a and crRNAs targeting H5N1, followed by the demonstration of an
anti-viral effect through in vivo challenge experiments.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/mps4020040/s1, Figure S1: FACS plots of DsRed knockdown experiment in DF1-Cas13a
cells transfected with either crRNA-DsRed or crRNA-NS. Note: The gRNA means crRNA. Figure S2:
Fluorescence and bright field images of DsRed knockdown cells.

Author Contributions: A.C. designed and performed the experiments, analyzed the results and
prepared the manuscript; K.A.S. and T.J.D. designed the experiments and editing of the manuscript.
All authors have read and agreed to the published version of the manuscript.

Funding: A.C. was funded by CSIRO via a Research Office postdoctoral fellowship. K.A.S. was
supported by the CSIRO Research Office via the Distinguished Visiting Researcher Funding Scheme.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data is contained within the article or Supplementary Materials.

Acknowledgments: The authors would like to acknowledge the National Collaborative Research
Infrastructure Strategy (NCRIS) through the AAHL Collaborative Biosecurity Research Facility
(ACBRF) and the Australian Research Council (ARC) through the Linkage Infrastructure, Equipment
and Facilities (LIEF). We thank Matthew Bruce for assisting with fluorescence-activated cell sorting.

Conflicts of Interest: The authors declare no conflict of interest.


https://www.mdpi.com/article/10.3390/mps4020040/s1
https://www.mdpi.com/article/10.3390/mps4020040/s1

Methods Protoc. 2021, 4, 40 8of8

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Petrova, V.N.; Russell, C.A. The evolution of seasonal influenza viruses. Nat. Rev. Microbiol. 2018, 16, 47-60. [CrossRef] [PubMed]
Ge, Q.; McManus, M.T.; Nguyen, T.; Shen, C.H.; Sharp, P.A.; Eisen, H.N.; Chen, J. RNA interference of influenza virus production
by directly targeting mRNA for degradation and indirectly inhibiting all viral RNA transcription. Proc. Natl. Acad. Sci. USA 2003,
100, 2718-2723. [CrossRef] [PubMed]

Hinton, T.M.; Challagulla, A.; Stewart, C.R.; Guerrero-Sanchez, C.; Grusche, FA.; Shi, S.; Bean, A.G.; Monaghan, P.; Gunatillake,
P.A.; Thang, S.H,; et al. Inhibition of influenza virus in vivo by siRNA delivered using ABA triblock copolymer synthesized by
reversible addition-fragmentation chain-transfer polymerization. Nanomedicine 2014, 9, 1141-1154. [CrossRef] [PubMed]
Castanotto, D.; Rossi, ].J. The promises and pitfalls of RN A-interference-based therapeutics. Nature 2009, 457, 426-433. [CrossRef]
[PubMed]

Barrangou, R.; Fremaux, C.; Deveau, H.; Richards, M.; Boyaval, P.; Moineau, S.; Romero, D.A.; Horvath, P. CRISPR provides
acquired resistance against viruses in prokaryotes. Science 2007, 315, 1709-1712. [CrossRef] [PubMed]

Makarova, K.S.; Wolf, Y.I; Iranzo, J.; Shmakov, S.A.; Alkhnbashi, O.S.; Brouns, S.J.J.; Charpentier, E.; Cheng, D.; Haft, D.H.;
Horvath, P; et al. Evolutionary classification of CRISPR—Cas systems: A burst of class 2 and derived variants. Nat. Rev. Microbiol.
2020, 18, 67-83. [CrossRef] [PubMed]

Abudayyeh, O.O.; Gootenberg, ].S.; Essletzbichler, P.; Han, S.; Joung, J.; Belanto, ].J.; Verdine, V.; Cox, D.B.T.; Kellner, M.].; Regev,
A.; et al. RNA targeting with CRISPR-Cas13. Nature 2017, 550, 280-284. [CrossRef] [PubMed]

Cox, D.B.T.; Gootenberg, J.S.; Abudayyeh, O.O.; Franklin, B.; Kellner, M.].; Joung, J.; Zhang, F. RNA editing with CRISPR-Cas13.
Science 2017, 358, 1019-1027. [CrossRef] [PubMed]

Yan, W.X,; Chong, S.; Zhang, H.; Makarova, K.S.; Koonin, E.V.; Cheng, D.R.; Scott, D.A. Cas13d Is a Compact RNA-Targeting
Type VI CRISPR Effector Positively Modulated by a WYL-Domain-Containing Accessory Protein. Mol. Cell 2018, 70, 327-339.
[CrossRef] [PubMed]

Tyack, S.G.; Jenkins, K.A.; O'Neil, T.E.; Wise, T.G.; Morris, KR.; Bruce, M.P.;; McLeod, S.; Wade, A.J.; McKay, ].; Moore, R].; et al.
A new method for producing transgenic birds via direct in vivo transfection of primordial germ cells. Transgenic Res. 2013, 22,
1257-1264. [CrossRef] [PubMed]

Ran, FA.; Hsu, P.D.; Wright, J.; Agarwala, V.; Scott, D.A.; Zhang, F. Genome engineering using the CRISPR-Cas9 system. Nat.
Protoc. 2013, 8, 2281-2308. [CrossRef] [PubMed]

Bog, F.; Masson, ].M. Selective cloning of a defined number of tandem DNA repeats in Escherichia coli. Nucleic Acids Res. 1996, 24,
2450-2451. [CrossRef] [PubMed]

Challagulla, A.; Jenkins, K.A.; O'Neil, T.E.; Morris, K.R.; Wise, T.G.; Tizard, M.L.; Bean, A.G.; Schat, K.A.; Doran, T.]. Germline
engineering of the chicken genome using CRISPR/Cas9 by in vivo transfection of PGCs. Anim. Biotechnol. 2020, 22, 1-10.
[CrossRef] [PubMed]

Izzard, L.; Ye, S.; Jenkins, K.; Xia, Y.; Tizard, M.; Stambas, J]. miRNA modulation of SOCS1 using an influenza A virus delivery
system. J. Gen. Virol. 2014, 95, 1880-1885. [CrossRef]

Bawage, S.S.; Tiwari, PM.; Santangelo, P.J. Synthetic mRNA expressed Cas13a mitigates RNA virus infections. bioRxiv 2018,
370460. [CrossRef]

Brake, O.T.; Hooft, K.T.; Liu, Y.P; Centlivre, M.; von Eije, K.J.; Berkhout, B. Lentiviral Vector Design for Multiple shRNA
Expression and Durable HIV-1 Inhibition. Mol. Ther. 2008, 16, 557-564. [CrossRef] [PubMed]

Cui, J.; Techakriengkrai, N.; Nedumpun, T.; Suradhat, S. Abrogation of PRRSV infectivity by CRISPR-Cas13b-mediated viral
RNA cleavage in mammalian cells. Sci. Rep. 2020, 10, 9617. [CrossRef] [PubMed]

Freije, C.A.; Myhrvold, C.; Boehm, C.K,; Lin, A.E.; Welch, N.L.; Carter, A.; Metsky, H.C.; Luo, C.Y.; Abudayyeh, O.O.; Gootenberg,
J.S.; et al. Programmable Inhibition and Detection of RNA Viruses Using Cas13. Mol. Cell 2019, 76, 826-837. [CrossRef] [PubMed]
Challagulla, A ; Jenkins, K.A.; O’Neil, T.E.; Shi, S.; Morris, K.R.; Wise, T.G.; Paradkar, PN; Tizard, M.L.; Doran, T.J.; Schat, K.A. In
Vivo Inhibition of Marek’s Disease Virus in Transgenic Chickens Expressing Cas9 and gRNA against ICP4. Microorganisms 2021,
9, 164. [CrossRef] [PubMed]


http://doi.org/10.1038/nrmicro.2017.118
http://www.ncbi.nlm.nih.gov/pubmed/29081496
http://doi.org/10.1073/pnas.0437841100
http://www.ncbi.nlm.nih.gov/pubmed/12594334
http://doi.org/10.2217/nnm.13.119
http://www.ncbi.nlm.nih.gov/pubmed/24364874
http://doi.org/10.1038/nature07758
http://www.ncbi.nlm.nih.gov/pubmed/19158789
http://doi.org/10.1126/science.1138140
http://www.ncbi.nlm.nih.gov/pubmed/17379808
http://doi.org/10.1038/s41579-019-0299-x
http://www.ncbi.nlm.nih.gov/pubmed/31857715
http://doi.org/10.1038/nature24049
http://www.ncbi.nlm.nih.gov/pubmed/28976959
http://doi.org/10.1126/science.aaq0180
http://www.ncbi.nlm.nih.gov/pubmed/29070703
http://doi.org/10.1016/j.molcel.2018.02.028
http://www.ncbi.nlm.nih.gov/pubmed/29551514
http://doi.org/10.1007/s11248-013-9727-2
http://www.ncbi.nlm.nih.gov/pubmed/23807321
http://doi.org/10.1038/nprot.2013.143
http://www.ncbi.nlm.nih.gov/pubmed/24157548
http://doi.org/10.1093/nar/24.12.2450
http://www.ncbi.nlm.nih.gov/pubmed/8710520
http://doi.org/10.1080/10495398.2020.1789869
http://www.ncbi.nlm.nih.gov/pubmed/32707002
http://doi.org/10.1099/vir.0.063834-0
http://doi.org/10.1101/370460
http://doi.org/10.1038/sj.mt.6300382
http://www.ncbi.nlm.nih.gov/pubmed/28178502
http://doi.org/10.1038/s41598-020-66775-3
http://www.ncbi.nlm.nih.gov/pubmed/32541822
http://doi.org/10.1016/j.molcel.2019.09.013
http://www.ncbi.nlm.nih.gov/pubmed/31607545
http://doi.org/10.3390/microorganisms9010164
http://www.ncbi.nlm.nih.gov/pubmed/33450980

	Introduction 
	Materials and Methods 
	Plasmids 
	Design and Cloning of crRNA into the Expression Vector 
	Cell Culture and Transfections 
	DsRed Knockdown Assays 
	IAV Infection 
	Plaque Assay 
	Statistical Analysis 

	Results 
	Discussion 
	References

