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Summary
Background Schistosomiasis is a disease that significantly impacts human health in the developing world. Effective
diagnostics are urgently needed for improved control of this disease. CRISPR-based technology has rapidly
accelerated the development of a revolutionary and powerful diagnostics platform, resulting in the advancement of
a class of ultrasensitive, specific, cost-effective and portable diagnostics, typified by applications in COVID-19/
cancer diagnosis.

Methods We developed CRISPR-based diagnostic platform SHERLOCK (Specific High-sensitivity Enzymatic
Reporter unLOCKing) for the detection of Schistosoma japonicum and S. mansoni by combining recombinase
polymerase amplification (RPA) with CRISPR-Cas13a detection, measured via fluorescent or colorimetric readouts.
We evaluated SHERLOCK assays by using 150 faecal/serum samples collected from Schistosoma-infected ARC
Swiss mice (female), and 189 human faecal/serum samples obtained from a S. japonicum-endemic area in the
Philippines and a S. mansoni-endemic area in Uganda.

Findings The S. japonicum SHERLOCK assay achieved 93–100% concordance with gold-standard qPCR detection
across all the samples. The S. mansoni SHERLOCK assay demonstrated higher sensitivity than qPCR and was
able to detect infection in mouse serum as early as 3 weeks post-infection. In human samples, S. mansoni
SHERLOCK had 100% sensitivity when compared to qPCR of faecal and serum samples.

Interpretation These schistosomiasis diagnostic assays demonstrate the potential of SHERLOCK/CRISPR-based
diagnostics to provide highly accurate and field-friendly point-of-care tests that could provide the next generation
of diagnostic and surveillance tools for parasitic neglected tropical diseases.
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Research in context

Evidence before this study
Parasitic helminths, including schistosomiasis, cause
devastating diseases afflicting 1.5 billion people in the world
and represent a significant public health and economic
burden, especially in developing countries. Currently available
diagnostic tools for helminth infections are neither
sufficiently sensitive nor field-friendly for use in low-endemic
or resource-poor settings where rebound infections can occur,
leading to underestimation of true prevalence rates.
Advanced tools are urgently needed for rapid mapping of
helminthic diseases and monitoring control efforts as mass
drug administration (MDA) programs are unsustainable long-
term.
Since the award of the Nobel Prize for Chemistry (2020) for
discovery of the CRISPR/Cas9 genetic scissors that
revolutionized genome editing, interest in CRISPR technology
has been accelerated in the scientific community and has led
to the development of a powerful new generation CRISPR-
based diagnostics platform. Utilization of the CRISPR-Cas12/
13 system for nucleic acid detection has resulted in a powerful
platform of ultra-sensitive, fast, specific, cost-effective and
portable diagnostics without the need for specialized
equipment or expertise, typified by applications in COVID-19
and cancer diagnosis. At present, the development of CRISPR-
based platforms for parasite diagnosis has been limited to the
detection of unicellular parasites (e.g., malaria,
Cryptosporidium parvum and Enterocytozoon hepatopenaei) and
the plant cyst nematode-Heterodera schachtii. This
revolutionary technology has yet to be enlisted for detecting
parasitic helminth infections by using field-derived samples.

Added value of this study
We have used the Schistosoma bloodfluke model to
successfully establish diagnostic assays with the nucleic acid
detection platform SHERLOCK (Specific High-sensitivity

Enzymatic Reporter unLOCKing) by combining recombinase
polymerase amplification (RPA) and CRISPR-Cas13a detection
to diagnose schistosomiasis in humans and animals. We
showed that these CRISPR-based assays are capable of ultra-
sensitive detection and show great promise as a potential
point-of-care diagnostic tool. They exhibit similar diagnostic
sensitivity as qPCR-based assays, which are currently the most
sensitive approach for the diagnosis of helminthic infections,
but with significantly reduced requirements for trained
personnel and expensive technical equipment. Our
S. japonicum and S. mansoni SHERLOCK assays have the
potential to fulfil key recommendations of the neglected
tropical diseases (NTDs) 2021–2030 roadmap and the 2022
Guideline on the Control and Elimination of Human
Schistosomiasis released recently by the World Health
Organization.

Implications of all the available evidence
We have demonstrated that SHERLOCK is a sensitive,
accurate, user-friendly nucleic acid detection platform that can
be utilized for the detection of schistosomiasis. Although
further optimisation is required before field-ready
implementation, CRISPR-based nucleic acid detection shows
great promise as the basis of a point-of-care (POC) diagnostic
tool for clinical diagnosis and surveillance of schistosomiasis
with potential extension to other helminthiases. Accurate and
portable SHERLOCK POC diagnostics could play a crucial role
in the prevention of severe NTDs by facilitating immediate
and targeted treatment. It could also provide more accurate
data on disease prevalence to policymakers and allow them to
monitor transmission, identify new outbreaks of
schistosomiasis, and sustain control efforts more effectively.
Access to CRISPR-based POC diagnostics could be a game
changer in the global fight against schistosomiasis and other
helminthic diseases.
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Introduction
Parasitic helminths are a global scourge but mainly
impact low-income communities in developing tropical/
subtropical countries. Asia and sub-Saharan Africa
contain infection hotspots, with approximately 90% of
the world’s parasitic worm infestations occurring on
these continents.1 Parasitic worms cause severe
morbidity and mortality and result in chronic disease
outcomes, with significant impacts on human health
and economic development. Schistosomiasis is an acute
and chronic parasitic disease caused by trematode blood
flukes. Over 250 million people are infected and 800
million in 78 countries are at risk of infection.2 As the
second most socioeconomically devastating parasitic
disease after malaria,3 schistosomiasis is listed by the
World Health Organisation (WHO) for control and
elimination. One key roadblock to schistosomiasis
elimination, identified in the new WHO neglected
tropical diseases (NTDs) roadmap 2021–2030,4 is the
lack of a diagnostic test that provides timely and accu-
rate results while still being accessible, inexpensive, and
able to be performed by local personnel with minimal
training.5 As schistosomiasis often occurs in remote
rural areas, a point-of-care (POC)-based diagnostic is
particularly relevant.5 Deployment of a sensitive POC
test will confer many benefits for control efforts by
significantly reducing drug costs through targeted
treatment of infected subjects rather than mass drug
administration (MDA) with praziquantel, thereby
reducing the risk of anthelminthic-drug resistance
developing and increasing treatment compliance.
Moreover, highly sensitive diagnostics will allow for
better mapping of schistosome transmission dynamics
and provide more accurate disease burden estimates. As
elimination/control programs progress in
schistosomiasis-endemic areas, ultra-sensitive and
www.thelancet.com Vol 94 August, 2023
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specific diagnostic procedures will be essential to accu-
rately record the infection status of susceptible pop-
ulations to prevent re-bound infections following the
cessation of MDA programs.6

Currently, diagnosis of helminth infections
(including schistosomiasis) in the field relies almost
entirely on conventional diagnostics,7–10 including stool-
based Kato-Katz (KK) method, the miracidial hatching
technique and antigen-based detection. These diag-
nostic tools lack sensitivity and/or demonstrate poor
replicability with variability, and are often unreliable
and labour-intensive, especially when applied in areas
of low parasite prevalence/intensity.11,12 Currently, POC
circulating cathodic antigen (POC-CCA) cassette is
commercially available for detection of S. mansoni an-
tigens, measured via lateral flow readout in 20 min by
using urine samples, although sensitivity (70%) and
specificity (57%) of the POC-CCA are low.13,14 Recently,
diagnostics based on nucleic acid amplification (such as
PCR-based assays and cell-free DNA detection), have
achieved a much higher degree of sensitivity and
specificity15; however the requirements for costly labo-
ratory instrumentation, reagents, and trained personnel
have significantly hampered the practicability of wide-
spread use of these tests particularly in remote endemic
areas in developing countries. Without the availability
of a readily accessible, sensitive and affordable diag-
nostic test, there will be underestimations of active
schistosomiasis cases, and errors in evaluation of
transmission rates and in interpreting outcomes of
MDA programs.12 A new generation of field-friendly
schistosomiasis (and other helminth) diagnostics is
urgently needed to improve control efforts and even-
tually eliminate the spread of parasitic worm infections
globally.

Over the past 5 years, a new class of CRISPR-based
diagnostics has emerged that has proven especially
promising in virology (including COVID-19) and can-
cer diagnosis.16–19 These systems utilise the program-
mable CRISPR-associated endonucleases Cas12 and
Cas13, and have been shown to be ultra-sensitive,
rapid, specific, cost-effective and portable, without the
necessity for specialized equipment and expertise.18,20–22

The CRISPR-based diagnostic system typically involves
amplification of target sequence using isothermal
amplification methods, followed by CRISPR-Cas12/13-
mediated detection that combines the binding speci-
ficity of programmable crRNAs with the collateral
nonspecific enzymatic cleavage activities of Cas12
(targets dsDNA) and Cas13 (targets RNA) to cleave a
reporter sensor23 that is measured via fluorescent or
colorimetric readouts. Isothermal amplification
methods include recombinase polymerase amplifica-
tion (RPA) and loop-mediated isothermal amplification
(LAMP), both of which can amplify target nucleic acids
at a single temperature - usually 37 ◦C (RPA), or 65 ◦C
(LAMP)- making the system especially suitable for
www.thelancet.com Vol 94 August, 2023
field-based application. The Cas13a-based SHERLOCK
platform has been shown to be able to clinically di-
agnose viral infections (Zika and dengue virus) at
concentrations as low as 1 copy/μl,22 and with
single-base mismatch specificity for detection of
SARS-CoV-2 in less than 1 h.24 Recently, successful
CRISPR-Cas12/13 mediated diagnostics have been
developed only for the detection of unicellular protozoan
parasites [including Plasmodium,25,26 Trypanosoma,27 Leish-
mania,28 Cryptosporidium parvum29,30 and Enterocytozoon
hepatopenaei31] and the plant cyst nematode Heterodera
schachtii.32 This revolutionary technology has the potential
to fulfil the unmet and urgent needs for parasite detection
recommended by WHO. Here, we describe the develop-
ment of a new diagnostic tool for schistosomiasis using
the RPA-based CRISPR-Cas13a nucleic acid detection
platform (SHERLOCK) that enables ultrasensitive detec-
tion of two major schistosome species, Schistosoma japo-
nicum and S. mansoni.
Methods
Ethics statement
All experiments undertaken in this study were approved
by the Animal and Human Ethics Committee (ethics
number P3706, P3705, P524, and P3700) of the QIMR
Berghofer Medical Research Institute (QIMRB). The
study was performed according to the guidelines of the
National Health and Medical Research Council of
Australia, which were published in the Australian Code
of Practice for the Care and Use of Animals for Scien-
tific Purposes, 7th edition, 2004 (www.nhmrc.gov.au).
All work related to live S. japonicum and S. mansoni life
cycle stages was conducted in quarantine-approved fa-
cilities. The human research ethical approval for the
study was obtained from the Institutional Review Board
(IRB) of the Research Institute for Tropical Medicine
(RITM), Manila, Philippines (IRB Number 2015–12)
and Vector Control Division, Ministry of Health,
Uganda (IRB number VCDREC160). Written consent
was obtained from all participants (for children aged 15
years or under written consent was obtained from their
legal guardians).

Mouse infection and faecal sample collection
S. japonicum: Two groups of six-week-old female ARC
Swiss mice (8-week old, n = 10 mice/group, 5 mice/
cage) were anesthetized and infected percutaneously
with either a low dosage (30/mouse) and high dosage
(70/mouse), respectively, of S. japonicum (Philippines
strain) cercariae. Faeces were collected from individual
mice weekly from week 1 to week 7 post-infection (p.i.)
for DNA extraction. Egg counting of individual faecal
samples was undertaken at 4–7 weeks p.i. as described.33

Mice were euthanized at 7 weeks p.i. and adult worms
obtained by portal perfusion were counted. Uninfected
mice were used as negative controls.
3

http://www.nhmrc.gov.au
www.thelancet.com/digital-health


Articles

4

S. mansoni: Six-week-old female ARC Swiss mice (8-
week old, n = 10 mice, 5 mice/cage) were infected
percutaneously with 180 S. mansoni cercariae per
mouse. Faeces were collected weekly from week 4 to
week 7 p.i. and serum was collected at week 3, 5 and 7
p.i. from individual mice for DNA extraction. Mice were
euthanized at week 7 p.i. and adult worms obtained by
portal perfusion were counted. Uninfected mice were
used as negative controls.

ARC Swiss mice were purchased from Australia
Animal Resources Center (ARC). For all experiments,
mice had free access to tap water and food (chow) and
were kept in rooms with 20 ◦C and 50% humidity. All
animals had standardised enrichment according to
protocols of the animal facility.

Human sample (faeces and serum) collection
Human samples (n = 38 faeces and n = 37 sera) were
collected from subjects residing in 18 barangays (vil-
lages) endemic for S. japonicum in Laoang and Palapag
municipalities, Northern Samar, the Philippines, as
previously described.34 Human samples (n = 57 faeces
and n = 57 sera) were obtained from subjects in 6 vil-
lages endemic for S. mansoni in Mayuge and Kabale
districts in Uganda (Kabale is a non-endemic area and
the samples collected from Kabale were used as negative
controls). Samples from different gender were selected
randomly (self-reported by study participants). Briefly,
serum samples were obtained by centrifuging blood
samples in serum separation tubes at 1500 × g for
10 min after prior incubation at room temperature for
30 min. Age and gender information for each partici-
pant were recorded at the time of sampling. Individual
stool (fixed in 80% ethanol) and serum samples,
collected from each subject, were shipped with dry ice to
QIMRB, Australia for DNA extraction and further
analysis. Two faecal samples were collected from each
individual and KK tests performed on 3 slides/faecal
sample (total 6 slides/individual) with results presented
as the average number of eggs per gram of faeces
(EPG).35

DNA extraction from mouse and human samples
Genomic DNA was isolated from mouse faecal samples
using the QIAamp DNA Mini kit (Qiagen, Hilden,
Germany). Stool (200 mg/sample) was first washed with
ddH2O, then 500 μl ROSE buffer was added and sam-
ples were manually homogenized using a toothpick as
described.34 Homogenates were incubated at 95 ◦C for
10 min, centrifuged at 4000 × g for 5 min and 200 μl of
the resulting supernatant was transferred into a new
tube along with 25 μl of proteinase K. The remaining
DNA isolation steps were carried out following the
QIAamp protocol. DNA was isolated from mouse serum
samples using the E.Z.N.A. Tissue DNA Kit (Omega
Bio-tek, Norcross, USA) using the whole blood and body
fluids protocol. Genomic DNA was extracted from
ethanol-fixed human faecal samples (200 mg/sample)
using the Maxwell®16 Instrument (Promega, Wiscon-
sin) and the Maxwell®16 LEV Plant DNA kit as previ-
ously described.34 For the human serum samples
collected in the Philippines, DNA was extracted from
2 ml of each serum sample using the ChemagicTM360
instrument (PerkinElmer Inc., Massachusetts). For the
human serum samples collected in Uganda, DNA was
extracted from 250 μl serum using the E.Z.N.A. Tissue
DNA Kit (Omega Bio-tek).

RPA primer and crRNA design
RPA primers were designed to target recognised diag-
nostic genes for schistosomiasis. Two S. japonicum
genes, the mitochondrial cox1 (cytochrome C oxidase
subunit 1, Sjcox1, GenBank accession no: EU325891.1)36

and sap4 (coding saposin-like protein 4, Sjsap4,
FN315320.1)37 were selected for detection of
S. japonicum infection. Two S. mansoni genes including
cox1 (Smcox1, AF216698.1)38 and the 121-bp tandem
repeat sequence Sm1-7 (M61098)39 were specifically
targeted for S. mansoni diagnosis. The NCBI Primer
Basic Local Alignment Search Tool (BLAST) was used
for RPA primer design according to the following
criteria: 1) 30–35 nucleotides in length; and 2) amplicon
length of ∼125 bp targeting a ∼28 nt crRNA binding
site. A T7 promoter sequence (5′-GAAATTAA-
TACGACTCACTATAGGG-3′) was incorporated into the
5′ end of the forward primer to enable in vitro tran-
scription by T7 polymerase during SHERLOCK detec-
tion.19 Primers were synthesized by Integrated DNA
Technologies (IDT, Singapore).

After RPA primer optimisation, crRNAs were
designed to target Sjcox1, Sjsap4, Smcox1, and Sm1-7,
synthesised by IDT, resuspended in nuclease-free water
and stored at −20 ◦C. The full list of oligonucleotides
(including the RPA primers, qPCR primers, crRNA)
used in this study is provided in Supplementary
Table S1.

Recombinase polymerase amplification (RPA)
RPA reactions were performed using the TwistAmp
Basic (TwistDx, Maidenhead, UK) kit according to the
manufacturer’s instructions, with the following modifi-
cations. Magnesium acetate was added prior to sample
input, and each 50 μl TwistAmp reaction was divided
into 5 × 10 μl reactions, each containing 9 μl of the
reconstituted RPA reaction and 1 μl DNA sample. Re-
actions were incubated at 37 ◦C in a thermal cycler for
1 h. After 7 min initial incubation, samples were
removed, vortexed, centrifuged briefly, and then
returned to the cycler for the remaining incubation
time. In order to determine the best primer pairs for
downstream Cas13 detection of S. japonicum, amplicons
(produced using the RPA primers Sjcox1-F1R1, Sjcox1-
F2R2, Sjsap4-F1R1 and Sjsap4-F2R2) were purified us-
ing the QIAquick PCR Purification Kit (Qiagen), which
www.thelancet.com Vol 94 August, 2023
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was only performed during RPA primer selection and
then visualised on a 2% (w/v) agarose gel.

Detection using LwCas13a
Fluorescent detection assays were performed in triplicate
in a 20 μl reaction volume containing 44 nM LwCas13a
(GenScript, Piscataway, USA), 10 ng crRNA (IDT,
Singapore), 125 nM fluorescent Poly-U reporter (IDT)
(Supplementary Table S2), 1 mM rNTP mix (New En-
gland Biolabs; NEB, Ipswich, USA), 20 mM HEPES,
9 mM MgCl2, 0.6 μl Murine RNase inhibitor (ScienCell,
Carlsbad, USA), 0.5 μl T7 RNA Polymerase (LGC Bio-
search Technologies, Middlesex, UK) and 1 μl RPA
product. Reactions were incubated at 37 ◦C for 1 h on a
BioTek Synergy H4 multi-mode plate reader (Agilent,
Santa Clara, USA) with kinetics measured every 5 min.
For each sample, 2 biological replicates (separate RPA
reactions) were tested. Each SHERLOCK run included a
no-template ‘Blank’ (ddH2O replacing the RPA product),
a no-template control (NTC; ddH2O as RPA input), a
negative control (NC; serum or stool DNA extracted from
uninfected mice or humans), and a positive control (PC;
S. japonicum or S. mansoni DNA extracted from either
eggs or adult worm pairs). Background-subtracted fluo-
rescence was calculated by subtracting the absolute
fluorescence values of no-template ‘Blank’ wells from
sample well fluorescence values. To compare samples
across runs, sample background-subtracted fluorescence
values were normalised relative to positive control fluo-
rescence values which were set to 40,000 a.u. Data are
presented as the mean ± SE for 3 technical replicates.
Some reactions were also visualised under UV light and
the results were captured by smart phone camera.

Lateral flow assays were set up with the same reaction
components as the fluorescent detection assays, substitut-
ing the fluorescent reporter with 250 nM FAM-Biotin
Poly-U reporter (IDT) (Supplementary Table S2). After in-
cubation at 37 ◦C for 1 h, 80 μl HybriDetect 1 assay buffer
(MileniaBiotec,Gießen,Germany)was added to 20 μl of the
Cas13a reaction and run onHybriDetect 1 lateralflow strips
(Milenia Biotec, Gießen, Germany). The strips were incu-
bated at room temperature for 2–3 min and the result was
recorded by camera. Lateral flow strips were interpreted
visually; a strong band at the test line indicated a positive
result (see Supplementary Figure S1 for additional details
on interpretation of lateral flow strips).

Analytical specificity
To evaluate the specificity of the SHERLOCK assays,
Sjcox1 and Sm1-7 SHERLOCK assays were performed,
respectively, using DNA (1 μl of 1 ng/μl) extracted from
adult worms of a number of intestinal parasite species
stored in our laboratory, including trematodes (Schisto-
soma haematobium, Fasciola gigantica), cestodes (Echi-
nococcus granulosus, E. multiceps, Hymenolepis diminuta,
Taenia multiceps, T. ovis, T. solium), and a nematode
(Ascaris lumbricoides).
www.thelancet.com Vol 94 August, 2023
Real-time PCR
Real-time PCR (qPCR) was used as a gold standard to
determine the sensitivity of the SHERLOCK system
using identical samples as were tested using the
SHERLOCK detection assays. Sequences of the qPCR
primers used in this study are shown in
Supplementary Table S1. Reaction mixtures (3 tech-
nical replicates) comprised: 10 μl QuantiNova SYBR
Green PCR Master Mix (Qiagen), 200 nM each of the
forward and reverse primers, 1–2 μl template DNA,
and ddH2O to a final reaction volume of 20 μl. The
following cycling conditions were used: initial dena-
turation at 95 ◦C for 5 min, followed by 35 cycles of
denaturation at 95 ◦C (30 s), annealing at 59 ◦C (30 s),
and extension at 72 ◦C (30 s).

The PCR was performed using the Mic qPCR cycler
and software (Bio Molecular Systems, Upper Coomera,
Australia). Detection of target sequence was indicated
by cycle threshold (Ct) values as previously
described.40,41 Each run included a NTC (ddH2O as
input) and DNA extracted from either eggs or adult
worm pairs of S. japonicum or S. mansoni as a positive
control. A positive qPCR result was defined as suc-
cessful amplification (positive Ct value) in >75% tech-
nical replicates. Data were analysed using a dynamic
baseline correction with extensive exclusion parame-
ters and manual exclusion of samples with an
abnormal melt curve.

Statistical analysis
Statistical analyses were conducted using Prism Graph-
Pad (Version 7, GraphPad Software, La Jolla, CA, USA).
Each experiment was performed in duplicate and all data
are presented as the mean ± SE of technical replicates.
Comparisons between groups were performed to deter-
mine statistical significance using One-way ANOVA with
Dunnett’s correction for multiple comparisons. Sensi-
tivity and specificity of the SHERLOCK assays were
calculated from the 2 by 2 contingency tables comparing
the SHERLOCK assay results versus qPCR (Sjcox1-F1R1
or Sm1-7-F1R2 primers) as the reference test. The con-
fidence intervals were calculated using the Wilson Score
method in JMP Pro (v17.1, SAS Institute, Cary, NC,
USA). The receiver operating characteristic (ROC) curves
were created in JMP Pro (v17.1, SAS Institute, Cary NC,
USA) using simple logistic regression of the dichotom-
ised qPCR result versus the quantitative SHERLOCK
result. The thresholds were chosen to maximise the sum
of sensitivity and specificity (Youden’s Index). AUCs
(area under the ROC curve), sensitivity and specificity are
provided with 95% confidence intervals.

Role of funders
The funding sources were not involved in the study
design, in the collection, analysis, and interpretation of
data, in the writing of report or in the decision to submit
this paper for publication.
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Results
Here we describe the development of two SHERLOCK
assays for the detection of S. japonicum and S. mansoni,
evaluated using samples collected from experimentally
infected mice and humans naturally infected with
S. japonicum and S. mansoni, respectively. Our SHER-
LOCK assays combine RPA pre-amplification with
CRISPR-Cas13a-mediated detection, visualised via a
fluorescent or colorimetric readout using a reporter
degradation strategy (Fig. 1). For fluorescent readout,
this involves measuring an increase in fluorescence
upon cleavage of a reporter when the gene target is
present (Fig. 1c). For colorimetric lateral flow readout,
the FITC/Biotin tagged reporter binds to the Streptavi-
din line (referred to as the control line), when intact. In
the presence of target DNA, reporter cleavage occurs
and cleaved reporter conjugates at the test line (Fig. 1c).

SHERLOCK assays for detection of S. japonicum
infection
RPA primer selection and S. japonicum assay optimisation
Cox1 (cytochrome C oxidase subunit I) is a mitochondrial
gene that has been broadly employed as a target for ac-
curate PCR-based detection of S. japonicum, S. mansoni
Fig. 1: CRISPR-Cas13a SHERLOCK detection assay workflow. (a) DNA
animal; (b) Recombinase polymerase amplification (RPA) reaction perfo
detection via either fluorescence or lateral-flow readout. The S. japonicu
amplified double-stranded DNA (dsDNA) is transcribed to single-strande
activated by crRNA specific binding to complementary ssRNA target seq
Cleavage of quenched fluorophore-labelled ssRNA reporters is detectable b
blue-light trans-illuminator (e.g., a handheld UV torch). Lateral flow-based
band using a FAM/Biotin ssRNA reporter that conjugates to anti-FAM gold
on whether the reporter is intact.
and other schistosome species.36 S. japonicum cox1
(Sjcox1) was selected as a target gene and incorporated
into the design of a S. japonicum SHERLOCK detection
assay. Two pairs of RPA primers were designed targeting
Sjcox1, and the sensitivity of each primer pair was deter-
mined by RPA using DNA extracted from S. japonicum
eggs as a template (20 pg/reaction). The RPA amplicons
were visualised on a 2% (w/v) agarose gel (Supplementary
Figure S2a) and a strong band at the expected size
(∼125bp) was amplified by RPA using Sjcox1-F1R1 and
Sjcox1-F2R2. It is noted that all RPA no-template controls
(NTCs) appeared to show some smearing/banding in the
agarose gels, though these were later shown to give
negative results in the SHERLOCK Cas13a-detection as-
says. However, an extra smearing was observed in the
NTC RPA product with the Sjcox1-F2R2 primer pair,
possibly due to primer dimer (Supplementary
Figure S2a). Thereby the primer pair Sjcox1-F1R1 was
selected for downstream qPCR and SHERLOCK analysis.

Another target gene considered in developing the
S. japonicum SHERLOCK detection assay was sap4
(S. japonicum saposin 4, Sjsap4). As reported, the Sjsap4
gene is highly expressed in schistosomula and adult
worms of S. japonicum, but not in eggs, and saposin 4
extraction from faecal or serum samples collected from human and
rmed at a single temperature (37 ◦C) for 1 h; (c) CRISPR-Cas13a
m/S. mansoni DNA target sequence is amplified by RPA. The RPA-
d RNA (ssRNA) via T7 transcription. The Cas13a-crRNA complex is
uences, triggering non-specific collateral cleavage of RNA reporters.
y measuring fluorescence with a plate reader or qualitatively under a
detection can be read from strips with a coloured positive/negative
nanoparticles and accumulates at the control or test lines depending
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has proven to be an excellent serological diagnostic
marker for detecting early stages of S. japonicum infec-
tion.42,43 Two pairs of Sjsap4 RPA primers (Sjsap4-F1R1
and Sjsap4-F2R2) were designed and tested by RPA
using DNA extracted from adult S. japonicum worms as
a template (Supplementary Figure S2b). To determine
the amplification efficiency of the Sjcox1 and Sjsap4
primer pairs in the detection of adult S. japonicum DNA,
we undertook qPCR assays using the Sjcox1-F1R1,
Sjsap4-F1R1 and Sjsap4-F2R2 qPCR primer pairs
(Supplementary Figure 2c–f). The signal was detected in
far fewer cycles (resulting in lower Ct values) from the
reaction amplified by the Sjcox1-F1R1 primer pair,
indicating a higher gene copy number of Sjcox1
compared to Sjsap4, and Sjcox1 represented a more
sensitive target for DNA detection at early stages of
S. japonicum infection. Therefore, the Sjcox1-F1R1
primer pair was employed in the subsequent develop-
ment of the S. japonicum SHERLOCK system.

Sensitivity and specificity of the S. japonicum SHERLOCK
system
SHERLOCK and qPCR assays targeting Sjcox1 were per-
formed using serially diluted S. japonicum egg DNA
(20 pg/μl–0.02 pg/μl) as template (Fig. 2). The results
obtained by qPCR (Fig. 2a), the SHERLOCK readout via
lateral flow strip (Fig. 2b) and via BioTek fluorescence
plate reader (Fig. 2c) all indicated an identical level of
sensitivity. All three methods can detect S. japonicum egg
DNA at a sensitivity of 0.2 pg/μl. It was noted that in the
lateral flow readout, near complete reporter cleavage may
occur in positive samples resulting in an extremely faint
or absent ‘control’ band (as shown in the 20 pg/μl and
2 pg/μl DNA samples, Fig. 2b), an observation also found
in other studies44 (see Supplementary Figure S1 for
additional details on interpretation of lateral flow strips).
Fluorescence-based SHERLOCK detection tests normally
use a fluorescence plate reader (Fig. 2c) to read the fluo-
rescence signal, providing real-time signal kinetics. We
demonstrated that the fluorescence-based SHERLOCK
assay readout could also be visualised clearly under UV
light (Fig. 2d), a more field-friendly alternative. The
specificity of the Sjcox1 SHERLOCK assay was deter-
mined using a panel of DNA (1 μl of 1 ng/μl) extracted
from trematodes (S. japonicum, S. mansoni, S. haema-
tobium and Fasciola gigantica), cestodes (Echinococcus
granulosus, E. multiceps, Hymenolepis diminuta, Taenia
multiceps, T. ovis, T. solium), and a nematode (Ascaris
lumbricoides) (Supplementary Figure S3a). No cross-
reactivity was observed among these different parasitic
helminth species, including no cross reactivity with other
Schistosoma species (S. mansoni and S. haematobium).

S. japonicum SHERLOCK assay evaluation using mouse
faecal samples
To evaluate the accuracy and efficacy of the SHERLOCK
assay, we tested DNA isolated from faecal samples
www.thelancet.com Vol 94 August, 2023
obtained at 1–7 weeks p.i. from individual Swiss mice
infected with either a low (30/mouse) or high (70/
mouse) exposure to S. japonicum (Philippines strain)
cercariae. Faecal DNA samples were tested using qPCR
(weeks 1–7 p.i.) and SHERLOCK detection assays
(weeks 4–7 p.i.), both targeting the Sjcox1 mitochondrial
gene. Adult worms, obtained from individual mice by
portal vein perfusion at 7 weeks p.i., were counted and
the faecal egg number of each animal was checked at
5–7 weeks p.i. (Supplementary Table S3). S. japonicum
infection was not positively identified by qPCR or
SHERLOCK at week 4 p.i., or by qPCR at weeks 1–3 p.i.,
in either the low-dose or high-dose group. However, in
mice infected with higher cercarial exposure, 7/10 mice
were diagnosed as S. japonicum-positive at week 5 p.i.
both by qPCR and the fluorescence-based SHERLOCK
assay (Fig. 3a). In mice that received the lower cercarial
challenge exposure, infection was only identified at
week 5 p.i. in 1/10 animals by SHERLOCK and 2/10
mice by qPCR (Fig. 3b). These outcomes are consistent
with the fact that sexually mature female worms of
S. japonicum commence egg-laying after pairing with
mature males around week 4 p.i.,45 with oviposition
occurring between 4 and 6 weeks p.i.,46 resulting in egg
DNA being detectable around this time. In both the low-
dose and high-dose groups, S. japonicum infection was
positively diagnosed in all the mice at week 6 (10/10)
and 7 (10/10) p.i., both by qPCR and the SHERLOCK
assays (via either fluorescence-based or lateral-based
detection). Overall, diagnosis with the Sjcox1 SHER-
LOCK assays matched well with the qPCR results with
100% agreement after 6 weeks p.i. using faecal DNA
samples obtained from mice infected with 70 and 30
cercariae.

S. japonicum SHERLOCK assay validation using human
faecal and serum samples
To further validate the clinical diagnostic capabilities of
the SHERLOCK assay, samples (serum and stool)
collected from human subjects living in an
S. japonicum endemic region in Northern Samar, the
Philippines, were tested by qPCR (using Sjcox1-F1R1
primers) and the SHERLOCK assay (using Sjcox1-F1R1
primers/crRNA). A detailed summary of results is
presented in Supplementary Table S4. We found that
the Sjcox1 SHERLOCK assay successfully detected
S. japonicum in the faecal DNA of 100% (30/30) of
qPCR-positive samples and 0% (0/8) of qPCR-negative
samples, using both fluorescence and lateral flow
readout methods (Fig. 4a). Both SHERLOCK detection
methods showed 100% sensitivity [95% confidence
interval (CI) (88.6%, 100%)] and 100% specificity [95%
CI (67.6%, 100%)] relative to qPCR in testing clinical
faecal samples. Indeed, two samples that were identi-
fied as negative for S. japonicum infection by the KK
procedure (i.e. 0 EPG) tested positive in both the qPCR
and SHERLOCK assays, emphasising the high
7

www.thelancet.com/digital-health


Fig. 2: Diagnostic sensitivity of qPCR and SHERLOCK assays targeting Sjcox1 for the detection of S. japonicum, as determined using
serially diluted S. japonicum egg DNA (20 pg/μl−0.02 pg/μl). (a) qPCR amplification plots; (b) Colorimetric SHERLOCK assay with lateral flow
readout; Fluorescence-based SHERLOCK assay with signal detected using (c) the BioTek fluorescence plate reader (mean ± SEM of 3 technical
replicates), and (d) UV light. H2O was used as a no-template control (NTC). All the tests were performed in biological duplicates.
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sensitivity of the qPCR and SHERLOCK assays when
testing stool samples.

We also assessed the capacity of SHERLOCK to
detect S. japonicum DNA in human serum using a
panel of qPCR-positive (n = 28) and qPCR-negative
(n = 9) serum samples (using Sjcox1-F1R1 primers
with crRNA) (Fig. 4b). Using fluorescence-based
detection, the Sjcox1 SHERLOCK assay successfully
detected S. japonicum in the DNA of 26/28 qPCR-
positive serum samples and 0/9 qPCR-negative
serum samples, showing 93% sensitivity [95% CI
(77.4%, 98.0%)] and 100% specificity [95% CI (70.1%,
100%)]. A lower fluorescence value (<50% of the pos-
itive control) was detected in some serum samples,
which indicates the RPA pre-amplification did not
reach the saturation point, likely due to very low target
copy numbers present in the samples. Nevertheless,
samples with low mean fluorescence were still
considered ‘positive’ as they provided a fluorescence
readout that was significantly higher than the negative
and no-template controls (****, P < 0.0001, one way
ANOVA).

The ROC analysis (Fig. 5) revealed that the
fluorescence-based Sjcox1 SHERLOCK assay in detect-
ing S. japonicum, had an AUC level of 1.00 [95% CI
(NA)] for stool samples (threshold = 741) and an AUC
level of 0.96 [95 CI (0.80, 0.99)] for serum samples
(threshold = 1521). The ROC AUC values (0.96 and
1.00) indicate perfect and nearly perfect separation for
stool and serum samples, respectively.

Lateral flow-based SHERLOCK presented 86%
sensitivity [95% CI (68.5%, 94.3%)] and 100% specificity
[95% CI (70.1%, 100%)] in testing the same clinical
serum samples. It is notable that 2 of 26 serum samples
that tested positive by the fluorescence-based SHER-
LOCK assay presented a faint test line in the lateral-
based detection assay (Fig. 4b, SR242 and SR240).
This could be considered as an ambiguous or open to
interpretation result, and was also recorded with one
mouse faecal sample (MH07; at 5 weeks p.i., Fig. 3a).
Lateral flow-based detection had reduced sensitivity
(86%) compared with fluorescence-based SHERLOCK
detection (93%), the latter of which can provide a clearer
and more easily interpretable result.

Although Sjcox1 was initially selected over Sjsap4 as
a sensitive S. japonicum SHERLOCK assay gene target,
we did perform an alternative fluorescence-based
SHERLOCK assay, incorporating Sjsap4-F2R2 RPA
primers/crRNA, to test the same panel of human
serum from the Philippines (Supplementary
Figure S4). However, the Sjsap4 SHERLOCK only
identified 3 of the 28 qPCR-positive serum samples as
positives, demonstrating its low sensitivity compared
with Sjcox1 SHERLOCK. In light of a previous study of
www.thelancet.com Vol 94 August, 2023
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Fig. 3: Fluorescence-based (upper panel) and lateral flow-based (bottom panel) SHERLOCK detection of S. japonicum (targeting the
Sjcox1 gene) in mouse faecal samples. Faecal DNA (50 ng/reaction) of individual mice (n = 10) infected with (a) 70 S. japonicum cercariae and
(b) 30 S. japonicum cercariae (Philippines strain) per mouse, was used for SHERLOCK and qPCR assays. Stools were collected at week 5 (wk.5) and
week 6 (wk.6) post-infection. S. japonicum DNA (2 pg/μl) extracted from eggs (Philippines strain) was used as a positive control (PC), uninfected
mouse stool as a negative control (NC) and H2O as a no-template control (NTC). qPCR test result of each sample was shown on the top panel
(+, infected; -, uninfected). Background-subtracted fluorescence values are given as the mean ± SEM of 3 technical replicates. All the tests were
performed in biological duplicates.

Articles
ours that found sap4 is not transcribed in S. japonicum
eggs,43 we did not test the Sjsap4 SHERLOCK assay
using stool samples. Clearly, the SHERLOCK assay
targeting Sjcox1-F1R1 provided a considerably higher
level of diagnostic sensitivity and accuracy than the
Sjsap4-F2R2 primer pair achieved.

SHERLOCK assays for detection of S. mansoni
infection
RPA primer selection for S. mansoni assays
We then developed SHERLOCK assays for the detection
of S. mansoni by targeting two S. mansoni specific genes;
cox1- Smcox1,38 and Sm1-7, a high-copy tandem repeat
sequence commonly used for nucleic acid-based detec-
tion assays for S. mansoni.39 For each gene target, RPA
www.thelancet.com Vol 94 August, 2023
primers (two forward and two reverse) were designed to
amplify a region surrounding a crRNA target site. RPA
forward and reverse primer combinations were tested by
fluorescence-based SHERLOCK detection assays using
S. mansoni egg DNA as a template (0.1 ng/reaction)
(Fig. 6a). The highest fluorescent signal was observed in
the Smcox1 SHERLOCK assay using Smcox1-F2R1 and
in the Sm1-7 SHERLOCK assay using Sm1-7-F2R1.
Similar results were also obtained by the assays when
using adult worm S. mansoni DNA (1 ng/reaction) as a
template (Supplementary Figure S5). Therefore, these
two primer pairs (Smcox1-F2R1 and Sm1-7-F2R1) were
used in all subsequent S. mansoni assays. No fluores-
cence signal was detected in the NTC reactions (ddH2O
as RPA template).
9
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Fig. 4: Fluorescence-based (upper panel) and lateral flow-based (bottom panel) SHERLOCK detection of S. japonicum (targeting the
Sjcox1 gene) in human (a) faecal (50 ng DNA/reaction) samples (n = 38) and (b) serum (7.5 ng DNA/reaction) samples (n = 37) collected
from 18 barangays endemic for S. japonicum infection in Laoang and Palapag municipalities, Northern Samar, the Philippines.
S. japonicum DNA (2 pg/μl) extracted from eggs (Philippines strain) was used as a positive control (PC), human stool/serum from a non-endemic
area as a negative control (NC) and H2O as a no-template control (NTC). Background-subtracted fluorescence values are given as the
mean ± SEM of 3 technical replicates. All the tests were performed in biological duplicates. qPCR test result of each sample was shown on the
top panel (+, infected; -, uninfected). Faecal egg counts obtained using the stool-based Kato-Katz (KK) procedure are presented as eggs per gram
of faeces (EPG).
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Sensitivity and specificity of the S. mansoni SHERLOCK
system
The sensitivity of the SHERLOCK assays targeting Sm1-7
and Smcox1 was then assessed using 10-fold serial di-
lutions of S. mansoni egg DNA (10 pg/μl - 0.0001 pg/μl) as
a template. We found the Smcox1-F2R1 SHERLOCK
assay was able to detect S. mansoni egg DNA at a sensi-
tivity of 0.1 pg/μl (Fig. 6b), which was similar to the level
of DNA detectable by the SHERLOCK assay targeting
Sjcox1 (0.2 pg/μl of S. japonicum egg DNA). The Sm1-7-
F2R1 SHERLOCK assay was capable of detecting
S. mansoni egg DNA at a sensitivity of 0.001 pg/μl
(Fig. 6b), a 100-fold increase in sensitivity compared to the
Smcox1 SHERLOCK assay. In addition, qPCR assays that
targeted a similar gene region were developed for Smcox1
and Sm1-7, respectively, and presented the same level of
sensitivity as their corresponding SHERLOCK assays
(Fig. 6c). The specificity of the Sm1-7 SHERLOCK assay
was also determined using a panel of DNA (1 μl of 1 ng/
μl) isolated from 10 different parasitic helminth species
(Supplementary Figure S3b). No cross-reactivity was
observed for other helminth parasites, including two
Schistosoma species (S. japonicum and S. haematobium).
S. mansoni SHERLOCK assay evaluation using mouse faecal
and serum samples
The S. mansoni SHERLOCK assays were evaluated with
serum and faecal samples obtained from S. mansoni-
infected Swiss mice. This cercarial dosage produced a
similar infection intensity (measured by the adult worm
count) to that observed in mice infected with a high
exposure of S. japonicum (Philippines strain) (70
cercariae/mouse). Serum was collected from mice at
weeks 3, 5 and 7 p.i. and stool obtained at 4–7 weeks p.i.
(see Supplementary Table S5 for detailed results sum-
mary). At 4–5 weeks p.i., S. mansoni infection was not able
to be positively identified in mouse faecal DNA by either
Smcox1 or Sm1-7 SHERLOCK assays. The earliest infec-
tion phase that could be detected in the stool DNA of
S. mansoni infected mice was week 6 p.i., where 9/10 mice
tested positive using the fluorescence-based Sm1-7
SHERLOCK assay (Fig. 7a), and 8/10 mice tested positive
by Sm1-7 qPCR detection. The fluorescence-based Smcox1
SHERLOCK assay detected infection in only 7/10 mice at
week 6 p.i. (Supplementary Figure S6a), exhibiting a lower
sensitivity than that of the Sm1-7 SHERLOCK assay. As
observed in mice infected with S. japonicum infection,
www.thelancet.com Vol 94 August, 2023
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Fig. 5: The receiver operating characteristic (ROC) curve analysis of fluorescence-based Sjcox1 SHERLOCK in detecting S. japonicum. The
ROC was generated to assess the capability of the fluorescence-based Sjcox1 SHERLOCK assay in discriminating the negative controls (n = 8–9)
and qPCR (+) subjects (n = 28–30) of S. japonicum infections. The red line represents the serum samples and the blue-dotted line indicates the
stool samples. Thresholds and AUC levels of clinical samples were determined using the ROC curve analysis and represented in the Table.
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detection of faecal DNA corresponds with egg-laying,
which occurs one week later in S. mansoni than in
S. japonicum.47 At week 7 p.i., both S. mansoni SHER-
LOCK assays and qPCR detected infection in 10/10 mice.

Encouragingly, we found the Sm1-7 SHERLOCK assay
was able to detect S. mansoni infection as early as week 3
p.i. in serum DNA, with infection positively identified in
5/10 mice using Sm1-7 SHERLOCK (both fluorescence
and lateral flow readout methods) and in 4/10 mice using
Sm1-7 qPCR (Fig. 7b). SHERLOCK and qPCR assays tar-
geting Sm1-7 also detected S. mansoni DNA in all mice at
week 5 (10/10) and week 7 (10/10) post-infection. How-
ever, the Smcox1 SHERLOCK assay was poor at detecting
S. mansoni infection in infected mouse serum, with only
1/10 mice tested S. mansoni-positive at week 7 p.i.
(Supplementary Figure S6b). Compared to Smcox1, Sm1-7
proved to be a more sensitive target for the detection of
S. mansoni DNA, particularly when testing infected mouse
serum, therefore we decided to focus on Sm1-7 for further
validation in human samples.

S. mansoni SHERLOCK assay validation using human faecal
and serum samples
The diagnostic capabilities of the S. mansoni SHER-
LOCK assay targeting Sm1-7 were further validated
www.thelancet.com Vol 94 August, 2023
using human samples (faeces and blood) collected from
subjects residing in 6 villages in the Mayuge and Kabale
districts in Uganda. The panel tested comprised of
47 kK-positive individuals recruited from a S. mansoni
endemic region (EPG >1), along with 10 kK-negative
individuals from a non-endemic region. Individual stool
and serum DNA samples were tested by qPCR (using
Sm1-7-F1R2 primers) and the fluorescence-based
SHERLOCK assay (using Sm1-7-F2R1 primers/
crRNA). A detailed summary of results is shown in
Supplementary Table S6. The Sm1-7 SHERLOCK assay
successfully detected S. mansoni infection in the stool
DNA of 100% (47/47) of KK/qPCR-positive samples and
0% (0/10) of KK/qPCR-negative samples (Fig. 8a),
showing 100% sensitivity [95% CI (92.4%, 100%)] and
100% specificity [95% CI (72.2%, 100%)] relative to
qPCR. However, in the 47 kK-positive human serum
samples, 36 tested positive using the Sm1-7 SHERLOCK
assay and only 29 were identified as positive by the Sm1-
7 qPCR assay (Fig. 8b). Compared to qPCR, Sm1-7
SHERLOCK presented 100% sensitivity [95% CI
(88.3%, 100%)] and 75% specificity [95% CI (56.6%,
87.3%)]. It is worth noting that although specificity of
SHERLOCK detection in serum samples is 75% when
qPCR is used as a reference test, the same individuals
11
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Fig. 6: Optimisation of RPA primers and assessment of diagnostic sensitivity of qPCR and SHERLOCK assays for detection of S. mansoni
DNA targeting Sm1-7 (left panel) and Smcox1 (right panel). (a) Optimisation of RPA primers for detection of S. mansoni DNA targets using
fluorescence-based SHERLOCK detection with the BioTek fluorescence plate reader (mean ± SEM of 3 replicates). To amplify gene Sm1-7, RPA
primer pairs Sm1-7-F1R1, -F1R2, F2R1 –F2R2 (right panel) were paired with Sm1-7 crRNA1. For gene Smcox1, the primer pairs Smcox1-F1R1,
-F1R2, F2R1 –F2R2 (left panel) were paired with Smcox1 crRNA1. DNA (1 μl of 0.1 ng/μl) extracted from S. mansoni eggs was used as the positive
control template, H2O was used as a no-template control (NTC); Diagnostic sensitivity of SHERLOCK and qPCR assays as determined using
serially diluted S. mansoni egg DNA samples (10 pg/μl −0.0001 pg/μl); (b) Fluorescence-based SHERLOCK assay with signal detected using the
BioTek fluorescence plate reader (mean ± SEM of 3 technical replicates); (c) qPCR amplification plots. All the tests were performed in biological
duplicates.
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tested positive for S. mansoni in stool samples using
both KK and Sm1-7 SHERLOCK/qPCR assays. It was
observed that SHERLOCK and qPCR assays detected
positives in the serum of only 18/24 (75%) and 12/24
(50%) individuals, respectively, that had a KK count of
8–48 EPG, and no individuals (0/3) with EPG <8. In
individuals with higher faecal egg counts (EPG >96), the
detection rate in serum was increased to 18/20 (90%)
and 17/20 (85%) detectable by SHERLOCK and qPCR
assays, respectively, indicating the detection rate of
SHERLOCK/qPCR is improved with the increasing of
faecal egg burden These results further implied that the
Sm1-7 SHERLOCK assay is actually more sensitive than
the Sm1-7 qPCR assay in testing serum samples, which
was also observed in mouse samples at early stages of
infection. We found a greater number of positives were
detected in faecal DNA than in serum DNA, a similar
outcome as observed in the Sjcox1 SHERLOCK assay.

Our ROC analysis also showed that the fluorescence-
based Sm1-7 SHERLOCK assay in detecting S. mansoni
(Fig. 9) had an AUC level of 1.00 [95% CI (NA)] for stool
samples (threshold = 741) and an AUC level of 0.88
[95% CI (0.75, 0.94)] for serum samples
(threshold = 1521), indicating perfect and near perfect
separation in stool and serum samples, respectively.
Discussion
CRISPR-based technology represents a powerful new
generation diagnostics platform that has not been
www.thelancet.com Vol 94 August, 2023
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Fig. 7: Fluorescence-based (upper panel) and lateral flow-based (bottom panel) SHERLOCK detection of S. mansoni DNA (targeting the
Sm1-7 gene) in samples collected from individual mice (n = 10) infected with 180 S. mansoni cercariae. (a) Stool (50 ng/reaction) collected
at week 6 (wk.6) and week 7 (wk.7) post-infection (p.i.) and (b) serum (1.5 ng/reaction) collected at week 3 (wk.3) and week 5 (wk.5) p.i.
S. mansoni DNA (1 ng/μl) extracted from adult worms was used as a positive control (PC), uninfected mouse stool/serum as a negative control
(NC) and H2O as a no-template control (NTC). qPCR test result of each sample was shown on the top panel (+, infected; -, uninfected).
Background-subtracted fluorescence values are given as the mean ± SEM of 3 technical replicates. All the tests were performed in biological
duplicates.
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previously applied for the detection of any helminth
infections, Schistosoma spp. or any other helminth dis-
eases of humans or animals by using samples collected
from infected animals or clinical samples obtained from
endemic regions. We demonstrate here the capacity of
the CRISPR-Cas13a SHERLOCK platform to detect
schistosome infections, achieving a level of sensitivity
similar to qPCR-based assays (Figs. 2 and 6), as has also
been clearly evidenced in previous CRISPR-based di-
agnostics developed for viral diseases.18,48 Our SHER-
LOCK diagnostic assays achieved high sensitivity when
applied to samples obtained from mice experimentally-
infected with S. japonicum/S. mansoni, and human
samples collected from S. japonicum-endemic areas in
the Philippines and S. mansoni-endemic regions in
www.thelancet.com Vol 94 August, 2023
Uganda. The results we present here reinforce the po-
tential of SHERLOCK and the CRISPR diagnostic plat-
form to fulfill the urgent requirements for new
diagnostic tools to better assess and assist in the control
and elimination of schistosomiasis and other parasitic
NTDs globally.

The most commonly utilised readout methods of
SHERLOCK are fluorescence-based detection via a plate
reader and colorimetric detection via a lateral flow strip.
Lateral flow-based detection methods have the benefit of
being portable and easy to use. For the most part, the
interpretation of results is straight-forward, but we found
that some of the analysed samples occasionally produced
a very faint test line when we analysed samples with very
low infection intensities. Such anomalies may cause
13
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Fig. 8: Fluorescence-based (upper panel) and lateral flow-based (bottom panel) SHERLOCK detection of S. mansoni DNA (targeting the
Sm1-7 gene) in human (a) faecal (50 ng/reaction) samples (n = 57) and (b) serum (1.5 ng/reaction) samples (n = 57) collected in 6
villages endemic for S. mansoni infection in Mayuge and Kabale districts in Uganda. S. mansoni DNA (1 ng/μl) extracted from adult worms
was used as a positive control (PC), human stool/serum from a non-endemic country as a negative control (NC) and H2O as a no-template
control (NTC). Background-subtracted fluorescence values are given as the mean ± SEM of 3 technical replicates. All the tests were per-
formed in biological duplicates. qPCR test result of each sample was shown on the top panel (+, infected; -, uninfected). Faecal egg counts
obtained using the stool-based Kato-Katz (KK) procedure are presented as eggs per gram of faeces (EPG).

Fig. 9: The ROC curve analysis of fluorescence-based Sm1-7 SHERLOCK in detecting S. mansoni. The ROC analysis was performed to
determine the capability of the Sm1-7 SHERLOCK assay in discriminating the negative controls (n = 10) and qPCR (+) subjects (n = 47) of
S. mansoni infections. The red line represents the serum samples and the blue-dotted line indicates the stool samples. Thresholds of clinical
samples and AUC level were determined using the ROC curve analysis and represented in the Table.

Articles

14 www.thelancet.com Vol 94 August, 2023

www.thelancet.com/digital-health


Articles
difficulties in interpreting these as definitively positive,
an observation that has also been noted in other CRISPR-
based and POC-CCA diagnostic studies.44,49 Meanwhile,
fluorescence-based detection using a plate reader is more
suitable for mass-screening as the interpretation of pos-
itive and negative results can be clearly defined; however
the requirement of a fluorescence plate reader means this
method is not convenient to use in the field, especially in
low resource, rural environments. To make the
fluorescence-based SHERLOCK readout more user-
friendly, we showed that the fluorescent signal could
also be visualised in reaction tube, under blue-light trans-
illuminator or UV light, by the naked eye (Fig. 2d). This
detection method provided the same level of sensitivity as
the fluorescence plate reader (Fig. 2c). To reduce user
bias when interpreting results, a potential solution could
be to incorporate a handhold UV torch or an UV reader
device/app that can be added to a standard smart-
phone24,50 to aid in result analysis.

In developing the SHERLOCK assay for the detection
of S. japonicum, we considered two key target genes,
cox1 and sap4. Cox1 is a haploid-inherited mitochon-
drial gene that is repetitively represented in schisto-
somes,36 and has been employed to identify and
differentiate infections among S. mansoni, S. haema-
tobium, S. japonicum, S. mekongi and S. bovis.38,51 We
showed here that Sjcox1 was also a robust diagnostic
target for S. japonicum identification using SHERLOCK,
resulting in 100% and 93% consensus with qPCR,
respectively, targeting human stool and serum samples.
The sap4 gene encodes the saposin-like protein SAP4
which is an excellent target for serological diagnosis of
S. japonicum infection,42,43 being consistently released in
worm vomitus into host blood,52 thereby inducing a
strong host immune response resulting in high levels of
anti-SAP4 antibody. However, SHERLOCK targeting
Sjsap4 showed poor sensitivity when applied to human
serum samples (Supplementary Figure S4), which may
reflect a low transcript level of Sjsap4 present in patient
serum, given that gene abundance levels are frequently
not reflected in protein abundance levels.53

In optimising the SHERLOCK assay for the detection
of S. mansoni, we compared two key target genes,
Smcox1 and Sm1-7 54. The latter was found to be a
better target, as the Sm1-7 SHERLOCK assay showed a
100-fold increase in sensitivity in the detection of
S. mansoni egg DNA compared with the Smcox1
SHERLOCK assay (Fig. 6b). Encouragingly, the
fluorescence-based Sm1-7 SHERLOCK assay was able to
detect early S. mansoni infection in mice at week 3 p.i.
using serum DNA (Fig. 7b). When we tested human
serum samples collected from S. mansoni-endemic vil-
lages in Uganda, 36/47 and 29/47 of the KK-positive
serum samples tested positive by fluorescence-based
Sm1-7 SHERLOCK and Sm1-7 qPCR, respectively
(Fig. 8b). This shows that Sm1-7 SHERLOCK assays
may be more sensitive than Sm1-7 qPCR; this result was
www.thelancet.com Vol 94 August, 2023
supported by a recent study showing that a subspecies-
specific SHERLOCK tool for diagnosis of trypanosomi-
asis had 10 to 100-fold more sensitivity than that of
qPCR.27 However, this also indicates that for some in-
dividuals that tested positive for S. mansoni infection by
SHERLOCK/qPCR/KK testing in stool samples, infec-
tion was not detectable in serum DNA. Fluorescence-
based SHERLOCK assays for the detection of faecal
egg DNA always showed 100% consensus with qPCR/
KK results (Figs. 4a and 8a) for both S. japonicum and
S. mansoni infections, suggesting that SHERLOCK
detection using faecal samples can provide more reliable
and consistent results than when using serum sample.
Indeed, most studies using PCR for schistosomiasis
detection have found a higher number of positives are
detected using faecal DNA than in serum DNA.34

Several factors could be responsible for this outcome.

1. Parasite DNA is present in host blood/serum in the
form of cell-free DNA (cfDNA), short nucleic acid
fragments that can be challenging to extract due to
their low concentration in blood and short half-life.54

Many factors can affect cfDNA yield, including
sample volume, storage conditions and extraction
method.55 For human samples collected in Uganda,
due to the smaller volume of blood obtained from
each individual we used 250 μl serum for DNA
extraction. This was considerably lower than the
2 ml serum used for DNA extraction from subjects
in the Philippines, and the majority of studies
looking at cfDNA detection in humans used a
minimum serum volume of 1 ml, though higher
volumes are often recommended.55,56

2. DNA extracted from Uganda serum samples had
reduced S. mansoni detection rates relative to stool
samples particularly in individuals with a lower faecal
egg burden detected by KK method, which is not
sufficiently sensitive in samples with low egg den-
sity,57 while frequently leading to overestimation of
egg counts.49,58 In individuals with higher faecal egg
counts, the detection rate in serum was improved
from 75% (with 8–48 EPG) to 90% (with EPG>96)
tested by SHERLOCK and from 50% (with 8–48
EPG) to 85% (with EPG>96) detected by qPCR assay.

3. Biological/environmental factors in endemic com-
munities could complicate the detection of schisto-
somiasis in human serum DNA, such as presence/
absence of drug-treatment, reinfection rates, dif-
ferences in infection stage, and co-infection with
other parasites and diseases.59 Other potential con-
founding factors could cause a false negative result,
such as DNA degradation in serum samples during
transport from Uganda/Philippines to our labora-
tory in Australia.

In addition, we acknowledge the limitations of our
CRISPR-Cas13a based assay and the improvements
15
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required before its application in resource-limited set-
tings as a clinical POC test. Based on the CRISPR-based
diagnostics literature and our study results, we have
identified several strategies to develop our assay towards
the goal of its field-deployment and testing its diagnostic
effectiveness in the future.

1. Further improvements to the sensitivity of the
SHERLOCK assay, particularly during the early
stages of an infection, could be made by testing
additional gene targets and applying a wider panel
of crRNA/RPA primers. Potential target genes
include the mitochondrial NADH dehydrogenase 1
(nad1) and the SjR2 retrotransposon for
S. japonicum,60 and the mitochondrial minisatellite
DNA region (SmMIT) for S. mansoni.61

2. The SHERLOCK assay procedure could be stream-
lined by combining the RPA reaction with Cas13a
detection (Cas13a protein, crRNA and reporter) in
one single reaction (one-pot detection). This would
simplify the protocol, improving ease-of-use and
reducing processing time, as well as reducing the
risk of introducing contaminants. In our two-step
protocol we used an extended incubation time for
the RPA and CRISPR-Cas13a detection, but these
could be reduced to as little as 5 min for each step as
described.19 One-pot CRISPR-Cas13a detection has
been successfully implemented for the detection of
the Zika, Dengue viruses, and malaria.20,25 One-pot
CRISPR-Cas detection can also be lyophilized,
which increases thermostability and reagent shelf
life as well as enabling convenient field deploy-
ment.63 We are currently working on developing
one-pot versions of our S. japonicum and S. mansoni
SHERLOCK assays in our laboratory and pre-
liminary results are promising.

3. Protocol changes, such as using LAMP-based
CRISPR-Cas12 mediated detection, could be
considered. Both RPA and LAMP are commonly
used in CRISPR-Cas detection protocols as pre-
amplification of the target gene significantly en-
hances sensitivity.63 Although LAMP primer design
is more complex, it exhibits greater specificity,63 and
there is some evidence that LAMP may have greater
sensitivity compared to RPA and a greater tolerance
of inhibitory substances,64 which may facilitate rapid
DNA extraction methods. LAMP is more commonly
coupled with CRISPR-Cas12 mediated detection
and although it requires a higher amplification
temperature, one-pot detection coupling LAMP and
Cas12 b is possible.65

The SHERLOCK assays developed in this study are
capable of detecting S. japonicum and S. mansoni in-
fections at a similar level of sensitivity as gold-standard
PCR-based testing, and this technology should be
readily adaptable to detect other schistosome and
helminth species. When considering its ease of access,
our SHERLOCK assay has many benefits over qPCR.
SHERLOCK can be performed at a constant tempera-
ture of 37 ◦C, which is easily achievable using a simple,
portable heat block and bypasses the requirement of a
thermal cycler. Indeed, no specialized equipment is
required and, with multiple field-friendly readout
methods available including lateral-flow or in-tube
fluorescence detection by a handheld UV torch, the
interpretation of results is simple and straight-forward.
Our current cost of reagents used for SHERLOCK was
estimated to $4.66–5.02 AUD per test (Supplementary
Table S7). Since the major cost of the test comes from
using commercially available products (including re-
porter, protein and inhibitor), bulk enzyme purchase or
in-house production (i.e. of Cas13a protein and crRNAs)
could significantly lower the price. Further optimization
of the SHERLOCK detection process could also reduce
cost and enhance field applicability as development of a
thermostable, lyophilized SHERLOCK reaction would
allow for cold-chain independence and ease of operation
without specialised training, while also reducing prep-
aration time and user error.66 The field of CRISPR-Cas
based diagnostics is growing rapidly and collective
research efforts have already led to many improvements
in assay design including one-pot detection, DNA
extraction from crude samples, and increased accuracy
or affordability at the POC and in the field.62 The tech-
nology is readily adaptable, and capable of incorporating
multiplex assays that can distinguish between individual
species, specific to 1–2 single nucleotide poly-
morphisms (SNPs).24 As development continues,
CRISPR based diagnostics show great promise and
move closer to POC application in resource-limited
settings. It will provide the ammunition to further
extend this sensitive, field-friendly diagnostics approach
for future wide-scale application to other parasitic
NTDs.

With its versatility, sensitivity, and its potential to be
an inexpensive, portable POC tool, SHERLOCK can
become a major and dominant player as a next-
generation diagnostic platform that can be optimised
for the detection of a range of NTDs. The CRISPR-Cas
based diagnostics platform could be the game-changer
needed to address the unmet and urgent requirements
outlined by the WHO5 for rapid mapping of helminthic
diseases, monitoring helminth control programs and
assessing elimination targets. Future investigations are
needed to optimise performance of SHERLOCK in field
settings but accelerated research will open new oppor-
tunities for CRISPR diagnostics in clinical, surveillance
and research applications. The S. japonicum and
S. mansoni SHERLOCK assays presented in this study
highlight the potential of CRISPR diagnostics and
demonstrate the vital role they may play in the global
control efforts to eliminate schistosomiasis and other
NTDs.
www.thelancet.com Vol 94 August, 2023
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