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Summary
Background RNA viruses account for many human diseases and pandemic events but are often not targetable by
traditional therapeutics modalities. Here, we demonstrate that adeno-associated virus (AAV) -delivered CRISPR-
Cas13 directly targets and eliminates the positive-strand EV-A71 RNA virus in cells and infected mice.

Methods We developed a Cas13gRNAtor bioinformatics pipeline to design CRISPR guide RNAs (gRNAs) that cleave
conserved viral sequences across the virus phylogeny and developed an AAV-CRISPR-Cas13 therapeutics using
in vitro viral plaque assay and in vivo EV-A71 lethally-infected mouse model.

Findings We show that treatment with a pool of AAV-CRISPR-Cas13-gRNAs designed using the bioinformatics
pipeline effectively blocks viral replication and reduces viral titers in cells by >99.99%. We further demonstrate
that AAV-CRISPR-Cas13-gRNAs prophylactically and therapeutically inhibited viral replication in infected mouse
tissues and prevented death in a lethally challenged EV-A71-infected mouse model.

Interpretation Our results show that the bioinformatics pipeline designs efficient CRISPR-Cas13 gRNAs for direct
viral RNA targeting to reduce viral loads. Additionally, this new antiviral AAV-CRISPR-Cas13 modality represents
an effective direct-acting prophylactic and therapeutic agent against lethal RNA viral infections.
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Introduction
RNA viruses account for the majority of the global viral
infections that have plagued humans over the past
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decades.1 Currently, only a limited number of approved
vaccines, drugs, or biologics can be used to prevent or
treat these RNA viral infections.1 On top of that, there is
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Research in context

Evidence before this study
Previous in vitro studies investigating the Cas13 family of
RNA-guided endonucleases as an antiviral modality showed
promising results. CasRx is one of the smallest Cas13
endonuclease enzymes known, making it an attractive
candidate to be delivered using AAV vectors along with its
gRNAs within the same cargo construct. Furthermore, CasRx
exhibits high on-target activity and high specificity compared
to other modalities, suggesting that CasRx can be translated
to a safer and ideal antiviral modality. However, there is
limited study in the in vivo antiviral applications of Cas13
RNA-guided endonucleases. Here, we investigated the in vivo
use of AAV-CRISPR-Cas13 for multi-organ delivery and longer-
lasting therapeutic expression. AAVs are attractive gene
delivery vectors due to the recent successes in FDA and EMA
approvals for AAV-based gene therapies. The established
therapeutic applications of AAV in a wide-spanning variety of
difficult-to-access tissues also made it an attractive delivery
vector for nucleic acid therapeutics to treat diseases in
different tissues or organs, beyond local administration. Since

EV-A71 infects multiple organs and manifests pathology in
the central nervous system and skeletal muscles, AAV-CRISPR-
Cas13 could resolve the limitations of traditional siRNA and
plasmid modalities that cannot access these key sites of EV-
A71 tropism and pathology in vivo.

Added value of this study
This study demonstrates the use of a new bioinformatics
pipeline, establishes AAV-CRISPR-Cas13-gRNAs design
principles that confer effective antiviral function,
demonstrates in vivo prophylactic and therapeutic outcomes
in lethal enterovirus-infected mouse models, and shows that
AAV-CRISPR-Cas13 represents an effective modality for in vivo
intervention of RNA viral infection.

Implications of all the available evidence
This study bolsters the feasibility of using AAVs as an efficient
delivery vector for in vivo CRISPR-Cas13 antiviral treatment.
The bioinformatics pipeline, gRNAs design principles, and
screening methodology can potentially be applied to develop
efficient Cas13-gRNAs against other RNA viruses.
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a constant threat of escape mutations and antigenic
drifts that could render the approved treatments inef-
fective.2 Current prophylactics and therapeutics mainly
focus on targeting a single viral protein domain
to neutralize the virus’s ability to infect or replicate
within host cells. RNA viruses’ high mutation rates—
stemming from error-prone viral RNA-dependent RNA
polymerases–often result in the emergence of escape
variants from the selective pressure posed by the drugs
or biologics, as evident during the recent SARS-CoV-2
pandemic.3–5 In contrast to the backdrop of traditional
small molecule drugs and antibodies, a therapeutic
modality that cleaves the genome and transcripts of the
RNA virus would represent a new class of therapeutics
that can operate with a distinct mechanism of action,
suppress the emergence of escape variants by targeting
multiple conserved genomic sites, bypass the need for
in-depth viral protein characterization, treat previously
inaccessible tissues, and open up effective avenues
against currently untreatable RNA viruses.

Enterovirus-A71 (EV-A71) are non-enveloped, posi-
tive-strand, single-stranded RNA viruses that are highly
contagious and transmitted through bodily fluids. EV-
A71 infection most commonly occurs in children
younger than 5 years of age, with about 50%–80% of
children tested seropositive for EV-A71, and is also
observed in adults less frequently.6 EV-A71 is a major
contributor to the disease known as Hand, Foot, and
Mouth Disease (HFMD),7 and infection may occasion-
ally result in severe neurological diseases or death.8 To
date, there is only one commercially available vaccine9

and no available therapeutics against EV-A71,10,11 with
clinical trials ongoing only for vaccines and not thera-
peutics.12,13 EV-A71 infections and HFMD reached re-
cord incidence rates in several countries, including in
Southeast Asia (>200,000 HFMD cases in 2008–2018)
and China (>20 million probable HFMD cases with
>3700 deaths in 2008–2019), highlighting a pressing
need for therapeutics against the currently incurable
infections.10,14

In this study, we demonstrate the efficacy of a new
class of CRISPR-Cas prophylactics and therapeutics
against the EV-A71 RNA virus. To design our antiviral
modality, we employed the recently discovered class 2
type VI-D CRISPR-Cas13d system derived from Rumi-
nococcus flavefaciens XPD3002, also known as CasRx.15,16

CasRx is one of the smallest Cas13 endonuclease en-
zymes known, making it an attractive candidate to be
delivered using AAV vectors along with its gRNAs
within the same cargo construct. Furthermore, CasRx
exhibits high on-target activity and high specificity
without targeting the host genomic DNA and tran-
scriptomic RNA,15 making it a safe and ideal antiviral
modality. Previous in vitro studies investigating the
Cas13 family of RNA-guided endonucleases as an anti-
viral modality showed promising results.17–22 However,
there is only one study that progressed to in vivo mouse
study where nebulizer-assisted polymer-based delivery
of mRNA-encoded Cas13a was used in the lung tissue,19

which resulted in a significant decrease in SARS-CoV-2
copy number of 57% in the crRNA N3.2-treated ani-
mals. Here, we investigated the in vivo use of AAV
vectors that offer multi-organ delivery and longer-lasting
therapeutic expression. AAVs are attractive gene
www.thelancet.com Vol 93 July, 2023
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delivery vectors due to the recent successes in FDA and
EMA approvals for AAV-based gene therapies.23–25 The
established therapeutic applications of AAV in a wide-
spanning variety of difficult-to-access tissues also made
it an attractive delivery vector for nucleic acid thera-
peutics to treat diseases in different tissues or organs,
beyond local administration.26 Since EV-A71 infects
multiple organs and manifests pathology in the central
nervous system and skeletal muscles, AAV-CRISPR-
Cas13 could resolve the limitations of traditional
siRNA and plasmid modalities that cannot access these
key sites of EV-A71 tropism and pathology in vivo.27

Through selecting antiviral gRNAs with a new bioin-
formatics pipeline, establishing AAV-CRISPR-Cas13-
gRNAs design principles that confer effective antiviral
function, and demonstrating in vivo prophylactic and
therapeutic outcomes in infected mouse models, we
showed that AAV-CRISPR-Cas13 represents a powerful
new modality against previously incurable viral diseases.
Methods
Ethics statement
Animal care and housing were provided in accordance
with the National Advisory Committee for Laboratory
Animal Research (NACLAR) Guidelines (Guidelines on
the Care and Use of Animals for Scientific Purposes).
Experiments with mice were designed and approved
under protocol R19-1035 by the National University of
Singapore Institutional Animal Care & Use Committee
(IACUC) based on NACLAR guidelines. Experiments
with adeno-associated viruses with CRISPR-Cas were
approved under GMAC Ref. No.: Res- 21-058.

Design and construction of AAV-vector-based CRISPR-Cas
cargo plasmid
The CasRx sequence was a gift from Patrick Hsu
(pXR001: EF1a-CasRX-2A-EGFP, Addgene no. 109049).
Using a plasmid backbone with AAV2 ITRs, we per-
formed EcoRI digestion to create a cut between the two
ITR sequences to insert the custom-designed expression
cassette. First, we derived the mammalian CMV pro-
moter and enhancer sequence fragment from PCR
amplification using pAAV-SMVP-Cas9C. Then, we
assembled the CasRx with a HA tag and a rabbit polyA
tail (CasRx-HA-polyA) downstream of the mammalian
CMV promoter and enhancer into the AAV vector
plasmid containing AAV2 ITR sequences by using
Gibson Assembly reaction. Immediately downstream of
the expression cassette, we assembled in the gRNA
backbone driven by human U6 promoter, a gift from
Patrick Hsu (pXR003: CasRx gRNA cloning backbone,
Addgene no. 109053), using Gibson Assembly reaction.
The expression cassette is then assembled to the EcoRI-
digested plasmid with AAV2 ITRs using Gibson as-
sembly. Individual gRNA sequences derived from the
www.thelancet.com Vol 93 July, 2023
bioinformatics analysis were cloned using the BbsI
digestion of the vector plasmid via Gibson Assembly of
the target gRNA sequences.

Bioinformatics gRNA selection pipeline (Cas13gRNAtor)
We downloaded on 16th September 2020 and aligned
795 published EV-A71 complete genome assemblies
from NCBI virus (https://www.ncbi.nlm.nih.gov/labs/
virus/) using MAFFT and ran Cas13gRNAtor on these
sequences. A bash script was created to align the input
sequences using the MAFFT command line. We kept
the length constant to the reference genome. Cas13gR-
NAtor utilizes, among multiple algorithms, a model and
package developed by Wessel et al., 2020 (https://gitlab.
com/sanjanalab/cas13) to generate additional scores for
all possible gRNAs for the consensus sequence.28 Wes-
sel employed a random forest model and a few features
were selected to predict RfxCas13d on-target gRNA
scores, including the crRNA folding energy, the local
target ‘C’-context, and the upstream target ‘U’-context,
which were determined as the most important features
based on %incMSE. The random forest model utilizes a
few independent software that includes RNAfold, a
program to predict RNA secondary structure and min-
imum free energy (MFE), RNAplfold that measures
RNA accessibility (Target RNA unpaired probability),
and RNAhybrid that calculates RNA-RNA hybridization
between the gRNA and its target site and RNA-RNA
hybridization MFEs for each gRNA nucleotide.
Cas13gRNAtor filters for candidate gRNA from the 3rd
and 4th Quartile and removes gRNAs with T-homopol-
ymers (>3 Ts). Conservation score at each nucleotide
position was calculated as the percentage of sequences
matching the consensus at that nucleotide position. A
score of 1.0 indicates that the nucleotide position is fully
conserved across all sequences. Shannon Entropy (SE)
score calculated the propensity towards order and dis-
order for each nucleotide position.29 Entropy was directly
proportional to the rate of disorder, i.e., a higher SE
score indicated higher disorder of that particular
nucleotide position. Shannon Entropy is defined as fol-
lows: SE (i) = −∑n

i=1Pi log2Pi , where Pi was the proba-
bility of a given nucleotide (A, C, G, T, N; where N is an
unspecified or deleted nucleotide) and n was the num-
ber of sequences used in the alignment. The summation
runs over the 5 nucleotides in all the aligned sequences
on every nucleotide position. The entropy range lies
between 0 and log2 (5) = 2.32. A consensus sequence
was generated based on the most conserved nucleotide
at each position for downstream processing. For each
predicted gRNAs, Cas13gRNAtor takes the entropy and
conservation scores of their nucleotide positions in the
consensus sequence (including in a more mutational
intolerant ‘seed region’ aka ‘intolerant region’) and de-
rives the means and standard deviations. Cas13gRNAtor
scores gRNAs according to these features.
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Cell lines and viruses
Human RD cells (RD-CCL-136, ATCC, Rockville, MD,
USA) and mouse C2C12 (C2C12-CRL-1772, ATCC,
Rockville, MD, USA; RRID:CVCL_0188) cells were
purchased from the American Type Culture Collection
(ATCC, Rockville, MD, USA). The cells were grown in
media recommended by ATCC. The cells were tested for
mycoplasma before use. AAVs were generated in-house
as per previously reported.30 Briefly, AAV was packaged
via a triple transfection of 293AAV cell line (AAV-100,
Cell Biolabs, San Diego, CA, USA) that were plated in
an HYPERFlask ‘M’ (Corning) in growth media con-
sisting of DMEM + glutaMax + pyruvate + 10%FBS
(Thermo Fisher), supplemented with 1X MEM non-
essential amino acids (Gibco). Confluency at trans-
fection was between 70% and 90%. Media was replaced
with fresh pre-warmed growth media before trans-
fection. For each HYPERFlask ‘M’, 200 μg of pHelper
(Cell Biolabs), 100 μg of pRepCap [encoding capsid
proteins for serotype DJ or 2], and 100 μg of pZac-CASI-
GFP or pZac-CMV-CasRx-gRNAs were mixed in 5 ml of
DMEM, and 2 mg of PEI “MAX” (Polysciences) (40 kDa,
1 mg/ml in H2O, pH 7.1) added for PEI: DNA mass
ratio of 5:1. The mixture was incubated for 15 min
and transferred drop-wise to the cell media. The day
after transfection, the media was changed to
DMEM + glutamax + pyruvate + 2%FBS. Cells were
harvested 48–72 h after transfection by scrapping or
dissociation with 1X PBS (pH7.2) + 5 mM EDTA and
then pelleted at 1500 g for 12 min. Cell pellets were
resuspended in 1–5 ml of lysis buffer (Tris HCl pH
7.5 + 2 mM MgCl + 150 mM NaCl), and freeze-thawed
3× between dry-ice-ethanol bath and 37 ◦C water bath.
Cell debris was clarified via 4000 g for 5 min, and the
supernatant was collected. The collected supernatant
was treated with 50 U/ml of Benzonase (Sigma–Aldrich)
and 1 U/ml of RNase cocktail (Invitrogen) for 30 min at
37 ◦C to remove unpackaged nucleic acids. After incu-
bation, the lysate was loaded on top of a discontinuous
density gradient consisting of 6 ml each of 15%, 25%,
40%, and 60% Optiprep (Sigma–Aldrich) in a 29.9 ml
Optiseal polypropylene tube (Beckman–Coulter). The
tubes were ultra-centrifuged at 54,000 rpm, at 18 ◦C, for
1.5 h, on a Type 70 Ti rotor. The 40% fraction was
extracted and dialyzed with 1X PBS (pH 7.2) supple-
mented with 35 mM NaCl, using Amicon Ultra-15
(100 kDa MWCO) (Millipore). The titers of the puri-
fied AAV vector stocks were determined using real-time
qPCR with ITR-sequence-specific primers and probe,
referenced against the ATCC reference standard mate-
rial 8 (ATCC). The viruses used are EV-A71 strain
HFM41 (5865/sin/000009, GenBank accession no.
AF316321), EV-A71 strain C4 (GenBank accession no.
JQ965759.1), EV-A71 strain B5 (GenBank accession
no. FJ461781.1), EV-A71 strain H (GenBank accession
no. AY053402.1) and Echo7 strain Wallace (GenBank
accession no. AF465516.1).
Immunofluorescence assay
10,000 human immortalized muscle cells, RD, were
plated on glass slides in a 48-well plate and transduced
with AAVDJ-CasRx at MOI 100K. At 3 days post-
transduction, cells were fixed and permeabilized using
methanol for 10 mins and blocked using 1X PBS with
5% BSA for 1 h. This is followed by primary antibody
anti-HA (Cat#ab9110, abcam) incubation at 1:200 dilu-
tion for 2 h at RT. Secondary antibody staining is carried
out at 1:1000 (Cat#A-21206, Thermo Fisher) for 2 h at
room temperature. Slides were then washed 3X with 1X
PBS and mounted onto the slide using ProLong
mounting medium (Thermo). Images are taken using an
Olympus microscope, exposure set at 15 ms and gain set
at 6400 for brightfield and the 488 nm channel, exposure
is set at 800us and gain set at 6400 for the DAPI channel.

Bio-panning assay for selection of AAV serotype
Immortalized human RD cells or mouse C2C12 cells
were seeded in a 48-well plate at 10,000 cells per well in
200 μL DMEM containing 10% FBS. The cells were
cultured overnight at 37 ◦C and allowed to adhere to the
wells. A panel of AAV (1, 2, 6, 7, 8, 9, rh10, DJ, and
Anc80) was used to transduce the cells at MOI of 100K
or 10K in triplicates. At 72 h post-transduction, the cells
were harvested, and the total GFP protein was quanti-
tated using a GFP quantification kit (Biovision) on a
multi-well plate reader (Tecan).

In vitro antiviral plaque assay with EV-A71
For screening of anti-EV-A71 activity, RD cells were
seeded in 96-well plates at a density of 104 cells per well
and incubated overnight in an incubator. Perform
dilution of AAV2-CasRx bearing the different gRNAs for
transduction individually or in pooled format at MOI
1K, 10K, 100K, and 1000K in a 100 ul volume. At 72 h
post-transduction, the cells were infected with the EV-
A71 virus at MOI of 1. The plate was washed twice
with 1X PBS and incubated with DMEM with 2% FBS
for 12 h. The supernatant from each well was harvested
at 12 h post-infection and used for subsequent virus
plaque assay. For virus plaque assay, RD cells were
seeded in 24-well plates and incubated with 10–106 fold
serially diluted supernatant samples in a 100 ul volume.
Plates were washed twice with PBS and overlay media
were added to each well and incubated with 15 mins
rocking interval for an hour before leaving it in the
incubator for 4 days. After 4 days of incubation, the
overlay media was removed, crystal violet stain was
added to visualize the plaques for counting, and the
infectious virus titer was calculated, expressed as
the average number of PFU per milliliter (PFU/ml) of
the sample.

RNA-seq library preparation, sequencing, and analysis
300K RD cells were seeded in each well in a 6-well
plate in triplicates. RD cells were transduced with
www.thelancet.com Vol 93 July, 2023
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AAV2-CasRx-EV71pool at an MOI of 1000 K or mock-
infected at 8 h post-seeding. At 72 h post-transduction,
the cells were infected with the EV-A71 virus at MOI
of 1 for the “EV-A71-infected” and “EV-A71-infected and
AAV treated” groups. Total RNA was extracted from RD
cells at 12 h EV-A71 post-infection using the RNeasy
Plus Mini kit from QIAGEN. Stranded mRNA libraries
were prepared using the NEBNext II Ultra Directional
RNA Library Prep Kit from New England Biolabs (Cat#
E7760S) and sequenced on an Illumina HiSeq 4000
with 150 nt paired-end reads. ∼14 M total reads were de-
multiplexed per condition per sample with Q30 above
90% and error rate of 0.02%. Sequenced reads were
quality tested using FASTQC and mapped to the hg19
human genome using the 2.7.9 STAR aligner.31 Read
alignment was performed using the default parameters.
The genome index was constructed using the gene
annotation provided with hg19 Illumina iGenomes
collection and sjdbOverhang value of 100. Quantifica-
tions were performed using featureCounts v2.0.1,32 and
differential gene expression was performed with
DESeq2 v1.36.033 using triplicates to compute within-
group dispersion and contrasts to compare between
[mock vs EV-A71-infected], [EV-A71-infected vs EV-A71-
infected and treated (EV-A71 gRNAs)], [EV-A71-infected
and treated (EV-A71 gRNAs) vs mock] conditions (FDR
< 0.1). An independent experiment was conducted to
examine AAV-CasRx-3DgRNAs-only vs mock. Volcano
plots were generated with Enhanced Volcano v1.18.0 in
R 4.2.3, with FCcutoff = abs (0.75) and pCut-
off = 0.00068083 (corresponding to adj-P = 0.1).

Flow cytometry
For titration of AAV2-GFP transduction, 10,000 cells
were seeded on a 48-well plate and transduced with
AAV2-GFP at MOI of 1K, 10K, 100K, and 1000K or left
un-transduced as control. After 3 days, cells were har-
vested and suspended in flow cytometry buffer (0.5%
BSA, 2 mM EDTA in 1X PBS) and passed through a
70 μm cell strainer before flow cytometry analysis by
MACS Flow Cytometer (Miltenyi Biotec). To assess GFP
knockdown by CasRx, 10,000 cells were seeded on a 48-
well plate and transduced with AAV2-GFP at MOI of
10 K, followed by AAV2-CasRx- GFP_gRNA1, AAV2-
CasRx-GFP_gRNA2, or AAV2-CasRx-GFP_gRNA1+2 at
MOI 100K or 1000K or without AAV2-CasRx. After 3
days, cells were harvested and suspended in flow
cytometry buffer (0.5% BSA, 2 mM EDTA in 1X PBS)
and passed through a 70 μm cell strainer before flow
cytometry analysis by MACS Flow Cytometer (Miltenyi
Biotec). To detect CasRx-HA expression, 100,000 RD
cells were seeded per well on a 12-well plate before they
were transduced with AAV2-CasRx-HA at an MOI of
1000K. After 3 days, cells were harvested and rinsed
once with 1X PBS before fixing with Fixation Buffer
(BioLegend #420801) at room temperature for 20 min.
Cells were then rinsed thrice with 1X Intracellular
www.thelancet.com Vol 93 July, 2023
Staining Permeabilization Wash Buffer (BioLegend
#421002) before being stained with anti-HA primary
antibody (abcam ab9110, 1:50) on ice for 30 min. Cells
were rinsed thrice and then stained with Alexa Fluor™
488-conjugated secondary antibody (Invitrogen #A-
21206, 1:200) on ice, in the dark, for 30 min. After 3
more rinses, cells were suspended in flow cytometry
buffer (0.5% BSA, 2 mM EDTA in 1X PBS) and passed
through a 70 μm cell strainer before flow cytometry
analysis by MACS Flow Cytometer (Miltenyi Biotec). All
flow cytometry results were analyzed using the FlowJo
software.

qPCR for human innate and adaptive immune response genes
profiling
In a 6-well dish, 1 million immortalized human skeletal
RD cells were seeded and transduced with AAV2-
CRISPR-CasRx at MOI of 100K and 1000K. RNA of
the transduced cells was harvested at 72 h post-
transduction using the RNeasy universal plus mini kit
(Qiagen). cDNA was synthesized using Superscript III
(Thermo Fisher) and the immune response gene panel
was quantitated using the RT2 profiling kit (Qiagen).

Mouse infections and treatments
The EV-A71 strain HFM41 (5865/sin/000009, GenBank
accession no. AF316321) was used for in vivo experi-
ments. For toxicity analysis, BALB/c mice were injected
intraperitoneally with either a dose of saline or 1 × 1012

viral genomes (vgs) of AAVDJ-GFPgRNA2 or 1 × 1011

vgs or 1 × 1012 vgs of AAVDJ-EV71gRNAs per mouse at
2 days old. For prophylaxis, BALB/c mice were injected
intraperitoneally with 1 × 1011 viral genomes (vgs) or
1 × 1012 vgs of AAVDJ-EV71gRNAs per mouse at 2 days
old and subsequently injected intraperitoneally with EV-
A71 at a dose of 2 × 107 PFU per mouse at 5 days old.
For therapeutic analysis, BALB/c mice were injected
intraperitoneally with a dose of 2 × 107 PFU EV-A71 per
mouse at 5 days old. After 6 h or 24 h, mice were
injected intraperitoneally with a dose of 1 × 1011 viral
genomes (vgs) or 1 × 1012 vgs of AAVDJ-EV71gRNAs
per mouse. 1 × 1012 vgs AAVDJ-GFPgRNA2 was used
as control. The survival of the mice and the clinical
scores of each mouse in each treatment group was
recorded daily for up to 19 days post-infection (dpi).
Mice were scored in 5 categories for symptoms observed
during the 19-day survival study. The scoring system
includes Activity: 0 normal, 1 lethargy/abnormal
posture, 2 huddled/inactive, 3 Unresponsive to stimuli,
severe tremor and inability to right itself; Breathing:
0 normal, 1 rapid/shallow, 2 rapid abdominal, 3 labored,
blue; Movement: 0 normal, 1 weakness, incoordination,
2 single limb dragging/paralysis, 3 multiple limb drag-
ging/paralysis; Body weight: 0 normal, 1 loss of 5% over
24 h, 2 loss of more than 15% or up to 10% in 24 h, 3
loss of more than 10% over 24 h or 20% in total, body
condition 2 or below; Dehydration: 0 normal skin tent, 1
5
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skin tent present on dorsum, 2 Moderate skin tent, 3
Severe skin tent. A total of 6 or more points accumu-
lated across all categories was determined as a humane
endpoint, and mice with such a score were euthanized.
Histological analyses were carried out on mice sacrificed
at 6 days post-infection.

Histology of mouse tissues
Histological samples were fixed in 4% para-
formaldehyde at 4 ◦C, decalcified at room temperature
for 2 h, then embedded in paraffin and processed into
4 μm sections. Tissue pathology was evaluated byhe-
matoxylin and eosin (H&E) staining and EV-A71 anti-
gen was detected by immunohistochemistry staining
(IHC) using commercially available anti-EV-A71 anti-
body (MAB979, Sigma Aldrich; 1:500 dilution) and im-
age captured using the Leica Bond-Max system. For
staining of CasRx, histological slides were baked at
50 ◦C for 10 min and de-waxed in Xylene 3x for 5 min.
Slides were then rehydrated in descending grade
ethanol; 100% ethanol 2x for 5 min, 95% ethanol 5 min,
80% ethanol 3 min, 70% ethanol 3 min, 50% ethanol
3 min, rinsing with water, and rinsing with 1X PBS 3x
for 5 min. Antigen retrieval was conducted by 2100-
Retriever steam cooker (Prestige Medical) and slides
were heated for 12–15 min in 0.01 M Sodium Citrate
buffer pH 6.0, cooled for 3–4 h, washed once in 1X PBS
for 5 min, then washed using 1X PBS with 0.1% Triton
3x for 5 min each. Slides were blocked in 2% BSA +5%
goat serum-PBS for 60 min at RT, then incubated with
primary Ab 1:100 (anti-HA mouse, ab18181) in blocking
buffer overnight at 4 ◦C. After washing with 1X PBS
with 0.1% Triton 3x for 5 min, slides were incubated
with secondary Ab 1:500 (Alexa Fluor 488, A21202) in
washing buffer for 2 h at RT, followed by washing with
0.1% Triton-1X PBS 3x for 5 min and counterstained
with DAPI. Images were captured using a confocal
microscope (Leica).

Quantification of EV-A71 titre in mice tissues
EV-A71-infected mice were sacrificed on 6 days post-
infection (dpi) and mice tissue, including hind limb
and brain, were collected into CK14 homogenizing
tubes (Bertin Corp), homogenized, and titrated by
plaque-forming assay. The tissues were weighed and
1 ml and 0.5 ml of DMEM for limb tissues and brain
tissues were added, respectively, into the tubes before
homogenization using an orbital shaker at 6000 × g for
10 s. The process was repeated 3 times for brain tissues
and 9 times for limb tissues. The homogenized tissues
were centrifuged for 10 min at 8000 × g, 4 ◦C to pellet
tissue debris. Supernatants were collected, and the viral
load was titrated by viral plaque assay.34

Statistical analysis
Statistical analysis was performed using GraphPad
Prism (Version 9, La Jolla, CA, USA). Differences
between two groups were analyzed by student t-test
(two-tailed). P-value was considered statistically signifi-
cant as follow: *p < 0.05, **p < 0.005, ***p < 0.001.
Differences between multiple groups were analyzed by
either one-way ANOVA or two-way ANOVA. P-value
was considered statistically significant as follow: *adj-
p < 0.05, **adj-p < 0.01, ***adj-p < 0.005, ****adj-
p < 0.001.
Role of funding source
The funders played no part in the design, data collec-
tion, data analysis, interpretation, writing or decision to
publish the results.
Results
Development of AAV-CRISPR-Cas antiviral modality
for RNA virus targeting
The EV-A71 life cycle is typical of a positive-strand
single-stranded RNA virus, in which the virus enters
the cell, releases its RNA genome into the cytoplasm,
and synthesizes the negative-sense genomic and sub-
genomic viral RNAs from which new copies of the
positive sense viral genomes and transcripts are
synthesized.35 In this study, we proposed to use an
AAV-vector-based CRISPR-Cas13d system for direct
targeting and cleavage of the viral genome and mRNA
to reduce viral replication and pathology
(Supplementary Fig. S1a). We first built a new AAV
cargo construct (Supplementary Fig. S1b) bearing the
gRNAs and a CasRx that excludes the Nuclear Locali-
zation Signal (NLS) sequences so that the expressed
CasRx protein has access to the viral replication com-
plex residing outside the nucleus. To validate the
expression of the CasRx protein, we transduced
immortalized human muscle RD cells with AAV-
CRISPR-CasRx-gRNA and confirmed the expression
of the HA-tagged CasRx and its localization in
the cytoplasmic region via immunofluorescence
(Supplementary Fig. S1c). To test the efficacy of the
new construct, we generated AAV-CRISPR-CasRx-
gRNAs that target the GFP mRNA sequence and
tested the viruses on GFP-expressing cells (Table 1). A
titration experiment was first carried out in RD cells to
determine that AAV2-GFP at MOI of 10 K can confer
GFP expression in more than 98% of the cells without
the GFP oversaturation observed at MOI of 100K and
1000K (Supplementary Fig. S1d). Next, we tested two
different GFP-targeting gRNAs individually or in
combination. The results confirmed that the AAV2-
CasRx-gRNAs reduced GFP expression in a dose-
dependent manner by 7.6% and 27.1% (GFPgRNA1),
7.4% and 25.2% (GFPgRNA2), and 6.5% and 21.9%
(GFPgRNA1 + 2), at MOIs of 100K and 1000K
(Supplementary Fig. S1e). There is no significant dif-
ference in the knockdown effect by these GFP gRNAs.
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gRNA name gRNA sequence

GFPg1 GTGAACAGCTCCTCGCCCTTGCT
GFPg2 GCTGAACTTGTGGCCGTTTAC

Table 1: For GFP gRNA sequences.
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Computational gRNAs design and multiplexed
CRISPR-Cas targeting of RNA viruses
To design antiviral CRISPR-gRNAs, we developed
Cas13gRNAtor, a bioinformatics tool that first gener-
ates all possible gRNA candidates for a user-provided
sequence and then scores each gRNAs via multiple
parameters: (i) multiple sequence alignment of target
genes/genomes to defined conserved regions with
entropy and conservation scores, (ii) structural infor-
mation (RNA folding, hybridization energy), (iii) on-
target scores for predicted efficacy,28 and (iv) off-
target scores for specificity (Fig. 1a). We applied
Cas13gRNAtor to curate an in silico list of candidate
gRNAs that target EV-A71 within the highly conserved
viral regions (to anticipate and avoid mutational
escape) and are highly dissimilar to the human tran-
scriptome (to minimize off-targeting). We filtered for
the top 3rd and 4th quartiles (Q3 and Q4) of candidate
gRNAs based on gRNA score (Fig. 1b), eliminated
gRNAs predicted to have potential off-target sites
within the human transcriptome (hg38; including
non-coding RNA), and eliminated gRNAs with T-ho-
mopolymers (>3 Ts), thereby obtaining a subset of
1661 candidate gRNAs. Cas13gRNAtor further nar-
rowed to the best 100 candidate gRNAs that target
highly conserved viral regions with a mean conserva-
tion score of at least 0.9 for the target protospacer
(conservation score of 1.0 represents fully conserved
across all viral sequences).

Candidate gRNAs targeting protein-coding regions
and their 5’UTRs are highly conserved (>90%) across all
genomes and avoid the lower conservation and higher
entropy scores in more variable regions. We found that
all 13 viral gene transcripts, and their respective 5’UTRs,
could be targeted with Q4 gRNAs with a maximum
mismatch score of 3 relative to the consensus sequence
(Supplementary Fig. S2a and b). A combination of at
least 3 gRNAs targets at least 99% of the EV-A71 ge-
nomes (n = 736), with 2 mismatches outside the pro-
tospacer intolerant region tolerated for each gRNA
(Supplementary Fig. S3). We also analyzed another 414
Enterovirus B (EV-B) and 735 Enterovirus C (EV-C)
genomes and found that a combination of 3 gRNAs
targets at least 67% of the genomes with up to 3 mis-
matches tolerated (Supplementary Fig. S2c and d).

To efficiently deliver the CRISPR-Cas system into hu-
man skeletal RD cells that serve as the in vitro model for
EV-A71 infection, we first performed an AAV serotype
bio-panning experiment to determine the AAV serotype
that best transduces the cells. Among 9 serotypes, we
www.thelancet.com Vol 93 July, 2023
identified AAV2 as the most efficient serotype for human
skeletal RD cells (Supplementary Fig. S4).

We then investigated if there were any differences in
the activity of the individual gRNAs based on their target
gene or gRNA scores. AAV2-CRISPR-CasRx bearing each
of the individual gRNAs were used to transduce RD cells
at MOI of 1K, 10K, 100K, and 1000K, followed by infec-
tion of the cells using EV-A71 at MOI of 1 at 72 h post-
transduction (Fig. 1c–e). The supernatant is then har-
vested at 12 h post-infection for viral plaque-forming
assay. Our results suggest that for individual high-
scoring gRNAs, significant virus inhibition was
observed at AAV-CRISPR-CasRx-gRNA at low MOIs of
1K, 10K, and 100K. For gRNAs targeting the VP3 and 3D
gene, inhibition of up to 1 log reduction of virus titer (up
to 90.8% of viral reduction) was observed. Low-scoring
gRNAs do not exhibit significant inhibition of virus
replication at AAV-CRISPR-CasRx-gRNA MOI of 1K,
10K, or 100K, but all gRNAs exhibit significant inhibition
of virus replication up to 1 log reduction of virus titer at
AAV-CRISPR-CasRx-gRNA MOI of 1000K. This dem-
onstrates that Cas13gRNAtor can identify single gRNAs
for efficient inhibition of viral replication. The result is
also consistent with recent in vitro Cas13 antiviral studies
that reported a reduction of up to 90% in virus titers or
reporter activity in cell culture.17,19 To confirm that the
viral inhibition is not due to any intracellular antiviral
activity stimulated by the AAV delivery vector, we per-
formed a host human innate and adaptive immune
response profiling using AAV2-CasRx-GFPgRNA2
transduced RD cells at MOI of 100K and 1000K. The
results showed minimal intracellular antiviral response
in the AAV2-CasRx-GFPgRNA2-transduced RD cells,
with only two genes (NLRP3 and SLC11A1) being
significantly upregulated in a dose-dependent manner
(Supplementary Fig. S5). NLRP3 and SLC11A1 are both
involved in macrophage activation or recruitment but
have not been shown to exhibit intracellular antiviral ac-
tivity.36,37 With the minimal innate immunity induced in
cells and the absence of viral inhibition from the AAV2-
CasRx-GFPgRNA2 negative controls, we conclude that
the antiviral function of AAV-CasRx-gRNAs is specific
and caused by activity from the gRNA-targeted CRISPR-
CasRx endonuclease.

To develop a more potent AAV-CRISPR-Cas anti-
viral, we evaluated two gRNA combinations against EV-
A71, one with 4 candidate gRNAs targeting different
genes (2 A, VP3, and 3D) and another with 4 candidate
gRNAs targeting only one gene (3D) for comparison of
antiviral efficacy (Fig. 1c, Table 2, and Supplementary
Fig. S3). The multi-gRNAs multi-genes combination
targeting the 2A, VP3, and 3D genes exhibits significant
inhibition of viral replication titer by up to 91.1% at MOI
of 100K and 1000K but is not significantly better than
the single gRNAs approach (Fig. 1d). In comparison,
with the multi-gRNAs single-gene combination where
4 gRNAs target the same 3D gene, we observed a
7
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Fig. 1: CRISPR-CasRx gRNAs design strategy generates gRNAs with potent and specific antiviral activity in cells. a. Schematic of bioinformatics pipeline for gRNA
prediction and scoring, as applied to enterovirus genomes. b. Visualization of scores and gRNAs against 795 enterovirus target genomic sequences. Top: Entropy Score
(red) for each nucleotide of aligned viral genomes. Percentage of Conservation (blue) for each nucleotide among aligned viral genomes. Bottom: gRNAs on-target efficacy
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gRNA name gRNA sequence gRNA score Entropy score Conservation score

3Dg1 GTTGGTCCATTGATGTTTAGTCT 0.011814542 0.22192 0.94165

3Dg2 TTGGAAAACAGGGCTTGTTCAAA 0.049176595 0.24443 0.92918

3Dg3 TAGCACGCTTCCTCCATGCTCAT 0.56835903 0.17175 0.95543

3Dg4 TATTTATCCATGTAGAATTTCAT −0.06258042 0.17843 0.94914

3Dg5 ATGATGTTGTTGATCATTGAATT 0.080602909 0.14546 0.96782

3Dg6 TCTGCAGGAGTCATGGTCAAACC 0.477791799 0.24641 0.93043

3Dg7 CAAAGTTAGGAATGGCCAACGCT 1.303861968 0.30996 0.9162

3Dg8 CACATACTTGGAAAACAGGGCTT 1.074780839 0.22671 0.94192

2Ag1 AACCACTCTGAAGTTGCCCACGT 1.241615481 0.19715 0.94526

VP3g1 GGTGACAGATGATTGTAGCCCAA 0.673976462 0.19415 0.95089

Table 2: For EV-A71 gRNAs sequences and scorings.

Articles
significant inhibition of up to 2 logs or 98.8% of virus
titer reduction (Fig. 1f). This strong antiviral effect of
gRNAs targeting 3D, despite the lower aggregate gRNA
scores, could reflect the function of 3D as an RNA-
dependent RNA polymerase (RdRP) and an essential
gene for the viral RNA synthesis in the replication cy-
cle.38 RdRP genes are a common target for developing
viral inhibitors and antiviral therapeutics via blockade of
viral replication.39,40 Next, we investigated if varying the
number of guides against the same gene target affects
the extent of viral inhibition. Increasing the number of
pooled gRNAs against 3D by up to three gRNAs did not
significantly improve the inhibition, which stayed at
approximately 1 log of virus titer reduction, while four
gRNAs inhibited up to 2 logs of virus titer reduction
(Fig. 1f and g). Further increasing the number of gRNAs
targeting the same gene to five increased the inhibition
up to 3 logs or 99.7% (Fig. 1f and g). The most potent
cocktail consisted of 6 gRNAs, with an observed inhi-
bition of up to 5 logs or 99.99% of virus reduction at
MOI of 100K or 1000K (Fig. 1e-g). Even at a lower MOI
of 10 K, significant inhibition by up to 90.1% of viral
reduction is observed (Fig. 1e). Together, these data
suggest that using multiple guides in a pool against the
3D gene that is critical to viral replication efficiently
eliminates EV-A71 RNA viruses in vitro. Importantly,
the almost complete elimination of viruses to less than
0.1% levels indicates that most infected cells were
transduced with the AAV and that the CRISPR-CasRx
system is functional within these cells.
score along the target enterovirus, color-coded and divided into four qua
scores. Red arrows: gRNAs with medium/low scores. d. Assessment of gRN
AAVs. After 72 h, the cells were subjected to EV-A71 infection at MOI of
p < 0.0001 for MOI, gRNAs, and MOIxgRNA interaction; Dunnett’s against
96-well plate and transduced with indicated AAVs. After 72 h, the cells we
for virus plaque assay (two-way ANOVA, p < 0.0001 for MOI, gRNAs, and
target inhibits EV-A71 replication. RD cells were treated with AAV-CasRx
ANOVA, Dunnett’s against eGFPg2). g. Multiplexed gRNA pools inhibit EV
eGFPg2). h. Specificity of CasRx-EV71_3Dguides pool in transduced human
A71 infected)). *adj-p < 0.05, **adj-p < 0.01, ***adj-p < 0.005, ****adj-
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To verify that the CRISPR-CasRx system is spe-
cific, we employed differential RNA expression anal-
ysis to identify potential off-targets in the human
transcriptome.15,41 No differentially expressed genes
were observed in AAV-CasRx-3DgRNAs-only (MOI
1000K) or EV-A71-only treated human muscle RD
cells compared to untreated cells, whereas cells
treated with both EV-A71 and AAV-Cas13d-gRNAs
show modest differential expression (absolute log2
fold change > 0.75; versus EV-A71-only) in 6 upre-
gulated human genes and 1 downregulated human
gene, which are predominantly involved in antiviral
response (Fig. 1h).

AAV-CRISPR-CasRx-3D_gRNAs multi-gRNAs pool
exhibits pan-enterovirus A71 inhibitory activity
To examine if there is broad inhibitory activity across
different enterovirus strains other than the lab strain
HFM41, we tested the six-gRNAs pool targeting 3Dpol
on three different EV-A71 strains (H, B5, and C4
strains). A picornavirus from the human enterovirus B
species, Echo 7 strain, is used as a control virus. Align-
ments of EV71_3DgRNA1-6 against the target regions in
the H, B5, and C4 strains showed non-matching (NM)
bases ranging from zero to six (Supplementary Fig. S6).
Results from plaque assays indicate that there is signif-
icant pan-enterovirus A71 inhibitory activity on the
replication of variant strains H, B5, and C4 induced by
the AAV2-CasRx-EV71_3DgRNA1-6 pool at MOI of
1000K but not at MOI of 10K or 100K (Fig. 2a), reducing
rtiles. c. Designed gRNAs against the enterovirus RNA genome. Blue arrows: gRNAs with high
A pools. 10K RD cells were seeded in each well of a 96-well plate and transduced with indicated
1 for 12 h, and the supernatant was then harvested for virus plaque assay (two-way ANOVA,
eGFPg2). e. Assessment gRNAs against the 3D gene. 10K RD cells were seeded in each well of a
re subjected to EV-A71 infection at MOI of 1 for 12 h, and the supernatant was then harvested
MOIxgRNA interaction; Dunnett’s against eGFPg2). f. Multiplexed CasRx gRNAs on a single 3D
bearing gRNAs at MOI of 1000K and infected with EV-A71 at MOI of 1 at 72 h later (one-way
-A71 plaque formation (all at a total MOI of 1000K) (two-way ANOVA, Dunnett’s against “0”
RD cells at MOI of 1000 K (n = 3 for both groups (EV-A71 gRNAs + EV-A71 infected) and (EV-

p < 0.001.
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Fig. 2: Pan-enteroviral inhibition by AAV2-CasRx-EV71_3Dguides. a. Assessment of inhibitory activity of the six-gRNAs pool targeting
HFM41 strain on three other EV71 variants (H strain, B5 strain, and C4 strain). 10K RD cells were transduced with AAV2-CasRx at MOI of 10K,
100K, and 1000K bearing either GFP guide2 or EV-A71 guide(s) for 72 h and then subjected to EV-A71 infection at MOI of 1 for 12 h, after
which the supernatant is harvested for virus plaque assay. b. The pool of 6 gRNAs designed against the HFM41 strain exhibits antiviral in-
hibition against three other EV71 variants (H strain, B5 strain, and C4 strain) at an MOI of 1000K. c. Each pool of 6 gRNAs is engineered
specifically for the sequences of the H, B5, or C4 strain. d. Each re-engineered pool of 6 gRNAs exhibits antiviral inhibition against their
respective H, B5, or C4 strain. In all panels, comparison between two groups (CasRx-GFPg2 and CasRx-EV71_3Dguides) was analyzed by Student
t-test (two-tailed). *p < 0.05, **p < 0.005, ***p < 0.001.
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viral plaque formation by 92%, 92.8%, and 91.6%,
respectively, compared with cells treated using control
AAV2-CasRx-GFPgRNA2 (Fig. 2b). No inhibitory activity
against the control virus Echo7 was observed. When the
gRNAs were re-engineered to perfectly match the
sequence of target regions in their respective EV-A71
variant strains, modest improvement of inhibitory ac-
tivity against the H strain was observed at the mid-
dosage MOI of 100K, but not for the B5 and C4
strains (Fig. 2c). At the highest MOI of 1000K, subtle
improvement in inhibitory activities were observed for
the H strain (92%–92.3% mean reduction in virus pla-
ques) and C4 strain (91.6%–92.4%) (Fig. 2d). These re-
sults suggest that the original AAV2-CasRx-
EV71_3DgRNA1-6 pool exhibits significant pan-
enterovirus A71 activities against other EV-A71 strains
(H, B5, and C4 strains) despite the presence of sequence
mismatches, and modifying the gRNAs for 100%
sequence match only modestly enhances the inhibitory
activities against these EV-A71 strains.

AAV-CRISPR-CasRx-gRNAs is prophylactic against
EV-A71 infection
To ensure efficient delivery of the therapeutics into
the mouse muscle tissue, which is a primary replication
site for the EV-A71 virus, we performed an AAV sero-
type bio-panning experiment using the immortalized
mouse C2C12 skeletal muscle cells, which identified
AAVDJ serotype as the most efficient among the 11
serotypes assessed (Supplementary Fig. S4b). To deter-
mine if the dosages for treatment are associated with
systemic toxicity, we injected 2-day-old mice with saline,
AAVDJ-CRISPR-CasRx-GFPgRNA2 at 1 × 1012 total viral
genomes (vgs), AAVDJ-CRISPR-CasRx-3D_gRNAs at
1 × 1011 total vgs, or AAVDJ-CRISPR-CasRx-3D_gRNAs
at 1 × 1012 total vgs. Mice were monitored daily for
www.thelancet.com Vol 93 July, 2023
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survivability, clinical symptoms, and body weight for up
to 19 days post-infection. Survival, clinical scores, and
body weight of treated mice were similar to control mice
without any signs of toxicity observed (Supplementary
Fig. S7).

We next investigated the effectiveness of the AAV-
CRISPR-CasRx antiviral modality in an established EV-
A71 murine model for HFMD.42 Most of these mice
succumb to the EV-A71 infection and displayed
mortality. We injected 2-day-old mice with either
AAVDJ-CRISPR-CasRx-GFPgRNA2 at 1 × 1012 total viral
genomes (vgs) as the control group or AAVDJ-CRISPR-
CasRx-3D_gRNAs at 1 × 1011 or 1 × 1012 total vgs as the
treatment groups (Fig. 3a). After 3 days, the mice were
injected intraperitoneally with a lethal dose of
2 × 107 PFU of EV-A71 per mouse and monitored daily
for survivability, clinical symptoms, and body weight.
Only 20% of the mice in the control group survived at 11
days post-infection (n = 5) (Fig. 3b). In contrast, 80% of
the mice survived in the 1 × 1011 vgs AAVDJ-CRISPR-
CasRx treatment group (n = 5, logrank Mantel–Cox
test; *p = 0.0396) at up to 19 days post-infection. The
higher treatment dose of 1 × 1012 vgs conferred 100%
protective effect in the infected mice (n = 7, logrank
Mantel–Cox test; *p = 0.0053) up to 19 days post lethal
infection. Based on physical symptoms of body weight,
activity, breathing, movement, and dehydration, we
observed higher clinical scores and lower body weights
of EV-A71-infected mice in the control group compared
with the two treatment groups. Whereas the treatment
groups showed low clinical symptoms (Fig. 3c and d),
EV-A71-infected mice in the control group developed
severe clinical symptoms, which include inactivity, loss
of body weight, and hind limbs paralysis.

To examine the impact that the AAV-CRISPR-CasRx
antiviral modality has on viral infection and pathology,
muscle and brain tissues of the EV-A71-infected mice
were harvested at 6 dpi and the viral titers were quan-
tified by viral plaque assay. The results showed that
while viral titers remain detectable in the hind limb and
brain tissues upon treatment in a few mice, a large
reduction in viral titers was observed in most treated
mice. In hind limbs, viral titration showed 2 to 3-log
reduction in 4 mice and viral titer was not detected in
2 of the mice in the 1 × 1012 total vgs treated mice group
(p = 0.0030, Kruskal–Wallis test) compared to the con-
trol group (Fig. 3e). In brain tissues, viral titration
showed a 3-log reduction in 3 mice and viral titer was
not detected in 3 of the mice in the 1 × 1012 total vgs
treated mice group (p = 0.0017, Kruskal–Wallis test)
compared to the control group (Fig. 3f). Furthermore,
no viral antigen distribution was observed in the mice
treated with 1 × 1012 total vgs, minimal viral antigen was
present in mice treated with 1 × 1011 total vgs, and se-
vere viral antigen distribution was observed in control
mice for both hind limbs and cervical spinal cord
anterior horn neurons (Fig. 3g). Results from H&E
www.thelancet.com Vol 93 July, 2023
staining performed on the limb muscle and spinal cord
tissues revealed no obvious muscle necrosis in mice
treated with AAVDJ-CRISPR-CasRx-3D_gRNAs at
1 × 1012 total vgs, mild necrosis in mice treated with
1 × 1011 total vgs, and severe necrosis in the control
group (Fig. 3h). Through immunohistochemistry,
CasRx-HA was observed in the hind limb and spinal
cord tissue sections, with a higher expression in mice
treated with 1 × 1012 total vgs of AAVDJ-CasRx-
GFPgRNAs or AAVDJ-CRISPR-CasRx-3D_gRNAs
compared to mice treated with 1 × 1011 total vgs of
AAVDJ-CRISPR-CasRx-3D_gRNAs (Supplementary
Fig. S8). These results indicate that AAVDJ-CRISPR-
CasRx-3D_gRNAs is an effective prophylactic for pre-
venting EV-A71 RNA virus infection and pathology
in vivo.

Effective elimination of viruses in vivo in EV-A71-
infected mouse model
We next evaluated the AAV-CRISPR-CasRx antiviral
modality when used as a therapeutic intervention in
mice already infected with EV-A71. We injected 5-day-
old mice intraperitoneally with a lethal dose of
2 × 107 PFU of EV-A71 per mouse. After 6 h, we
intraperitoneally injected mice with AAVDJ-CRISPR-
Cas-GFPgRNA2 at 1 × 1012 vgs or AAVDJ-CRISPR-
CasRx-3D_gRNAs at 1 × 1011 or 1 × 1012 total vgs and
observed the mice daily for survivability, clinical symp-
toms, and body weight (Supplementary Fig. S9a). The
results indicate that AAVDJ-CRISPR-CasRx-3D_gRNAs
at 1 × 1011 vgs successfully conferred survival of 80%
to the mice (n = 5, logrank Mantel–Cox test; *p = 0.0039)
and 1 × 1012 total vgs conferred survival to 100% of the
mice (n = 4, logrank Mantel–Cox test; *p = 0.0084) up to
19 days post lethal infection (Supplementary Fig. S9b).
We observed lower clinical symptoms, better body
weight, significantly reduced viral titers in hind limbs
and brains, significantly reduced viral antigens in tis-
sues, and alleviation of muscle necrosis in the treatment
groups (Supplementary Fig. S9c–h).

Importantly, even at an extended 24 h post-infection
treatment (Fig. 4a), AAVDJ-CRISPR-CasRx-3D_gRNAs
at 1 × 1011 vgs successfully conferred survival to 80%
of the mice (n = 5, logrank Mantel–Cox test; *p = 0.053)
and at 1 × 1012 total vgs conferred survival to 100% of
the mice (n = 5, logrank Mantel–Cox test; *p = 0.015) up
to 19 days post lethal infection (Fig. 4b). Treatment
groups again exhibited improved clinical scores and
body weights (Fig. 4c and d). Viral titers were signifi-
cantly reduced by 3 logs in the hind limbs (p = 0.0018,
Kruskal–Wallis test) (Fig. 4e) and 4 logs in the brain
tissues (p = 0.0029, Kruskal–Wallis test) (Fig. 4f) of mice
in the 1 × 1012 total vgs treatment group compared to the
control group. IHC in hind limbs and cervical spinal
cord anterior horn neurons showed minimal viral anti-
gen distribution in mice treated with 1 × 1012 total vgs,
modest viral antigen in mice treated with 1 × 1011 total
11
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Fig. 3: AAVDJ-CRISPR-CasRx confers prophylactic protection in a mouse model for hand, foot and mouth disease. a. BALB/c mice were
injected intraperitoneally with a dose of 1 × 1011 vgs or 1 × 1012 vgs of AAVDJ-EV71gRNAs per mouse at 2 days old and subsequently injected
intraperitoneally with EV-A71 at a dose of 2 × 107 PFU per mouse at 5 days old. 1 × 1012 vgs AAVDJ-GFPgRNA was used as control. b. Survival
curve of treated mice over 19 days post-infection (dpi). c. The body weight of each mouse in each treatment group over 19 dpi. Comparison
between two groups (CasRx-GFPg2 and CasRx-EV71_3Dguides) was analyzed by Log-rank (Mantel–Cox) test. *p < 0.05, **p < 0.005. d. The
clinical score of mice was recorded using the mice clinical assessment scoring system (M-CASS) involving observation of five markers: activity,
breathing, movement, body weight, and dehydration over 19 dpi. e. Treatment reduces virus titers in the hind limbs of mice as determined
using viral plaque assay. Viral titration results were from a single experiment with multiple mice. f. Treatment reduces virus titers in the brain of
mice as determined using viral plaque assay. Comparison between two groups (CasRx-GFPg2 and CasRx-EV71_3Dguides) was analyzed by
Kruskal–Wallis test with Dunn’s multiple comparisons post hoc test. **p < 0.005. Viral titration results were from a single experiment with
multiple mice. g. Immuno-histochemistry staining for the EV-A71 VP2-specific antigen. Presence of viral antigen in the hind limbs and cervical
spinal cord anterior horn cells (red arrow). h. H&E staining of the hindlimbs and spinal cord of mice. Polymorphonuclear meningitis in the spinal
cord (black arrow). Necrosis and focal interstitial mononuclear cell infiltrates in the hind limbs and spinal cord (blue arrow). Magnification of H&E
and IHC images are taken at 200X.
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Fig. 4: AAVDJ-CRISPR-CasRx prevents mortality and reduces pathology when applied 24 h after EV-A71 infection. a. BALB/c mice were
injected intraperitoneally with a dose of 2 × 107 PFU EV-A71 per mouse at 5 days old. After 24 h, mice were injected intraperitoneally with a
dose of 1 × 1011 viral genomes (vgs) or 1 × 1012 vgs of AAVDJ-EV71gRNAs per mouse. 1 × 1012 vgs AAVDJ-GFPgRNA was used as treatment
control. b. The survival of the mice was recorded for 19 days post-infection (dpi). Comparison between two groups (CasRx-GFPg2 and CasRx-
EV71_3Dguides) was analyzed by Log-rank (Mantel–Cox) test. *p < 0.05. c. The body weight of each mouse in each treatment group was
recorded for 19 dpi. d. The clinical score of each mouse was recorded using the mice clinical assessment scoring system (M-CASS). e. Virus titers
in the hind limbs of mice from different treatment groups were determined using the plaque-forming assay. Viral titration results were from a
single experiment with multiple mice. f. Virus titers in the brains of mice from different treatment groups were determined using the plaque-
forming assay. Comparison between two groups (CasRx-GFPg2 and CasRx-EV71_3Dguides) was analyzed by Kruskal–Wallis test with Dunn’s
multiple comparisons post hoc test. **p < 0.005. Viral titration results were from a single experiment with multiple mice. g. Immuno-
histochemistry staining for EV-A71 specific antigen. Presence of viral antigen in the hind limbs (red arrow). h. H&E staining of the hind
limbs and spinal cord of mice. Polymorphonuclear meningitis in the spinal cord (black arrow). Necrosis and focal interstitial mononuclear cell
infiltrate in the hind limbs and spinal cord (blue arrow). Magnification of H&E and IHC images are taken at 200X.
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vgs, and severe viral antigen distribution in control mice
(Fig. 4g). H&E staining performed on the limb muscle
and spinal cord tissues revealed that AAVDJ-CRISPR-
CasRx-3D_gRNAs alleviates the severe muscle necrosis
observed in the control group (Fig. 4h). Taken together,
the results indicate that the AAVDJ-CRISPR-CasRx-
3D_gRNAs modality is effective as a treatment against
EV-A71 throughout the treatment window pre-infection
and at 6 h and 24 h post-infection. Importantly, the
AAVDJ-CRISPR-CasRx-3D_gRNAs treatment prevents
death and eliminates up to 99.9% of the EV-A71 RNA
viruses in vivo.
Discussion
The AAV-CRISPR-Cas antiviral modality has tremen-
dous potential as a new class of treatment against RNA
viral infections. Unlike traditional small molecule drugs
and biologics, CRISPR-Cas13d operates with a distinct
strategy of directly cleaving the viral RNA genome and
viral mRNA. Here we show that CRISPR-Cas13d elim-
inates an RNA virus in vivo and prevents pathology and
death caused by the infection. This is important because
despite EV-A71 and HFMD cases exceeding a million
each year, there is currently no therapy available.
Against the different classes of EV-A71 therapeutics
evaluated preclinically in vivo (Supplementary Table),
the AAV-CRISPR-Cas13 technology demonstrates su-
periority with 4 to 5-log viral inhibition in key organs,
exquisite specificity, and broad pathological prevention.

Unique against other modalities that operate indi-
rectly by disrupting viral protein function, CRISPR-Cas
and RNAi function by direct nucleolytic destruction of
the viral nucleic acids. Tan et al. showed that siRNA
eliminates viral titers in the intestinal cells, but the au-
thors report that the siRNA modality cannot access
skeletal muscle nor the central nervous system (CNS),
both of which are important reservoirs and key tissues
for EV-A71 tropism and pathology.27 Our work here re-
ports the direct elimination of EV-A71 from these key
pathological tissue reservoirs. The siRNA reduced viral
transcript by 40% at low dose (1 nmol) and 100% at high
dose (1010 times at 10 mol) in vivo, which is also
consistent with the lower efficiency of the same siRNA
tested in vitro in RD cells,43 with the best result against
the 3D gene achieving 77.5% reduction in viral titers
and 89.3% reduction in viral plaque formation,
compared to the >99.9% reduction in viral plaque for-
mation using AAV-CRISPR-CasRx in vitro and in vivo.
The CRISPR-Cas13 (specifically CasRx) approach is su-
perior over RNAi in tissue accessibility, efficiency, and
specificity,15,41,44,45 all of which contribute significantly to
the safety and efficacy of the therapeutics.

We used the bioinformatics pipeline Cas13gRNAtor
to design CasRx gRNAs that target conserved regions
across the whole enterovirus phylogeny and showed that
it identifies effective single gRNAs for viral inhibition.
This pipeline focuses on gRNA design for targets with
nucleotide diversity, such as viral genomes, and benefits
from multiple predictive scoring algorithms, including
conservation scores, entropy scores, gRNA scores,28

crRNA folding energy, local target ‘C’-context, and up-
stream target ‘U’-context, all in an easy-to-use format
(https://github.com/chewlabSB2/Cas13gRNAtor).
Cas13gRNAtor designs candidate gRNAs predicted to
target conserved regions, exhibit minimal off-targets,
and effect high on-target efficiency. Empirical data val-
idates that the designed gRNAs are potent, highly spe-
cific without off-targets in the human transcriptome,
and robust across different strains, which together
indicate that a multi-parametric design pipeline that
goes beyond sequence conservation17,21 offers a user-
friendly single workflow towards designing gRNAs
with multiple desired properties. The pipeline is
modular, and advances in silico prediction of effective
gRNAs, as exemplified by Wessels et al. for Cas13,28

could further reduce the need for empirically
screening multiple gRNAs; while advances in off-target
predictions, as exemplified by precedents with Cas9,
could further increase specificity.

Development of new CRISPR-Cas13d antivirals
could first apply Cas13gRNAtor in individual gRNA
selection, followed by optimization in the number of
gRNAs, to identify the best combination for antiviral
activities. We used gRNA pools to target multiple re-
gions of a crucial gene transcript for cleavage to sup-
press viral replication. This strategy is effective with the
pooling of four gRNAs for the same gene target, and the
pooling of more gRNAs enhances the efficacy of viral
inhibition and reduces in vitro viral titer by more than
99.99%. A caveat is that despite gRNA pooling signifi-
cantly increasing antiviral activity, our current study is
limited to the few combinations used against EV-A71,
and future work may uncover further mechanisms for
effective combinations of gRNAs. The gRNA pool also
offers potent pan-enterovirus A71 inhibitory activity,
even in viral strains beyond the culture-adapted HFM41
lab strain. Despite some nucleotide variation across
multiple viral strains, antiviral efficiency is only subtly
improved by re-engineering the gRNAs to have a 100%
match to the target sequence of each EV-A71 variant,
suggesting that re-engineering is not a necessary step
for a pan-enterovirus A71 targeting strategy. Despite
some differences in the efficacy against the other EV-
A71 strains, H, B5, and C4, this antiviral effect re-
mains potent at a 1 log unit to 1.5 log unit reduction that
translates to >90% reduction in viral replication for all
the three strains of enteroviruses tested. A possible
explanation for this difference could be the lower
replication kinetics of these strains in vitro, which
generally results in a much lower viral titre baseline
following infection (Fig. 2). With a lower viral titre
baseline, the effect of the antiviral reduction will be less
pronounced. It is also observed that the reduction of
www.thelancet.com Vol 93 July, 2023
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GFP by AAV-CasRx-GFPgRNA is only 6%–28% in RD
cells as these were measured by the GFP protein fluo-
rescence level, whereas the titers from the EV-A71 pla-
que assay were measured in infectious units. The
gRNAs against GFP targets the exogenously overex-
pressed GFP mRNA, resulting in downregulation of the
GFP protein. The gRNAs against EV-A71 target the viral
3D polymerase mRNA/vRNA and would result in down-
regulation of the viral 3D polymerase protein, which
further inhibits viral production and infectious units;
this 1 log reduction in viral titer is the compounded
effect from RNA degradation, protein downregulation,
and virus inhibition.

The suckling mice model recapitulates the clinical
manifestation in pediatric human patients.34,42 We
showed that death from lethal EV-A71 infection is pre-
vented in the mice treated with AAVDJ-CasRx-
EV71gRNAs. In this infected mouse model, EV-A71
clinical symptoms start from day 5 after infection,
develop through day 11 after infection, and subse-
quently wane or progress to death (Figs. 3d and 4d and
Supplementary Fig. S9d and S10d). In comparison to
control, mice treated with AAVDJ-CasRx-EV71gRNAs
showed mild to no clinical symptoms throughout the
observation period. The absence of EV-A71 VP2 protein
expression in mice treated with AAVDJ-CasRx-
EV71gRNA further indicates the inhibition of viral
replication in the mouse hindlimb and spinal cord tis-
sue, key sites of EV-A71 pathology that previous siRNA
and plasmid modalities could not access in vivo27,45

(Supplementary Table).
The safety profile and efficacy of AAV and CRISPR-

Cas is an area of active research.30,46–48 We assessed po-
tential off-targeting by the AAV-CRISPR-Cas13-
EV71_3DgRNAs using whole transcriptome DESeq,
and the results are consistent with high specificity
without off-targeting observed. For delivery, we used
AAV vectors that are largely safe for in vivo therapeutic
applications, as supported by clinical trials and FDA-
approved products. The packaging limitation of AAV
has been a major obstacle to the application of CRISPR-
Cas technology in vivo, but recent discoveries of smaller
Cas systems make it possible for all-in-one delivery of
both the Cas and gRNAs within the same AAV, as
demonstrated in this antiviral modality. Our study also
highlights several opportunities for future investigation.
First, we focused on anti-EV-A71 gRNAs; future studies
could investigate if the increased potency from gRNA
pooling is a general strategy effective against other tar-
gets and dissect the molecular mechanism underlying
this synergy. Second, because our treatment potently
eliminated EV-A71 in one dose, and because EV-A71
causes mainly acute infection similar to most other
RNA viruses, re-administration of the treatment was not
necessary. With other viruses that might require re-
administration of the AAV-CRISPR-Cas due to reinfec-
tion or for enhanced potency, pre-existing immunity
www.thelancet.com Vol 93 July, 2023
against the treatment may impose safety challenges. In
such circumstances, it is possible to employ new
immune-evading engineered AAV vectors49 or Cas pro-
teins to bypass pre-existing immunity.

Our work demonstrates the potential of a new class
of AAV-CRISPR-CasRx antivirals that directly target the
RNA virus nucleic acid and effectively eliminate them
from infected cells both in vitro and in vivo. This is an
effective approach for inhibition of RNA viral replication
and pathogenesis in vivo, with the potential to be further
developed for clinical application in patients suffering
from different types of circulating and emerging RNA
viruses.
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