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Abstract

Schistosomiasis is a neglected tropical disease that affects more than 200 million people

and  45%  of  infections  have  been  shown  to  occur  in  school-aged  children.  A  large

percentage of the disease burden lies in Africa. In 2012, the WHO outlined a roadmap for

the elimination of schistosomiasis by 2020; however, this was not achieved. Treatment for

schistosomiasis is by the use of Praziquantel, a drug in use for over 30 years and there is a

concern  for  emerging  drug  resistance.  There  are  several  species  of  the  genus

Schistosoma causing infection  in  humans.  For  this  study,  Schistosoma mansoni which

causes intestinal schistosomiasis will be investigated. There are reports of lowering cure

rates  and  suboptimal  response  to  praziquantel  following  several  cycles  of  mass  drug

administration (MDA). Praziquantel resistance has also been reported in some countries

and laboratory-bred schistosome experiments. To address the concerns of resistance, this

study  aims  to  employ  a  two-part  approach  to  assess  the  prevalence  of S.  mansoni.

praziquantel  resistance  among  school-aged  children  in  schistosomiasis  endemic

communities  in  Ghana  and  develop  a  diagnostic  tool  to  aid  in  field  assessment  of

infections.  To  achieve  this,  the  study  will  attempt  to  answer  the  following  research

questions: 1. Is there developing S. mansoni praziquantel resistance in communities that

have  undergone  several  mass  drug  administrations?  2.  Is  there  an  interplay  between

intermediate  host  exposure  to  praziquantel  and  the  development  of  praziquantel  drug

resistance in the definitive host? 
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Introduction

Infection by blood flukes causes schistosomiasis. Five species of the genus Schistosoma

infect  humans:  S.  intercalatum,  S.  japonicum,  S.  mekongi,  S.  haematobium, and  S.

mansoni.  Schistosoma  haematobium,  S.  mansoni, and  S.  japonicum are  the  most

prevalent species causing human infection. Sites of infection and symptoms depend on the

Schistosoma species, which can occur in the intestines, bile ducts, and bladder (Nelwan

2019). 

According  to  the  World  Health  Organization  (WHO),  infection  occurs  with  exposure  to

schistosome  cercariae-infested  fresh  water  while  engaging  in  mundane  household,

economic, recreational and agricultural activities (WHO 2013) . Over 54 million people are

infected  annually  with  school-aged  children  having  the  highest  rates  of  infection  and

severity in the Middle East and Sub-Saharan Africa. In 2019, an estimated 236.6 million

individuals  needed  treatment  for  schistosomiasis,  which  ranks  second  after  malaria  in

human parasitic diseases (Mnkugwe et al. 2020). Approximately 280,000 deaths annually

in Africa, Asia, South America and some Caribbean Islands are due to schistosomiasis (

Aula et al. 2021).

The life cycle of the parasite is asexual and sexual, depending on two hosts (freshwater

snails  and  mammals).  Beginning  with  miracidia  transformation  into  sporocyst  then

developing into cercariae to end the asexual stage in the snail. When mammals come in

contact with cercariae, it penetrates the skin and sheds off the bifurcated tail, becoming

schistosomula which then migrates via venous circulation to the lungs, develops into adult

worms and exits the liver via the portal vein system. Male and female worms copulate and

reside in the mesenteric venules, the location of which varies by species. The females

deposit eggs in the small venules of the portal and perivesical systems (Nelwan 2019).

Many of these eggs are moved progressively toward the lumen of the intestine (S. mansoni

) and the bladder and ureters (S. haematobium), through the walls of the blood vessels,

and intestines, to be passed out of the body in feces or urine. The eggs hatch in contact

with fresh water and release miracidia, which penetrate specific snail intermediate hosts.

The host’s tissue secretes enzymes that trigger inflammatory and granulomatous reactions

around eggs lodged in the liver and gut, resulting in intestinal, urogenital, or hepatosplenic

and neurological schistosomiasis (Colley et al. 2014 ; Ross et al. 2015). This study focuses

on S. mansoni infection (intestinal  Schistosomiasis)  with  symptoms of  abdominal  pain,

blood in stool and diarrhea (Anderson and Enabulele 2021). The detection of S. mansoni

 infection is by identification of parasite ova using Kato-Katz technique (Katz et al. 1972).

In Ghana, information on S. mansoni is sparse due to under-reporting by infected people at

health  centers. Armoo  et  al.  (2020) suggest  that  surveillance  via  Kato-Katz  could

underestimate  the  disease prevalence and intensity  and thus  more sensitive  tools  are

required. They state that molecular-based and serological methods exist for the detection
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of S. mansoni infection, however, these require highly skilled personnel and showed the

effective use of circulating cathodic antigen test as an alternative.

The WHO recommends the use of praziquantel  (PZQ) for the treatment and control  of

schistosomiasis.  Preventive  chemotherapy  is  done  by  annual/  bi-annual  Mass  Drug

Administration (MDA) programs in a dose of 40mg/kg. The use of PZQ for MDAs in Sub-

Saharan Africa began in 2003 and in Ghana in 2008 and over 30 years in other parts of the

world (Cunningham et  al.  2020) .  Current  efforts to eliminate schistosomiasis,  a public

health problem, have seen the augmentation of MDA campaigns which could increase drug

pressure favoring resistant phenotype selection. The basis of PZQ resistance, still lacks

concord however,  there are emerging reports of  reduced drug efficacy,  low cure rates,

induced  laboratory  resistance,  emphasizing  the  need  to  investigate  PZQ  resistance  (

Summers et al. 2022).

Background

Schistosoma mansoni infection 

S. mansoni infection in humans begins with bifurcated-tailed cercariae penetrating the skin

and transforming into schistosomulum. This causes a host-enzymatic reaction, resulting in

dermatitis. The larvae pairs, male and female, move from the skin and the worm matures in

the liver, where they lodges in the mesenteric venules (Skelly 2013). The female produces

approximately 300 eggs daily. The eggs cross the intestinal mucosa, reaching the lumen,

and are eliminated with faecal material. The worms survive for up to 15 years, relying on

host  immune  evasion  mechanisms.  The  eggs  that  pass  out  hatch  in  freshwater  and

penetrate  snails,  the  intermediate  host.  In  the  snail,  asexual  reproduction  occurs,  and

cercariae emerge (Boros 1989).

Infection can be acute or chronic. Acute schistosomiasis occurs during a new infection and

may be void of clinical manifestations. However, some people may have symptoms like

fever, anorexia, weakness, diarrhea, and bloody stool. Symptoms can easily be mistaken

for  other  tropical  diseases,  like  typhoid  fever.  The  chronic  phase  occurs  due  to  the

parasite's ability to lodge in organs like the liver and intestines. Granulomas are observed

when an acute phase progresses to a chronic phase (Silva et al. 2005).

Since 1954, there has been documented evidence of S. mansoni in Ghana. Infection was

thought  to  be  confined  to  Tarkwa  and  Bogoso  in  the  west,  Bawku  and  Wiaga  near

Navrongo, and Nyive and Atikpui in the Volta region. McCullough (1965) suggested that the

disease  would  spread  in  the  absence  of  strict  control  measures  (McCullough  1965).

Presently, schistosomiasis can be identified across Ghana. Armoo et al. (2020) detected S.

mansoni in Tomefa, Torgakope, and Manheam in the south of Ghana, near the Weija dam,

with a prevalence as high as 90% in some communities. Anyan et al. (2019) also detected

dual  infections  of  S.  haematobium  and  S.  mansoni  in  Tomefa,  with  a S.  mansoni

prevalence of approximately  23%.  In  a  study  by Asuming-Brempong  et  al.  (2022)

investigating IgE responses to PZQ treatment, they observed that a few individuals in their

cohort  remained infected after  treatment,  and though they could not  fully  ascertain the
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cause, they hypothesized that elevated levels of IgE could be linked with susceptibility to

reinfection.

There is clear evidence of S. mansoni infection in Ghana with such serious pathological

outcomes,  and this  disease  should  be  eliminated  urgently.  Despite  ongoing  MDA

programmes with PZQ, researchers continue to detect S. mansoni in different study areas.

It  will  be  important  to  investigate  if  there  is  a  developing  resistance  and  suboptimal

response to PZQ.

Reported Reduced Praziquantel Efficacy 

The success of experimental induction of resistance raises concerns over drug efficacy. 

Alonso et al. (2006) show that the standard PZQ treatment failed to clear schistosomiasis

in two Spanish travelers. It has also been reported that patients from parts of Egypt and

Senegal show high tolerance for PZQ in a passage experiment, concluding that some level

of PZQ resistance may occur. This highlights the need for surveillance as the use of PZQ

intensifies (Doenhoff et al. 2002).

Crellen et al. (2016), reported reduced efficacy of PZQ in S. mansoni infections correlating

with multiple rounds of MDA. In a study in Uganda, analysis of egg reduction rates (ERR)

showed significantly reduced cure percentages in school-aged children that had received

higher rounds of MDA. They conclude that increased MDA exposure could jeopardize the

efficacy of schistosomiasis control initiatives. Gryseels et al. (2001), on the other hand,

reviewed the poor response to PZQ in Senegal and observed low cure rates of about 30%

despite  increasing  PZQ  dosage.  They,  however,  stated  that  the  reduced  efficacy  of

PZQ could be based on pre-treatment intensity or age-related factors and concluded that

the evidence for PZQ resistance is not persuasive. Though studies report reduced ERR,

clearly stated evidence for PZQ resistance is lacking. Exploring the mechanism of PZQ

action and the cause of  reduced ERR could  elucidate  the phenomenon of  suboptimal

response, reduce cure rates, and/or PZQ resistance.

Mechanism of action of PZQ 

The mechanism of action of PZQ at the molecular level remains unknown, though it  is

widely used for schistosomiasis treatment. Praziquantel has been suggested to play a role

in the muscular contraction and calcium influx of schistosomes (Angelucci et al. 2007). 

Park et al. (2019), also suggest that PZQ results in calcium influx leading to paralysis of the

adult  worm and  show that  PZQ activates  the  schistosome transient  receptor  potential

channel, consistent with known effects of PZQ.

Considering the wide use of Praziquantel as the exclusive treatment essential to reducing

morbidities  associated  with  schistosomiasis,  emerging  resistance  is  perturbing.

Experimentally, resistance of S. mansoni to PZQ can be induced and demonstrated in the

field,  though  this  mechanism remains  unclear (Wang  et  al.  2012).  There  are  gaps  in

knowledge  on  its  mechanism of  action,  and  continuous  use  has  led  to  the  notion  of

possible resistance, though not clearly stated.
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Molecular Determinants of PZQ resistance 

To study PZQ resistance, it is essential to investigate genes that play a role in resistance

mechanisms. Messerli  et  al.  (2009),  examine  the  relational  effect  of  P-glycoprotein

expression in S. mansoni and PZQ; they show an increased expression of SMDR2 RNA

and anti-P-glycoprotein immunoreactive protein in an Egyptian S. mansoni isolate with a

suboptimal response to PZQ. They conclude that in PZQ resistance, multidrug resistance

proteins could be implicated. Research by Park and colleagues, as well  as Clec’h and

team, identified a transient  receptor  potential  melastatin  ion channel  (TRPM ) as the

target of  PZQ in S. mansoni.  They stated that this could be an important approach to

monitoring  PZQ  resistance  in  field  settings  and  could  be  employed  in  schistosome

elimination programs (Clec'h et al. 2021).

Pereira  et  al.  (1998) compared  the  genetic  differences  between  PZQ-resistant  and

susceptible strains of S. mansoni and found that SMDR2 was not overexpressed in the

PZQ-resistant strain; however, they found SCOX1 to be overexpressed about 5-fold in the

resistant  strain.  Messerli  and  colleagues  in  2009  postulated  that  increased  SMDR2

expression could be linked to PZQ resistance in S. mansoni. It  could be argued that in

1998, available tools to study differential gene expression were not advanced, and some

observations could be missed.

Abou-El-Naga et al. (2019), investigated S. mansoni decreased sensitivity to PZQ at the

proteome  level.  Morphologically,  eggs  from  PZQ-resistant  worms  were  spherical  and

smaller when compared to those from PZQ-susceptible worms. Pinto-Almeida et al. (2015),

also use a proteomic approach in investigating PZQ-resistant and susceptible strains. They

found some proteins present  in  parasites not  exposed to PZQ but  absent  in  parasites

exposed to PZQ. They concluded that the role of these proteins in resistance is uncertain

and needs to be verified.

Reduced  sensitivity  to  PZQ  and  resistance  in  S.  mansoni  can  be  observed  at  the

morphological and molecular level, with several genes and proteins hypothesized to play

roles  in  these  mechanisms.  However,  the  challenge  remains  accurately  using  this

information to monitor emerging resistance in the field.

Diagnostic approaches for PZQ resistance 

There exist  various methods that aid researchers in identifying laboratory-induced PZQ

resistant strains. Liang et al. (2010), report a method where tail-shedding cercariae can be

detected  with  a  dissecting  microscope  in  a  time-dependent  manner  following  PZQ

treatment. They reveal that male cercariae shed their tails quicker than females, and this is

not seen in PZQ-resistant strains. Melman et al. (2009), in a study in Kenya, employed an

in vitro assay where they measured the length of adult worms to identify susceptible and

resistant populations. They state that there is a potential for resistance, and it should be

critically  examined  for  treatment  programs. Tushabe  et  al.  (2020),  on  the  other  hand,

investigated a schistosomiasis hotspot in Uganda enrolled in an MDA program using the

pzq
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Egg Reduction Rate (ERR) technique based on a 3 sample Kato-Katz and CAA dipstick

and found that the ERR was over 80% and concluded that there was no exact evidence of

reduced PZQ efficacy but  encouraged continuous monitoring.  According to  Botros and

Bennett (2007), although there is almost no field evidence that schistosomes have gained

reduced  sensitivity  to  PZQ,  less  than  100% cure  rates  are  apparent;  additionally,  the

sensitivity  of  available  egg-counting  techniques  may  be  overestimated.  Thus,  PZQ

effectiveness should be routinely assessed. Aside from morphological techniques, there

are few molecular tools developed for the detection of PZQ resistance.

Aim 

Assessing  the  prevalence  of  praziquantel-resistant  S. mansoni among  school-aged

children  in  schistosomiasis-endemic  communities  in  Ghana  and also  developing  a

diagnostic tool to aid in field assessment of drug resistance.

Objectives

1. Screening and validation of genes associated with Praziquantel resistance in an in-

silico analysis; S.  mansoni field  isolates  and  cercariae  shed  from field-captured

Biomphalaria sp.

2. Identify markers of interest in laboratory-induced resistant schistosomiasis models

for intermediate (snails) and definitive hosts (mouse model).

3. Investigate  the  effects  of  PZQ  resistance  via  mediated  genome  editing  with

functional markers from Objective 1.

4. Molecular  diagnostic  tool  development  with  selected  resistant  markers  from

Objective 1 and 3

5. Assessing the developed diagnostic tool sensitivity in the detection of S. mansoni

and PZQ-resistant S. mansoni strains.

Problem Statement and Rationale 

In 2012, the WHO came up with a roadmap for eliminating Neglected Tropical Diseases

(NTDs), schistosomiasis. This was, however, not achieved, and a new roadmap for 2030

has been drawn (WHO 2020). This indicates a continued disease presence, and with no

vaccine available, praziquantel remains the sole drug for treatment. Praziquantel has been

in use for over 30 years, and suboptimal responses and some scattered cases of drug

resistance have been reported (King et al. 2011). In addition, the mechanism of action of

praziquantel  remains unknown,  and concerns about  the decline in  the effectiveness of

MDA keep increasing (Vale et al. 2017). Apart from measuring egg cure rates, there are

few reported molecular markers to measure PZQ resistance.

Complete cure rates following PZQ treatment are rare, and field data on schistosomes

becoming less sensitive to treatment increases (Lamberton et al. 2017). Considering the

sensitivity of the majority of diagnostic methods, including Kato Katz (gold standard), the
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information on cure rates in endemic communities may be exaggerated. The effectiveness

of PZQ needs to be routinely accessed, and the incidence, epidemiological, genetic, and

mechanism of resistance ascertained by investigating field isolates. The best approach to

tackle this is summarized in Fig. 1.

Methodology

 Study Design 

In-silico search for genes associated with praziquantel resistance 

An online search strategy to obtain genes associated with praziquantel resistance would

be adopted. PubMed and google scholar databases would be used. The results will  be

reviewed to eliminate unsuitable hits. Table 1shows the search strategy to be adopted.

After selection, genes would be screened to ascertain functional validity with bioinformatics

tools such as: DynaMut (Rodrigues et al. 2018), Mutplot (Zhang et al. 2019), and Uniprot (

The  UniProt  Consortium  2021).  Primers  would  be  designed  from  the  selected  genes

employing  a  multiplex  approach.  The selected  resistant  gene panel  would  be  used to

screen S. mansoni field isolates and cercariae shed from Biomphalaria sp.

Ethical Approval 

Ethical  clearance  would  be  obtained  from the  Institutional  Review Board  (IRB)  of  the

Council for Scientific and Industrial Research—Water Research Institute (CSIR-WRI) and

the Ethics Committee for Basic and Applied Sciences (ECBAS), as well as from the Ghana

Health Service.

Study population and sample collection 

A full outline of the study is summarized in Fig. 2. The study would be conducted in two

communities (Torgakope and Tomefa) in the Ga South Municipality of the Greater Accra

Region. The sample population would be school-aged children. A written consent will be

obtained from participants and guardians for  the provision of  stool  samples.  Incentives

would be provided for study participants. Participants would be resampled 12 months after

community-wide treatment, during which there would be an annual MDA. This sampling

period would be used to develop the diagnostic  tool.  To ensure successful  community

participation,  durbars would be organized in conjunction with community elders,  school

heads, and the Ghana Health Service to educate the communities on schistosomiasis and

explain the project in detail.

A total of 634 school-aged children (300 from Tomefa and 334 from Torgakope) would be

sampled  based  on  S.  mansoni  prevalence  rates  (78% and  30%,  respectively)  in  the 

Cunningham et al. (2020) study. A single fecal sample would be collected at each sampling

time and divided into three aliquots kept in cryovials and stored at -80 °C for downstream
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analysis.  Biomphalaria sp.  would  be  collected  from  water  contact  points  in  the

communities. Snails would be kept under optimal conditions and fed, as well as induced to

shed miracidia.

Identification of resistance markers in lab-generated resistance models
for intermediate (snail), definitive host (mice), and eggs 

Kato-Katz and PCR will  be run to determine S. mansoni positivity. DNA extraction (from

stool samples and cercariae shed from snails) and qPCR will be run for S. mansoni and

resistant  genes  detection.  Isolated  eggs  from  Kato-Katz-positive  samples and  shed

miracidia would be used for downstream analysis.

Snails that do not shed cercariae after 5 to 6 weeks of exposure will be infected with S.

mansoni miracidia and treated with PZQ. Infected snails and non-infected snails treated

with  PZQ  would  be  compared  for  possible  resistance  markers.  Eggs  from  Kato-Katz

positive samples would be put in a 96-well plate and treated with different concentrations of

PZQ. Mice would be infected with cercariae to generate Schistosomiasis definitive host

models and treated versus untreated group compared utilizing eggs isolated from fecal

material and adult worms from intestines of sacrificed mice. Groups of susceptible versus

resistant would be compared with a gene panel from selected genes using qPCR as well

as RNA-seq to identify novel differentially expressed genes for both in vitro and in vivo

assays.

Investigation of effects of PZQ resistance via CRISPR-Cas9-
mediated genome editing with functional markers from objective 1

Gene Knock-in/ Knock-out into the genome of the egg of Schistosoma mansoni will  be

executed via CRISPR-Cas9 with selected resistance markers, and successful transfection

will be assessed. Edited schistosome eggs will  be hatched into miracidia, which will  be

used to infect snails and subsequently produce cercariae. The cercaria will be injected into

the  tails  of  experimental  mice,  and  comparisons  will  be  made  between  treated  and

untreated mice following PZQ treatment or its absence to gain a preliminary insight into the

mechanism of PZQ resistance.

Molecular diagnostic tool development with selected resistant markers 

Colorimetric Loop-mediated Isothermal Amplification (LAMP) assay using six primers with

one generic S. mansoni and 2 resistance gene markers would be developed. Validation of

the generic outer primers will  be done via PCR with CRISPR-Cas9 strains, crude stool

extracts, and purified extracted DNA. Primers will be designed with Explorer version 5. The

Colorimetric assay will be achieved by adding phenol and hydroxy naphthol blue with a pH

change resulting in a color change as an indication of positivity.
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Field testing and assessment of the developed diagnostic tool in selected
schistosomiasis-endemic communities 

Crude egg extract from Kato-Katz detection on the field during the second sampling period

would be used to carry out the field-testing assessment. Samples would also be collected

and confirmed in the laboratory. Resistant samples would be sequenced to ascertain which

genes mediate resistance, and PCR with a resistance gene panel would also be carried

out.

Data Analysis 

The prevalence of S. mansoni will be determined with its corresponding 95% confidence

interval. The intensity of the S. mansoni infection will be determined by WHO guidelines (

WHO 2002). The arithmetic mean egg count will be calculated as the average egg count of

the  two  Kato-Katz  smears.  Demographic  data  will  be  presented  as  frequency  and

proportions of population of subjects in each category. The prevalence and intensity of S.

mansoni infection will be stratified by age, gender, and community using the Chi-square, t-

test, and Mann-Whitney tests, where appropraite.

PZQ-resistance would be scored as a binary trait such that parasites that recover from

drug treatment are resistant and those that fail to recover are designated as susceptible.

Field applicability of the developed tool would be measured via comparison to Kato Katz to

determine positivity of crude samples using the tool and PCR with resistance gene panel.

The complete workflow for the proposed methodology is summarised in Fig. 2.

Expected Outcomes

1. This study would reveal the prevalence of praziquantel resistance in S. mansoni

infection at the study site.

2. The presence of  specific  genes linked to  PZQ resistance as well  as  additional

genes which play a role would be investigated.

3. A field diagnostic tool for praziquantel resistance detection would be developed and

evaluated in both laboratory and field settings.
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Figure 1. 

Graphical Abstract. Adapted from Summers et al. (2022), available under the terms of the Cre

ative Commons Attribution License 4.0 (CC BY 4.0).
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Figure 2. 

Study Design: Workflow of the proposed research.
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Proposed Outcome Search Items Total References Selected References Final Selected 

     

     

     

     

Table 1. 

Online search strategy for genes associated with praziquantel resistance.
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