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Abstract

Metacestodiasis is an infectious disease caused by the larval stage of cestode para-
sites. This disease poses a serious health hazard to wildlife, livestock, and hu-
mans, and it incurs substantial economic losses by impacting the safety of the
livestock industry, the quality of meat production, and public health security.
Unfortunately, there is currently no available molecular diagnostic method ca-
pable of distinguishing cysticercus- and Echinococcus-derived microRNAs (miR-
NAs) from other helminthes and hosts in the plasma of metacestode-infected
animals. This study aims to develop a specific, sensitive, and cost-efficient mo-
lecular diagnostic method for cysticercosis and echinococcosis, particularly for
early detection. The study developed a rolling circular amplification (RCA)-
assisted CRISPR/Cas9 detection method based on parasite-derived miRNA let-
7-5p. Using a series of dilutions of the let-7 standard, the limit of detection (LOD)
of the qPCR, RCA, and RCA-assisted CRISPR/Cas9 methods was compared.
The specificity of gPCR and CRISPR/Cas9 was evaluated using four artificially
synthesized let-7 standards from different species. A total of 151 plasma sam-
ples were used to evaluate the diagnostic performance. Additionally, the study
also assessed the correlation between plasma levels of let-7-5p, the number of
Taenia pisiformis cysticerci, and the weight of Echinococcus multilocularis cysts.
The results demonstrated that the RCA-assisted CRISPR/Cas9 assay could signif-
icantly distinguish let-7 from cestodes and other species, achieving a LOD of 10
aM; the diagnostic sensitivity and specificity for rabbit cysticercosis and mouse E.
multilocularis were 100% and 97.67%, and 100% and 100%, respectively. Notably,

Abbreviations: AE, Alveolar echinococcosis; CBS, carbonate buffer solution; CE, Cystic Echinococcosis; dpi, days post infection; E. multilocularis,
Echinococcus multilocularis; ELISA, Enzyme Linked Immunosorbanent Assay; ESP, excretory/secretory product; FI, fluorescence intensity; HRP,
horseradish peroxidase; LOD, limit of detection; miRNA, microRNA; OD, optical density; PP, padlock probe; PBS, phosphate buffered saline; RCA,
rolling circular amplification; ROC, receiver operating characteristic; RT-qPCR, reverse transcription quantitative polymerase chain reaction; SPF,
specific-pathogen-free; T. pisiformis, Taenia pisiformis; TP, Tagman probe; TMB, Tetramethylbenzidine.
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1 | INTRODUCTION

The Cestodes of the Taeniidae family encompass a wide
variety of species, posing a significant threat to the
healthy development of animal husbandry and public
health safety. Metacestodiasis, caused by Taenia spp.
(such as Taenia solium, Taenia pisiformis, and others)
and Echinococcus spp. (primarily Echinococcus mul-
tilocularis and Echinococcus granulosus), not only re-
sults in substantial human morbidity and mortality on
a global scale, but also infects livestock, leading to im-
mense economic losses.' T. pisiformis is highly prevalent
in China, with infection rates of 20%-100% and mortality
rates of 4%-23.69% in rabbits.> Additionally, this disease
can lead to serious liver injury, ascites, weight loss, and
reduced fecundity in infected animals.>* Alveolar echi-
nococcosis (AE), caused by E. multilocularis, primarily
affects the liver of both humans and animals, resulting
in conditions such as fibrosis, cirrhosis, cancer, and even
death.>® Therefore, early diagnosis of metacestodiasis
plays a pivotal role in controlling disease progression
and ensuring the health of humans and animals.

Currently, the diagnosis of metacestodiasis largely relies
on serological and imaging examinations.”® Serological
diagnostic technologies, like the ELISA assay, have been
reported to detect metacestodiasis, yet the challenge
of a high false-positive rate remains a major concern.’
Molecular diagnosis technologies, such as multiplex PCR,
exhibit high sensitivity and specificity; however, their ap-
plication is limited to the differential diagnosis of taenia-
sis in dogs and humans.® Hence, there is an urgent need
to develop specific, sensitive, and cost-efficient molecular
diagnostic methods for metacestodiasis.

MicroRNAs (miRNAs) are small (18-24nt) endoge-
nous non-coding RNA molecules that regulate the expres-
sion of their target genes, playing pivotal roles in various
biological processes, including cell proliferation, differen-
tiation, apoptosis, and stress response.'”!! These miRNAs

let-7-5p gradually increased in the plasma of T. pisiformis-infected rabbits from
15days post infection (dpi), peaked at 60 dpi, and persisted until 120 dpi. In E.
multilocularis-infected mice, let-7-5p gradually increased from 15 dpi and per-
sisted until 90 dpi. Furthermore, the expression of let-7-5p positively correlated
with the number of cysticerci and cyst weight. These results indicated that the let-
7-5p-based RCA-assisted CRISPR/Cas9 assay is a sensitive and specific detection
method that can be used as a universal diagnostic method for metacestodiasis,
particularly for early diagnosis (15 dpi).

diagnosis, let-7-5p, metacestodiasis, plasma, RCA-assisted CRISPR/Cas9

can circulate and remain stable in biological fluids such as
plasma/serum, urine, and feces.!>!3 Circulating miRNAs
have been shown to resist RNase-induced degradation,
changes in pH and temperature, and multiple freeze-
thaw cycles, rendering them highly suitable as potential
biomarkers in biological fluids."

Recent studies have shown that parasite-derived miR-
NAs can be detected in the plasma/serum of parasite-
infected hosts, indicating their potential as biomarkers
for diagnosing parasite infections.'*'> Parasite-derived
miRNAs, such as miR-277 and miR-3479-3p, demonstrate
promise as novel diagnostic biomarkers for detecting
human Schistoma japonicum infection.'® Additionally, re-
search has identified egr-miR-2a-3p as a potential diagnos-
tic biomarker for cystic echinococcosis (CE).Y” Previous
studies have revealed that cestodes share the same miRNA
let-7 (let-7-5p),18 which has been shown to be one of the
highly expressed miRNAs in cestodes.'**! In addition, the
expression level of let-7-5p was significantly upregulated
in the serum and liver of metacestodes-infected animals
and humans,?*?* suggesting its potential as a target mole-
cule for diagnosing metacestodiasis.

Due to the special characteristics of miRNAs, such
as their small size, low content, and high sequence sim-
ilarity, the direct and effective detection of miRNAs in
plasma/serum remains a challenge. Currently, several
common miRNA detection methods, including reverse
transcription quantitative polymerase chain reaction (RT-
qPCR),ZS’26 northern blotting,27’28 and microarray,29 have
been utilized for analyzing clinical samples. Although
these methods have been widely considered as the most
common and gold standard for miRNA analysis, they
still have some shortcomings. For instance, qPCR is
time-consuming and requires multiple steps, including
primer design, miRNA extraction, reverse transcription,
and qPCR itself.***! Moreover, qPCR cannot discriminate
against highly homologous miRNAs.** Other methods,
such as northern blotting and microarray assays, suffer
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from poor detection specificity and sensitivity, lengthy
processes, and high detection costs.>*** These drawbacks
limit their further applications.

Recently, isothermal amplification techniques have
found widespread use for amplifying DNA and RNA.>*%’
The RCA technique, in particular, has been extensively
employed in detecting miRNAs due to its simplicity, spec-
ificity, and high sensitivity. These methods could elongate
short RNAs into long DNA products, offering potential av-
enues for amplifying miRNA input signals.*®

Furthermore, CRISPR-Cas systems have shown great
potential as diagnostic tools due to their unique sequence
recognition properties and capability for nucleic acid
cleavage.”” Recent studies have pioneered multiple nu-
cleotide detection techniques based on these methods.*
A specific miRNA detection method was developed by
integrating RCA and CRISPR/Cas9 for lung cancer and
obtained a low fM level of sensitivity.*' Additionally, an
accurate and sensitive miRNA detection technology was
established by combining garland RCA and CRISPR/
Cas9-assisted signal generation.** Hence, the prospect of
detecting parasite-derived miRNAs based on RCA and
CRISPR/Cas9 appears feasible.

In this work, using larval cestode-derived miRNA let-
7-5p as a target, we developed a specific, rapid, isother-
mal miRNA detection approach termed RCA-assisted
CRISPR/Cas9 based on let-7-5p (Figure 1). We demon-
strated that the RCA-assisted CRISPR/Cas9 assay based
on let-7-5p enabled the detection of miRNA at a limit
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as low as 10 aM and effectively differentiated cestode-
derived let-7-5p from other helminthes. Moreover, this
method exhibited excellent diagnostic performance when
applied to 151 clinical samples. Thus, this method could
serve as valuable technical support for the early diagnosis
of metacestodiasis.

2 | MATERIALS AND METHODS

2.1 | Ethics statement

All animal experiments were approved by the Animal
Ethics Committee of Lanzhou Veterinary Research
Institute, Chinese Academy of Agricultural Sciences
(Permit No. LVRIAEC2021-028) and were performed
in strict accordance with the Good Animal Practice of
Animal Ethics Procedures and Guidelines of the People's
Republic of China.

2.2 | Materials

The sequence of primers, padlock probe (PP), Tagman
probe (TP), and sgRNA were listed in Table S1 and were
synthesized by Sangon Biotech (Shanghai, China). The
let-7 standards from different species were synthesized by
Guangzhou RiboBio Co., Ltd. (Guangzhou, China). Cas9
nuclease was purchased from Vazyme (Nanjing, China).

M

FIGURE 1 The principle of RCA-assisted CRISPR/Cas9. (A) miRNA extraction and Rolling circular amplification (RCA)-CRISPR/
Cas9 detection. (B) The detailed steps of RCA-assisted CRISPR/Cas9 detection. Step 1: miRNA-padlock probe (PP) ligation; Step 2: Rolling
circular amplification (RCA) reaction; Step 3: Cas9/sgRNA cleavage and fluorescence detection.
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2.3 | Animals, parasites, and
sample collection

In the present study, a total of 154 animals were used.
These animals include 74 rabbits, 77 mice, and 3 dogs.
All animals were procured from the Laboratory Animal
Center of Lanzhou Veterinary Research Institute and
housed in specific-pathogen-free (SPF) facilities. T. pisi-
formis cysticerci were obtained from naturally infected
rabbits by an abattoir in Henan province, China. To col-
lect a sufficient number of T. pisiformis eggs, 3 male dogs
(3 months old) were experimentally infected with 20 T.
pisiformis cysticerci. At 50days post-infection (dpi), eggs
were collected from the feces of the infected dogs.

74 New Zealand white rabbits were randomly divided
into two groups: an infection group (31 rabbits) and a
control group (43 rabbits). In the infection group, each
rabbit was orally administered 1000 mature eggs of T.
pisiformis. In the control group, each rabbit received an
equal volume of phosphate buffered saline (PBS). Plasma
samples from the rabbits were collected at different inter-
vals on days 0, 7, 14, 15, 30, 45, 60, 90, and 120 dpi. At 120
dpi (experimental end point), the rabbits were necrop-
sied, and the number of cysticerci was analyzed.

E. multilocularis protoscolices used in the present study
were isolated from Mongolian gerbils within the animal
house of Lanzhou Veterinary Research Institute.** 77 male
BALB/c mice (6-8 weeks old) were randomly assigned to
two groups: an infection group (38 mice) and a control
group (39 mice). In the infection group, each mouse was
intraperitoneally infected with 1000 protoscolices. In the
control group, each mouse received an equivalent volume
of PBS. Plasma samples from all mice were collected at 0,
7, 14, 15, 30, 60, and 90 dpi. At 90 dpi (experimental end
point), the mice were euthanized, and the weight of the
cysts was analyzed.

2.4 | miRNA isolation, reverse
transcription, and qPCR

After the blood sample collection, the miRNA was imme-
diately isolated using an EasyPure miRNA Kit (TransGen,
Beijing, China) according to the manufacturer's instruc-
tions. The isolated miRNA was then divided into two
parts: one part was stored at —80°C for the RCA-assisted
CRISPR/Cas9 assay, while the other part was subjected
to reverse transcription for qPCR analysis.

Two methods were employed for miRNA reverse tran-
scription. In the poly (A) method, RNAs were reverse
transcribed into cDNA using the Mir-XTM miRNA First
Strand Synthesis Kit (Clontech, Mountain View, CA,
USA). As for the stem-loop method, first-strand cDNA

was synthesized using the miRNA First Strand cDNA
Synthesis Kit (by stem-loop) (Vazyme, Nanjing, China).

gPCR analysis was conducted using 2 X Universal
Blue SYBR Green qPCR Master Mix (Servicebio, Wuhan,
China). Each qPCR reaction was prepared in a 10puL
volume, consisting of 5pL of qPCR master mix, 1 pL of
cDNA template, 0.2 pL of forward primer (10 pM), 0.2 pL.
of reverse primer (10 pM), and 3.6 pL of nuclease-free
water. The qPCR analysis was carried out on an ABI
7500 thermocycler (Thermo Fisher Scientific, Waltham,
MA, USA) with an initial denaturation at 95°C for 30 sec-
onds, followed by 40cycles at 95°C for 10seconds, and
60°C for 30seconds. Cel-miR-39-3p served as the exoge-
nous control. The 2~**" method was used for analyzing
miRNA expression, and each reaction was performed in
triplicate.

2.5 | Ligation reaction

The ligation reaction was conducted using 3pL PP, 3pL
miRNA, 0.5pL HiFi Taq DNA ligase (New England
Biolabs, Inc., Ipswich, MA, USA), 1pL 5xligase buffer,
and 2.5 pL nuclease-free water at 37°C for 15 min.

2.6 | RCA reaction

The 20pL RCA reaction system contained 10 pL ligation
products, 0.5pL phi29 DNA polymerase (10000U/mL,
New England Biolabs, Inc.), 2 pL 10 X reaction buffer, 2 pL
dNTP (2.5mM), and 5.5 pL nuclease-free water. The reac-
tion mixture was incubated at 37°C for 1h.

2.7 | Cas9 cleavage reaction and
fluorescence measurement

The RCA product and 10 pL. TP (10 pM) were mixed and
incubated at room temperature for 30 min to form double-
stranded products. Subsequently, a 20 pL Cas9/sgRNA
mixture was incubated with the double-stranded com-
plex for 30min in the dark. The fluorescence intensity
(FI) was detected at 510 to 600 nm using a Varioskan™
LUX microplate reader (ThermoFisher Scientific).

2.8 | Agarose gel electrophoresis

The agarose gel experiments were conducted using 3%-
and 1%-agarose gel at 100V for 30min. Images were
captured using a BIO-RAD Gel Doc XR imaging system
(Hercules, CA, USA).
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2.9 | Multiple sequence
alignment analysis

The mature sequences of let-7 from different species were
obtained from the miRBase database (https://www.mirbase.
org), including cestodes (E. granulosus, E. multilocularis, T.
solium, and T. pisiformis), nematodes (Ascaris suum), trem-
atodes (S. japonicum), and mammals (Homo sapiens, Ovis
aries, and Oryctolagus cuniculus). Multiple sequence align-
ment was performed using Clustal X software (version 2.1).

2.10 | Analytical sensitivity of qPCR,
RCA, and RCA-assisted CRISPR/Cas9 assay

A series of miRNA dilutions of the let-7-5p standard was
prepared, corresponding to concentrations of 10 uM, 1 uM,
100nM,10nM, 1nM, 100 pM, 10 pM, 1pM, 100 fM, 10 fM,
1M, 100 aM, 10 aM, and 1 aM. The levels of let-7-5p were
assessed using qPCR, RCA, and RCA-assisted CRISPR/
Cas9, respectively. Three biological replicates were estab-
lished for each sample.

211 | Analytical specificity of qPCR,
RCA, and RCA-assisted CRISPR/Cas9 assay

Let-7 standards from different species, including O. cunic-
ulus (ocu-let-7-5p), A. suum (asu-let-7-5p), S. japonicum
(sja-let-7-5p), and T. pisiform cysticercus (tpi-let-7-5p),
were detected using poly(A)-tailing RT-qPCR, stem-loop
RT-qPCR, RCA, and the RCA-assisted CRISPR/Cas9
methods, respectively. The specificity of RCA-assisted
CRISPR/Cas9 detection for tpi-let-7-5p was compared
with other methods.

2.12 | Diagnostic performance of
RCA-assisted CRISPR/Cas9 assay

The levels of let-7-5p in blood samples from 74 rabbits (in-
cluding 43 healthy rabbits and 31 T. pisiformis experimen-
tally infected rabbits) and 77 mice (including 39 healthy
mice and 38 E. multilocularis experimentally infected
mice) were tested using the RCA-assisted CRISPR/Cas9
assay.

2.13 | Enzyme-linked immunosorbent
assay (ELISA)

96-well plates were coated overnight at 4°C with 100 pL/
well of excretory/secretory product (ESP) from T.

;'IC-ASEBJournaI

pisiformis cysticercus diluted to 2.5pg/mL in carbonate
buffer solution (CBS). All the following steps were per-
formed at room temperature. After washing three times
for 5Smin with PBST, the wells were blocked for 2h with
100 pL/well of 5% bovine serum albumin. The plates were
washed and incubated for 1h with rabbit sera diluted
1:200 in PBST (100puL/well). After washing, the wells
were incubated for 1h with HRP goat anti-rabbit IgG
(H+L) (1:5000; Biodragon, China). After a final washing,
wells were incubated for 15min in the dark with 100 pL
3,3’,5,5'-tetramethylbenzidine (TMB) substrate. The reac-
tion was stopped by addition of 100 pL of 2M H,SO,. The
optical density (OD) of each well at 450 nm was measured
on a VarioskanTM LUX microplate reader (ThermoFisher
Scientific). All serum samples were tested in duplicate.

E. multilocularis hydatid cyst fluid was used as a coated
antigen to detect serum antibody levels in mice by the in-
direct ELISA method described above.

2.14 | Data analysis

Comparative analysis was conducted using the Student's
t-test. Pearson's correlation coefficient (r) was employed
to assess the correlation between plasma levels of let-
7-5p and the number of cysticerci or the weight of cysts.
Statistical analysis was performed using GraphPad Prism
version 8 (GraphPad Software, San Diego, CA, USA). A
significance level of p<.05 was considered statistically
significant. The diagnostic sensitivity and specificity were
assessed using a receiver operating characteristic (ROC)
curve. The optimal cut-off value for the method was deter-
mined using the Youden index.*

3 | RESULTS

3.1 | Principle and design for
RCA-assisted CRISPR/Cas9

RCA-assisted CRISPR/Cas9 based on let-7-5p consists of
three steps: miRNA-PP ligation (Step 1), RCA (Step 2),
and CRISPR/Cas9 cleavage (Step 3) (Figure 1). First, a
PP with a PAM motif hybridizes with the target miRNA,
triggering the ligation of the 5’ and 3’ terminals of the PP
by high-fidelity HiFi Taq DNA ligase. The resulting cir-
cular PP acts as a template to mediate the RCA reaction,
forming ssDNA RCA amplicons in the presence of phi29
DNA polymerase. Subsequently, the TP (FAM at the 5
terminal and BHQ-1 at the 3’ terminal), complementary
to the target, is added. It hybridizes with the repetitive
target regions of ssSDNA RCA amplicons, forming a long
dsDNA assembly. The Cas9/sgRNA complex specifically
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cleaves the dsDNA assembly adjacent to the PAM motif.
Fluorescence is emitted from the digested TP, observed ei-
ther by the naked eye or by a fluorescence reader.

3.2 | Padlock probes optimization and
intermediate product analysis

The efficiency of the padlock cyclization reaction and sub-
sequent RCA reaction depends on the secondary struc-
ture of PP. To establish the RCA-assisted CRISPR/Cas9
detection method based on let-7-5p, four PPs with differ-
ent structures were designed using RNA structure (http://
rna.urmc.rochester.edu/RNAstructure.html). These in-
cluded PP1 without secondary structure (Figure S1), PP2
with secondary structure in the middle (Figure S2), PP3
with secondary structure at the 3’ end (Figure S3), and
PP4 with secondary structure at the 5’ end (Figure S4).
The corresponding fluorescence intensity (FI) of the four
PPs was measured. Results indicated that the FI of PP1
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was significantly higher than that of the other three PPs
(Figure 2A,B, p<.01). Hence, PP1 was selected as the op-
timal padlock probe for the RCA assisted CRISPR/Cas9
method.

To analyze the generation of intermediate products, the
ligation product and the RCA product were subjected to
agarose gel electrophoresis. The results revealed that the
size of let-7-5p was about 22bp (lane 1), PP1 was about 75bp
(lane 2), and the ligation product was about 97bp (lane 3)
(Figure 2C). This indicated successful ligation between let-
7-5p and PP1. The RCA product exhibited a prominent band
at the sample addition hole (Figure 2D, lane 4), suggesting
that the amplification products reached a magnitude of 10*.

3.3 | Analytical performance

To determine the sensitivity of the RCA-assisted CRISPR/
Cas9 assay, the correlation between let-7-5p concentration
and FI was initially explored. As illustrated in Figure 3A,
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FIGURE 2 Intermediate product analysis of RCA. (A) FI analysis of padlock probes (PP). (B) Comparative analysis of FI in the four PPs.
(C) 3% agarose gel electrophoresis analysis of the ligation product. (D) 1% agarose gel electrophoresis analysis of the RCA product. M1: GL
DNA marker 500bp; 1: tpi-let-7-5p; 2: PP1; 3: ligation product; M2: DL 10000 DNA Marker; 4: RCA product; 5: Negative control. **p <.01,

¥ p <.0001, compared with the PP1 group.
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the FI increased gradually as the let-7-5p concentration
increased from 0.1 fM to 0.1 pM, indicating a strong corre-
lation between the concentration of let-7-5p and the fluo-
rescent signal. Furthermore, a robust linear relationship
between FI and let-7 concentration was observed, repre-
sented by the regression equation F=15.75 lg (C)+9.78
(R*=.9912) (Figure 3B).

By employing serial dilutions of let-7-5p, it was found
that the limits of detection (LODs) for let-7-5p were 1
pM for gPCR, 100 aM for RCA, and 10 aM for the RCA-
assisted CRISPR/Cas9 assay (Figure 4). These results
suggest that the sensitivity of the RCA-assisted CRISPR/
Cas9 assay surpasses that of the qPCR and RCA methods.
This indicates an enhanced capability of the RCA-assisted
CRISPR/Cas9 detection method in identifying low levels
of let-7-5p.

To evaluate the specificity of the RCA-assisted CRISPR/
Cas 9 assay for let-7 detection, a sequence conservation
analysis of let-7 from different species was performed

using the multi-sequence alignment software ClustalX
(version 2.1) (Figure 5). The results revealed that cesto-
des (E. granulosus, E. multilocularis, T. solium, and T. pisi-
formis) share identical let-7 sequences, unlike nematodes
(A. suum), trematodes (S. japonicum), and mammals (H.
sapiens, O. aries, and O. cuniculus), indicating highly con-
served sequences of let-7-5p among cestodes.

Given that qPCR serves as a gold standard method for
miRNA quantification, we compared the specificity of
poly(A)-tailing RT-qPCR, stem-loop RT-qPCR, and RCA-
assisted CRISPR/Cas9 assays for detecting let-7 standards
from four different species (tpi-let-7-5p, ocu-let-7¢c-5p, asu-
let-7-5p, and sja-let-7-5p). The findings revealed that let-7
from four different species could not be distinguished by
poly(A)-tailing RT-qPCR or RCA (Figure 6A,C). However,
they could be differentiated using stem-loop RT-qPCR
(Figure 6B).

Compared to poly(A)-tailing RT-qPCR, stem-loop RT-
gPCR significantly improved the specificity of the qPCR
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hsa-let-7c-5p UBABSUABUAGSUUBUAUBEUU

oar-let-7¢

UBABBUABUAGGUUGUAUGBGUU
ocu-let-7e-5p UBABSUABUABEUUBUAUSEUU
asu-let-7-5p  USABSUABUABEUUBUAUABUU
G6ABGUAGBUUCBUUGUGUGGU
emu-let-7-5p  UBABBUABUBUUUCEAAUSUCT
egr-let-7-5p  UBABBUABUBUUUCEAAUSUCU
tso-let-7-5p  UBABBUABUBUUUCEAAUBUCU
UBABBUABUBUUUCEBAAUBUCU

sja-let-7

tpi-let-7-5p

FIGURE 5 Alignment of the let-7 sequence from different
species. has: Homo sapiens; oar: Ovis aries; ocu: Oryctolagus
cuniculus; asu: Ascaris suum; sja: Schistosomiasis japonica; emu:
Echinococcus multilocularis; egr: Echinococus granulosus; tso:
Taenia solium; tpi: Taenia pisiformis.

reaction. However, the fold change of let-7 between
cestodes and let-7 from other species was significantly
lower (<0.5 times, Figure 6B) than that of the RCA-
assisted CRISPR/Cas9 method (approximately 48 times,
Figure 6D). Moreover, the RCA-assisted CRISPR/Cas9
method can significantly distinguish let-7 family members
with single base differences (such as ocu-let-7-5p and asu-
let-7-5p) when compared to qPCR and RCA.

Taken together, these analytical performances suggest
that RCA-assisted CRISPR/Cas9 based on cestode-derived
let-7-5p is a promising molecular method for detecting
metacestodiasis, demonstrating remarkable analytical
sensitivity and specificity.

3.4 | Diagnostic performance

To assess the diagnostic potential of the RCA-assisted
CRISPR/Cas9 assay for T. pisiformis infection, a total of 74
blood samples were collected, comprising 43 from healthy
rabbits and 31 from T. pisiformis cysticercus-infected rab-
bits. The levels of let-7-5p were detected in those sam-
ples. As shown in Figure 7A, a statistically significant
difference in the fold change of T. pisiformis cysticercus-
infected rabbits compared to healthy rabbits was observed
(p<.0001). The ROC curve analysis revealed an optimal
cut-off value of 2.13. Accordingly, one out of 43 healthy
rabbits exhibited a fold change above the cut-off value,
indicating a specificity of 97.67% (87.94%-99.88%, 95%
CI) (Figure 7B). All parasitologically confirmed infected
rabbits were considered positive, yielding a sensitivity of
100% (88.97%-100%, 95% CI). The area under the ROC
curve (AUC) assesses the ability of the test to discriminate
between healthy and diseased individuals. An AUC of 1
represents a perfect test, while an AUC of 0.5 indicates a
test without the ability to differentiate diseased individu-
als from healthy individuals.* In this test, the AUC was

0.9992 (99.68%-100%, 95% CI), suggesting excellent di-
agnostic performance of the RCA-assisted CRISPR/Cas9
based on tpi-let-7-5p for T. pisiformis cysticercosis. While
the ELISA results showed that sensitivity and specificity
were 87.4% and 81.4% in detecting 74 sera of rabbits from
T. pisiformis infection, respectively (Figure 7C).

To evaluate the diagnostic performance of the RCA-
assisted CRISPR/Cas9 method for E. multilocularis in-
fection, the levels of let-7-5p were detected in 39 healthy
and 38 E. multilocularis-infected mice. A statistically sig-
nificant difference was observed in the fold change of E.
multilocularis-infected mice compared to healthy mice
(Figure 7D, p<.0001). The positive samples showed an
average fold change value of 4.32, while the negative ones
had an average fold change value of 0.96. The determined
optimal cut-off value of this method was 2.46, yielding
sensitivity and specificity of 100% (90.82%-100%, 95% CI)
and 100% (91.03%-100%, 95% C1), respectively (Figure 7E).
The AUC was 1, indicating robust potential clinical utility
of parasite-derived let-7 as a diagnostic target for AE. The
ELISA results with cyst fluid antigen as coated antigen
showed that sensitivity and specificity were 92.11% and
84.62% in detecting 77 sera of mice infected with E. multi-
locularis, respectively (Figure 7F).

To evaluate the cross-reactivity of the RCA-assisted
CRISPR/Cas9 assay between different species of let-7-5p,
different species of let-7-5p were added to O. aries blood,
and the levels of let-7-5p were detected. The results showed
that this method could only detect the high expression of
let-7-5p in blood samples containing egr-let-7-5p, but there
was no cross-reaction with let-7 in other species (Figure 8).

Taken together, the RCA-assisted CRISPR/Cas9 assay
based on let-7-5p has demonstrated high sensitivity and
specificity in diagnosing metacestodiasis.

3.5 | Dynamic changes of let-7-5p in
animal plasma during metacestode
infection

Tomonitor the dynamic changes of tpi-let-7-5pin plasma of
both healthy rabbits and T. pisiformis cysticercus-infected
rabbits, the expression of tpi-let-7-5p in plasma samples
was assessed at different time points using poly(A)-tailing
RT-qPCR and RCA-assisted CRISPR/Cas9 assays, respec-
tively. The results of poly(A)-tailing RT-qPCR indicated
a significant upregulation of tpi-let-7-5p in the plasma of
T. pisiformis cysticercus-infected rabbits at 60 dpi, but no
statistically significant changes were observed at 7, 14, 15,
30, 45, 90, or 120 dpi (Figure 9A, p <.05). Conversely, the
RCA-assisted CRISPR/Cas9 assay demonstrated a gradual
increase of tpi-let-7-5p from 15 dpi, which peaked at 60
dpi and persisted until 120 dpi (Figure 9B).
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FIGURE 6 The specificity analysis of poly(A)-tailing RT-qPCR, stem-loop RT-qPCR, RCA, and RCA-assisted CRISPR/Cas9 methods
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sk

p <.0001 vs. tpi-let-7-5p. **p < .01 vs. ocu-let-7-5p.

Additionally, we investigated the dynamic changes
of emu-let-7-5p in the plasma of healthy mice and E.
multilocularis-infected mice. The results of poly(A)-
tailing RT-qPCR indicated a significant upregulation of
emu-let-7-5p in the plasma of E. multilocularis-infected
mice at 30 and 60 dpi, but with no statistically signifi-
cant changes observed at 7, 14, 15 or 90 dpi (Figure 9C,
p<.05). The results of the RCA-assisted CRISPR/Cas9
assay showed that emu-let-7-5p gradually increased from
15 dpi and persisted until 90 dpi (Figure 9D). These re-
sults indicate that the RCA-assisted CRISPR/Cas9 assay
based on cestode-derived let-7-5p can be used for the di-
agnosis of metacestodiasis, especially for early detection
at 15 dpi.

3.6 | Correlations between the
level of let-7-5p in plasma and the infected
number of cysticerci or weight of cysts

Correlation analysis revealed a positive correlation be-
tween the level of tpi-let-7-5p in the plasma of rabbits
infected with T. pisiformis and the number of cysticerci
(Figure 10A, r=.7428, p<.0001). Additionally, in the
plasma of mice infected with E. multilocularis, a signifi-
cant positive correlation was observed between the level
of emu-let-7-5p and the weight of cysts (Figure 10B,
r=0.9515, p<.0001). Noticeably, the RCA-assisted
CRISPR/Cas9 method demonstrated the ability to detect
at least three cysticerci infections (Figure 10A).
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FIGURE 7 Diagnostic performance analysis of RCA-assisted CRISPR/Cas9 methods. (A) Scatter plot of parasite-derived let-7-5p

for discriminating the T. pisiformis-infected rabbits from the control group. (B) ROC curves and AUC analysis of tpi-let-7-5p for rabbit
cysticercosis diagnosis by the RCA-assisted CRISPR/Cas9 method. (C) ROC curves and AUC analysis for rabbit cysticercosis diagnosis

by ELISA. (D) Scatter plot of parasite-derived let-7-5p for discriminating E. multilocularis-infected mice from the control group. (E) ROC
curves and AUC analysis of emu-let-7-5p for AE diagnosis by RCA-assisted CRISPR/Cas9 method. (F) ROC curves and AUC analysis for AE

diagnosis by ELISA. ****p <.0001, compared with the control group.

4 | DISCUSSION
Accurate and specific detection of parasite-specific mol-
ecules is pivotal for preventing and controlling parasitic
diseases.'® In the present study, we established an isother-
mal amplification method for detecting parasite-derived
miRNA let-7-5p, termed the RCA-assisted CRISPR/Cas9
assay based on let-7-5p, and demonstrated its application
potential for the diagnosis of metacestodiasis, particularly
in early infection stages. This method can be performed
in the temperature range of 25-37°C and does not require
sophisticated instruments (Figure 1). The entire reaction
process takes no more than 2.5h, and the fluorescence
can be easily observed by the naked eye under ultraviolet
excitation (Table 1 and Figure 1) or via a portable fluores-
cence detector.*> Moreover, the assay is also cost-effective,
with an estimated cost of $1.92 per test (Table S2). Hence,
the let-7-based RCA-assisted CRISPR/Cas9 assay is suit-
able for field detection without the need for a laboratory
setting.

Previous studies have shown that high-throughput
sequencing and modified stem-loop RT-qPCR can detect
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FIGURE 8 Analysis of cross-reactivity between different
species of let-7-5p using the RCA-assisted CRISPR/Cas9 method.
egr: Echinococus granulosus; asu: Ascaris suum; sja: Schistosomiasis
Jjaponica; oar: Ovis aries. egr +asu +sja (1: 2: 2) indicates the
concentration ratio of egr, asu, and sja is 1: 2: 2. ***p <.0001,
compared with NC group.
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TABLE 1 Comparison of CRISPR/Cas9 with other miRNA detection methods.
Reverse Assay Cost per
Detection methods transcription step SBD Sensitivity time test Reference
Modified stem-loop RT-qPCR Yes Yes High >4h N/A [46]
RT-qPCR Yes N/A  miR-21-5p:7.4fM >2h N/A [47]
Rolling circle amplification (RCA) No Yes let-7: 2.5 fM 80 min N/A [32]
Casl2a-TCA No Yes miR-21: 8 fM 7h $2.7 [48]
Branched RCA and CRISPR-Cas12a No Yes miR-21: 0.87 fM 5.5h $3.7 [38]
(BRCACas)
RCA-CRISPR-split-HRP (RCH) No Yes Let-7a:1 fM <4h $1.73 [49]
CRISPR/Cas 13a-triggered No Yes  miR-10b: 1M 5.2h N/A [50]
RCA-DNAzyme
CRISPR/Cas 13a powered portable No N/A  miR-17: N/A N/A [51]
1x107°M

CRISPR/Cas9-assisted garland RCA No N/A  miR-326: 3.45 fM 2.5h N/A [40]
let-7-based RCA-assisted CRISPR/Cas9 No Yes let-7: 10 aM <2.5h $1.92 This work

Abbreviations: N/A, not available; RCA, rolling circle amplification; SBD, single base discrimination.

single-base differences among let-7 family members*®>2

The present study also demonstrated that stem-loop
qPCR can distinguish distinct let-7 family members
(Figure 6A), which is consistent with the previous re-
port.>? However, this method requires different stem-loop
primers and forward qPCR primers for various miRNAs,
along with the preparation of a specific reverse transcrip-
tion system before qPCR detection. Consequently, this
approach is time-consuming (more than 4h),>® complex,
and requires trained technicians. As a result, these lim-
itations hinder its application in the rapid field detection
of pathogens.

Utilizing branch-rolling circle amplification and
CRISPR/Casl2a, a sensitive and specific serum miRNA
detection method was established, featuring a LOD of
0.87 fM for miR-21. This method holds promise for diag-
nosing and screening the prognosis of colorectal cancer
patients.®® Furthermore, a highly specific RCA-assisted
CRISPR/Cas9 detection method was developed. Not only
does it possess single-base recognition characteristics and
a LOD of 90 fM for miR-21, but it is also applicable in di-
agnosing patients with non-small-cell lung cancer.* The
present study highlights that the RCA-assisted CRIPSR/
Cas9 method based on let-7-5p exhibits excellent spec-
ificity, enabling the significant differentiation of let-7
family members with single-base differences. The high
specificity of this method is mainly due to two factors:
firstly, HiFi Taq DNA ligase demonstrates enhanced dis-
crimination between correct and mismatched base pairs
at ligation junctions, enabling differentiation of single-
base differences at the terminal of 3’ or 5'. Secondly, Cas9
nucleases accurately cleave hybridized double strands
adjacent to the PAM domain. Additionally, by integrating

the advantages of RCA, CRISPR/dCas9, and horseradish
peroxidase (HRP) technologies, a novel, cost-effective, and
highly efficient miRNA detection method was established,
achieving a LOD of 1 fM for let-7a.%

In the present study, the let-7-based RCA-assisted
CRIPSR/Cas9 method demonstrated higher sensitivity
than traditional gPCR and RCA, with a LOD as low as
10 aM. Particularly in the detection of low-abundance
samples such as miRNA, the sensitivity of the detection
method holds great importance, especially in the early di-
agnosis of pathogen infections. Immediate intervention
measures in the early stages play a crucial role in effec-
tively preventing and controlling diseases.

Parasite-derived miRNAs offer significant potential as
biomarkers for diagnosing infections in humans or an-
imals. One study developed a stem-loop RT-qPCR assay
based on Echinococcus granulosus-derived egr-miR-2a-3p,
effectively distinguishing healthy subjects from cystic
echinococcosis patients. ROC analysis revealed its good
diagnostic value for cystic echinococcosis, with an AUC
of 0.8176."” Another study identified two parasite-derived
miRNAs, egr-miR-71 and egr-let-7, exclusively detected in
the plasma of E. granulosus-infected individuals. Their ex-
pression levels significantly decreased at 3 and 6 months
post-surgery, suggesting potential use as novel biomark-
ers for E. granulosus infection detection and post-surgery
follow-up."> According to a recent report, three highly
expressed parasite-derived miRNAs (egr-let-7-5p, egr-
miR-71a-5p, and egr-miR-9-5p) were found to be upregu-
lated in the serum of Cystic Echinococcosis (CE) patients
when compared to the active CE patients. ROC analysis
showed that the egr-let-7-5p can not only discriminate
between healthy and CE patients (AUC=0.9170), but
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it can also distinguish between active and inactive CE
patients (AUC=0.8024).>> The present study demon-
strated that the let-7-5p-based RCA-assisted CRISPR/
Cas9 method effectively distinguished between healthy
controls and metacestode-infected animals. The diagnos-
tic sensitivity and specificity for rabbit cysticercosis were
100% and 97.67%, respectively, with an AUC of 0.9992.
For Echinococcus multilocularis in mice, the diagnostic
sensitivity and specificity were 100%, and the AUC was 1.
Moreover, the let-7 sequence, being identical among cesto-
des, distinguishes them from mammals, nematodes, and
trematodes using the RCA-assisted CRISPR/Cas9 assay.
Therefore, the let-7-5p-based RCA-assisted CRISPR/Cas9
assay can be used as a universal diagnostic method for
metacestodiasis.

Despite the advantages of this novel approach, it
still has limitations. The experimental process involves
three steps, which could potentially result in cross-
contamination. Hence, future research should prioritize
the development of a single-tube assay, aiming for re-
duced time and enhanced accuracy. Nevertheless, this
novel method represents a new approach for detecting
parasite-specific miRNA let-7 in the plasma of T. pisiformis
cysticercus-infected rabbits and E. multilocularis-infected
mice. It can also be adapted for detecting other metaces-
todes. Given the relatively low incidence of metacestode
infections in humans, this method holds promise for the
early diagnosis of human cysticercosis and echinococco-
sis. Its accuracy can be further enhanced by combining it
with radiological technology.
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