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Abstract

CRISPR diagnostics have recently emerged as powerful diagnostic tools for the rapid detection
of infections. The ultimate goal is to develop these diagnostics for the point of care, where
patients quickly receive and easily interpret results. Although they are in their infancy, the
COVID-19 pandemic has accelerated innovation of CRISPR diagnostics and led to an explosion
of improvements to these systems. Challenges that have impeded the implementation at the point
of care have been addressed, and CRISPR diagnostics have been dramatically simplified. Here
we outline recent developments and advancements in CRISPR diagnostics that have pushed these
technologies to the point of care.
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Rapid diagnostics are crucial in the battle against highly transmissible diseases such as
COVID-19. Point-of-care (POC) diagnostics ideally require intuitive laboratory equipment
and rapidly produce easily interpretable results.? For the detection of infectious diseases,
POC diagnostics have primarily relied on the detection of antigens to identify a pathogen
in an infected individual.2 Antigen tests produce rapid results; however, their accuracy
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can vary, and successful detection is dependent on virus maturation and high viral

titers.3 On the contrary, nucleic acid tests can detect an infection prior to a patient

becoming transmissive.*° Recently, CRISPR-based diagnostics (CRISPR-Dx) have emerged
as revolutionary nucleic acid tests with the potential to operate in POC settings.

CRISPR-Dx generally combine amplification technologies with CRISPR-Cas (Cas)
enzymes and exploit their sequence-specific recognition properties to detect pathogens.
CRISPR-Dx have primarily utilized two main CRISPR effector types to accomplish

nucleic acid detection: type V (Cas12) DNA-targeting systems and type VI (Cas13) RNA-
targeting systems’:8 (Table 1). Both Cas12 and Cas13 effectors exhibit collateral cleavage
activity, or subsequent cleavage of bystander nucleic acid sequences, where Cas12 cleaves
secondary ssDNA molecules®19 and Cas13 cleaves secondary ssRNA molecules.”-8:11.12 For
CRISPR-Dx, the collateral cleavage activity has been harnessed as the primary mode of
nucleic acid detection®13-17 (Figure 1). This is accomplished by introducing a modified
secondary probe that, upon cleavage, provides readouts by fluorescence or visually by lateral
flow. Further investigation into this phenomenon identified distinct nucleic acid sequence
preferences of collateral probes for various Cas13 orthologs and subtypes, ultimately
demonstrating multiplexing capabilities of CRISPR-Dx.1417 Cas effectors have improved
clinical diagnostic systems by providing highly specific sequence recognition; however, the
sensitivity of CRISPR-Dx is primarily dependent on the amplification method applied.

The concept of harnessing collateral cleavage for nucleic acid detection was first established
in 2016.8 Subsequently, the addition of an amplification method to the SHERLOCK

system dramatically improved the sensitivity of CRISPR-Dx.13 To simplify these diagnostic
tools, the first iterations of CRISPR-Dx utilized an isothermal amplification method for
targeted sequence amplification termed recombinase polymerase amplification (RPA).18
Successive versions of these diagnostics swapped RPA for an alternative isothermal
amplification method with greater specificity and sensitivity termed loop-mediated
isothermal amplification (LAMP).16:19-21 The use of isothermal amplification methods
simplifies the technical handling and equipment requirements of CRISPR-Dx and thus
makes the transition to the POC setting smooth.

CRISPR-Dx have the potential to be developed as effective POC diagnostics; however,
notable incompatibilities between isothermal amplification methods and Cas enzymes have
limited this progress. For example, the viscosity of RPA has been reported to decrease the
sensitivity and diminish the reliability in single-reaction SHERLOCK diagnostics,22 and
LAMP reactions operate at high temperatures (60-65 °C) beyond the optimal operation
temperature of most Cas effectors (37-42 °C).5-8.1223 These incompatibilities have limited
the development of single-reaction CRISPR-Dx and led researchers to develop two-reaction
diagnostics that are technically complex and prone to contamination. However, through
discovery and innovation, significant progress has been made to further the development of
CRISPR-Dx for POC settings.
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SINGLE-REACTION CRISPR-DX

The transfer steps required in earlier versions of CRISPR-Dx were the main drawbacks
for implementing these tests in POC settings. Recently, significant progress has been
made in the development of single-reaction CRISPR-Dx technologies. For example, the
SHERLOCK group recently demonstrated a system for detection of SARS-CoV-2 termed
STOP (SHERLOCK testing in one pot).24 To develop this assay, the group identified

a thermostable Cas12 effector (AapCas12b) that demonstrates robust cleavage activity

at higher temperatures.2> The thermostable property of this Cas12 enzyme enabled the
integration of this unique effector with LAMP into a single reaction. Furthermore, this test
utilized a simplified extraction protocol that allowed the entire sample to be used as input
leading to improved detection compared with the CDC standard RT-gPCR protocol.

STOP is a significant advance for CRISPR-Dx and demonstrates the robustness of these
CRISPR-Dx tools; however, this development also highlights significant obstacles these
technologies face. For instance, the use of AapCas12b underscores the need to discover
more thermostable Cas effectors to enable multiplexing capabilities previously demonstrated
in two-reaction systems.14 In addition, although STOP requires only a single temperature for
detection, the heat requirement of this reaction increases the technological requirements for
this tool, whereas POC diagnostics ideally operate at room temperature.

While much effort has been focused on integrating CRISPR-mediated detection with
isothermal amplification into a single reaction, other researchers have focused solely on
exploiting the robust cleavage activity of Cas effectors for direct detection of nucleic acids.
Upon removal of the amplification methods, CRISPR-Dx systems can be simplified into a
single reaction with a focus on improving the effect of collateral cleavage activity. Recently,
groups have developed amplification-free CRISPR-Dx for the detection of SARS-CoV-2,
by exploiting the robust collateral cleavage activity of Casl13a effectors.2628 To achieve
sensitive detection comparable to amplification-based CRISPR-DX, the groups screened
multiple targets and combined the best targets together to improve detection. The use of
multiple targets in one reaction dramatically improved the sensitivity of these systems;
however, considerable variation was observed between orthologs. Using LwaCas13a,
detection of 3400 copies per microliter was achieved,2’ whereas detection of 100 copies
per microliter was achieved using LbuCas13a.2% In a later study, direct detection with
LbuCas13a was enhanced by leveraging a type 111 CRISPR effector, Csm6,29 and modifying
the collateral probe to contain a Csm6 activator resulting in improved sensitivity (31 copies
per microliter). Although the sensitivity was significantly improved, this method required
eight targets as opposed to three targets used in the previously mentioned studies.28

Amplification-free CRISPR-Dx that exploit the targeting activities of Cas effectors are

very attractive for their simplicity; however, notable drawbacks hinder these applications.
One considerable drawback is the requirement for multiple target sites, which prevents
detection of single-nucleotide polymorphisms and subjects the accuracy of these diagnostics
to sequence variations. Amplification-free methods also require RNA extraction to achieve
detection, and thus until direct detection is achieved without extraction, application of these
tests in the POC setting remains impractical. Furthermore, recent evidence has suggested
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a disagreement between published results and theoretical limits of direct detection with

Cas effectors, presenting a clear need to evaluate these technologies further.30 Finally,

Cas effectors preferentially target one nucleic acid species, and therefore, the flexibility of
amplification-free CRISPR-Dx is limited to one nucleic acid species that depends on the Cas
effector chosen.

As groups work to innovate the CRISPR-Dx reactions, others have decided to engineer
novel devices and take advantage of the mass use of smartphones. Two innovative

methods were developed on the basis of the established SHERLOCK methods using Cas13
and Cas12 (SHINE and miSHERLOCK, respectively).31:32 SHINE created a streamlined
detection method by improving HUSDON, 33 a previously developed lysis method, and
developing an app-based readout of fluorescence to minimize sample contamination

and user bias. miSHERLOCK engineered a unique lysis method and device to enable
simplified lysis of viral particles and interpretation of results. The device is built to allow
users to capture fluorescence results on a smartphone app that automatically quantifies

and determines results, similar to the app used in SHINE. Alternatively, another group
engineered a smartphone-compatible device in which numerous Cas12 detection reactions
run on a chip in parallel.34 This diagnostic, termed CRISPR-FDS, enables user-friendly
assay setup and interpretation, does not require an extraction step, and provides rapid
turnover of results with demonstrated sensitivity comparable to that of RT-PCR. These
innovations provide promise for engineering novel devices or developing smartphone
applications to simplify CRISPR-Dx reactions and interpretation that will further streamline
these diagnostic tools.

CONCLUSION

Funding

CRISPR-Dx remain in their nascency, yet innovation is progressing rapidly. Although still
early in development, advances toward simplified CRISPR-Dx are happening rapidly and,
due to the COVID-19 pandemic, have been dramatically accelerated. Future developments
of CRISPR-Dx are likely to address concerns related to technical handling, sensitivity,
and multiplexing capabilities necessary for POC diagnostics. With these rapid advances,
CRISPR-Dx present promising nucleic acid detection technologies that are likely to shape
the future of POC diagnostics.
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Figurel.

CRISPR-Dx formats for detection of nucleic acids. Schematic representation of different
formats of CRISPR-Dx systems. Two-reaction diagnostics represent the original formats
established for CRISPR-Dx. One-reaction diagnostics involve the combination of isothermal
amplification methods and Cas detection into one reaction, most notably represented by
STOP, which uses LAMP and Cas12b for detection. Amplification-free diagnostics exploit
direct detection of nucleic acids using Cas enzymes and utilize multiple targets to amplify
the detection signal. Only amplification-based detection methods have been established for
both fluorescence and lateral flow detection, while amplification-free systems have been
established only for detection via fluorescence.
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Summary of CRISPR-

Table 1.

Dx Technologies Using Collateral Cleavage

diagnostic tool
SHERLOCK
DETECTR
STOP
SENSR

amplification-free detection

Cas effector amplification method
Cas13a, Cas13b, Casl2a, Csm6 RPA
Casl2a RPA, LAMP
Casl2b LAMP
Cas13d RPA
Cas13a, Csm6 N/A

readout method
fluorescence/lateral flow
fluorescence/lateral flow
fluorescence/lateral flow
fluorescence/lateral flow

fluorescence

ref
13,14
9,16
24
17
8, 26—, 28
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