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Editorial on the Research Topic

Conference research topic: 16th international symposium on schistosomiasis
NEW (th’) presented in superscript

The International Symposium on Schistosomiasis is the foremost scientific gathering
dedicated to this significant and neglected disease worldwide. Its 16™ edition occurred in
Minas Gerais, 2022, a Brazilian endemic state for the disease. The theme of this edition was
“Schistosomiasis and Citizenship,” with topics that addressed initiatives for disease control
and elimination, the development of tools such as vaccines, medications, diagnostic tests,
strategies for controlling the intermediate host, health education, and sanitation actions. In
addition, epidemiological, clinical, and parasitological aspects, including the intermediate
hosts, were broadly discussed.

The 16™ symposium saw a turnout of 329 registered participants from 11 countries and
20 Brazilian states. Five keynote speeches, 98 studies presented as posters, ten panel
discussions with 37 talks delivered by invited experts, and 24 selected from abstract
submissions. The proceedings of the symposium encompassed 135 abstracts.

This Research Topic aims to widely disseminate some of the studies presented during
the event and provide an opportunity for researchers who could not attend to share their
study results on the event’s theme. This Symposium edition includes 14 manuscripts, two
reviews, and 12 original research articles from 108 authors worldwide.

Initiative for the control and elimination of
schistosomiasis as a public health problem

The WHO’s Guideline on the Control and Elimination of Human Schistosomiasis
outlines six recommendations to assist national programs in endemic countries. These
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recommendations focus on achieving morbidity control,
eliminating schistosomiasis as a public health issue, and
progressing towards interrupting transmission in line with the
2030 Agenda (1). Subsequently, members of the Oswaldo Cruz
Foundation’s Schistosomiasis Translational Program (Fio-schisto)
and other experts from Brazil discussed the feasibility of this
guideline for the Brazilian settings, published in the article of
Menezes et al. The Fio-schisto proposes, for Brazil, interventions
in basic sanitation as a priority measure envisioning eliminating
schistosomiasis transmission, associated with the Information,
Education, and Communication (IEC) strategy and other control
measures, actively involving the school community. A two-stage
immunological and molecular testing approach was recommended
to verify transmission interruption during and after the intervention.

The paper by Wang et al. highlights the importance of
education for transmission control. This study aimed to explore
the Protection Motivation Theory (PMT) in predicting the
likelihood of engaging in protective behavior against Schistosoma
infection. They showed that in China, behavior intention is a
complicated and indispensable part of changes in the population
conduct, influenced by professional knowledge, socio-economic
status, and personal characteristics. Effective dissemination of
knowledge about schistosomiasis should be strengthened to
ensure the effectiveness of protective measures against infection
and severe disease.

To improve the species-specific recognition of the genus
Biomphalaria, Araujo et al. used: 1) DNA barcoding methods,
Barcode of Life Data System (BOLD) identification criteria and
Best Close Match, 2) barcode gap, using the Kimura two-parameter
model to calculate intraspecific and interspecific distance, and 3)
sequences clustered/grouped into operational taxonomic units:
Generalized Mixed Yule-Coalescent, Poisson Tree Processes,
Automatic Barcode Gap Discovery, and Assemble Species by
Automatic Partitioning. This work generated partial sequences of
the coi gene and allowed the correct delimitation of most Brazilian
Biomphalaria species using DNA barcoding and clustering/
phylogenetic algorithms. This is a valuable work since there are
11 species of Biomphalaria sp. in Brazil, but only three species are of
epidemiological importance for schistosomiasis.

Diagnosis development
and evaluation

A new diagnostic test for schistosomiasis is essential for
achieving schistosomiasis elimination as a public health problem
by 2030 and certifying transmission interruption (1). Scientists
worldwide are making significant efforts to develop and evaluate
new diagnosis tools. During the symposium, several studies in the
diagnosis area were presented. Two of these studies were reported in
more detail in this Research Topic, and three other studies using
point-of-care diagnosis were published in this Research Topic.

In their manuscript, Mesquita et al. evaluated the accuracy of
eleven diagnostic tests for S. mansoni infection in a prospective
blind study conducted in a low-endemic setting in Brazil. They
evaluated point-of-care circulating cathodic antigen (POC-CCA) in
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the urine, PCR, qPCR, PCR-ELISA tests, and a loop-mediated
isothermal amplification (LAMP) test in feces and urine samples.
Additionally, they assessed three different ELISA tests without a
good index test, thus using a latent class model to determine
infection status. This study demonstrates the performance of all
tests using different biological samples and proposes three different
diagnostic strategies based on two tests: a sensitive ELISA-based test
to initially screen for infection, and a confirmatory test based on
molecular methods as a second step. This strategy proved more
accurate and less expensive than any molecular test alone.

Given the broad distribution of S. mansoni infection in endemic
countries, qPCR as a diagnostic test relies on infrastructure and
logistics. Therefore, isothermal amplification techniques such as the
Recombinase Polymerase Amplification (RPA) arise as an
alternative. Mesquita et al. developed two RPA assays based on
mitochondrial minisatellite DNA detection. The assays differed in
their strategies. In the Real-Time RPA, amplification is detected
based on the fluorescence emitted during amplification, while it is
captured on the test line in the lateral flow format. Both formats
performed well using full or half recommended volumes of
reagents, were species-specific, and detected one copy of the
target gene. No cross-amplification was observed.

To improve diagnosis, surveillance, and mapping of
schistosomiasis cases in resource-limiting settings, Zacharia et al.
provided a basis for the use of the dried urine spot method and
POC-CCA. Collection, storage, and transportation of urine samples
can be challenging in resource-limited settings. The authors
demonstrated that the filter paper-based dried urine spot method
could detect CCA antigens using the POC-CCA test without
compromising the integrity of the results and is, therefore, an
alternative to testing of fresh or stored samples.

Seeking a diagnostic assay to screen S. japonicum infection,
Mu et al. developed a gold-immunochromatography assay (GICA)
that detected antibodies against the S. japonicum saposin antigen
(SjSAP-4). This antigen has a low predicted potential for cross-
reactivity with antibodies against other parasite flukes and doesn’t
cross-react with antibodies against alveolar echinococcosis and
trichinellosis. An interesting strategy was applied in the design
and laboratory evaluation of the test suggesting its promise as a tool
for screening cases in endemic settings and detecting the disease in
non-endemic areas.

In the subsequent validation of the GICA test, Mu et al. assessed
its performance in 412 individuals from S. japonicum endemic areas
when compared with Kato-Katz (KK), POC-CCA, two in-house
ELISA tests, and the droplet digital PCR assay (ddPCR) performed
using feces, urine, serum, and saliva samples. Different sensibility
and specificity values were observed depending on the index test
used, highlighting the impact of the choice of index texts in
diagnosis evaluation.

In diseased diagnosis, Zhong and Jin highlighted the importance
of unisexual-schistosome exposure as a neglected phenomenon that
should be considered when choosing a diagnostic strategy since
unisexual-infected individuals lack the obvious clinical symptoms of
the disease and might be less sensitive to praziquantel. In their mini-
review, the authors summarized recent advances in our understanding
of unisexual schistosomes and host-parasite interactions.
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Host-parasite interaction and
functional characterization

Defining host-parasite interactions is crucial to identifying
novel strategies to help eliminate schistosomiasis. However, the
lack of appropriate tools to study such interactions can be
challenging, especially in the intermediate snail host. Duval et al.
provided a new tool to study Schistosoma-Biomphalaria interactions
using fluorescent non-transgenic cell trackers as a non-invasive tool for
monitoring different stages of S. mansoni within the host without
compromising viability and virulence. Combining this tool with
vibratome histological techniques allows the visualization of the
entire snail without damaging tissue structure. This novel protocol
will help to elucidate the nuances of host-parasite interactions in the
intermediate host.

The search for novel drugs against schistosomiasis is
essential since the treatment relies on a single drug, praziquantel.
Coelho et al. explored the functions and expression profile of
Protein Arginine Methyltransferases (PRMTs), which catalyze
posttranslational modifications, affecting both histone and non-
histone proteins. The authors analyzed single-cell RNA-seq
data and revealed that most S. mansoni (Sm) PRMTs are
evenly distributed across various cell clusters in schistosomes.
Functional interrogation using knockdown approaches decreased
oviposition in vitro and in vivo. Ex vivo analysis revealed structural
abnormalities in these worms. This study provides insights into
SmCARMI in S. mansoni biology, suggesting its potential as a
drug target.

Schistosomes rely on the purine salvage pathway to secure their
puric bases, resulting in an energy economy, which could be a choke
point for parasite survival. Batista et al. interrogated the function of
a gene family regulated by the Smp38 MAP kinase pathway,
Hypoxanthine guanine phosphoribosyl transferases 1 and 3
(SmHGPRTases). It was shown that those proteins could be
parasite-specific druggable targets, and that all members of the
family participate in adenosine uptake. Ex vivo knocked-down in
females exhibited immature eggs and impaired ovary development.
Therefore, this study supports SmHGPRTases’ importance as target
candidates for schistosomiasis and parasite biology.

Continuing the theme of the search for new targets for drugs or
vaccine development, Patrick Skelly and Da’dara presented a
characterization of the gene encoding the schistosome tegumental
acetylcholinesterase (AChE) in three major schistosome species.
They demonstrated that schistosomes cleave exogenous
acetylthiocholine and detangled the previous annotation of AChE
enzymes. S. mansoni tegumental AChE (SmTAchE) is different from
its human counterpart at a moderate level, and exposure to
antibodies targeting SmTAChE impaired schistosomula viability.
Thus, they propose it as a vaccine or therapeutic target. Therefore,
this work aids in clarifying some of the questions regarding AChEs in
this pathogen and highlights new therapeutic targets.

Vaccine development for schistosomiasis remains challenging
despite intensive research. Understanding the natural mechanisms
of self-cure in animal models such as the rhesus macaque or mice
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after multiple exposures to a radiation-attenuated cercarial vaccine
may provide novel targets for vaccine development. Vance et al.
compared the reactivity of sera pools from rhesus macaques after
self-curing to four peptide arrays of secreted/exposed proteins from
the alimentary tract and tegument of S. mansoni. The titer was the
primary determinant for the rate of self-cure. Their screening
provides the community with a list of candidate epitopes that
could be combined to develop an effective vaccine.

Closing remarks

The 16th International Symposium on Schistosomiasis, held in
Brazil, focused on disease control and elimination. It brought
together participants from 11 countries to discuss various aspects,
including the development of disease control tools and health
education. The Research Topic dedicated to the symposium
aimed at disseminating selected studies presented during the
event to advance disease knowledge and control. Implementing
WHO guidelines and improving species-specific recognition of the
Biomphalaria genus was highlighted. Diagnostic tests for
schistosomiasis were evaluated, including the accuracy of different
tests and the development of new assays. Host-parasite interactions
were studied, leading to the development of a new tool for tracking
S. mansoni in the intermediate snail host. The functions of PRMT's
and SmHGPRTases were explored as potential drug targets, and the
gene encoding schistosome tegumental acetylcholinesterase was
characterized as a potential vaccine or therapeutic target.
Screening of self-cured macaques provided candidate epitopes for
vaccine development. The 16™ International Symposium on
Schistosomiasis and the Pre-Symposium Research Topics (2) hold
48 manuscripts published in different sections of Frontiers,
enriching this area of knowledge covering all aspects of
schistosomiasis. These studies contribute to the search for new
strategies to combat schistosomiasis.
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Background: Accurate diagnosis followed by timely treatment is an
effective strategy for the prevention of complications together with reducing
schistosomiasis transmission. Recombinase Polymerase Amplification (RPA) is a
simple, rapid, sensitive, and specific isothermal method with low resource needs.

This research aimed at the development and optimisation of a real-time (RT) and

a lateral flow (LF) RPA assay for the detection of Schistosoma mansoni.

Methodology: Recombinase Polymerase Amplification reactions were
performed at full- (as recommended) and half-volumes (to reduce costs), with
RT or LF detection systems targeting the S. mansoni mitochondrial minisatellite
region. The specificity was assessed using gDNA from other Schistosoma species,
helminths co-endemic with S. mansoni, human stool, and urine, and Biomphalaria
snail hosts. The analytical sensitivity was evaluated using serial dilutions of gDNA,
synthetic copies of the target, and single eggs. The ability of both assays to detect
the S. mansoni DNA in human urine and stool samples was also tested. The
long-term stability of the RT-RPA reagents was evaluated by storing the reaction
components in different temperature conditions for up to 3 weeks.

Results: The RT- and the LF-RPA (SmMIT- and SmMIT-LF-RPA, respectively)
presented similar results when used full- and half-volumes, thus the latter
was followed in all experiments. The SmMIT-RPA was 100% specific to S.
mansoni, able to detect a single egg, with a limit of detection (LOD) of down
to 1 fg of gDNA and one synthetic copy of the target. The assay was able
to detect S. mansoni DNA from stool containing 1 egg/g and in spiked urine
at a concentration of 10 fg/pl. SmMMIT-RPA reagents were stable for up to
3 weeks when kept at 19°C, and 2 weeks when stored at 27°C. The SmMIT-LF-
RPA cross-reacted with Clinostomidae, presented the LOD of 10 fg and one
synthetic copy of the target, being able to detect a single egg and 1 egg/g in a
stool sample. The LOD in spiked urine samples was 10 pg/pl.
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Conclusion: The half-volume SmMIT-RPA is a promising method to be used
in the field. It is specific, sensitive, robust, and tolerant to inhibitors, with a
long-term stability of the reaction components and the real-time visualisation

of results.

KEYWORDS

Schistosomiasis, Schistosoma mansoni, Recombinase Polymerase Amplification,
isothermal molecular diagnostics, mitochondrial minisatellite region,
real-time RPA, lateral flow RPA

Introduction

Schistosomiasis is a neglected tropical disease associated with
poverty and low sanitation conditions, causing more than 240
million cases worldwide and 1.4 million disability-adjusted life
years (DALYs). It is estimated that 779 million people currently
live at risk of infection in tropical and subtropical regions (Kyu
et al.,, 2018; Panzner, 2022; World Health Organization, 2022). The
clinical manifestations of the disease can be urogenital or intestinal
depending on the species that is causing the infection. Schistosoma
mansoni is the species that causes intestinal disease in Africa and
the Americas. The infection occurs when people have contact with
watercourses contaminated with cercariae shed by Biomphalaria
snails. The cercariae actively penetrate human skin, losing their
tail, and migrating as schistosomula via blood vessels until
establishing infection within the mesenteric veins as mature adult
worms. After copulation, the female worm laid up to 300 eggs per
day that can be released into the environment through the host’s
faeces or become trapped in tissues, causing most of the chronic
symptoms and complications of the disease (McManus et al., 2018;
LoVerde, 2019; Nelwan, 2019). Nonspecific symptoms may occur
in the early stage of the infection, such as fever, headache, fatigue,
and myalgia and it is known as Katayama syndrome. Chronic
schistosomiasis often produces gastrointestinal symptoms
including diarrhea and abdominal pain, as well as hepatosplenic
symptoms due to eggs lodged in the liver, e.g., fibrosis and portal
hypertension (Colley et al., 2014). Less commonly, complications
associated with ectopic migration of eggs can be observed in the
brain and spinal cord (Vale et al., 2012).

The WHO Guidelines on Control and Elimination of Human
Schistosomiasis were recently published. WASH (clean water,
sanitation, and hygiene) and environmental interventions are
highly recommended together with preventive chemotherapy
(PC) by the mass drug administration (MDA) of Praziquantel
targeting selected areas and groups (Lo et al., 2022; World Health
Organization, 2022). MDA success is conditional to the precise
assessment of schistosomiasis prevalence that will determine the
appropriate strategy to be used (Utzinger et al., 2015). Therefore,
estimating the true prevalence of schistosomiasis has a significant
impact on the control and elimination measures (Turner
etal, 2017).
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The Kato-Katz (KK) technique is the method recommended
by the WHO for the diagnosis of human intestinal schistosomiasis
and it consists of the microscopic visualisation of eggs in the stool.
This test is highly specific, cost-effective, and simple to perform,
not needing much technological equipment other than the optic
microscope (Katz et al., 1972). It has been extensively used for
epidemiological surveys presenting a satisfactory performance in
high prevalence settings. However, the KK’s sensitivity varies
depending on the period of infection, daily fluctuation of egg
excretion, uneven distribution of eggs in the stool, endemicity,
and/or co-endemicity of the area (Bdrenbold et al, 2017;
Cavalcanti et al., 2019; Diego et al., 2021; Ogongo et al., 2022).
These limitations are mainly observed in moderate and low
endemic areas, where 25-30% of positive cases can be missed
(Berhe et al., 2004; Enk et al., 2008; McManus et al., 2018).
Schistosomiasis prevalence and intensity of infection has
decreased in many endemic regions over the past years, especially
due to MDA and WASH improvements (Katz, 2018; Brasil, 2021;
Lo et al, 2022). Since the occurrence of light infections is
becoming more frequent, the development and implementation
of new diagnostic tools are highly needed (Utzinger et al., 2015).

Antigen tests based on the detection of circulating anodic and
cathodic antigens (CAA and CCA, respectively) can be used for
the indirect detection of S. mansoni using urine and serum
samples. The detection of antigens can be performed using two
types of lateral flow assays named POC-CCA (commercially
available) and UCP-LF-CAA. Both assays are more sensitive than
KK, in particular, the UCP-LF-CAA, which is the most sensitive
and specific antigen test currently available (Sousa et al., 2019;
Assare et al., 2021). However, there are limitations related to these
tests. CCA detection does not work for urogenital schistosomiasis.
It has been shown to give false-positive results (Graeff-Teixeira
etal., 2021) with performance issues recently reported related to
different kit batches (Viana et al., 2019) and with complicated
interpretation of trace results (Coelho et al., 2016). Although the
UCP-LF-CAA assay is very promising and covers all Schistosoma
species (Corstjens et al, 2014), it currently needs bespoke
laboratory based equipment with 24h needed to obtain results
(Sousa et al., 2019).

Molecular PCR-based methods have been extensively used for
schistosomiasis detection due to the high sensitivity, specificity, and
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accuracy when compared to the KK technique (Pontes et al., 2003;
Gomes et al., 2006, 2010; Cnops et al., 2012; Meurs et al., 2015;
Frickmann et al., 2021; Siqueira et al,, 2021). Despite having great
advantages, the use of PCR-based methods is limited by the elevated
cost and the need for advanced technological equipment and
laboratory infrastructure, hampering large-scale implementation in
endemic settings (Diego et al., 2021; Panzner, 2022).

Isothermal molecular methods stand out as promising
alternatives to PCR for use at the point-of-care (POC)/point-of-
need (PON). The loop-mediated isothermal amplification
(LAMP) and the recombinase polymerase amplification (RPA)
are the most common approaches used, providing fast and
sensitive diagnosis and feasible in the field as they have low
resource needs (Lobato and O’Sullivan, 2018; Li et al., 2021).
Several LAMP assays have been developed for the detection of
S. mansoni in both human and snail hosts over the past years,
with favorable results (Abbasi et al., 2010; Hamburger et al., 2013;
Fernandez-Soto et al., 2014; Gandasegui et al.,, 2016, 2018;
Caldeira et al., 2017; Mwangi et al., 2018; Garcia-Bernalt Diego
et al,, 2019; Price et al., 2019; Mesquita et al., 2021). RPA was
described in 2006 (Piepenburg et al., 2006) and since then it has
been used mostly for the detection of Schistosoma haematobium
(Rosser et al., 2015; Rostron et al., 2019; Archer et al., 2020, 2022;
Frimpong et al., 2021) and Schistosoma japonicum (Sun et al.,
2016; Xing et al., 2017; Guo et al., 2021; Deng et al., 2022), with
only one study focused on S. mansoni targeting the ribosomal
DNA (rDNA) regions 28S and the internal transcribed spacer
(ITS; Poulton and Webster, 2018). Although this work represented
a first and important step for the use of RPA for S. mansoni
diagnosis, the lateral flow approaches lacked specificity with
cross-reactivity with S. haematobium and Schistosoma bovis
observed. One of the benefits of molecular based approaches is
that they can be designed for different DNA biomarkers, allowing
assays to be optimised to achieve high levels of sensitivity and
specificity (Wang and Hu, 2014; Blasco-Costa et al., 2016). Once
the isothermal molecular platform, such as LAMP and RPA, has
been established and proved to work in the required settings then
the molecular assays can be tailored to the need and sample type.
This versatility of molecular platforms presents many cross-
cutting opportunities and financial value.

Schistosoma mansoni molecular detection generally relies
on stool samples, but urine, serum, and saliva can also
be used for that purpose due to the presence of cell-free DNA
(cfDNA; LoVerde, 2019). Each type of sample used as a source
for DNA has its particularities. Stool samples are widely
utilised as the source of both ¢fDNA and DNA from eggs, the
latter often attached to a bead-beating and/or freezing step to
facilitate egg disruption and DNA release (Pomari et al., 2019;
Barda et al., 2020). Despite stool samples being non-invasive,
they are inconvenient and require community sensitisation to
ensure the collection of samples (Turner et al, 2017).
Conversely, cfDNA presents great advantages as some bodily
fluids such as urine are non-invasive, convenient, and usually
easier to process, not requiring additional steps for sample
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preparation (Weerakoon and McManus, 2016). Sample type
and sample preparation also have an effect on the downstream
molecular assay to be used/tested. For example, PCR based
approaches typically need samples that have been processed
to remove inhibitors while isothermal assays are more
tolerant to such inhibitors (Lobato and O’Sullivan, 2018).
However, sample preparation and DNA extraction are
currently among the factors that limit the use of molecular-
based diagnostics in resource-poor settings and at the POC/
PON due to the equipment requirements, costs, and
time needs.

Moving from morbidity control to elimination as a public
health problem requires more sensitive and specific diagnostic
tests, especially to verify interruption of transmission, by
detecting the infection in humans and snails (World Health
Organization, 2022). Generally, as the demand for the novel
test increase, its cost tends to decrease. Also, the cost-
effectiveness of more accurate tests usually outweigh the
actual cost of the test and the economic cost of the disease
(Turner et al., 2017). For instance, it is estimated that in Brazil
schistosomiasis generates annually a financial burden of
nearly 41 million USD. More than 90% of that is related to
indirect costs (e.g., loss of productivity and wages due to sick
leave, hospitalisation, and premature deaths) that could
be avoided by accurate diagnosis of infected people and
timely treatment (Nascimento et al., 2019).

In this research, we developed and evaluated the performance
of a real-time and a lateral flow RPA assay targeting the
mitochondrial minisatellite region of S. mansoni to evaluate the
diagnosis of the infection in humans and snails, especially in

endemic areas where resources are limited.

Materials and methods

Samples used for assay development and
optimisation

For analytical sensitivity and specificity testing, genomic DNA
(gDNA) from S. mansoni and other Schistosoma species (Schistosoma
haematobium, Schistosoma curassoni, and Schistosoma bovis) were
obtained from the Schistosomiasis Collection at The Natural History
Museum (SCAN; Emery et al.,, 2012). Further analytical specificity
was evaluated using gDNA from other non-Schistosoma samples
including the intermediate hosts Biomphalaria glabrata, Biomphalaria
tenagophila, Biomphalaria straminea, and trematodes commonly
found infecting Biomphalaria snails belonging to the families
Clinostomidae, Echinostomatidae, Notocotylidae, Spirorchiidae, and
Strigeidae, all obtained from the Medical Malacology Collection at
René Rachou Institute, Fiocruz Minas (Fiocruz-CMM) via the
Trematodes Biology Laboratory from the Federal University of Minas
Gerais (UFMG). The Helminthology and Medical Malacology
Laboratory (HMM) from Fiocruz Minas provided gDNA from
helminths co-endemic with S. mansoni including Ascaris
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lumbricoides, Ancylostomidae, Enterobius vermicularis, Trichuris
trichiura, and Fasciola hepatica. Clinical stool samples were obtained
under the Ethical Committee of Calabria Region approval (#108, 27
April 2017) and provided by the University “Magna Graecia” of
Catanzaro. The data associated to all the specimens used in this study
is provided on Supplementary material 1.

RPA primers and probe design

Recombinase Polymerase Amplification primers and the
internal probe (TIB MolBio-Berlin, Germany) were designed
targeting the S. mansoni mitochondrial minisatellite DNA region
(GenBank accession number: 1.27240) following the guidelines
from TwistDx™ (Cambridge, United Kingdom). To prevent the
formation of primer-dimers, a phosphothioate backbone was
added to the reverse primers for both the LF and RT assays (EI
Wahed et al., 2021) and the position of the 6-FAM and BHQI was
reversed (compared to the design guidelines) within the RT probe.
The primers were tested in-silico using BLAST (Altschul et al.,
1990) to check the possibility of cross-reactivity. All primers and
probes are described in Table 1 and shown in Figure 1.

RPA reaction setup

Real-time fluorescence-based RPA
(SmMIT-RPA)

The RT SmMIT-RPA was performed using the TwistAmp®
Exo Kit (TwistDX, Cambridge, United Kingdom). RPA reactions
were set up as recommended by the manufacturer. Reactions were
run in volumes of 50 pl (as recommended) or 25 pl (half-reactions;
Supplementary material 2A). For the 50 pl reaction, a master mix
was prepared containing the RPA rehydration buffer, water (if
needed), forward and reverse primers, and the RT probe. This was
then added to the lyophilised RPA pellet and homogenised by

TABLE 1 Mitochondrial primer and probe sequences designed for the
LF-and RT-RPA.

Name RPA
method

Sequence (5'-3")

SmMITnfo  LF (6-FAM)ACTTGAGAAATTTTTTGATAAATTAG

probe GTGTTC(THF)ACTGTGGTTGATTTTTTG(c3)

SmMITnfo  LF (Btn)

reverse TAACCCTATAAATCCTATTACCTTTCTACCAsC

SmMIT LF/RT ACAGAATTTTCAAAATTTTCCTTTTATTGTCT

forward

SmMIT RT ACTTGAGAAATTTTTTGATAAATTAGGTGT

probe (BHQI1)C(THF)AC(6-FAM)
GTGGTTGATTTTTTG(c3)

SmMIT RT TAACCCTATAAATCCTATTACCTTTCTACCAsC

reverse

6-FAM, 6-carboxyfluorescein; THE, tetrahydrofuran residue; BHQI, black hole
quencher; s, thiol group; ¢3, C3 Spacer; Btn, Biotin; LF, lateral flow; and RT, real time.
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pipetting. The magnesium acetate (MgAc) was added to the lid of
the RPA tube. Lastly, the DNA was added to the reaction tube. For
the 25 pl reaction, a master mix was prepared and added to the
lyophilised RPA pellet as above, and once homogenised it was split
into two new tubes. The MgAc was added to the lid of each tube
and finally, the DNA was added to the reaction. A positive (1 ng of
S. mansoni gDNA) and negative (water) controls were included in
all the runs. For both protocols, after the DNA addition, the tubes
were quickly (~25s) centrifuged, mixed (by inversion), then quickly
(~2s) centrifuged again. The centrifugation step mixes the MgAc
with the other components which starts the RPA reaction. The
tubes were incubated at 42°C for 20min using the portable
fluorometer AmpliFire (Douglas Scientific, Alexandria, MN,
United States), with a manual mix after 4min of incubation.
Results could be seen in real-time via the device’s touchscreen and
exported as an excel file for analysis of the raw data. Samples were
considered positive if the amplification curve, normalised by the
background level during the initial 4 min of the reaction, crossed
the threshold of 346 relative fluorescence units (RFU). To
determine the threshold value, we calculated the mean RFU
observed in the first 4 min of the reaction of all non-S. mansoni
samples used during the standardisation phase. The threshold was
then set by three standard deviations of the calculated means,
which was 346 RFU. All the protocol steps and the amount of each
reagent are detailed in Figure 2 and Supplementary material 2A.

Lateral flow RPA (SmMIT-LF-RPA)

The SmMIT-LF-RPA was performed using the TwistAmp®
Nfo Kit (TwistDX, Cambridge, United Kingdom). The reaction
was set up as described above and detailed in Figure 2 and
Supplementary material 2B. A positive (1 ng of S. mansoni gDNA)
and negative (water) controls were included in all the runs. After
incubation, 5pl of the amplification product were added to a
0.5 ml tube together with 70 pl of the PCRD extraction buffer. The
mixture was then added to PCRD lateral flow cassettes. Results
were observed after 10 min and any changes in the results after
that period were not acknowledged. Positive samples presented
two lines (both test and control lines) while just the control line
was present for negative samples.

RPA limit of detection

The LOD of the assays was evaluated using the samples as
described below.

Genomic DNA and synthetic copies

Serial 10-fold dilutions from 1ng to 1fg of S. mansoni gDNA
were prepared from an adult worm extracted using the
DNeasy Blood & Tissue kit (Qiagen, Hilden, Germany) at an
original concentration of 3.8ng/ul, measured by Nanodrop
Spectrophotometer (ThermoFisher, Massachusetts, United States).
Synthetic copies of the target region were obtained (gBlocks, IDT,
Newark, New Jersey, United States) and diluted from 1x 10° copies/
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FIGURE 1

1 ttagtgttatagcccatactcctttagtcttttagtattatcgtctatagtacggtaggt

gggtaaggtagaaaatgttgtttgtttgattctgtatttcgtgcagataagatgtttgta
gtctctacttggcagtggtagaagtgtttaacttgatgaaggggataggtgtatgttctg
tcctettgtttttgaatagtggtttecggttttgtttttttttttttggtgggggttaaag
tataggattaagttaatttaatggtaagtaaaatgatttccgaaaaaagacctaaatttg
tgttatatatataatatatacaattataatatagaaggagaaaagatgtaaaaataggat
ttagggaggaggaaaatttataggttttgataataaatttttcttgtaagggggtaccct
tacagaattttcaaaattttccttttattgtctaaaattaggtatcaattgaggtaattt
tacttgagaaattttttgataaattaggtgttcaactgtggttgattttttggatgatag
atttattaaaaatattaaaaggtatagtcaattgtggtagaaaggtaataggatttatag

Position of the Recombinase Polymerase Amplification (RPA) primers and probe within the Mitochondrion Schistosoma mansoni minisatellite DNA
region. Bold sequences represent the primer sites and sequence in italics represents the probe site.

RT- or LF-RPA

Rehydration buffer

FULL VOLUME RPA- 50 pl

MgAc
295l
i = 2.5u
Master Mix  RPA pellet ‘
. . \ / 42 °C-20 min
3 \‘\ = =} ‘_
g__.~ |+ 8 om
‘ } 343l
00 W >
\/ vy - MgA
\ / e —— SAC .
—> \“\/“/ ¥ 3‘“‘— 254l LF-RPA
Primers and probe \/ \/ <« § DNA 2
(10 pmol) PCRD 4+ Amplification
2.1l primer F buffer product
2.1 pl primer R 70 pl l 5pl
0.6 ul probe HALF VOLUME RPA- 25 u
(0) am
PCRD cassettes
FIGURE 2

Set up of each RPA protocol used in this study. Images used in this figure were obtained at Agdia, Bioicons, and Mind the Graph websites.

pl down to 1 copy/pl. The analytical sensitivity of SmMIT-RPA was
calculated by repeating 10 times the reaction using gDNA dilutions
and three times using synthetic copies dilutions.

Schistosoma mansoni eggs

Single eggs of S. mansoni were provided by the Snail Schistosome
Resource (SSR, Natural History Museum, United Kingdom-https://
www.nhm.ac.uk/our-science/our-work/sustainability/schistosome-
snail-resource.html) via the NIAID Schistosomiasis Resource Center
(SRC, Biomedical Research Institute, United States-https://www.
afbr-bri.org/schistosomiasis/). Individual eggs were isolated from a
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pool of eggs by capturing each one with a micropipette under a
stereomicroscope. The DNA was then extracted using the SwiftX™
DNA kit (Xpedite Diagnostics, Germany) following protocol 1 from
the with the
(Supplementary material 3). In brief, the protocol consists of the
addition of buffer DL (50 pl) and magnetic beads (7.5pl) to the tubes
containing the single egg and incubate at room temperature (~19°C)

manufacturer, and  without heating  step

or heated (95°C) for 5min, followed by magnetic separation of the
supernatant, which contains the extracted DNA. The direct addition
of whole single eggs, with no DNA extraction procedure, in fresh (live
eggs) and frozen conditions was also tested.
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RPA specificity

For both the LF and RT assays, the specificity was assessed
against gDNA from other organisms that may be present in
clinical and field samples. This included host DNA (snail host
DNA and DNA from human urine and stool). gDNA from the
snail hosts B. glabrata, B. straminea, and B. tenagophila were tested
together with other trematodes that are commonly found infecting
Biomphalaria snails in the neotropical region (Clinostomidae,
Echinostomatidae, Notocotylidae, Spirorchiidae, and Strigeidae).
Helminths of medical importance that are often co-endemic with
S. mansoni (A. lumbricoides, Ancylostomidae, E. vermicularis,
F. hepatica, and T. trichiura) were tested together with other
commonly occurring Schistosoma species (8. bovis, S. curassoni,
S. haematobium).

RPA performance with urine and stool

Clinical stool samples

Stool samples that had been previously collected and
characterised were used. One sample collected in Guinea Bissau,
negative by both Kato-Katz and PCR methods, and one sample
from Colombia, positive by Kato-Katz (1 egg/g) and by
PCR. gDNA from these samples was extracted using the Q[ Aamp
DNA Stool Mini Kit (Qiagen, Hilden, Germany) following the
manufacturer’s protocol.

Spiked urine samples

Seven aliquots of 100 pl of urine from a non-infected donor were
spiked with different concentrations of S. mansoni gDNA with final
concentrations within the samples ranging between 1ng/pl and 1fg/
pl. Two aliquots of 100 pl of urine from the same donor were spiked
with a pool of gDNA from medically important helminths
(A. lumbricoides, Ancylostomidae, E. vermicularis, F. hepatica, and
T. trichiura), with and without S. mansoni DNA. One aliquot of
100 pl of urine without the addition of any DNA was also used. The
urine samples were filtered using Whatman® qualitative filters paper
grade 3:6 um (Sigma-Aldrich, St. Louis, Missouri, United States). The
filters were dried at room temperature and 6 mm holes were made
using a hole puncher. The paper holes were used for the DNA
extraction using the QIAamp DNA Blood Mini Kit (Qiagen, Hilden,
Germany) and following the protocol described by Lodh et al. (2017).

SmMIT-RPA storage conditions

Aiming to simulate point-of-need settings, we evaluated
alternative storage conditions of the RT primers, probe, and kit
reagents for up to 3 weeks. The reaction components were
stored protected from light, at 19 and 27°C, mixed or separate.
Reactions were conducted on days 0, 1, 2, and 3, and on weeks
1, 2, and 3, so we could evaluate the efficiency of the reaction
over time.

Frontiers in Microbiology

15

10.3389/fmicb.2022.1043596

Results
Primers and probes

Primers and probes targeting 184bp of the mitochondrial
S. mansoni minisatellite DNA region were manually designed as
detailed in Table 1. In-silico specificity, based on BLAST (Altschul
etal., 1990), was 100% specific for S mansoni.

SmMIT-RPA and SmMIT-LF-RPA assay
testing

Both real-time and lateral flow assays were successfully
performed using full (50pl) and half (25pl) reaction volumes,
keeping the final concentrations of each reaction component as in
the original protocol (Table 2; Supplementary material 4). For that

TABLE 2 The performance of SmMIT-and SmMIT-LF-RPA assays.

Tests SmMIT-RPA SmMIT-LF-
RPA
Volume Full Good Good performance
performance
Half Good Good performance
performance
Specificity Schistosoma No cross- No cross-reactivity
species reactivity
Trematodes No cross- Cross-reactivity
reactivity with Clinostomidae
Helminths No cross- No cross-reactivity
reactivity
Biomphalaria snail  No cross- No cross-reactivity
hosts reactivity
Human urine and  No cross- No cross-reactivity
stool reactivity
Analytical Limit gDNA 1fg 10fg
of Detection Synthetic copies 1 copy 1 copy
Single Egg Positive Positive
Laboratory Stool legg/g 1egg/g
Validation Urine 10fg/pl 10 pg./pl
Storage Primer mix+ Stable until week ~ Not evaluated

Probe at 19°C
Primers separate +
Probe at 19°C

Kit at 19°C

Primer mix+
Probe at 27°C
Primers separate +
Probe at 27°C
Kitat 27°C

3
Stable until week
3
Stable until week
3
Stable until week
2
Stable until week
2
Stable until week
3
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reason, the adapted protocol was followed in all experiments
performed and the results presented from here on in were
obtained by using half reaction volumes (25pl), as detailed in
Figure 2.

Real-time fluorescence-based RPA
(SMMIT-RPA)

SmMIT-RPA limit of detection

The SmMIT-RPA presented a high limit of detection being
able to detect down to 1fg of S. mansoni gDNA, one synthetic
copy of the target, and a single S. mansoni egg in all conditions
evaluated being: (i) DNA extracted with heated incubation; (ii)
DNA extracted without heated (iii) fresh
non-extracted egg; and (iv) frozen non-extracted egg (Figure 3;
Table 2).

incubation;

SmMIT-RPA specificity

The SmMIT-RPA assay was specific to S. mansoni with no
cross-reactivity observed with snail or human DNA, DNA from
other trematodes (including other Schistosoma species), and other
helminths of medical importance (Figure 4; Table 2).

SmMIT-RPA performance using spiked urine
and stool samples

The SmMMIT-RPA presented a good performance when used
on biological samples. Schistosoma mansoni DNA was detected in
the positive stool sample known to contain 1 egg/g of stool
(previously detected by the KK technique), and urine samples
spiked with S. mansoni DNA at a final concentration of 10 fg/pl
(Table 2; Supplementary material 5A) indicating high tolerance to
molecular assay inhibitors present in urine (e.g., urea).

SmMIT-RPA storage condition

Our results showed that storing the primers and probe mixed
together affected the assay performance giving false positive
results. Keeping just the two primers mixed together or separately
did not affect the RPA performance. However, the storage
temperature influenced the results. Storing the primers and probe
at 27°C reduced their longevity to 2 weeks, 1 week less than when
stored at 19°C. The lyophilised RPA pellet, rehydration buffer, and
MgAc produced consistent results after being stored for 3 weeks at
both temperature conditions (19 and 27°C; Table 2). These results
indicate that the SmMIT-RPA is a promising method able to
produce robust results without the need for consistent cold chain
for up to 3 weeks.

Lateral flow RPA (SmMIT-LF-RPA)
SMmMIT-LF-RPA limit of detection

The SmMIT-LF-RPA detected down to one synthetic copy of
the target region and one single egg either crude (frozen) or
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extracted with the SwiftX™ DNA kit (original protocol, i.e., with
the heating step). The limit of detection of the assay using serial
dilutions of the gDNA was 10fg, 10-fold less sensitive than the
SmMIT-RPA (Figure 5; Table 2).

SmMIT-LF-RPA specificity

The SmMIT-LF-RPA assay showed high specificity for
S. mansoni with no cross-reactivity against B. glabrata,
B. straminea, B. tenagophila, human urine, and stool; nor was
there cross-reactivity to other co-endemic human helminths and
other trematodes belonging to the families Echinostomatidae,
Notocotylidae, Spirorchiidae, Strigeidae, and three other
Schistosoma species. However, cross-reactivity was observed with
a trematode from the Clinostomidae family (Figure 6; Table 2).

SmMIT-LF-RPA performance using urine and
stool samples

A loss in LF sensitivity was observed when spiked urine
samples were analysed. SmMIT-LF-RPA was able to detect 10 pg/
pl of S. mansoni DNA, a 1,000-fold decrease when compared to
the SmMMIT-RPA. The assay was able to detect the presence of the
S. mansoni DNA in the positive stool sample (1 egg/g by the KK
technique; Table 2; Supplementary material 5B).

Discussion

Sensitive, specific, simple, and rapid diagnostic methods are
essential to reach the World Health Organization (WHO) target
of eliminating schistosomiasis as a public health problem
(prevalence of heavy infections lower than 1%) by 2030 (WHO
World Health Organization, 2022). To this end, Recombinase
Polymerase Amplification (RPA) is an isothermal amplification
method that presents great potential. It has been piloted for
detection of urogenital schistosomiasis caused by Schistosoma
haematobium (Rosser et al., 2015; Rostron et al., 2019; Archer
etal., 2020; Frimpong et al., 2021) and intestinal schistosomiasis
caused by Schistosoma japonicum (Sun et al., 2016; Xing et al.,
2017; Guo et al., 2021; Deng et al., 2022), with promising results
for its use in the field at the point-of-need (PON). Only one
study has explored the development of a RPA assay to detect
Schistosoma mansoni DNA, and this was done using the lateral
flow RPA. The assay’s molecular targets were the 28S and ITS
rDNA regions and although analytical sensitivity was good, the
assays were found to be non-specific to S. mansoni with cross-
reactivity observed with other Schistosoma species, namely
S. haematobium and S. bovis (Poulton and Webster, 2018). The
development of a RT-RPA targeting these ribosomal regions
may be advantageous for a genus-specific assay. The genus or
species level diagnostic specificity need for schistosomiasis, will
depend on the diagnostic use case, with species level specificity
detailed as a priority within the WHO schistosomiasis
diagnostic target product profile (World Health Organization,
2021). In the present study, real-time fluorescence-based (RT)
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FIGURE 3
Limit of detection of the SmMMIT-RPA. The assay was able to detect down to (A) 1 fg of the gDNA; (B) One synthetic copy of the target; (C) Single
eggs extracted with the SwiftX™ DNA kit with or without the heating step, and single crude eggs, collected fresh and frozen (no DNA extraction
procedure used). All graphs are displayed with the background baseline fluorescence subtracted. Legend: RFU-relative fluorescence units; ng-
nanogram; pg-picogram, fg-femtogram; —ve-negative control (water).

and lateral flow (LF) RPA assays were developed targeting the Poulton and Webster (2018), with further potential for its use
mitochondrial minisatellite region (termed here as SmMIT-and in endemic settings.

SmMIT-LF-RPA, respectively RPA) with higher sensitivity and The developed SmMIT-RPA assay was 100% specific for
specificity to S. mansoni, compared to the assays developed by S. mansoni in this study, proving to be a good alternative for the
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fluorescence subtracted. Legend: RFU-relative fluorescence units; +ve-positive control (1 ng of S. mansoni gDNA); —ve-negative control (water);
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detection of S. mansoni infections in both human and snail hosts,
without any cross-reactivity with other Schistosoma species and
trematodes tested. It will be important to further test this
specificity in terms of the genetic diversity of S. mansoni
geographical strains, to make sure that specificity does not limit
its ability to detect S. mansoni from all endemic areas (Webster
et al,, 2013). This is particularly relevant as the mitochondrial
minisatellite target, used here, may be prone to high mutation
rates due to its mitochondrial origins. It would also be relevant to
check for specificity and cross-reactivity within co-infections,
where inter-species interactions can lead to the production of
hybrid offspring, e.g., S. mansoni/S. haematobium parthenogenic
hybrids that have been observed to occur in co-endemic areas
(Huyse et al., 2013). As the target used here is a mitochondrial
target, only the maternal line of the interactions will be detected,
however such hybrids are never found without the presence of the
original species and so a specific diagnostic, such as the
SmMIT-RPA, will still provide a diagnosis. The SmMIT-RPA assay
should be further tested on Schistosoma rodhaini, the sister species
to S. mansoni to check its ability to distinguish between S. mansoni,
S. rodhaini and S. mansoni/S. rodhaini hybrids. This is particularly
important for snail xenomonitoring of Biomphalaria snails, as
S. rodhaini and S. mansoni/S. rodhaini are not implicated in
human infections (Rey et al., 2021).

It was expected that the SmMIT-LF-RPA would show the same
specificity as the primers and probes designed for both assays were
very similar, except for the specific modifications required for each
approach. However, cross-reactivity with cercariae belonging to the
Clinostomidae family was observed only in the SmMIT-
LF-RPA. Trematodes in the family Clinostomidae belong to the
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superfamily = Schistosomatoidea together with the family
Schistosomatidae, to which S. mansoni belongs. The close
phylogenetic relationship between both families may reflect
genomic similarities. RPA is known to be highly specific, but it can
also tolerate the presence of a few nucleotide mismatches within
the primer and probe regions, which can lead to false-positive
results (Lobato and O’Sullivan, 2018), hence the need for rigorous
specificity testing. Currently, there is no data available in public
databases for the mitochondrial minisatellite region of
non-schistosome trematodes, limiting the in-silico evaluation of
the primers’ specificity. Species belonging to the Clinostomidae
family have been reported parasitising Biomphalaria snails in
Brazil, including the hosts species (B. glabrata, B. straminea, and
B. tenagophila; Mesquita et al, 2020; Sousa et al., 2022). These
trematodes are parasites of birds with fish being the second
intermediate host. Human infections are rare and accidental due
to the ingestion of raw fish. These infections have been reported in
Asia and currently do not represent risks for human health in
endemic areas for schistosomiasis (Lee et al., 2017; Kim et al.,
2019). However, this cross-reactivity should be taken into account
by the local malacological surveillance and schistosomiasis control
program to measure the benefits and risks of using the SmMIT-
LF-RPA for snail xenomonitoring. Further modifications of the
primers and probe could be carried out to prevent the cross-
reactivity with this non-Schistosoma trematode.

The SMMIT-RPA assay presented a high limit of detection
(LOD) being able to detect down to 1fg of S. mansoni DNA,
with an analytical sensitivity of 20% at this level, but 100% for
1ng. A reason for the low percentage of analytical sensitivity at
low concentrations of S. mansoni DNA could be due to
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FIGURE 5

Limit of detection of the SmMMIT-LF-RPA. The assay was able to
detect down to 10 fg of the gDNA, one copy of the synthetic
target DNA, and one single egg with or without DNA extraction.
Legend: ng, nanogram; pg, picogram, fg, femtogram; +ve,
positive control (Ing of Schistosoma mansoni gDNA); and —ve,
negative control (water).

crowding agents in the RPA assay components. The crowding
agents have an important role acting in the formation of the
primer-recombinase complex (Piepenburg et al, 2006).
However, they can also influence the reaction performance
when there are low copies of the target due to its viscosity,
which may be the reason for inconsistent results when low
amounts of DNA were added to the reaction (Lobato and
O’Sullivan, 2018). Moreover, analytical sensitivity does not
always correspond to diagnostic sensitivity due to the nature of
the starting material. When synthetic copies of the target were
used, the LOD was 1 copy with an analytical sensitivity of
100%. This may be due to the higher purity of commercial
samples compared to the gDNA dilutions obtained from adult
worms’ extracts. In comparison to the LOD of the SmMIT-RPA
(down to 1fg), the SmMIT-LF-RPA presented a 10-fold
reduction (down to 10fg) in the assay’s analytical sensitivity.
The difference in sensitivity between LF- and RT-RPA
approaches has previously been reported for the assays
developed for S. haematobium, with the LF assay able to detect
100 fg of the gDNA while the RT was able to detect down to 1fg
(Rosser et al., 2015; Rostron et al., 2019).

Both RPAs were able to detect the presence of DNA extracted
using the SwiftX™ DNA kit from single S. mansoni eggs. This kit
consists of the same components and steps as the discontinued
Speed Xtract Nucleic Acid Kit (Qiagen, Hilden, Germany) and is a
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simple, fast, and efficient extraction method that requires few
laboratory resources (e.g., pipettes and magnetic rack). A
modification in the original protocol from the manufacturer was
evaluated and the incubation of the sample was tested at both 95°C
(as recommended) and at room temperature (~19°C), with the latter
allowing to dispense with the requirement for a heating block that
may rely on electricity. Both extraction conditions presented positive
results. In addition, whole eggs (frozen and fresh) added directly to
the reaction mix also produced positive results. This detection of
S. mansoni DNA from single crude eggs reduces the requirements
for sample preparation making both SmMIT-RPA and SmMIT-
LF-RPA assays even more field-friendly while also reducing costs.
However, clinical samples may present additional complications
related to processing, egg disruption, and removal of inhibitors
particularly related to stool samples. This has been demonstrated for
other molecular assays where bead-beating and/or freezing prior to
DNA extraction has been shown to increase DNA yields, improving
the performance of molecular diagnostics (Pomari et al., 2019; Barda
et al,, 2020). The use of egg disruption strategies coupled with
different DNA extraction methods needs to be further tested for
RPA-based assays, particularly for clinical samples.

Recombinase Polymerase Amplification has been tested on
multiple types of samples, e.g., urine, stool, blood, bodily fluids, and
animal and plant products among others (Daher et al., 2016; Lobato
and O’Sullivan, 2018). Moreover, the tolerance of the RPA reaction
components to known PCR inhibitors found in clinical samples has
been demonstrated in previous studies (Archer et al., 2022),
including the direct addition of crude urine into the reaction mix
(Rosser et al., 2015). The present study showed that both the LF-and
RT-RPA approaches were able to detect S. mansoni DNA in clinical
and spiked samples (stool and urine, respectively). Stool samples are
the most used biological material for the molecular detection of
S. mansoni, as it is the source of eggs and cfDNA. Promisingly, both
LF-and RT-RPAs developed in this study were able to detect the
infection in a stool sample having 1 egg/g that has previously been
characterised as positive sample by KK and PCR. Several authors
have also reported that urine samples can be used as the source of
cfDNA of S. mansoni (Lodh et al., 2017; Ferndndez-Soto et al., 2019;
Diab et al,, 2021; Allam, 2022). In this study, urine samples were
spiked with different amounts of gDNA to simulate the detection of
cfDNA in clinical samples. As with testing of the gDNA standards,
a difference was observed in the sensitivity of the SmMIT-RPA and
SmMIT-LF-RPA, with the LF assay being less sensitive when using
spiked urine samples. A 10-fold decrease in analytical sensitivity was
observed for the LF-versus the RT-RPA assays using gDNA, whereas
when the DNA was incorporated into the urine, there was a further
loss of sensitivity for the LF assay (1,000-fold decrease). This may
result from the RT-RPA having a higher tolerance to the presence of
the inhibitors than the LF-RPA. However, additional studies should
be conducted with larger numbers of clinical samples to investigate
the effect of inhibitors on RPA outcome and whether they need to
be removed.

The long-term stability of the lyophilised RT-RPA pellet
and reagents has been previously evaluated by Chandu et al.
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FIGURE 6

Specificity of the SmMMIT-LF-RPA. The assay was specific to Schistosoma mansoni with no cross-reactivity with S. haematobium, S. bovis, S.
curassoni, human stool, human urine B. glabrata, B. straminea, B. tenagophila, A. lumbricoides, Ancylostomidae, E. vermicularis, T. trichiura, F.
hepatica, and trematodes belonging to the families, Echinostomatidae, Notocotylidae, Spirorchiidae, and Strigeidae. Cross-reactivity was observed
for a Clinostomidae trematode (highlighted in red). Legend: +ve-positive control (1 ng of S. mansoni gDNA); —ve-negative control (water).

(2016), proving the robustness of the reagents kept at
—15-8°C for 1year, and at 22-28°C for up to 6 months. Our
findings confirm the stability of the reagents plus the primers
and probe for 3 weeks when stored at 19°C and up to 2 weeks
when stored at 27°C, agreeing with results previously
obtained by Lillis et al., (2016). Infra-structure limitations in
endemic areas may hamper the use of molecular methods. For
this reason, the ability to work without dependence of cold
chain storage facilitates the use of the SmMIT-RPA in these
contexts. The longevity of all reagents for a period longer
than 3 weeks or at a temperature higher than 27°C, as well as
the impact of humidity, should be evaluated in the future.
Even though RPA presents many advantages in terms of
performance and accuracy, the costs of the assay might be a limiting
factor considering its application in endemic settings, where usually
there is limited availability of financial resources. In general, a
qPCR reaction costs 1.5 USD per sample (not including the cost of
DNA extraction and the thermocycler; Archer et al., 2022), whereas
the KK technique, which is the recommended diagnostic test by
WHO and local health authorities, costs approximately 0.1-0.3
USD per sample (not including the cost of microscope and
personnel; Speich et al, 2010). The cost of a full-volume
SmMIT-RPA per sample is 6.98 USD meanwhile the half-volume
reaction cost is 3.49 USD. The SmMIT-LF-RPA has a higher cost
per sample given the price of the cassettes, being 9.08 USD for each
full-volume reaction, and 5.84 USD, for the half-volume reaction.
The half-volume SmMIT-RPA is the most cost-effective protocol
among the ones assessed in this study. Though it is 2.3 times more
expensive than qPCR, the SmMIT-RPA is simpler and faster, the
results are easier to interpret, and it is more field-friendly. The costs
of each RPA assay are detailed in Supplementary material 6 and
does not include the costs of DNA extractions as well as the cost of
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the fluorometer and other equipment needed (e.g., pipette,
centrifuge, and vortex). The findings from this study represent
important progress on price reduction by using half of the reaction
volume without compromising good and consistent results for the
detection of S. mansoni. The use of a smaller reaction volume, than
that recommended by the manufacturer, has been tested before
aiming at the elimination of the mixing step during incubation
(Lillis et al., 2016), and this should be tested further with this
SmMIT-RPA assay. Further optimisation of the assay and large-
scale use may reduce the cost per reaction. Moreover, the cost-
benefits of implementing a more sensitive and accurate diagnostic
test should be considered. Accurate diagnosis enables timely
treatment, the prevention of long-term complications and financial
losses due to lack of productivity and sick leaves, as well as reducing
the potential of emergence of new transmission foci (Turner et al,
2017). Thus, the impact of using a more expensive diagnostic test
will be smaller in the long run given the benefits of
its implementation.

The SmMIT-RPA presented a better performance overall
when compared to the SmMIT-LF-RPA. Besides being more
specific and sensitive, the SmMIT-RPA is advantageous as real-
time visualisation of results does not require opening the reaction
tubes after DNA amplification. RPA can amplify up to 10*-fold the
targetin 10 min (Daher et al., 2016) and assays requiring end-point
visualisation of the result can be prone to cross-contamination
among the samples. Therefore, until a closed system is developed
and available for the LF assay, there will be a risk of contamination
when this approach is used.

Determining the precise prevalence of schistosomiasis in
a specific area is conditional to a sensitive, specific,
reproducible, and accessible diagnostic method. However,
diagnostics improvements are very much needed for detection
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of light infections in low prevalence settings, and for the
verification of transmission interruption (Ogongo et al., 2022;
World Health Organization, 2022). If good diagnostic tools
are not available, the true prevalence of a specific area may
be underestimated limiting the efficiency of schistosomiasis
control programs (Panzner, 2022). The promising results
obtained in this study suggest that the SmMMIT-RPA may
allow for a more accurate and rapid diagnosis of
schistosomiasis and therefore may influence the decision-
making processes involved in determining appropriate
destination of public funding aimed at the elimination of
schistosomiasis as a public health problem by 2030.
Additional analysis will be conducted in order to validate the
use of this assay for the detection of S. mansoni in clinical and
field samples from endemic areas.
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and Marina Moraes Mourdo™
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Introduction: Extracellular/environmental stimuli trigger cellular responses to
allow Schistosoma sp. parasites adaptation and decide development and survival
fate. In this context, signal transduction involving eukaryotic protein kinases (ePKs)
has an essential role in regulatory mechanisms. Functional studies had shown
the importance of MAPK pathway for Schistosoma mansoni development. In
addition, early studies demonstrated that Smp38 MAPK regulates the expression
of a large set of genes, among them the hypoxanthine-guanine phosphoribosyl
transferase 1 (SmHGPRTase 1, Smp_103560), a key enzyme in the purine salvage
pathway that is part of a family comprising five different proteins.

Methods: First, the regulation of this gene family by the MAPKs pathways
was experimentally verified using Smp38-predicted specific inhibitors. In
silico analysis showed significant differences in the predicted structure and
the domain sequence among the schistosomal HGPRTase family and their
orthologs in humans. In order to interrogate the HGPRTases (Smp_103560,
Smp_148820, Smp_168500, Smp_312580 and Smp_332640, henceforth
SmHGPRTase -1, -2, -3, =4, =5) functional roles, schistosomula, sporocysts,
and adult worms were knocked-down using specific dsRNAs.

Results: Our results suggest that SmMHGPRTases activity has an essential role
in sporocysts and schistosomula development since significant differences
in viability, size, and/ or shape were observed after the in vitro knockdown.
Also, the knockdown of SmHGPRTases in schistosomula influenced the ovary
development and egg maturation in female adult worms during mammalian
infection. We also observed alterations in the movement of female adult
worms knocked-down in vitro. Most of these results were shown when all
gene family members were knocked-down simultaneously, suggesting a
redundant function among them.

Discussion: Thus, this study helps to elucidate the functional roles of the

SmHGPRTase gene family in the S. mansoni life cycle and provides knowledge
for future studies required for schistosomiasis treatment and control.

KEYWORDS

Schistosoma mansoni, HGPRTase, RNA interference, functional genomics,
host—parasite interaction
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Introduction

Schistosomiasis is a neglected tropical disease caused by
trematode worms from the Schistosoma genus and is considered a
major health and economic problem in developing countries. The
transmission is related to precarious water treatment and
sanitation conditions, combined with the presence of the snail
vector (World Health Organization, 2018). Schistosoma mansoni
is one of the main species causatives of schistosomiasis and can
survive in the mammalian host for years or decades (Pearce and
Sher, 1987). According to the World Health Organization, 78
countries reported transmission of this disease, and at least 241.3
million people required preventive chemotherapy with
praziquantel (PZQ) in 2020 (World Health Organization, 2021).

To date, PZQ is the only treatment available for
schistosomiasis. However, although this drug is effective against
all species of Schistosoma, there are limitations to its use, including
the development of resistance (Botros and Bennett, 2007;
Doenhoff et al., 2008; Greenberg, 2013). Thereat, the search for
new drug targets to support schistosomiasis treatment is
extremely important.

The study of molecular interactions between hosts and
parasite is essential to understanding this parasitic infection, its
adaptation within the hosts, and pathogenesis (Cuesta-Astroz
et al,, 2019). Extracellular stimuli trigger cellular responses to
allow the development and survival of parasites of the genus
Schistosoma. Protein Kinases (PKs) play a major role in mediating
these signals, which involve integrated networks that interact
mostly by switching proteins activity status, performing essential
functions in cell control (Hanks et al., 1988; Andrade et al., 2011).
Despite the availability of many options that would allow the
employment of piggyback strategies, specific targets regulated by
those kinases could also be handy in order to avoid side effects
(Boyle and Koleske, 2007; Eglen and Reisine, 2009).

Recent studies showed that the Smp38 MAPK signaling
pathway is essential for the development, reproduction, and
survival of S. mansoni (Avelar et al., 2019). Thus, despite being a
promising target against the parasite, inhibition of hosts enzymes
could be a concern and a barrier to be circumvented during drug
development. Previous functional studies of the Smp38 gene have
shown that this pathway regulates the expression of a large set of
genes in S. mansoni, including the hypoxanthine-guanine
phosphoribosyltransferase (SmHGPRTase 1; Avelar et al., 2019;
Gava et al,, 2019), an important protein in parasite biology, that
has been extensively interrogated as a drug target (Senft and
Crabtree, 1983; Dovey et al., 1984; Pereira et al., 2008; Romanello
et al,, 2019). This enzyme is included in a family of enzymes
comprised by five different proteins whose role is to convert
purine bases, hypoxanthine and guanine, to their respective
nucleotides, inosine monophosphate (IMP) and guanosine
monophosphate (GMP), in the presence of 5-phosphorylribose
1-pyrophosphate (PRPP; Senft and Crabtree, 1983). Studies
demonstrated that S. mansoni adult worms were unable to
incorporate 'C-glycine into a purine ring, evidencing the
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dependence of an external supply of preformed bases for
nucleotide synthesis and the absence of the de novo purine
biosynthesis pathway (Miech et al., 1975). Since S. mansoni
depends entirely on the salvage pathway to generate purines,
enzymes like the SmHGPRTase family, involved in this pathway,
could be critical to the parasite’s life cycle and because of that
many studies have shown that HGPRTases, regulated by PKs, are
promising targets for the development of new drugs (Senft and
Crabtree, 1983; Dovey et al., 1984). Example of that is the acyclic
nucleoside phosphonates, which have previously been shown to
be potent inhibitors of Plasmodium falciparum HGPRTase, while
showing excellent selectivity for the parasite when compared with
the human enzyme (Kaiser et al,, 2017; Keough et al.,, 2018).
Substructures of phosphoribosyl pyrophosphate (PRPP), an
original substrate of HGPRT, are also being extensively studied for
that and structure-based virtual screening and computational
study had shown that these inhibitors can be potential drugs for
Trypanosoma cruzi (Vidhya and Ponnuraj, 2021).

In the present report, we interrogate the functional roles of a
gene family regulated by the MAP kinase pathway in S. mansoni,
SmHGPRTases, in different stages of the parasite’s life cycle and
that
druggable targets.

suggest those proteins could be parasite-specific

Materials and methods
Target genes

In this study we have focused on the characterization of the
hypoxanthine-guanine phosphoribosyl transferase (SmHGPRTase)
gene family, regulated by Smp38 MAPK pathway. S. mansoni
presents five different genes encoding SmHGPRTases, namely
Smp_103560 (comprising two isoforms Smp_103560.1 and
Smp_103560.2), Smp_148820, Smp_168500, Smp_312580 and
Smp_332640; henceforth referred as SmHGPRTIase 1,
SmHGPRTase 2, SmHGPRTase 3, SmHGPRTase 4,
SmHGPRTase 5, respectively. According to the S. mansoni genome

and

(v. 7) deposited in the WormBase Parasite database (Howe
etal., 2017).

Parasites

All the experiments using animals were reviewed and
approved by the Ethics Commission on Animal Use from
Fundag¢do Oswaldo Cruz under license numbers LW12/16 for
hamsters and LM05/18 for mice.

The S. mansoni LE cercaria strain was acquired from the
Mollusk rearing facility “Lobato Paraense” of René Rachou
Institute — FIOCRUZ using Biomphalaria glabrata as the
intermediate snail host.

To obtain S. mansoni adult worms and sporocysts,
six-week-old female Golden hamsters (Mesocricetus auratus) were
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infected subcutaneously with 400 cercariae each. Forty-two days
after infection, animals were anesthetized with xylazine
hydrochloride (10 mg/kg; Syntec) and ketamine hydrochloride
(150 mg/kg; Syntec), followed by overdose euthanasia with 2.5%
sodium thiopental (150 mg/kg; Cristalia). Then, perfusion was
performed (Pellegrino and Siqueira, 1956; Tavares and Mourdo,
2021) to recover adult worms, eggs were recovered from hamsters’
livers and sporocysts obtained as described by Mourio et al.
(2009).
transformation of the cercariae (Milligan and Jolly, 2011).

Schistosomula were obtained by mechanical

Analysis of SmMHGPRTase regulation by
Smp38

According to Gava et al. (2019), the SmHGPRTase 1
expression is down-regulated in Smp38 knocked-down
schistosomula. To experimentally verify that regulation, an
inhibitor previously identified by our group to bind in the ATP
binding site of Smp38 was used (inhibitor NCC - 00001994 from
the Managed Chemical Compound Collection - MCCC; Moreira
et al., 2022) The inhibitor NCC - 00001994 was used at a final
concentration of 10 pM in cultures containing 5,000 schistosomula
in 1 ml of Glasgow Minimum Essential Medium (GMEM,; Sigma-
Aldrich) supplemented with 20mM HEPES (Sigma-Aldrich),
0.1% lactalbumin hydrolysate (Vetec), 0.1% D-glucose (Sigma-
Aldrich), (Sigma-Aldrich), 1pM
hydrocortisone (Sigma-Aldrich), 0.5% MEM vitamin solution

0.5uM  hypoxanthine

(Gibco), 5% Schneider (Gibco), 1% penicillin and streptomycin
(Gibco), and 2% heat-inactivated fetal bovine serum (FBS; Gibco).
Parasites cultured with 0.2% of dimethyl sulfoxide (DMSO;
negative control) were used as controls. To verify morphological
alterations and viability, parasites were incubated for 30h at 37°C,
5% CO,, and 95% humidity, prior to the phenotypic assessment
by inverted microscope (ABO 100 - ZEISS). Viability assessment
was performed by the addition of 5 pg/ml of propidium iodide and
visualization under a fluorescent inverted microscope (ABO 100 -
ZEISS) using a 544 nm wavelength. After inhibitor exposure, the
RNA was extracted, the cDNA was synthesized and the gene
expression was analyzed by qPCR, as further detailed.

Protein modeling and analysis

The sequences of S. mansoni proteins used in this study were
obtained from their predicted coding sequences in the S. mansoni
genome (v. 7) deposited in the WormBase Parasite database'
(Howe et al., 2017) and the sequence for human protein was
obtained from the Uniprot database? (PDB ID P00492; Bateman
et al., 2021). Protein domains (PF00156) coordinates were
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retrieved from the Pfam® (EI-Gebali et al., 2019) and comparisons
between S. mansoni and human sequences were performed using
the MAFFT alignment program* (Katoh et al., 2019). The identity
percentage between domains’ sequences was calculated by
pairwise comparisons using the Jalview software® (Waterhouse
et al., 2009).

SmHGPRTase 1, SmHGPRTase 2, SmHGPRTase 3,
SmHGPRTase 4, and SmHGPRTase 5 tridimensional modeling
were carried out to compare the structures of S. mansoni proteins
and the corresponding human orthologs. As SmHGPRTases 4 and
5 seems to be a duplication in tandem and present the same
sequence, the in silico analysis for these two proteins was
performed only once (SmHGPRTases 4/5). The proteins were first
modeled using the Phyre2 web portal® (Kelley et al., 2015). After
modeling, the predicted structures were aligned, and a subsequent
comparison was carried out using the Chimera 1.13.1 program
(Pettersen et al., 2004).

Single cell RNA-seq (scRNAseq) analysis

To verify the SmHGPRTases expression in the different cell
types of adult S. mansoni worms, single-cell RNAseq (scRNAseq)
data were obtained from the Gene Expression Omnibus database
(GEO’, BioProject PRJNA611783, SRASRP252217; Wendt et al.,
2020). The RDS file containing the expression data in the different
cell types was loaded in the R software (v4.1.2) (R Core Team,
2021) using the Seurat package (v4.1.1) (Satija et al., 2015) and
used to build a heatmap with the package ComplexHeatmap
(v2.10.0) (Gu et al., 2016).

Double-stranded RNA (dsRNA) synthesis

To functionally assess the SmHGPRTases proteins, specific
primers containing the T7 promoter sequence were designed
based on their nucleotide sequences in the S. mansoni genome (v.
7) available in the WormBase Parasite database and used in a PCR
to amplify fragments ranging from 250 to 578 bp. The unspecific
control, green fluorescent protein (GFP), was synthesized from a
fragment cloned into a pCRII plasmid (AddGene). PCR products
were analyzed in 1% agarose gel and purified using QIAquick Gel
Extraction Kit (Qiagen), following the supplier’s protocol. PCR
products were previously cloned into pGEM-T Easy vector
(Promega) and sequenced by Sanger sequencing using specific
primers (Supplementary Table S1). After sequence confirmation,
PCR products were used for double-stranded RNA (dsRNA)

N oo o AW
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synthesis. The dsRNAs were synthesized using the T7 RiboMAX
Express RNAi System kit (Promega) according to the
manufacturer’s protocol. As the SmHGPRTase 2 sequence is
similar to SmHGPRTases 4 and 5, we used only one dsRNA
targeting the three genes, thus, the results for these genes are
represented as SmHGPRtase 2/4/5 hereafter.

Ds-RNA exposure and phenotypic
assessment in different life stages of
Schistosoma mansoni

Sporocysts

The sporocysts (20,000/well) were maintained in 6-well
polystyrene tissue culture plates with Chernin’s balanced
saline solution (CBSS) supplemented with 1g/L glucose
(Vetec), 1g/L trehalose, and 1% penicillin/streptomycin
(Gibco) at 28°C. In each well were added 50 nM of dsRNA
(SmHGPRT 1, SmHGPRT 2/4/5, SmHGPRT 3, or GFP; Mourio
et al., 2009). The parasites were also exposed to a combination
of the dsRNAs targeting the five SmHGPRTases — termed as
“combined group” This group consisted of 50nM of each
dsRNA of the SmHGPRTases, and 150 nM of GFP-dsRNA was
used for the respective nonspecific control. Parasites not
exposed to dsRNAs were included as an “untreated control”
Parasite cultures were observed daily using an inverted
microscope (ABO 100 - ZEISS) to verify phenotypic changes.
The viability was assessed with the addition of 5pg/ml of
propidium iodide under a fluorescent inverted microscope
(ABO 100 - ZEISS) using a 544nm wavelength. Parasite
images were recorded using the Axion Vision REL 4 software
(ZEISS) for 10days. The area (um?) of each sporocyst was
measured using AxioVision 4.8 software. The experiments
were performed in three independent biological replicates.

Schistosomula

Schistosomula cultures (30,000/well) were maintained in
6-well polystyrene tissue culture plates in 3ml GMEM
supplemented as previously mentioned in the inhibitor exposure
section. After cercariae transformation, schistosomula were
exposed to 100 nM of dsRNAs (SmHGPRT 1, SmHGPRT 2/4/5,
SmHGPRT 3, or GFP; Andrade et al.,, 2011). DsRNAs at 200 nM
(~70nM of each dsRNA) were added to the “combined” and the
unspecific controls. An untreated control was also included.
Cultures were incubated at 37°C, 5% CO,, and 95% humidity and
were daily observed under a fluorescent inverted microscope
(ABO 100 - ZEISS) to verify the viability as described previously
for sporocysts. The experiments were performed in three
independent biological replicates.

Adult worms

Adult worms recovered by perfusion were washed three times
with Roswell Park Memorial Institute medium 1640 (RPMI)
supplemented with 1% penicillin and streptomycin (Gibco).
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Worm pairs were manually separated, washed, and electroporated
with 25 pg of each specific dsRNA (SmHGPRT 1, SmHGPRT 2/4/5,
SmHGPRT 3, or GFP) using 4 mm cuvettes (Bio-Rad) at 125V for
20ms (Gava et al,, 2019). For the combined group, were added
8.5 g of each dsRNA (~25 g total). An untreated control was also
evaluated. Eight worm pairs were transferred to 6-well polystyrene
tissue culture plates and maintained in RPMI 1640 medium
supplemented with 2% penicillin and streptomycin (Gibco) and
10% FBS (Gibco) and incubated at 37°C, 5% CO,, and 95%
humidity in a CO, incubator.

Worm motility was assessed using 24-well polystyrene culture
plates containing eight male or eight female worms per well,
maintained as mentioned above. The worms movement was
recorded for 90s using WormAssay software (Marcellino et al,
2012) for 10days. The experiments were performed in three
biological replicates.

RNA extraction, cDNA synthesis, and
real-time quantitative PCR (qPCR)
analysis

After dsRNA exposure, RNA extractions using the TRIzol
Reagent (Invitrogen) were performed using 5,000 parasites on
days 2, 4, and 7, for sporocysts, and days 2, 3, and 7 for
schistosomula (Tavares et al., 2020). Differently, two pairs of
worms on days 2, 4, and 7 were macerated with TRIzol Reagent
(Invitrogen), and the RNA extractions were carried out associated
with the SV Total RNA Isolation System (Promega), as described
previously (Tavares et al., 2020). All RNA samples were treated
with Turbo DNase (Ambion). The total RNA was quantified using
Qubit RNA HS Assay Kit (Invitrogen) at a Qubit 2.0 Fluorometer
(Invitrogen) and stored at —70°C.

To assess transcript knockdown on parasites exposed to
dsRNAs, the cDNA was synthesized using ImProm-II™ Reverse
Transcription System (Promega). Primers for gPCR were designed
using the Primer 3 software® to amplify fragments ranging from
70 to 150bp (Supplementary Table S1). qPCR was performed
using GoTaq® qPCR Master Mix (Promega) on a ViiA 7 Real-
Time PCR System (Thermo Scientific). The samples were
normalized using the Cytochrome C oxidase I (SmcoxI,
Smp_900000) and the actin-related protein 10 (Smarpl0,
Smp_093230) expression levels geometric mean and all samples
were assessed in three technical replicates. The relative expression
was analyzed by comparing the expression levels of each gene to
those from unspecific and untreated control groups (Livak and
Schmittgen, 2001).

To investigate the mRNA expression profile of each target
gene throughout different parasite’s life stages, we also used the
above protocol and relative qPCR analysis. In this evaluation, the
transcription levels of each gene in miracidia, sporocysts,

8
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cercariae, schistosomula, adult males, and adult females were
normalized using the geometric mean transcription rate of three
reference genes: SmcoxI, Smarpl0, and SmFAD-dependent
oxidoreductase (Smfad, Smp_089880).

High-performance liquid
chromatography

To check whether adenosine levels were decreased after
SmHGPRTases-knockdown, a
Chromatography (HPLC) method was performed to separate and

High-Performance Liquid
quantify the adenosine content in the samples. First, a calibration
curve of the adenosine at seven different concentrations (1,000,
500, 250; 125; 62.5; 31.25; 15.625ng/ml) was generated. To
perform the experiment, 150 pl of methanol containing 100 ng/
ml of phenacetin (Sigma-Aldrich) were added to the reactions
from the curve and samples. Following, parasites (four adult male
worms, four adult female worms, ~3,000 sporocysts, and ~ 3,000
schistosomula) from unspecific control, and parasites treated
with SmHGPRTase 1, SmHGPRTase 2/4/5, and SmHGPRTase 3
-dsRNAs, separately or in combination, were macerated and
centrifuged at 13,000rpm for 10min. The supernatant was
transferred to a tube containing C18 resins (Sigma-Aldrich) and
centrifuged. Then, the supernatant recovered from the resin was
lyophilized in a Vacuum Concentrator (Eppendorf) for 30 min,
then resuspended in 50 pl of Milli-Q water and transferred to
LC-MS tubes (Sigma-Aldrich). The HPLC was performed on a
Nexera UHPLC (Shimadzu) hyphenated system on a maXis ETD
high-resolution ESI-QTOF mass spectrometer (Bruker)
controlled by the Compass 1.5 software (Bruker). The 20l
volume of the metabolite extracts were injected into a column
Shim-Pack XR-ODS-III (C18, 2.2 pm, 2.0 x 150 mm - Shimadzu)
at 30°C in a flow of 400 pl/min. The adenosine detection was
based on the exact mass and retention time obtained from the
standard calibration curve. Individual variations in extraction
efficiency were normalized using the internal phenacetin
standard. Adenosine detection and quantification were
performed using the QuantAnalysis program from the Compass
The three
biological replicates.

software. experiments were performed in

In vivo experiments

Knocked-down schistosomula exposed to the three
SmHGPRTases-dsRNAs, which included all five enzymes in
combination, were used for in vivo experiments. As mentioned
before, schistosomula were also exposed to an unspecific dssRNAs.
After 3 days of dsRNA exposure and transcript levels confirmation
by RT-qPCR, 350 parasites from each experimental group, were
subcutaneously inoculated in six-week-old female Swiss mice
(Mus musculus). Forty-two days after infection, animals were
euthanized by overdose as described before. Six mice were infected
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in each experimental group and three independent biological
replicates were performed.

After adult worms’ recovery by perfusion, they were counted,
fixed in Alcohol-Formalin-Acetic Acid (AFA) and stained with
chloride carmine (Machado-Silva et al., 1997). Then, confocal
images were captured using an inverted microscope Eclipse Ti-E
(Nikon) with Confocal C2 plus (Nikon) at 546 and 488nm
wavelengths. Confocal images of 12 to 15 female and 12 male
worms from knocked-down parasites recovered from mice were
analyzed. The ovary area and tubercles’ height were measured and
analyzed using the NIS-Elements software (Nikon).

Additionally, mice’s livers and intestines were removed,
weighed, and incubated with 10% KOH for egg recovery and
quantification (Tavares and Mourao, 2021). The mice ileum was
pressed with microscope slides to evaluate the egg maturation
(stages 1, 2, 3, and 4; Mati and Melo, 2013).

Statistical analysis

First, a normality test using Shapiro-Wilk was performed for
RT-qPCR data, adenosine levels assessment, egg maturation, and
morphometric analyses. Then, the significant differences
compared to control conditions were analyzed by t-test. For the
parasite area, the normality test was performed using
D’Agostino-Pearson, followed by t-test. For mortality rate and
movement in adult worms, two-way analysis of variance
(ANOVA) and Sidak as the post hoc test were used. Statistical
significance was defined as p <0.05. All graphics and statistical
analyses were performed using GraphPad Prism 8 (La Jolla, CA,
United States).’

Results

Smp38 MAPK pathway regulates
SmHGPRTases expression

After the in silico analysis, we sought to confirm whether
SmHGPRTases are regulated by the Smp38 MAPK pathway as
previously described (Gava et al., 2019). Thus, schistosomula were
exposed to Smp38 (NCC-00001994) predicted inhibitor (Moreira
et al,, 2022). After 30h of culture, as described by Moreira et al.
(2022) it was observed alterations in schistosomula phenotypes,
like the presence of a dark middle-region and round bodies
(Figures 1A,B). Additionally, the transcript levels of SmHGPRTase
1, 2/4/5, and 3 were evaluated after the parasite exposure to the
inhibitor. When the Smp38 predicted inhibitor was used, the
SmHGPRTase 1 and 3 transcript levels were decreased by 37 and
50% respectively, compared to parasites exposed to the vehicle
control (DMSO 0.2%; Figure 1C). SmHGPRTases 2/4/5 transcript
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FIGURE 1

Experimental corroboration of Smp38 MAP kinase pathway in the regulation of the expression of SmMHGPRTase 1, 2/4/5, and 3. Representative
images of schistosomula from the control (A) and schistosomula exposed to Smp38 predicted inhibitor NCC-00001994. (B) Arrows point to
morphological changes in the parasites. (C) Bars representing the SmHGPRTase 1, 2/4/5, 3 transcript levels in schistosomula exposed to Smp38
predicted inhibitor NCC-00001994. Data were normalized relative to the SMHGPRTases expression levels in parasites exposed to DMSO (dashed

line).
levels were not altered after exposure to the predicted - PF00156), which catalyzes the substitution of the 5-phospho-a-
Smp38 inhibitor. D-ribose-1-diphosphate group 1-pyrophosphate (PRPP) with a
purine base (adenine, guanine, hypoxanthine, or xanthine) to
form the corresponding nucleoside in the nucleoside-5-
SmHGPRTases are different from their monophosphate form (EI-Gebali et al., 2019). The percentage of
human orthologs identity between the Phosphoribosyl transferase domain
sequences from S. mansoni and their human ortholog counterpart
First of all, we aimed to comparing the S. mansoni is 50.61% for SMHGPRTase 1, 35.23% for SmHGPRTase 2, 40.49%
SmHGPRTases target of this study to the human orthologs. Thus, for SmHGPRTase 3 and 36.87% for SmHGPRTases 4 and 5. The
an in silico analysis was performed comparing the five sequence position of each domain is represented in
SmHGPRTases proteins identified in S. mansoni with their Supplementary Table S2.
respective human counterparts. By overlapping the predicted tridimensional structures of
The characteristic domain of an HGPRTase is the each HGPRTase protein, SmHGPRTase 1 presented the greatest
Phosphoribosyl transferase domain (Family Pribosyltran identity with the human protein (39%; Figures 2A,BF).
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FIGURE 2

(F-1). In gray, human protein; In blue, Schistosoma proteins

SmHGPRTase 2

Predicted tridimensional structures for HGPRTases from Schistosoma mansoni and their human ortholog. Using the Phyre2 web portal the
HGPRTase proteins from human (A) and S. mansoni (SmMHGPRTase 1 — B, SmMHGPRTase 2 — C, SmHGPRTase 3 — D, and SmMHGPRTase 4/5 - E)
were modeled and overlapped. Secondary structure elements are rainbow-colored from blue at the N-terminus to red at the C-terminus (A-E).
The percentage identities were calculated using the predicted models and the overlaps between the respective structures are represented below

D SmHGPRTase3 E SmHGPRTased4/5

Considering the domain sequences, the proteins with lower
identity, SmHGPRTase 2 and SmHGPRTase 4/5, also showed low
similarity when comparing the tridimensional structures (around
27%; Figures 2A,C,E,G,I), while SmHGPRTase 3 presented 36%
identity with the human protein the tridimensional structures
were compared (Figures 2A,D,H).

Expression profile of SmHGPRTases in
different cell types of Schistosoma
mansoni

First, an overall assessment of SmHGPRTases expression in
the different cell lines was performed. The analysis of the
scRNAseq data provided by Wendt et al. (2020) allowed the
verification of the S. mansoni SmHGPRTAses expression in
different cell types of S. mansoni adult worms (Figure 3).
SmHGPRtases 1 and 3 are highly expressed in almost all cell types,
while SmHGPRtase 2 is less expressed although in diverse cell
types, and SmHGPRtase 4 is more expressed in clusters of cells

from the tegument (Supplementary Figure S1).

Expression profile of SmHGPRTases in
different Schistosoma mansoni life stages

Once SmHGPRTases 1 and 3 were experimentally proven to
be regulated by Smp38 MAPK pathways and are distinct from their
human counterpart, we hypothesized they could be promising
candidates for further functional characterization. First, we sought,
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to investigate the expression pro