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SUMMARY

Despite numerous viral outbreaks in the last decade, including a devastating global pandemic, diagnostic
and therapeutic technologies remain severely lacking. CRISPR-Cas systems have the potential to address
these critical needs in the response against infectious disease. Initially discovered as the bacterial adaptive
immune system, these systems provide a unique opportunity to create programmable, sequence-specific
technologies for detection of viral nucleic acids and inhibition of viral replication. This review summarizes
how CRISPR-Cas systems—in particular the recently discovered DNA-targeting Cas12 and RNA-targeting
Cas13, both possessing a unique trans-cleavage activity—are being harnessed for viral diagnostics and ther-
apies. We further highlight the numerous technologies whose development has accelerated in response to

the COVID-19 pandemic.

INTRODUCTION

In 2020, we were directly faced with the question of whether we
were prepared for a global pandemic—and we were not. The
emergence of severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) revealed that comprehensive diagnostic testing
at a global scale and rapid discovery of potent therapeutics were
not achievable with current approaches. For diagnostics, the
limits lie in cost, turn-around time, and laboratory equipment
required for commonly used technologies; diagnostic reagents
and testing infrastructure can also become strained when de-
mand is high (Jayamohan et al., 2021). Additionally, the United
States Food and Drug Administration (FDA) has approved antivi-
rals and vaccines for only a small number (<25) of known viruses
(FDA, 2020a, 2020b). Without the means to detect emerging and
re-emerging viruses in the early stages of an outbreak, and
without a toolkit of antivirals, viruses will continue to threaten hu-
man health.

The expanse and diversity of viral species with pandemic po-
tential makes it challenging to prepare for a pandemic. Genomic
characterization of our microbial world has identified thousands
of viruses circulating in animal or insect species; some of these
microbes are known to cause human disease while others could
potentially infect humans (Morse et al., 2012; Nieto-Rabiela
et al., 2019; Olival et al., 2017; Woolhouse and Adair, 2013).
Within the thousands of viral species, there is further extensive
genomic sequence diversity. For example, there are three types
of influenza (A, B, and C), and within influenza A virus (FLUAV)
there are 18 hemagglutinin subtypes and 11 neuraminidase
subtypes (Bouvier and Palese, 2008; Tong et al., 2013). More-
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over, viruses evolve at a heightened rate compared with their
hosts. These mutations can lead to tolerance of new hosts,
drop out of diagnostic targets as has been observed for the
SARS-CoV-2 B1.1.7 variant initially discovered in the United
Kingdom, or resistance to current therapies (Behind The Bench
Staff, 2020; Holmes, 2009; Sanjuan et al., 2010). As a result,
there is great uncertainty in what viral species, variant, or virus
exposure will lead to the appearance of a more pathogenic
variant of an existing virus or a zoonotic spillover event. Given
this uncertainty, diagnostics and therapeutics would ideally
not require an in-depth understanding of viral biology, and
these technologies should be robust to viral mutations or be
easy to re-design when necessary.

Traditional diagnostic assays suffer from a trade-off between
programmability and field deployability. Polymerase chain reac-
tion (PCR) represents a gold standard for molecular diagnosis,
and design of PCR primers and probes relies on sequence alone.
However, the required laboratory infrastructure limits PCR’s use
outside well-equipped diagnostic laboratories. Antigen-based
tests represent a promising alternative for point-of-care testing,
but their sensitivity is often lower and assay design can be much
slower (Jayamohan et al., 2021).

Current approved antivirals require knowledge of the optimal
viral or host protein targets and are largely bespoke. The effec-
tiveness of small-molecule inhibitors has led to many being
approved for human use, yet both the development and repur-
posing of previously tested inhibitors is a slow and tedious pro-
cess (De Clercq and Li, 2016). Recently, large-scale proteomic
discovery studies have been used to identify potential SARS-
CoV-2 therapeutics. These approaches can help refine the list
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Figure 1. Cleavage activity of class 2
CRISPR-Cas effector proteins
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of drug candidates that could be repurposed and were used
when our understanding of SARS-CoV-2 biology was still limited
(Gordon et al., 2020a, 2020b). Nucleic-acid-based antivirals
such as small-interfering RNAs (RNAI) have been tested in cell
culture and animal models, but no RNAi-based therapeutics
approved to date are antivirals (Kole et al., 2012; Warren
et al., 2010).

Therefore, additional technologies that only require knowl-
edge of the genomic sequence of a virus could be critical for suc-
cessfully responding to future outbreaks. Clustered regularly
interspaced short palindromic repeat (CRISPR)-associated
(CRISPR-Cas) systems represent one such biological tool, as
they primarily rely on nucleic acid sequence information for their
activity. These systems have revolutionized our understanding of
numerous biological systems and have already demonstrated
extensive therapeutic potential for treating previously untreat-
able genetic diseases. Furthermore, continued assessment of
microbial diversity has led to the discovery of additional
CRISPR-Cas systems with different nucleic acid targets and
enzymatic properties. These systems could be key for the devel-
opment of both point-of-care diagnostics and programmable,
sequence-based antiviral therapeutics.

This review describes how CRISPR offers an alternative
approach for the detection of viral nucleic acids and the inhibition
of viral replication, with a focus on the recent, accelerated devel-
opment of these technologies due to the COVID-19 pandemic.

CRISPR-CAS SYSTEMS

To protect against pathogens and foreign plasmids, prokaryotes
have evolved systems to degrade foreign nucleic acids, to re-
cord these invasions as a form of immune memory, and to detect
and destroy these invaders when they return. Most prokaryotic
genomes contain CRISPR-Cas systems, which are characteris-
tically composed of repetitive sequences (CRISPR arrays) and
nearby CRISPR-associated (Cas) proteins (Barrangou et al.,
2007; Marraffini and Sontheimer, 2008). A CRISPR array is
defined as a series of palindromic direct repeats (DRs) separated
by short, unique sequences called spacers. CRISPR arrays are
bordered by Cas proteins that provide the enzymatic activity
necessary for the three stages of CRISPR immunity: (1) adapta-
tion, (2) CRISPR RNA (crRNA) biogenesis and expression, and (3)
interference. During the adaptation stage, spacers derived from
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stranded DNA (ssDNA). The complex of Cas13 and
its crBNA cleaves single-stranded RNA (ssRNA)
often in multiple locations and in the presence of the
ssRNA target Cas13 collaterally cleaves ssRNA. The
orientation of Cas13’s crRNA is representative of
subtypes VI-A/C/D. Cas9 does not possess collateral
cleavage activity. See text for more detail.

newly encountered foreign phages or plasmids are inserted into
the CRISPR array. During crRNA biogenesis, CRISPR arrays are
processed into individual, mature crRNAs (i.e., a single spacer
and DR) that surveil the cell for foreign nucleic acids. Finally, dur-
ing the interference stage, Cas proteins complexed with mature
crRNAs cleave foreign nucleic acid molecules with sequence
complementarity to the crRNA’s spacer sequence (see Hille
et al., 2018 for a comprehensive review).

A number of CRISPR-Cas systems have been identified in na-
ture; these have been organized into many categories defined
by 2 classes, 6 types, and 33 subtypes. To date, all CRISPR-based
technologies for viral nucleic acid detection and therapeutics use
class 2 Cas effector proteins. Class 2 systems are simple to imple-
ment in mammalian systems because a single, multidomain
effector protein is responsible for nucleic acid cleavage. This class
is further divided into type Il, V, or VI based on the Cas effector pro-
tein that mediates interference, and these types represent Cas9,
Cas12, and Cas13, respectively (Makarova et al., 2020). Each
Cas effector protein has distinct modes of action, described in
detail below, that factor into their relative applications (Figure 1).

crRNA-directed activity—target cleavage
Cas9 remains the most well known, characterized, and used
class 2 Cas effector protein. The ability of Cas9 to edit DNA
with exquisite specificity has transformed molecular biology,
with applications including epigenome editing, mutagenesis
screens, nucleic acid tracking, among others (see Pickar-Oliver
and Gersbach, 2019 for a detailed review). Cas9 possesses a
RuvC-like endonuclease and HNH nuclease domain that
together generate a blunt double-stranded DNA (dsDNA) break
in target sites with a 3'-NGG protospacer adjacent motif (PAM)
(Jinek et al., 2012; Mojica et al., 2009). Breaks are precisely three
nucleotides upstream of the PAM and repaired by host DNA
repair pathways. Repair of these breaks results in insertions or
deletions (indel) at the cleaved location. Cas9 activity also re-
quires a trans-activating CRISPR RNA (tracrRNA) in addition to
the crRNA,; together, the crRNA and tracrRNA can be produced
as a single RNA molecule termed the single guide RNA (sgRNA)
(Jinek et al., 2012). As a result, Cas9-sgRNA complexes repre-
sent a simple, programmable tool for specific editing and disrup-
tion of dsDNA targets.

Cas12 is a more recently discovered RNA-guided, DNA-
targeting Cas protein in which cleavage of either dsDNA or
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single-stranded DNA (ssDNA) is mediated by a single RuvC
endonuclease domain. Cas12-based cleavage of dsDNA re-
quires a 5'-(T)TTN PAM (Zetsche et al., 2015), yet Cas12 protein
engineering has been used to change or increase the flexibility of
its PAM sequence (Gao et al., 2017; Kleinstiver et al., 2019).
Cas12 cleavage results in a staggered dsDNA break, distant
from the PAM, with a 4-5 nucleotide overhang. Host DNA repair
pathways ultimately create an indel at the cut site (Zetsche et al.,
2015). Cas9 and Cas12 subtypes almost completely represent
the known DNA-targeting class 2 Cas effector proteins, and their
discovery has expanded the DNA sequences that can be
cleaved and edited due to their differing PAM requirements.

While DNA-targeting Cas effector proteins represent the ma-
jority of currently described class 2 systems, the recently discov-
ered, type VI effector Cas13 specifically cleaves single-stranded
RNA (ssRNA). Cas13 was initially predicted to be an RNA-target-
ing protein because of the presence of two higher eukaryotes
and prokaryotes nucleotide (HEPN)-binding domains. These do-
mains have been associated with both antiviral and abortive
infection mechanisms and are present in class 1 Cas effectors
with RNA-targeting activity (Anantharaman et al., 2013; Shma-
kov et al., 2015). Cas13’s single-stranded RNA (ssRNA)-target-
ing activity was demonstrated via its ability to protect bacteria
against infection by the RNA bacteriophage MS2 and its ability
to cleave synthetic ssRNA targets (Abudayyeh et al., 2016).

Unlike Cas9 and Cas12, Cas13 targets RNA, and cleavage
sites are not crBRNA-location specific. Cas13 RNA cleavage
does not require a PAM, yet initial studies showed conflicting ev-
idence for a required sequence motif adjacent to the target site,
named the protospacer flanking site (PFS) (Abudayyeh et al.,
2016; East-Seletsky et al., 2016). Subsequent characterization
of Cas13 illustrated that six nucleotides of perfect complemen-
tarity between the target RNA and the direct repeat sequence
adjacent to the spacer completely inhibited Cas13 cleavage
(Meeske and Marraffini, 2018). Given this sequence length and
need for complete complementarity, the locations of Cas13
cleavage sites are not heavily restricted. In addition, Cas13
cleaves RNA at multiple locations. Identified cut sites are not
at a precise location relative to the spacer but instead are depen-
dent on RNA structure and nucleotide identity with specific pref-
erences varying by Cas13 homolog (Abudayyeh et al., 2016;
East-Seletsky et al., 2017). The discovery and characterization
of Cas13’s RNA-targeting activity was essential for expanding
CRISPR-Cas’s applications to programmable manipulation of
RNA. As a result, the diversity of both nucleic acid targets and
cleavage behavior discovered within class 2 CRISPR-Cas sys-
tems has enabled tractable applications for both viral dsDNA
and ssRNA targeting.

Target-binding-mediated activity—collateral cleavage

Further characterization of type V and type VI Cas proteins,
Cas12 and Cas13, identified a unique, target-activated, non-
specific cleavage activity termed collateral cleavage. Collateral
cleavage activity was first discovered for Cas13. Following
RNA target recognition, Cas13 cleaved ssRNA in trans, and
this trans-cleaved RNA did not need to include a sequence com-
plementary to the provided Cas13 crRNA (Abudayyeh et al.,
2016; East-Seletsky et al., 2016). Since this initial discovery,
collateral cleavage activity was identified for multiple subtypes
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of Cas12. In the presence of a DNA target, Cas12 was shown
to cleave ssDNA in trans. This cleaved ssDNA did not require a
sequence complementary to the Cas12 crRNA (Chen et al,
2018; Harrington et al., 2018). For both Cas13 and Cas12, collat-
eral cleavage activity was not observed when a complementary
nucleic acid target was absent.

The discovery of collateral cleavage activity led to the devel-
opment of numerous CRISPR-based diagnostics and viral
detection technologies. Collateral cleavage has been harnessed
for these technologies by introducing short synthetic ssRNA or
ssDNA reporter molecules to the Cas protein-containing reac-
tions. Fluorescent detection is achieved using a synthetic
reporter flanked by a fluorescent molecule and quencher, and
fluorescence is measured as the quencher becomes physically
separated from the fluorescent protein in the presence of collat-
eral cleavage (East-Seletsky et al., 2016). Alternatively, synthetic
reporters flanked by fluorescein amidites (FAMs) and biotin have
been paired with commercially available lateral flow test strips.
Here, accumulation of FAM-bound gold nanoparticles (AuNPs)
enables visualization of colored bands at one or two locations
on the test strip: (1) the streptavidin location and (2) the FAM-
binding antibody location. Separation of the biotin and FAM by
collateral cleavage results in AuNP accumulation at the both
locations instead of being entirely sequestered by streptavidin
bound to the biotin (Gootenberg et al., 2018). For both formats,
the signal generated by collaterally cleaved reporters is then
used as a readout for the presence of a target sequence of
interest.

CRISPR-BASED DETECTION OF VIRUSES

Today, nucleic-acid-based diagnostics involve amplification and
detection of a viral sequence by either PCR or isothermal
amplification. Quantitative or qualitative PCR (qQPCR) or reverse-
transcriptase qPCR (RT-gPCR) is considered a gold-standard
nucleic-acid-based method. The design of gPCR assays is
straightforward and only requires knowledge of the viral
sequence. However, the cost, sample-to-answer time, and
personnel and equipment requirements limit widespread deploy-
ability. To eliminate the need for expensive thermal cycling
equipment, numerous isothermal amplification methods have
been developed and applied for virus detection. These ap-
proaches include loop-mediated amplification (LAMP) (Notomi
etal., 2000), nucleic-acid-sequence-based amplification (NASBA)
(Compton, 1991), recombinase polymerase amplification (RPA)
(Piepenburg et al., 2006), and nicking enzyme amplification
reaction (NEAR) (Abbott, 2020). Each approach has trade-offs in
performance characteristics related to multiplexibility, available
readouts, sensitivity, specificity, and testing throughput (Kurosaki
et al., 2017; Notomi et al., 2000; Patel et al., 2016).
CRISPR-based diagnostic technologies can supplement cur-
rent approaches because they are highly specific and sensitive
but do not require expensive laboratory equipment. The
sequence-specific nature of Cas-crRNA complexes inherently
allows CRISPR-based technologies to have similar specificity
to that of PCR. Cas13 and Cas12’s collateral cleavage does
not require temperature cycling (Chen et al., 2018; East-Seletsky
et al., 2016). Furthermore, collateral cleavage can be observed
using reporters compatible with visual readouts, eliminating the
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need for expensive equipment like thermocyclers and fluores-
cent readers (Gootenberg et al., 2018). CRISPR-based detection
technologies developed to date utilize different sample process-
ing and amplification methods, Cas effector proteins, and read-
outs, and have been designed for a wide array of both DNA and
RNA viruses, underscoring the versatility of these systems for
detecting viral nucleic acids (Figure 2).

Cas9-guided detection of viruses

Prior to the discovery of Cas effector proteins with collateral
cleavage activity, inventive methods were developed that use
Cas9'’s specificity for identification of viral genes or differentia-
tion between viral strains. In order to identify specific viral tar-
gets, Cas9 cleavage was combined with PCR in a method called
CARP (Cas9/sgRNAs-associated reverse PCR), also known as
ctPCR (CRISPR-typing PCR). This method involved amplifying
a particular target sequence containing two physically distanced
Cas9 PAM sites with PCR. The initial PCR resulted in sufficient
levels of dsDNA that could then be targeted with two Cas9
sgRNAs. lterative improvements of ctPCR (versions 1.0, 2.0,
and 3.0) varied the reactions required after Cas9 cleavage to
determine the presence or absence of the target. Target identifi-
cation was achieved by PCR amplification of ligated adapters
(Wang et al., 2018a), PCR amplification using reverse primers
that only amplified a cleaved and ligated sequence (Zhang
et al., 2018a), or gPCR amplification where relative efficiency be-
tween reactions with or without Cas9 were compared (Zhang
et al., 2018b). In addition to ctPCR, NASBA-CRISPR cleavage
(NASBACC) was developed, which combines NASBA amplifica-
tion, toe-hold sensors, and Cas9 cleavage. Implementation of
NASBACC required at least one divergent site between the se-
quences to be differentiated that disrupts Cas9's PAM. If
Cas9’s PAM was present in the target, Cas9 cleaved the toe-
hold sensor binding site allowing for differential signals between
the two targets (Pardee et al., 2016).

These Cas9 detection systems have been applied to a few vi-
ruses and viral strains. One key example is ctPCR’s use to detect
human papillomavirus (HPV) genes in multiple subtypes of
HPV16 and HPV18. Additionally, NASBACC was used to differ-
entiate between Zika virus (ZIKV) American and Asian strains.
Although these studies highlight the versatility of Cas9 for de-
tecting and differentiating viruses, these methods require multi-
ple reactions —either for amplification or for manipulation of the
amplified products—which limits their deployability.

Cas13- and Cas12-based detection technologies

The characterization of Cas13 and Cas12’s collateral cleavage
activity has led to the development of a number of user-friendly,
CRISPR-based detection methods with potential for field de-
ployability as well as massive scalability.

Following the characterization of Cas13’s collateral activity,
the technology SHERLOCK (specific high-sensitivity enzymatic
reporter unlocking) was developed (Gootenberg et al., 2017;
Kellner et al., 2019). SHERLOCKv1 harnessed the programma-
ble, RNA-guided activity of Leptotrichia wadei (LwaCas13a),
which had the optimal target-activated collateral cleavage activ-
ity known at the time. LwaCas13a alone could not detect the
wide range of potential viral titers in patient samples, so the
isothermal amplification method RPA (Piepenburg et al., 2006)
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was used to increase assay sensitivity. Because RPA results in
a dsDNA product, SHERLOCK required T7-mediated in vitro
transcription of the amplified product to generate RNA that can
be detected by Cas13. Detection of the amplified target was
achieved through the introduction of a synthetic ssRNA molecule
flanked by a quencher and an attached fluorescent dye,
and fluorescent signal generated by collateral cleavage was
measured by a fluorescent reader.

Soon after, Cas12 was used for nucleic acid detection in other
technologies such as DETECTR (DNA endonuclease targeted
CRISPR trans reporter) (Chen et al., 2018) and HOLMES (1-h
low-cost multipurpose highly efficient system) (Li et al., 2018).
These methods eliminated the need for in vitro transcription after
amplification because Cas12 can detect the direct product of
amplification reactions (i.e., dsDNA). When Cas12’s collateral
cleavage activity was triggered by the sensed dsDNA target,
an introduced ssDNA quenched fluorescent reporter molecule
was cleaved in trans. These two Cas12-based methods used
different amplification approaches; in their initial publications,
DETECTR employed RPA while HOLMES used PCR. These
CRISPR-based detection methods can be applied across
numerous contexts ranging from cancer to human genotyping,
described in more detail in Wang et al. (2020a).

Cas13- and Cas12-based detection of a single virus
Cas13- and Cas12-based diagnostics have been shown to sensi-
tively detect a wide range of viral targets with singleplex assays.
SHERLOCK'’s utility for detecting viral nucleic acids was first
demonstrated amidst the Zika epidemic through its ability to
detect low quantities of ZIKV in contrived lentivirus samples at
known concentrations and in patient samples with a range of viral
titers (Gootenberg et al., 2017). DETECTR was first used to detect
HPV16 and HPV18 DNA in a set of 25 patient samples. When this
technology was compared with gold-standard qPCR, DETECTR
produced concordant results in all but two samples (Chen et al.,
2018). A growing number of CRISPR-based assays have since
been developed and validated for human viruses: Japanese en-
cephalitis virus (JEV), Epstein-Barr virus (EBV) (Wu et al., 2019),
Powassan virus (Normandin et al., 2020), H7N9 influenza virus
(Liu et al., 2019), hantavirus (Curti et al., 2020), Ebola virus
(EBOV), and Lassa virus (LASV; causative agent of Lassa fever)
(Barnes et al., 2020). Due to the flexibility of these platforms,
CRISPR-based assays could be developed for any viral pathogen
with sufficient genomic information.

The emergence of SARS-CoV-2 in late 2019 highlighted how
rapidly CRISPR-based detection methods can be tested and
validated for a new virus once its genomic sequence is known.
Almost immediately after the first SARS-CoV-2 genomes were
published, new assays were being developed and posted on so-
cial media and preprint servers (Broughton et al., 2020a; Lucia
et al., 2020; Metsky et al., 2020; Zhang et al., 2020), followed
shortly by peer-reviewed publications. A SARS-CoV-2 assay
was developed using the DETECTR method and validated on
>70 patient samples, highlighting the speed at which these as-
says can be developed (Broughton et al., 2020b). Similarly, a
SHERLOCK assay was validated on >150 patient samples in
Thailand having strong concordance with RT-qgPCR (Patchsung
et al., 2020). Many more publications soon followed (Ackerman
et al., 2020; Ali et al., 2020; Arizti-Sanz et al., 2020; Chen et al.,
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Figure 2. Different experimental methods for
CRISPR-based detection of viral nucleic

J acids

\{\ Sample Most CRISPR-based detection methods require

sample processing, amplification, and Cas12- or

|

¢ ) X l Cas13-mediated detection with a particular
\ \ readout. Sample processing can be performed by
@ . filter-based or magnetic-based extraction or

X A

Heat and chemical

Filter-based Magnetic-based inactivation
nucleic acid extraction nucleic acid extraction (e.g. HUDSON, lysis buffer)

various chemical and/or heat inactivation ap-
proaches. Amplification is performed using PCR or
isothermal methods such as RPA and LAMP.
Detection by Cas12 and Cas13 can have either a
fluorescent or visual readout.

Sample Processing

The COVID-19 pandemic also created a
path for emergency use authorization
(EUA) by the FDA for CRISPR-based

1 Temp Y 1 Temp
= SARS-CoV-2 diagnostics. Soon after

- these CRISPR-based detection technolo-
— E e gies were published, SHERLOCK Biosci-
S ences received an EUA for a CRISPR-
_ based diagnostic for SARS-CoV-2, and
— D 7D Mammoth Biosciences soon followed

PCR RPA LAMP (FDA, 2020c, 2020d)—the first FDA autho-

| | rizations of a CRISPR-based diagnostic—

Amplification

underscoring the future potential of
CRISPR-based diagnostics for becoming
part of the standard selection of molecular
l assays for viral diagnosis.

l Cas13- and Cas12-based detection
@ of viral mutations
The sensitivity of Cas13 and Cas12 cleav-
Cas12-based Cas13-based age activity to mismatches between the
I | target and crBRNA enabled development
of CRISPR-based assays that can identify
single-nucleotide polymorphisms (SNPs).

l l It was experimentally determined that the

presence of a single mismatch between
Cas13’s crRNA and the target RNA did
not eliminate cleavage, but if a second

+ mismatch was present, target cleavage
s and consequently collateral cleavage was

_ Control disrupted. CRISPR-based SNP assays
- ] E:(Tple were then developed by designing crRNAs

Time with a synthetic mismatch near the SNP,
so the SNP would then act as the second
mutation between the crRNA and the
target sequence. In this way, there would
be differential collateral cleavage signal
depending on the presence or absence of
the SNP in the target (Gootenberg
In-tube AuNP color change et al., 201 7)_

CRISPR-based SNP assays have been
developed for a variety of viruses and viral
mutations. Early studies showed that

2020; Fozouni et al., 2021; Guo et al., 2020; Hou et al., 2020;  Cas13 crRNAs could differentiate ZIKV strains, two dengue virus
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Table 1. SARS-CoV-2 RNA Detection Technologies

Amplification

Cas

Effector Assay

Companion

Smartphone SARS-CoV-2

Patient Sample Validation

No. of + No. of -

Sensitivity Specificity

Technology Sample Processing  Method Protein Readout App Target Gene Samples Samples (%) (%) Reference
DETECTR Nucleic acid RT-LAMP Cas12 Lateral flow E 36 42 95 100 Broughton et al., 2020b
extraction N 36 42 95 100
CARMEN Nucleic acid PCR Cas13  Fluorescent Orflab n.d. n.d. n.a. n.a. Ackerman et al. 2020
extraction
CASdetec Chemical treatment ~ RT-RPA Cas12  Fluorescent Orflab n.d. n.d. n.a. n.a. Guo et al. 2020
SHERLOCK Nucleic acid RT-RPA Cas13  Fluorescent S 81 453 100 100 Patchsung et al., 2020
extraction Lateral flow s 81 453 97 100
CRISPR-COVID Nucleic acid RT-RPA Cas13  Fluorescent Orfiab 52 36 100 100 Hou et al. 2020
extraction
CRISPR-FDS-v1.0 Nucleic acid RT-RPAor  Cas12 Fluorescent N or Orfiab 19 10 100 71.4 Huang et al. 2020
extraction RT-PCR
CRISPR/Cas12a-NER  Nucleic acid RT-RPA Cas12  Fluorescent E 16 15 100 100 Wang et al. 2020
extraction
STOPCovidv1 Chemical and heat  RT-LAMP Cas12 Lateral flow N 62 22 84 100 Joung et al. 2020
treatment
STOPCovidv2 Chemical, heat, and Fluorescent N 200 200 93.1 98.5
magnetic treatment
iISCAN Nucleic acid RT-LAMP Cas12  Fluorescent E 26 50 100 Ali et al. 2020
extraction Fluorescent N 26 88 100
Lateral flow N 21 3 81 100
Electric field-mediated Chemical and heat ~ RT-LAMP Cas12  Fluorescent N 32 32 90.6 100 Ramachandran et al. 2020
SARS-CoV-2 detection treatment followed E 32 32 90.6 100
by isotachophoresis
extraction
SHINE Chemical and heat ~ RT-RPA Cas13  Fluorescent X Orflab 42 40 93.3 100 Arizti-Sanz et al. 2020
treatment (HUDSON) Lateral flow Orfiab 4 3 100 100
Contamination-free, Nucleic acid RT-LAMP Cas12 Fluorescent X Orflab 7 3 100 100 Chen et al. 2020
visual Cas12 assay extraction E n.d. n.d. n.a. n.a.
N n.d. n.d. n.a. n.a.
Direct, Cas13a Nucleic acid n.a. Cas13  Fluorescent X E & N combined 5 1 100 100 Fozouni et al. 2020
detection extraction
CRISPR-FDS-v2.0 Chemical and heat ~ RT-RPA Cas12  Fluorescent Orflab 44 59 100 100 Ning et al. 2020
treatment of saliva Fluorescent X Orf1ab 44 59 97.7 100
Chemical and heat ~ RT-RPA Cas12  Fluorescent Orflab 27 76 100 97.7
treatment of nasal Fluorescent X Orflab 27 76 100 98.7

swab

(@]

Yy
v
>

S®
]
N Y)

9C0J0I|| 2 1SOH 19D



Cell Host & Microbe

developed for 27 common HIV drug resistance mutations: six
reverse-transcriptase inhibitor mutations and 21 integrase inhib-
itor mutations (Ackerman et al., 2020). Similarly, Cas12 crRNAs
can be designed for detection of specific mutations, and
Cas12-based assays were developed to identify a SNP that
differs between HPV16 and HPV18 (Teng et al., 2019). The
specificity of Cas13 and Cas12 has therefore unlocked a new
diagnostic application that was not possible for most simple
molecular diagnostics and has significant implications for moni-
toring viral strains and drug resistance.

High-throughput and multiplexed CRISPR-based viral
diagnostics

Diagnostic methods that can test many samples in parallel or
surveil many viral targets have substantial advantages for
outbreak testing and viral surveillance. Initial multiplex assays
had amplification primers designed against conserved viral re-
gions and Cas13 crRNAs that would specifically bind a specific
viral species or subtype. A single amplification reaction could
be used for all targets, and separate detection reactions were
run in parallel. This approach was used to create a flavivirus
panel as well as an assay to differentiate among the four sero-
types of DENV (Myhrvold et al., 2018). However, the requirement
of separate detection reactions limited this multiplexed method
for high-throughput testing.

Detection reactions could be performed in a single tube per
sample by harnessing different cleavage preferences of multiple
Cas proteins or orthologs. Upon characterization of the nucleo-
tide-specific cleavage preferences of Cas proteins, SHERLOCK
reactions were developed that can detect up to four targets in a
single reaction (Gootenberg et al., 2018). These assays applied
the discovery that LwaCas13a cleaves at Us while different
Cas13b orthologs cleave at As or UA, and Cas12 collaterally
cleaves ssDNA. Two-target assays have been used to detect
ZIKV and/or DENV in the same detection reaction (Gootenberg
et al., 2018) or to identify the F260L mutation that differentiates
the chronic or acute strains of the mammalian arenavirus, lym-
phocytic choriomeningitis virus (LCMV) (Freije et al., 2019). It is
evident that varied cleavage preferences have important impli-
cations for the development of multiplexed CRISPR-based
assays.

The integration of microfluidic approaches and CRISPR-
based detection methods enabled both automated approaches
and versatile methods to test hundreds of samples or targets in
parallel. To eliminate reaction steps and increase the ease of
testing, a portable microfluidic device was developed to detect
EBOV RNA in up to 24 samples in parallel without amplification
(Qin et al., 2019). In addition, microwell arrays and Cas13-based
detection were combined in a highly multiplexed detection
method called combinatorial arrayed reactions for multiplexed
evaluation of nucleic acids (CARMEN)-Cas13 (Ackerman et al.,
2020). Color-coded, nanoliter-sized droplets of pre-amplified
samples and Cas13 detection reactions are generated, and all
potential pairs of samples and detection reagents are arranged
at random in a customized microfluidic chip. Paired droplets
are imaged to map target and crRNA locations, and droplet pairs
are then merged to initiate the detection reactions. In its initial
instantiation, CARMEN-Cas13 was able to run nearly 5,000 tests
at a time. It was also designed to be modular, so that thousands
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of samples could be simultaneously tested against a few viral tar-
gets or a few samples could be tested against all viral targets.

The scale of CARMEN-Cas13’s multiplexing was highlighted
in the design of a pan-viral assay that allows for testing samples
for all viruses known or suspected to infect humans with
sufficient viral sequence data. Beyond this pan-viral assay,
CARMEN-Cas13 was used for discriminating among all hemag-
glutinin (H1-H16) and neuraminidase (N1-N9) subtypes of
FLUAV. The power of these microfluidic and other miniaturiza-
tion approaches will enable more high-throughput approaches
to diagnostic testing that could be useful both for active outbreak
tracking and continuous viral surveillance.

Expanding the utility of CRISPR-based diagnostics
beyond the laboratory

The potential for CRISPR-based diagnostics to be used at the
point of care is a driving force in the enhancement of these tech-
nologies. To achieve this goal, limited (or even no) laboratory
equipment or trained personnel should be necessary from sam-
ple collection to the result. Several advances are critical to bring
point-of-care testing to fruition.

Simple sample inactivation methods are key to reducing
hands-on and sample-to-answer time and achieving truly
deployable diagnostics. New sample inactivation technologies
include commercial lysis buffers and heat and chemical treat-
ments, which eliminate the need for time consuming, filter- or ro-
botic-based extraction methods. HUDSON (heating unextracted
diagnostic samples to obliterate nucleases) uses chemical and
heat treatment to inactivate nucleases in patient samples and
lyse viral particles once these nucleases were inactivated (Myhr-
vold et al., 2018). Sample types tested included urine, saliva, and
several blood products. HUDSON-treated samples could be
directly added to SHERLOCK reactions without impairing sensi-
tivity or specificity. HUDSON was initially applied to detect ZIKV
and DENV from unextracted patient samples, but the method
was later shown to be appropriate for other viruses and sample
types. A modified HUDSON protocol was shown to sufficiently
inactivate LASV with viral inactivation tested by plaque assay
(Barnes et al., 2020). In addition, a 10-min HUDSON method
could be performed in saliva and nasal swab collection media
(Arizti-Sanz et al., 2020). Proteinase k and heat treatment has
also been used for simplified sample processing, and this
approach was sufficient to isolate HPV DNA from patient sam-
ples and used for DETECTR assays (Chen et al., 2018). Unlike
many filter-based extraction methods, these early methods do
not concentrate nucleic acids in a sample. However, recent
SARS-CoV-2 detection methods have combined room-temper-
ature lysis buffers and magnetic beads to concentrate nucleic
acids with a simple and fast method (Joung et al., 2020).

Reducing the number of user manipulations following sample
processing is essential for further simplification of these
methods and reduction of the risk of target contamination. There
are two approaches to combining amplification and detection re-
actions in a single tube: (1) physical separation of the reaction
components within the same tube that can be mixed later or
(2) identification of reaction conditions that eliminate the need
for amplification or are compatible for both amplification and
CRISPR-based cleavage. The former approach still requires
the user to manipulate the tube, albeit without opening it, and
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has been tested using mineral oil (Chen et al., 2020) or placing
reagents on the side of the tube (Ali et al., 2020) or in the tube’s
cap (Guo et al., 2020), followed by shaking the tube after the
initial incubation. Thermophilic Cas12 orthologs were used in
HOLMESv2 and STOPCovid so that RT-LAMP and Cas12 detec-
tion could be performed in a single tube. These one-step
methods were used for detection of JEV (Li et al., 2019) and
SARS-CoV-2 (Joung et al., 2020). A single-step SHERLOCK
method, as part of SHINE (streamlined highlighting of infections
to navigate epidemics), combined RT-RPA and Cas13 cleavage
into a single reaction to detect SARS-CoV-2 RNA. The ability to
use a single reaction was achieved through optimization of the
buffer conditions, the reporter, and enzymatic components
(Arizti-Sanz et al., 2020). Finally, combining crRNAs and using
a more active Cas13a ortholog, Leptotrichia buccalis Cas13a,
has been shown to eliminate the need for amplification (Fozouni
et al., 2021). These methods reduced hands-on time, and ampli-
fied products remained contained in a single tube, reducing the
risk of contamination without reducing assay sensitivity.

The use of inexpensive, portable fluorometers and colori-
metric readouts in the form of a lateral flow paper strip or color
change are another key to field deployability. Green fluorescent
signal can be measured using a portable, blue-light-emitting de-
vice and has been used to detect SARS-CoV-2 using both
Cas12- and Cas13-based approaches (Arizti-Sanz et al., 2020;
Fozouni et al., 2021; Guo et al., 2020; Ning et al., 2020; Wang
et al., 2020b). Fluorescent readouts with portable readers com-
bined with simple sample processing would allow these technol-
ogies to be implemented in pop-up labs.

Colorimetric readouts require no equipment for readout and
are thus even more tractable for at-home testing. In the develop-
ment of SHERLOCKV2, lateral flow readouts were paired with
Cas13 detection of ZIKV, DENV, and viral SNPs by replacing
the fluorescent reporter with a FAM-biotin ssRNA reporter.
Results were then visualized when AuNPs accumulated at the
control and/or test line of commercially available lateral flow
strips (Gootenberg et al., 2018; Myhrvold et al., 2018). This
same strategy has been applied for lateral flow-based detection
of African swine fever virus (ASFV) using Cas12-based detection
of amplified samples (Lu et al., 2020). Lateral flow readouts have
also been used with Cas9-based detection methods. CASLFA
(CRISPR-Cas9-mediated lateral flow nucleic acid assay) used
lateral flow strips to detect ASFV. Samples were amplified by
PCR or RPA using biotin-containing primers and an AuNP-
coupled probe was introduced that could bind to an extended
hairpin of Cas9’s sgRNA. When Cas9 and the sgRNA bound
the biotin-containing amplified product, a visual band appeared
on a lateral flow test strip (Wang et al., 2020c).

Colorimetric readouts that do not require individual paper test
strips per sample would enhance the scalability of these equip-
ment-free approaches. The isothermal, nucleic-acid-based
amplification method LAMP can be performed with an in-tube,
colorimetric readout. Samples, processed by either nucleic
acid extraction or lysis, are heated at a single temperature, and
amplification of the target nucleic acid causes a drop in pH
visualized using a pH indicator (Poole et al., 2017). A pH-driven
colorimetric readout has yet to be shown for CRISPR-based
detection. However, in-tube colorimetric readouts for CRISPR-
based assays can be accomplished by visualizing collateral
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cleavage activity using nucleic acid-coupled AuNP because
the visual appearance of AuNPs is dictated by their prox-
imity —aggregated AuNPs are clear while disaggregated AuNPs
are red. Therefore, the color of a sample can be representative of
the presence or absence of collateral cleavage activity. AUNP-
based colorimetric assays have harnessed Cas12 to detect
ASFV. Although Cas13-based assays developed in this study
were not developed to detect ASFV, it is likely Cas13-based
methods can extend to viral detection as well (Yuan et al.,
2020). Fluorescent and AuNP readouts are more scalable, less
prone to contamination, and thus could have increased utility
in pop-up or clinical laboratories since a test strip does not
need to be inserted into each reaction; yet for the at-home
setting lateral-flow-based tests may be sufficient because sam-
ple numbers are small.

Software tools for CRISPR-based detection

Automated analysis of detection results using smartphone appli-
cations removes the risk of user bias in results interpretation.
Both Cas13- and Cas12-based diagnostics have methods that
capture fluorescent collateral cleavage via a portable commer-
cial or a 3D-printed, blue-light-emitting device. In order to
streamline analysis, smartphone applications have been devel-
oped and used to interpret and report results (Arizti-Sanz et al.,
2020; Chen et al., 2020; Fozouni et al., 2021; Ning et al., 2020).
Furthermore, for low-titer samples, the signal of the lateral flow
test band is often difficult to distinguish from the background
signal. Therefore, similar smartphone applications have been
developed that can determine, in real time, the lateral flow re-
sults, and this application was validated for EBOV and LASV as-
says (Barnes et al., 2020). Most software tools developed to date
report qualitative results per sample (i.e., positive or negative)
and are used with single-target assays. As a result, companion
smartphone applications for CRISPR-based detection assays
are not yet amenable to multiplex assays, assays with in-sample
internal controls, and often do not relay quantitative information
such as virus levels in a given sample all of which can be
achieved with laboratory-based tests like gPCR. Software tools
are essential for standardization of these methods especially for
assays that are used outside of laboratory settings.

The ability to deploy sensitive and specific diagnostics paired
with companion smartphone applications would have immense
benefits for viral surveillance and outbreak mitigation. The use
of smartphone applications for infectious disease diagnostics
allows for the combining of results with symptom reporting, geo-
spatial mapping, and could ultimately enhance testing and
tracing capabilities through real-time reporting of exposures
and sharing of information with public health agencies. Alto-
gether, this could give an integrated view of what and how
viruses are circulating in a community and consequently inform
public health responses. Achieving this goal, however, relies
on tools that ensure patient data are secure and on broader ac-
cess to mobile technologies and cellular networks (see Wood
et al., [2019] for a comprehensive review).

CRISPR-BASED INHIBITION OF VIRUSES

The antiviral activity of CRISPR-Cas systems, evolved in nature
to protect prokaryotes against foreign nucleic acids, can be
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repurposed to inhibit mammalian viruses. Traditionally, the iden-
tification of antivirals requires screening many molecules,
discovering antibodies, or an advanced understanding of the un-
derlying viral biology. For CRISPR-Cas systems to target viruses,
only knowledge of the viral sequence is required for crRNA
design. Depending on the targeting properties of the Cas
effector protein, CRISPR-Cas systems can be used to cleave
the genome and/or intermediate nucleic acid species produced
as part of the viral life cycle (Figure 3). As a result, pathogenesis
of numerous DNA and RNA viruses has been disrupted by either
Cas9 or Cas13.

Targeting viruses with DNA genomes and intermediates
using Cas9

Numerous DNA viruses represent potential targets for Cas9-
mediated targeting because Cas9 can directly disrupt essential
genes through the introduction of insertions or deletions. Multi-
ple herpesviruses (EBV, herpes simplex virus 1 [HSV-1], human
cytomegalovirus [HCMV]) have been inhibited in cell culture by
Cas9-based cleavage of viral genomic DNA. This approach
was more consistently effective when essential viral genes
were targeted (van Diemen et al., 2016). In some cases, indels
that disrupted Cas9 sgRNA binding still were translated into
effective proteins (i.e., escape mutations). Therefore, delivery
of multiple sgRNAs proved more effective. Cas9’s ability to
target HSV-1 was tested in a latent infection model, but Cas9
could not restrict newly produced viral genomes in this model
system. In another study, Cas9 disruption of the HSV-1 E3-ubig-
uitin ligase protein ICPO strongly inhibited HSV-1 because ICPO
was no longer able to disrupt promyelocytic leukemia bodies, an
essential component of HSV-1’s life cycle. Disruption of ICPO by
Cas9 was achieved through both plasmid transfection and lenti-
virus transduction (Roehm et al., 2016). These studies highlight
the efficiency of Cas9-based disruption of DNA virus infection
in cell culture and suggest that this approach could be applied
to numerous DNA viruses.

Latent hepatitis B virus (HBV) infection cannot be treated with
conventional antivirals, and Cas9 targeting offers an alternative
approach. Cas9 targeting studies have focused on developing
sgRNAs that target the four predominant HBV genotypes,
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Figure 3. The stages of a viral life cycle
inhibited by CRISPR-based targeting

Legend
Cas9, orange-shaded object; Cas13, blue-shaded
Cas9-sgRNA object; black triangles, cleavage; blue and green
L lines, DNA; gray lines and curves, RNA; red line,
CastaaRNA indel. Cas9 and Cas13 inhibit viral replication
complex through the specific targeting of either the viral

genome or replication intermediates. Cas9 directly
targets (1) dsDNA genomes or (2) integrated viruses.
Cas13 targets (3) ssRNA viral genomes or any
ssRNA intermediate created during the life cycle of
either RNA or DNA viruses, such as (4) viral mMRNAs.
All targeting activity occurs within the cell once the
nucleic acid is accessible to Cas9-sgRNA or Cas13-
crBRNA complexes and can result in disrupted viral
release.

Host dsDNA
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reduced expression of multiple HBV pro-
teins and the intermediate covalently closed circular DNA
(Wang et al., 2015). Further, this study showed that delivery of
multiple sgRNAs had an additive effect on the reduction of
HBV infection. Cas9-mediated inhibition of HBV infection has
also been demonstrated in multiple mouse models including a
de novo infection model (Li et al., 2016; Liu et al., 2015; Ramanan
et al., 2015; Zhen et al., 2015). Of note, another hepatitis virus,
hepatitis C virus, which instead has an RNA genome, has been
targeted with an RNA-targeting ortholog of Cas9, Francisella
novicida Cas9 (Price et al., 2015). It is evident that hepatitis
viruses can be effectively inhibited by Cas9 in both cell culture
and mouse models of infection, and there are multiple target
sites that are effective in reducing protein levels and conse-
quently infection.

Although highly active antiretroviral therapy (HAART) has
proven very effective at managing HIV-1 levels and disease,
Cas9-based approaches represent a potential avenue to elimi-
nate integrated HIV provirus. Initial studies of Cas9-targeting of
HIV-1 used long terminal repeat (LTR)-targeting sgRNAs and
demonstrated that HIV-1 proviral DNA could be disrupted. This
disruption resulted in less HIV-1 RNA following reactivation in Ju-
rkat cells (Ebina et al., 2013). Cas9 targeting of HIV-1 proviral
DNA was also effective in latently infected microglia, monocytes,
and T cells (Hu et al., 2014). It was later demonstrated that even
when sites of HIV-1 integration were transcriptionally silent, Cas9
could still target the LTRs and reduce levels of reactivated virus
(Zhu et al., 2015). These initial successes prompted the study of
Cas9’s effectiveness against reducing or eliminating HIV-1 levels
in mouse models of infection (Bella et al., 2018; Dash et al., 2019;
Yin et al., 2017).

Cas9 delivery is a key area of work for assessing the effective-
ness of Cas9-based antivirals. Early studies required the use of
smaller orthologs of Cas9, such as Staphylococcus aureus
(saCas9), in order to package Cas9 into adeno-associated
viruses (AAVSs). Delivery of saCas9 with four sgRNAs successfully
excised proviral HIV-1 DNA from multiple tissues and organ
types using multiple mouse models of HIV-1 infection including
humanized bone-marrow-liver-thymus (BLT) mice (Yin et al.,
2017). Combination therapeutic approaches have been the
most effective at removing proviral HIV-1 in vivo. When
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sequential long-acting slow-effective release antiviral therapy
(LASER ART) and AAV-delivered Cas9 were used to treat HIV-
1-infected humanized mice, proviral RNA was eliminated, and
HIV-1 was not detected in blood or tissue. Adoptive transfer of
cells into non-infected mice did not result in any viral progeny.
However, complete elimination was only achieved for half of
the dual-treated animals, and Cas9 treatment alone was not suf-
ficient to eliminate HIV-1 completely (Dash et al., 2019). Lentiviral
delivery systems have also been tested since they do not have
the same size limitations as AAVs. HIV-1 provirus was success-
fully excised by the larger, more commonly used Streptococcus
pyogenes Cas9 (SpCas9) from human PBMCs engrafted into
NON-SCID mice. SpCas9 targeting resulted in lower levels of
full-length proviral DNA and reduced viral outgrowth measured
in the blood and spleen (Bella et al., 2018). In addition, lentivirus
transduction of tat- and rev-targeting Cas9 sgRNAs reduced
HIV-1 expression significantly and had strong activity in latent
CD4* T cells (Ophinni et al., 2018). Therefore, Cas9 represents
a promising strategy for removing integrated HIV-1, a target diffi-
cult to disrupt using standard antiviral approaches.

Cas9 can also be used to target host factors as an alternative
strategy for curing disease. The possibility of targeting host fac-
tors to cure HIV-1 gained much attention with the finding that
complete elimination of HIV-1 from individuals could be achieved
using transplantation of HIV co-receptor-null, specifically CCR5-
null, hematopoietic stem cells (Gupta et al., 2019; Hutter et al.,
2009). HIV-1 entry into cells requires engagement with CD4
and either CCR5 or CXCR4. Cas9 was successfully used to
knockout CCR5 in hematopoietic stem cells, and adoptive trans-
fer into mouse models of HIV-1 infection resulted in resistance to
infection (Xu et al., 2017). Further, Cas9 can be used to generate
CCR5/CXCR4 double knockout primary T cells, and these cells
were then resistant to both CCR5- and CXCR4-tropic HIV infec-
tion (Yu et al., 2018). Approved use of Cas9 for treatment of dis-
ease in humans is occurring sparingly as the safety of Cas9 gene
editing is still being evaluated and can have ethical dangers of
misuse (Cyranoski and Ledford, 2018). Yet a recent study inves-
tigated the effects of transplanting CCR5-disrupted hematopoi-
etic stem and progenitor cells (HSPCs), edited ex vivo, into an
HIV-1-infected individual with acute lymphoblastic leukemia.
CCR5-disrupted cells successfully engrafted and differentiated,
and no adverse effects of the Cas9-edited cells were observed
within the first 19 months. However, transplantation was not suf-
ficient to cure the patient of infection (Xu et al., 2019).

Disrupting viral proteins using Cas9 can also reveal unknown
functional components of viral infection. Functional investigation
of EBV in multiple cell lines was tested by Cas9-based removal of
the promoter region upstream of latent-transcript BART (BamHI
A rightward transcript). Removal of this region by Cas9 conse-
quently disrupted BART expression and was used to identify
BART’s promoter sequence (Yuen et al., 2015). In another study,
potential resistance mutations in HIV-1’s primer-binding sites
were identified by introducing indels at this site using Cas9.
These experiments identified multiple escape mutations and var-
iable escape mechanisms which informed both Cas9 sgRNA
design and HIV-1 biology (Wang et al., 2018b).

Whether Cas9-based targeting of DNA virus genomes or of
essential host factors will be practical clinically involves further
investigation of its effectiveness and off-target effects. Directly
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targeting viruses in infected cells requires efficient expression
and minimal off-target activity, especially because any off-target
effects will create a permanent change in the treated cells. Cas9-
based antiviral activity will need to be enhanced as both mouse
and human studies have shown that Cas9 alone is not sufficient
to eliminate disease, although combined with other antivirals
could result in a cure. Cas9 immunogenicity is also a concern
for clinical use. As a result, most advanced Cas9 human clinical
studies to date involve Cas9'’s use ex vivo followed by transplan-
tation of edited cells (Mehta and Merkel, 2020; Pickar-Oliver and
Gersbach, 2019).

Targeting viral mRNA or RNA genomes with Cas13

A majority of pathogenic viruses have ssRNA genomes, making
Cas13 a powerful tool for disrupting RNA virus genomes and
consequently inhibiting viral replication. Earlier studies illustrated
that Cas13a (Abudayyeh et al., 2017) and Cas13b (Cox et al.,
2017) could be used to specifically reduce expression of host
mRNA in mammalian cells. Building upon this work, Cas13
was used to reduce levels of viral RNA for three distinct RNA vi-
ruses: LCMV, FLUAV, and vesicular stomatitis virus. This work
demonstrated Cas13’s ability to efficiently reduce RNA levels
even when RNA levels were quickly increasing (Freije et al.,
2019). This study also reported the results of a tiled screen
against both strands of LCMV, illuminating targeting hotspots
and principles that could inform crRNA design such as sequence
conservation and enrichment of cleavage nucleotides. An addi-
tional systematic evaluation of Cas13-based targeting of green
fluorescent protein mRNA and multiple host transcripts deter-
mined the following factors for effective targeting in cells: (1)
limited secondary structure of the crRNA, (2) enrichment of cyto-
sines nearby the target, and (3) enrichment of the preferred
cleavage nucleotide, in this study Us, upstream of the target
(Wessels et al., 2020).

Subsequent studies have expanded our understanding of
Cas13 targeting and demonstrated Cas13’s ability to inhibit
additional RNA viruses. Cas13a has since been shown to reduce
levels of HIV-1 RNA, viral particles, integrated viral DNA, and the
RNA from reactivated provirus (Yin et al., 2020). DENV2 viral RNA
levels and infectivity were reduced using Cas13a and NS3-tar-
geting crRNAs (Li et al., 2020). In addition, Cas13b expression
in multiple mosquito cell lines reduced luciferase expression in
a Chikungunya virus-split replication system, using individually
expressed crRNAs and the crRNA expressed from multiple posi-
tions within a CRISPR array (Tng et al., 2020).

Because Cas13’s antiviral activity can be tested as soon as
viral sequence information is known, Cas13’s ability to reduce
SARS-CoV-2 infection was quickly investigated both in vitro
and in vivo. A few months after the start of the COVID-19
pandemic, PACMAN (prophylactic antiviral CRISPR in human
cells) was developed (Abbott et al., 2020). This method har-
nessed the potent activity of Cas13d (i.e., CasRx), an ortholog
that is small enough to be packaged into AAVs (Konermann
et al., 2018). PACMAN was used to reduce FLUAV levels in hu-
man lung epithelial cells. In addition, crRNAs were designed
against conserved regions of human-infecting coronaviruses,
including SARS-CoV-2, and Cas13 activity was assessed
using a SARS-CoV-2 reporter system (Abbott et al., 2020). Sub-
sequent work demonstrated that mRNA-encoding Cas13a and
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virus-targeting crRNAs, formulated with a PBAE-based polymer,
could be delivered to mice or hamsters using a nebulizer. The
effectiveness of this mMRNA-based delivery was tested in mouse
models of FLUAV infection and hamster models of SARS-CoV-2
infection. For both in vivo models, Cas13a and crRNA delivery
followed by viral infection lead to reduced weight loss and
reduced viral loads in harvested lung tissue albeit with modest
effect sizes (Blanchard et al., 2021).

The implications of Cas13’s collateral cleavage activity in the
context of cellular mMRNA or viral RNA targeting is still unfolding.
It has been shown for several Cas13 orthologs that targeting host
mRNA (Abudayyeh et al., 2017; Cox et al., 2017; Konermann
et al., 2018) or viral RNA (Blanchard et al., 2021) has limited to
no off-target transcriptomic effects, and cell viability is not
affected when a non-cytotoxic virus is targeted by Cas13 (Freije
et al., 2019). However, collateral cleavage has been observed in
glioma cells where Cas13a was overexpressed using lentiviral
transduction and when Cas13a targeted an overexpressed
RNA (Wang et al.,, 2019). Despite the collateral cleavage
observed in glioma cell culture, use of these Cas13-expressing
cells in mouse models of intracranial glioblastoma was still effec-
tive in inhibiting tumor growth. Given the methodological differ-
ences between these studies related to the Cas13 ortholog
used, Cas13 expression, and target RNA expression, further
work is needed to evaluate which contexts lead to collateral
cleavage in mammalian cells and whether this has implications
for the safety of Cas13 as a therapeutic.

Cas13-based antivirals could be a promising platform for
counteracting risks of antiviral resistance, but their effectiveness
and safety require further investigation before realizing their
clinical impact. Designing Cas13 crRNAs to target conserved re-
gions is one such way to select target sites where resistance is
less likely to emerge. Furthermore, Cas13’s ability to process
its own CRISPR array (Shmakov et al., 2015) makes multiplexing
simple, increases viral RNA reduction, and could reduce the like-
lihood of mutations eliminating Cas13’s antiviral activity. The
propensity for Cas13 resistance to emerge has been moderately
studied in cell culture. Viral RNA in the supernatant of Cas13-
treated cells infected with LCMV (Freije et al., 2019) or DENV2
(Li et al., 2020) was sequenced. Mutations were not observed
within the crRNA-binding site; however, in supernatant from
DENV?2 infected cells insertions and deletions flanking the target
site were found. Similar studies should be performed in vivo and
could inform crRNA design. Ultimately, Cas13’s application as
an antiviral will be dependent on efficient delivery to infected
cells and limited to no off-target effects of Cas13 expression
and cleavage in the host. Also, studies to date have primarily
shown Cas13’s effect when expressed prior to infection and
in vivo results had quite modest effect sizes. Therefore, more
studies assessing whether Cas13’s activity is sufficient to over-
come replication at various stages of infection are needed.
Lastly, for viruses with approved antivirals, Cas13’s effective-
ness would need to equal or surpass that of current approaches.

OUTLOOK AND FUTURE DIRECTIONS
The ongoing discovery and characterization of CRISPR-Cas sys-

tems is continuing to expand our toolkit for the study and benefit
of mammalian systems, including our efforts to combat viral in-
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fectious disease. The importance of alternative technologies
for diagnostics and therapeutics have been underscored in the
face of COVID-19, as diagnostic testing fails to be readily avail-
able and antiviral candidates identified thus far improve out-
comes but do not cure disease.

Substantial efforts have been made to expand the utility of
CRISPR-based diagnostics with the ultimate goal of testing at
the point of care, anywhere in the world, or for comprehensive
surveillance. In order to fully achieve this goal, integrating simple
sample processing methods, single-step assays that do not
require heat, and a visual readout that can be interpreted by a
small device, are essential. For diagnostic technologies, it is
important to consider sample-to-answer time, the limit of detec-
tion, cold-chain requirements, and assay and equipment cost, as
each plays arole in the ultimate global adoption of these technol-
ogies for clinical diagnosis. The sensitivity, specificity, and
adaptability of CRISPR-based tests alongside advances in mini-
aturization also pave the way for massively multiplexed testing.
Further development and extensive validation on patient sam-
ples is still needed for these nascent technologies.

In order for CRISPR-based antivirals to be used clinically,
many future studies are needed to determine the ideal approach
for delivery and expression in relevant tissues. Viruses infect
numerous cell types and tissues, and the specifics differ by viral
pathogen. They replicate in different compartments of the cell,
and in some cases, antivirals may need to be readministered.
These characteristics represent a challenge for delivery and
will ultimately require testing various modalities and dosages
(see Xu et al. [2021] for a review on in vivo delivery of CRISPR-
Cas systems). Although viral vectors remain a common strategy
for delivery, there remain questions in regard to their safety in hu-
mans. For example, recent delivery of high doses of AAVs have
been fatal in a small number of individuals (Nature Biotech News,
2020), and AAVs are not practical if transient expression of the
Cas effector protein is preferred. RNA-based delivery is a prom-
ising approach for transient Cas protein and crRNA or sgRNA
expression and can be delivered using lipid nanoparticles
(LNPs) for which high-throughput methods to identify tissue-
specific LNPs have been developed (Sago et al., 2018). Two
challenges of particular interest—delivery of ribonucleoprotein
complexes (RNPs) and delivery to epithelial tissues—were
recently overcome using engineered cell-penetrating peptides.
These peptides delivered Cas9-sgRNA and Cas12-crRNA
RNPs to airway epithelial cells (Krishnamurthy et al., 2019).
Continued study and the development of new delivery modalities
is essential for the adoption and use of in vivo CRISPR-Cas ther-
apeutics.

Even if optimal delivery approaches are identified, the safety of
Cas expression and efficacy as an antiviral in vivo need further
investigation. As mentioned above, transplantation of ex vivo
Cas9-edited cells into an HIV-infected patient was not sufficient
to cure disease (Xu et al., 2019), and in vivo demonstrations of
Cas13 antiviral activity only modestly reduced virus levels in
mice and hamsters (Blanchard et al., 2021). Continued evalua-
tion and improvement of the efficacy of these approaches and
how viruses evolve in response to CRISPR-based targeting are
essential next steps. Larger effect sizes and reduced off-target
cleavage effects could be mitigated by additional understanding
of sgRNA and crRNA design principles and Cas protein
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engineering, both already being investigated for Cas9 (Klein-
stiver et al., 2016; Slaymaker et al., 2016). Because direct target-
ing of viral genomes relies on in vivo expression, obstacles
related to protein immunogenicity will need to be overcome. In
addition, CRISPR-based antiviral technologies will need to be
compared with the standard of care for those viruses with
approved therapeutics or vaccines.

In summary, it is evident that in face of current and future viral
outbreaks CRISPR-based technologies have significant poten-
tial to add to our toolbox of diagnostics and antivirals, and these
sequence-based countermeasures could be a key to lasting and
effective pandemic preparedness.
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