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Abstract

:

Point-of-care detection of viral infection is required for effective contact-tracing, epidemiological surveillance, and linkage to care. Traditional diagnostic platforms relying on either antigen detection or nucleic amplification are limited by sensitivity and the need for costly laboratory infrastructure, respectively. Recently, CRISPR-based diagnostics have emerged as an alternative, combining equipment light workflows with high specificity and sensitivity. However, as a nascent technology, several outstanding challenges to widespread field deployment remain. These include the need for pre-detection amplification of target molecules, the lack of standardization in sample preparation and reagent composition, and only equivocal assessments of the unit-economics relative to traditional antigen or polymerase chain reaction-based diagnostics. This review summarizes recent advances with the potential to overcome existing translational barriers, describes the events in CRISPR-based detection of target molecules, and offers perspective on how multiple approaches can be combined to decrease the limit of detection without introducing pre-amplification.
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1. Introduction


Challenges in rapid detection and subsequent linkage to treatment for endemic viral diseases have long motivated efforts to develop point-of-care, saleable, resource-light diagnostic platforms [1,2,3]. More recently, the SARS-CoV-2 pandemic revealed the shortcomings of existing approaches in both resource-rich and scarce settings [4,5]. Limitations include the long turn-around times and high costs intrinsic to nucleic acid thermocycler-based diagnostics [5]. Moreover, the unexpected, yet rapidly evolving, nature of emerging viral threats is incompatible with diagnostic platforms requiring stationary laboratory infrastructure [6]. Though antigen-based assays circumvent these obstacles, the immense diversity of new and emerging viral threats severely limits the feasibility of antigen-based detection serving in a rapid-response capacity. This is partly related to the inherent lag-time in antibody identification and synthesis, and partly because highly divergent peak titers between viruses will require pathogen specific optimization [7,8]. In brief, existing platforms cannot achieve the simultaneous requirements of sensitivity, cross-pathogen adaptability, and rapid-response scalability.



Clustered regularly interspaced short palindromic repeat (CRISPR)-based diagnostics have been pursued as a solution to this problem [9,10,11]. As an adaptive component of microbial immunity, CRISPR systems recognize and discriminate foreign nucleic acids by sequence complementarity for subsequent endonucleic destruction via the Cas enzyme [12,13,14]. CRISPR-Cas sequence discrimination is mediated by CRISPR RNA (crRNA), which determines the target for endonuclease cleavage, and can be programmed, within efficiency-bounded parameters, to target virtually any existing or emerging virus [15]. The capacity for modular programmability initially recommended CRISPR-Cas-based platforms as a solution to rapid, sensitive, point-of-care diagnostics. In this review, I explore the recent developments in CRISPR-Cas diagnostics accelerated by the SARS-CoV-2 pandemic, and consider how the nascent platforms can be recommissioned to serve longstanding viral elimination targets by truncating diagnostic lag and accelerating linkage-to-care.




2. CRISPR-Based Reporter Diagnostics


CRISPR-Cas systems evolved to identify, degrade, and retain molecular memory of pathogenic nucleic acids [13,16]. CRISPR immunity involves three sequential stages, defined by adaptation, crRNA synthesis, and nucleic-acid interference, during which, target sequences are enzymatically cleaved [14,15,17]. Sequence-specific targets are defined in the adaptive stage, during which, foreign sequences are incorporated into stretches of palindromic direct repeats for subsequent individuation into mature crRNAs possessing complementarity to their nucleic targets [13,17].



Though the basic choreography is conserved across CRISPR-Cas systems, they can be differentiated according to composition of their corresponding effector complex [18,19]. Because class 1 systems involve multiple effector proteins, and class 2 involves only a single protein, the ease of manipulation has favored adoption of class 2 systems for diagnostic platforms [20]. The basic diagnostic circuit, therefore, involves complementarity-determining crRNA design, crRNA-Cas enzyme complexing, and the detection of nuclease activity following target sequence recognition [20]. The components available for programming and optimization, therefore, include crRNA design, Cas enzyme selection, and reporter detection, which collectively comprise the molecular circuit.



crRNA requirements are largely determined by target sequence and Cas-specific parameters, such as proximity to protospacer adjacent motifs [21,22]. The selection of Cas-systems is, therefore, the initial step in diagnostic assay development, which itself is largely determined by the target pathogen, the sensitivity requirements, and the corresponding need for pre-amplification. For double-stranded DNA targeting, Cas9 and 12a enzymes are most commonly employed [23,24,25,26,27]. Typically, the limitations of a dsDNA recognizing enzyme in context of viral RNA targets are obviated by pre-amplifying target RNA [28]. However, for applications that are neither limited by high-limits of detection nor compatible with pre-amplification, ssRNA targeting by Cas 13 platforms has been pursued [29,30,31].



Another feature to differentiate Cas platforms is their reporter circuit compatibility. Cas9 target DNA sensing is detected by cleavage of a toehold trigger contiguous with PAM-containing sites [32]. Though commonly employed, this detection circuit imposes upstream constraints on crRNA design, which may correspond to a higher developmental failure rate when adapting to novel pathogens. An alternative detection circuit, enabled by the collateral trans-cleavage activity of Cas12a and Cas13, involves standardized, quencher-fluorophore coupled reporter molecules [33,34]. Collateral trans-cleavage activity refers to the capacity of Cas-enzymes to indiscriminately cleave single-stranded nucleic acids following crRNA target recognition [35]. By enabling Cas-enzyme and reporter standardization, Cas12a and 13 allow for discrimination of target molecules in a modular, fast-scaling platform requiring only crRNA optimization.




3. Improving the Limit of Detection


Point-of-care application of CRISPR-based diagnostics necessitates a limit of detection (LOD) commensurate with the concentration of viral nucleic acid in patient samples. Typically, Cas-enzyme-mediated collateral trans cleavage of fluorophores yields a picomolar LOD, which may be suitable for detection of high-titer infections, such as SARS-CoV-2 [36,37,38]. However, for diagnostic applications that require sub-picomolar LOD, such as point-of-care HCV or HIV detection, strategies to decrease LOD have been pursued [39,40]. These can be broadly classified as exponential, including pre-amplification and autocatalytic molecular circuits, or linear, including multi-sequence targeting and Cas-activated non-Cas nuclease amplification [30,41,42].



Most CRISPR-based diagnostics have employed pre-amplification of the target molecule to decrease LOD of the assay without increasing the sensitivity of the collateral-trans cleavage reaction [43]. Though any approach to pre-amplification of the target molecule is amenable CRISPR-based detection, the practical constraints imposed by point-of-care diagnostics have favored isothermal approaches. Recombinase polymerase amplification (RPA) and loop-mediated isothermal amplification (LAMP) have been most commonly employed [20,34,44]. The advantage of RPA is near-ambient amplification without thermocycling [45]. Though non-specific amplification has been reported, the practical limits on specificity may be minimal, owing to subsequent CRISPR-based discrimination of the target sequence from non-specific amplification products. LAMP has the advantage of higher specificity pre-amplification, but introduces upstream complexities in terms of the multi-region primer design [46]. Both pre-amplification techniques are compatible with upstream reverse-transcription for the detection of viral RNA, though the requirements of three sequential reactions, including reverse-transcription, pre-amplification, and Cas-mediated trans-cleavage, introduces challenges in optimization that may limit real-world reproducibility.



To circumvent the challenges of multi-dimensional optimization, groups have sought to develop amplification-free strategies to decrease LOD [20,30,42]. One promising approach incorporates auto-catalytic, self-amplifying nucleic acid circuits activated by the initial target-sequence recognition, and perpetuated by inclusion of a dsDNA probe that serves as a substrate for gRNA liberated by the initial cleavage reaction [42]. Advantages include multi-target reproducibility without repeated optimization of the autocatalytic circuit. With this approach, which relies on a single step for the detection of target dsDNA, only the initial circuit activation, with corresponding gRNA design, needs to be engineered for each respective pathogen. Though atamolar sensitivity has been achieved with one described auto-catalytic circuit (CONAN), the LOD, at present, may be insufficient for the detection of low-copy number infections (<104). Coupling autocatalytic amplification with multi-sequence targeting linear amplification may further decrease LOD without pre-amplification [30]. However, increasing sensitivity by coupling multi-sequence targeting gRNA sets with autocatalytic amplification loops may come at the expense of specificity. To date, these approaches have not been combined, and the risks of indiscriminate circuit activation resulting in false positives have not been determined.




4. Point-of-Care Reproducibility


The primary advantage of CRISPR-based diagnostics is circumventing the laboratory infrastructure required for traditional PCR-based viral detection [47]. Accordingly, the practical-use-case involves point-of-care detection in resource-constrained settings. To successfully translate CRISPR-diagnostics from lab to field, approaches to limit the required laboratory infrastructure and the need for personnel training are required [48]. Single-pot isothermal amplification or single-step autocatalytic amplification promise to limit the required infrastructure [49]. However, reducing the resource and training requirements for sample preparation is also needed. Approaches for the sample inactivation and liberation of target molecules from virions, within buffers compatible with subsequent reactions, have been coupled with magnetic-bead-based target enrichment for single-tube sample preparation [50,51]. However, errors in user manipulation post-sample-preparation can still be introduced at the stage of reagent mixing before subsequent fluorophore detection. Accordingly, two approaches, predicated on either physically separating reagents within a tube-break format, or optimizing reagents for multi-step processing from sample extraction to fluorophore detection, have been pursued [49,51,52,53]. The latter is challenged by the distinct preparation requirements of each target pathogen in relation to virion composition.



The detection of liberated fluorophore following collateral cleavage must also be optimized for field conditions. The visual detection of fluorescence using handheld, low-cost, blue-light-emitting devices has been reported [48]. Alternatives include replacing fluorophore-quencher with a fluorescein amidite-biotin reporter that can be visualized via lateral flow without any specialized equipment, or direct physiochemical transformation of reporter buffer by using hydrogels whose viscosity is dependent on polymer anchorage by DNA molecules [40,54].




5. Conclusions


The SARS-CoV-2 pandemic accelerated the development of CRISPR-based diagnostics, with over fifteen platforms described in the literature [10,55,56,57]. However, despite these advances, several outstanding challenges, largely related to coupling CRISPR-based detection with isothermal pre-amplification, remain. Though direct detection of target molecules is feasible for some clinical applications, including early SARS-CoV-2 infection when titers peak, real-world operability and broader translation impose more stringent requirements for LOD [20]. Ongoing developments in optimizing isothermal amplification may circumvent these challenges, but, at present, the additional assay complexity introduced by sequential enzymatic reactions limits translatability. Efforts to introduce signal amplification through novel reporter molecules or self-perpetuating molecular circuits are at nascent stages of development, but hold promise in achieving single-reaction detection [42]. Further developments in reporter visualization must balance the competing constraints of sensitivity, which can be improved with specialized readers incompatible with point-of-care deployment, and scalability, which biases toward simple lateral flow or fluorescence detection at the expense of higher LOD [47]. Lastly, field deployment of CRISPR-based diagnostics must compete with traditional assays for which both accuracy and unit-economics have already been validated. These challenges are further aggravated by an evolving patent landscape that may limit access to the most promising protocols. Though the obsolescence of existing diagnostic infrastructure may accompany the transition to CRISPR-based diagnostics, it is more likely that new technologies will be integrated into existing workflows to augment the testing capacity during viral surges, or to minimize diagnostic gaps in remote, resource-limited settings. Continued investment in not only developing, but validating existing CRISPR-diagnostic workflows in real-world settings, with direct unit-economic comparison to existing technologies, is needed.
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