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Abstract

CRISPR-Cas technology accelerates development of fast, accurate, and portable diag-
nostic tools, typified by recent applications in COVID-19 diagnosis. Parasitic helminths
cause devastating diseases afflicting 1.5 billion people globally, representing a signifi-
cant public health and economic burden, especially in developing countries. Currently
available diagnostic tests for worm infection are neither sufficiently sensitive nor field-
friendly for use in low-endemic or resource-poor settings, leading to underestimation
of true prevalence rates. Mass drug administration programs are unsustainable long-
term, and diagnostic tools - required to be rapid, specific, sensitive, cost-effective, and
user-friendly without specialized equipment and expertise - are urgently needed for
rapid mapping of helminthic diseases and monitoring control programs. We describe
the key features of the CRISPR-Cas12/13 system and emphasise its potential for the
development of effective tools for the diagnosis of parasitic and other neglected tropi-
cal diseases (NTDs), a key recommendation of the NTDs 2021-2030 roadmap released
by the World Health Organization.

KEYWORDS
CRISPR-Cas12/13 technology, diagnosis of parasitic infections, field-friendly, neglected tropical
diseases

INTRODUCTION

The recurrent need for sensitive, accurate, and
field-friendly tools for the diagnosis and surveillance

Abbreviations: AIOD-CRISPR, All-In-One Dual CRISPR-Cas12a; CARMEN, Combinatorial

of parasitic infections

Arrayed Reactions for Multiplexed Evaluation of Nucleic acids; cfDNA, cell-free DNA; CLAP,
Cas12a-assisted RT-LAMP/AuNP; CRISPR, Clustered Regularly Interspaced Short

Palindromic Repeats; crRNA, CRISPR RNA; DENV, dengue virus; DETECTR, DNA

Parasitic helminths mainly impact low-income communities in develop-

endonuclease-targeted CRISPR trans reporter; dsDNA, double-stranded DNA; FDA, Food and
Drug Administration; FLASH-NGS, Finding Low Abundance Sequences by Hybridization-Next
Generation Sequencing; HBV, hepatitis B; HPV, human papillomavirus; LAMP, loop-mediated
isothermal amplification; miRNA, microRNAs; miSHERLOCK, minimally instrumented
SHERLOCK; NTD, neglected tropical disease; POC, point-of-care; RPA, recombinase
polymerase amplification; RT, reverse transcription; SATORI, CRISPR-based
amplification-free digital RNA detection; SHERLOCK, Specific High Sensitivity Enzymatic
Reporter UnLOCKing; SHINE, Streamlined Highlighting of Infections to Navigate Epidemics;
ssRNA, single-stranded RNA; STOP, SHERLOCK Testing in One Pot; ZIKV, Zika virus

ing countries in the tropics and subtropics, causing devastating chronic
diseases and significantly impacting on human health and economic
development. Distressingly, when the global disease burdens of the
most prevalent helminthiases and other neglected tropical diseases
(NTDs) are combined, the disability they cause is greater than that
of HIV/AIDS, tuberculosis or malaria.!l Asia and sub-Saharan Africa
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remain helminth hot spots harboring the highest infection rates, with
circa 90% of the world’s parasitic worm infestations occurring in these
regions. Indeed, the majority of NTDs recognized by the World Health
Organization (WHO) are caused by parasites, which have gained wide-
scale attention due to the severe morbidity and mortality caused dur-
ing infection and the concerted efforts undertaken for their control
and elimination. The availability of accurate and effective diagnostics
was a key recommendation of the new roadmap for NTDs 2021-2030
recently released by the WHO.[2] As part of this, WHO are seeking
expert consultation on diagnostics, with a particular focus on Point-
of-care (POC) methods of diagnosis.!3] POC testing facilitates rapid
results in situ, enabling control programs to target only infected sub-
jects for drug treatment and providing insight into pathogen trans-
mission dynamics and disease burden. The benefits of accurate diag-
nosis include reduced drug costs, increased acceptance of treatment,
and decreased risk of drug resistance developing. WHO guidelines
require that POC tests be rapid, are able to be performed by local
personnel with minimal training, and can be battery run if electri-
cal equipment is required.3! When elimination is on the horizon, it
is vital that sensitive diagnostic procedures are available to confirm
absence of infection in order to prevent disease re-bounding following
drug treatment. Encouragingly, the recently developed CRISPR (Clus-
tered Regularly Interspaced Short Palindromic Repeats)-based diag-
nostic platform!4-7! has the potential to fulfill those unmet and urgent
needs for parasite detection. The approach is rapid, inexpensive, sensi-
tive, specific, and field-friendly for POC pathogen identification,[5] pro-
viding the stepping stone required for a revolutionary new approach to
parasite diagnosis.

Traditional diagnostic platforms hinder progress of
parasite control efforts

Parasitic infections primarily impact the poorest regions in develop-
ing countries, and most parasites cause chronic disease and disabili-
ties which generally do not directly kill their hosts except in the case
of malaria. Consequently, there has been relatively limited interest
in developing advanced platforms for parasite diagnosis. As reviewed
by Amoah et al.[8] the current diagnosis of schistosomiasis (which
infects an estimated 250 million people in 76 countries),l?] monitor-
ing of transmission dynamics and determining the efficacy of drug
treatment depends almost entirely on conventional diagnostics.[10-12]
These include the stool-based Kato-Katz schistosome egg-detection
procedure, miracidial hatching technique, and serological-based assays
which lack sensitivity and are inaccurate, labor-intensive, and often
unreliable, especially when applied in areas of low schistosomiasis
prevalence. The limitations of conventional diagnostics can lead to an
underestimation of active Schistosoma spp. cases, inaccurate disease
transmission rates, and errors in interpreting outcomes of mass drug
administration programs, where measures of effectiveness depend
on precise monitoring of treatment success (or failure).[13] Given the
limitations of the conventional diagnostics currently used, nucleic
acid amplification techniques (PCR, nested PCR, PCR-ELISA, quanti-

tative PCR, droplet digital PCR, loop-mediated isothermal amplifica-
tion [LAMP]) and detection of cell-free DNA (cfDNA)!] have shown
considerable promise in improving diagnostic sensitivity and speci-
ficity for parasite identification in humans and other mammalian hosts.
However, the use of PCR-based assays in developing countries is
constrained by the high cost of PCR reagents, the requirement for
expensive laboratory instrumentation (thermal cyclers) for isothermal
nucleic acid amplification, which can often provide non-specific ampli-
fication resulting in lower detection specificity, and qualified personnel
to run the tests and interpret results.

Recent disruptions due to the COVID-19 pandemic, resulting in the
cessation of control programs for schistosomiasis and other NTDs as
recommended by the WHO,!15] will have a serious impact on disease
prevalence, with a reduction in chemotherapy likely to cause rebound
infections similar to pre-control levels. The implementation of new
alternative molecular diagnostics procedures are urgently needed for
better management to control the spread of helminth infections, which
are required to be highly specific, sensitive, affordable and technically
feasible for application in field laboratories to screen large human and
animal cohorts in large-tscale surveys.[16] With the rapidly expanding
toolbox for CRISPR-based diagnostics in infectious diseases, the recent
advent of the platform stands out with its superiority in rapid, field-
friendly,!>] inexpensive processing, providing highly sensitive (simi-
lar to PCR-based assays),!?7] and specific results, which highlights it
potential in solving the challenges of delivering timely and accurate

diagnostics for future wide-scale application.

CRISPR opens up a new era for parasite diagnosis

CRISPR together with CRISPR-associated (Cas) proteins (including
Cas9, 12, and 13) has accelerated a revolution in genetic engineer-
ing and is proving invaluable in our understanding of the molecular
mechanisms of disease development, drug resistance, and single-cell
biology.[18] CRISPR-Cas9 technology has been utilized for genomic
functional studies in free-living and parasitic nematodes (Caenorhab-
ditis elegans, 19-211 pristionchus pacificus,[22231 Auanema rhodensis and
A. freiburgensis,[24] Strongyloides stercoralis, Brugia malayi, and Strongy-
loides ratti),125-27] and digenetic trematodes (Opisthorchis viverrinil28]
and Schistosoma mansoni).[29-31] Furthermore, CRISPR-Cas12/13 diag-
nostics platforms have shown considerable promise in the nucleic acid
detection of infections caused by viruses (especially COVID-19)[32]
and cancer over the past 5 years, reinforcing the value of extending
the CRISPR-Cas mediated platform for the diagnosis of parasitic infec-
tions. Recently, successful CRISPR-mediated tests have been devel-
oped for the detection of malaria,[33! Cryptosporidium parvumt34351 and
Enterocytozoon hepatopenaei.l36! In this article, we provide a compre-
hensive introduction to the CRISPR-Cas diagnostics platform focusing
on the CRISPR associated proteins Cas12 and Cas13, considering pub-
lications over the period 2017-2021. Then we discuss the potential
advantages of CRISPR-Cas-based diagnosis with the aim of applying
this new technology to develop, for broad application, unique parasite

diagnostic tools that are rapid, specific, sensitive, cost-effective, user
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friendly, not requiring specialized equipment or expertise, and can be
used in resource-poor communities in developing countries.

THE CRISPR-CAS-BASED DIAGNOSTIC PLATFORM

CRISPR-based technology provides a powerful genetic approach for
interrogating genomes and defining the function of key genes in var-
ious organisms by triggering specific and heritable genome editing.
Native CRISPR-Cas systems exist in many bacteria, presenting an adap-
tive immune response against sequence-specific degradation from an
invading pathogen’s genome.[37] Thus, the CRISPR-associated (Cas)
immune system has been applied in molecular biology to target and
cleave specific nucleic acid sequences, which have been further recon-
figured for use in genome editing, drug development, gene expression
regulation, the prevention and treatment of cancers, the treatment of
genetic and infectious diseases, and in developing novel diagnostics.[37]
Cas9 acts as a “molecular scissors” to cut DNA at a location specified
by a guide RNA, leading to precise edits of the genome.[38] CRISPR-
Cas9 technology has taken the life science community by storm with
its widespread use in numerous laboratories worldwide since its incep-
tion, allowing researchers to alter genes to identify and potentially
eliminate pathogens and diseases and create hardier and more resis-
tant plants, among other important applications.[38! It is important to
recount that Emmanuelle Charpentier and Jennifer A. Doudna were
awarded the Nobel Prize in Chemistry in 2020 for their outstand-
ing contributions in the development of the CRISPR-Cas9 method for
genome editing.

Several Cas proteins (including Cas12a, Cas13, and Cas14) present
nonspecific trans-cleavage activity after the site-specific binding of tar-
get nucleic acids, a unique feature that when exploited allows for novel
applications as a diagnostic tool.[4] Recently, CRISPR-Cas biosensing
systems reliant on the collateral cleavage activity of Cas12 and Cas13
have been developed for the detection of various targets, including
bacteria, viruses, cancer mutations, and other diseases.!3?] A series of
articles published in the journal Sciencel#71 revolutionized the field of
molecular diagnostics for infectious diseases using CRISPR-Cas12/13
as a diagnostics tool. These reports demonstrated that these CRISPR-
based diagnostic assays allow for ultra-sensitive, specific, multiplexed
detection of nucleic acids incorporating a method with the speed, cost-
efficiency, and portability required of a POC test. It is clear that with its
exceptional detection features, the CRISPR-Cas12/13 system has the
potential to become a major player as one of the next-generation diag-
nostic biosensing platforms.

Since the 2019 global coronavirus outbreak, the dramatically
increased requirements for testing for SARS-CoV-2/COVID-19 in
a variety of settings and the limitations of conventional diagnos-
tic procedures, presenting high risks for cross contamination and
transmission,[4°] have driven rapid and substantial progress in the
use of CRISPR-Cas12/Cas13 based diagnostic procedures.[41:42] A
CRISPR-Cas based platform, termed Specific High Sensitivity Enzy-
matic Reporter UnLOCKing (SHERLOCK), has been established,[>43]

which allows for multiplexed, portable, and ultra-sensitive molec-

ular detection of RNA or DNA from clinically relevant samples.
The SHERLOCK assays with recombinase-mediated polymerase pre-
amplification of DNA or RNA, and subsequent Cas13- or Cas12-
mediated detection!3?] via fluorescent and colorimetric readouts can
provide results in less than 1 hour with minimum contamination.[44]

The mechanism of the CRISPR-Cas12/Cas13 based diagnostic tests
utilizes the collateral nonspecific enzymatic cleavage activities of these
proteins.[3?] Cas12/Cas13 are guided by CRISPR RNA (crRNA) to
cleave next to a specific DNA (for Cas12) or RNA (for Cas13) target
sequence. The collateral nonspecific enzymatic cleavage activities of
these proteins are then exploited, with off-target cleavage of fluores-
cent reporter ssDNA (for Cas12) or single-stranded RNA (ssRNA, for
Cas13) sensors generating a signal that indicates the presence of the
target sequence (Figure 1). CRISPR-Cas12/13-based diagnosis is espe-
cially suited for nucleic acid detection under field conditions as it can
be combined with isothermal amplification which is optimized for use
at a single temperature, amplifying target nucleic acids with a similar
level of sensitivity as a PCR-based assay, without the need for a thermal
cycler. Isothermal amplification methods include LAMP which ampli-
fies at a constant temperature between 60 and 65°C, and recombi-
nase polymerase amplification (RPA), which is optimal between 37 and
42°C.

CRISPR-Cas13 technology (Cas13-SHERLOCK)

The CRISPR-Cas13 system has been employed as a rapid RNA or DNA
detection method with attomolar (aM, 10718 mol/L) sensitivity and
single-base mismatch specificity through SHERLOCK, using isother-
mal RPA followed by in vitro transcription and Cas13 detection.!®!
The CRISPR-Cas13 system is mainly comprised of the programmable
single-effector RNA-guided RNase Cas13 and 64-66 nt crRNA, which
guide the protein to a specific recognition site on target RNA. In Cas13-
SHERLOCK, guided by the crRNA, the Cas13 protein binds and cuts
the targeted RNA sequence followed by non-specific cleavage of other
RNA molecules. Specificity is achieved by crRNA-guild pairing and sen-
sitivity is conferred via signal amplification of collateral cleavage activ-
ity by Cas13 on RNA reporters activated during the reaction. The sig-
nal, indicative of the positive identification of target RNA/DNA, can
be captured on a colorimetric lateral-flow strip (by biotin-fluorescein
RNA reporters) or visualized by a fluorescence signal readout (by
molecular beacon fluorescent reporters).

Gootenberg et all5! first successfully established the Cas13-
SHERLOCK in 2017 (Figure 2), utilizing RPA for amplification and
Cas13 collateral cutting ability for signal reporting. The same research
group (Gootenberg et all4]) later developed SHERLOCK version 2
(SHERLOCKvV2) with lateral-flow readout and improved the quanti-
tative measurement of input as low as 2 aM and increased (3.5-fold)
the signal sensitivity by combining Cas13 with Csmé, an auxiliary
CRISPR-associated enzyme. Abudayyeh et all4®] then created a
modified version of the portable SHERLOCK platform in 2019 to
detect and quantitate targeted multiple plant genes in 15 minutes. The

Cas13-based SHERLOCK platform used in instrument-free assays was
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FIGURE 1 Cascomplex activation and collateral activity: RT-RPA
and RPA-coupled CRISPR-Cas13/Cas12a detection of a target
sequence. Cas13 and Cas12a are able to detect the presence of RNA
and DNA target sequences, respectively.[8981] Nucleic acids are
amplified as double-stranded DNA (dsDNA) using RT-RPA (for RNA
templates) or RPA (for DNA templates). For Cas13 detection
(Cas13-SHERLOCK), RPA-amplified dsDNA is transcribed to
single-stranded RNA (ssRNA) via T7 transcription. Cas13-crRNA
complexes bind to complementary target sequences on the ssRNA,
thereby activating and triggering collateral cleavage of fluorescent
RNA sensors.[47] With Cas12 detection (DETECTR), Cas12 responds
selectively to DNA-RPA-amplified dsDNA can be directly detected by
Cas12-crRNA complexes without the need for a T7 transcription step,
with activation triggering collateral cleavage of a fluorescent ssDNA
sensor. Reporter RNA/ssDNA sensors emit fluorescence only upon
cleavage by an activated CRISPR-Cas13/Cas12 complex. CRISPR,
Clustered Regularly Interspaced Short Palindromic Repeats;
DETECTR, DNA endonuclease-targeted CRISPR trans reporter; ds,
double stranded; RPA, recombinase polymerase amplification; RT,
reverse transcription; SHERLOCK, Specific High Sensitivity Enzymatic
Reporter UnLOCKing; ss, single-stranded

developed (2018) to successfully detect Zika virus (ZIKV) and dengue
virus (DENV)[71 in patient samples at concentrations as low as 1 copy
per microliter.

With the outbreak of COVID-19, Zhang et all4¢! extended the
SHERLOCK platform for SARS-CoV-2 detection by developing a
dipstick method that provided an accurate readout in <1 hour

without requiring elaborate instrumentation. Arizti-Sanz et al.[44]

developed Streamlined Highlighting of Infections to Navigate Epi-
demics (SHINE) whose results can be read out in 50 minutes through
a sealed tube where the amplification reaction occurs, reducing con-
tamination risk. Additional reports reaffirmed the value of the CRISPR-
Cas13-based assay with 90%-95% sensitivity and 99%-100% speci-
ficity with detection being rapid (1-2 hours), inexpensive ($0.05 per
test), and portable.[4447] These features provide the basis to expand
this field-friendly approach to substantially improve the speed and
accuracy of infectious disease diagnosis. To facilitate easier use of the
CRISPR-Cas13 system, Fozouni et al.1*8] developed an amplification-
free CRISPR-Cas13a assay using a mobile phone-based microscope
rather than specialized laboratory equipment. To further improve
the sensitivity and specificity of the CRISPR-Cas13 system, Shinoda
et all4?] developed a “CRISPR-based amplification-free digital RNA
detection (SATORI)” platform; this combines CRISPR-Cas13-based
RNA detection and microchamber-array technology in a diagnostic
procedure that is able to detect ssRNA targets in 5 minutes with
a sensitivity of ~10 fM (107> mol/L) and has high specificity.[4?]
Additionally, to establish a powerful platform to test many samples,
while simultaneously testing for many pathogens, Ackerman et al.[>0]
developed Combinatorial Arrayed Reactions for Multiplexed Evalua-
tion of Nucleic acids (CARMEN) incorporating a microwell array to pair
droplets of amplified samples with droplets containing CRISPR-Cas13
detection reagents. This system allows the testing of >4500 crRNA-
target pairs on a single array. This scalable, highly multiplexed CRISPR-
based nucleic acid detection procedure shifts diagnostic and monitor-
ing efforts from targeted testing of high-priority samples to extensive
testing of large sample sets, resulting in major benefits to patients and
public health.[50]

CRISPR-Cas13 has also been utilized for early detection and mon-
itoring of cancer markers from clinical patient samples, for identi-
fication of drug-resistance mechanisms, and the discovery of novel
therapeutic targets via degrading and manipulating cancer-associated
transcripts with high efficiency and specificity.[51! A CRISPR-Cas13
based assay has also been developed to detect opportunistic infections
post-transplantation and for the monitoring of transplant rejection!52!
in order to improve long-term patient outcomes. Several CRISPR-
based biosensing platforms have also been developed to detect specific
microRNAs (miRNA), by combining LAMP/RPA with reverse transcrip-
tase and other modifications to amplify sequences from miRNA.[53]
These platforms combine the advantages of enzyme-assisted sig-
nal amplification and enzyme-free amplification biosensing technolo-
gies with a CRISPR mediated system for miRNA detection, provid-
ing high sensitivity and precision, with fewer limitations in diagnostic
by utilizing efficient sensors at a low cost with a simple miniaturized
readout.l>#! Of note, the CRISPR-Cas13 system has also been used for
the localization and dynamic imaging of RNA in live cells to understand
their functional biology.!>>!

This evidence highlights the advantages of using the CRISPR-Cas13
based system as a field-applicable diagnostic tool, and its potential to

be adapted for the detection of other infectious diseases.
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Lung cancer diagnosis [57] in 2020 ‘

Modified Cas12 systems [59, 66-68]
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Malaria [33]
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Detection of HBV [71] and plant viruses [72] in 2021

FIGURE 2 Development of the CRISPR-Cas12/13 based platform for the diagnosis of different diseases. Cas13-SHERLOCK was first
developed in 2017 for the detection of Zika and Dengue viruses. This diagnostic tool was then used to detect plant genes and then COVID-19
immediately after its outbreak in 2019. The method was recently (2021) applied for malaria diagnosis, currently the only report where
Cas13-SHERLOCK has been employed to detect a parasitic disease. Cas12-DETECTR was firstly developed in 2018 for detection of HPV and it
was then modified in different versions for the detection of lung cancer and COVID in 2020. Since 2020 the Cas12-based method has been applied
as an accurate and field-friendly diagnostic tool for malaria, Cryptosporidium parvum, Enterocytozoon hepatopenaei, and Heterodera schachtii. The
approach was adapted for the detection of HBV and plant viruses in 2021. AIOD-CRISPR, All-In-One Dual CRISPR-Cas12a; CARMEN,
Combinatorial Arrayed Reactions for Multiplexed Evaluation of Nucleic acids; CLAP, Cas12a-assisted RT-LAMP/AuNP; CRISPR, Clustered
Regularly Interspaced Short Palindromic Repeats; DENV, dengue virus; DETECTR, DNA endonuclease-targeted CRISPR trans reporter; HBV,
hepatitis B; HPV, human papillomavirus; miSHERLOCK, minimally instrumented SHERLOCK; SATORI, CRISPR-based amplification-free digital
RNA detection; SHINE, Streamlined Highlighting of Infections to Navigate Epidemics; STOP, SHERLOCK Testing in One Pot; ZIKV, Zika virus

CRISPR-Cas12-based technology (DETECTR)

By combining Cas12a ssDNase activation with isothermal amplifica-
tion, Chen et al.l®! created an approach termed DNA endonuclease-
targeted CRISPR trans reporter (DETECTR) (Figure 2), achieving atto-
molar sensitivity for DNA detection of human papillomavirus (HPV) in
patient anal swab samples. The CRISPR-Cas12a system was then fur-
ther advanced as CRISPR-Cas12a-POC to detect circulating HPV DNA

in plasma incorporating a paper-strip test capable of providing imme-
diate results, achieving a limit of detection (0.24 fM) similar to that
obtained by PCR.[5¢] The CRISPR-Cas12a system was also utilized to
detect endogenous DNA mutations of targeted genes in plasma and tis-
sue specimens of lung cancer patients.[57]

Broughton et al.[58] in 2020 reported on utilizing CRISPR-Cas12-
based DETECTR for detection of SARS-CoV-2. This assay com-

bines LAMP with simultaneous reverse transcription (RT-LAMP) of
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extracted RNA samples,!>?] followed by Cas12 detection of predefined
target sequences with single nucleotide target specificity and cleavage
of a reporter molecule. The DETECTR assay features an easy-to-use
reporting format with readout on a lateral flow strip within 30-40 min-
utes, though it has slightly reduced sensitivity compared with SARS-
CoV-2 detection by PCR. A lyophilized CRISPR-Cas12 kit assay for
SARS-CoV-2 detection (CASPR Biotech, USA) based on RT-LAMP and
CRISPR-Cas12 was also developed, with an analytical sensitivity for
testing of 7.5 copies/uL (within the range of commercial RT-gPCR 100-
1000 copies/mL).1%] The CRISPR-Cas12a detection system provides
a practical alternative for SARS-CoV-2 diagnosis in terms of detection
robustness and operational cost.[6:61-63]

Aiming for more accurate and faster detection of SARS-CoV-2,
Ding et al.[é4] established the All-In-One Dual CRISPR-Cas12a (AIOD-
CRISPR) test and Joung et al.[é%] created a CRISPR-Cas12b-based test
called SHERLOCK Testing in One Pot (STOP). Ramachandran et al.[6¢!]
developed electric field-driven microfluidics to control and acceler-
ate this CRISPR assay by cofocusing Cas12-gRNA, reporters and tar-
get within a microfluidic chipl¢”! whereas Garcia-Venzor et al.l[8] also
reported fast detection of SARS-CoV-2 from patient samples based on
LAMP and CRISPR-Cas12, showing high specificity at an affordable
cost. Very recently, a Cas12-based minimally instrumented SHERLOCK
(MISHERLOCK)6?] platform was established by introducing a unique
instrument-free approach integrating a RNA paper-capture method
compatible with RPA and Cas12a detection, thereby improving assay
sensitivity 2- to 20-fold.[67] This system has been extended to identify
specific mutations of SARS-CoV-2.16] The CRISPR-Cas12a-based RT-
LAMP assay developed by Zhang et al.[791 named as Cas12a-assisted
RT-LAMP/AuNP (CLAP) incorporates gold nanoparticle (AuNP) for
visual colorimetric readout due to its strong molar absorption coef-
ficient integrated AUNP. Under optimal conditions, the CLAP system
exhibited superior specificity and was able to specifically detect down
to 4 copies/uL of SARS-CoV-2 RNA in 40 minutes, with results visual-
ized directly by the naked eye.l70]

The advantages of using a LAMP-Cas12a diagnostics system were
further supported by a report of a rapid and accurate POC assay for
hepatitis B (HBV), achieving a limit of HBV detection of 1 copy/uL
using a fluorescent readout or lateral flow test strips within 13
and 20 minutes, respectively, showing 100% sensitivity and compa-
rable specificity with qPCR.71] The LAMP coupled CRISPR-Cas12a
module was also extended for the sensitive detection of plant DNA
viruses providing easy-to-interpret visual readouts in ~1 hour using
a simple, low-cost fluorescence visualizer, making it suitable for POC
applications.[72]

Overall, the successful development of field-applicable CRISPR-
Cas12 based diagnostics highlights the potential of extending this
novel technology to detect other infectious diseases, including par-
asitic infections. Currently, both DETECTR and SHERLOCK CRISPR-
based COVID-19 diagnostics have been authorized for emergency use
by the Food and Drug Administration (FDA).[32]

DEPLOYMENT OF THE CRISPR-CAS SYSTEM FOR
THE DIAGNOSIS OF PARASITE INFECTION

Supported by the ever expanding numbers of pre-clinical and clini-
cal studies which have shown the utility of CRISPR-Cas12/13-based
diagnosis for viral diseases (especially SARS-CoV-2) and cancer, the
CRISPR-mediated approach has been extended for the ultrasensi-
tive detection of the single-celled parasites including Cryptosporid-
ium parvum, 34351 Enterocytozoon hepatopenaei,[3¢] malaria 133731 and a

plant-parasitic nematode - Heterodera schachtii.l74]

Cryptosporidium parvum

C. parvum is an enteric unicellular parasite causing zoonotic cryp-
tosporidiosis in humans and domestic/wild animals, and represents

[75] A lack of suitable large-

a major threat to public health globally.
scale screening of drinking and environmental water for detecting
low numbers of the contaminating microbe has impeded progress
in controlling cryptosporidiosis. An ultrasensitive CRISPR-Cas12a-
powered immunosensing approach has been recently developed for
Cryptosporidium detection by linking antibody-based recognition with
CRISPR-Cas12a-based fluorescent signal amplification through an
antibody-DNA conjugate.[34] This method is able to detect whole 4 um
size oocysts with a range of 6.25-1600 oocysts/mL at a maximum sen-
sitivity of a single oocyst per sample.[3*] These ultrasensitive CRISPR-
Cas-based biosensing assays have potential for both water quality
assessment and whole pathogen detection. A similar approach has
been employed to detect nucleic acid of C. parvum from human and
cattle fecal samples with high flexibility, sensitivity, and specificity.!3%!
The procedure was able to detect a single copy of a cloned C. parvum
60-kDa glycoprotein gene, 10 oocysts/g clinical fecal sample, without
requiring genomic DNA extraction and no cross-reactivity occurred
with other species of C. parvum or other enteric parasitic protozoa.

Enterocytozoon hepatopenaei

E. hepatopenaei (EHP) is a microsporidian pathogen that causes growth
retardation of the pacific whiteleg shrimp, Penaeus vannamei, leading
to severe losses in shrimp productivity and the aquaculture industry
in the Australian Pacific region and Asia.l”¢] To timely manage the
parasite and the disease of hepatopancreatic microsporidiosis that it
causes, it is crucial to routinely monitor the microsporodian for its
timely prevention and management, but field-deployable diagnostic
kits for EHP are still scarce. Accordingly, Kanitchinda et al.[36! com-
bined RPA and a CRISPR-Cas12a fluorescence assay by targeting the
EHP ptp2 gene, and detected as few as 50 copies of DNA without
cross reactivity with closely related microsporidia. The test can be

performed at 37°C within 1 hour and the readout is visualized by
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the naked eye with UV/blue-light excitation or by lateral flow detec-
tion. This CRISPR-Cas12a based diagnostic is promising for on-site
surveillance of EHP and has potential for use as a critical diagnostic
tool to help control this disease and in preventing its spread to other
areas.

Malaria

Malaria is one of the deadliest diseases in history and 500 million peo-
ple are estimated to be currently infected with 2.5 billion at risk of
exposure to malaria infection in endemic areas.!””! Achieving malaria
elimination requires ultrasensitive diagnostics to detect low parasite
density infections (<100 parasites per microliter blood). A Malaria
Cas12a-based SHERLOCK assay was developed by Lee et al.[33!: this
was able to detect an infection of below two parasites per micro-
liter blood, a limit of detection recommended by the WHO, high-
lighting its sensitivity and diagnostic value as a promising tool well-
suited to clinical POC application in resource-limited settings. Fur-
thermore, the Cas13a-based SHERLOCK has also been developed
for differentiation of Plasmodium falciparum, P. vivax, P. ovale, and
P. malariae.[73!

The emergence of pathogen drug resistance poses a significant
threat to human health. Given emerging drug resistance is becom-
ing a core challenge for malaria control, a next-generation CRISPR-
Cas9 diagnostic method, Finding Low Abundance Sequences by
Hybridization-Next Generation Sequencing (FLASH-NGS), was devel-
oped to detect drug resistance genes in P. falciparum.[78] The FLASH
technique uses a set of Cas9 guide RNAs designed to cleave gene
sequences of interest into fragments which are then utilized in specific
hybridization for lllumina sequencing. The FLASH-NGS method goes
beyond other CRISPR-based diagnostic tools in that it enables high lev-
els of multiplexing (thousands of targets) and is advanced by the pre-
cision and sequence confirmation of next-generation sequencing.[78!
The procedure achieved sub-attomolar gene detection with minimal
background, highlighting its exquisite ultrasensitive features in iden-
tifying drug-resistance associations in malaria parasites and also in
the detection of antimicrobial resistance genes in pneumonia-causing

gram-positive bacteria.l78]

Heterodera schachtii

H. schachtii is a plant cyst nematode which causes serious economic
losses in sugar beet production. Apparently, it is critical and necessary
to develop a rapid and field-friendly diagnosis tool for better preven-
tion and control this disease. Yao et al.l74] combined RPA with CRISPR-
Cas12a technology to successfully detect plant samples infected with
H. schachtii within 1 hour by fluorescence. The sensitivity of the system
developed was greater than electrophoresis and was similar to that of
an RPA/lateral flow dipstick procedure reported in the same study. The
method also has high specificity, facilitating rapid, accurate, and direct

detection of H. schachtii from infected plant tissue, and is potentially

useful for monitoring and management of this plant parasitic nematode
in the field.

Supported by the recent establishment of CRISPR-mediated tests
for the successful detection of these unicellular parasites, contin-
ued development and application of the CRISPR-Cas approach for
improved diagnosis of parasitic helminths is critical for ongoing control
efforts and to achieve future elimination targets.

CONCLUSION AND OUTLOOK

As the COVID-19 pandemic has illustrated, timely and accurate diag-
nosis is pivotal to effective health care but as noted by the recently
published Lancet Commission on diagnostics, diagnostic access and
capacity is poor and unbalanced in many parts of the world, with 47%
of the global population having little to no access to diagnostics.[”?!
This mirrors the situation in the field of parasitology where there
is an urgent need to develop rapid, specific, sensitive, easily config-
urable, field-friendly, and cost-effective diagnostic tools to better man-
age, control, and eventually eliminate the spread of parasitic infections
and improve patient outcomes. The emergence of COVID-19 has dra-
matically accelerated the development of CRISPR-Cas12/13 technol-
ogy, which presents with many qualities that underpin it as a power-
ful new diagnostics vehicle. The CRISPR-Cas12/13 approach can pro-
vide a method to rapidly screen large cohorts of patients and animals,
enabling more effective local targeting of drug treatment to effectively
reduce the cost of control efforts. Obtaining accurate and reliable
field diagnosis data through this technology would greatly improve the
effectiveness of current WHO parasite control programs, help identify
drug resistant parasites, and allow the development of powerful rapid
POC diagnosis for effective treatment low- and higher-endemic areas.
CRISPR-Cas12/13 could thereby play a major role in solving the chal-
lenges of delivering timely and accurate diagnostics. With its potential
for future wide-scale application, utilizing CRISPR technology for para-
site diagnosis represents an effective and feasible public health objec-
tive that could reshape health care, improve epidemiological manage-
ment on a global level, and lead to substantial reductions in the time

required to achieve elimination goals.
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