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1. Introduction

1.1 Schistosomiasis background

Schistosomiasis is a neglected tropical disease (NTD) caused by parasitic digenetic
trematodes belonging to the genus Schistosoma. Over 240 million people are infected, and
an additional 700 million are at risk in endemic regions (1). The disease is present in 78
countries with major foci across Africa, Asia and South America (2) and more recently in
southern Europe (3). The majority of the disease burden (> 90%) occurs in sub-Saharan
Africa, where the disease is responsible for at least 1.4 million disability-adjusted life years
(DALYs) and 24,000 deaths annually (2,4-7).

1.2 Life cycle of schistosomiasis

Schistosoma blood flukes have a complex life cycle which involves two hosts: an
intermediate freshwater snail host and a definitive mammalian host (Figure 1.1). Within the
intermediate snail host, the miracidium develops into a mother sporocyst, then through
asexual reproduction, produces daughter sporocysts, which produce infective cercariae.
Hundreds to thousands of cercariae are released from the snail host into the water. During
water contact, cercariae, the infectious stage, penetrate the skin of the mammalian host.
Cercariae shed their forked tails and transform into schistosomulae, which migrate within the
circulatory system to the lungs, to the heart, and then the liver to develop where they exit via
the portal vein system when mature. Male and female adult stages migrate and reside in
copula in the mesenteric veins of either the intestine (intestinal schistosomiasis) or the
vesical plexus (urogenital schistosomiasis) of the definitive host (Table 1.1). Adult
schistosomes can live in copulation within their human hosts for up to 40 years (4,8). Eggs
are released and traverse the intestinal or bladder wall to reach the lumen and then are
excreted in either faeces or urine, respectively (3-5). When exposed to water, eggs hatch
into miracidia, ciliated larval stages, which infect the intermediate snail host (9). However, a
proportion of the eggs unable to exit the body become trapped in tissues, most commonly in
the liver and urogenital system, triggering an inflammatory immune response which causes

chronic schistosomiasis (10,11).
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Figure 1.1: Life Cycle of schistosomiasis. Adapted from (12). Figure created using
Biorender.com.

1.3 The Schistosoma genus

The Schistosoma genus comprises 23 species, six of which are responsible for human
schistosomiasis (13) (Table 1.1). Among these, the most medically important species are S.
mansoni, S. haematobium and S. japonicum, whilst S. mekongi, S. intercalatum and S.
guineensis are comparatively less prevalent (14). Historically, schistosomes have been
arranged into four groups: S. japonicum, S. indicum, S. mansoni and S. haematobium,
based on egg morphology and the intermediate snail host they utilise for development (15).
However, in recent years, the phylogeny of the Schistosoma genus has undergone much
change due to the use of molecular techniques to compile robust phylogenies of
schistosomes. Phylogenetic and phylogeographic studies have extensively used a range of
genetic markers, the nuclear marker ribosomal RNA gene unit and several mitochondrial
genes to construct Schistosoma phylogenies (15-22). A standard phylogeny using
mitochondrial markers has recently been produced and widely referenced in the literature
(18,19,22).

Despite the genus appearing monophyletic, the Schistosoma phylogeny is divided into six
major clades, which correlate to their geographical distributions (Figure 1.2) (18). The S.
Japonicum complex appears basal on the phylogenetic tree (Figure 1.2), suggesting an
oriental origin of the Schistosoma genus (13,17,23,24). Three clades contain species from

Africa, where the hippo-infecting S. hippopotami clade is the most basal. The S.
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haematobium clade and the S. mansoni

clade

represent the two major African

schistosomes, separated by the S. indicum group, which are found in western and southern

Asia, suggesting that these were derived from the re-invasion of Asia (16—19,23).
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Figure 1.2: Summary of the phylogeny of the Schistosoma genus using partial cox7 and

IsrDNA, and complete ssrDNA sequences. Figure from Lawton et al. (15).

1.4 Epidemiology

Schistosomiasis has a focal epidemiology governed by human water-contact patterns and

the intermediate snail hosts (25). Infection within endemic settings often occurs within two

years of age, when the intensity of infection increases during the next ten years. The

prevalence and infection intensities peak in young adolescents, which declines in adulthood.

However, elevated prevalence persists within subgroups of adults who regularly interact with

water as part of their daily routines (laundry, fishing and car washing) (4).
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Table 1.1: The definitive host range, distribution and pathology of Schistosoma species infecting humans.

Species Definitive host Intermediate Global Site in the definitive host Pathology Zoonotic?
range host range distribution
(genus)
Urogenital S. haematobium Humans Bulinus Africa, Southern | Venous plexus of the bladder Haematuria, polyposis, No
Europe (Corsica) bladder thickening,
& Middle East hydronephrosis, bladder
fibrosis, female/ male
genital
schistosomiasis & bladder
cancer
Intestinal S. mansoni Humans, Biomphalaria Africa, South Inferior mesenteric veins Periportal fibrosis, *
rodents, America, Middle draining the large intestine hepatosplenomegaly,
baboons & East & Caribbean intestinal inflammation,
primates blood in stool, diarrhoea &
central nervous system
S. japonicum Humans, Oncomelania China & Superior mesenteric veins complications. Yes
livestock & Southeast Asia draining the small intestine
domesticated
animals such as
horses and dogs
S. mekongi Humans, dogs, Tricula Cambodia & Loas | Venules of the small intestine Yes
pigs & livestock
S. intercalatum Humans Bulinus Central Africa Venules of the colon No
S. guineensis Humans Bulinus Central Africa Rectal veins No

(*) indicates zoonotic reservoirs exist, but the Schistosoma sp is not considered zoonotic (9,26,27).
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1.5 Pathology of schistosomiasis

The pathologies associated with schistosomiasis are not caused directly by the adult worms
but instead by the copious number of eggs which become permanently trapped within the
host liver or intestines (S. mansoni, S. mekongi and S. japonicum) or the urogenital system
and bladder (S. haematobium). Trapped eggs induce a host granulomatous immune
response characterised by eosinophils, lymphocytes, and alternatively activated
macrophages (4,28,29). Consequently, the sequelae of chronic infections are primarily

associated with the species-specific oviposition site of the adult worms (Table 1.1) (6).

There are three disease phases of schistosomiasis, beginning with a localised dermatitis
reaction following cercarial skin penetration. Four to six weeks post-infection, it can then
progress to acute schistosomiasis (Katayama fever), an immune complex reaction leading to
systemic effects such as weight loss, vomiting, fever, urticarial rash and diarrhoea
(10,30,31). Acute schistosomiasis is rarely reported in individuals residing in endemic
regions for S. haematobium or S. mansoni. Still, it most commonly occurs in travellers

exposed to schistosome antigens for the first time (4,32).

1.5.1 Intestinal schistosomiasis

Over time, most individuals experience a reduction in the granulomatous response to eggs
through various mechanisms, resulting in the progression to chronic intestinal
schistosomiasis for S. mansoni (4). Schistosoma mansoni eggs migrating through the
intestinal wall instigate bleeding, pseudopolyposis, ulcerations and mucosal granulomatous
inflammation (33,34). Legions are typically located in the rectum and large bowel. Clinical
manifestations present as rectal bleeding, intermittent abdominal pain and diarrhoea, with

the severity of symptoms related to the intensity of infection (35).

1.5.2 Hepatic schistosomiasis

Inflammatory hepatic schistosomiasis is an initial response to S. mansoni eggs trapped in
the liver's presinusoidal periportal spaces. This condition predominantly contributes to

schistosomal hepatomegaly in children and adolescents (10,36,37).
Chronic hepatic schistosomiasis typically emerges several years after the infection has

progressed, affecting adults with prolonged and intense infections, possibly influenced by an

immunogenetic predisposition (38,39). Some individuals with hepatic schistosomiasis have
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poor immunoregulatory responses to parasite egg antigens and develop considerable
fibrosis, leading to periportal fibrosis with hepatosplenic disease (4,34). This fibrosis results
in the gradual narrowing of portal veins, leading to portal hypertension, splenomegaly and
gastrointestinal varices. The most serious complication of fibrotic hepatic schistosomiasis is
bleeding from the gastro-oesophageal varices caused by increased portal hypertension,

which can rupture and is usually fatal (10).

1.5.3 Urogenital schistosomiasis

Urogenital schistosomiasis is caused mainly by S. haematobium and can affect both urinary
and genital systems, each with its cadre of symptoms. The eggs of S. haematobium incite
granulomatous inflammation, leading to ulceration of the ureteral walls and bladder. Early
signs of urinary schistosomiasis include dysuria, especially haematuria, characteristic of an
infection with S. haematobium (40,41). Similar to chronic intestinal schistosomiasis, chronic
urogenital schistosomiasis results from poor regulation of immunoregulatory responses to
Schistosoma eggs which results in chronic fibrosis of the urogenital tract (42,43). This
fibrosis can manifest as obstructive uropathy when compounded by bacterial superinfection
and renal dysfunction and can lead to fatal outcomes. Additionally, infection with S.
haematobium is strongly linked to squamous-cell carcinoma of the bladder, which often

presents as multifocal tumours (42).

Furthermore, female genital schistosomiasis (FGS) is a chronic gynaecological condition
caused by S. haematobium and is estimated to affect 30-56 million girls and women mostly
within sub-Saharan Africa (44). The clinical pathologies associated with FGS include
abdominal pain, vaginal itching, discharge and post-coital bleeding (45). Evidence has
emerged which suggests that women with FGS have an increased risk of HIV and HPV that

can result in cervical cancer (44,46,47).

1.6 Control of schistosomiasis

1.6.1 Snail control

The control of schistosomiasis requires disrupting a complex life cycle involving multiple life
stages and hosts. The intermediate snail hosts are important for determining the distribution
of schistosomiasis and are responsible for the focal epidemiology of the disease. In Africa,
two genera of freshwater snails (Biomphalaria and Bulinus) are responsible for transmission

and have been an important focus of schistosomiasis control efforts involving the use of
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molluscicides and environmental modification (intended to destroy snail habitats) (32,48,49).
Molluscicides were used extensively in Asia, Africa and South America from the 1950s to
1970s until chemotherapy for humans contributed to the decline (48,50,51). Niclosamide
was most commonly used as it is efficacious against all snail life cycle stages and is effective
in elimination programs in Africa, such as Morocco (48,52). However, molluscicides are
labour intensive, non-specific, and can have detrimental environmental consequences, such

as being toxic to marine organisms other than snails, such as fish (53,54).

1.6.2 WASH and health education

Poverty, poor health education and lack of clean water, sanitation and hygiene (WASH) are
important drivers in maintaining transmission of schistosomiasis in endemic areas. The risk
of exposure to contaminated water sources and infection can be considerably reduced
through improved access to WASH and education (55). Ensuring access to WASH is crucial
for infection prevention, especially re-infection. Initiatives involving WASH aim to minimise
environmental contamination and transmission of Schistosoma larval stages by safely
disposing of human waste and promoting hygiene. For example, a 77% median reduction in
the prevalence of schistosomiasis was found in a meta analysis of 12 studies examining the

implementation of WASH facilities with rates of schistosomiasis (56).

In endemic areas, poor knowledge of the disease can present a barrier to control programs;
for example, a study in Malawi found that children refused praziquantel (PZQ) treatment due
to its appearance and smell and reports from class members who felt dizzy after taking the
drug (57). This distrust was also felt at the community level, leading to children missing
school during treatment days as schistosomiasis was considered normal, therefore failing to
understand the need for treatment. However, following community education and
involvement in the treatment program, compliance improved which highlights the pivotal role

health education can play in positively influencing behaviour (58).

1.6.3 Treatment / Chemotherapy

1.6.3.1 History of anti-schistosomal chemotherapy

Table 1.2 details the history of drugs used to treat schistosomiasis (59,60). The first group of
compounds used for schistosomiasis chemotherapy were antimonial compounds, including
tartar emetic (TE), which was introduced in 1918 and used for around 50 years. The
anti-schistosomal properties of TE were discovered through the observation that Berber

tribesmen who were treated for leishmaniasis also experienced an interruption in haematuria
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caused by S. haematobium infection (61). However, TE required treatment with multiple
doses administered over the course of a month via intravenous administration. Although the
drug appeared promising, the efficacy was very limited and those treated reported severe
side effects (62).

Antimonial compounds were the only available treatment for schistosomiasis until after
World War Il when lucanthone was introduced into clinical practice (59). Lucanthone was a
promising alternative to antimonials as it could be administered orally and side effects were
typically limited to nausea and vomiting. Furthermore, significant progress began in the
1960s with the introduction of drugs such as hycanthone, niridazole, oxamniquine, and
metrifonate. The discovery that hycanthone, a metabolite of lucanthone, is significantly more
biologically active and effective in vitro led to lucanthone being replaced in clinical practice
(63,64). Even though hycanthone could be administered orally, it gave frequent side effects,
therefore intramuscular administration of a single dose became the standard treatment for
schistosomiasis (65). Another drug used during this time was oxamniquine which was the
front-line treatment for S. mansoni infection in South America where only S. mansoni is
present (66). In contrast, oxamniquine was used minimally in Africa where S. mansoni and
S. haematobium are present (67). Both oxamniquine and hycanthone share the same mode
of action which requires pro-drug activation via a sulfotransferase (Table 1.2). Studies have
demonstrated cross-resistance between hycanthone and oxamniquine (68—70). The use of
oxamniquine was discontinued due to several factors, including widespread drug resistance

and the availability of PZQ, whose patent had expired, making it considerably cheaper (59).

Merck initially explored the pyrazino-isoquinoline ring system as potential animal
tranquillisers. In the early 1970s, Bayer discovered that these compounds had anthelmintic
properties and the compounds were further investigated (71). Amongst these compounds
was PZQ which was first marketed as a veterinary cestocide (72). Praziquantel’s
antischistosomal properties were initially evaluated in animal studies, followed by
toxicological and pharmacological assessment in animals and humans (73). The WHO and
Bayer then collaborated to conduct large-scale clinical trials in Africa, Japan, the Philippines,
and Brazil (74). With positive outcomes and toxicology studies showing no major short- or
long-term side effects (75), PZQ quickly became the mainstay of schistosomiasis treatment

and remains so.

1.6.3.2 Mass drug administration of praziquantel
In the absence of an effective anti-schistosome vaccine, the cornerstone of schistosomiasis

control programmes is regular treatment with PZQ. Since 1984, PZQ has become the drug
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of choice to treat schistosomiasis and displaced all past drugs which are no longer used due
to cost, side effects and drug resistance (76,77). Dose finding studies in the 1970s and
1980s indicated that a single 40 mg/kg dose of PZQ was safe and sufficiently effective for
treating S. mansoni and S. haematobium (74,78,79). However, repeated dosing is likely

required for optimal effect in highly endemic areas (80).

The WHO currently recommends annual preventive chemotherapy, with a single dose of
PZQ, which is efficacious against all Schistosoma species with minimal adverse effects (81).
Praziquantel is currently delivered through annual mass drug administration (MDA)
programmes, usually targeting school-aged children (SAC), a high-risk group which are
shown to have the highest infection intensity, prevalence and morbidity risk (57). Schools are
often used as delivery points for the administration of praziquantel as they provide a

convenient and efficient way to reach a large number of children.

Prior to the early 2000s, the use of PZQ for preventive chemotherapy was limited in
sub-Saharan Africa which changed in 2005 when Merck committed to donating 250 million
doses of praziquantel annually (82). In 2002, the Schistosomiasis Control Initiative (SCI) was
established to facilitate the implementation of MDA control programmes in several African
countries (Mali, Burkina Faso, Niger, Zambia, Tanzania, Rwanda, Burundi and Uganda) (83)
where Uganda was the first country to begin MDA in 2003. The primary objective of the MDA
programmes was to achieve a reduction in schistosome-related morbidity from PZQ
chemotherapeutic intervention (84). By 2013, SCI had assisted in the delivery of over 100
million PZQ treatments, resulting in a significant reduction in prevalence and morbidity in
endemic regions (83—86). Scaling up of the distribution of PZQ has been successful, where
the number of people treated increased dramatically from 7 million in 2006 to 57 million in
2015 (87). A study compared 2000-2010 geolocated schistosomiasis survey data (before
most sub-Saharan African countries had scaled up schistosomiasis control programmes)
with 2011-2014 and 2015-2019 data. A considerable reduction in schistosomiasis was found
where the prevalence amongst school-aged children reduced from 23% in 2000-2010 to
9.6% in 2015-2019 (82). Due to the early successes from MDA programmes, the WHO has
shifted its focus from morbidity control to the elimination of schistosomiasis as a public
health problem by 2023 (49). As part of this control strategy, the new WHO treatment
guidelines for schistosomiasis recommend extending treatment access to include at-risk
populations above the age of two, including pregnant and lactating women. In Chapter 2, |

provide a detailed overview of the new WHO treatment guidelines for schistosomiasis.
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Chemotherapy alone appears to be insufficient to interrupt transmission and achieve
elimination of schistosomiasis. Within this paradigm shift from control to elimination, an
integrated control approach incorporating snail control, improved WASH, chemotherapy and
public health education is recommended, using several integrated measures to interrupt

several parts of the parasite’s life cycle (88).

1.6.3.2 The praziquantel treatment gap

Schistosomiasis affects around 123 million children (89,90) which represents a significant
proportion of the disease burden. Whilst SAC have long been the focus of MDA programmes
due to their high infection risk, preschool-aged children (PSAC), those aged five years or
younger, were largely overlooked in these efforts. This neglect was partly based on the
incorrect assumption that younger children had minimal exposure to schistosomal
cercariae-infested water and, thus, were considered low risk for infection (91). However,
growing evidence suggests that PSAC are at significant risk, particularly in high-transmission
areas. Recent estimates indicate that as many as 50 million PSAC in Africa alone may be

infected with schistosomiasis (92).

Paediatric schistosomiasis is of particular concern for at least two reasons. Firstly, regular
water contact reported in PSAC will likely result in a progressive increase in individual worm
burden. These untreated infections acquired during early life likely contribute to the
worsening of the morbidity of the disease within the individual (93). Secondly, this age group
plays a role in maintaining local disease transmission with regular water contact leading to
contamination of water bodies. In addition, washing children’s soiled clothes in water bodies

contributes to hidden environmental contamination and transmission (94).

Factors contributing to the treatment gap in PSAC include: PZQ is only approved for use in
children aged four years and above (95) and the lack of a paediatric formulation which has
been developed but has yet to be widely available (96). Despite this, PZQ has been used in
off-label settings, for example, in the Schistosomiasis in Mothers and Infants (SIMI) project
conducted in villages on the lakeshore of Albert and Victoria in Uganda (97). The aim of the
study was to assess the need for and performance of PZQ in under seven year olds in S.
mansoni endemic areas. The study found few reported side effects which were resolved by
the 21 day follow-up. However, this study found that the dose of 40 mg/kg PZQ gave
suboptimal cure rates for S. mansoni amongst the PSAC (97). A pharmacokinetic/

pharmacodynamic study conducted within the same area of Uganda found that the standard
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40 mg/kg PZQ dose was insufficient for treating PSAC and that higher doses are needed

(80).

Table 1.2: History of drugs used to treat schistosomiasis, the mode of action, species active
and disadvantages.

Drug

Mode of action

Species active

Disadvantages

Antimonials

Inhibition of phosphofructokinase
(PFK) is essential for converting
fructose-6-phosphate to
fructose-1,6-diphosphate in
schistosomes. Parasite PFK is 80x
more sensitive to the drug than
mammalian PFK.

S. mansoni & S.
haematobium &
S japonicum

Side effects such as
thrombocytopenia
intravenous
administration. Mass
treatment facilitated
widespread Hepatitis
C infection in Egypt
(98).

Niridazole

Inhibition of schistosome
cholinesterase activity resulting in
flaccid muscle paralysis of adult
worms. This may cause the
detachment of worms and result in
the hepatic shift of worms.

S. mansoni & S.
haematobium &
S. japonicum

Requires repeated
dosing, side effects
such as vomiting and
seizures.

Hycanthone

Pro drug activated by
Schistosoma sulfotransferase.
Pro-drug metabolite binds to worm

S. mansoni & S.
haematobium &
S. japonicum

Mutagenic, toxicity,
intramuscular
administration, drug

sulfotransferase. Pro drug
metabolite (OXA-SO;) binds to
worm DNA and macromolecules,
resulting in worm death.

DNA and macromolecules, resistance.
resulting in worm death.
Oxamniquine | Pro drug activated by S.mansoni S. mansoni Widespread drug

resistance, cost,
active only against
one Schistosoma
species.

Metrifonate

Inhibition of cholinesterase
resulting in flaccid paralysis in
schistosomes.

S. haematobium

Poor compliance due
to need for repeated
doses, efficacious
against one
Schistosoma species.
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Thesis structure

The primary aim of this PhD was to investigate the epidemiology and genetic basis of
praziquantel treatment response of Schistosoma mansoni in preschool-aged children in
Uganda. This is addressed through several key objectives, and each is explored in the

respective chapters of the thesis.

In Chapter 2, | reviewed the literature on the genetic determinants of praziquantel resistance
in Schistosoma mansoni. The review discusses the recent advances in understanding the
molecular basis of praziquantel action in S. mansoni and the genetic basis of drug
resistance. Praziquantel resistance is discussed in the context of potentially confounding
factors that may decrease efficacy within endemic settings and the most recent treatment

guidelines recommended by the WHO.

In Chapter 3, | conducted a secondary data analysis on a subset of 96 participants from the
Praziquantel in Preschoolers (PIP) clinical trial in Uganda. The main aim was to investigate
S. mansoni clearance using different diagnostics (Kato-Katz, urine circulating cathodic
antigen (CCA) and urine circulating anodic antigen (CAA) detection) to determine the cure
rates and egg reduction rates for each treatment dose (40 mg/ kg vs 80 mg/kg praziquantel).

I then explored the impact of demographic and pharmacokinetic factors on cure rate.

In Chapter 4, | applied a low-input library methodology to generate whole genome sequence
data from 96 single S. mansoni miracidia collected from preschool-aged children
participating in a clinical trial in Lake Albert. Using publicly available genomic data from other
regions of Uganda, several African countries and Guadeloupe, | explored the geographical
population structuring of S. mansoni. With a more in depth focus on the Ugandan S.
mansoni populations from Lake Albert and Lake Victoria | investigated the extent of gene
flow and population dynamics between the two endemic foci. Before the start of my PhD,
only a few genomes were publicly available from S. mansoni miracidia collected from Lake
Albert, an area endemic for intestinal schistosomiasis in Uganda. This is partly due to the
challenge in obtaining enough DNA from accessible S. mansoni larval stages from human

hosts and the costs associated with generating whole genome sequence datasets.

In Chapter 5, | analysed the genomic data generated in Chapter 4 from S. mansoni
miracidia collected at pre- and post-praziquantel treatment from a cohort of preschool-aged
children. The main aim of this chapter was to investigate the genetic impact of praziquantel

treatment on S. mansoni populations and determine if there was a differential impact
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between treatment regimens (40 mg/kg vs 80 mg/kg PZQ). A particular focus was analysing
the genetic diversity of a proposed candidate gene in praziquantel resistance, named the
Schistosoma mansoni Transient Receptor Potential Melastatin ion channel (SmMTRPMpyq). To
further investigate the genetic diversity of the SmTRPMe,o, an amplicon sequencing panel
was designed to target the transmembrane region of the ion channel containing the

praziquantel binding pocket.

Finally, in Chapter 6 | summarise and contextualise the main findings from the research and

discuss future research directions.
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Aim and objectives

Aim:

This project aims to investigate the epidemiology and genetic basis of praziquantel treatment

response of Schistosoma mansoni in preschool-aged children in Uganda.

Objectives:

1.

Review the literature on the genetic determinants of praziquantel resistance in
Schistosoma mansoni (Chapter 2).

Investigate the differences in efficacy between 40 mg/kg and 80 mg/kg praziquantel
treatment arms in a cohort of preschool-aged children enrolled in the Praziquantel in
Preschoolers clinical trial (Chapter 3).

Investigate the genetic diversity and population structure of Ugandan populations of
Schistosoma mansoni (Chapter 4).

Investigate the genomic impact of a single round of praziquantel treatment on
Schistosoma mansoni populations from Lake Albert (Chapter 5).

Discuss the main findings of the thesis and proposed directions for future studies
(Chapter 6).
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Chapter 2: A review of the genetic
determinants of praziquantel
resistance in Schistosoma mansoni: Is
praziquantel and intestinal
schistosomiasis a perfect match?
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A review of the genetic
determinants of praziquantel
resistance in Schistosoma
mansoni: |s praziquantel and
intestinal schistosomiasis a
perfect match?
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Michael A. Miles? and Amaya L. Bustinduy*
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Scotland, United Kingdom, “Wolfson Wellcome Biomedical Laboratories, Department of Life
Sciences, Natural History Museum, London, United Kingdom, *Department of Tropical Disease
Biology, Liverpool School of Tropical Medicine, Liverpool, United Kingdom, "Medical Research
Council/ Uganda Virus Research Institute (MRC/UVRI) and London School of Hygiene and Tropical
Medicine (LSHTM} Uganda Research Unit, Entebbe, Uganda

Schistosomiasis is a neglected tropical disease (NTD) caused by parasitic
trematodes belonging to the Schistosoma genus. The mainstay of
schistosomiasis control is the delivery of a single dose of praziquantel (PZQ)
through mass drug administration (MDA} programs. These programs have been
successful in reducing the prevalence and intensity of infections. Due to the
success of MDA programs, the disease has recently been targeted for
elimination as a public health problem in some endemic settings. The new
World Health Organization (WHO) treatment guidelines aim to provide
equitable access to PZQ for individuals above two years old in targeted
areas. The scale up of MDA programs may heighten the drug selection
pressures on Schistosoma parasites, which could lead to the emergence of
PZQ resistant schistosomes. The reliance on a single drug to treat a disease of
this magnitude is worrying should drug resistance develop. Therefore, there is a
need to detect and track resistant schistosomes to counteract the threat of
drug resistance to the WHO 2030 NTD roadmap targets. Until recently, drug
resistance studies have been hindered by the lack of molecular markers
associated with PZQ resistance. This review discusses recent significant
advances in understanding the molecular basis of PZQ action in 5. mansoni
and proposes additional genetic determinants associated with PZQ resistance.
PZQ resistance will also be analyzed in the context of alternative factors that
may decrease efficacy within endemic field settings, and the most recent
treatment guidelines recommended by the WHO.
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GRAPHICAL ABSTRACT

Potential drug resistance mechanisms in 5. mansoni invelve either drug efflux wia ABC transporters or target medifications via SNPs in the PZQ
binding site in SMTRPMezq or wia transcriptional changes. Created with BioRender.com.

1 Introduction

Schistosomiasis is a disabling NTD caused by an infection
with dioecious Schistosorma flukes, affecting 240 million people;
circa 95% of infections occur in sub-Saharan Africa; 8. mansoni
and 8. haematobium are responsible for intestinal and urogenital
schistosomiasis, respectively (1, 2). Schistosoma has a two-host
life cycle: miracidia infect the intermediate freshwater snail host
to produce infective cercariae, which penetrate the skin of the
definitive mammalian host. Following infection of the
mammalian host, mature female worms produce eggs that
become trapped in host tissue and induce inflammation,
granuloma and subsequent fibrosis due to the
immunopathological host response resulting in debilitating
downstream morbidities (3). Non-trapped eggs are passed in
the faeces or urine (Figure 1).

Schistosomiasis has an age-dependent intensity of infection
and focal epidemiology, influenced by human water-contact
patterns (4). Infants (<1 year) and preschool aged children
(PSAC) (<5 years) can commonly harbour a schistosomiasis
infection (5, 6).The prevalence of infection peaks during
adolescence (10 to 15 years of age) and declines during
adulthood (7, 8), although high prevalence of infection can
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remain in environmentally exposed subpopulations of adults
(3, 4, 8).

The control and elimination of schistosomiasis requires
interruption of a complex transmission pathway (4). There are
several points of the lifecycle that can be targeted to reduce
transmission; control measures to interrupt transmission
include chemotherapy, snail control, health education,
improved access to clean water, sanitation and hygiene
(WASH) (4) (Figure 1).

The cornerstone of control programs is the administration of
the drug PZQ, a broad-spectrum antihelmintic developed in the
1970s (9). The World Health Assembly (WHA) in 2001
endorsed preventive chemotherapy (PC) by PZQ as the main
strategy of schistosomiasis control (10). PZQ is efficacious
against all species of Schistosoma infecting humans and is
given as a single oral dose (40 mg/kg recommended by the
WHO) with minimal side effects, related to intensity of infection
(11). MDA of PZQ began in sub-Saharan Africa from 2003; has
been effective in reducing prevalence and intensity of infections
(12, 12). The focus has now shifted to the elimination of
schistosomiasis as a public health problem by 2030 (14). PZQ
should be distributed for the first time to all age groups from two
years of age. In recent years, the access to PZQ has been

frontiersin.crg
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FIGURE 1

The lifecycle of 5. mansoni and 5. haematobium and points for control. Created with BioRender.com.

improved primarily through the pledge from Merck-KGaA to
donate 250 million PZQ tablets annually to school-age children
(SAC) indefinitely (14) aiding in reducing morbidity through the
reduction of heavy infections. Despite annual MDA, hotspots of
unabated transmission and associated morbidity persist (15-19).

The scale-up of MDA heightens drug selection pressures on
the Schistosoma populations and could lead to the selection of
PZQ resistant phenotypes, as has emerged in other parasitic
infections including malaria (20) and in veterinary helminths
(21-23). Despite the lack of consensus as to the molecular and
genetic basis of PZQ resistance in S, mansoni, several resistance
markers have been proposed (24-27). Additionally, PZQ
resistance has been shown to be able to be induced in
laboratory strains of S mansoni, maintained in laboratory
rodents (28-30), and several field reports suggest reduced
efficacy of PZQ in specific areas of endemicity (31-35) due to
inadequate cure rates (CR), although there are many factors that
may influence the PZQ efficacy in specific individuals i.e.
inadequate dosing, high level of juvenile worms and high
worm burdens. Suggestions of widespread PZQ resistance in
the field remain controversial as these reports are likely
explained by factors other than drug resistant schistosomes,
for example rapid re-infection (36-39). In the absence of novel
anti-schistosomal drugs in the development pipeline, there is a
reliance on a single drug to treat a disease of this importance and
magnitude, which is worrying should drug resistance develop
(40). Thus, there is an unmet need to detect and track resistant
Schistosoma parasites to elucidate the threat of drug resistance to
control programs.

This review draws together the recent literature on the
molecular basis of PZQ action in S. mansoni and highlights
advances in understanding the molecular basis and the proposed

genetic determinants associated with PZQ resistance. PZQ
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resistance is also analyzed in the context of confounding
factors within endemie field settings, and the most recent
treatment guidelines recommended by the WHO.

2 Control of schistosomiasis: the
new WHO guideline on control and
elimination of human
schistosomiasis

Schistosomiasis is a multifaceted disease with a complicated
lifecycle, which requires a comprehensive control strategy. Over
the past two decades, control efforts have led to a 58.3% decrease
in the global burden of schistosomiasis (41). The new NTD
roadmap (14) and guidelines on the control and elimination of
schistosomiasis (42) set out to accelerate the progress made and
are important milestones in the control of this disease. The new
guidelines detail an integrated control strategy involving six
evidence-based recommendations for endemic countries to
facilitate the elimination of morbidity and interruption of
transmission (42). The recommendations detail combining
large scale PC programs, WASH, education, snail control and
environmental modification to eliminate schistosomiasis as a
public health problem (defined as <1% proportion of heavy
intensity schistoso is infections) and to achieve interruption
of transmission in selected countries (14, 42). Large-scale PC
programs remain at the forefront of the control strategy. The
main focus has been treatment of SAC, which neglected at risk
populations, PSAC and adult populations including pregnant
and lactating women. These programs will aim to provide
equitable access to annual PZQ treatment to all age groups
over the age of two years. The prevalence threshold for different
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interventions has been simplified and reduced to reflect the
decline in the global burden of schistosomiasis (42). In endemic
communities with a schistosomiasis prevalence > 10%, annual
PC with PZQ is recommended. Whereas in communities with
an infection prevalence < 10% a test and treat approach is
recommended. In high prevalence settings and ‘persistent
hotspots’ biannual PZQ PC is recommended to reduce the
prevalence and intensity of infection, and specifically to
prevent high intensity infections and the associated morbidity.
The expanded eligibility for PZQ PC programs requires a larger
global supply of PZQ than that currently donated (around 300
million tablets are donated annually). Providing a targeted
treatment approach to communities through precision
mapping, and more accurate diagnostics, could allow for more
effective use of donated PZQ (42). The expanded PC programs
aim to accelerate the path to schistosomiasis elimination,
however; they also pose an increased risk of the selection of
PZQ drug resistance within populations. Increased surveillance
to monitor changes in drug efficacy via treatment monitoring
and evaluation surveys (post treatment follow up surveys) have
been recommended to ensure early detection of the emergence
of PZQ resistance (42).

3 Mode of action of PZQ

Since the introduction of PZQ, the molecular mechanisms
underpinning its antihelmintic activity have remained elusive
despite research efforts [summarized in (43)]. PZQ sensitivity in
schistosomes depends on several factors including the
schistosome lifecycle stage, the state of adult pairing and the
sex of schistosomes (43). Commercial preparations of PZQ
consist of a racemic mixture of two isomers in a 1:1 ratio: (R)-
PZQ and (S)-PZQ (Figure 2) (44). The (R)-PZQ isomer is
responsible for the in vitro and in vivo anti-schistosomal action

R-PZQ

FIGURE 2
the molecular structure of PZQ enantiomers (R)-PZQ and (S)-PZ0.
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whereas the (S)-PZQ isomer is significantly less effective (45).
The initial effects caused by PZQ have been known for decades
and can be summarized into three events: 1) calcium influx into
the schistosome, 2) muscle contraction and 3) surface
modifications (46). The damage to the tegument leads to the
exposure of Schistosoma antigens and subsequent immune
recognition and clearance. This may partly explain differences
in PZQ sensitivity between adult and juvenile stages (47). The
latter processes are calcium dependent, laying the foundation for
the calcium hypothesis for PZQ action and provided insights
into the potential drug target.

3.1 Voltage gated calcium channels

Studies initially suggested that voltage gated calcium
channels (VGCCs) are involved in the mode of action of PZQ
(48-54). It was found that S. mansoni possess a ‘variant’ beta
subunit of VGCCs which lacks two serine residues in the beta
interaction domain (BID) constituting putative phosphorylation
sites in the ‘conventional’ subunit (26, 49). Intriguingly, co-
expression of the variant S. mansoni beta subunit with the
conventional mammalian alpha 1 subunit in Xenopus oocytes
and mutagenesis of the two-phosphorylation sites in a
conventional mammalian beta subunit resulted in nowvel
sensitivity to PZQ (49). Furthermore, other PZQ susceptible
helminths (Taenia solium and Clonorchis sinensis) also possess
the variant beta subunit of VGCCs, supporting the notion that
the variant beta subunit of VGCCs is the drug target (46, 54).
However, the PZQ binding site in VGCCs is yet to be identified.

In contrast other findings have suggested that VGCCs do not
play a major role in PZQ sensitivity in schistosomes (51, 52).
PZQ action is only partially inhibited by classical calcium
channel inhibitors (nicardipine and nifedipine) and is
completely abolished if schistosomes are pre-incubated with

S-PZQ
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actin depolymerizing agent cytochalasin D (50). It has been
demonstrated that although PZQ-mediated calcium influx in
schistosomes is increased by cytochalasin D, they fail to display
the expected sequence of events resulting in death (51).
Additionally, juvenile schistosomes express the variant beta
subunit of the VGCCs, but are not susceptible to PZQ. In the
same report, the authors incubated adult and juvenile stages in
medium containing radioactive Ca™* and undertook in vitro
PZQ exposure. Interestingly, the authors demonstrated that in
the presence of the drug, PZQ-refractory juveniles experience a
large influx of Ca®* followed by muscular contraction and
paralysis, but the worms are able to recover (51). PZQ induced
Ca®" influx was not correlated with worm death in two instances;
in adult schistosomes incubated in cytochalasin D and in
juvenile schistosomes. Whilst these in vitro findings are of
interest, they only provide a partial insight into the mode of
action of PZQ, a drug known to work in combination with the
host's immune system in killing schistosomes in vivo. These
findings do not rule out that PZQ could be acting on VGCCs as
part of its mode of action.

3.2 Schistosoma mansoni transient
receptor potential melastatin ion
channel PZQ

More recent significant advances have been made in
genomic methods and work by Park et al. (55) and Le Clec’h
etal. (27) s the S. mansoni transient receptor potential melastatin
PZQ channel (SmTRPMpzq) as being a key genomic target of
PZQ response in S. mansoni. The discovery that the human
transient receptor potential melastatin ion channel 8 (hTRPMS)
is activated by (8)-PZQ, provided a structural blueprint to search
for homologous targets in S. mansoni and led to the
identification of SmTRPMpzq candidate (Smp_246790.5) (55,
56). TRP channels are a diverse superfamily of cation channels,
which can be activated by an extensive range of stimuli (57).
Park et al. (55) used a pharmacological approach to elucidate
that SmMTRPMpzq, is the major target of PZQ and identified
residues essential for the activation of PZQ (45, 55). Using Ca®t
imaging assays in human embryonic kidney 293 cells (HEK293)
with heterologous expression of SmTRPMpyg demonstrated
that SmTRPMpyzq was stereoselectively activated by (R)-PZQ
in the nanomolar range (ECs, ~ 150 nM), which led to a
sustained cellular Ca®* signal. The characteristics of PZQ
action at SmTRPMpzg nanomolar potency of PZQ,
stereoselectivity and Ca®* entry, mirror the key events of PZQ
action in S. mansoni (45, 57). Currently, it is believed that
SmTRPMyzq provides the link between PZQ and Ca™* (57).
To further support these findings, it was found that the TRP
channel antagonist La’* blocked PZQ induced muscular
paralysis in 5/15 experiments (58). Modelling and mutagenesis
data from Park et al. (55) suggest that (R)-PZQ interacts with
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SmTRPMpzq through a transmembrane binding pocket to
induce channel activity and subsequent calcium influx and
muscle contraction. Intriguingly, sequences of the
SmTRPMpzg homologues from PZQ sensitive flukes
Clonorchis and Opisthorchis display complete conservation of
the PZQ binding site (45, 55). Further studies are required to
elucidate the properties of SmTRPMpzg homologues in other
PZQ sensitive flukes.

SmTRPMpzq is a large gene (120 kb), and seven alternatively
spliced isoforms exist but are yet to be functionally
characterized. This is of importance as different isoforms will
likely display unique properties, including isoforms that act as
dominant negatives (59, 60). Characterization of the different
isoforms will be important for understanding how SmTRPMpzq
activity is regulated throughout the different Schistosoma
lifecycle stages.

3.3 Other PZQ drug targets

It has been suggested that the anti-schistosomal action of
PZQ is mediated through binding to myosin light chain (61),
glutathione transferase (62), inhibition of sphingomyelinase
activity (43), inhibition of phosphoinesitide turnover (63),
inhibition of nucleoside uptake (63), reduction of schistosomal
glutathione concentration (63), alteration of membrane fluidity
(63) or antagonism with S. mansoni tegumental allergen like
protein 1 (SmTALL) (64). However, these suggested targets
require rigorous investigation beyond the initial report, and it
is not clear if these targets facilitate the dual pillars of PZQ action
in schistosomes (paralysis and tegumental damage) (57, 63).

4 Proposed drug resistance targets

4.1 SMTRPMp,q

Mutations of the drug target can alter the ability for the drug
to bind and can interfere with the activity of the target. Potential
PZQ resistance may result from genetic mutations in
SmTRPMpzq reducing PZQ activity in S. mansoni.
Mutagenesis data (55) generated from in vitro functional
assays in cells heterologously expressing SmTRPMpzq found
that mutations within 20 out of 23 residues lining the PZQ
binding pocket in SmTRPMpzq decreased sensitivity with many
resulting in a complete loss of PZQ activity (55). Sequence
analysis revealed a single amino acid difference in the
predicted PZQ binding pocket of Fasciola hepatica
FhTRPMpzq that reflects a single nucleotide polymorphism
(SNP) (ACT F. hepatica and AAT S. mansoni). This SNP,
encoding an amino acid change from asparagine to threonine,
rendered cells expressing FnTRPMy;q, resistant to PZQ and
reciprocal point mutations confirmed this finding (55). These
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findings demonstrate that SNPs in the PZQ binding site in
SmTRPMpzq may underlie PZQ resistance. However, in vivo
studies involving mutagenesis of SmTRPM;;q in adult
schistosomes are required to determine if SNPs in the drug-
binding site causes PZQ resistance in 5. mansoni.

Recently, Le Clec'’h et al. (27) investigated the genetic basis
underpinning the variation in PZQ sensitivity in a PZQ-selected
§. mansoni laboratory population where 35% of worms survive
high-dese PZQ treatment. The authers noted an unusual dose-
response relationship in the laboratory derived *PZQ resistant’ S.
mansoni strain, where worms demonstrated significant
heterogeneity in response to PZQ. Some adult worms
displayed a PZQ sensitive phenotype whilst others could
withstand high drug doses, demonstrating that the ‘PZQ
resistant” S, mansoni strain was a mixed population with
significant genetic variation for PZQ susceptibility/resistance.
Therefore, a lactate assay to measure adult worm recovery
following in vitro PZQ exposure was used to create pools of
adult worms at either extreme (resistant or susceptible).

Genome-wide association analysis was used to compare the
pools of worms at the differing extremes of PZQ response and
map loci underlying PZQ sensitivity, two major peaks in the
quantitative trait locus (QTL) on chromosome 2 and 3 were
identified (27). Interestingly three partial ABC transporters, a
VGCC subunit and SmTRPMpzq were identified under the
QTLs on these chromosomes, indicating the involvement of
multiple loci in the PZQ resistance phenotype. The causative
gene underlying the extreme PZQ resistance phenotype,
SmTRPMpzq, showed recessive inheritance, meaning only
homozygotes carrying two copies of the SmTRPMpgg-
741987C allele survived PZQ treatment. Two additional key
findings were: firstly, the SNP (at position 1,029,621 T>C)
marking the highest association peak was found in the SOX13
transcription factor which may be a role in the regulation of
splicing variants (65); secondly, two large (150 kb) deletions
were found, 6.5 kb adjacent to SmTRPMp;, and 170 kb from the
SOX13 transcription factor, respectively.

The authors then used marker-assisted selection of S.
mansoni at a single SNP in SmMTRPMpyq to select for two
populations: PZQ-enriched resistant and sensitive parasites.
Comparison between the two populations showed a >377-fold
difference in PZQ treatment response, and the resistant
population exhibited reduced expression by 2.25-fold of
SmTRPMpzq. The 150 kb deletions were found to be close to
fixation in the resistant population. Interestingly, the PZQ
resistant S, mansoni population showed long-term stability
with no reported fitness cost. Known activators and blockers
of SmTRPMpzq were shown to increase or decrease PZQ
sensitivity respectively. Sex and stage differences in expression
levels of SmMTRPMp,, were found between the selected S.
mansoni populations (27). Both adult male and female worms
from the selected resistant population showed a reduction in
SmTRPMpzq, expression compared to the sensitive population.
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Of note, expression in female adult worms was >11 fold lower
than in male worms, consistent with females being naturally
PZQ tolerant (27). However, an unexpected finding was that
both female and male juvenile schistosomes demonstrated
higher levels of expression compared to adult worms (27).
This indicates that downstream events are responsible for the
inaction of PZ(Q against juvenile stages. Together, these findings
led authors to conclude that PZQ response in S. mansoni may be
due to expression patterns controlled by regulatory variants
associated with the SOX13 transcription factor or the adjacent
150kb deletion. Furthermore, more evidence is required to
determine whether altering the expression of different isoforms
of SMTRPMpzq can alter schistosome sensitivity to PZQ.

Further screening, by Le Clec’h et al. (27) of 259 field-
collected/originated (Niger, Tanzania, Senegal, Oman, and
Brazil) S. mansoni samples (miracidia, cercariae and adult
worms) did not identify PZQ resistance conferring SNPs in
natural §. mansoni populations. A single stop codon in a
heterozygous state was identified from a S. mansoni sample
collected from a rodent in Oman, thus unlikely to result in PZQ
resistance. The study was not targeted towards samples from foci
where PZQ efficacy maybe an issue, such as “hotspots™ and so
these would be good targets for future investigations.
Interestingly whole genome sequencing (WGS) of miracidia
from a Ugandan hotspot did not find evidence of genomic
selection acting on SmTRPMyzq (66). A possible reason for
the lack of detection of PZQ resistant alleles in field derived 5.
mansoni populations is that PZQ resistance may be focal and
PZQ resistant alleles maybe rare (67). Sample sizes from current
studies (27, 66) are underpowered to detect PZQ) resistance at a
low allele frequency. Another important consideration is that
SmTRPMpzg was found to underlie resistance in a single
laboratory-generated resistant line where PZQ resistance was
induced in larval stages at the intramolluscan stage not typically
exposed to drug pressure in the wild (27, 67). The selected drug
resistance mechanism at the intramolluscan stage may differ
from that in mammalian hosts. Additionally, the S. mansoni
strain used is of Brazilian origin, which does not represent the
extensive diversity observed in East African S. mansoni
populations. It remains unclear if the PZQ resistance
mechanism involving SmTRPMpzq is conserved in African S.
mansoni populations.

4.2 ABC transporters

ATP-binding cassette (ABC) transporters are proteins
involved in the transmembrane flow of toxins and xenobiotics
(68, 69). P-glycoprotein (P-gp) and multi-drug resistance
(MDR)-associated proteins (MRPs) represent two classes of
these transporters (68, 69). ABC transporters have been
associated with drug resistance in parasites such Plasmodium
falciparum (70, 71) and parasitic helminths (70-73). The S.
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mansoni genome has 24 genes predicted to encode ABC
transporters (74) where three ABC transporters have been
characterized: SMDR1, SMDR2 and SmMRP1 (25, 69).
Increased activity of P-gp has been demonstrated in laboratory
generated resistant isolates (25, 75, 76). PZQ is hypothesized to
interact with MDRs or MRPs either as an efflux-substrate or as a
competitor of transport mediated by the ABC-transport proteins
(77). Other authors have also shown an increased expression of
SmMDR2 RNA in PZQ resistant clinical isolates of S. mansoni
(24,25, 73, 78, 79). Intriguingly, a recent study involving WGS of
miracidia collected from an area of endemicity in Uganda, found
evidence of positive selection on several genes including
SmMDR]I (66).

It has been hypothesized that the factors underpinning the
PZQ refractory nature of juvenile schistosomes are two-fold:
higher basal levels of SmMRP1 and SmMDR2 mRNA compared
to mature adult schistosomes, and the ability to mobilize an
effective transcriptomic response to PZQ (80). The
transcriptomic flexibility of juvenile S. mansoni worms was
demonstrated by Hines-Kay et al. (80); juveniles exposed to
PZQ had significantly elevated expression of SMDR1, SMDR3,
SmMRP1 and SmMRP2 transcripts (80).

Drug efflux through ABC transporters has also been
proposed as a mechanism of PZQ resistance in adult
schistosomes. Work involving the use of fluorescent substrates
of Pgp and MRP as probes for the presence of these transporters
discovered that ABC transporters are localized in the S. mansoni
excretory system (81, 82). Following PZQ exposure, the pattern
of fluorescence was dramatically disrupted (83, 84), but this did
not occur in an experimentally induced PZQ resistant §.
mansoni strain (85). Furthermore, a significant induction of
SmMRP1 RNA in adult mixed sex infection and in mature males
following six-hour exposure to PZQ was demonstrated (73).
Pinto-Almeida et al. (75) demonstrated the potential
involvement of SMDR2 in PZQ drug resistance in S. mansoni.
An increase in P-gp-like efflux pump activity in male worms
from resistant strains was shown as well as an increase in
SmMDR2 expression following incubation in a sub-lethal
concentration of PZQ. However, PZQ resistant adult female
worms showed no significant change in SmMDR2 expression
following exposure to PZQ and expression was approximately 10
times lower than in PZQ-susceptible females. Interestingly, PZQ
has been shown to be an inhibitor and substrate for SMDR2.
SMDR2 and SmMRP1 mRNA levels increase in females and
males from single sex infections following exposure to PZQ (25).

4.3 Voltage gated calcium channels

Kohn et al. (86) observed that cells expressing the
structurally unusual beta subunit of VGCCs exhibit novel PZQ
sensitivity. This led to the hypothesis that mutations in the gene
encoding the beta subunit are responsible in PZQ resistance in
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schistosomes. This hypothesis was further investigated; no
mutations in the sequence nor changes in expression levels of
the beta subunits between 5. mansoni isolates varying in PZQ
sensitivity were found (87). Moreover, studies have failed to find
a significant difference in the expression of the beta subunit
between sensitive adults and PZQ refractory juveniles (88, 89).
These findings suggest changes in expression or mutations in the
beta subunit in VGCCs are unlikely to underlie the PZQ
resistance phenotype in S. mansoni.

5 Performance of PZQ in the field

Resistance to PZQ treatment is a complex issue given that
until recently no molecular targets of PZQ in schistosomes were
known (45, 90). There is a lack of robust methods for detection
of true resistance in the field and clear universal criteria to
classify a schistosome strain ‘PZQ resistant’ (43, 91, 92).
Furthermore, drug resistance studies are restricted due to
inaccessibility of adult schistosomes, thus larval stages (eggs
and miracidia) can be collected and preserved for genetic
analyses, although this is constrained by small quantities of
DNA available from larval stages (93). A phenotypic assay to test
for reduced PZQ efficacy in miracidia has been proposed (94)
however; it is unclear if the miracidial phenotypic change upon
PZQ exposure is underlined by a resistance genotype. Most
published discussions on this topic conclude that there is
insufficient evidence for the emergence of PZQ resistance in field
schistosome populations of clinical relevance (36-38, 95, 96). Yet
there are concerns surrounding changes in susceptibility status of
schistosome populations in the field due to low CRs reported in
endemic areas, treatment failures in infected travelers, and
laboratory selection for resistant schistosomes (97-99).

5.1 Senegal

Following mass scale use of PZQ in Senegal, low CRs (18-
39%) were reported in 1991 (31). Despite increasing the dose to
60 mg/kg, the CRs remained significantly low (35). Early studies
have hypothesized and suggested that the low CRs are due to
drug resistant S. mansoni populations. However, the lack of PZQ
resistance markers and poor knowledge of the S. mansoni
genome at the time did not allow authors to test this
hypothesis genetically (37). Reported egg reduction rates
(ERR) were satisfactory at 86%. It is likely that the low CRs
observed are due to focal epidemiological factors; very intense
transmission, high worm burdens, expanded §. mansoni
distribution, the presence of PZQ tolerant juveniles at the time
of treatment, differences in drug metabolism and rapid re-
infection, and possibly not drug resistance (37).

Initial studies involving the use of an S. mansoni laboratory
passaged strain obtained from Senegal demonstrated decreased
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susceptibility to PZQ (100-102). This finding may be an artefact
of early treatment as mice were treated with PZQ at day 35-day
post infection. The isolate was established from infected snails
thus it is unclear as to the clinical relevance of these findings. A
further study involved PZQ) treatment of infected mice 60 days
post infection, which showed, improved efficacy of treatment
(100). Schistosome strains can vary in maturation times and thus
the time it takes to become susceptible to PZQ (100). In addition,
laboratory passage can impose genetic bottlenecks, sampling
error and selection biases, therefore the resulting parasite line
may not be representative of the true extent of genetic diversity
seen in the original field population (103). Another study
involved the comparision of oxamniquine (OXA) and PZQ
treatment in this area revealed CRs of 79% and 36% for each
drug respectively (104). But the ERRs were found to be within
the normal range for both groups depsite the low CRs observed.
Furthermore, the two drugs differ in their mode of action where
OXA does not appear to require a host immune response for
parasite clearance whereas PZQ does (104). Currently, there is
no convincing evidence of PZQ resistance in S. mansoni in
Senegal, however further investigations of larger sample sizes
are warranted.

5.2 Egypt

Another important foci for PZQ resistance in S. mansoni is
Egypt where PZQ treatment for schistosomiasis was widely
adopted and involved the use of 60 million PZQ tablets
between 1997 and 1999 (105). A study invelving the treatment
of 8. mansoni infected patients with three doses of PZQ, with the
last dose increased to 60 mg/kg, found that 2.4% of patients were
still egg positive post treatment. Following the first dose of 40
mg/kg PZQ, satisfactory CRs were observed (34). It should be
emphasised that patients were fasted prior to recieiving the
second and third PZQ treatment. This can impact key PK
parameters as the bioavailibility of PZQ increases with food
administration, thus can play a role in the failure of patients to
successfully clear the S. mansoni infection (106). Laboratory
lifecycles were set up using eggs collected from stool before
treatment from cured or uncured patients, respectively. S.
mansoni isolates cultured in vivo from uncured patients gave
rise to §. mansoni worms demonstrating lower sensitivity to
PZQ when compared with isolates from cured patients (34, 107).
Interestingly, following multiple passages through laboratory
rodents and snails, in the absense of PZQ drug pressure,
approximately half the isolates retained reduced efficacy to
PZQ (108). This demonstrates the heritibility of this trait and
does not require PZQ drug pressure for maintainence. However,
the dose of PZQ required to reduce schistosome worm counts in
mice by 50% (EDsp) differs between the isolates from uncured
and cured patients were modest (2-3 fold) and is not at the level
indicative of resistance to PZQ. Further studies carried out 10
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years later, within the same area, were unable to show any
establishment of PZQ resistance despite a decade of annual drug
pressure (96).

5.3 Kenya

More recent reports of suspected PZQ resistance have come
from Kenya (32). Using an in vifro drug susceptibility assay it
was found that miracidia varied in their susceptibility to PZQ; of
interest, miracidia from patients who were previously treated
with PZQ displayed significantly lower susceptibilty to the drug.
Eggs excreted by a patient (KCW- whose infection was never
completely cured despite receiving over 18 PZQ treatments)
were used for in vivo and in vitro drug susceptibilty assays.
Reduced susceptibility of a sub-isolate from KCW remained
through at least six lifecycle passages which demonsrates the
trait’s heritability, despite the absence of drug pressure. Of
interest, an estimated odds ratio of 2.42 was obtained when
comparing survival of miracida in a previously treated and an
untreated group. This is a modest difference in PZQ
susceptibility and is unlikely to reflect full PZQ resistance. It is
important to highlight that the study cohort of car washers in
Lake Victoria are exposed to 5. mansoni contaminated water
everyday for extended periods of time. Thus it is likely that the
inability to achieve cure was due the elevated exposure to
re-infection.

5.4 Uganda

An alarming finding from the Schistosomiasis in Mothers
and Infants (SIMI) longitudinal study was that despite two PZQ
administrations within a six-month period, there was little
impact on reducing the local prevalence of intestinal
schistosomiasis (109). Initially, this was thought to be due to
rapid re-infection (109) or under dosing of PSAC (110).
However, Sousa-Figueiredo et al. (111) compared PZQ efficacy
from a random sample of children from the SIMI cohort
‘previously treated’ and a random sample of children who had
not been previously treated with PZQ ‘treatment naive’. Results
revealed lower CRs in previously treated children (41.7% in
those receiving any prior treatment and 29.2% in those receiving
three treatments) compared to CRs of 78% in treatment naive
children (111). Age and intensity of infection were not found to
explain these differences (111).

These early reports of suspected reduced PZQ efficacy of S.
mansoni within endemic field settings do not provide sufficient
evidence to show that PZQ resistant schistosomes are
repsonsible for apparent treatment failures. In support of this
conclusion a recent meta-analysis of 146 articles reporting PZQ
efficacy as CR and ERR, has concluded that PZ() has retained its
efficacy despite its extensive use for over four decades (39). The
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meta-analysis indicated that ERR is a more consistent
measurement of PZQ efficacy compared to CR (39). The use
of CRs to assess PZQ efficacy may lead to an underestimation of
drug efficacy. The results from the analysis indicated that there
was no evidence of schistosomes developing resistance or
tolerance against PZQ. This raises the important question of
why PZQ resistance in schistosomes has not been found
widespread in field isolates

6 Factors preventing the
establishment of PZQ resistance in
the field

An array of factors could prevent the emergence and
establishment of PZQ resistance in the field, and are further
considered in this section (Figure 3).

6.1 Genetic diversity of S. mansoni in
response to PZQ treatment

Schistosoma mansoni exhibits high genetic diversity with a
conspicuous amount of genetic diversity in East Africa (112) and
displays a strong population structure at a country level (113-
115). The high levels of genetic diversity seen in S. mansoni can
reduce the likelihood of resistance alleles fixing within a
population and help populations recover from bottlenecking
selection following PZQ treatment (116).

Many factors can influence the genetic diversity of S.
mansoni populations; the clonal nature of schistosomes within
the intermediate snail host, and the fact that the snail host is
typically infected with only few genotypes, may mitigate parasite
genetic diversity (117, 123). In contrast, several factors can favor
increase of the genetic diversity of schistosomes: maobility and
long lifespan of the definitive host, genotype specific re-

10.3389/fitd.2022.933097

infection, snail-parasite compatibility and the rapid turnover
of infected snail hosts (117). Within this context, the definitive
host acts as a ‘genetic mixing bowl’ for the parasite (124).
Population genetic studies have reported panmictic
populations (all individuals within the population are potential
partners) with most genetic variation and diversity occurring
within individual human hosts rather than between different
hosts (66, 125, 126). Interestingly, 5. mansoni does not appear to
display a strong intra- or interpopulation structure between
hosts (117). This may be due to hosts in the same village being
exposed to different microenvironments, which can facilitate
individuals being exposed to different parasite populations (127).

It is essential to monitor any changes in schistosome genetic
diversity and population structure to understand the impact of
PZQ MDA (97). A reduction in genetic diversity following PZQ
treatment may indicate that the schistosome population will be
less likely to adapt to drug pressure, whereas an increase in
genetic diversity may indicate high gene flow between
schistosome populations (97). Regular mass treatment with
PZQ for the broad-scale elimination of schistosomiasis could
exert a significant selective pressure on Schistosoma parasite
infrapopulations (population within a human host), which may
increase the risk for the development of drug resistance (38,
117). Population genetic studies have investigated how
schistosome populations have changed following PZQ MDA
(Supplementary Table 1). These studies have been restricted to
a small number of molecular markers including cytochrome
oxidase subunit 1 (coxl) and microsatellite markers. More
recently, studies analyzing the whole genome or exome
sequences have emerged for 5. mansoni (66, 128, 129).
Parameters such as population structure and genetic diversity
can be used to deduce demographic changes and efficacy of
schistosome control interventions (66). A study compared S.
mansoni populations from two Tanzanian schools pre- and
post-treatment, using microsatellite markers (97). A significant
decrease in genetic diversity was found at six months following a
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FIGURE 3

Contributing factors preventing the development of PZQ resistance in field 5. mansoni populations. The extensive genetic diversity (1),
complicated pairing dynamics of schistosomes (2], sub-optimal treatment regimens (3], and large refugia (4) are four key factors which may
reduce the likelihood of PZQ resistance alleles fixing in field 5. mansoni populations. Created with BioRender.com.
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single round of PZQ treatment and the infrapopulations were
significantly differentiated between the two time points. This is
indicative of rapid re-infection. A reduction in genetic diversity
was also observed in the control group of untreated PSAC, thus
demonstrating the strong and long-term effect of PZQ on the
population structure of S. mansoni. A follow up study (130)
visited the same schools five years later and found a significant
increase of genetic diversity in infrapopulations compared to the
baseline estimates (97). A significant reduction in worm burdens
within individual hosts was observed, indicating that PZQ had
reduced infrapopulation sizes but not to the extent to result in a
genetic bottleneck of the whole parasite population. These
findings suggest that factors other than PZQ treatment may
have caused the initial decline in genetic diversity (97) and the
subsequent increase (130). This could reflect changes in
temporal parasite transmission dynamics and high levels of re-
infection as indicated by higher Fgr (the proportion of total
genetic variance contained in a subpopulation) between years
compared to between schools.

A long-term reduction in genetic diversity and the
infrapopulation size following PZQ treatment could not be
found by other studies. Studies had found either no change in
genetic diversity or an increase in genetic diversity in S. mansoni
populations following PZQ treatment (Supplementary Table 1).
A study (116), which extensively sampled SAC from three
primary schools at 11 time points, found a short-term
reduction in allelic richness at 4 weeks after treatment,
indicative of a PZQ induced genetic bottleneck, which rapidly
recovered at six months post treatment. This indicates that high
levels of gene flow ensure rapid recovery of the genetic diversity
of S. mansoni populations, which may prevent the fixation of
PZQ resistant/less tolerant genotypes (117-122). An interesting
observation from Huyse et al. (131), was that despite six PZQ
treatments within a two-year period, there was no difference in
the genetic diversity of, and genetic differentiation between, S.
mansoni infrapopulations before and after repeated PZQ
treatment. This suggests that S. mansoni infrapopulations
remained relatively stable over the course of treatment and is
indicative of a surviving parasite population, which is tolerant to
the administered PZQ dose (117).

Currently, it is difficult to apply comparative analyses to
studies (Supplementary Table 1) due to the heterogeneity of
methodologies used for example, differences in the molecular
markers, follow up times, sampling design and genetic analysis
used (117). Therefore, there is a need to adopt standardized
procedures to investigate how 5. mansoni populations respond
to PZQ treatment. The lack of genetic markers for PZQ
resistance has hindered the ability of these studies to
understand schistosome genetic response to drug treatment.
There is a need for the development of more powerful non-
neutral molecular markers at the genome level to assess the
extent of the genetic bottleneck post treatment and determine re-
infection from persistent infections (13).
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6.2 Schistosome pairing dynamics within
the definitive host

Schistosomes are dioecious which enables the interaction
between male and female parasites within the definitive
mammalian host vasculature (130, 132). The male embraces
the female schistosome within its gynaecophoric canal, forming
a worm pair. Sexual development and egg production of female
schistosomes is governed by this physical contact and expression
of GLI1 (133). Interestingly, schistosomes do not form a worm
pair ‘for life” but are promiscuous and change partners (134).

The complex nature of schistosome pairing dynamics within
the definitive host may pose a barrier to the establishment of the
PZQ resistant trait in schistosome populations. For example,
these interactions can lead to heterospecific worm pairings and
subsequent hybridization, which may affect a range of
phenotypic traits including PZQ sensitivity (135).
Furthermore, studies have shown that PZQ sensitivity in
schistosomes depends on several factors including the parasite
stage, the state of adult pairing and the sex of schistosomes {43).
Notably female schistosomes have demonstrated lower
sensitivities to PZQ (136). Assuming PZQ randomly kills adult
worms within the definitive host, a subset of the initial
infrapopulation can remain (117). Studies have shown
cessation of egg production following treatment despite
infected individuals remaining antigen positive (137). This
may be due to a single sex infection or disrupted sex ratio
post-treatment. If female worms remain post-treatment, the lack
of male worms lead females to revert to an immature stage and
stop egg production (128). Notably, in vive studies have found a
decrease in the male: female ratio following PZQ treatment
(136, 138).

Hosts in endemic areas are repeatedly exposed to
contaminated water and become re-infected (139). Incoming
schistosomes can pair with the remaining infrapopulation,
which may coincide with the resumption of egg production.
This can result in the PZQ resistance trait becoming rapidly
outbred. Studies have demonstrated that PZQ resistance in
schistosomes is recessively inherited, thus only hemozygotes
express this trait (27). There is a significant obstacle to the
establishment of recessively inherited traits because they are
present in heterozygotes at a low frequency and are consequently
not exposed to selection (140). The bias against the
establishment of recessives is referred to as ‘Haldane’s sieve’
(141) and is of particular relevance in the evolution of drug
resistance in diploid organisms as mutations in drug targets
often result in a resistance phenotype when two copies are
present (140). The rate that drug resistance alleles spread
within a population in response to drug exposure is dependent
on their initial frequency when the drug is introduced (142, 143).
If no drug resistant alleles are present when a new drug is
introduced, then there is a waiting time for them to arise and a
low probability of fixation. However, it is predicted (140) that
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pre-standing variation for PZQ resistance is likely because this
trait has been rapidly selected for by several groups (144, 145) in
independent laboratory populations. Importantly, the laboratory
populations used were isolated prior to the widespread
availability of PZQ (144, 145), thus were not subject to PZQ
selection, which strongly suggests PZQ resistant alleles were
already present in these populations. This is concerning as this
scenario was the case for OXA resistance (Figure 4), a trait
which is also recessively inherited (146), but consequently
rendered the drug futile (140).

6.3 Sub-optimal treatment regimens in
MDA programs

Sub-optimal treatment regimens for schistosomiasis control
may pose a significant barrier to the widespread development of
PZQ resistance in schistosomiasis. PZQ is administered in PC
programs to infected children at a dose (40 mg/kg) extrapolated
from adult tolerance studies (147). Since 2006, PC programs
have delivered PZQ as a single oral dose to SAC and/or at-risk
adult populations, depending on prevalence, in endemic
communities. The current treatment regime has been
challenged by recent pharmacokinetic (PK; the dynamics of
administered drug concentration) and pharmacodynamic (PD;
the impact of drug concentrations on parasite density) data
which support a higher dose (110). Bustinduy et al. (110)
conducted the first PK/PD study in children to compare two
doses of PZQ (40 mg/kg and 60 mg/kg) for schistosomiasis
treatment (110). Vast inter-individual PK variability was seen. A
higher proportion of children receiving 60 mg/kg PZQ dose
achieved a better reduction in infection intensity, however no
child achieved antigenic cure during the study, suggesting that

FIGURE 4
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40 mg/kg is insufficient, with modelling suggesting up to 80 mg/
kg to achieve WHO recommended CRs. Only 75% individuals
receiving 80 mg/kg PZQ had an estimated CR of >85%. Efficacy
of higher doses (80 mg/kg in a split dose) are currently being
explored in a randomized placebo-controlled trial in preschool
children in Uganda (148).

Interestingly, the study revealed differences in enantiomeric
activity on worm burden and found that the probability of
achieving cure was strongly associated with high levels of (S)-
PZQ. It is typically assumed that (R)-PZQ is the anti-parasitic
enantiomer, it is worth noting that the (S)-PZQ enantiomer is
efficacious against S. haematobium (149). The high levels of (S)-
PZQ may cause the hepatic shift of paralyzed adult schistosomes
into the liver to be eliminated. Both enantiomers have been
shown to have opposing effects on vascular tone [R-PZQ causes
contraction (150) whereas S-PZQ causes relaxation (151)] and
may play a role in optimizing blood flow through splanchnic
beds where schistosomes reside, thus contributing to their
displacement (57). Given the much reduced efficacy of (S)-
PZQ for SmTRPMpzq (several logs), perhaps this enantiomer
acts vig a different schistosomal target that is still relevant for its
mode of action. A recent PK study in 5. mansoni or S.
haematobium infected children also demonstrated higher area
under the curves (AUC) for (5)-PZQ than (R)-PZQ (152). A
relationship between (R}-PZQ AUC and Cu.ux (peak plasma
concentration) and the probability of cure was indicated using
logistic regression (153). However, this interpretation was based
on a small sample size and more studies are required to
determine which enantiomer is the eutomer of PZQ. To
achieve a greater treatment success of individuals with
schistosomiasis, the treatment regimens should place more
emphasis on the PK and PD characteristics of PZQ as well as
schistosome biology rather than solely logistics.

Loss of function mutations in
SmSULT-OR result in DXA-R
and wonm survival,

Mechanism of oxamniquine (OXA) resistance in 5. mansoni. (A) OXA is a prodrug enzymatically activated by a sulfotransferase (SmSULT-OR)
in susceptible 5. mansoni (OXA-5). The activated OXA metabolite (OXA-503) binds to DNA and macromolecules which results in worm death.
(B) Loss of function mutations in SmSULT-OR gene result in OXA-R and worm survival as the drug does not become activated by SmSULT-OR.

Created with BioRender.com.
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When administered as a single oral dose, PZQ acts only on
adult schistosomes because the drug is rapidly cleared from the
body in (80% cleared within four days of which 90% occurs in 24
hours) (9). Consequently, PZQ tolerant juvenile schistosome
stages are not affected by drug treatment and mature into adults,
resulting in a treatment inefficiency. The intermittent drug
exposure (typically annual) and insufficient dosing of PZQ
means that schistosomes have not been subject to sufficient
drug selective pressure to result in the development of PZQ
resistance of clinical relevance. Ironically, the aim of control
rather than elimination of schistosomiasis has decreased the
likelihood of widespread PZQ resistance occurring.

6.4 Large refugia

Within the context of drug resistance in parasitic helminths,
a refugium refers to the proportion of untreated hosts or
environments, which allow for the maintenance of drug
sensitive parasites (Figure 3) (154). To maintain drug efficacy
and combat selection pressure in veterinary helminths, refugia
are used and it appears that the limited MDA coverage in
endemic communities may have exerted a similar effect (66,
154). Until recently, not all infected individuals within an
endemic community have equitable access to PZQ treatment.
Notably adult and PSAC groups did not receive PZQ treatment
during control programs. These groups act as refugia of diverse
parasites, which support the panmictic 5. mansoni population
structure (66). The high rates of gene flow and diversity of S.
mansoni populations could prevent selection and fixation of
PZQ resistance by providing pools of susceptible alleles to dilute
those conferring PZQ) resistance selected in treated populations
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(SAC) (127). Despite multiple rounds of MDA, post-treatment
schistosome populations are small in comparison to the size of
refugia populations in snails, untreated humans and animal
reservoirs of infection (primates (e.g., baboons and rodents)
(127, 155). Mixing and high rates of gene flow between treated
and untreated parasite populations allow for rapid recovery of
parasite genetic diversity following treatment (66). Additionally,
the long-life span of schistosomes is believed to increase the
effectiveness of these reservoirs of parasite genetic diversity (66).
Furthermore, the recent impact of the COVID-19 pandemic on
PC delivery in endemic communities is expected to influence the
refugia of schistosome populations. In 2020, 76.9 million people
received PC compared to 105.5 million in 2019, due to pandemic
control measures, which caused a suspension of PC programs in
many endemic areas (156).

7 PZQ treatment failures within the
context of confounding factors

‘Whilst drug resistant schistosomes have been suggested to play
a role in the heterogeneity of CRs observed, it is important to
investigate PZQ) treatment failures in the context of confounding
factors, which can affect drug efficacy. Quantifying PZ(Q) treatment
failures within the context of confounding factors are discussed in
the following section (Figure 5).

7.1 Diagnostic factors

The WHO recommends quantifying changes in egg
excretion before and after PZQ treatment, as ERR and CR, to
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Factors impacting P24 drug efficacy in schistosomes. Broadly parasite, diagnostic, human and drug factors are confounding factors when
rmeasuring the efficacy of PZQl in the field. Confounding factors can positively or negatively affect drug efficacy. Created with BicRender.com.
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assess drug efficacy at an individual and community level (157).
The tentative ERR threshold of 90% is an indicator of optimal
efficacy for PZQ (11). By estimating the distribution of ERRs,
changes in the efficacy of PZQ can be identified (158). Thus, the
sensitivity of the diagnostic test used to assess PZQ efficacy is a

key issue.

7.1.1 Parasitological diagnostics

Most drug efficacy studies use microscopy to quantify egg
excretion, despite its lack of sensitivity to detect low intensity
infections and treatment vutcome. It has been demonstrated that
individuals with low intensity infections are associated with
decreased diagnostic accuracy before and after treatment (155,
159-161). This can lead to false negative results and the over
estimation of drug efficacy. To improve diagnostic sensitivity,
the number of parasitological samples should be increased (162).
The use of at least six Kato-Katz (KK) tests (two smears per stool
from three stools) has been suggested for more accurate
prevalence assessment post-treatment (162). A recent meta-
analysis (39) has demonstrated that an increase in the number
of samples used had a significant impact for CR but not ERR,
which demonstrates that ERR is less influenced by the diagnostic
test sensitivity. Variation in egg excretion, can lead to incorrect
diagnosis, underestimation of infection prevalence, and thus an
inaccurate evaluation of drug efficacy (163, 164). Consequently,
the ability to detect the emergence of drug resistant parasites is
masked by the variable sensitivity of diagnostic methods based
on egg detection following drug treatment. Diagnostic methods
with superior sensitivity compared to microscopy are needed for
the accurate mapping and identification of drug
resistance hotspots.

7.1.2 Antigen detection

Antigen detection methods are a promising alternative to
diagnostic microscopy. Specifically, the detection of schistosome
gut-associated polysaccharides, circulating cathodic antigen
(CCA) and circulating anodic antigen (CAA), have the
potential to revolutionize field-based diagnostics (165).
Urinary CCA-based diagnostic is used for detecting S.
mansoni infections (166). CAA based diagnostic is able to
detect all Schistosoma spp. infection and it is rapidly cleared
from the bloodstream following PZQ treatment, thus its
presence is indicative of an active infection (167). Hoekstra
et al. (168) determined the efficacy of a single dose of PZQ (40
mg/kg) versus four repeated doses in SAC using either KK or
point-of-care (POC)-CCA (168). The authors reported that
POC-CCA gave considerably lower CRs compared to KK,
which is suggestive of adult worms surviving treatment. Thus,
depending on the diagnostic method used, the measures of drug
efficacy (ERR and CR) can differ significantly. However, there
are concerns surrounds false positive results from the POC-CCA
(169, 170). Further explanations for a negative KK result and
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positive POC-CCA result include the presence of single sex
infections either acquired or the result of drug treatment could
explain the disruption of egg production despite an active
infection (171-174). Mature adult worms surviving drug
treatment may cease or reduce egg production whilst still
excreting CCA.

7.2 Parasite factors

Parasite factors are important to consider when quantifying
drug efficacy, for example human hosts can harbor different
Schistosoma lifecycle stages at the time of treatment, from
recently acquired juvenile stages to adult schistosomes.
Different lifecycle stages and parasite sex are differentially
sensitive to PZQ. This can lead to a disruption in the female:
male sex ratio within the host and cause cessation of egg
production despite active infection. Furthermore, juvenile
schistosomes are not susceptible to PZQ induced killing and
survive treatment. Thus, post-treatment, juvenile schistosomes
go on to mature into adult schistosomes and produce eggs. This
can explain the resumption of egg production at follow up
parasitological surveys, which can appear as treatment failure
(175, 176). It is difficult to determine at follow up if the
resumption of egg production in treated individuals is the
result of reinfection, juvenile schistosomes present at treatment
maturing into egg producing adults or drug resistant
schistosomes. The inaccessibility of adult schistosomes from
human hosts further complicates genetic analysis to determine
the source of egg resumption at post-treatment (reinfection
versus drug resistant schistosomes).

7.3 Drug factors

Variation in the concentration of PZQ in the systemic
circulation may contribute towards treatment failure in field
settings, as the drug concentration may not be present at a lethal
concentration to kill schistosomes. Bioavailability is one of the
most important factors, which is used to indicate the fraction of
an orally administered dose that reaches the systemic circulation
as intact drug and has an anti-schistosomal effect (177).
Apparent drug failures may be the result of issues with the
metabolism of PZQ) rather than innate parasite resistance. The
effect of drug metabolism on treatment outcome has been
evaluated by PK and PD studies (178, 179).

Furthermore, it has been proposed that drug quality is an
important confounding factor for affecting PZQ efficacy. A study
using healthy mice to determine the PK profile of different PZQ
brands revealed vast differences in bioavailability between
different PZQ brands (180). Furthermore, the efficacy of
different PZQ brands (% worm reduction) was compared in
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mice infected with a PZQ susceptible or insusceptible 8. mansoni
strain. Diminished efficacy was reported in PZQ brands
(Bilharzid, Epiquantel and T3A), which showed lower
bioavailability (32-46% reduction), compared to pure PZQ,
this difference was more prominent in the PZQ insusceptible
S. mansoni (180). This study shows the importance of the quality
of PZQ as an underlying factor for treatment failures in
endemic areas.

Schistosomiasis is co-endemic with many other pathogens
such as malaria, therefore, endemic populations are often subject
to co-administration of different drugs that can give rise to drug-
drug interactions (DDIs). CYPs are important enzymes in the
first pass metabolism of many drugs. Proposed DDIs are
discussed and reviewed in (181). Of interest, in humans it was
found that the co-administration of PZQ and albendazole (ABZ)
demonstrated a synergistic relationship where the AUC of (R)-
PZQ increased by 76% (182). This is due to ABZ inhibiting
CYPIA and CYP3A metabolic pathways involved in the
metabolism of (R)-PZQ (182).

7.4 Human factors

It has been demonstrated that host factors, such as immune
response and genetic variation in drug metabolizing enzymes,
can influence the therapeutic response. PZQ is extensively
metabolized by multiple Cytochrome P450 (CYP) enzymes,
specifically CYP1A2, CYP2C19, CYP2C9, CYP2D6, CYP3A4
and CYP3AS5 are involved (183). Host related factors can affect
the metabolism and PK parameters of PZQ. Age-maturation of
hepatic CYPs may affect the AUC of PZQ as the CYP pathways
are not completely matured in children (110). For example, age-
related metabolism has been shown where AUC values for PZQ
were higher in PSAC compared to SAC (153). Higher
concentrations of PZQ were found in PSAC whereas higher
concentrations of (R)-4-OH-PZQ metabolite were found in
SAC, suggesting that PSAC may metabolize PZQ more slowly.
The comparatively higher exposure to PZQ may account for
differences in CRs between the two age groups (153).
Furthermore, liver morbidity has been shown to affect the
metabolism of PZQ. Patients with liver cirrhosis were treated
with PZQ and PK parameters were compared to healthy patients
(147). Liver cirrhosis patients had a higher AUC and Ciu,
which increased with increasing severity of cirrhosis (147).
However, the extent of the impact of S, mansoni related liver
morbidity on PZQ PK parameters is largely unknown and
warrants further attention.

A less studied area of PZQ efficacy is host pharmacogenetics
(PG; how genes can affect an individual’s response to a drug).
Mutations in CYPs, primarily SNPs, have been associated with
inter-individual variation of drug metabolism in efficacy and
toxicity studies (152). It has been hypothesized that mutations in
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CYPs results in different PK of PZQ (13). This can lead to a
variable PK effect. Different populations vary significantly in the
distribution of CYP alleles hence it is of importance to optimize
drugs for the targeted population (181). Currently, there have
been no PG studies carried out to determine the genetic
influences on PK of PZQ and to identify clinically relevant
CYP variants in the target population (181). Such studies are
required alongside parasite population genetic studies.

8 Other schistosome species

The current landscape of literature for drug resistance in
schistosomes is saturated with S. mansoni studies, due to several
factors; S. mansoni laboratory strains are established and
characterized, the high-quality §. mansoni genome, PZQ
resistance can be rapidly selected for and reports of reduced
susceptibility to PZQ in S. mansoni. There is no evidence of S.
haematobium developing resistance to PZQ) where reported CRs
in endemic areas have remained favorable. Furthermore, drug
resistance in S. japonicum has received more attention in
comparison, where PZQ resistance has been selected for
laboratory rodents (184). Despite the extensive use of PZQ in
control programs in China, PZQ has retained its efficacy against
S. japonicum (185-187). There is a need for future studies to
focus on other Schistosoma spp. response to PZQ treatment in
the field and to characterize the molecular basis for
drug resistance.

9 Discussion

The mechanism of action of PZQ has been a significant
enigma in the schistosomiasis field for decades. Great advances
have been made recently with two independent research groups

27, 45) identifying SmMTRPM g as a target of PZQ. Park et al.
(55) used molecular modelling and targeted mutagenesis to
identify the PZQ binding site. Le Clec’h et al. (27) used
genome wide association followed by marker-assisted selection
to identify SmTRPMpzq as being the key determinant of PZQ
response. Collectively, we speculate that the mode of action of
PZQ involves multiple protein targets including SmTRPMpyq,
and VGCCs, as part of a complex pathway resulting in
disruption of S. mansoni calcium homeostasis and clearance.
These recent advances provide a framework for future genetic
surveillance for PZQ resistance. SmTRPMpzq genotyping of
natural §. mansoni populations could provide valuable insights
into the variation within this gene and how this may affect
treatment efficacy. Furthermore, genome-wide approaches
should be undertaken to identify additional genomic regions
under selective pressure and candidate genes for monitoring
PZQ) resistance. Although candidate gene approaches to monitor
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anthelminthic drug resistance have had mixed success to date,
screening for non-synonymous mutations in the - tubulin
isotype 1, which confer resistance against the benzimidazole
drug class used to treat the veterinary helminth Haemonchus
contortus has been an useful example (188, 189).

These studies raised questions regarding the molecular basis
for the natural tolerance of PZQ in juvenile schistosomes. It was
shown that juveniles express higher levels of SmMTRPMp;q
compared to adult schistosomes (27). This should be
considered with another line of evidence; juvenile S. mansoni
worms experience a Ca”* influx and muscle contraction, but they
recover from PZQ) exposure. Perhaps, the molecular target of
PZQ is the same for juveniles and adults but the research focus
should be on juvenile recovery from drug exposure. Juvenile
schistosomes are younger compared to adult stages, thus may be
more successful to adapt and recover from drug pressure. The
recovery of juveniles from PZQ warrants further research
attention and will provide insights into the downstream effects
following drug exposure.

PZQ resistance is a complicated issue, which should be
considered within the context of confounding factors. The
review highlighted significant gaps in knowledge particularly
the scarcity of studies focusing on the genetic basis underlying
the variability in the metabolism of PZQ, which can impact the
efficacy of treatment. Furthermore, this review found no strong
evidence for the emergence of drug resistant 5. mansoni
populations within field settings. The review proposes four key
factors, which may explain the lack of PZQ resistance observed
in field S. mansoni populations; the extensive genetic diversity,
complicated pairing dynamics of schistosomes, sub-optimal
treatment regimens and large refugia. Studies focusing on the
genetic diversity and population structure of §. mansoni
populations in response to MDA, and have suggested that
rapid re-infection occurs. High levels of gene flow and large
refugia rapidly restore the genetic diversity and provide pools of
PZQ susceptible alleles to dilute drug resistance alleles. Whilst
these studies have provided insights into how S. mansoni
populations respond to PZQ treatment, more extensive
genome-wide analysis is required. Particularly to provide
greater resolution in determining re-infection from an
infection which has failed to clear. MDA alone is insufficient
to eliminate schistosomiasis and the drug pressure exerted by
current drug treatment regimens appears to be inadequate to
select for PZQ resistance.

10 Conclusion

The newly introduced WHO NTD roadmap and guidelines
set an ambitious control strategy to achieve the elimination of
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schistosomiasis as a public health problem by 2030. PZQ
remains at the forefront of schistosomiasis control and PC
programs play a vital role in the integrated control strategy.
However, the proposed scale up of PZQ use poses an increased
risk to the development of PZQ resistance in schistosome
populations. Thus, it is essential to monitor for changes in
drug efficacy and for the emergence of PZQ resistant
schistosomes to reduce the threat to the 2030 WHO control
strategy. At present, there are no anti-schistosomal drugs
undergoing clinical trials in humans, thus we must strive to
retain the usefulness of PZQ in the schistosomiasis
control toolbox.
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Table 1: Studies on the genetic diversity of 5. mansoni field populations in response to PZQ

treatment.

Country | Year PZ(Q dose | Study design and major findings

Tanzania | 2005(1) | 40 mg/kg [ Used seven microsatellite markers to compare the genetic diversity of S.
mansoni populations in SAC at baseline and 12-month post treatment.
A small significant difference was found in allelic richness and genetic
diversity estimated per infrapopulation at the two time points.

2010 (2) | 40 mg/kg | Revisited the schools and replicated methodologies from (1) with the
addition of a phenotypic test for PZQ sensitivity. SAC had received two
or four rounds of treatment depending on the school. A significant
increase in infrapopulation allelic richness and genetic diversity in 2010
was found. The dataset was re-analyzed by (3) and confirmed the
finding that a single round of PZQ significantly reduced S. mansoni
genetic diversity.

Senegal | 2007 (4) | Double Used nine microsatellite markers to compare the genetic diversity of 5.

treatment | mansoni and S. haematobium populations from SAC at baseline, six
(2x40 months and two years post treatment. No significant change in genetic
mg/'kg diversity and structure of S. mansoni populations despite repeated PZQ
PZQ at treatment.

each time

point)

Kenya 2008 (5) | 40 mg/kg | Used 12 microsatellite markers in 15 SAC to compare the genetic
diversity of S. mansoni populations at four time points (annual samples
prior to MDA). It was determined that PZQ had no impact on the
genetic diversity of 8. mansoni.

Uganda | 2004 (6) | 40 mg/kg [ Used seven microsatellite markers to compare the genetic diversity of S.
mansoni from SAC sampled at 11 time points over a two-year period. A
reduction in allelic richness was observed at four weeks post treatment
but recovered at six months post treatment.

2009 (7) | 40 mg/kg | Used mitochondrial cox! to compare the genetic diversity of S. mansoni
populations from PSAC and mothers at baseline and six-month post
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treatment. No decline in nucleotide or haplotype diversity was detected.

Nucleotide diversity at non-synonymous sites was significantly higher
in Lake Victoria than Lake Albert.

2012

®)

40 mg/kg

Involved whole genome sequencing of §. mansoni from eight study
villages: four villages receiving annual PZQ treatment and four
receiving four annual doses of PZQ. A small significant difference in
genetic diversity was reported between pre and post treatment samples.
Lower genetic diversity was reported in villages receiving ‘intensive
treatment’.

2014

©

40 mg/kg

Involved whole genome sequencing of §. mansoni from SAC from two
districts varying in PZQ treatment history. Genomic diversity was
compared between baseline and 25-27 days post treatment. Negative
genome-wide Tajima’s D values was observed at the district level.
Comparison of pre and post-treatment populations revealed that one
PZQ treatment did not reduce genomic diversity at the infrapopulation
level.

2017

(10)

40 mg/kg

Used seven microsatellite markers to compare genetic diversity of S.
mansoni from eight boys and eight girls at baseline and five months
post treatment. Genetic diversity of §. mansoni was not found to differ
significantly between male and female hosts. Genetic diversity
remained high at baseline and at follow up.

Brazil

2009

(11)

50 mg/kg

Used 11 microsatellite markers to compare the genetic diversity of S.
mansoni from the whole community (>1 year old) in two remote
villages between 2009 and 2013. A decline in genetic diversity and
effective population size was detected following PZQ treatment.

2009

(12)

50 mg/'kg

Used 15 microsatellite markers to compare the genetic diversity of S.
mansoni from the whole community in two villages. No change in
genetic diversity and little genetic differentiation between S. mansoni
parasites at baseline and follow up was found.
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Chapter 3. Analysis of praziquantel
treatment response in preschool-aged
children

59



3.1 Introduction

Schistosomiasis affects over 200 million people worldwide, with over 90% of the disease
burden found in sub-Saharan Africa, of which 123 million are children (89,90). Despite
children representing a significant proportion of the disease burden, preschool-aged children
(PSAC), defined as those aged five years or younger, were until recently overlooked by
mapping and mass drug administration (MDA) programmes. This was due to the assumption
that PSAC had minimal exposure to Schistosoma cercariae-infested water and, thus, were
considered low-risk for infection (91). However, it is estimated that at least 50 million PSAC
in Africa have schistosomiasis (92). The treatment gap experienced by PSAC may be
partially attributed to the fact that praziquantel (PZQ) has regulatory approval only for
children aged four years or above (95) and, until recently the lack of a paediatric formulation
(96).

The new WHO NTD roadmap for the control and elimination of schistosomiasis and
treatment guidelines now recommend treating PSAC 2 two years old with PZQ delivered by
MDA programmes, aiming to provide equitable access to annual PZQ treatment to all age
groups over two years old (99,100). However, PSAC < 2 years old may be considered for
PZQ treatment on an individual clinical basis from health facilities to control schistosomiasis
morbidity. Currently, PZQ is administered to PSAC as crushed tablets under direct
supervision with bread or juice to enhance the bioavailability of the drug (101,102). The
WHO recommends that PSAC are treated with the standard PZQ dose of 40 mg/kg, which is
a dose extrapolated from relatively few pharmacokinetic/pharmacodynamic (PK/PD) studies
from healthy European adults and adults with differing degrees of liver failure (103,104).
Despite the known limitations of this approach, including evidence from quantitative
pharmacological studies showing that extrapolation does not accurately determine paediatric
dosing, it continues to be used to determine dosing in children. The most recent PK/PD
study compared two doses of PZQ (40 mg/kg and 60 mg/kg PZQ) in children aged 3-8 years
with intestinal schistosomiasis in Uganda and found both doses to be insufficient where no
child achieved antigenic cure (80). Modelling suggested up to 80 mg/kg is required to

achieve the WHO-recommended cure rates (CRs) of 85%.

Commercial preparations of PZQ consist of a racemic mixture of two isomers in a 1:1 ratio:
R-PZQ and S-PZQ (105). The R-PZQ isomer is responsible for the in vitro and in vivo
antischistosomal action, whereas the S-PZQ isomer is significantly less effective (106).
Praziquantel directly binds to the Schistosoma mansoni transient receptor melastatin

channel (SmMTRPMpz) present on the tegument of the adult worm; upon activation, there is
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an influx of calcium ions into the adult worm. This rapid influx of calcium ions leads to spastic
paralysis and breakdown of the parasite’s tegument, facilitating subsequent immunological
attack and clearance of the parasite (106). However, juvenile stages (schistosomulum) are
insensitive to PZQ (107). Due to the intravascular location of adult worms, adult worm death
cannot be measured directly; the efficacy of PZQ is estimated using faecal egg clearance 3
to 4 weeks post-treatment (108). Worm clearance inferred by worm antigen detection using
circulating cathodic antigen (CCA) and circulating anodic antigen (CAA) may provide a
promising measure of worm clearance compared to traditional parasitological methods, such

as egg microscopy following Kato-Katz (KK) or urine filtration (109-111).

The term PK describes the movement of a drug within the body, which encompasses the
absorption, distribution, metabolism and elimination of a drug (112). Praziquantel is a
pyrazinoisoquinoline drug which is rapidly absorbed and metabolised, with peak plasma
concentration occurring within 1-2 hours following oral administration. The bioavailability of
PZQ significantly increases with concomitant food administration and the area under the
curve (AUC, represents the total exposure of a drug over time) was found to be four-fold
higher with a high-carbohydrate meal (113) undergoes extensive first-pass metabolism in the
liver by cytochrome P450 (CYP450) enzymes (CYP1A2, CYP2B1, CYP3AD, CYP3A4 and
CYP2C19) (105) where the drug is primarily excreted in the urine (80% is cleared within four
days where 90% occurs in 24 hours) (114). Several factors can impact the PK of PZQ such

as age and liver health.

Globally, the performance of PZQ is generally considered satisfactory. However, there are
persistent hotspots for S. mansoni infections throughout Africa, and despite several years of
MDA with PZQ, the prevalence has remained high. The shoreside villages within the Hoima
and Buliisa districts of Lake Albert in Uganda are considered hotspots for S. mansoni
infection (115). A study found that the prevalence of S. mansoni was 57% among children
aged three to five years in villages in the Buliisa district (116). Several studies have reported
poor worm clearance in PSAC when administered the standard 40 mg/kg PZQ dose
(102—104,117). The first randomised control trial (Praziquantel in Preschoolers, PIP) of PZQ
in PSAC to examine the impact of 40 mg/kg vs 80 mg/kg PZQ on cure rate (CR) and egg
reduction rate (ERR) has recently concluded in the Hoima district in Lake Albert, Uganda
(118). The results from the cohort of 354 children showed a CR of 67% in the 40 mg/kg PZQ
arm and 90% in the 80 mg/kg PZQ arm at four weeks. The difference between the ERRs
from the two arms was 2% (95% CI: 1%, 3%; P<0.001) and 22% (95% CI: 5%, 59%;
P<0.001) based on geometric and arithmetic means, respectively (Bustinduy et al. Under

Review).
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This chapter analyses the secondary data from a subset of participants from the PIP trial to
investigate S. mansoni clearance using KK, urine CCA and CAA to determine the CR and

ERR for each treatment dose (40 mg/kg vs 80 mg/kg PZQ). The impact of demographic and
PK factors on the cure was then explored.
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3.2 Methods

3.2.1 Ethics statement

Ethical approval was given by the Uganda National Council for Science and Technology (HS
2650), Uganda Virus Research Institute (GC/127/19/07/708), National Drug Authority (CTC
0133/2020) and the London School of Hygiene and Tropical Medicine (26571). Parental

informed consent was obtained as detailed (118).

3.2.2 Study design

This is a secondary data analysis obtained from a subset of children from the PIP
randomised phase Il clinical trial, which is described in detail elsewhere (118). The
participants were selected based on those children who were sampled for Schistosoma
mansoni miracidia for genetic analysis in subsequent chapters. The children were primarily
selected based on convenience sampling; this was the last group of children to go through
baseline treatment during the November 2021 sampling visit. A total of 96 children were
included in the genetic analysis, determined by the availability of miracidia samples and

logistical feasibility of processing them.

The PIP trial was conducted in communities endemic for S. mansoni located on the shores
of Lake Albert in Buliisa district, Uganda (Figure 3.1). The age of participants ranged
between 12-47 months. All participants were randomised in a 1:1:1:1 ratio to one of the four
treatment arms: (i) 40 mg/kg PZQ at baseline, (ii) 80 mg/kg PZQ (administered as two doses
of 40 mg/kg three hours apart) at baseline, (iii) 40 mg/kg PZQ with a repeat dose at 6
months, or (iv) 80 mg/kg PZQ at baseline with a repeat dose at 6 months. Half the cohort of
participants received an additional PZQ dose (the same dose given at baseline) at 6 months
and the remaining half received placebo (Figure 3.1A). Due to the large PZQ tablet size,

tablets were crushed, mixed with juice and administered following a meal.
Participants were randomly divided into two groups: one group underwent additional blood

sampling for PK analysis and the other group underwent additional blood sampling for the

assessment of immune responses to S. mansoni infection (data unavailable for analysis).
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3.2.3 Pharmacokinetic sampling and analysis
Blood was collected at 0, 1.5, 3, 4 and 6 hours post PZQ treatments by the field team for PK

analysis, using an indwelling cannula. Blood samples were centrifuged, and separated

plasma was stored at -80°C.

The PK data from a subset of children who participated in the original study was kindly
shared by Bonniface Obura (PhD student). Briefly, PZQ plasma concentrations were
quantified using liquid chromatography coupled to a mass spectrometer (LC-MS/MS) assay.
Noncompartmental analysis was used to calculate R-PZQ and S-PZQ PK parameters; the
maximum plasma concentration (C,.,), time to reach C.., (Tna) and the area under the
concentration-time curve (AUC) from 0 h to the last observed measurable concentration
(AUC,s; mg*h/L). AUC,,; was calculated using the linear trapezoidal rule (Obura, personal
communication). Total drug AUC was of particular interest due to its association with

parasitological cure (80).

3.2.4 Parasitological detection and clearance

Field workers collected stool samples on at least two consecutive days for the detection of S.
mansoni and soil-transmitted helminths using the KK technique (119), where the mean egg
counts per gram of stool (epg) were calculated by the trial statistician (Emily Webb). Infection
intensities were stratified into three categories: light (1-100 epg), moderate (101-400 epg),
and heavy (>400 epg) (120). To assess PZQ efficacy in accordance with the WHO
guidelines, the egg reduction rate (ERR), defined as the percentage decrease in egg burden
from baseline to four weeks post-treatment, and CR, defined as the proportion of participants
who are KK negative on all stool samples at four weeks post-treatment (an acceptable CR
>85% is set by WHO (121)), were calculated.

Urine samples were also collected by the trial team for CCA and CAA antigen testing. The
trial team undertook the detection of CCA antigen in urine using the point-of-care CCA
(POC-CCA) rapid diagnostic test (Rapid Medical Diagnostics, South Africa). Upon visual
inspection, the test strips were given a G score (a previously validated intensity visual
reading score) ranging from 1 to 10 (G1-G10) for a more standardised interpretation and
quantification of the outcome (122). Frozen urine samples were also sent to the Medical
Research Council Uganda Research Unit in Entebbe to quantify CAA levels using the
up-converting phosphor labels lateral flow (UCP-LF)-based CAA assay (123) conducted by
Gloria Kakoba. The cutoff for positive of the UCP-LF assay was 2 pg/ml. The CR, the

proportion of participants who were CCA or CAA antigen negative at four weeks
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post-treatment, were calculated. The CCA ‘trace’ results were considered negative for the

analyses.

3.2.5 Data analysis

Data were analysed using R Statistical Software (version 4.3.1; R Core Team 2023), table
one package (version 0.13.2) (124,125) and STATA/SE (version 18.0). The first outcomes of
interest were parasitological and antigen clearance rates post PZQ treatment, and then

exposure covariates to achieving cure were investigated.

Respective CRs by antigen and egg clearance at four weeks were shown with the
associated 95% confidence interval (95% CI). An initial comparison between treatment arms
groups (40 mg/kg and 80 mg/kg PZQ) was made using a chi-squared test. The ERR at four
weeks was shown as the percent decrease in egg burden at follow-up; bootstrap resampling
with 10,000 replications was employed to estimate the Cl. The random seed was set to 1234
for reproducibility. The ERR at four weeks between different treatment arms was compared
using the Wilcoxon rank-sum test. Univariable and multivariable logistic regression models
were used to understand the association between potential risk factors (weight, age, sex,
baseline intensity of infection, anaemia, village, treatment regimen and pharmacokinetic
parameters) and the outcome of cure (defined as egg-negative at week 4 by KK). Initially,
models were constructed by adding one variable at a time in a univariate analysis with the
outcome of cure, giving crude odds ratios (ORs) for each variable. Finally, a multivariable
logistic regression model was built using all available risk factors (weight, age, sex, baseline

intensity of infection, anaemia, village and treatment regimen), giving adjusted ORs.
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Figure 3.1: Study design and data availability. A) Schematic of the sub-study design for
this work. The subset of 96 children followed in this study are from the PIP overall pool of
children (n = 354). Figure made using Biorender.com. B) The distribution of study sites on
Lake Albert, Uganda: Fofo, Hoimo, Kibiro, Kiryamboga, Kyabarangwa, Runga, Rwentale and

Walukuba.
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3.3 Results

3.3.1 Baseline characteristics of the sub-study cohort

Out of 354 children enrolled in the PIP clinical trial, a subset of data from 96 participants was
analysed as part of a secondary data analysis within this chapter. A study flow chart of data
completeness is detailed in Figure 3.2. The mean age of participants was 36 months (range
12-47 months), and 48 (50%) were male. Participants resided in eight villages bordering
Lake Albert (Figure 3.1B), with the majority (565.2%) from Fofo and Kyabarangwa. A large
proportion (85.4%) reported daily water contact within Lake Albert, whilst only 7.3% indicated
no water contact. The participants' primary drinking water source was lake water, accounting
for 99% (Table 3.1). Amongst the participants, 17.7% tested positive for malaria by rapid
diagnostic test (RDT).

Total number of
participants (n = 96)

Result missing for:
CCA(n=2)
CAA (n=2)

40 mg/kg PZQ arm B0 mg/kg PZQ arm
(n=44) [n=52)
Baseline: Baseline:

- KK result available (n = 44)

- CCA result available (n = 42)
- CAA result available (n = 42)
- PK result available (n = 5)

- KK result available (n=52)
- CCA result available (n=51)
- CAA result available (n = 48)

- PK result available (n = 9)

Result missing for:
CCA(n=1)
CAA (n =4)

¥ !

Result missing for: Week 4 follow-up: Week 4 follow-up: Result missing for:
KK (n=3) | - KK result available (n = 41) - KK result available (n=47) | KK [n=5)
CCA(n=2) - CCA result available (n = 42) - CCA result available (n = 44) CCA(n=8)
CAA (n=2) - CAA result available (n= 42) - CAA result available (n = 44) CAA (n =8)
¥ ¥
Result missing for: Month 12 follow-up: Month 12 follow-up: || Resultmissingfor:
KK (n = 8) - KK result available (n = 36) - KK result available (n = 45) KK (n=7)

Figure 3.2: Study flow chart showing the data completeness at baseline, week four and
month 12 follow-up.

Before enrolment, potential participants were screened for S. mansoni infection using the
urine CCA, where children with a positive result were considered positive for Schistosoma
infection. To be eligible for enrolment in the PIP trial, participants must then have tested
positive for S. mansoni infection of any intensity as determined by KK at baseline. Therefore
a KK result was available for 96/96 (100%) participants at baseline, where 55/96 (57.3%)
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had moderate-to-heavy infection intensities (Table 3.1). The proportion of participants with

moderate-to-heavy infections before treatment was similar between the two treatment arms

(p >0.05).

Table 3.1: Descriptive characteristics of study participants.

n= (%]

Tot(al Lumber of children 40 mg/kg PZQ 80 mg/kg
Characteristic (N =96) (N=44) (N =52) P value®
Village 0.860
Kyabarangwa 24 (25.0) 10 (22.7) 14 (26.9)
Kibiro 5(5.2) 3(6.8) 2(3.8)
Hoimo 13 (13.5) 5(11.4) 8(15.4)
Rwentale 14 (14.6) 8(18.2) 6(11.5)
Runga 5(5.2) 2(4.5) 3(5.8)
Walukuba 2(21) 1(2.3) 1(1.9)
Kiryamboga 4(4.2) 3(6.8) 1(1.9)
Fofo 29 (30.2) 12 (27.3) 17 (32.7)
Sex
Male (%) 48 (50.0) 21(47.7) 27 (51.9) 0.838
Age, months [mean (range)] 36 (12-47) 37 (12-47) 35 (16-46) 0.261
Lake contact frequency 0.281
Never 7(7.3) 5(11.4) 2(3.8)
Daily 82 (854) 35 (79.5) 47 (90.4)
Weekly 7(7.3) 4(9.1) 3(5.8)
Source of drinking water
Lake (%) 95 (99.0) 44 (100.0) 51 (98.1) 1.000
Borehole (%) 9(9.4) 4(9.1) 5(9.6) 1.000
Piped (%) 5(5.2) 3(6.8) 2(3.8) 0.848
Parasitic infection
S. mansoni epg stool [arithmetic mean (SD)] 433.8 (788.5) 4274 (836.5) 439.2 (753.7) 0.942
Infection intensity 0.872
Light (1-100 epg) 41(42.7) 20 (45.5) 21(40.3)
Moderate (101-400 epg) 34 (36.5) 15 (34.1) 20 (38.5)
Heavy (=400 epg) 21(20.8) 9(20.4) 11(21.2)
CCA urine 0.718
Negative 2(22) 1(24) 1(2.0)
Trace 7(7.5) 2(4.8) 5(9.8)
+ 5(5.4) 3(7.1) 2(3.9)
++ 1(1.1) 0(0.0) 1(2.0)
+H+ 78 (83.9) 36 (85.7) 42 (82.4)
CAA conc in urine, pg/ml [mean (SD}] 526.8 (865.6) 591.8 (1001.1) 468.4 (728.3) 0.500
Malaria RDT
Positive 17 (17.7) 9 (20.5) 8(15.4) 0.704

aSD, standard deviation; epg, eggs per gram; CCA, circulating cathodic antigen; CAA,

circulating anodic antigen; RDT, rapid diagnostic test.
P value is derived from the difference between groups by Fisher exact test or Student’s

t-test.
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3.3.2 Population parasitological clearance

To investigate the clearance of S. mansoni in the PSAC, CRs and ERRs for each treatment
regimen (standard and intensive) were calculated using KK data collected at baseline and
four weeks post-treatment (Appendix Table 3.1 & 3.2 and Figure 3.3). In the standard
treatment arm (40 mg/kg PZQ), 30 out of 41 children were KK negative at week four (Figure
3.4A), resulting in a CR of 73% (Figure 3.3A). In contrast, the intensive treatment arm (80
mg/kg PZQ) showed a higher proportion of KK-negative children post-treatment, with 39 out
of 47 achieving negative status (Figure 3.4B), yielding a CR of 83% (Figure 3.3A). However,
the difference between the arms was not statistically significant (p = 0.265) (Appendix Table
3.1). Figure 3.3B compares ERRs between the two arms, revealing the highest ERR of
99.4% (95% CI: 98.7-99.8) in the intensive treatment group, where mean intensity
decreased from 427.4 epg to 7.3 epg. Conversely, the standard group achieved an ERR of
98.3% (95% CI: 95.7-99.4), reducing mean intensity from 439.2 epg to 2.3 epg. The
difference in ERRs between standard and intensive treatments was not significant (p > 0.05)
(Appendix Table 3.2).

At six months post-treatment, children received either the same dose at baseline or placebo
(Figure 3.1A) and faecal egg microscopy was done a further six months after this second
treatment round (12 months post-baseline treatment). The treatment arms receiving an
additional dose showed the highest proportion of egg-negative children, with 30.0% in the 80
mg/kg PZQ group, followed by 16.6% in the 40 mg/kg PZQ group. Furthermore, the
proportion of moderate-heavy infections was highest in those receiving a placebo at the
6-month follow-up, with 61% in the 40 mg/kg PZQ group and 48% in the 80 mg/kg PZQ
group. There was almost a 50% reduction in moderate-heavy infections in those who
received the additional 40 mg/kg PZQ dose (61% vs 33%).

Antigen-based CRs were much lower than CRs based on the faecal egg microscopy in both
treatment groups (Appendix Table 3.1). When CR was measured by urine POC-CCA, the
CR was double in children in the intensive arm (66%) compared to those in the standard arm
(33%); the difference was of statistical significance (p=0.003) (Figure 3.3C and Appendix
Table 3.1). Additionally, the intensive treatment group demonstrated a more substantial
decrease in median POC-CCA G-score than the standard treatment group, leading to a
reduction from G10 before treatment to G5 and G2 in the standard and intensive groups,
respectively (Figure 3.5). However, when CR was measured by urine CAA, the CRs were
considerably lower, 24% and 32% in the standard and intensive arms, respectively (Figure

3.3C). Despite these lower CRs, there was a significant reduction in the mean urine CAA
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Percentage reduction

concentration following PZQ treatment, with decreases of 73.3% in the standard arm and
84.5% in the intensive arm. Across all three diagnostic tests (KK, POC-CCA and CAA), there
was a greater reduction in the intensity of infection and an increased CR in the intensive
compared to the standard treatment arm. Despite the reductions in infection intensity
reported, the CRs fall below the WHO-recommended CR of 85% for S. mansoni.

Cure Rate B  Egg reduction rate C Antigen clearance
Absolute difference , 0.6% Absolute difference , 1.1%
Absolute diff 10% (95% CI -0.4%-1.9%) (95% Cl -0.2%-3.7%)
Solute arirerence ,
(95% CI -7%-27%) ’ 100 ) 1 L 1 Absolute difference , 33%
100+ — . 1009 (95% Cl 13%-53%)
80 S k] Absolute difference , 8%
1 ? 60 3 . (95% CI -11%-27%)
60 g E 1 1
q 40 o
= S 40 '|'
40 ] c
£ 20 3 1
20~ & 5 27
0= T T 0
0- 40 mg/kg 80 mg/kg 40 mg/kg 80 mglkg

1 1
J 40 mg/k 80 mgkg 40 /k 80 ks
40 mg/kg 80 mg/kg mgikg mglkg mglkg mg/kg

Geometric mean Arithmetic mean CCA CAA

Figure 3.3: Schistosoma mansoni clearance outcomes comparing baseline 40 mg/kg
PZQ vs 80 mg/kg PZQ at four weeks post-treatment in this sub-study. A) Parasitological
cure rates; B) Egg reduction rates; C) Antigenic cure rates (CAA and CCA). The significant
difference between the treatment arms is assessed using a chi-squared test and a
statistically significant difference is indicated by *.

3.2.3 Individual parasite clearance by Kato-Katz

To investigate parasite clearance at an individual level, individual KK values are reported at
each time point (Figure 3.4). There was a sustained drop in egg counts estimated by KK at 4
weeks post-treatment. KK negativity was achieved in 69/88 (78.4%) children (30 in the
standard arm and 39 in the intensive arm) (Figure 3.4). The maximum recorded intensity
decreased from 3684 epg to 0 epg in the standard arm (Figure 3.4A) and from 3222 epg to 0
epg in the intensive arm (Figure 3.4B). Additionally, both treatment arms saw substantial
reductions in moderate to heavy-intensity infections, with only one child showing moderate
intensity at week four post-treatment in the standard treatment arm (Figure 3.4A). This
child’'s S. mansoni infection reduced from a heavy to moderate infection, where an 86.2%
reduction in egg output post-treatment was observed (780 epg to 108 epg). No child had a

higher egg output at 4 weeks post-treatment than pre-treatment (Figure 3.4).
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Figure 3.4: Distribution of log egg counts at three time points: baseline, week four and
month 12 follow-up stratified by treatment regimen. A) 40 mg/kg PZQ arm and B) 80 mg/kg
PZQ arm. Treatment arms reflect the PZQ doses administered at baseline.

3.2.3 Individual antigen clearance

To investigate antigen clearance at an individual level, individual CAA and POC-CCA values
are reported at each time point (Figure 3.5). In both treatment regimens, there was a
significant reduction in the mean urine CAA concentration following PZQ treatment, with a
larger reduction seen in the intensive arm (Figure 3.5A and 3.5B). Despite this reduction,
only 24/86 (27.9%) participants achieved CAA antigenic cure (10 in the standard arm and 14
in the intensive arm). However, CAA levels increased in 7/86 participants (2 in the standard
arm and 5 in the intensive arm) (Figure 3.5A and 3B). Furthermore, more children achieved
antigenic cure by POC-CCA compared to CAA, where 43/86 (50%) achieved cure (14 in the
standard arm and 29 in the intensive treatment arm) (Figure 3.5B and 3.5C). After treatment,
there was a considerable reduction in the prevalence of strong (++/+++) POC-CCA results
within the intensive arm (baseline= 84.3% follow-up= 25.0%) compared to the standard arm
(baseline= 85.7% follow-up= 47.6%) (Figures 3B and 3C). Despite the considerable
reduction in CCA intensity, 30/86 children (23.3%) had strong POC-CCA results at both
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pre-treatment and post-treatment (20 in the standard arm and 10 in the intensive arm)
(Figures 3B and 3C).

The agreement between KK, POC-CCA and CAA diagnostics at 4 weeks post-treatment was
investigated. In total, 71 (80.7%) individuals were positive by at least one of the three
diagnostic tests (36 in the standard arm and 35 in the intensive arm). Both antigen-based
diagnostic tests detected the majority of the KK stool microscopy positives. However, KK
stool microscopy did not detect over half of the CAA-positive cases (46/88, 52.3%). In
contrast, the POC-CCA-positive cases showed more overlap with the CAA-positive cases, in
which there was only disagreement in 27/88 (30.7%) of CAA positives. Only 11/71 (15.5%)
participants were positive across all diagnostics at week 4 post-treatment (8 in the standard

and 3 in the intensive arm).
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Figure 3.5: A & B) distribution of CAA antigen concentration measured in urine (pg/mL) at

baseline and week 4 follow-up, stratified by treatment regimen. C) G-score distribution from
the urine-based POC-CAA, stratified by treatment regimen. The significant difference
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between the time points is assessed using the Wilcoxon signed-rank test and a statistically
significant difference is indicated with *.

3.2.4 Impact of demographic and pharmacokinetic factors on
cure rate

Univariate and multivariable logistic regression models were built to explore the relationship
between CR and demographic and drug exposure parameters. The odds ratios from the
logistic regression models of CR are shown in Table 3.2. Univariate logistic regression
analysis investigating the impact of individual demographic factors (age, weight, gender and
village) on CR did not show a significant association with cure within the models. The OR for
the higher PZQ dose (80 mg/kg PZQ) was 1.788 (95% CI: 0.640-4.995) however, this did not
show a significant association (p = 0.268). There was some evidence for an association of
CR with the initial parasite load, which approached statistical significance in the multivariable

logistic model (Table 3.2).

Table 3.2: Effect of infection intensity, sex, weight, age, treatment regimen, anaemia and
village on cure by Kato-Katz. Testing for association was undertaken using the Wald test.

Variable Crude OR p-value | Adjusted OR p-value
(95% CI)* (95% CI)**

Baseline infection intensity [ 0.571 0.094 0.472 0.050
(0.296 -1.099) (0.222-1.002)

Age (months) 0.968 0.358 0.976 0.531
(0.904-1.037) (0.906-1.052)

Sex 0.667 0.439 0.609 0.402
(0.239-1.860) (0.191-1.945)

Weight (per kg) 0.955 0.670 1.032 0.808
(0.772-1.181) (0.801-1.329)

Anaemia 1.003 0.995 1.051 0.935
(0.359-2.806) (0.316-3.501)

Village 1.273 0.066 1.293 0.072
(0.966-1.678) (0.978-1.710)

Treatment regimen 1.788 0.268 1.555 0.438
(0.640- 4.995) (0.509-4.747)

*Crude OR generated from univariate analysis of a single risk factor with the outcome of
cure.
**Adjusted OR is adjusted for all variables listed within the table.
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To investigate the difference in drug exposure parameters between treatment regimens,
available pharmacokinetic data was used which was available from 14 individuals (five from
the standard arm and nine from the intensive arm). Plasma PZQ enantiomer
concentration-time profiles for individuals are shown in Figure 3.6. There was considerable
inter-individual PK variability in the plasma levels of both enantiomers, with S-PZQ (Figure
3.6A) showing higher levels and slower clearance in both treatment arms than R-PZQ
(Figure 3.6B). Notably, the plasma levels of both enantiomers are considerably elevated in
the intensive arm compared to the standard treatment arm, though this was not statistically
significant (p>0.05) (Appendix Table 3.3). In the intensive arm, a double peak in the plasma
concentrations of PZQ was observed approximately six hours after the initial dose,
corresponding to the administration of the second PZQ dose 3 hours after the initial dose. As
a result, the T, was significantly different (p = 0.0005) between the standard (mean T, =
2.767, SD = 0.931) and the intensive treatment arm (mean T, 5.296, SD = 0.974).
Meanwhile, the plasma concentrations in the standard arm display the expected decrease of

PZQ consistent with the drug’s PK profile.

The available PK data were analysed using univariate logistic models to investigate whether
an association exists between CR and drug exposure parameters. Univariate logistic
regression analysis did not show a significant association between PK variables (AUC, T4,
and C,.,,) and cure within the models. Despite observing higher AUC values for total PZQ
and AUC for both enantiomers in the cured group compared to the non-cured group, the
difference was not statistically significant (p>0.05). Additionally, the time to reach maximum
concentration (T,..) was similar between the cured and non-cured groups, indicating no
significant difference in the rate of absorption of PZQ between these groups. Interestingly,
the maximum concentration (C..) of both PZQ enantiomers was higher in the cured
individuals than those not cured, although this difference also did not reach statistical
significance. There was insufficient data (with only 3 “non-cured” events) to allow exploration

of multivariable models.
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Figure 3.6: Individual PZQ plasma levels from 14 children, stratified by baseline treatment
received and PZQ enantiomer. A) S-PZQ and B) R-PZQ.
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3.4 Discussion

Intestinal schistosomiasis in shoreline villages of Lake Albert in our study sites represents a
chronic public health problem where there is an urgent need for PZQ treatment of PSAC. At
baseline, a high proportion of participants were found to have moderate-to-heavy intensity
infections based on KK (55/96 57.3%), which highlights the need for PZQ treatment within
this age group. The new WHO treatment guidelines for schistosomiasis recommend treating
PSAC with a paediatric formulation of PZQ (99). This paediatric formulation is not yet widely
available, and crushed PZQ administered with food is also recommended. However, it is
likely that both the paediatric formulation and crushed PZQ tablets will co-exist in endemic
settings because the paediatric formulation, while recommended by the new WHO
guidelines, is not yet widely available. In many endemic settings, crushed PZQ tablets
administered with food is a more accessible option for treating PSAC. Until the paediatric
formulation becomes more broadly distributed and integrated into local health systems, the

use of crushed tablets will likely continue as a practical and effective alternative.

This chapter investigated S. mansoni clearance in PSAC by determining the CR and ERR
for two treatment regimens: 40 mg/kg PZQ and 80 mg/kg PZQ. In the cohort of participants
followed, treatment with 80 mg/kg PZQ resulted in higher CRs compared to 40 mg/kg PZQ,
although the ERR was less affected. Specifically, the CRs determined by KK were 73% for
the 40 mg/kg group and 83% for the 80 mg/kg group, with an absolute CR difference of 10%
(95% CI: -7% to 27%). Although this difference was not statistically significant (p=0.265), the
observed 10% difference is notable and suggests that this study may have been
underpowered to detect a significant effect. The relatively small sample size limits the ability
to assess subgroup effects and potential confounders such as infection intensity, PK
variability, and host factors with confidence. However, the larger PIP trial, which included a
sufficiently powered cohort of 336 participants, found a strongly significant difference
between treatment regimens favouring the higher dose of 80 mg/kg (Bustinduy et al.,
unpublished). The CRs reported from the PIP cohort were 67% for the 40 mg/kg group and
90% for the 80 mg/kg group, with an absolute CR difference of 23% (95% CI: 14% to 31%).
These findings indicate that the higher clearance observed in the 80 mg/kg group in this
subset of participants followed in this chapter is consistent with the PIP trial results,
demonstrating that the 80 mg/kg regimen is more effective and that our findings may not be

due to chance.

The CRs estimated by KK are sub-optimal and below the WHO-recommended CR of 85%

for S. mansoni (121). Several factors could contribute to the sub-optimal CRs observed in
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this study. First, the high prevalence of moderate-to-heavy intensity infections at baseline
(57.3%) may have led to a higher burden of infection that is more difficult to clear, even with
increased PZQ dosage. Additionally, the potential for reinfection, given the high levels of
water contact reported by the majority of participants, could have influenced the CRs
measured at follow-up. The lakeside environment and frequent water exposure present
ongoing risks for reinfection, which could partially account for the lower-than-expected CRs
post-treatment. The extent of re-infection is particularly apparent in the 12-month
post-baseline treatment follow-up, where the infection intensities by KK appear to have
almost recovered to baseline levels. Similar findings have been reported from the
Schistosomiasis in Mothers and Infants (SIMI) project in Uganda where the overall
parasitological CR in PSAC was 56.4%, with significantly lower CRs reported in those
children with a history of several PZQ treatments (102). Furthermore, PZQ sensitivity is
dependent on the maturity of the Schistosoma parasite and it has been suggested that a
larger proportion of cases in PSAC are from newly contracted infections consisting of
PZQ-refractory juveniles (102,126). No second-round treatment was administered between
baseline and four weeks post-treatment follow-up, meaning that parasite maturity may be a
contributing factor to reduced PZQ efficacy (127). If juvenile stages of the parasite were
present at the time of treatment, a situation most likely to occur within this region in Uganda
of intense transmission, they mature and develop into adult schistosomes, leading to

treatment failure (127).

Another factor to consider is the diagnostic limitations. Whilst the KK technique is commonly
used for assessing CRs, its sensitivity decreases with lower infection intensities, potentially
leading to an underestimation of the true burden of infection post-treatment (128). To
improve the diagnostic sensitivity of KK taken post-treatment, it is recommended to use at
least six KK tests (two smears per stool from three stools) (128). However, the KK data
analysed in this study was generated from two stool samples taken on consecutive days,
with two KK smears taken per stool sample, which may be insufficient to assess PZQ
efficacy. This issue is further highlighted by the discrepancies observed between KK and
antigen-based diagnostic tests, such as POC-CCA and CAA, which often detected cases
that KK missed. The lower CRs determined by CAA and POC-CCA indicate that some
residual infection persisted, which KK failed to detect, thus questioning the reliability of CRs

based solely on stool microscopy (80).

It is not possible to directly measure the burden of S. mansoni adult worms due to their
location in the mesenteries. Instead, eggs counted from KK are used to estimate infection

intensity. Antigen-based diagnostics for adult worm CCA or CAA antigens detect active
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infections and are potentially more sensitive than KK in low-transmission areas (128). The
CRs were significantly lower when using urine-antigen-based diagnostics compared to using
KK. Although very poor CRs were obtained when POC-CCA was used to measure cure, a
significantly higher proportion of children achieved antigenic negativity when given an 80
mg/kg PZQ dose (Figure 3.3C). The poor POC-CCA CRs found in this study are consistent
with findings reported elsewhere (102). The disparity between KK and POC-CCA CRs may
be due to the lower specificity of the POC-CCA, particularly in PSAC, a population where
high rates of false positives have been reported in children with no previous exposure to S.
mansoni (129). The presence of false positives in non-endemic populations suggests that
POC-CCA might have a reduced specificity, potentially leading to overestimating active
infections when used alone. Other issues have been reported surrounding the interpretation
of the POC-CCA test, particularly with trace signals (130-133) and batch variation
(134-136). This raises concerns about the reliability of POC-CCA as a diagnostic tool in
endemic areas, particularly when assessing CRs post-treatment and particularly in PSAC

and pregnant women.

The CRs estimated by the CAA diagnostic assay were the lowest of the three diagnostic
tests used. The upconverting phosphor lateral flow (UCP-LF) assay to detect CAA has been
found to be highly sensitive and specific for the detection of all human-infecting Schistosoma
species (111,137-142) and is particularly useful in quantifying low-worm burdens. Urine CAA
levels experienced a significant drop at follow-up, with a greater effect seen in the 80 mg/kg
PZQ arm, therefore confirming the specificity of the CAA test. It is important to highlight that
the diagnostics used in this study detect different lifecycle stages; KK detects eggs
examined under a microscope, and antigen-based diagnostics detect antigens released by
adult worms (143). Individuals found positive by an antigen test after treatment, whilst no
eggs are detected with KK, indicate that the infection has not fully cleared. Mature adult
worms may have been affected by PZQ but not killed, resulting in a temporary cessation of
egg production (embryostasis) (128), whilst still excreting CAA and CCA antigens.
Drug-induced embryostasis has been reported in other parasitic helminths, such as Ascaris
suum and Onchocerca volvulus (144,145). Further explanations for a negative KK result and
a positive CAA or CCA result include the presence of single-sex infections, either acquired
or the result of drug treatment, which could explain the disruption of egg production despite
active infection (146—-149).

Furthermore, insufficient dosing and PK factors pose another potential explanation for the
poor CRs observed. This study found that the standard 40 mg/kg PZQ dose was insufficient
to achieve the WHO-recommended CR of 85%, which has been found elsewhere (80). The
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PK data, although limited, suggest that there is considerable interindividual variability in drug
absorption and metabolism, which could influence PZQ treatment efficacy. Despite higher
plasma concentrations of PZQ enantiomers in the intensive arm, this did not translate into
significantly higher CRs. There was insufficient data (with only 3 “non-cured” events) to allow
exploration of the potential impact PK factors have on cure and it is difficult to see

differences in this study, which is likely underpowered.

Another potential factor contributing to the low CRs observed in this study is the emergence
of drug-resistant S. mansoni parasites to PZQ. Although drug resistance is not yet widely
documented in endemic areas, the possibility of resistance developing should be
considered, particularly in Uganda, where repeated MDA has been ongoing since 2003. This
topic is explored in more detail in Chapter 5, where genetic data from individual S. mansoni
miracidia was generated to investigate the genetic impacts of PZQ treatment in these

populations.

This study highlights the challenges of achieving WHO-recommended CRs in PSAC and the
need for improved treatment regimens in young children. The findings indicate that an 80
mg/kg PZQ dose results in higher clearance than the standard 40 mg/kg regimen, though
factors such as baseline infection intensity, reinfection risk, and diagnostic limitations
complicate the interpretation of treatment efficacy. The small sample size reduces the
statistical power to detect certain effects, particularly in relation to PK variability and host
factors. Larger studies and genomic analyses of S. mansoni populations are needed to
further investigate treatment outcomes and the potential for emerging drug resistant S.

mansoni.
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Chapter 4: Population genomic
characterisation of Ugandan
Schistosoma mansoni
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4.1 Introduction

There has been a significant interest in understanding the genetic dynamics of parasite
populations, particularly Schistosoma species that infect humans (150-154) and livestock
(155,156). Understanding the genetic structure of natural Schistosoma populations provides
insights into transmission and epidemiology (154,157,158). The population structure of
Schistosoma mansoni parasites spans various spatial scales, and it is the most studied
species across these geographical levels. At a global scale, populations are sampled within
different endemic countries or continents. Regionally, populations are sampled within the
same district across multiple infection foci. Locally, populations originate from the same
village or infection foci, such as a specific lake shoreline or river. At the intrapopulation level,
samples consist solely of schistosomes or their offspring from the same individual snail or
human host. Understanding the relatedness of S. mansoni populations at different spatial
scales will allow the study of the diversity and distribution of populations. This will provide
insights into host mobility, immunity and the impact of control interventions such as mass

drug administration (MDA) of praziquantel (PZQ).

Schistosoma mansoni exhibits high genetic diversity at both mitochondrial and nuclear loci,
with clear geographical structuring on a global scale and a notable genetic separation
between East and West African populations (150,152,154,159,160). Most studies have used
mitochondrial markers such as the cytochrome oxidase subunit 1 (cox1) and nuclear
microsatellites (154,160—165) to explore the population structure and diversity of African S.
mansoni populations. These studies have shown that African S. mansoni populations display
substantial diversity, with East African populations exhibiting the highest genetic diversity
(154,160). Mitochondrial analysis of S. mansoni samples from East Africa (Uganda, Coastal
Kenya, Kenya, Tanzania and Zambia), West Africa (Senegal, Niger, Mali, Nigeria and
Cameroon), the Middle East (Oman, Egypt and Saudi Arabia) and South America (Brazil)
showed geographical separation into five discrete lineages, where East African samples
formed three of the lineages (160). Lower genetic diversity is observed in South American S.
mansoni populations, and several studies, including genomic data have hypothesised that S.
mansoni was recently transported to South America through the trans-Atlantic slave trade
from West Africa (150,160,166,167).

Several studies have attempted to explore the population structure of S. mansoni at a

regional scale, particularly in Uganda. Stothard et al. (165) sampled miracidia from children

attending schools in Lake Albert and Lake Victoria, two major intestinal schistosomiasis
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hotspots (approximately 175 km apart). Using a 396 bp region of the cox? gene, they
identified clear genetic differentiation between S. mansoni populations from the two lakes.
However, the samples analysed within this earlier study were adult worms from field isolates
that had been passaged through laboratory snails and rodents. This isolation and passaging
has a selection effect, meaning that these samples may not fully represent the diversity
within natural settings (19). Despite this, later findings from Betson et al. (161) using the
same region of cox7 to explore the population structure in S. mansoni miracidia collected
from preschool-aged children (PSAC) and their mothers from both lakes, again identified
clear population separation between the two lakes. Recently, whole genome sequencing
data confirmed this separation and showed that Ugandan S. mansoni populations displayed
regional structuring (152). However, the study was constrained by the small sample size of
Lake Albert samples (n = 2), with a bias towards those collected from Lake Victoria (n = 222)
(152), limiting a full evaluation of genetic differentiation. This study found that any distinct
population structure tends to fade at the local village level where S. mansoni appears to form
diverse panmictic populations. This has also been found in other African countries, which
report diverse panmictic populations with a lack of population structure at relatively smaller
scales, particularly at the village level and between sites up to 60 km apart (168-171),
suggesting high rates of gene flow and few barriers to transmission (168—-171). At a local
scale, several factors are expected to promote the homogenisation of S. mansoni between
populations, including sexual reproduction of adult schistosomes and long-lived and mobile
human hosts (172).

Generating high-resolution genomic data from Schistosoma populations under drug pressure
could provide valuable insights into evolutionary changes in parasite populations due to drug
treatment, especially in light of the shift from morbidity control to elimination (173). Exploring
the geographical structuring of S. mansoni at a regional scale is essential for discerning how
potential PZQ resistance may spread. Clear geographical structuring could limit the spread
of any resistance, keeping it localised, whereas a lack of structuring suggests extensive
gene flow, potentially leading to the rapid spread of PZQ-resistant S. mansoni populations.
The availability of high-quality genomic resources for S. mansoni (174,175), particularly its
highly contiguous reference chromosome-level genome assembly, provides an important
prerequisite for informative genomic investigations of S. mansoni. However, the size and
complexity of the S. mansoni genome presents a financial and analytical obstacle in
sequencing whole genomes despite the falling sequencing costs (176). An additional
challenge in conducting population genetic studies from living mammalian hosts is the
inaccessibility of the adult stages within human hosts, as only eggs or miracidia are directly

available. However, these progeny may not necessarily go into transmission, so there is
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some uncertainty in using them to infer transmission dynamics. Furthermore, the very low
quantities of DNA that can be obtained from individual Schistosoma larval stages have, until
recently, restricted population genetic studies to a small number of genetic loci, which limits
the genetic information that could be obtained from each sample (177). To overcome the low
DNA quantities, whole genome amplification (WGA) of genomic DNA (gDNA) from individual
larval stages has been applied to increase DNA levels and this has enabled exome
(176,178) and whole genome sequencing (WGS) (151,152,177) of individual Schistosoma
miracidia. Recently, WGA was applied to individual S. mansoni larval stages collected from
endemic regions in Uganda to allow the generation of short-read whole genome sequence
data (152). This study represents an important milestone in schistosome genomics and
provides a foundation for genomic surveillance of Schistosoma and other helminths.
However, WGA can have several drawbacks, including increased cost, incomplete genome
coverage, allelic dropout and amplification bias, which have been reported in single-cell
genome sequencing (179). To avoid potential issues with WGA of extracted DNA prior to
sequencing, a low-input library preparation method has been developed to generate whole
genome libraries for short-read sequencing (lllumina) from small cell populations (180). This
methodology has been successfully applied to generate whole genome libraries and

genomic data from individual S. mansoni larval stages (153,177).

Most genome-level investigations of S. mansoni populations sampled in Uganda are from
shoreline villages around and islands within Lake Victoria (151-153), whilst investigations of
Lake Albert S. mansoni have been scarce. This current study aims to address this gap by
generating whole genome sequence data using low-input library preparation methodology
for 96 individual S. mansoni miracidia collected from shoreline villages in Lake Albert.
Published WGS data from shoreline villages and islands in Lake Victoria and an inland
district were included in the analysis. Using these datasets, this chapter aimed to explore the
genetic diversity and the regional structuring of S. mansoni populations within Uganda.
Furthermore, by comparing miracidial populations from shoreline villages of Lake Albert
(Hoima district) and Lake Victoria (Mayuge and Koome Islands) and inland (Tororo), the

gene flow and population dynamics between the two major water bodies were investigated.
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4.2 Methods

In this chapter, whole genome sequence data were generated from 96 Schistosoma
mansoni miracidia, which | then compared to published S. mansoni genomic data from six
countries (Appendix Table 4.1). The methodology below focuses on the collection and

generation of sequence data for the samples sequenced in this study only.

4.2 .1 Ethics statement

The Uganda National Council for Science and Technology (HS 2650), Uganda Virus
Research Institute (GC/127/19/07/708), National Drug Authority (CTC 0133/2020), and the
London School of Hygiene and Tropical Medicine (26571) gave ethical approval for the
collection of samples. Parental informed consent was obtained as detailed (118). A material
Transfer Agreement was obtained to transfer samples from Uganda to LSHTM (Appendix
Figure 4.10).

4.2.2 Sample collection

Samples were obtained from the Praziquantel in Preschoolers (PIP) trial carried out in S.
mansoni endemic villages located on the shores of Lake Albert in the Buliisa district in
Western Uganda (118). The trial focused on comparing parasitological cure rates (CRs) of
participants aged 12-47 months receiving either 40 mg/kg or 80 mg/kg PZQ. The prevalence
of S. mansoni infection in children aged 3-5 years in these villages has recently been found
to be 57% by Kato-Katz (116). These samples were obtained from three villages in the
Hoima district (Fofo, Kyabarangwa and Rwentale), which is adjacent to Lake Albert, an area
endemic for S. mansoni (115) (Figure 4.1). The detailed protocol for miracidial hatching is
detailed in Appendix Figure 4.1. In brief, at baseline and six months post-treatment,
schistosome eggs were isolated from the stool of participants with S. mansoni infection. To
isolate eggs, stool samples were homogenised through a 425 pm steel sieve, then diluted in
bottled water (Rwenzori, Uganda) and further filtered using an adaptation of the
Pitchford-Visser funnel method (181). For each sample, the concentrated stool solution
containing the S. mansoni eggs was transferred to a Petri dish in clean bottled water and
exposed to torchlight for several hours to induce miracidial hatching. Single miracidia were
visualised under a dissecting microscope, picked in 2 ul and washed twice in Petri dishes
containing clean bottled water to dilute stool-derived bacterial contamination before being
placed on an FTA indicator card (Qiagen) (182). My reflections from fieldwork in Uganda are

detailed in Appendix Figure 4.2.
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4.2.3 DNA extraction

For gDNA extraction from each S. mansoni miracidium, a 2.0 mm disc containing the sample
spot was removed from the FTA card using a Harris-Micro-Punch (Fisher Scientific, UK) and
placed into a 0.2 ml microcentrifuge tube. 30 ul of lysis buffer was prepared (1.25 ug/mL
protease (Qiagen 19155), 30 mM Tris-HCI pH 8.0, 0.5% IGEPAL/NP40 (Merck) plus 0.5%
Tween 20 (Sigma Aldrich) (177,183) and added to each punch containing the S. mansoni
miracidia DNA. Samples were incubated at 50°C for 60 min, followed by heating to 70°C for
30 min to allow protease inactivation. Following incubation, samples were spun down to
recover maximum volume, and the lysate was transferred to a clean 0.2 mL microcentrifuge

tube before being stored at -80°C until further use.

The S. mansoni-specific TRP1 PCR (described in detail in Chapter 5) was used to check for
the presence of S. mansoni DNA in each lysate. Briefly, the TRP1 PCRs had a total reaction
volume of 25 uL, which included 3 pL of the lysate, 12.5 yL Phusion high-fidelity PCR master
mix with HF buffer (New England Biolabs, UK) and 10 pmol of each primer. Thermal cycling
conditions were: 30 sec denaturing at 98°C, 40 cycles of 98°C for 10 sec, 65°C for 30 sec
and 72°C for 45 sec, followed by 10 min at 72°C. Four microlitres of each reaction were
visualised by 1% agarose gel electrophoresis with GelRed staining. Samples which
successfully amplified TRP1 proceeded to sequencing library preparation. Specifically, DNA
extractions were selected for WGS from miracidial samples collected from 24 children with

four miracidia per child.

4.2.4 Optimisation of sequencing library preparation

The low-input enzymatic fragmentation-based library preparation method (180,184) was
optimised on TRP1 positive DNA extractions from single miracidia to meet the sequencing
requirements for Novogene's lane sequencing service, specifically for the NovaSeq 6000
PE150. The sequencing requirements included a library size of 320-520 bp with adapters
and an overall library concentration of 0.5 ng/ul. Fragmentation times (12-20 mins), the
number of PCR cycles (12-14 cycles), polymerases (PCRBioSystems VeriFi polymerase vs
NEB Ultra Il Q5), magnetic bead ratios, and bead brands (KAPA Pure Beads vs NEB sample
purification beads) were optimised. The optimised conditions and reagents used are

described in the methods below.
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4.2.5 Library preparation

Library preparation was performed in batches of eight samples. For each sample, 22 L of
lysate was mixed with 63 pL (0.9x beads: sample ratio) of KAPA Pure Beads (Roche
Diagnostics) and 48 puL of TE buffer followed by a 5 min binding reaction at room
temperature. Magnetic bead separation was then undertaken to purify gDNA, followed by
two 80% ethanol washes. The beads were then resuspended in 26 yL TE buffer, facilitating
the release of DNA from the beads. The solution containing the DNA elution plus the
magnetic beads was integrated into the library preparation workflow to avoid the loss of high
molecular weight gDNA, which has been reported in previous studies (180). For DNA
fragmentation and A-tailing, each sample was mixed with 7 yL NEBNext Ultra Il FS buffer
and 2 pyL NEBNext Ultra Il FS enzyme (New England Biolabs). The reactions were incubated
in a thermal cycler at 37°C for 12 min followed by 65°C for 30 min with the heated lid set to
75°C. To generate adaptor-ligated libraries, 30 uyL NEBNext Ultra Il ligation master mix, 1 uL
NEBNext ligation enhancer and 2.5 yL diluted 1:25 NEBNext Adaptor for lllumina was added
to the reaction, followed by incubation at 20°C for 20 min with the thermal cycler heated lid
off. 3 L of USER enzyme was added to the ligation mixture and incubated at 37°C for 15
min with the heated lid set to 50°C. Adaptor-ligated DNA was cleaned by adding 72 yL KAPA
Pure Beads (0.6x beads: sample ratio) and 50 yL TE buffer. Libraries were amplified by
adding 25 pL NEBNext Ultra Il Q5 Master Mix, 10 pyL Index/Universal Primer to 15 uL of
ligated DNA fragments. Each sample was then thermo-cycled under the following conditions:
98°C for 30 sec, 14 cycles of 98°C for 10 sec, 65°C for 75 sec and a final extension of 65°C
for 5 min. To purify the amplified libraries, KAPA Pure Beads were added in a 0.8:1

volumetric ratio of beads to the library and eluted in 25 pL 0.1x TE.

Each library was quantified using the Qubit high-sensitivity kit (Invitrogen), and DNA
fragment size distributions were confirmed in a random subset of samples using a D1000
ScreenTape on TapeStation (Agilent). Library concentrations were adjusted to 0.5 ng/ul, and
all 96 libraries were combined in a single pool. The pooled library was quantified using a
Qubit high-sensitivity kit, and DNA size distributions were confirmed using a D1000
ScreenTape on TapeStation. To achieve the required fragment size range (320-520 bp), a
size selection bead clean-up using KAPA Pure Beads was undertaken on the pooled library,
which involved two cuts; the first 0.6x cut excludes DNA >450 bp from the library-containing
supernatant and the second 0.2x volumes of KAPA Pure Beads results in the binding of all
DNA fragments > 250 bp but < 450 bp to the beads. Finally, the pooled library was eluted
from the magnetic beads in 65 yL 0.1x TE. The size and density distribution of the DNA

fragments in the final pooled library met the sequencing requirements, as shown in Appendix
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Figure 4.5. Whole genome sequencing of the pooled library was undertaken externally on an

lllumina Novaseq 6000 S4 lane (Novogene, UK).

4.2.6 Sequence quality control and mapping

Raw sequencing data generated has been uploaded to the European Nucleotide Archive
(ENA) repository. Novogene UK removed adapters from the raw sequencing reads. Read
mapping was performed using a Nextflow pipeline developed at the Wellcome Sanger
Institute (185). Raw sequencing reads were aligned to the S. mansoni (version 10)
(174,186,187) reference genome using minimap2 (version 2.16), and PCR duplicates were
removed using Sambamba markdup (version 1.0) (188). Sequencing coverage across the
genome was calculated in 25 kb non-overlapping sliding windows and per chromosome,
using bamtools (version 2.5.1) (189), bedtools makewindows (version 2.31) (190) and
samtools bedcov (version 1.17) (191). To explore the variation in mapping rates and
coverage, raw reads were screened with Kraken2 (version 2.1.2) against a database
containing Human, Mouse, Bacteria, Virus and Plasmid datasets (192), and Kraken2 reports

were visualised using MultiQC (version 1.17) (193).

4.2.7 Published datasets

Raw sequencing reads were downloaded (Appendix Table 4.1) from the European

Nucleotide Archive (ENA, https://www.ebi.ac.uk/ena) for 150 S. mansoni WGS accessions

from previously published studies (150—152). Forty-seven published WGS datasets were
from samples collected from the Koome, Damba, and Lugumba Islands (Uganda),
collectively referred to as the Koome Islands (151), and 96 were from samples collected
from Southern Uganda from two districts, Tororo and Mayuge (152). The remaining
published WGS datasets were from samples collected from outside of Uganda, including
Guadeloupe (n=3), Cameroon (n=1), Puerto Rico (n=1), Coastal Kenya (n=1) and Senegal
(n=1) (150). The geographical distribution of samples is detailed in Figure 4.1. Raw reads
were mapped to the S. mansoni genome (Version 10) using the same Nextflow pipeline

described above.

4.2.8 Sample geographical distribution

The geographical location from which each sample was collected for both the published and
newly generated datasets was plotted using the longitude and latitude for sample origins.
The map detailing the geographic distribution of each sample incorporated in the analyses
(Figure 4.1) was prepared using R packages ggplot2 (version 3.5.1), rnaturalearth (version

1.0.1), sf (version 1.0.16), patchwork (version 1.2.0), ggspatial (version 1.1.9), dplyr (version
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1.1.4) and grid (version 4.3.1). Administrative boundaries were sourced from Natural Earth

https://www.naturalearthdata.com/, excluding Antarctica.

4.2.9 Sex determination

To determine the potential sex bias that might influence drug resistance analysis, the sex of
each S. mansoni miracidia was inferred by analysing specific regions of the sex
chromosomes with females being heterogametic (ZW) and males homogametic (ZZ). In the
genome assembly, the Z chromosome is flanked by two regions termed pseudoautosomal
regions (PAR) 1 and 2, which are common to both sex chromosomes. A sequence termed

the Z-specific region (ZSR) displays a lower coverage in heterogametic females.

To identify the sex of the S. mansoni miracidia analysed, the median coverage in 2 kb
windows across PAR1 (coordinates 1-10,680,111 bp), PAR2 (coordinates 43,743,322-
86,692,428 bp) and the Z-specific region on the Z chromosome (ZSR) (coordinates
10,680,112- 43,743,322 bp) was calculated. From these, the ZSR: PAR ratio was calculated;
miracidia with >0.7 ZSR/PAR ratio and a PAR/ZSR <1.5 were inferred males, and miracidia
with <0.7 ZSR/PAR ratio and a PAR/ZSR >1.5 were inferred females (152,174).

4.2.10 Variant calling and filtering

Variant calling for each sample was performed using GATK Haplotype Caller (version
41.41) by generating individual per sample genomic VCFs (GVCFs)
(--minimum-mapping-quality 30 --min-base-quality 20
--standard-min-confidence-threshold-for-calling 30). Sample GVCFs were merged using
GATK CombineGVCFs before joint genotyping using GATK GenotypeGVCFs. Using GATK
SelectVariants, the output was split into mitochondrial and nuclear variants, then again into
single nucleotide polymorphisms (SNPs) and indels, to be filtered separately by GATK
VariantFiltration. Variant distributions were plotted, and variants were hard filtered based on
removing the relevant tails from the distributions (usually the upper and/or lower 1%) on the
following quality metrics: Quality (QUAL), QualByDepth (QD), FisherStrand (FS),
StrandOddsRatio (SOR), RMSMappingQuality (MQ), MappingQualityRankSumTest
(MQRanksum), ReadPosRankSumTest (ReadsPosRankSum), Depth (DP) (Appendix
Figures 4.3 and 4.4). Using VCFtools (version 0.1.16), variants were further filtered using the
following criteria: minimum and maximum alleles = 2, minor allele frequency < 1%, per

sample missingness > 0.55, site missingness > 0.125, and low inbreeding coefficient > -0.5.
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4.2.11 Sample relatedness

Pairwise sample relatedness between pairs was calculated using VCFtools (--relatedness2)
based on the KING inference (21). Pairwise kinship coefficient values > 0.45, 0.20-0.45,
0.10-020 and 0.05-0.10 were used to classify monozygotic twins, full-siblings or parent-child
(first-degree), cousins (second-degree), and great-grandchildren from shared grandparents
(third-degree) relationships, respectively. A network graph was constructed using tidyverse
(194) and igraph (195) packages in R to visualise the relationships among samples, with

nodes representing individuals and the thickness of edges indicating kinship coefficients.

4.2.12 Population structuring

Within this chapter, a population is defined as miracidia from one district: Hoima, Tororo,
Koome Islands and Mayuge. To investigate the broad-scale genetic relatedness between
populations, variants found in strong linkage disequilibrium (LD) were removed using PLINK
(version 1.9). Genome scans were conducted using 50 variant sliding windows in steps of 10
variants, and an r* threshold of >0.15 was used to remove highly linked variants in windows.
Variants from the Z and W chromosomes were excluded due to the presence of both male

and female S. mansoni miracidia in this dataset.

Autosomal SNPs were converted into Phylip format
(https://github.com/edgardomortiz/vcf2phylip/vef2phylip.py), and invariant sites were
removed (https://github.com/btmartin721/raxml/ascbias/ascbias.py). A maximum-likelihood
phylogenetic tree was created using IQ-TREE software (version 2.2.6) (196). IQTREE was
run using ModelFinder, the best-fit substitution model (GTR+F+ASC+R10) and 1000 ultrafast
bootstraps were used. The phylogenetic tree was visualised in iTOL (197) (version 6.9.1)

with midpoint rooting.

Principal component analyses (PCA) were conducted using PLINK (version 1.9) on four
variant datasets. The first was unlinked autosomal SNPs from all samples from all locations,
followed by analysis of only Ugandan samples; unlinked autosomal, mitochondrial, and

mitochondrial cox1.

4.2.13 Within population diversity

A VCEF file containing all sites (including variant and invariant sites) was derived from the
per-sample GVCFs generated by GATK (as described above). Pixy (198) (version

1.2.8.beta) calculates nucleotide diversity (1) whilst accounting for invariant sites, which is
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essential for calculating 1. VCFtools (version 0.1.16) was used to filter the VCF; indels and
any sites with = 20% missing data were removed. This was used as an input for pixy to
calculate genome-wide 1 in 5 kb non-overlapping sliding windows along each autosome and
Z chromosome for each population from Ugandan districts. The mean m within each
population was calculated individually, and the symmetric 99% bootstrap confidence
intervals of the mean were estimated using R. The Wilcoxon Rank sum test was used to

assess the statistical significance of 1 comparisons.

4.2.14 Between population diversity

The all-sites VCF was used to calculate genome-wide relative (Fst) and absolute (Dxy)
divergence between pairs of populations using pixy (version 1.2.8.beta) in 5 kb sliding
windows along each autosome and the Z chromosome. Prior to the calculation of
genome-wide mean Fst values, negative Fst values were adjusted to 0. The mean Fst and
Dxy between each population comparison was calculated individually, and the 95%

confidence intervals of the mean were estimated using R.

To investigate the ancestral composition of Ugandan S. mansoni populations by district,
ancestral analysis was performed using unlinked autosomal variants and running
ADMIXTURE (version 1.3.0) (199) with K values (the number of ancestral populations)
ranging from 2-10, 10-fold cross-validation, standard error estimation with 250 bootstraps. A
random seed of 64 was used. The most likely number of ancestral populations (K) was
predicted by ADMIXTURE using cross-validation error (Appendix Figure 4.8).
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4.3 Results

4.3.1 Whole genome sequencing of miracidia

In this chapter, 96 S. mansoni miracidia from PSAC enrolled in the PIP clinical trial (see

Chapter 3 for more details) (1) were selected for whole-genome sequencing, a sample size

constrained by funding limitations. | analysed this data in addition to 150 published S.

mansoni genomic data from six countries, making a final dataset of 246 samples (Figure

4.1).
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Figure 4.1: Map displaying the geographical location from which the samples
originated. Cameroon (n=1), Coastal Kenya (n=1), Guadeloupe (n=3), Puerto Rico (n=1)
and Senegal (n=1). Ugandan samples are coloured by district: Hoima (n=96), Koome Islands

(n=47), Mayuge (n=79) and Tororo (n=17).

In total, 6,414,551,966 sequencing reads were generated from the 96 samples, with a mean
of 66,818,250 reads (range = 14,359,800-145,882,240 reads) per miracidium. Following the

removal of duplicate reads and alignment to the S. mansoni reference genome,

2,736,182,462 reads were successfully mapped with a mean of 28,501,901 reads (range =

182,403-73,280,785 reads) per miracidium.

Nuclear mapping rates per sample were highly variable, ranging from 0.2-69.2%. The

resulting mean coverage of the nuclear and mitochondrial genomes was 6.6x (range =
0-16.5x) and 472.2x (range = 1.4-1320.4x), respectively (Appendix Table 4.2). To investigate
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the variable per sample mapping rates, Kraken was run to estimate the extent of
contamination in raw sequencing reads. The Kraken analysis showed that each sample had
a small degree of contamination, which contributed to mapping rate variation between
samples. The percentage of unclassified reads for each sample was used as a proxy for S.
mansoni reads as it is not in the Kraken database (Appendix Table 4.2). The mean
percentage of unclassified reads was 74% (range = 11%-91%). There were three clear
outlier samples (BU196_B2, BU200 F2 and BU189 F1), which showed the Ilowest
percentage of unassigned reads (<30%). These samples also had the lowest mean

coverage. However, this did not explain the overall mapping variation in these samples.

Due to the presence of both male (ZZ) and female (ZW) miracidia, there was lower coverage
over the Z-specific region within the Z chromosome. The sex of S. mansoni miracidia was
determined for all 246 samples by analysing the differential coverage between the
pseudoautosomal (PAR1 and PAR2) and Z-specific regions on the Z chromosome. 120
males and 126 females were identified (Appendix Table 4.3), showing no significant sex

biases that needed to be considered within the further analyses.

From the 246 samples, 25,005,974 nuclear variants were identified. These comprised
21,506,087 SNPs and 3,499,887 indels. Additionally, 3,950 mitochondrial variants,
consisting of 3,678 SNPs and 272 indels, were discovered (see Appendix Table 4.3). The
standard pre-set hard filters for GATK were designed and optimised specifically for the
analysis of human genetic data; thus, using the same pipeline for a non-model organism
such as S. mansoni can lead to some inaccuracy. Therefore, a systematic approach was
undertaken involving querying the SNP and indel QC profiles to determine the thresholds for
variant filtering. Variant distributions for nuclear and mitochondrial SNPs and indels were
plotted separately based on the following quality metrics: DP, QUAL, QD, FS, MQ,
MQRankSum, SOR, and ReadPosRankSum (Appendix Figures 4.3 and 4.4). Variant filters
were set by removing the relevant tails from the distributions (usually the upper and/or lower
1%) on the quality metrics. Following filtering, 5,930,196 nuclear (5,565,589 SNPs, 364,607
indels) and 1,075 mitochondrial (1,047 SNPs, 28 indels) variants were identified. Of the 246
individuals, 233 passed the nuclear variant filtering, and 244 passed the mitochondrial

variant filtering (Table 4.1).
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Table 4.1: The total number of variants, SNPs, indels and individuals detailed for each
dataset before and after filtering.

Dataset Total SNPs Indels Individuals
Original nuclear | 25,005,974 21,506,087 3,499,887 246
variants

Filtered nuclear | 5,930,196 5,565,589 364,607 233
variants

Original 3,950 3,678 272 246
mitochondrial

variants

Filtered 1,075 1,047 28 244
mitochondrial

variants

4.3.2 Broad-scale genetic diversity of Ugandan Schistosoma
mansoni

The relatedness between samples was investigated by calculating pair-wise kinship
coefficients from autosomal variant data. One first-degree, one second-degree, and one
third-degree relationship (Appendix Figure 4.2) was identified within the samples. The
first-degree relationship was between samples originating from within the Koome Islands
group, including Damba Island (Kakeeka) and Koome Island (Busi), collected from different
individuals and time points. This was expected as the original study found evidence of
first-degree relatives between miracidia collected from Kakeeka and Busi villages (151). The
second and third-degree relationships were found within the three samples originating from
Guadeloupe, with one sample (ERR539843) showing relationships with the other two
samples. As a result, two samples were removed (ERR539843 and ERR6798495) to avoid

the enrichment of rare alleles.
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Figure 4.2: Kinship network of 246 miracidial samples. Nodes represent individual
samples and the thickness of lines between nodes is proportional to the size of the kinship
coefficient. Points in all plots are coloured by country of origin. Pairwise kinship coefficient
values of: > 0.45, 0.20-0.45, 0.10-020 and 0.05-0.10 were used to classify monozygotic
twins, full-sib (first-degree), second degree and third-degree relationships, respectively.

To investigate the genetic diversity of the S. mansoni samples on a broad scale, | analysed a
subset of 1,281,806 autosomal variants, following the filtering of variants in strong LD.
Autosomal variants were used because the dataset comprised a mix of male and female
parasites. Removing linked variants was necessary because principal component analysis
(PCA) assumes that the individual data points, i.e., SNPs, are independent; thus, allele
frequencies should not be correlated due to physical linkage and LD. Using the unlinked
autosomal variants, a maximume-likelihood (ML) phylogenomic tree was constructed, and
PCA was performed to characterise the population structure of S. mansoni. The SNP-based
ML tree and PCA revealed the expected country-level separation of the S. mansoni samples
with distinct population clustering outside of Uganda (Figures 4.3A and 4.3B), as seen in
another study (152). Notably, PC1 vs PC2 accounted for 31% of the variance, with the first
principal component reflecting country separation and the second principal component

reflecting Ugandan district separation (Figure 4.3B).
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Within the Ugandan samples (n=223), PCA analysis based on 1,171,938 SNPs revealed
district-level separation (Figure 4.3B). The first principal component separated Western
(Hoima) and Eastern Ugandan (Mayuge and Koome Islands) samples, with the Tororo
district joining the two districts. The second principal component separated Eastern Ugandan
districts, where Tororo, Mayuge, and Koome lIslands formed clusters (Figure 4.3C). However,
there was an exception of a single Koome Islands sample (ERR6798464) clustering with
samples from the Hoima district, which was also supported by the ML tree (Figures 4.3A and
4.3C).

The genetic diversity of the S. mansoni samples was also assessed using mitochondrial data
(whole mitochondrial genomic variants and variants in the cox?1 gene). The mitochondrial
PCA based on 950 SNPs formed five clusters: (i) a cluster comprising a mix of S. mansoni
from all districts, (ii) a cluster primarily consisting of S. mansoni from Tororo, with the
exception of two samples from Mayuge and Koome Islands, (iii) a cluster primarily consisting
of S. mansoni from Hoima with the exception of two samples from Koome Island, (iv) a
cluster primarily consisting of parasites from Mayuge with one parasite from Koome Island
and (v) a cluster exclusively comprising parasites from Koome lIsland (Figure 4.3D). The
cox1 PCA plot based on 91 SNPs revealed a similar pattern of less distinct clustering of
populations (Figure 4.3E). Parasites did not display any apparent population structuring at
the village level in any of the datasets (nuclear, mitochondrial or cox1 variants) (Appendix
Figure 4.6), but outliers from mitochondrial and cox1 variant clusters appear to be due to
per-sample missingness (Appendix Figure 4.7A and 9B) rather than true biological genetic
differences. Clustering in the nuclear SNP-based PCA plots, however, did not cluster by

per-sample missingness (Appendix Figure 4.7C and 9D).
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Figure 4.3: Population structure of the Schistosoma mansoni samples. A) Maximum-likelihood (ML) tree using 1,281,806 unlinked
autosomal SNPs from 229 individuals. The ML tree was visualised in iTOL with midpoint rooting. The outer circle is coloured by country and
district (Ugandan samples only). B) Principal component analysis (PCA) of 1,281,806 unlinked autosomal SNPs from all samples (n=229). The

remaining PCA plots are from Uganda samples (n=223), focused on (C) unlinked autosomal SNPs (n=1,171,938); (D) all mitochondrial SNPs

(n=950); and (E) mitochondrial cox7 SNPs (n=91). Samples were coloured by country, and Ugandan samples were coloured by district.
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4.3.3 Within-population genetic diversity

To explore within-population variation, 1 was calculated in 5 kb non-overlapped sliding
windows across the genome. There was nucleotide variation throughout the genome within
each population, with discrete peaks of high 11 values identified (Figure 4.4B). Across all
genome-wide T plots, there was a decrease in 11 specifically within the ZSR of the Z
chromosome compared to the autosomes. This is expected as the ZSR exhibits a lower
copy number in the genome, reflecting a ratio of 3 copies of the ZSR for every 4 copies of
autosomal regions in the population under equal sex ratios, leading to lower 11 (200).
Genome-wide 1T tended to increase at the end of chromosomes (Figure 4.4B), possibly due
to high rates of recombination and higher mutation rates typically observed in sub-telomeric

and telomeric regions (201).

T was significantly different between populations (p<0.001, Wilcoxon rank sum test), where it
was highest in samples from Koome Islands (mean 1 = 0.00369, 99% CI: 0.00369-0.00374),
followed by Tororo (mean 1 = 0.00344, 99% CI: 0.00342-0.00347), then Mayuge (mean 11 =
0.00339, 99% CI: 0.00336-0.00341) with Hoima populations showing the lowest (mean 1T =
0.00328, 99% CI: 0.00326-0.00330) (Figure 4.4A and Appendix Table 4.4). Similar findings
were found in another study, which found that S. mansoni populations sampled from villages

within the Lake Victoria region were more diverse than Lake Albert populations (161).
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Figure 4.4: Autosomal nucleotide diversity (1) of Ugandan Schistosoma mansoni
populations. A) Box plots show the log 1 distributions for each Ugandan district. Median 1
are shown in each box plot. B) Genome-wide plots of 1 for each Ugandan district: Hoima
(n=89), Koome Islands (n=43), Tororo = 17, and Mayuge (n=84).

4.3.4 Between population genetic diversity

To further investigate the clustering of the Ugandan S. mansoni populations by district,

genome-wide estimates of relative (Fst) and absolute (Dxy) differentiation between districts

were calculated. This revealed low levels of differentiation between S. mansoni populations

at the district level (Figures 4.6A and 4.6B). However, Fst and Dxy values do increase with
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greater geographical distance. For example, the Mayuge district and Koome Islands show
the lowest Fst value (mean Fst = 0.00556) and are the closest distance apart. Comparing
the district on the shoreline of Lake Albert (Hoima) with districts on the shoreline of Lake
Victoria region (Mayuge) and in Lake Victoria (Koome Islands) revealed the highest Fst
values (Hoima vs Mayuge, Fst = 0.0417; Hoima vs Koome lIslands, Fst = 0.0413) (Figure

4.6A) and are the greatest distance apart.

The S. mansoni populations appear almost panmictic, with low mean values of relative (Fst)
and absolute (Dxy) divergence (Figures 4.6A and 4.6B). However, the clustering by district
on the PCA plot (Figure 4.3C) suggests that these populations are isolated to some degree
and that genetic differences exist between them. Genome-wide comparisons of Fst between
different Ugandan districts were plotted to identify regions of differentiation (Figure 4.5). The
genome-wide plots show regions of the genome with high genetic differentiation between
most district comparisons. However, the Koome Islands vs. Mayuge Fst genome-wide plot
displayed low levels of genetic differentiation, indicating parasites between these two
districts form a diverse panmictic population, which is expected given their close

geographical proximity.
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Figure 4.6: Between-population diversity. Heatmap of the average pairwise comparisons
between populations measured by the mean relative (Fst) (A) and absolute (Dxy) divergence
(B). The 99% confidence intervals are detailed in parentheses. C) Admixture plots depicting
ancestry proportions generated using ADMIXTURE, with theoretical K values (K=2-4). Each
colour indicates a different population, and K values represent the number of ancestral
populations.

The nuclear PCA plot (Figure 4.3C), ML tree (Figure 4.3A), and measures of differentiation
(Fst and Dxy) suggest district-level separation of S. mansoni populations with minor outliers.
To explore this further, admixture proportions across a range of K (ancestral populations)
values (K=2-10), where K=2-4 is displayed in Figure 4.6C, and K=5-10 is displayed in
Appendix Figure 4.8, were determined. Using a cross-validation error approach, three
ancestral populations were inferred (K = 3) (Appendix Figure 4.9). This is broadly consistent
with the population structure in the Ugandan nuclear PCA (Figure 4.3C); however, K=4
reflects the more subtle population structuring observed in the PCA plot (Figure 4.3C). For

example, K=3 explains the three clusters found in the PCA plot but does not explain that
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even though samples from Koome Islands and Mayuge cluster together, they separate from
each other within the cluster. Whereas, K=4 explains this through Mayuge sharing Koome

Islands ancestry, while Koome Islands does not contain Mayuge ancestry (Figure 4.6C).

The Tororo district displayed the most diverse ancestry profile and showed mixed ancestry
with all districts with no obvious dominant ancestral population (Figure 4.6C). Unlike the
other sampling districts, Tororo is inland and does not border Lake Victoria. PC1 did not
resolve Tororo populations from parasites sampled from the shores of Lake Albert and Lake
Victoria (Figure 4.3C). Tororo populations appear mixed between parasite populations from
both lakes, most strikingly with Lake Albert (Hoima), with low Fst and Dxy values reflecting
this (Figure 4.3C, 4.6A, and 4.6B).

The admixture analysis differentiated S. mansoni from the Hoima district from Mayuge,
Tororo and Koome Islands (Figure 4.6C), where Hoima had one dominant ancestral
population. All districts shared partial ancestry with the Hoima district, which is most
noticeable in the Tororo district. However, the admixture plot identified a single Koome Island
sample, that showed complete Hoima ancestry, consistent with the single Koome Island
sample outlier identified in the Ugandan nuclear PCA and ML tree (Figure 4.3A). This

Koome Island sample maintains the same admixture profile throughout all values of K.
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4.4 Discussion

To provide insights into both local and broader-scale Schistosoma mansoni population
dynamics in Uganda, this study integrated novel genomic data from individual S. mansoni
miracidia from shoreline villages of Lake Albert with published WGS data from S. mansoni
miracidia collected around and inland of Lake Victoria (150—152). The main findings highlight
the distinct genetic structure between S. mansoni populations in different regions of Uganda

and their relationship to populations from South America and other African countries.

In this study, reads unclassified by Kraken were used as a proxy for S. mansoni reads based
on the assumption that they likely originate from S. mansoni but remain unclassified due to
its absence in the reference database. However, this approach has limitations, some
unclassified reads may originate from other eukaryotic and bacterial species sequenced in
the sample but are also absent from the standard Kraken database. To improve classification
accuracy, a custom Kraken database incorporating S. mansoni should be constructed and

implemented to better estimated the proportion of S. mansoni reads sequenced.

The geographical structuring of S. mansoni populations is evident at both global and district
levels in Uganda, as shown by nuclear variants, a pattern reported by previous studies
(152-154,160). However, at a local level, S. mansoni formed highly diverse panmictic
populations, and no population structure was found at the village level. A distinct genetic
separation exists between S. mansoni populations from Lake Albert and Lake Victoria,
approximately 400 km apart, indicating limited gene flow between these regions, consistent
with findings from other studies (161,165). A prior study involving a cohort of mothers and
infants with intestinal schistosomiasis from Lakes Albert and Victoria reported little
movement between the two lakes, possibly contributing to this genetic differentiation within
those populations (161). This genetic differentiation has also been linked to differences in the
composition of Biomphalaria snail species, with Lake Victoria hosting B. sudanica, B.
choanomphala and B. pfeifferi, and Lake Albert has reports of B. stanleyi, B. sudanica and
B. pfeifferi (202,203). Variation in S. mansoni infection susceptibility has been shown
between and within different Biomphalaria species; some individuals within a species are
less susceptible, and some are more successfully infected. This is likely due to the
“matching” hypothesis, which proposes that the success or failure of infection is determined
by the level of compatibility between the snail host and individual schistosome phenotype.
Sites with more genetically diverse snail and Schistosoma populations likely have a higher
probability of the schistosome encountering a compatible snail host. Of the Biomphalaria

species found in these lakes, B. choanomphala has been reported as consistently having a
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low infection prevalence (202,204), whereas B. stanleyi has been reported as having a
higher prevalence of S. mansoni infection (202,204,205). This likely explains the higher
reported prevalence of S. mansoni infection in Lake Albert compared to Lake Victoria.
Furthermore, the transmission dynamics are considerably different between Lake Albert and
Lake Victoria, where the lake shoreline of Lake Albert is linear and uniform compared to the
intricate and expansive shoreline of Lake Victoria, with many islands and islets found
providing microenvironments for transmission. There is considerable human movement
around the lake shore of Lake Albert. This could partially explain why Lake Albert S.
mansoni populations were found to be considerably less genetically diverse compared to
those in Lake Victoria. Microenvironments created along the shoreline of Lake Victoria could
lead to individuals residing within the same village coming into contact with different S.
mansoni populations. Similar findings were found in another study, which found that S.
mansoni populations sampled from villages within the Lake Victoria region were more

diverse than Lake Albert populations (161).

Many studies have used mitochondrial markers, particularly small regions of the cox7 gene,
to explore the genetic diversity and structuring of African S. mansoni populations
(160,161,165). In this dataset, variants from both the whole mitochondrial genome and cox1
gene revealed similar patterns of population structuring, but a loss of resolution in population
clustering was found for both compared to nuclear data. Principal component analysis of
nuclear variants, based on 1,171,938 SNPs, revealed a clear distinction between Western
and Eastern Ugandan samples, with further separation by district in the East. The observed
differences in population structuring between mitochondrial (whole and cox7) and nuclear
variants may be due to several factors, such as the vastly different number of SNPs and
mtDNA evolving more rapidly compared to nuclear DNA, leading to different patterns of
genetic diversity and structure. Additionally, mtDNA is maternally inherited and has a smaller
effective population size which may result in greater genetic drift, which can obscure
fine-scale population structuring. The discrepancy between the variants underscores the
robustness of nuclear data in capturing detailed population structuring of S. mansoni in
Uganda compared to mitochondrial data, which might reflect broader, less resolved patterns

of genetic diversity.

Despite S. mansoni displaying district-level population structure in Uganda, evidence of gene
flow between inland (Tororo) and shoreline districts (Hoima and Mayuge) was found.
Ancestral analysis revealed mixed ancestry within the inland Tororo district, which showed
ancestral contributions from all districts, particularly Hoima and Mayuge. This is unexpected

as previous studies that generated the published datasets from these districts found inland
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S. mansoni populations to be highly divergent from shoreline (Mayuge) and island (Koome
Islands) populations. However, the findings from Berger et al. (152) are limited due to the
small number of samples included from Lake Albert (n=2) compared to this study. Despite
the small sample size, the samples from Lake Albert clustered with those from the Tororo
district. Thus supporting the findings in this study of gene flow between shoreline villages of
Lakes Albert and villages inland of Lake Victoria. It is important to highlight that MDA in
Tororo commenced in 2013 with a reported coverage of 21%, whereas MDA has been
ongoing since 2003 in Mayuge and Hoima (206). The samples were collected in Tororo in
2014 when there had only been one round of MDA, the diversity seen in Tororo may reflect
the diversity of S. mansoni populations before the effects of long-term MDA. Furthermore,
human movement from areas of higher endemicity, such as that from Lake Albert and Lake
Victoria, may result in the mixing of S. mansoni populations, changing the local transmission
dynamics. Local fishermen in shoreline communities are known to travel inland to recruit
young men for fishing activities in the Lakes, which may in part explain the genetic admixture

observed here.

Further evidence of parasite movement was found between Damba Island (Koome Islands)
and Hoima (Lake Albert). Phylogenetic analysis showed that a single sample from Kisu
vilage from Damba Island formed a clade with Lake Albert samples, and PCA analysis
further supported this clustering. Ancestral analysis shows small ancestral contributions from
Lake Albert in Koome Island samples, indicating gene flow between these populations. In
the original study (151), 39% of the participants from Kisu village were fishermen, and 20%
of participants were Alur, meaning local to Lake Albert (Webb, personal communication).
Thus, the gene flow can likely be attributed to the significant movement of fishermen
between the two lakes. Recent findings from Berger et al. (153) also found evidence of a
recently imported S. mansoni lineage from Lake Albert, which has dispersed across Damba
Island. The movement of parasites between districts highlights the role human movement
plays in facilitating gene flow between geographically distinct populations. Adult
schistosomes can live for up to 40 years, and each human host accumulates a diverse
population of worms from a variety of snails in different locations and over years (207,208).
Mixing of parasite populations may introduce genetic diversity, potentially impacting the
efficacy of PZQ treatment. It emphasises the need for targeted interventions in high-risk,
mobile populations such as fishing communities and highlights the interconnectedness of
these lake systems in shaping parasite population dynamics. Similar patterns of parasite
movement driven by human movement have been observed in other endemic settings. For
example, Catalano et al. (209) found a lack of geographic population structure and gene flow

in S. mansoni populations across the Sengal River Basin which authors hypothesised may
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be due to changes in land use associated with the Diama Dam construction and the
extensive human movement within Sengal and other countries within West Africa.
Interestingly, the study highlighted the role of multi-host transmission, with S. mansoni being
maintained in humans and rodents, further facilitating dispersal of parasite populations
across transmission foci. Furthermore, in Kenya it has been found that boundaries of
watersheds and water bodies can restrict gene flow, with strong population structuring
observed across different watersheds in east, west and southwest regions of the country
(210). Within Lake Victoria watershed, genetic subdivision was observed among streams,
marshes and the lake itself, though no population structure was detected within the Kenyan
portion of the lake, suggesting in the absence of physical barriers, gene flow can occur

across these large geographic distances (169).

Schistosoma mansoni populations from Lake Albert showed the lowest genetic diversity
amongst the other regions, whilst the Island populations (Koome Islands) were the most
diverse, which aligns with previous findings (151). Sampling heterogeneity, such as the year
of sampling and the age of individuals from which the parasites were collected from, is a
likely contributing factor. Samples from Lake Albert were collected more recently
(2021-2022) and exclusively from PSAC, whereas Koome Islands samples were collected in
2017 from a broader age range. Mayuge and Tororo samples, collected in 2014 from
school-aged children, likely reflect the cumulative exposure over a longer period, contributing
to their higher genetic diversity. At the infrapopulation level, infections in PSAC are expected
to show lower genetic diversity compared to school-aged children and adults. This is due to
the ftrickle infection model (211,212), where the S. mansoni populations in young children
would show a lower genetic diversity due to a shorter window of cumulative exposure.
However, at the broader population level, genetic diversity is influenced by additional factors
such as the long-term effects of MDA. Annual MDA with PZQ has been ongoing in endemic
areas like Mayuge and Hoima since 2003. By the time of sampling, Mayuge had undergone
between five and nine rounds of MDA, while Hoima had completed around 15 rounds. This
prolonged drug pressure may have induced selection, reducing genetic diversity in these

populations.

There is a need to incorporate population genetic studies into routine monitoring and
evaluation of large-scale MDA programmes to gain a more comprehensive understanding of
the genetic diversity and gene flow of S. mansoni populations over space and time (154).
Currently, available genetic data from Uganda (150-153,161,165) have been focused on
sampling sites close to Lakes Victoria and Albert, likely due to their historically high and

consistent prevalence and proximity to established research centres. Both lakes are
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physically connected via the Victoria Nile, which originates in Jinja and flows northward,
expanding into Lakes Kyoga and Kwania and eventually feeding into the northern part of
Lake Albert before continuing as the Albert Nile (165). Given the physical connection
between these lakes through the Victoria Nile, there is a need to sample along this route and
along the Albert Nile, particularly in Lakes Kyoga and Kwania, which are located between
Lakes Victoria and Albert. Intestinal schistosomiasis has been reported in Lake Kyoga,
where it is co-endemic with Schistosoma haematobium, the cause of urogenital
schistosomiasis (213). These intermediate areas remain unrepresented in genetic studies
and may provide insights into potential gene flow and parasite movement across different
regions of Uganda. It is important to highlight that parasite populations are not static. Little is
known about the natural genetic variation of S. mansoni over spatial and temporal scales, as
well as its implications for transmission dynamics and evolutionary responses to

drug-induced selection.

This study provides insights into the population structuring and movement of S. mansoni
populations in Uganda, highlighting regional genetic differentiation between Lake Albert and
Lake Victoria, and evidence of gene flow between inland and shoreline populations. Nuclear
variants demonstrated strong population structuring, whereas mitochondrial markers showed
reduced resolution, emphasising the need for nuclear data for fine-scale population genetic
analysis. The findings suggest that genetic diversity is influenced by factors such as human
movement, local transmission dynamics, and long-term PZQ treatment. Expanding genomic
studies to unsampled regions, such as Lakes Kwania and Kyoga, would provide further
insights into parasite movement and transmission across Uganda, informing schistosomiasis

control programmes.
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Chapter 5: Investigating the genetic
impact of praziqguantel treatment on

Schistosoma mansoni populations in
Lake Albert
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5.1 Introduction

The emergence of drug resistance poses a significant threat to controlling parasitic diseases
of both veterinary and medical importance. Resistance has been reported in several
parasitic diseases, most notably in malaria where drug resistance against all known
antimalarials has been observed (214). Furthermore, anthelmintic resistance is already a
serious problem in veterinary nematodes infecting livestock which threatens the feasibility of
agricultural farming (215). There have been cases of farms harbouring parasitic
gastrointestinal helminths resistant to every major drug class reported (216). The same
drugs are used globally in extensive mass drug administration (MDA) programmes for
soil-transmitted helminths and filarial worms infecting humans. Although drug resistance is
less established in human-infecting helminths, there is a global state of emergency around
antimicrobial resistance which will have serious socioeconomic impacts on those infected

and could derail the significant progress made (217,218).

For over two decades, MDA of praziquantel (PZQ) has been the cornerstone of
schistosomiasis control. MDA was introduced in sub-Saharan Africa in 2003, with Uganda
being one of the first countries to implement MDA of school-aged children (SAC), supported
by the Schistosomiasis Control Initiative (SCI) (219,220). The new WHO NTD roadmap sets
an ambitious target to eliminate schistosomiasis as a public health problem (defined as <1%
proportion of heavy-intensity infections) by 2030, alongside achieving transmission
interruption in selected countries (173). To achieve these targets, the WHO proposes
extending access to PZQ; historically, MDA programmes have focused on treating SAC,
neglecting other at-risk populations such as preschool-aged children (PSAC) and adults.
These programmes now aim to provide equitable access to annual PZQ treatment to all age
groups above the age of two years. However, the scale-up and reliance on a single drug
make the emergence and spread of PZQ resistance a concerning problem. Consequently,
genetic surveillance of Schistosoma populations is crucial for understanding the impact of
PZQ treatment on schistosome population genetics for changes in population structure and
genetic diversity as well as the implications of PZQ resistance on future control efforts
(173,221).

In the absence of genetic markers to detect and monitor PZQ resistance, it has remained an
enigma in schistosomiasis research since the 1990s. There have been reports of suspected
resistance of Schistosoma populations in endemic foci (171,206,222-224) and also of
Schistosoma species infecting travellers. Laboratory studies have also shown that PZQ

resistance can be selected for (225-227). Despite the initial effects caused by PZQ on the
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schistosome being well described, for example, calcium influx into the schistosome, muscle
contraction and surface modifications (127), the molecular target of PZQ has been unclear.
However, a recent breakthrough by Park et al. (228) has shown that PZQ binds to and
activates a parasite ion channel belonging to the transient receptor potential melastatin
family, named SmTRPM;zq. Molecular modelling and targeted mutagenesis were used to
demonstrate how PZQ binds to SmTRPM;,q by mapping the PZQ binding pocket within the
ion channel (228). The properties displayed by the SmMTRPMp,q in response to PZQ mirror
the characteristics of PZQ action on schistosomes and support the long-held Ca*
hypothesis for PZQ action in Schistosoma mansoni. Furthermore, a recent genome-wide
association study (GWAS) aimed to determine the genetic basis for PZQ resistance by
comparing the genome-wide allele frequencies in S. mansoni adult worms that either failed
to recover or recovered from PZQ treatment (227,229). A single quantitative trait locus (QTL)
associated with drug response was found on chromosome 3 where the gene encoding
SmMTRPMy;q was found to be the cause of variation in PZQ response. The S. mansoni
resistant and sensitive populations were fixed for alternative alleles at a SNP (2723187C,
p.110201) within SmMTRPMp,q as well as two large deletions (around 150 kb), one close to the
channel itself and one near a transcription factor. Additionally, lower expression of
SmTRPMp;q gene was found in resistant worms, suggesting that expression levels may

underpin the PZQ response phenotype.

Despite the recent advances in understanding PZQ action in a laboratory S. mansoni
population, there is a need to explore the genetic basis of PZQ resistance in natural
Schistosoma populations from endemic regions. Genome-wide data has emerged for
Ugandan S. mansoni populations under drug pressure, particularly from shoreline and island
communities of Lake Victoria (151-153), which is one of the most persistent hotspots of
schistosomiasis in Africa (230). The most recent study by Berger and colleagues (153)
reported extensive, low-frequency variation within SmTRPMp,, from 570 S. mansoni
samples. Four mutations were identified that led to either a loss or reduced channel
responsiveness to PZQ using targeted mutagenesis and functional in vitro genetic assays.
The variation observed indicates the presence of standing variation for PZQ resistance in S.
mansoni populations across Lake Victoria (153). However, the genome-wide studies did not
find any evidence of selection acting on the SmTRPM;p,q linked to drug selection (151-153).
This may be due to several reasons: selection may be acting on another gene which impacts
the expression of SMTRPMg,q, it is hard to identify genetic variants that impact expression
and PZQ resistance may be focal with resistance alleles being rare and the sample sizes
from current studies are likely underpowered to detect it (231). Furthermore, it is important to

emphasise that the evidence implicating SmTRPMp,q in PZQ resistance was generated
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using a single S. mansoni laboratory strain where resistance was selected for at the
intra-molluscan stage which is not typically exposed to PZQ in the wild. Therefore, the
resistance mechanism may vary from that seen in endemic settings. Finally, the laboratory
strain was an inbred isolate of Brazilian origin which does not reflect the extensive genetic
diversity seen in East African S. mansoni populations; it remains unclear if the resistance

mechanism is conserved in African populations.

To elucidate the genomic impact of PZQ treatment on S. mansoni populations, miracidia
were collected from a cohort of PSAC enrolled in a clinical trial in shoreline villages in Lake
Albert, a significant hotspot of intestinal schistosomiasis (118). School-based annual MDA
has occurred in these villages since 2003 and from 2005 as community-based MDA. Due to
the COVID-19 pandemic, there was no delivery of PZQ through MDA in 2020.
Community-based MDA in these regions have not included the treatment of PSAC, primarily
due to concerns over the administration of large, bitter-tasting tablets, which present a
potential choking hazard and due to little formal documentation confirming its use in young
children (95). Crushed PZQ tablets have been used in off-label settings, and its safety and
efficacy have been demonstrated in PSAC (97). This mode of drug administration was used
in the Praziquantel in Preschoolers (PIP) clinical trial (118). Low cure rates (CRs) were
reported in this cohort of PSAC (detailed in Chapter 3) and potential confounding factors
including demographic and pharmacokinetic factors did not explain these. Participants
received either 40 mg/kg or 80 mg/kg PZQ at baseline, and the same participants were
subsequently followed up at six months post-treatment (Table 5.1). In this chapter, | aimed to
explore the genetic basis of low CRs using whole genome sequencing of individual S.
mansoni miracidia sampled from participants from the two treatment regimens at pre- and
post-treatment. This is the first whole genome analysis to explore the genetic effect of PZQ
treatment in S. mansoni from shoreline villages of Lake Albert and more specifically, the
genetic diversity of the candidate gene underpinning PZQ resistance, SmMTRPMp,q. The
genetic diversity of the PZQ binding pocket located within the transmembrane region of

SmTRPM,q was further investigated using a custom amplicon sequencing panel.
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5.2 Methods

5.2.1 Ethics statement

Ethical approval was given by the Uganda National Council for Science and Technology (HS
2650), Uganda Virus Research Institute (GC/127/19/07/708), National Drug Authority (CTC
0133/2020) and the London School of Hygiene and Tropical Medicine (26571). Parental

informed consent was obtained as detailed (118).

5.2.2 Genomic methods

5.2.2.1 Whole genome sequence analyses of Schistosoma mansoni
miracidia collected from study participants from Lake Albert, pre- and
post-treatment

Whole genome sequence data generated from the 96 S. mansoni miracidia analysed from
PSAC residing in villages in the Hoima district bordering Lake Albert, Uganda collected as
part of the PIP clinical trial (118) (Figure 5.1) (see Chapter 4 for detailed methods of data
generation) were further analysed.

Data were available from S. mansoni miracidia collected from the same infected individuals
at baseline (November 2021) and also 6 months post PZQ treatment (May 2022). Data were
analysed from miracidia from selected study participants that were S. mansoni egg positive,
by Kato Katz (KK) at baseline and also at four weeks post-treatment. Equal numbers of
miracidia were analysed from participants within the two PZQ treatment arms (40 mg/kg and
80 mg/kg PZQ) and also pre- and post-treatment from the same individual participants at
each time point (Table 5.1).

Table 5.1: Number of Schistosoma mansoni miracidia with whole genome sequence data
generated per village, sampling time point, and treatment arm (40mg/kg and 80 mg/kg PZQ).
The number of children from which the miracidia were sequenced are detailed in

(parentheses).
Standard 40 mg/kg PZQ Intensive 80 mg/kg PZQ
Number of

Village children Pre-treatment | Post-treatment Pre-treatment Post-treatment
Kyabarangwa 17 20 (10) 20 (10) 14 (7) 14 (7)
Rwentale 3 4(2) 4(2) 2(1) 2(1)
Fofo 4 0 0 8 (4) 8 (4)

Total 24 24 24 24 24
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5.2.2.2 Preparation of whole genome sequencing data and variant
calling

Quality control, mapping, variant calling and filtering on the genomic data were conducted as
documented in Chapter 4. Subsequently, genomic variants specific to the miracidia collected
from Lake Albert were subsetted from the VCF file (Chapter 4), a minor allele frequency
(MAF) of 0.01 was applied, and invariant sites (which were polymorphic in the larger dataset
analysed in Chapter 4 but not the Lake Albert population) were removed using VCFtools
(version 0.1.16). Following variant calling and filtering conducted in Chapter 4, the VCF file
was subsetted to include only Lake Albert (Hoima) samples. A total of 88/96 samples passed
QC filtering and were used in the analysis (Table 5.2). Analysis of differential coverage in
pseudoautosomal regions (PAR)1 and PAR2 regions to Z-specific region (ZSR) inferred that

there were 48 male and 48 female miracidia in this dataset (see Chapter 4 for more details).

Table 5.2: Number of Schistosoma mansoni miracidia that passed quality control and were
used in the analysis. The village, sampling time point, and treatment arm (40mg/kg and 80
mg/kg PZQ) are detailed. The number of children from which the miracidia were sequenced
are detailed in (parentheses).

Standard 40 mg/kg PZQ Intensive 80 mg/kg PZQ
Number of
Village children Pre-treatment | Post-treatment Pre-treatment Post-treatment
Kyabarangwa 17 18 (10) 19 (10) 12 (7) 12 (7)
Rwentale 3 4 (2) 3(2) 2(1) 2(1)
Fofo 4 0 0 8 (4) 8 (4)
Total 24 22 22 22 22

5.2.2.3 Population structuring

To investigate the impact of PZQ treatment on the population structure of S. mansoni in Lake
Albert, variants found in strong linkage disequilibrium were removed using PLINK (version
1.9). Genome scans were conducted using 50 variant sliding windows in steps of 10
variants, and an r*2 threshold of >0.15 was used to remove highly linked variants in
windows. Variants from the Z and W chromosomes and mitochondrial genome were
excluded. Principal component analysis (PCA) was conducted on 955,853 autosomal SNPs
using PLINK (version 1.9).
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5.2.2.4 Sample relatedness

Pairwise sample relatedness between pairs was calculated using VCFtools
(—-relatedness2) based on the KING inference (232). Pairwise kinship coefficient values of
> 0.45, 0.20-0.45, 0.10-020 and 0.05-0.10 were used to classify monozygotic twin, full-sibling
(first-degree), cousins (second-degree), and great-grandchildren from shared grandparents
(third-degree) relationships, respectively. A network graph was constructed using tidyverse
(194) and igraph (195) packages in R to visualise the relationships among samples, with

nodes representing individuals and the thickness of edges indicating kinship coefficients.

5.2.2.5 Genomic diversity

A subset of all sites VCF, generated in Chapter 4, was used to include only Lake Albert
samples. For the analysis in this chapter, a population is defined by the treatment regimen
and time point: standard treatment pre-treatment, standard treatment post-treatment,
intensive treatment pre-treatment and intensive post-treatment are considered separate

populations (Table 1).

Genome-wide nucleotide diversity (1) within populations was calculated using PIXY (version
1.2.8.beta) in 5 kb sliding windows along each autosome and Z chromosome for baseline,
follow-up and each treatment regimen. The mean 1T within each treatment and time point
group was calculated individually, and the symmetric 99% bootstrap confidence intervals of
the mean were estimated using R. The Wilcoxon Rank sum test was used to assess the
statistical significance of T comparisons. To detect any subtle differences in T between
pre-and post-treatment populations, the ratio of 1 values in 5 kb windows between treatment
groups was calculated. Windows with a greater than 1 pre 1/ post 1 ratio indicate a
decrease in 1 in post-treatment populations compared to pre-treatment populations and may

indicate the effect of PZQ treatment.

5.2.2.6 Between population differentiation and selection

Statistical phasing of variant data was performed using Beagle (version 5.3) with the
effective population size set to 65,000 based on Crellen et al. (150). The genomes were
scanned for signatures of selection using the REHH package (version 3.2.2) in R.
Cross-population extended haplotype homozygosity (XP-EHH) was calculated to determine
signals of selection between two populations (standard pre- vs post-treatment, intensive pre-
vs post-treatment, and standard post-treatment vs intensive post-treatment). XP-EHH
compares the extended haplotype homozygosity (EHH) between two populations at a given

SNP; if one population shows significantly longer homozygosity around the SNP compared
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to the other, it indicates a recent selective sweep unique to that population. Negative values
represent extended haplotype homozygosity in post-treatment populations, consistent with

selection.

The fixation index (Fst) between pairs of populations was calculated using PIXY (version
1.2.8.beta) in 5 kb sliding windows along each autosome and Z chromosome for baseline,
follow-up and each treatment regimen. Prior to the calculation of genome-wide mean Fst

values, negative Fst values were adjusted to 0.

The highest 0.25% XP-EHH and Fst windows were identified as potential candidate regions
under selection. A region was considered a candidate region of selection if windows were

within 250 kb of each other with at least 5 windows with elevated values across any statistic.

5.2.2.7 Analysis of the SmTRPM;,q genomic region

Functional annotation of SNPs and indels from the exons of SmMTRPMg,q (Smp_24790) was
undertaken using SnpEff (version 5.1d) with annotations from the S. mansoni reference
genome (version 10) downloaded from WormBase ParaSite V19 (187). This resulted in the
generation of an annotated VCF containing predictions of the annotations and effects of
exonic genetic variants on SmMTRPM;,q. Non-synonymous mutations found were searched
against a database of mutagenesis data detailing the functional impact on the SmTRPM;p,q

and its sensitivity to PZQ (https://www.trptracker.live/all-mutagenesis-data). Specifically, the

focus was on isoform 1 (Smp_24790.1), which was implicated as a candidate gene for PZQ
resistance (227,229). The distribution and frequency of exonic variants were plotted along

the protein structure of the SMTRPMpyq.

Large structural variants were identified using LUMPY (Version 0.3.0) and genotyped using
SVTyped (0.7.1) as part of the Smoove (Version 0.2.8) structural variant calling pipeline.

Variants were annotated using the reference GFF file.

5.2.3 Amplicon sequencing of the transmembrane region of
SMTRPMpzq

5.2.3.1 Sample Information
To investigate the genetic diversity of the PZQ binding pocket within the transmembrane
region of SmMTRPM,,q amplicon sequencing of 462 miracidia collected from participants from

the PIP trial was undertaken. Three miracidia were randomly selected from 77 participants at
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baseline and six-month follow-up, respectively, where possible. The participants were from a
subset of seven out of the ten villages which were included in the PIP trial, detailed in Figure
5.1.

5.2.3.2 Primer design

Sequence data (introns and exons) of the SmTRPMp,q gene (Smp_246790.1) were
downloaded in FASTA format from WormBase ParaSite V19 (187). This 7,534 bp gene
consists of 36 exons. The proposed PZQ binding pocket (228) is present across four exons,
which are separated by large introns (>1,500 bp). Four sets of primer pairs were designed to
target each exon encoding the PZQ binding pocket (228) (Appendix Figure 5.1 and
Appendix Table 5.1) using Primer BLAST (NCBI www.ncbi.nlm.nih.gov/tools/primer-blast)

and were required to be approximately 500 bp in length.

Five primer sets were tested per TRP target, using DNA extracted from individual FTA
preserved miracidia from the standard S. mansoni NMRI life-cycle maintained within the
Schistosome and Snail Resource (SSR) (Grant number: 221368/2/20/Z) using the CGP
methodology described in Chapter 4. The different primer sets were tested using standard
PCR. Each 25 pl reaction contained 3 ul of DNA, 12.5 ul Phusion high-fidelity (HF) PCR
master mix with HF buffer (New England Biolabs, UK) and 10 pmol of each primer to test.
Gradient PCR reactions were undertaken to determine the optimal melting temperature for
each primer pair. Four microlitres of each reaction were visualised using 1.5% agarose gels
with GelRed staining to determine the presence and size of PCR products. A single primer
pair per target was selected based on successful amplification, the production of a single
band using standard PCR and an amplicon size of approximately 500 bp. Each primer set
was named TRP1, TRP2, TRP3 and TRP4.

To enable multiplex amplicon NGS sequencing, a 5’ tag inline barcode (8 bp long) was
added to each forward and reverse primer sequence (TRP1-4) (Appendix Table 5.2). A total
of 20 unique forward and 20 reverse barcodes were used. A total of 20 unique combinations
were used for each target as each barcode was used once per target in each sequencing
pool. The custom primer sequences containing the barcodes were ordered and synthesised
by Integrated DNA Technologies (IDT, Belgium). For multiplex sequencing, each miracidium
was assigned a unique barcode combination before PCR amplification, leading to the

incorporation of the specific barcode into the PCR product (233).
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5.2.3.3 PCR reactions and generation of the barcoded TRP amplicons
from each miracidia

Genomic DNA was extracted from the individual miracidia using the methods described in
Chapter 4. The first PCR step involved amplifying the TRP target with the specific barcode
incorporated. The barcode combination is detailed in Appendix Table 5.2. For each S.
mansoni miracidium, the four TRP targets (Appendix Figure 5.1) were amplified in separate
25 ul PCR reactions. Each reaction contained 3 pl of DNA, 12.5 ul Phusion high-fidelity (HF)
PCR master mix with HF buffer (New England Biolabs, UK) and 10 pmol of each unique
barcoded primer set. From 462 miracidial DNA extractions, 456 successfully amplified all

four TRP amplicon targets (Table 5.3).

The final thermal cycling conditions were: 30 sec denaturing at 98°C, 40 cycles of 98°C for
10 sec, 63-65°C for 30 sec and 72°C for 45 sec, followed by 10 min at 72°C. Four microlitres
of each reaction were visualised using 1.5% agarose gels with GelRed staining to determine
the presence and size of PCR products.

Table 5.3: Sample information for miracidia that successfully amplified all four amplicons for
amplicon sequencing. The number of Schistosoma mansoni miracidia sequenced are
detailed and the number of children are shown in (parentheses). The villages, sampling time
point and treatment arm (standard 40 mg/kg PZQ; intensive 80 mg/kg PZQ) are detailed.

Standard 40 mg/kg PZQ Intensive 80 mg/kg PZQ
Number of
Village children Pre-treatment | Post-treatment Pre-treatment Post-treatment
Fofo 17 38 (11) 35 (12) 45 (15) 41 (15)
Hoimo 12 14 (5) 6 (2) 21 (7) 11 (5)
Kibiro 11 (3) 11 (3) 8(2) 8(2)
Kiryamboga 4 9 (3) 5(2) 4 (1) 3(1)
Runga 3 6(2) 2(1) 6(2) 5(2)
Rwentale 13 23 (8) 7 (3) 15 (5) 11 (5)
Kyabarangwa 23 23 (8) 29 (10) 37 (13) 22 (8)
Total 77 124 95 136 101

5.2.3.4 Pooling of amplicons and multiplex amplicon sequencing

Five pl of each target amplicon, TRP1, 2, 3 or 4, each tagged with a unique 5’ / 3’ barcode
combination from each individual miracidium, were pooled into a single tube for each of the

four TRP targets, respectively (Appendix Figure 5.2). DNA from each pool was purified using
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KAPA pure beads (Roche Diagnostics, USA) according to the manufacturer’s protocol, at a
volumetric ratio of 0.9:1 (beads:DNA). The DNA concentration of the purified amplicon pool
for each target was quantified using a Qubit high-sensitivity reagent (Invitrogen, UK) and
normalised to a final concentration of 20 ng/ul. Then, 6.25 pl of each TRP target pool was
combined into a single tube, resulting in a final volume of 25 pl for the final pool containing
all four amplicon targets. This pooling process was repeated for 24 pools of amplicons which
were sent externally to the lllumina-based Amplicon-EZ service (GENEWIZ, Germany) for
sequencing on the lllumina MiSeq platform (2 x 250 bp) where a minimum of 50,000 reads
were obtained per pool. A maximum of 80 amplicons were pooled in each sequencing pool

to achieve high sequencing coverage.

5.2.3.5 Bioinformatic analysis of amplicon data
Raw sequences were de-multiplexed to separate sequence data from each TRP target from
the individual miracidia based on the unique barcodes assigned to each miracidium sample

using an in-house analysis pipeline

(https://github.com/LSHTMPathogenSeglab/amplicon-seq). Raw sequences were trimmed
using Trimmomatic (234) and aligned to the S. mansoni (version 10) (200) reference
genome using BWA-MEM (version 0.7.17-r1188) to produce a BAM file for each miracidium.
Variants were called using GATK HaplotypeCaller (version 4.1.4.1) by generating individual
per sample GVCFs (--minimum-mapping-quality ¥ 30 --min-base-quality 20
--standard-min-confidence-threshold-for-calling 30). Sample GVCFs were merged using
GATK CombineGVCFs before joint genotyping using GATK GenotypeGVCFs. Variants were
filtered using BCFtools (version 1.16) for a minimum read depth of 7 (SNPs) and 12
(INDELs), minimum allele depth of 10 and phred score of >30 per base. Variants were
annotated using SnpEff (version 5.1d). Genotyping of variants was undertaken based on the
percentage of the alternative allele to total depth coverage (233): homozygous reference
(<25% alternative allele reads); heterozygous alternate (25-75% alternate allele reads); and
homozygous alternate (>75% alternate allele reads). Only variants which were present in
more than one miracidia and present in at least two independent sequencing pools were
retained to minimise the inclusion of sequencing errors or artefacts. Allele frequencies were
calculated using VCFtools using the —freq tag and plotted using R. The distribution and
frequency of variants were plotted within the transmembrane protein structure SmTRPMp,q

with the functional impact detailed from the SnpEff output.
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5.3 Results

5.3.1 Population structure of Schistosoma mansoni populations
in Lake Albert pre and post-treatment

To determine the impact PZQ treatment had on the population structuring of S. mansoni
populations in Lake Albert, PCA was performed on 955,853 autosomal variants, which were
filtered to remove variants in strong linkage disequilibrium. Principal component (PC) 1 vs
PC2 explained 12% of the total variance, and PC3 vs PC4 explained 12% of the total
variance. However, together PC1-4 accounted for 24% of the total variance and revealed no
clear population structure with samples forming a single cluster (Figures 5.2A and 5.2B).
There was no population stratification between pre and post-treatment samples or by
treatment arm (standard vs intensive arms). Four samples appeared distinct from the central
cluster on PC1 and PC2, which could not be explained by individual missingness or village
location (Appendix Figure 5.3). However, these samples had more homozygous sites than
expected; homozygosity is the likely reason for this outlying cluster. The lack of population
structuring could suggest insufficient sampling to fully characterise the genetic diversity or

that there is no genetic difference and that these populations are closely related.
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Figure 5.1: Map displaying the geographical distribution of villages bordering Lake Albert,
Uganda, where S. mansoni miracidia were selected for whole genome sequencing (indicated

with *) and amplicon sequencing.
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To investigate the relatedness between individual samples, pairwise kinship coefficients
between samples were calculated from autosomal variants. Related miracidia between time
points could indicate adult worms surviving PZQ treatment. No related miracidia were found
(up to third-degree) (Figure 5.2C), which is expected given the Ilimited size of
infrapopulations (number of miracidia sampled per host) analysed in this study (up to four
miracidia per infrapopulation). Similar findings have been reported in a study which found no
evidence of related miracidia between pre-and post-treatment despite sampling up to 10
miracidia per infrapopulation and having a short follow-up time frame (4 weeks) to identify
treatment failures and not eggs associated with pre-patent infections (152). However,
Vianney et al. (151) sampled up to five miracidia per host infrapopulation from the Koome
Islands and found that 24% of pairs of miracidial samples from one individual were related,
and 10% of other comparisons appeared related. Despite this, the authors found no

significant enrichment of related miracidia by treatment regimen or treatment time points.

Earlier studies have used microsatellite markers to characterise the relatedness of
Schistosoma miracidial populations. The majority of these studies have used sibship
reconstruction to identify the number of unique parental genotypes or the number of
full-sibling families. For example, Faust et al (235) genotyped 3576 S. mansoni miracidia
from 203 children from the Lake Victoria region of Uganda, at seven microsatellite loci. Full
siblings were identified at pre and four weeks post-treatment suggesting adult worms
surviving PZQ treatment. Similar microsatellite-based approaches have been applied in
other settings (236,237) and have also reported family structure and the presence of full
siblings in S. mansoni miracidial infrapopulations sampled (238,239). However, these
approaches have not related the relatedness patterns to the number of fecund female
worms. A statistical method has been developed to estimate the number of fecund adult
worms from the number of unique parental genotypes (240). When applied to S. mansoni
miracidia genotyped from school children in Tanzania, this approach demonstrated that the
accuracy and reliability of worm burden estimated are highly dependent on the number of

miracidia sampled.
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Figure 5.2: Population structure of Lake Albert Schistosoma mansoni miracidia.
Principal component analysis of genetic differentiation between 88 S. mansoni miracidia. (A)
Principal component (PC) 1 vs PC2 and (B) PC3 vs PC4. (C) Kinship network where nodes
represent individual samples, and the thickness of lines between nodes is proportional to the
size of the kinship coefficient, no lines between nodes indicate unrelated miracidia. Pairwise
kinship coefficient values of > 0.45, 0.20-0.45, 0.10-020 and 0.05-0.10 were used to classify
monozygotic twin, full-sib (first-degree), second-degree, and third-degree relationships,
respectively. Points in all plots are coloured by sampling time point: baseline (pre-treatment)
and six-month post-treatment.

5.3.2 The effect of praziquantel treatment on pre- and
post-treatment populations

To understand the effect of PZQ treatment on genetic diversity within each treatment group,
nucleotide diversity (1) was calculated. Genome-wide estimates of 1 within populations
were consistent across treatment time points and treatment regimens (Figure 5.3). The
mean T was highest in pre-treatment populations (Standard pre-treatment mean T
=0.00312, 99% CI: 0.00310-0.00314; Intensive pre-treatment mean 1 =0.00315, 99% CI:
0.00313-0.00317), where there was no statistical difference between standard and intensive
m at pre-treatment, indicated by overlapping 99% Cls (p=0.0719, Wilcoxon rank sum test)
(Appendix Table 5.3). Any observable changes in 1 post-treatment can be attributed to PZQ

treatment rather than pre-existing differences between groups.
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Post-treatment samples showed small but significant reductions (p<0.05, Wilcoxon rank sum
test) in the mean 11 in both the standard and intensive post-treatment populations compared
to the pre-treatment populations (Appendix Table 5.3) but there was no significant difference
between populations collected after standard or intensive treatment. This demonstrates the
small effect of a single round of PZQ treatment on the genetic diversity of S. mansoni
populations. Interestingly, both treatment regimens appear to have similar reductions in T,
where it appears that the intensive treatment arm did not impose a larger reduction in 1

compared to the standard treatment arm.

To detect any subtle differences in ™ between pre-and post-treatment groups, the ratio of
between pre-treatment and post-treatment groups was compared (Figures 5.3B and 5.3C). A
total of 208 and 138 outlier windows were identified as three SD (1 ratio > 0.527) and five
SD (m ratio > 0.859) above the genome-wide mean, respectively, most of which were
present in chromosome 3 (n = 58 or n = 35, respectively). Of those 208 instances, at least
five consecutive 5 kb windows were recorded in four cases (three of which were present on
chromosome 3), whereas only one instance of at least five consecutive 5 kb windows was
recorded above the mean 1 ratio in chromosome 3. The candidate regions of low 1 in
post-treatment samples on chromosome 3 did not encode for any genes; however, the
region on chromosome 1 contained two genes (Smp_140840 and Smp_034550, encoding
for a kinase and putative alpha-actinin, respectively). These results suggest genomic
regions, particularly on chromosomes 1 and 3, may be involved in the response to PZQ

treatment.

In the intensive treatment arm, a total of 222 and 129 outlier windows were identified as
three SD (1 ratio > 0.511) and five SD (1 ratio > 0.835) above the genome-wide mean,
respectively, most of which were present in chromosome Z (n = 86 or n = 39, respectively)
followed by chromosome 3 (n = 32 or n = 25, respectively). No such candidate regions of low
 were found in the autosomes in post-treatment samples from the intensive treatment arm.
However, the 11 ratio comparison revealed a decrease in 1 (mean 11 value ratio + 3 or 5 SDs)
within the ZSR (coordinates 10,680,112- 43,743,322 bp) in the Z chromosome in the
intensive post-treatment group between positions 34,225,001- 36,340,000 bp (Figure 5.3C).
This is expected as the ZSR has fewer copies in the genome (0.75 compared to 1.0 for
autosomes), leading to lower m (200). Furthermore, there was also a female bias at
post-treatment (14 females compared to 8 males), which likely led to a further decrease in 1
in the ZSR because female parasites are heterogametic (ZW) compared to homogametic
males (ZZ).
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Figure 5.3: Nucleotide diversity comparisons for each time point (pre- and
post-treatment) and between treatment regimens. (A) Box plots show the log nucleotide
diversity (1) distributions for each population. Nucleotide diversity was calculated as a mean
across each chromosome for each treatment group and time point. The ratio between the
standard (B) and intensive (C) pre- and post-treatment 1 calculated in 5 kb windows is
shown. Dashed red lines represent mean +/- 3 SDs.
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5.3.3 Genetic differentiation between pre-treatment and
post-treatment stratified by treatment arms

To identify PZQ treatment-induced genetic changes, pairwise genetic differences (Fst)
between pre- and post-treatment populations from each treatment regimen were estimated
in 5 kb windows throughout the genome. Pairwise Fst analysis revealed low levels of genetic
differentiation between pre-and post-treatment populations from both treatment regimens
(Standard arm mean = 0.00564, 95% CI:0.00554-0.00574; Intensive arm mean = 0.00538,
95% CI: 0.00529-0.00548) (Appendix Table 5.4). Despite the reported low levels of average
genetic differentiation between pre- and post-treatment populations, variation and discrete
peaks in Fst values were observed across the genome (Figure 5.4). Genome-wide
differentiation between pre-treatment samples from the standard and intensive treatment
arms was expected to show that the populations were genetically indistinguishable and act
as a control (Figure 5.4A). However, several discrete regions of high Fst values were found,
suggesting that a proportion of these signals represent noise associated with sampling

variation and is likely unrelated to selection (Figure 5.4A).

To identify candidate regions of genetic differentiation, a region was classified as a candidate
for selection if it contained at least 5 windows within the top 0.25% of elevated Fst values
within 250 kb distance of each other. A total of 184 outlier 5 kb windows were identified in
the top 0.25% of elevated Fst values in both pre- vs post-treatment comparisons from each
treatment group (Figures 5.4B and 5.4C). Most of which were present on chromosome Z (n
= 38 or n = 76), followed by chromosomes 1 (n = 39) and 2 (n = 34) for standard and
intensive arms, respectively (Figures 5.4B and 5.4C). Of those 184 outlier windows,
instances of at least 5 consecutive 5 kb windows were recorded in 9 cases, most of which
were present on chromosome 1 (n = 4). Six of the outlier regions were from the standard
treatment arm and three were from the intensive treatment arm (Appendix Table 5.5). The
six candidate regions identified in the standard arm contained 11 genes, and the 3 candidate
regions identified in the intensive arm contained 13 genes (Appendix Table 5.5). No
overlapping peaks of differentiation were found between treatment regimen comparisons
(Figures 5.4B and 5.4C). Two regions were of particular interest in the intensive arm (peak 2
on chromosome 1 and peak 3 on chromosome 2), which contained genes that may be
candidates for PZQ-linked selection. Peak 2 on chromosome 1 contained a calcium ion
channel (Smp_160820). Praziquantel mediates calcium influx into the schistosome and it
has been suggested that calcium ion channels facilitate this (241-244) and are hypothesised

to be involved in resistance (245,246). Peak 3 on chromosome 2 contained a G-protein
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coupled receptor (GPCR) (Smp_161210). R-Praziquantel has been shown to act as a GPCR
ligand in the host, but a parasite GPCR target has yet to be identified (247).

To assess the impact of differential treatment intensities on S. mansoni populations, a
comparison of post-treatment populations from the standard and intensive treatment arms
was undertaken (Figure 5.4D). A total of 184 outlier 5 kb windows were identified in the top
0.25% of elevated Fst values, most of which were present in chromosome Z (n = 70)
followed by chromosome 3 (n = 33). Of those 184 outlier windows, instances of at least 5
consecutive 5 kb windows were recorded in 6 cases, most of which were present on
chromosome 3 (n = 3) (Appendix Table 5.5). Of the 11 genes within the six identified regions,

no clear candidates for PZQ selection were identified.
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Figure 5.4: Genome-wide genetic differentiation (Fst) between standard and intensive
treatment populations. (A) pre- vs pre-treatment samples; (B) standard pre- vs
post-treatment samples; (C) intensive pre- vs post-treatment samples; (D) standard post- vs
intensive post-treatment samples. Each point represents median Fst values between
genomic sliding windows of 5 kb. Genomic windows with the highest 0.25% of Fst values are
coloured red, and the values below are coloured grey.
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5.3.4 Selection between pre-and post-treatment populations

Genome-wide scans to detect population-specific positive selection were conducted using
the cross-population extended haplotype homozygosity (XP-EHH) statistic for pre- and
post-treatment populations for each treatment regimen (Figure 5.5). A total of 180 outlier 5
kb windows were identified in the bottom 0.25% of XP-EHH values, most of which were
present in chromosome Z (n = 44 or n = 60) followed by chromosomes 1 (n =38) and 4 (n =
29) for standard and intensive arms, respectively (Figures 5.5A and 5.5B). Of those 180
outlier windows, instances of at least 5 consecutive 5 kb windows were recorded in 8 cases,
most of which were present on chromosome 1 (n = 4). Four of the outlier regions were from
the standard treatment arm, and four from the intensive treatment arm. However, the outlier
regions from each post-treatment population did not overlap (Appendix Table 5.6). The
enrichment of the windows of extreme XP-EHH values in the Z chromosome likely reflects a
technical artefact due to difficulty mapping the highly repetitive Z chromosome (200).
However, the enrichment is particularly present within the ZSR region (coordinates
10,680,112- 43,743,322), which is present within the population at a lower copy number as it
is present as a single copy in females. Thus this finding may represent a population genetic

effect rather than a technical error.

Of the eight candidate regions of selection identified in post-treatment populations using
XP-EHH statistic, two regions overlap with Fst candidate regions identified on chromosomes
1 (Standard pre vs post) and 2 (Intensive pre- vs post-treatment) (Appendix Tables 5.5 and
5.6). The first overlapping candidate region in chromosome 1 (total length = 35 kb) contained
3 genes (Smp_176850, Smp_1766840, Smp_099690) (Appendix Tables 5.5 and 5.6).
However, no clear candidates for PZQ selection were identified. The second candidate
region of interest was found on chromosome 1 where there was Fst and XP-EHH overlap
from comparing pre- and post-treatment populations from the intensive PZQ treatment arm.
This region implicated six genes (total length = 105 kb), one of which was a calcium ion

channel (Smp_160820). No protein encoding variants were found within this gene.

To determine if there was a differential impact of standard (40 mg/kg PZQ) vs intensive (80
mg/kg PZQ) treatment, a comparison of post-treatment populations from the standard and
intensive treatment arms was undertaken (Figure 5.5C). Negative XP-EHH values indicate
windows under stronger selection in the intensive post-treatment population. A total of 180
outlier 5 kb windows were identified in the bottom 0.25% of XP-EHH values, most of which
were present in chromosome Z (n = 119) followed by chromosome 1 (n = 24). Two candidate

regions of selection were identified on chromosomes 1 (total length = 220 kb) and 5 (total
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length 160 kb), containing 7 and 2 genes, respectively (Appendix Table 5.6). However, these
regions did not overlap with Fst candidate regions identified in the post-treatment population

comparison (Figure 5.4D), and no clear candidates for PZQ selection were identified.
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Figure 5.5: Genome-wide XP-EHH comparisons between pre and post-treatment
groups, stratified by treatment regimen. Comparison of XP-EHH values across the
genome for (A) standard and (B) intensive; standard and (C) intensive post-treatment
samples. Each point represents median XP-EHH values for 5 kb sliding windows. Genomic
windows with the highest 0.25% of XP-EHH values are coloured red, and values below are

coloured grey. Negative values

represent windows under

stronger

selection in

post-treatment populations (A-B) and in intensive post-treatment populations (C).
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5.3.5 Genetic diversity of SmTRPMpzq

To investigate the genetic diversity of the SmTRPMg,q ion channel, the exons encoding
SmMTRPMp;q were scanned for genetic variants. In line with findings from other genomic
surveys (151,152), no evidence of recent selection acting on SMTRPMp,q (Smp_246790)
using XP-EHH was found. However, analysis of the genetic variation within the exons
encoding the SmTRPMg,, revealed the presence of 60 exonic mutations (24 protein-altering
variants) (Figure 5.6). A high prevalence mutation within the five prime UTR region
(A2627629G) was identified, resulting in a premature start codon which was present as a
homozygous form in 18 samples (20.5% of samples). However, A2627629G was not

enriched in any of the post-treatment samples (Figure 5.5C).

The dataset was examined to detect the presence of known mutations that lead to a loss or
reduced sensitivity of SmMTRPMp,q to PZQ (153). One of these mutations (p.R1843Q)
present in the COOH-terminal coiled-coil region of SmMTRPMp,q was found in 42% of the
miracidia analysed (28.4% in a heterozygous form and 13.6% in a homozygous form)
(Figure 5.6). The homozygous mutation was present at a higher frequency at post-treatment
(7/42 post-treatment miracidia from 6 children) compared to pre-treatment (5/44
pre-treatment miracidia from 3 children). This mutation was found to result in lower
sensitivity to PZQ due to in silico predicted tetramer misfolding and lower channel
expression (153). Furthermore, another variant resulting in reduced PZQ sensitivity was

found (p.M1068l) (https://www.trptracker.live/) in pre-treatment samples. This mutation was

found in 36.3% of miracidia (26.1% in heterozygous form and 10.2% in homozygous form).

However, there was no enrichment for this variant in post-treatment populations.

To explore the genetic basis of PZQ sensitivity, regions most likely to impact drug response
were prioritised. Focus was placed on the transmembrane region of SmMTRPM;,q protein
because mutagenesis data within this region (228) revealed that mutation of 20/23 amino
acid residues resulted in a reduction or complete loss of PZQ sensitivity. Notably no
mutations were found within the transmembrane region of SMTRPM;,q or the PZQ binding

pocket in the genomic dataset (Figure 5.6A).

To further investigate this, an amplicon panel comprising four primer pairs were designed to
target the exons encoding the protein domains in the PZQ binding pocket in SmMTRPMp,q
(Figure 5.6B). Amplicon sequencing on 462 miracidia from pre- and post-treatment time
points from seven villages was undertaken, after which 445 miracidia passed QC. The

amplicon data identified a total of 37 high-quality SNPs and three indels (Figure 5.6B and
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Appendix Table 5.7). The average coverage per amplicon was high but variable (range:
47.26 to 669.29) (Appendix Table 5.7). Most of the SNPs and indels identified were intronic,
not leading to any changes in the protein sequence (Appendix Tables 5.8 and 5.9). Only two
SNPs (R1375H and 11464V) were found to result in a non-synonymous mutation and were in
the heterozygous form (Figure 5.6B). The first non-synonymous mutation (R1375) is present
in the S1 transmembrane helix, which increased in allele frequency by two (1.26% to 2.47%)
and three-fold (0.85% to 2.86%) in post-treatment populations in the standard and intensive
treatment arms respectively (Appendix Table 5.10 and Figure 5.6C). The second
non-synonymous mutation (11464V) is present in the S3 transmembrane helices, which
increased in allele frequency in both treatment arms (standard 0% to 0.56%; intensive 0.42%
to 1.06%) (Figure 5.6C). However, since PZQ resistance is a recessive trait, heterozygous

mutations are unlikely to result in PZQ resistance (227).

Furthermore, this dataset was searched to identify the three markers implicated in PZQ
resistance (227). The first was a homozygous SNP present in SmTRPMp,q (2723187C,
p.110201), which is predicted to cause a synonymous mutation. The first marker (2723187C,
p.110201) was present in 13.6% of miracidia (12 miracidia from 11 children) and was more
common in pre-treatment populations (n= 8 miracidia from 8 children). 26.1% of miracidia
(23 miracidia from 18 children) were heterozygous for the marker. The second and third
markers are two large (1,500 kb) deletions present close to SmMTRPMp,oand SOX13 genes
(positions 2,775,001-2,900,000 bp and 3,175,001-3,300,000 bp, respectively. To identify
structural variants in my data, including the two large deletion markers associated with PZQ
resistance described above, structural variant calling was undertaken. The first large deletion
marker close to SmTRPM;,q was not found nor any deletions close to SmTRPMp;q were
identified. Three smaller deletions were found adjacent to SOX73; an 869 bp deletion
(position 3,178,004-3,178,873 bp) found in 3.4% miracidia (n = 3 miracidia from 3 children),
a 5,054 bp deletion (position 3,202,891-3,207,945 bp) found in 4.5% miracidia (n = 4
miracidia from 4 children), and a large 13,915 deletion (position 3,289,401-3,303,316 bp)
found in 2.3% miracidia (n = 2 miracidia from 2 children). These deletions were all present in

a low frequency and in a heterozygous state.
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Figure 5.6: Distribution and frequency of genetic variation in SmTRPMgyz,,. A)
Frequency of exonic variants across the protein structure of SmMTRPMpzq (Smp_246790.1)
reported across 88 S. mansoni miracidia. B) Frequency of variants within the
transmembrane region of SmMTRPM,,q containing the proposed PZQ binding site using
amplicon sequencing. TRP1-4 indicates the name and the protein domain/s the primers
target. The bars and terminal points are coloured by the impact of each variant predicted
using SnpEff. C) Allele frequencies for synonymous and non-synonymous SNPs detected in
the PZQ binding pocket, stratified by treatment regimen: standard (40 mg/kg PZQ) and
intensive (80 mg/kg PZQ).
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5.4 Discussion

With the proposed expansion of mass treatment of PZQ to achieve the new WHO NTD
roadmap goal for the elimination of schistosomiasis as a public health problem in endemic
areas by 2030, there is a need to monitor the impact of PZQ intervention on schistosome
populations. Therefore, whole genome sequencing of individual S. mansoni miracidia
sampled from Lake Albert, a persistent schistosomiasis hotspot in Uganda, despite over two
decades of annual PZQ treatment, was undertaken. Miracidia were sampled from two
treatment regimens (40 mg/kg vs 80 mg/kg PZQ) to determine if there is differential impact

on the genetic response of S. mansoni.

Generating genomic data from S. mansoni populations under PZQ selection pressure in
endemic areas may lead to new insights into the mechanism by which drug resistance may
act. There was no genetic structure observed in the overall Lake Albert S. mansoni
population, however, there is evidence that PZQ treatment had an effect on the genetic
diversity of S. mansoni populations. Small but significant reductions in genome-wide genetic
diversity were observed in post-treatment S. mansoni populations. Comparable reductions in
genetic diversity were observed between the standard and intensive treatment arms. The
intensive treatment did not appear to have a larger effect on the reduction of genetic
diversity; it would be expected that the intensive treatment would be more effective in
reducing the parasite population, as evidenced by the higher CRs observed in Chapter 3,
compared to the standard treatment arm. High rates of gene flow between S. mansoni
populations likely allowed for the rapid recovery of genetic diversity post-PZQ treatment, and
the long follow-up of six months is too long to detect a genetic bottleneck caused by
treatment. The large follow-up time between pre- and post-treatment sample collection likely
facilitated reinfection and the development of pre-patent infections. Several studies have
demonstrated that PZQ treatment has either no impact on genetic diversity
(161,171,237,248,249) or a temporary reduction in genetic diversity that recovers within
months post-treatment (221,235,250). No studies to date have demonstrated long-term
reductions in population genetic diversity in areas of high prevalence. This demonstrates the

resilience of S. mansoni populations to repeated PZQ treatment (235).

Minimal population differentiation between pre- and post-treatment S. mansoni populations
from both treatment arms was found, indicating that post-treatment populations do not
represent a distinct subpopulation. Despite the low levels of population differentiation, a

candidate region of genetic differentiation was found which was of interest. The candidate
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region on chromosome 1 contained a calcium ion channel (Smp_160820) and was also
found to be under positive selection in the intensive post-treatment S. mansoni population.

Praziquantel mediates calcium influx into the schistosome, and it has been suggested that
calcium ion channels facilitate this (38—41) and are hypothesised to be involved in resistance

(42,43). However, no protein-encoding variants were found in this gene.

Consistent with previous studies (151-153), no evidence of selection acting on SmMTRPMp,q
was found in post-treatment S. mansoni populations. However, extensive low-frequency
variation was identified throughout this gene which is in line with a recent study exploring the
genetic diversity of this gene (153). Of particular interest was the identification of three
mutations: p.R1843Q, p.M1068I and p.11020l, the first two mutations have been functionally
profiled and cause reduced channel responsiveness to PZQ (153,251). The latter mutation is
a marker associated with PZQ resistance in a laboratory S. mansoni line resistant to PZQ
(227). There was no significant enrichment of these mutations in post-treatment S. mansoni
populations. This suggests that a single round of PZQ treatment did not exert a strong
selective pressure on S. mansoni populations. It is likely that extensive refugia in snails,
untreated humans and animal reservoirs, and high rates of gene flow provide pools of
susceptible alleles to dilute those conferring PZQ resistance in treated populations. Mixing of
untreated and treated parasite populations allows for rapid recovery of genetic diversity
following treatment. Though there is strong genetic and biochemical evidence that PZQ
activates SmMTRPMpzq and the channel is involved in differential PZQ response, the causal
variant has yet to be identified. This makes genotyping S. mansoni collected in endemic
settings under drug pressure for PZQ resistance difficult. Genome-wide data, including this
study have failed to link variation in this gene to drug selection (151-153). Furthermore, the
mechanism of PZQ resistance mediated by SmTRPM;,q in a laboratory-resistant S. mansoni
strain involved significantly reduced expression of the gene compared to the susceptible
strain (227). Future work should focus on determining if changes in expression or genetic
variation within this gene are associated with reduced PZQ efficacy in field populations of S.

mansoni (231).

The most striking finding in this chapter was the lack of genetic diversity observed within the
transmembrane region of the SmTRPM;,q in the genomic data. Further exploration of the
PZQ binding pocket in the transmembrane region of the protein using targeted amplicon
sequencing supported this finding, despite sequencing more miracidia and achieving a
higher sequencing depth. However, two non-synonymous mutations were identified (R1375H
and [1464V) which increased in frequency in post-treatment populations, notably the

greatest effect was seen in the intensive arm where R1375H increased three-fold in
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post-treatment populations. Neither of these non-synonymous mutations have been
functionally profiled and represent candidates to determine their impact on PZQ sensitivity
on SmMTRPMg,q. Furthermore, Berger et al., (153) identified variation within this region using
a larger sample size but found no high-frequency functionally impactful variants. The
transmembrane region is likely highly conserved as it is essential for the binding of its
endogenous ligand and for its function within S. mansoni. Different parasitic flatworms differ
in their sensitivity to PZQ and it has been suggested that the differences in amino acids
lining the transmembrane region underpin this variability (252,253). Functional analysis of
TRPMp;q revealed the basis of PZQ insensitivity in Fasciola hepatica, a single SNP which
causes an amino acid change within the PZQ binding pocket from an asparagine to
threonine residue. This emphasises that even minimal and conservative amino acid change
can cause a loss of PZQ sensitivity (228,252). Further work is required to understand the

endogenous role of this ion channel throughout the schistosome life cycle.

The sample size of S. mansoni miracidia whole genome sequenced may have limited the
power to detect genetic changes associated with PZQ treatment. Whilst amplicon
sequencing had a larger sample size and provided deeper coverage of the PZQ binding site
in TRPMp,q, additional genetic markers to capture the broader population structure could
have provided deeper insights into the genetic impact of PZQ treatment. Furthermore, the
six-month follow up period between pre- and post-treatment sampling was likely too long to
capture potential genetic bottlenecks caused by PZQ treatment. Rapid re-infection and the
development of pre-patent infections during this follow up time likely facilitated the recovery
of genetic diversity following PZQ treatment. Although this study identified candidate variants
for potential PZQ resistance however, these variants require functional validation. To better
investigated the genetic response of S. mansoni to PZQ treatment in endemic settings such
as Lake Albert, future studies should focus on shorter follow up periods, longitudinal

sampling and undertake the functional validation of candidate variants.

To conclude, the findings in this chapter demonstrate the complexity of genetically
monitoring S. mansoni populations under PZQ treatment pressure in endemic settings. In
summary, a small but significant reduction in genome-wide diversity as a result of PZQ
treatment was found. It is likely that high levels of gene flow and reinfection contributed to
the rapid recovery of genetic diversity, which may obscure any short-term bottlenecks
caused by PZQ treatment. Analysis of the variation of PZQ resistance loci (SmTRPMg,q) led
to the identification of mutations which may be linked to PZQ resistance. Though these
mutations were present at low frequencies, they represent standing variation for PZQ

resistance in natural S. mansoni populations.
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Chapter 6: Discussion and Conclusion
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6.1 Recapitulation and directions for future work

Praziquantel (PZQ) is the only drug used to treat schistosomiasis and is thus considered the
cornerstone of schistosomiasis control programmes. Large scale-up of mass drug
administration (MDA) programmes delivering PZQ to endemic areas plays a pivotal role in
achieving the ambitious goals outlined by the WHO NTD roadmap. However, using a single
drug to treat a disease of this magnitude is worrying should resistance develop and spread.
Praziquantel resistance has been a significant enigma in schistosomiasis research for
decades. Recent progress has been made in the identification of a molecular target of PZQ,
SMTRPMe;q, which has also been implicated in PZQ resistance in Schistosoma mansoni
(227-229). However, our knowledge of PZQ resistance in field settings is limited in light of
recent advances. This project sets out to investigate 1) the efficacy of PZQ treatment in a
cohort of preschool-aged children (PSAC) from a clinical trial in Uganda, 2) the population
diversity and structuring of Ugandan S. mansoni populations, 3) the genomic impact of PZQ

treatment on the structure and diversity of S. mansoni populations.

Table 6.1: Summary of major findings in each chapter of the thesis.

Thesis chapter Major findings

Analysis of praziquantel e Both the 40 mg/kg PZQ and 80 mg/kg PZQ treatment
treatment response in groups demonstrated sub-optimal clearance of
preschool-aged children Schistosoma mansoni, with parasitological cure rates

falling below the WHO-recommended threshold of 85%.

e Antigen-based cure rates were significantly lower than
the parasitological cure rates.

e Logistic regression models indicated no significant
association between cure rates and demographic or
drug exposure factors.

e Significant inter-individual pharmacokinetic variability in
plasma levels of both praziquantel enantiomers was

found.
Population genomic e Clear geographical structuring of Schistosoma mansoni
characterisation of Ugandan populations was observed at both the global and
Schistosoma mansoni regional levels in Uganda.

e Distinct genetic separation was found between
Schistosoma mansoni populations from Lake Albert and
Lake Victoria.

e Mitochondrial variants indicated a loss of resolution in
population clustering compared to nuclear variants
where samples did not show the expected district-level
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population structure.

Evidence of gene flow was identified between districts in
Uganda, particularly between inland (Tororo) and
shoreline districts (Hoima and Mayuge) and between
Damba Island (Koome Islands) and Hoima.

Investigating the genetic
impact of praziquantel
treatment on Schistosoma
mansoni populations in Lake
Albert

A small but significant reduction in genetic diversity in
post-treatment populations compared to pre-treatment.
The intensive treatment arm did not result in a greater
reduction in the genetic diversity of Schistosoma
mansoni populations compared to the standard
treatment arm.

A candidate region on chromosome 1 was identified
containing a calcium ion channel under selection in the
intensive post-treatment population.

No evidence of selection was acting on the SmMTRPMp,q
in post-treatment S. mansoni populations but extensive
low frequency variation was found.

Three mutations in the SmTRPM;,q were found
(p-.R1843Q, p.M1068I and p.11020l), the first two
mutations have been functionally profiled and cause
reduced channel responsiveness to PZQ.

A lack of genetic diversity was found in the
transmembrane region of the SMTRPMp,q .

Amplicon sequencing of the transmembrane region of
SMTRPMp,q identified two non-synonymous mutations
(R1375H and 11464V), which increased in frequency in
post-treatment populations, particularly in the intensive
treatment arm.
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6.1.1 Future directions

The poor CRs and the extent of re-infection reported in Chapter 3 highlight a crucial need
for increased funding in drug discovery and drug development in schistosomiasis. Though
PZQ remains the cornerstone of schistosomiasis control and the only drug available for
treatment, it has limitations that should not be overlooked, particularly with efforts to
eliminate schistosomiasis as a public health problem by 2030. The primary drawbacks of
PZQ include its ineffectiveness against juvenile stages and its rapid elimination, with 80% of
the drug cleared from the body within four days. Given the extensive water contact in
endemic settings, infected individuals are likely to harbour juvenile parasites at the time of
treatment, leading to incomplete clearance and, thus, treatment failure. Additionally, this
combination of high water exposure and the rapid elimination of PZQ creates a perfect storm
for re-infection. Relying solely on PZQ chemotherapy is insufficient to interrupt transmission
and effectively control schistosomiasis. A new antischistosomal drug with specific properties
would be desirable: a single-dose curative agent with a long shelf life, minimal side effects,
low production cost, and efficacy against both juvenile and adult worms, including those of
medical and veterinary importance. Advances in high-throughput compound screening,
medicinal chemistry and parasite biology as well as collaborations with the pharmaceutical
industry offer promising research avenues for schistosomiasis drug discovery. A recent study
has identified several compounds with single-dose efficacy against both juvenile and adult
worms in vivo which are predicted to cure schistosomiasis infection in humans at a single
dose less than 5 mg/kg (10 fold less than PZQ) (254) However, progressing these candidate
compounds from preclinical development to Phase | clinical trials remains a major bottleneck
in the drug development process. Helminth drug development has historically been
underfunded, and progressing beyond early-stage trials requires substantial funding. Beyond
drug development, consideration is needed regarding how the drug will be funded and
distributed, particularly to endemic communities. Deciding whether the new drug will be
donated or made available at an affordable cost will be important for determining its impact
on control and elimination efforts. Furthermore, comprehensive PK and pharmacogenetic
(PG) studies across all age groups, from PSAC to adults, are essential to establish an

optimised dosing regimen that achieves optimal CRs.

Chapter 4 revealed evidence of gene flow between S. mansoni populations across different

districts in Uganda. This is somewhat expected with known human movement between Lake
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Albert and Lake Victoria, particularly among mobile populations such as fishing communities,
and highlights the interconnectedness of these lake systems in shaping parasite population
dynamics. The extent of human movement is concerning from a schistosomiasis control
perspective, especially if individuals miss MDA of PZQ while travelling between lakes, which
can sustain transmission across regions. Understanding the population structure of S.
mansoni and the extent of gene flow between geographical areas is crucial for predicting the
spread of traits, such as PZQ resistance. If resistance were to emerge, gene flow could
facilitate and reduce the time for resistance mutations to emerge and reach high frequencies
between regions, undermining control efforts; conversely, limited gene flow might confine

resistance to specific areas, enabling targeted interventions.

Whole genome sequencing has been successfully applied to several Schistosoma species,
including those of veterinary importance (151,153,155). These studies and the findings in
this thesis have increased our understanding of the genomic landscapes of Schistosoma
species. To build upon the population genomic analyses presented within this thesis, more
Schistosoma samples should be sampled from a broader geographical range. The data
generated and analysed within the thesis is from S. mansoni populations from two major
hotspot regions in Uganda. There is a need for more comprehensive sampling across
Uganda and from West African countries to improve the resolution of population genomic
analyses and to determine if the patterns of population structure observed in Ugandan S.
mansoni are unique to this region or are seen in other populations. Much of what we know
about the population structuring of S. mansoni is from using a limited number of genetic
markers, including the commonly used mitochondrial cox1 gene. Findings in Chapter 4
demonstrated a loss of resolution when using a single gene to characterise the population
structuring of S. mansoni populations. We should be pushing for the application of genomics
to not only S. mansoni but other Schistosoma species to unravel the complexities of natural
Schistosoma populations. The current literature for the population genetics of schistosomes
is saturated with those focusing on S. mansoni and evidence from other Schistosoma
species is severely lacking; with the extensive genetic diversity observed within the

Schistosoma genus, it is evident that there is more to learn.

To investigate drug resistance, whole genome sequencing of individuals has been
increasingly employed in tropical diseases such as malaria and insecticide resistance in
vectors (255,256). The generation of genomic data at single-nucleotide resolution allows for
the correlation between genotype and phenotype. However, conducting association studies
for anthelmintic resistance in schistosomiasis presents challenges, particularly due to the

difficulty in sampling adult worms from human hosts, which are the target for investigating
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PZQ resistance. Miracidia provide a biased sample of the total genetic diversity in the adult
S. mansoni population as they represent only a proportion of the genetic diversity found in
the adult population. Phenotypes such as cure rates and egg reduction rates are assessed
at the host level, whilst genotypes are derived from offspring, usually miracidia sampled
human stool rather than adult worms. This disconnect between the phenotype (measured at
the host level) and genotype (inferred from offspring) which complicates the establishment of
a direct link between treatment outcomes and genotype. To address this, longitudinal studies
could be employed to monitor phenotypic changes (such as cure rate and egg reduction

rate) in human hosts over time and correlate genetic changes in miracidia.

Much of what we know about anthelmintic resistance is based on candidate gene
approaches. Using candidate gene approaches alone prevents the discovery of other
genomic loci and mechanisms which may be involved. Furthermore, a key issue is that very
few studies consider the broader genomic landscape beyond the candidate genes being
studied. Focusing solely on single candidate genes without understanding the surrounding
genomic context can lead to misleading conclusions, making it challenging to distinguish
between true selection and confounding bias. More WGS studies are needed to provide
further insights into the impact of selection on the broader genomic architecture which is

required to fully understand the complex genetics of anthelmintic drug resistance.

Accessibility to WGS in field settings is largely limited due to the relatively high costs,
particularly when sequencing large genomes and the requirement for high DNA
concentrations, which is often not possible from Schistosoma larval stages that are available
for sampling. Furthermore, the requirement for high-performance computing clusters and
relevant bioinformatic skills to analyse genomic data represent potential barriers to the

application of genomics in field settings.

Overall, this thesis demonstrates the utility of next generation sequencing in generating
WGS data to capture the broader genomic landscape and amplicon data to identify potential
target site resistance candidates. Before the work conducted for this thesis, there were fewer
than five samples with WGS data available for S. mansoni from Lake Albert and there was
no available data detailing the diversity of the SmMTRPM;,q in these populations. This thesis

represents a significant expansion of the available genomic data from this hotspot region.

There is a need for multi-locus, high-throughput molecular screening of S. mansoni for PZQ
resistance which has been highlighted several times, and Chapter 5 represents the

beginning of the development of such panels. The amplicon panel designed in Chapter 5
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was used to detect potential target site resistance mutations within the drug-binding site of
the SmMTRPMp,o. However, the findings in this chapter demonstrated that this approach
could be difficult to develop due to the limited functional validation of mutations in
SMTRPMp,,. Further development of this amplicon panel to ideally target any functionally
validated mutations in SmTRPMg,q, genetic markers tagging selective sweeps in S. mansoni
in response to drug treatment and other candidate genomic loci of interest. However, the
lack of annotational information of specific genes, particularly detailing their function in those

which were found in candidate regions of selection, limited the conclusions.

The application of the amplicon sequencing panel developed in Chapter 5 may be limited
within a field setting due to several factors, including the potentially limited access to lllumina
sequencing platforms and a lack of bioinformatic expertise. To overcome this, the amplicon
sequencing panel could be adapted for use on a portable sequencer such as the Oxford
Nanopore long-read MinlON. The MinlON has a user-friendly graphical web interface (such
as MinKNOW) for real time base calling and basic quality control. This has already been
successfully implemented in other infectious diseases (257). However, more extensive
downstream bioinformatic analysis such as variant calling requires additional bioinformatic

tools.

6.2 Conclusion

In conclusion, the findings presented in this thesis underscore the urgent need to address
the challenges posed by PZQ in the control of schistosomiasis. The findings provide insights
into the genetic population structuring of S. mansoni in Uganda, highlighting both
district-level clustering and gene flow between Lake Albert and Lake Victoria. This has
potential implications for schistosomiasis control, particularly within the context of the WHO
2030 roadmap, which aim to reduce morbidity, interrupt transmission and achieve elimination
of schistosomiasis as a public health problem. The gene flow observed suggests that local
transmission dynamics may complicate control efforts, reinforcing the need for sustained
MDA alongside surveillance to monitor for the emergence of potential drug resistance.

District-level clustering suggests for the need for geographically targeted interventions.

Furthermore, the sub-optimal CRs observed in PSAC from both treatment regimens highlight
significant gaps in the efficacy of PZQ, which may present a barrier to the ambitious control
strategy set out by the WHO NTD roadmap. As we look to the future, it is imperative to

prioritise funding for new drug discovery and development efforts aimed at identifying a more
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effective treatment option for schistosomiasis. The genomic approaches optimised and
developed provide a foundational step towards future genetic surveillance of field
populations of Schistosoma across endemic regions, particularly for tracking potential drug
resistance and spread. This would provide valuable insights into how current control
strategies impact the genetics of Schistosoma populations and have the power to provide
early warning of the emergence of PZQ resistance. Given the limitations of MDA alone,
these findings reinforce the need for integrated control strategies, including snail control and
WASH interventions, to achieve sustainable reductions in schistosomiasis transmission by
2030.
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Appendix

Appendix Table 3.1: Effect of 80 mg/kg versus 40 mg/kg praziquantel on cure rates
based on three diagnostic tests: KK, CCA and CAA. The cure rate is defined by the
proportion of participants who no longer test positive for schistosomiasis at week 4. The
significant difference between the treatment arms is assessed using a chi-squared test.

Outcome Baseline Baseline Difference (95% p-value
40 mg/kg PZQ 80 mg/kg PZQ Cl)
Cure rate at 4 weeks, 30/41 (73%) 39/47 (83%) 10% (-7%, 27%) 0.265
n/N(%) based on KK
Cure rate at 4 weeks, 14/42 (33%) 29/44 (66%) 33% (13%, 53%) 0.003
n/N(%) based on
CCA
Cure rate at 4 weeks, 10/42 (24%) 14/44 (32%) 8% (-11%, 27%) 0.408
n/N(%) based on
CAA
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Appendix Table 3.2: Effects of 80 mg/kg versus 40 mg/kg PZQ on egg reduction rate
(ERR). The egg reduction rate is calculated by taking the reduction in mean egg count per
trial arm and dividing by the mean egg count pre-treatment, then multiplying by 100. The
significance between the treatment arms is assessed using the Willcoxon rank-sum test.

Outcome Baseline Baseline Difference (ClI) p-value
40 mg/kg PZQ 80 mg/kg PZQ

Egg reduction rate at | 98.3% 98 .9% 0.6 (-0.4,1.9) 0.301

week 4 (geometric (97.1, 99.0) (98.3, 99.3)

mean, 95% CI)

Egg reduction rate at | 98.3% 99.4% 1.1 (-0.2, 3.7) 0.262

week 4 (arithmetic (95.7,99.4) (98.7, 99.8)

mean, 95% CI)
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Appendix Table 3.3: Comparison of mean pharmacokinetic parameters between two
treatment regimens (40 mg/kg PZQ vs 80 mg/kg PZQ). The significant difference between

the treatment arms is assessed using an independent t-test.

Pharmacokinetic 40 mg/kg PZQ | 80 mg/kg PZQ | p-value

parameter (std) (std)

Total PZQ AUC 2.833 6.214 0.113
(2.184) (4.055)

AUC (R-PZQ) 0.413 1.484 0.118
(0.334) (1.377)

AUC (S-PZQ) 2.421 4.730 0.127
(1.861) (2.795)

Cmax (R-PZQ) 0.151 0.873 0.124
(0.106) (0.955)

Cmax (S-PZQ) 0.891 2.037 0.0746
(0.585) (1.220)

Tmax (R-PZQ) 2.767 5.296 0.0005
(0.931) (0.974)

Tmax (S-PZQ) 2.767 5.296 0.0005
(0.931) (0.974)
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Appendix Table 4.1: Sample information, including the accession number, country, and

district of the published whole genome sequencing data used.

Accession
ERR3173134
ERR3173113
ERR3173101
ERR3173102
ERR3173069
ERR3173070
ERR3173139
ERR3173103
ERR3173109
ERR3173111
ERR3173104
ERR3173128
ERR3173147
ERR3173259
ERR3173192
ERR3173196
ERR3173227
ERR3173248
ERR3173144
ERR3173130
ERR3173205
ERR3173230
ERR3173209
ERR3173221
ERR3173216
ERR3173078
ERR3173079
ERR3173080
ERR3173260
ERR3173256
ERR3173200

Country
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda

District
Mayuge
Mayuge
Mayuge
Mayuge
Mayuge
Mayuge
Mayuge
Mayuge
Mayuge
Mayuge
Mayuge
Mayuge
Mayuge
Mayuge
Mayuge
Mayuge
Mayuge
Mayuge
Mayuge
Mayuge
Mayuge
Mayuge
Mayuge
Mayuge
Mayuge
Mayuge
Mayuge
Mayuge
Mayuge
Mayuge
Mayuge

Source

Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
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ERR3173261
ERR3173153
ERR3173232
ERR3173242
ERR3173262
ERR3173152
ERR3173246
ERR3173203
ERR3173118
ERR3173180
ERR3173225
ERR3173208
ERR3173151
ERR3173243
ERR3173043
ERR3173185
ERR3173166
ERR3173084
ERR3173085
ERR3173086
ERR3173087
ERR3173088
ERR3173089
ERR3173090
ERR3173091
ERR3173234
ERR3173226
ERR3173071
ERR3173072
ERR3173073
ERR3173074
ERR3173075
ERR3173247
ERR3173239
ERR3173060

Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda

Mayuge
Mayuge
Mayuge
Mayuge
Mayuge
Mayuge
Mayuge
Mayuge
Mayuge
Mayuge
Mayuge
Mayuge
Mayuge
Mayuge
Mayuge
Mayuge
Mayuge
Tororo
Tororo
Tororo
Tororo
Tororo
Tororo
Tororo
Tororo
Tororo
Tororo
Tororo
Tororo
Tororo
Tororo
Tororo
Tororo
Tororo

Mayuge

Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
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ERR3173061
ERR3173174
ERR3173126
ERR3173105
ERR3173179
ERR3173106
ERR3173201
ERR3173132
ERR3173186
ERR3173181
ERR3173095
ERR3173245
ERR3173206
ERR3173177
ERR3173175
ERR3173120
ERR3173170
ERR3173237
ERR3173165
ERR3173171
ERR3173213
ERR3173217
ERR3173250
ERR3173136
ERR3173048
ERR3173049
ERR3173052
ERR3173053
ERR3173055
ERR3173056
ERR6798399
ERR6798506
ERR6798511
ERR6798382
ERR6798532

Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda

Mayuge
Mayuge
Mayuge
Mayuge
Mayuge
Mayuge
Mayuge
Mayuge
Mayuge
Mayuge
Mayuge
Mayuge
Mayuge
Mayuge
Mayuge
Mayuge
Mayuge
Mayuge
Mayuge
Mayuge
Mayuge
Mayuge
Mayuge
Mayuge
Mayuge
Mayuge
Mayuge
Mayuge
Mayuge
Mayuge
Koome

Koome

Koome

Koome

Koome

Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Berger et al., 2021
Vianney et al., 2022
Vianney et al., 2022
Vianney et al., 2022
Vianney et al., 2022
Vianney et al., 2022
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ERR6798463
ERR6798445
ERR6798503
ERR6798540
ERR6798491
ERR6798457
ERR6798509
ERR6798476
ERR6798425
ERR6798544
ERR6798434
ERR6798495
ERR6798395
ERR6798546
ERR6798492
ERR6798529
ERR6798433
ERR6798502
ERR6798379
ERR6798464
ERR6798504
ERR6798436
ERR6798520
ERR6798456
ERR6798524
ERR6798450
ERR6798545
ERR6798470
ERR6798514
ERR6798543
ERR6798533
ERR6798442
ERR6798471
ERR6798422
ERR6798513

Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda

Koome
Damba
Damba
Damba
Damba
Damba
Damba
Damba
Damba
Damba
Damba
Damba
Damba
Damba
Damba
Damba
Damba
Damba
Damba
Damba
Damba
Damba
Damba
Damba
Damba
Koome
Koome
Koome
Koome
Koome
Koome
Lugumba
Lugumba
Lugumba

Lugumba

Vianney et al., 2022
Vianney et al., 2022
Vianney et al., 2022
Vianney et al., 2022
Vianney et al., 2022
Vianney et al., 2022
Vianney et al., 2022
Vianney et al., 2022
Vianney et al., 2022
Vianney et al., 2022
Vianney et al., 2022
Vianney et al., 2022
Vianney et al., 2022
Vianney et al., 2022
Vianney et al., 2022
Vianney et al., 2022
Vianney et al., 2022
Vianney et al., 2022
Vianney et al., 2022
Vianney et al., 2022
Vianney et al., 2022
Vianney et al., 2022
Vianney et al., 2022
Vianney et al., 2022
Vianney et al., 2022
Vianney et al., 2022
Vianney et al., 2022
Vianney et al., 2022
Vianney et al., 2022
Vianney et al., 2022
Vianney et al., 2022
Vianney et al., 2022
Vianney et al., 2022
Vianney et al., 2022
Vianney et al., 2022
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ERR6798461
ERR6798377
ERRG6798467
ERR6798469
ERR6798430
ERR6798386
ERR6798510
ERR119614
ERR103050
ERR103049
ERR046038
ERR539843
ERR539848
ERR539845

Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Uganda
Kenya
Cameroon
Senegal
Puerto Rico
Guadeloupe
Guadeloupe

Guadeloupe

Lugumba
Koome
Koome
Koome
Koome
Koome

Koome

Vianney et al., 2022
Vianney et al., 2022
Vianney et al., 2022
Vianney et al., 2022
Vianney et al., 2022
Vianney et al., 2022
Vianney et al., 2022
Crellen et al., 2016
Crellen et al., 2016
Crellen et al., 2016
Crellen et al., 2016
Crellen et al., 2016
Crellen et al., 2016
Crellen et al., 2016
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Appendix Figure 4.1: Protocol for collection of miracidia on Whatman FTA cards.

Stool samples:

e Collect stool samples from S. mansoni-positive children (regardless of infection
intensity, avoid selection bias). Each stool sample must be labelled with an
individual 1.D. number that relates back to the individual child (to link
epidemiological data).

e Place a good amount of stool (about the size of a walnut) on a 212 um steel sieve
in a plastic pot. Using a toothbrush/applicator, break up and push the stool sample
through the steel sieve, washing with approximately 1 litre of distilled/bottled water.
The water will collect in the pot around the steel sieve. Carefully rinse the sieve
with bottled water, taking care to lift and rinse the bottom of the sieve that has been
sitting in the water. This will remove any eggs that may be attached to the
underside of the sieve.

e Take the Pitchford funnel (Figure 1), ensuring that the inner funnel and the outer
funnels are clean and correctly assembled. The tap at the bottom of the 38-40
micron outer funnel MUST BE CLOSED (the tap should be horizontal when
closed). Lift the plastic pot with filtered stool water and carefully pour the water
through both the inner and outer parts of the Pitchford funnel.

Coarser inner
- mesh =

/ . Finer outer
{ - mesh

“—— Funnel-_____

o

_— Tap. o, e

Figure 1: Pitchford funnel.

e While supporting the base, shake/twirl the Pitchford funnel around gently in order to
drain the water. Add more distilled/bottled water, lift the inner funnel carefully and
rinse the end of it so that any eggs stuck to the outside of the inner funnel will be
rinsed into the outer funnel. Remove the inner funnel and add more water. Rinse
and wash the eggs thoroughly with about 1 litre of water — until the water is clear.
Shake the outer funnel until there is only a small amount of water left (it has to fit in
a Petri dish).

e Take the Petri dish (labelled with the child’'s/sample’s ID number). Hold the outer
funnel over the Petri dish and GENTLY open the tap to allow the eggs and water to
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flow into it. If the water doesn’t come out, GENTLY tap the funnel on the bottom of
the dish. Very carefully pour a small amount of water (a few millilitres) through the
open funnel into the Petri dish to ensure you have all the eggs.

e Make sure there is enough water within the Petri dish to induce hatching (if not, add
a little more). Place the Petri dish in indirect sunlight/shade for up to 6 h. Check the
Petri dish after 20-30 min for miracidia (under the microscope at around x10 — x20
magnification) and keep checking every half hour for the next 5 to 6 h. Eggs will
hatch at different times depending on light, temperature and potentially genetic
characteristics. You will find different samples will hatch at very different rates, so
keep checking them. Additionally, you may find only a few miracidia in a Petri dish
within the first hour, and then when you check 2 h later, there may be lots more
hatched out. It is a game of practice and patience! If it is possible, you can also
leave unhatched petri dishes overnight and check them the next day.

e Debris in the plate can be moved towards the centre of the dish by using a gentle
swirling rotation, allowing a clear area around the edge for collecting the miracidia.
Once the miracidia start hatching, pick up individual miracidia using a Gilson P20
pipette set at 3-5 yl (3 pl is best) and transfer directly onto an FTA card. Make sure
the miracidia spots do not touch each other. Allow the FTA card to dry for one hour.
This stores the genetic material of the miracidia without damage. CHANGE
PIPETTE TIPS BETWEEN EACH SAMPLE/PETRI DISH to avoid cross-sample
contamination.

Water control samples for miracidia FTA cards:

e Pipette a few (4-8) drops of the distilled/bottled water used to wash and hatch the
eggs. This is a control we use to ensure that no genetic material is contaminating
our results in the water used.
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Appendix Figure 4.2: A selection of images from fieldwork in Uganda in November
2021. Top left: miracidia catching and cleaning using a dissection microscope. Top right: an
example of the roads used by the field team to collect study participants. Bottom left:
processing stool samples to separate S. mansoni eggs from stool samples and subsequently
storing them in water to induce hatching. Bottom right: miracidia placed into FTA cards for
storage.

To allow for the collection of samples, | travelled to Uganda twice to join the field team in
Bugoigo to collect baseline and six-month post-treatment follow-up miracidia samples from
stool samples from PIP trial participants. | aimed to collect miracidia from 100 participants,
and from each participant, | aimed to collect at least 30 miracidia. | started at 7:30 am to
expose the previous night's samples to light to aid miracidial hatching. After breakfast |
would begin collecting miracidia from stool samples and placing them onto FTA cards. |
would finish this around 6:30 pm. After dinner, we would process the next lot of participant
stool (methods detailed in Appendix 1) until 10 pm and leave overnight for hatching. My
reflections from the field experience are that fieldwork to collect samples can be logistically
challenging. For example, the road infrastructure from the camp to the more remote villages
was very poor and challenging. An important aspect of the fieldwork was understanding the
social context of schistosomiasis and seeing first-hand the clinical pathology of the disease.
This has been an invaluable experience for my PhD work as it has highlighted the difficulties
surrounding logistics, and sample collection and emphasised how valuable the participant’s
samples are once they have been collected. | have grown from this experience.
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Appendix Figure 4.3: Distribution and density of nuclear variant quality metrics
(QUAL, DP, MQ, SOR, FS, QD, MQRankSum, and ReadPosRankSum). The distributions
are colour-coded by variant type: SNP (pink) and indel (light blue). The red lines indicate the
default GATK hard filters, while the blue lines represent the 1st and 99th percentiles. The
peach-coloured lines show variant-specific thresholds for SNPs and indels, and the
turquoise lines are specific to the SOR and RankPosRankSum plots, representing additional
hard filter thresholds that are specific to each variant type.
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Appendix Figure 4.4: Distribution and density of mitochondrial variant quality metrics
(QUAL, DP, MQ, SOR, FS, QD, MQRankSum, and ReadPosRankSum). The distributions
are colour-coded by variant type: SNP (pink) and indel (light blue). The red lines indicate the
default GATK hard filters, while the blue lines represent the 1st and 99th percentiles. The
peach-coloured lines show variant-specific thresholds for SNPs and indels, and the
turquoise lines are specific to the SOR and RankPosRankSum plots, representing additional
hard filter thresholds that are specific to each variant type.
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Appendix Figure 4.5: Bioanalyzer results generated from Novogene for the pooled
library. The trace details the density and fragment size of the pooled library.
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Appendix Table 4.2: Quality control measures for 96 miracidia whole genome sequenced.

Sample ID
BU189_B1
BU189_B2
BU193_B1
BU193_B2
BU196_B1
BU196_B2
BU198_B1
BU198_B2
BU200_B1
BU200_B2
BU201_B1
BU201_B2
BU203_B1
BU203_B2
BU206_B1
BU206_B2
BU209_B1
BU209 B2
BU211_B1
BU211_B2
BU212_B1

Mean library
concentration

ng/ul)

4.84
5.86
1.66
3.05

5.7
2.41
4.39
4.69
2.63

4.4

5.6
3.19
6.38
2.68
6.86

3.1
2.65
8.89
0.66
2.31
3.41

Total
number of
reads

89860390
138642796
100335544

56138212
106027222

80431038

69334280

50187028

20511690

67991752

73447788
145882240

73422920

59492894

70215114

62392712
100904432

48679144

18993438

44487382

53171304

Duplicate
reads (%)

35.4
444
53.5
33.6
34.3
41.3
36.1
31.7
28.1
37.2
36.1
49.2
39.8
43.2
36.3
54.6
62.1

33
59.1
51.9
48.3

Mapped
reads
(million)

48.6
73.3
39.6
37.4
42.6
0.2
36.5
28.6
14.1
36.7
45.9
36.4
33.8
27.3
29.3
22.8
25
31
4.4
18.7
242

Mapped

Mean
nuclear

reads (%) coverage

54.1
52.9
39.5
66.6
401
0.2
52.7
57
68.6
54
62.5
249
46
45.9
41.7
36.5
24.8
63.7
233
421
45.5

11
16.5
9

9
10.6

8.1
6.6
3.5
9.3
10.8
8.2
7.8
5.7

4.8
4.9
7.9
0.8
3.7
5.2

Standard
deviation

3.53
4.94
2.96
2.77
3.58
0.97

2.8
2.39
1.24
3.48
3.75

25

24
2.33
217
1.51
1.48
2.82

0.5
1.38
1.95

Mean
mitochondrial
coverage

857.4
1173.1
1210.3

361.7

661.9

1.8

481.3

512.9

252.2

500.4

603.7

539.1

367.9

355.6

386.7

216.6

172.9

503.2

61.8

303.4

207.9

GC
(%)

38
37
37
36
41
49
39
39
37
38
37
40
40
41
40
38
41
38
44
39
38

Kraken
unassigned
(%)

74
84
87
88
58
11
74
78
84
86
83
56
76
75
68
80
72
86
61
81
85

Homo sapiens
(%)

5.2
71
6.2
4
2.7
2.6
6.8
3.4
5.7
5.1
6.4
21.7
6.1
55
2.8
4
9.8
3.8
14.3
6.5
3.9

Top 5
Species
(%)

8.4
8.5
7.3
5.3
4
6.4
8.6
54
7.2
6.6
7.8
24.2
7.8
7.5
5
53
11.6
4.8
17.4
7.6
4.8
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BU212_B2
BU213_B1
BU213_B2
BU214_B1
BU214 B2
BU216_B1
BU216_B2
BU217_B1
BU217_B2
BU225_B1
BU225_B2
BU226_B1
BU226_B2
BU239_B1
BU239_B2
BU244 B1
BU244 B2
BU245_B1
BU245_B2
BU246_B1
BU246_B2
BU272_B1
BU272_B2
BU279_B1

3.49
3.42
1.26
3.01
3.18
4.43
4.62
8.54
4.3
3.15
8.94
3.48
5.38
7.16
9.57
2.71
5.43
5.85
1.55
4.05
17.87
3.94
1.55
2.65

64441454
68236784
79964050
70694566
53592590
79474754
71531518
87252868
63937324
60490546
105392200
75528542
93854568
87557028
134628226
28906380
79523364
107947006
24309180
102344088
72101966
49654838
24793198
49314016

47.9
44.8
67.8
52.1
42.9
45.7
42.7
41.3
455
42.8
36.2
46.6
38.7

39

40
33.2
35.3
44.2
38.6
45.9
34.5
47.1
41.8
44.2

26.4
26.9
15.9
27.9
29.6
38.5
38.2
48.9
34.2
27
23.1
28.2
35.8
40.3
37.1
15.4
49.7
42.9
5.9
54.5
46
21.2
73
25.3

40.9
39.4
19.9
39.5
55.2
48.5
53.4

56
53.5
447
21.9
374
38.2

46
275
53.3
62.5
39.8
244
53.3
63.8
42.7
295
51.3

5.8
6.5
2.7
6.5
6.3
8.3
9.2
11.7
7.2
6.3
5.7

8.6
9.3
8.7
3.8
12.2
10.5
1.1
12.2
11.7
4.6
1.5
5.2

2.22
2.02
0.88
2.03
2.22
2.94
279
4.26
2.55
1.93
1.81
212
2.65
277
3.1
1.18
3.71
3.13
1.15
3.75
4.16
1.65
0.98
1.67

635.8
535
2471
282.9
530.1
559.1
696.1
605.2
387.3
560.8
352.1
429.3
617.7
609
510.5
176.5
748.7
640
37.3
696.1
525.6
537.2
63.4
389.3

40
40
41
37
37
38
36
37
38
39
45
40
40
39
47
38
37
38
45
37
37
39
45
38

82
77
66
87
86
80
87
89
86
77
47
75
71
76
69
78
85
80
57
87
87
81
60
76

4.8
6.8
6.2

6.2
3.7
4.4
4.2
4.9

1.9
4.1
4.8
3.6
26
6.8
3.9
3.7
15.7
4.8

4.7

6.9
4.2

159

5.6
7.6
7.8

7.6
6.1
5.7
5.1
6.5
7.7
5.7

7.4
5.5
3.3
9.7
6.2

18.1
6.1
4.8
54
8.3
9.9



BU279_B2
BU285_B1
BU285_B2
BU189_F1
BU189_F2
BU193_F1
BU193_F2
BU196_F1
BU196_F2
BU198_F1
BU198_F2
BU200_F1
BU200_F2
BU201_F1
BU201_F2
BU203_F1
BU203_F2
BU206_F1
BU206_F2
BU209_F1
BU209_F2
BU211_F1
BU211_F2
BU212_F1

6.73

8.8
6.42
1.37
4.57
2.94
4.96
5.73
1.96
3.22
5.12
8.24
1.63
3.72
6.66
5.91
247
7.09
0.95
7.65

0.5
4.16
3.73
7.84

62980260
59110686
80189954
44563674
64611014
67851234
81362728
90489826
81466948
82501688
67710078
62286444
76964456
71066922
64378296
103451682
61459678
45484044
14359800
65769300
26840716
66540406
50395470
57927636

38.7
38.6

41
51.5
36.3
42.4
33.7
40.6
56.1
51.8
44.8
38.4
54.9
41.1
35.2
37.7
40.9
34.4
26.7
39.5
27.3

38
43.7

35

37
35.8
42.7

1.1
24.5
24.9
18.4
16.6

20.3
21.2
26.2

41
34.3
32.5
20.6

0.5
274

9.6
30.6
13.8
34.7
121
33.1

58.8
60.6
53.2
24
37.9
36.7
22.6
18.3
13.6
246
31.2
42
5.3
48.2
50.5
19.9
0.7
60.2
67.2
46.5
51.4
52.1
23.9
57.1

9.1
8.6

10
0.1
5.8
5.7
4.4
3.7
2.3
4.3
4.9
6.3
0.7
7.4
8.2
4.9

6.7
25
7.2
3.5
7.9
25
8.7

29
3.03
3.58
1.17
2.19
1.81
1.41
1.41
0.72
1.35
1.53
2.35
0.36
2.57
2.55
1.56
0.57
2.05
0.79
277
1.15
2.44
0.94
2.66

517.7
1047
741.6
1.9
536.5
335.6
184.7
296.2
204.4
303.4
457.5
563.9
29
2981
402.6
415.6
1.4
415.8
219.6
383.5
213
470.5
158.6
484.7

38
37
39
48
42
41
43
45
43
42
41
40
48
39
39
43
46
37
37
39
40
38
41
37

87
91
85
30
64
73
62
51
51
61
64
71
27
77
80
57
43
85
85
77
73
77
63
84

2.6
4.2
4.5
21.7
9.3
6.8

9.5
9.1
8.6
54
10.9
30.8
5.8
4.7
4.5
25
3.9
6.2
5.9
3.2
4.2
27
3.4
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7.2
4.7

29.6
64.4
72.8
62.4
51.2
51.4
74.3
78
71.2
26.7
77.2
80.2
9.4
10.1

7.5
7.2
5.6
6.4
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BU212_F2
BU213_F1
BU213_F2
BU214_F1
BU214_F2
BU216_F1
BU216_F2
BU217_F1
BU217_F2
BU225_F1
BU225_F2
BU226_F1
BU226_F2
BU239_F1
BU239_F2
BU244_F1
BU244_F2
BU245_F1
BU245_F2
BU246_F1
BU246_F2
BU268_F1
BU268_F2
BU279_F1

4.95
5.01
4.21
2.9
5.17
5.81
2.33
8.38
5.09
12.53
9.38
13.5
13.5
8.93
6.13
8.04
2.39
9.04
2.33
4.83
4.14
8.02
4.87
4.25

56251516
58637206
44490308
53623520
61265128
55374904
65152186
132351456
45128792
56678128
53253034
54792772
65149992
78088862
52720270
16260146
57175272
69287170
44639032
83292092
60919434
73072570
61222948
50012788

36.3
41.6

36

43
42.4
40.3
55.2
48.2
36.1
32.9
33.5
30.6
30.8
37.4

40
29.1
36.2

37
415
35.8
36.5
32.9
33.7
36.5

30.3
244
26.4
20.7
34.2
30.4
26.4
67.6
25.1
39.2
36
20
225
47.3
27.3
6.2
234
43.3
23.2
37.7
249
42.8
26.3
16.8

53.9
41.7
59.4
55.4
55.8
54.8
40.5
51.1
556.7
69.2
67.6
36.6
34.6
60.6
51.8
38.3

41
62.5

52
45.3
40.8
58.6
42.9
33.6

7.1
5.6
5.9
6.1
7.9
7.2

15.4
6.4
9.8
8.6

5.2
11.3

1.5

10.4
54
9.2
6.1

10.7
6.4
3.4

2.15
2.19
2.07
2.27

2.8
2.19
1.73
5.25
1.97
3.53

3.1
1.81
1.83

3.9

22
0.57
1.97
3.73
1.66
2.93
1.99
3.27
2.26
1.19

384.2
563.2
391.6
526.8
522
507.6
508
1208.9
420.3
450.4
874.8
426.3
506.3
4541
381.1
107.5
727.6
734.2
963.6
949.2
1320.4
492
476.7
149.2

38
39
38
38
37
37
38
36
38
37
38
44
44
37
36
39
40
37
37
38
39
37
39
45

75
75
79
80
87
87
82
90
84
87
83
64
61
84
87
65
64
89
83
69
70
82
71
51

7.6
4.9
4.9
4.6
3.6
3.5
6.2
3.7
3.8
3.8
3.7
3.3
3.6
6.9
6.3
5.7
7.8
3.6
4.8
11.7
8.3
3.4
5.5
4.2

9.7
6.8
6.4

5.2
4.8
7.4
4.5
5.7

4.8

7.9
8.2
71
8.5
11.2
4.7
6.3
13.4
10.3
54
8.8
9.9
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BU279_F2
BU285_F1
BU285_F2

11.57
3.81
6.78

52151190
45529916
52248020

29.6
37
33.3

20.9
19.7
28.5

40.2
43.3
54.6

5.2
4.2
6.7

1.65
1.52
2.38

393.9
610.4
491.9

43
40
38

63
71
78

2.6
6.6
4.1
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9.5
7.3



Appendix Table 4.3: Miracidia sex determination for S. mansoni miracidia.

Sample ID
BU189_B1
BU189_B2
BU189_F1
BU189_F2
BU193_B1
BU193_B2
BU193_F1
BU193_F2
BU196_B1
BU196_B2
BU196_F1
BU196_F2
BU198_B1
BU198_B2
BU198_F1
BU198_F2
BU200_B1
BU200_B2
BU200_F1
BU200_F2
BU201_B1
BU201_B2
BU201_F1
BU201_F2
BU203_B1
BU203_B2
BU203_F1
BU203_F2
BU206_B1
BU206_B2
BU206_F1
BU206_F2
BU209_B1

ZSR

12.1387
17.2684
0.02296
2.96528
10.0385
9.74984
5.14136
4.66688
10.867
0.012
2.02604
2.34428
4.4486
3.5736
4.3822
5.059
1.8428
5.13828
3.32796
0.34352
5.79136
8.4086
3.93004
8.27284
7.95636
2.96128
4.84364
0.012
7.29156
4.80284
7.13672
2.45248
5.06376

PAR

11.609
18.2444
0.04868
6.65616
9.65676

9.8954
6.34776
4.91648
11.9374
0.01832
4.22768
2.46352
9.20976
7.54476

4.7728
5.42488
4.04872
10.6872
7.17156
0.85812
12.6953
8.90744
8.40368

9.4048
8.62216
6.48588
5.46436

0.024
7.80748
5.26916
7.42712
2.82764
5.27644

ZSR/PAR

1.04563
0.946504
0.471652
0.445494

1.03953

0.98529
0.809949
0.949232
0.910332
0.655022
0.479232
0.951598
0.483031
0.473653
0.918161
0.932555
0.455156
0.480788

0.46405
0.400317
0.456181
0.943997
0.467657

0.87964

0.92278
0.456573
0.886406

0.5
0.93392
0.9115
0.9609
0.867324
0.959693

PAR/ZSR

0.956363
1.05652
2.12021

2.2447

0.961972
1.01493
1.23465
1.05348

1.0985
1.52667
2.08667
1.05086
2.07026
2.11125
1.08913
1.07232
2.19705
2.07992
2.15494
2.49802
2.19211
1.06932
2.13832
1.13683
1.08368
2.19023
1.12815

2
1.07076
1.09709
1.04069
1.16297
1.042

Sex
Male
Male
Female
Female
Male
Male
Male
Male
Male
Female
Female
Male
Female
Female
Male
Male
Female
Female
Female
Female
Female
Male
Female
Male
Male
Female
Male
Female
Male
Male
Male
Male
Male
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BU209_B2
BU209_F1
BU209_F2
BU211_B1
BU211_B2
BU211_F1
BU211_F2
BU212_B1
BU212_B2
BU212_F1
BU212_F2
BU213_B1
BU213_B2
BU213_F1
BU213_F2
BU214_B1
BU214_B2
BU214_F1
BU214_F2
BU216_B1
BU216_B2
BU216_F1
BU216_F2
BU217_B1
BU217_B2
BU217_F1
BU217_F2
BU225_B1
BU225_B2
BU225_F1
BU225_F2
BU226_B1
BU226_B2
BU226_F1
BU226_F2
BU239_B1
BU239_B2

4.1336
3.58664
3.52876
0.40572
1.90212
8.69368
1.37752
2.67528
3.02124
9.33512

7.4042
6.68316

2.8744

3.179

6.2664

7.2064
3.35504
3.49504
4.20276
4.62408
10.1105
7.43596

2.6704
6.22444

3.9354
8.55136
6.57588
6.83648
6.07368
5.29856
4.65312
3.21024
9.05644
2.62152
2.85496
9.93892
4.50284

9.30308
8.54476
4.03288
0.8532
4.31228
8.488
2.76264
6.03176
6.67316
9.64364
7.8546
7.14512
2.86252
6.25732
6.47968
6.85868
7.16232
6.92308
9.18828
9.29296
9.87712
8.00364
5.75488
13.7254
8.26712
17.6508
7.09756
6.89816
6.231
11.4073
9.81564
6.96424
9.37692
5.778
5.96724
10.4042
10.1995

0.444326
0.419747
0.874998
0.475527
0.441094
1.02423
0.498625
0.443532
0.452745
0.968008
0.942658
0.935346
1.00415
0.508045
0.967085
1.0507
0.468429
0.504839
0.457404
0.49759
1.02363
0.929072
0.464024
0.453498
0.47603
0.484474
0.926499
0.991058
0.974752
0.464489
0.474052
0.460961
0.965822
0.453707
0.478439
0.95528
0.441477

2.2506
2.38239
1.14286
2.10293
2.26709

0.976341
2.00552
2.25463
2.20875
1.03305
1.06083
1.06912

0.995867
1.96833
1.03404

0.951748
2.13479
1.98083
2.18625
2.00969

0.976917
1.07634
2.15506
2.20508
2.10071
2.06409
1.07933
1.00902

1.0259
2.15291
2.10947
2.16938
1.03539
2.20406
2.09013
1.04681
2.26513

Female
Female
Male
Female
Female
Male
Female
Female
Female
Male
Male
Male
Male
Female
Male
Male
Female
Female
Female
Female
Male
Male
Female
Female
Female
Female
Male
Male
Male
Female
Female
Female
Male
Female
Female
Male

Female
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BU239_F1
BU239_F2
BU244 B1
BU244 B2
BU244 F1
BU244_F2
BU245_B1
BU245_B2
BU245 F1
BU245_F2
BU246_B1
BU246_B2
BU246_F1
BU246_F2
BU268_F1
BU268_F2
BU272_B1
BU272_B2
BU279_B1
BU279_B2
BU279_F1
BU279_F2
BU285_B1
BU285_B2
BU285_F1
BU285_F2
ERR046038
ERR103049
ERR103050
ERR119614
ERR3173043
ERR3173048
ERR3173049
ERR3173052
ERR3173053
ERR3173055
ERR3173056

6.37508
7.75728
3.85324
12.8759
0.87508
2.79472
11.3682
0.61152
5.6604
5.79192
12.805
6.09032
10.5785
6.99456
11.326
6.798
2.4314
1.55632
5.59816
8.989
2.3172
5.561992
4.62432
5.13584
2.31912
3.71032
21.905
52.1209
38.9052
53.5071
12.3179
11.8831
9.33136
13.2412
6.34772
8.00192
12.3478

12.6973
7.59332
4.21388
13.6944
1.67836
5.58072
11.3657
1.27012
11.9835
5.85724
13.4198
14.1706
9.60088
6.23784
11.8011
6.90128
5.20284
1.63552
5.50488
10.4523
3.92252
5.80508
9.91732
11.9537

4.7466
7.70992

40.706
53.3466
39.3024
54.4969
12.8764

12.263
9.81634
13.8733
14.8893
8.36976
12.3779

0.502082
1.02159
0.914416
0.940231
0.52139
0.500781
1.00022
0.481466
0.472349
0.988848
0.954187
0.429786
1.10183
1.12131
0.959741
0.985035
0.467322
0.949667
1.01694
0.860002
0.590743
0.950878
0.466287
0.429644
0.488586
0.48124
0.53812706
0.97702384
0.98989375
0.9818375
0.95662608
0.96902063
0.95059462
0.95443766
0.42632763
0.95605131
0.99756825

1.99171
0.978864
1.09359
1.06357
1.91795
1.99688
0.99978
2.07699
2.11708
1.01128
1.04801
2.32674
0.907584
0.891813
1.04195
1.01519
2.13985
1.053
0.983337
1.16279
1.69278
1.05166
2.1446
2.32751
2.04672
2.07797
1.85829719
1.02351648
1.01020943
1.01849848
1.04534052
1.03196977
1.05197313
1.04773737
2.34561386
1.04596897
1.00243768

Female
Male
Male
Male
Female
Female
Male
Female
Female
Male
Male
Female
Male
Male
Male
Male
Female
Male
Male
Male
Female
Male
Female
Female
Female
Female
Female
Male
Male
Male
Male
Male
Male
Male
Female
Male
Male
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ERR3173060
ERR3173061
ERR3173069
ERR3173070
ERR3173071
ERR3173072
ERR3173073
ERR3173074
ERR3173075
ERR3173078
ERR3173079
ERR3173080
ERR3173084
ERR3173085
ERR3173086
ERR3173087
ERR3173088
ERR3173089
ERR3173090
ERR3173091
ERR3173095
ERR3173101
ERR3173102
ERR3173103
ERR3173104
ERR3173105
ERR3173106
ERR3173109
ERR3173111

ERR3173113
ERR3173118
ERR3173120
ERR3173126
ERR3173128
ERR3173130
ERR3173132
ERR3173134

11.8623
6.92864
8.07376
3.30732
9.30612
13.3309

24.828
24.5919
10.6835
18.7661
5.41384
6.88576
12.3585

20.882
9.10372

1.8784
3.99096
4.71728
4.30496
4.81128
0.73872
3.88656
2.35904
2.33808
2.51536
3.99672
3.06452
5.10544
2.08452
1.06116
1.61724
2.84024
3.11904
2.88064
1.34672
1.77688

0.4404

12.3557
13.8101

8.3434
6.25318
9.09836
13.9742
24.0409
22.5986
23.0035
40.2677
11.2421
14.2948
26.0284
23.2854
20.9769
2.26244
11.4247
12.9878
11.1393
9.48106
0.80322

8.4355
5.10894
4.73874
6.28026
8.57304
6.73976
12.7704
4.20756
2.23004
4.06364
8.23862
3.25988
6.32988
3.11678
5.74892
0.99782

0.96006701
0.50170817
0.96768224
0.52890209
1.02283488
0.95396516
1.03274004
1.08820458
0.46442933
0.46603357
0.48156839
0.48169684
0.47480829
0.89678511
0.43398786
0.83025406
0.34932733
0.36320855
0.38646594
0.50746225
0.91969821
0.46073855
0.46174745
0.49339698
0.40051845
0.46619636
0.45469275
0.39978701
0.49542253
0.47584797
0.39797817
0.34474706
0.95679596
0.45508604
0.43208696
0.30908066
0.44136217

1.04159396
1.99319058
1.03339708
1.89070909
0.97767491
1.04825631
0.96829789
0.91894486
2.15318014
2.14576817
2.07654825
2.07599452

2.1061132
1.11509434

2.3042119

1.2044506
2.86264458
2.75323915
2.58755017
1.97058995
1.08731319
2.17042835
2.16568604
2.02676555
2.49676388
2.14501892
2.19928733
2.50133191
2.01847907
2.10151155
2.51270065
2.90067741
1.04515492
2.19738669
2.31434894
3.23540138
2.26571299

Male

Female
Male

Female
Male

Male

Male

Male

Female
Female
Female
Female
Female
Male

Female
Male

Female
Female
Female
Female
Male

Female
Female
Female
Female
Female
Female
Female
Female
Female
Female
Female
Male

Female
Female
Female

Female
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ERR3173136
ERR3173139
ERR3173144
ERR3173147
ERR3173151
ERR3173152
ERR3173153
ERR3173165
ERR3173166
ERR3173170
ERR3173171
ERR3173174
ERR3173175
ERR3173177
ERR3173179
ERR3173180
ERR3173181
ERR3173185
ERR3173186
ERR3173192
ERR3173196
ERR3173200
ERR3173201
ERR3173203
ERR3173205
ERR3173206
ERR3173208
ERR3173209
ERR3173213
ERR3173216
ERR3173217
ERR3173221
ERR3173225
ERR3173226
ERR3173227
ERR3173230
ERR3173232

0.39392
0.73584
1.03888
0.89136
7.93076
0.83248
5.57
2.42748
8.62724
17.021
4.21808
7.36152
7.5362
6.78284
16.2832
0.79324
3.18168
5.99268
4.81072
12.5936
2.03776
5.29948
16.5325
11.1608
10.238
9.57748
18.6148
18.1126
12.9689
17.8691
8.27388
2.80724
6.9778
5.30916
23.6488
3.18792
9.7308

0.809
0.7533
1.30664
1.81084
9.16802
2.0245
13.7099
6.04944
19.9575
16.4872
11.6355
18.4052
16.1242
16.5671
14.8347
2.62198
7.55264
15.3346
5.9799
14.0877
4.94188
13.9994
15.5255
11.2195
22.5633
15.4846
19.8798
18.8624
13.8701
19.0772
19.5093
6.40354
16.7711
5.3857
24.1282
6.95866
21.2536

0.48692213
0.97682198
0.79507745
0.49223565
0.86504611
0.41120277
0.40627576
0.40127351

0.4322806
1.03237663
0.36251816
0.39996957
0.46738443
0.40941625
1.09764269
0.30253473
0.42126727
0.39079467
0.80448168
0.89394294

0.4123451
0.37855051
1.06486104
0.99476804
0.45374568
0.61851646
0.93636757
0.96024896

0.9350257

0.9366731
0.42409928
0.43838877
0.41606096
0.98578829
0.98013113
0.45812268
0.45784244

2.05371649
1.02372798

1.2577391

2.0315473
1.15600775
2.43189026
2.46138241
2.49206585
2.31331225
0.96863874
2.75848253
2.50019018
2.13956636
2.44250196
0.91104328
3.30540568
2.37378995
2.55888851
1.24303639
1.11863963
2.42515311
2.64165541
0.93908967
1.00525948
2.20387771
1.61677184
1.06795668

1.0413966
1.06948932
1.06760833
2.35793848
2.28108035
2.40349394
1.01441659
1.02027164

2.1828214
2.18415752

Female
Male
Male
Female
Male
Female
Female
Female
Female
Male
Female
Female
Female
Female
Male
Female
Female
Female
Male
Male
Female
Female
Male
Male
Female
Female
Male
Male
Male
Male
Female
Female
Female
Male
Male
Female

Female
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ERR3173234
ERR3173237
ERR3173239
ERR3173242
ERR3173243
ERR3173245
ERR3173246
ERR3173247
ERR3173248
ERR3173250
ERR3173256
ERR3173259
ERR3173260
ERR3173261
ERR3173262
ERR539843
ERR539845
ERR539848
Busi_1
Busi_2
Busi_3
Busi_4
Busi_5
Busi_6
Kachanga_1
Kachanga_2
Kachanga_3
Kachanga_4
Kachanga_5
Kachanga_6
Kakeeka_1
Kakeeka_2
Kakeeka_3
Kakeeka 4
Kakeeka 5
Kakeeka 6

Katooke_1

7.39936
16.9521
19.3849
5.80472
8.191
6.08016
0.56596
10.4286
12.0547
15.84
17.3001
17.3032
17.1714
7.18736
5.40916
12.4837
4.88652
7.3668
21.7095
7.25236
6.87732
21.9363
9.76736
20.4972
8.24676
8.93664
25.4662
5.53036
20.1785
10.855
32.6474
9.563524
24.2916
17.1567
12.2106
19.0641
15.9596

8.19044
17.4838
20.7042
13.2198
19.2456
6.49276
0.89152
11.1378
11.7294
15.9167
17.521
16.7115
16.8841
15.6615
12.5245
12.6318
9.8937
14.7485
21.3002
14.2109
14.0603
22.3895
18.7567
29.4915
16.8317
16.1834
25.3884
11.0476
20.157
22.7341
32.2478
17.8375
25.8385
24.26
24.6191
19.5863
15.8619

0.90341422
0.96958899
0.93627863
0.43909288
0.42560377
0.93645229
0.63482592
0.93632495
1.02773373
0.99518116
0.98739227
1.03540676
1.01701601
0.45891901

0.4318863
0.98827562
0.49390218
0.49949486
1.01921578
0.51033784
0.48913039
0.97975837
0.52073979

0.6950206
0.48995407
0.55221029
1.00306439
0.50059379
1.00106663
0.47747657
1.01239154
0.53456146
0.94013197
0.70720115
0.49598076
0.97333851
1.00615941

1.10691195
1.03136485
1.06805813
2.27742251
2.34960322
1.06786006
1.575235
1.06800529
0.97301467
1.00484217
1.01276871
0.96580401
0.98326869
2.17903375
2.31542421
1.01186347
2.02469242
2.00202259
0.9811465
1.95948629
2.04444464
1.02065982
1.9203449
1.43880628
2.04100762
1.81090432
0.99694497
1.99762764
0.99893451
2.09434362
0.98776013
1.8706923
1.06368045
1.41402484
2.01620723
1.0273918
0.99387829

Male
Male
Male
Female
Female
Male
Female
Male
Male
Male
Male
Male
Male
Female
Female
Male
Female
Female
Male
Female
Female
Male
Female
Female
Female
Female
Male
Female
Male
Female
Male
Female
Male
Male
Female
Male
Male
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Katooke 2
Katooke 3
Katooke 4
Katooke 5
Katooke 6
Kisu_1
Kisu_2
Kisu_3
Kisu_4
Kisu_5
Kisu_6
Kitosi_1
Kitosi_2
Kitosi_3
Kitosi_4
Kitosi_5
Kitosi_6
Lugumba_1
Lugumba_2
Lugumba_3
Lugumba_4
Lugumba_5
Zingoola_1
Zingoola_2
Zingoola_3
Zingoola_4
Zingoola_5
Zingoola_6

13.3465
15.1106
24.5537
8.89112
18.8899
21.3458
9.41844
16.7824
4.19396
31.4994
20.5272
13.4565
13.3853
7.59804

7.2406
23.6258
13.1057
19.5756
19.9314
8.24932
15.6096
15.4859
6.62776
25.0023
34.3294

11.063
34.6836
7.60516

12.6815
15.1495
24.5491
16.4275
17.4473
21.9538
9.58356
18.0506
8.68354
32.6419
21.0061
27.9468
13.1813
15.6464
14.0469
25.6564
12.6019
21.8363
20.7404
17.2043

16.579
32.0127
13.6142
25.5139
34.6441

22.026
35.3401
14.8453

1.05243859
0.99743226
1.00018738
0.54123391
1.08268328
0.97230548
0.98277049
0.92974195
0.48297814
0.96499897
0.97720186
0.48150414
1.01547647
0.48560947
0.51545893
0.92085406
1.0399781
0.89647056
0.960994
0.47949175
0.94152844
0.48374239
0.48682699
0.97994819
0.9909162
0.50227004
0.98142337
0.51229413

0.9501742
1.00257435
0.99981266
1.84762999
0.92363115
1.02848336
1.01753157
1.07556726
2.07048708
1.03627053
1.02333002
2.07682533

0.9847594
2.05926792
1.94001878
1.08594841
0.96155871

1.1154856
1.04058922

2.0855416
1.06210281
2.06721598
2.05411783
1.02046212
1.00916707
1.99096086
1.01892825
1.95200364

Male
Male
Male
Female
Male
Male
Male
Male
Female
Male
Male
Female
Male
Female
Female
Male
Male
Male
Male
Female
Male
Female
Female
Male
Male
Female
Male

Female
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Appendix Table 4.4: Genome-wide mean T for each Ugandan district.

District Mean 99% Confidence interval
Hoima 0.00328 0.00326-0.00330
Koome lIslands 0.00371 0.00369-0.00374
Tororo 0.00344 0.00342-0.00347
Mayuge 0.00339 0.00336-0.00341
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Appendix Figure 4.6: Population structure of Schistosoma mansoni. The PCA plots are
from Uganda samples (n=223) (A); unlinked autosomal SNPs (nh=1,171,938) (B);
mitochondrial SNPs (n=950) (C); and cox?1 SNPs (n=91). Samples were coloured by
sampling village.
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Appendix Figure 4.7: Individual sampling missingness of Schistosoma mansoni
samples. Principal component analysis (PCA) of (A) mitochondrial SNPs (n=950), (B) cox1
SNPs (n=91), (C) 1,281,806 unlinked autosomal SNPs from all samples (n=229), (D)
unlinked autosomal SNPs (n=1,171,938) from Ugandan samples. Samples were coloured by

individual sample missingness.
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Appendix Figure 4.8: Cross-validation error (CV) values generated using ADMIXTURE with
K values ranging from 1-10.
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Appendix Figure 4.9: Admixture plots depicting the ancestry proportions using
ADMIXTURE. Theoretical K values (K=5-10) are displayed.
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Appendix Figure 4.10: Material Transfer Agreement between LSHTM and the Medical
Research Council/ Uganda Virus Research Institute and LSHTM Research Unit.

LONDON AR

SCHOOLYf %
HYGIENE ! e
STROPICAL \ &Y e

MEDICINE

ApLY

MATERIAL TRANSFER AGREEMENT
(for the Supply of Non-Human Material)

This Agreement is made by and between:

a) The London School of Hygiene and Tropical Medicine, an organisation incorporated by Royal
Charter, number RC000330, having its administrative office at Keppel Street, London, WC1E 7HT
and operating through its branch office, Medical Research Council/Uganda Virus research
Institute and London School of Hygiene and Tropical Medicine Uganda Research Unit
(“MRC/UVRI and LSHTM Uganda Research Unit"), whose administrative offices are located at Plot
51-59 Nakiwogo Road, Entebbe, Uganda (the “Provider Institution”)

and

b) The London School of Hygiene & Tropical Medicine whose administrative offices are located
at Keppel Street, London WC1E 7HT, United Kingdom, an exempt charity within the meaning of
Schedule 3 of the Charities Act 2011 (“the Recipient Institution”)

hereinafter referred to as “the Parties” and each of them being “a Party”
BACKGROUND

(A) The Recipient Institution is conducting a research project entitled *'Praziquantel for children
under four: A Phase Il PK/PD driven dose finding trial (PIP trial)” as described in more detail
at Schedule 1 (“the Research”) under the direction of Amaya Bustinduy (“the Recipient
Scientist”) and wishes to access and utilise 350 FTA cards and Eppendorf tubes containing
Schistosoma mansoni larval stages as more particularly described at Schedule 2 (the “Original
Materials”) for the purpose of the Research.

(B) The Provider Institution is willing to supply the Materials to the Recipient Institution and the
Recipient is willing to receive the Materials in accordance with the terms and conditions
contained within this agreement (the “Agreement”);

TERMS AND CONDITIONS
It is hereby agreed as follows:

. Definitions:
1.1 Commercial Purposes: means-

1.1.1 The sale, lease, licence or other transfer of the Materials or Modifications to a for-profit
organisation;

1.1.2 Use of the Materials or Modifications by an organisation, including Recipient Institution,
to perform contract research, to screen compound libraries, to produce or manufacture
products for general sale; and

1.1.3 the conduct of research activities that result in any sale, lease or transfer of the Materials
or Modifications to a for-profit organisation.

Industrially sponsored academic research shall not be considered a use of the Materials or

Modifications for Commercial Purposes unless any of the above conditions are met.

175



1.2

21

2.2

2.3

2.4

25

Materials: Original Materials, Progeny, Unmodified Derivatives and information related to the
Materials. The Materials shall not include:

(a) Modifications, or

(b) other substances created by the Recipient Institution through use of the Materials which
are not Modifications, Progeny or Unmodified Derivatives.

Modifications: Substances created by the Recipient Institution which contain/incorporate the
Materials.

Progeny: Unmodified descendant from the Materials, such as virus from virus, cell from cell,
or organism from organism.

Term: the period of 3 (three) years starting on the date of execution of this Agreement.
Unmodified Derivatives: Substances created by the Recipient Institution which constitute an
unmodified functional subunit or product expressed by the Original Material. Some examples
include: subclones of unmodified cell lines, purified or fractionated subsets of the Original
Material, proteins expressed by DNA/RNA supplied by the Provider Institution, or monoclonal
antibodies secreted by a hybridoma cell line.

Ownership and Use of Materials

LSHTM retains ownership of the Materials and any Materials contained or incorporated into
any Modifications. Nothing in this Agreement shall prevent or impede the Provider Institution
from being able to use the Materials for any purpose, including but not limited to distribution
and licensing of the Materials to third parties, whether public, private or third sector, for any
purpose.

The Recipient retains ownership of:

{a) Modifications (except that the Provider Institution retains ownership rights to the Materials
contained therein); and

(b) Those substances created through the use of the Materials or Modifications but which are
not Progeny, Unmodified Derivatives or Modifications.

If either 3(a) or 3(b) results from the collaborative efforts of the Provider Institution and the
Recipient Institution, joint ownership may be negotiated.

The Provider Institution grants the Recipient Institution a non-exclusive licence to use the
Materials solely for the Research under the direct supervision of the Recipient Scientist in the
Recipient Scientist's laboratory.

The Recipient Institution shall not:

(a) Use the Materials on human subjects or for any clinical or diagnostic purposes; or

(b) Use the Materials in research which is subject to the provision of any rights in the Materials
to a commercial third party without prior written consent from the Provider Institution; or

(c) Use the Materials directly or indirectly for Commercial Purposes without prior written
consent from the Provide Institution such consent to be at the sole discretion of the Provider
Institution and which may be subject to negotiated agreement of commercial licence terms;
or

(d) Supply the Materials to any other party or permit its use within the Recipient Institution for
any other purpose without the prior written consent of the Provider Institution; or

(e) Supply Madifications for Commercial Purposes without prior written consent of the Provider
Institution;

(f) Reverse engineer the Materials; or

(g) Attempt to identify the structure, composition or properties of the Materials for any purpose
whatsoever.

The Recipient Institution shall:
(a) Use the Materials in accordance with good laboratory practice and the highest standards
of skill and care and shall ensure compliance with any applicable laws and regulations

LSHTM Non-Human Tissue Transfer V.1 March 2020
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3.1

3.2

4.1

4.2

governing the transportation, keeping, use or disposal of the Materials.

(b) Ensure that no-one other than the Recipient Scientist and the employees and students
under the direct supervision of the Recipient Scientist have access to them; and

(¢) Refer to the Provider Institution any request for the Materials from anyone other than those
persons working under the Recipient Scientist’s direct supervision.

Confidentiality and Publication

The Recipient Institution agrees to keep confidential any of the Provider Institution’s
confidential information relating to the Materials and any confidential and proprietary
information described as such at the point of disclosure and/or was marked as either
“confidential” or “proprietary” (together the “Confidential Information”). The confidentiality
abligations in this clause shall not apply where the Confidential Information:

a) has become public knowledge, other than through an unauthorised disclosure by the
Recipient Institution;

b) was already known to the Recipient Institution, prior to disclosure by the Provider
Institution;

c) was disclosed to the Recipient Institution or the Recipient Scientist by a third party, whom
to the Recipient Institution’s knowledge, was not under any obligation of confidence to the
Provider Institution;

d) was released from confidential status by written authorisation of the Provider Institution;

e) was independently developed by the Recipient Institution or Recipient Scientist without
the knowledge of the Confidential Information provided by the Provider Institution as
evidenced by contemporaneous written records; or

f) s required to be disclosed by law or by requirement of a regulatory body or court order.

The Recipient Institution is free to publish the results of the Research provided that the
Recipient Institution acknowledges the Provider Institution as the source of the Materials in
any publication which mentions the Materials. The Recipient Institution shall provide copies of
publications acknowledging use of the Materials to the Provider Institution. For the avoidance
of doubt, the Recipient Institution shall not publish any Confidential Information of the Provider
Institution without its prior written consent, including information contained within the Material
provided.

Inventions

The Recipient Institution acknowledges that the Materials are or may be the subject of a patent
application. Except as provided in this Agreement, no express or implied licenses or other
rights are provided to the Recipient Institution under any patents, patent applications, trade
secrets or other proprietary rights of the Provider Institution, including any altered forms of the
Materials made by the Provider Institution. In particular, no express or implied licenses or other
rights are provided to use the Materials, Modifications, or any related patents of the Provider
Institution for Commercial Purposes.

The Recipient Institution and/or the Recipient Scientist shall have the right, without restriction,
to distribute substances created by the Recipient Institution or Recipient Scientist through the
use of the Materials only if those substances are not Progeny, Unmodified Derivatives, or
Modifications.

LSHTM Non-Human Tissue Transfer V.1 March 2020
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4.3

5.1

5.2

5.3

5.4

55

6.2

6.3

If the Recipient Institution makes or observes any new discovery, use, Modifications,
improvement or invention (“Invention”) relating to or arising from the use of the Materials then
the Recipient Institution shall notify the Provider Institution. The Recipient Scientist and the
Recipient Institution shall not make or seek to make any commercial gain from an Invention
unless an appropriate revenue sharing agreement has been agreed with the Provider
Institution. The Recipient shall promptly notify the Provider Institution of any application for a
patent or any other proprietary rights to protect an Invention. The Provider Institution will, at all
times, retain the right to use an Invention for intemal research purposes.

Liability and Indemnity

The Recipient Institution acknowledges that the Materials are experimental in nature and may
have hazardous properties. The Provider Institution makes no representation or warranties of
any kind, either express or implied including but not limited to warranties of merchantability or
fitness for a particular purpose, or that the use of the Materials will not infringe any patent,
copyright, trademark or other proprietary rights.

The Provider Institution confirms that the Material does not constitute “Relevant Material” as
defined in the Human Tissue Act 2004 or “tissue” as defined in the Human Tissue (Scotland)
Act 2006.

In no event shall the Provider Institution be liable for any use by the Recipient or Recipient
Scientist of the Materials transferred under this Agreement. Recipient agrees to indemnify and
hold harmless Provider Institution for any loss, claim, damage or liability, of whatsoever kind
or nature, due to or arising from the use, handling, storage or disposal of the Materials by the
Recipient, except when caused by the gross negligence or wilful misconduct of the Provider
Institution.

Nothing in this Agreement limits or excludes either party’s liability for (a) death or personal
injury resulting from negligence; or (b) any fraud or for any sort of other liability which, by law,
cannot be limited or excluded.

The liability of either Party for any breach of this Agreement, or arising in any other way out of
the subject matter of this Agreement, will not extend to loss of business, or profit, or to any
indirect or consequential damages or losses.

Termination

This Agreement will terminate on the earliest of the following dates: (a) when the Materials
become generally available from third parties, or (b) on completion of the Recipient
Scientist's current research with the Materials, or (c) on thirty (30) days’ written notice by
either party to the other, or (d) on expiration of the Term. The Term may be extended with
the written agreement of the Provider Institution. Permission to extend the Term must be
sought by the Recipient Scientist three (3) months before the expiry of the Term. The
obligations of both parties in clauses 2, 3, 4 and 5 shall survive termination of this Agreement
for whatever cause.

The Provider Institution may terminate this Agreement forthwith if the Recipient Institution is in
material breach of any of the terms of this Agreement and, where the breach is capable of
remedy, the Recipient Institution has failed to remedy the same within twenty-eight calendar
days of service of a written notice from the Provider Institution specifying the breach and
requiring it to be remedied.

Upon termination or expiry of this Agreement, the Recipient Institution shall cease all use of
the Materials and, in accordance with the instructions of the Provider Institution, either return
or destroy the Materials. The Materials may only be retained with the express written consent
of the Provider Institution.

LSHTM Non-Human Tissue Transfer V.1 March 2020
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7.2

LoD

7.4

7.5

1.6

General

The rights and obligations of the Parties are personal and may not be assigned at any time
without the prior written consent of the other Party which consent shall not be unreasonably
withheld.

Materials are provided at no cost but the Recipient Institution agrees to pay any transfer,
shipping or other associated costs in connection with the transfer of the Materials under this
Agreement.

A person who is not a party to this Agreement shall not have any rights under or in connection
with it.

This Agreement constitutes the entire agreement between the parties in respect of its subject
matter and no statements or representations made by any Party have been relied upon by the
other in entering into this Agreement.

This Agreement shall be governed and construed in accordance with the laws of England and
Wales and the Parties agree to the exclusive jurisdiction of the English Courts.

This Agreement may be executed in one (1) or more counterparts, each of which shall be
deemed an original, but all of which together shall constitute one and the same instrument. A
signed copy of this Agreement delivered by e-mailed portable document format file or other
means of electronic transmission shall be deemed to have the same legal effect as delivery of
an original signed copy of this Agreement.

Accepted and Agreed on behalf of Accepted and Agreed on behalf of

Medical Research Council/Uganda Virus London School of Hygiene & Tropical
research Institute and London School of Medicine

Hygiene and Tropical Medicine Uganda

Research Unit

Name:?[_) NTIAIvo FLALEER Y

Position: ,'D_IQLE—-C’{HG (

Signat

Date: /¢ o\ jAN 2023

Name: Alex Hollander-Carney

Position: Head of Legal and Compliance

Signature:

Date 13th January 2023

LSHTM Non-Human Tissue Transfer V.1 March 2020
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Project title: “Praziquantel for children under four: A Phase Il PK/PD driven dose finding trial (PIP trial)”.

Schedule 1

The Research

Regulatory/Ethics Body

Approval Number

Time of approval

Uganda Virus Research Institute | GC/127/19/07/708 July 19, 2019
REC

Uganda National Council for | HS 2650 August 30, 2019
Science & Technology

National Drug Authority CTC 0133/2020 July 27, 2020
LSHTM REC 14851 -1 June 05, 2020

LSHTM Non-Human Tissue Transfer V.1 March 2020
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Schedule 2

The Material

350 FTA cards and Eppendorf tubes containing Schistosoma mansoni larval stages. 300 Biomphalaria
intermediate snails.

The Schistosoma mansoni larval samples will be required for the duration of Shannan Summers’ PhD
project until January 2025. The remaining Schistosoma mansoni larval stages will be stored at the
London School of Hygiene and Tropical Medicine. The scheduled shipment date will be March 2023.
The Biomphalaria intermediate snails will be maintained indefinitely at the London School of Hygiene

and Tropical Medicine. They will not be destroyed. The scheduled date of shipment will be February/
March 2023.

LSHTM Non-Human Tissue Transfer V.1 March 2020
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SMTRPMpzq protein domains

(Smp_246790.1)

TRP1 TRP2 TRP3 TRP4

Appendix Figure 5.1: Primer design for amplifying the PZQ binding site in SmMTRPM;_q
(Smp_246790.1). Figure created using Biorender.com.
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Appendix Table 5.1: Primers designed for amplification of the exons encoding the PZQ
binding site in SMTRPMp,q (Smp_246790.1).

Amplicon | Position Forward | Reverse Protein Product Annealing
primer primer domain (exon) | size (bp) | temperature
(°C)
TRP1 2738967-2 | TCAGC | TGATGT |[S1(20) 247 65
739214 GTTCG [ CCCCTC
GAAAA | TGAGAC
CGTTA [ TCG
C
TRP2 2739948-2 | AACAC | AGTCTC |[S1/S2(21) 481 63
740429 CATCG | GCCGTT
GATCT | TTCGAT
CTGCT |[GA
TRP3 2,745,445- | TGATCT | TTGGTC | S3/S4 (23) 327 65
2745771 AATCAT | CTAATGC
CTTCT [ AATATGA
CTCCC | AAACT
CT
TRP4 2,756,017- [ CCATC [ AAACGC |TRP (27) 426 64
2,756,443 | AGGAG | AAATAAG
AAACA | TATCGTG
GGCGT | GC
A
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Appendix Table 5.2: Primer sequences plus barcodes for amplicon sequencing.
Barcodes BC1-10 and BC21-30 were added to the 5’ end of the forward primers.
BC11-BC20 and BC21-BC40 were added to the 5’ end of the reverse primers. The forward
primer and reverse primer barcodes used together are listed next to each other in the table.

Amplicon Forward Barcode + Barcode name | Barcode +
barcode name primer (reverse primer) | primer
(Barcode)

TRP1 BC1N CTATCACGTC |BC11N ATGGCTAGTG
(CTATCACG) AGCGTTCGGA | (ATGGCTAG) ATGTCCCCTC

AAACGTTAC TGAGACTCG
BC2N TCCAGTGTTC |BC12N GACTTGGTTG
(TCCAGTGT) AGCGTTCGGA | (GACTTGGT) ATGTCCCCTC
AAACGTTAC TGAGACTCG
BC3N GATCAGTATC |BC13N TCGATCACTG
(GATCAGTA) AGCGTTCGGA | (TCGATCAC) ATGTCCCCTC
AAACGTTAC TGAGACTCG
BC4N AGTGTCGGTC | BC14N ACACGTCATG
(AGTGTCGG) [AGCGTTCGGA | (ACACGTCA) ATGTCCCCTC
AAACGTTAC TGAGACTCG
BCS5N GTAGCGCTTC |[BC15N CAATGTGCTG
(GTAGCGCT) AGCGTTCGGA | (CAATGTGC) ATGTCCCCTC
AAACGTTAC TGAGACTCG
BC6N CATCTAACTC |BC16N GGGACTACTG
(CATCTAAC) AGCGTTCGGA | (GGGACTAC) ATGTCCCCTC
AAACGTTAC TGAGACTCG
BC7N TACAGATCTC |BC17N ACGTACTGTG
(TACAGATC) AGCGTTCGGA | (ACGTACTG) ATGTCCCCTC
AAACGTTAC TGAGACTCG
BC8N CGTCTTGTTC |[BC18N TGATTGCCTG
(CGTCTTGT) AGCGTTCGGA | (TGATTGCC) ATGTCCCCTC
AAACGTTAC TGAGACTCG
BCON TATGATCATCA | BC19N AACTCTACTG
(TATGATCA) GCGTTCGGAA [ (AACTCTAC) ATGTCCCCTC
AACGTTAC TGAGACTCG
BC10N GGTAGCTTTC |BC20N TGACTCAATG
(GGTAGCTT) AGCGTTCGGA | (TGACTCAA) ATGTCCCCTC
AAACGTTAC TGAGACTCG
BC21N AACCAAGGTC |BC31N CGTAGGAATG
(AACCAAGG) |[AGCGTTCGGA | (CGTAGGAA) ATGTCCCCTC
AAACGTTAC TGAGACTCG
BC22N AAGGTACGTC | BC32N GACATCTGTG
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(AAGGTACG) |AGCGTTCGGA |(GACATCTG) |ATGTCCCCTC
AAACGTTAC TGAGACTCG

BC23N ACCTACCTTC |BC33N GCAATAGGTG

(ACCTACCT) |AGCGTTCGGA |(GCAATAGG) |ATGTCCCCTC
AAACGTTAC TGAGACTCG

BC24N ACTGGACTTC |BC34N GACACTGTTG

(ACTGGACT) |AGCGTTCGGA |(GACACTGT) |ATGTCCCCTC
AAACGTTAC TGAGACTCG

BC25N ATATGCCGTC |BC35N GTGAGTCTTG

(ATATGCCG) |AGCGTTCGGA | (GTGAGTCT) |ATGTCCCCTC
AAACGTTAC TGAGACTCG

BC26N CAACCATGTC |BC36N TCACTCTGTG

(CAACCATG) |AGCGTTCGGA |(TCACTCTG) |ATGTCCCCTC
AAACGTTAC TGAGACTCG

BC27N CTTCGAAGTC |BC37N TCTCCAGTTG

(CTTCGAAG) |AGCGTTCGGA |(TCTCCAGT) |ATGTCCCCTC
AAACGTTAC TGAGACTCG

BC28N CAGAAGTGTC |BC38N TGGTTCCTTG

(CAGAAGTG) |AGCGTTCGGA |(TGGTTCCT) |ATGTCCCCTC
AAACGTTAC TGAGACTCG

BC29N CAGTGACTTC |BC39N TGTGACTGTG

(CAGTGACT) |AGCGTTCGGA |(TGTGACTG) |ATGTCCCCTC
AAACGTTAC TGAGACTCG

BC30N CATGTGGTTC |BC40N GTCTACAGTG

(CATGTGGT) |AGCGTTCGGA |(GTCTACAG) |ATGTCCCCTC
AAACGTTAC TGAGACTCG

TRP2 BC1N CTATCACGAA |BC1IN ATGGCTAGAG

(CTATCACG) | CACCATCGGA |(ATGGCTAG) |TCTCGCCGTT
TCTCTGCT TTCGATGA

BC2N TCCAGTGTAA |BC12N GACTTGGTAG

(TCCAGTGT) | CACCATCGGA |(GACTTGGT) |TCTCGCCGTT
TCTCTGCT TTCGATGA

BC3N GATCAGTAAA |BC13N TCGATCACAG

(GATCAGTA) | CACCATCGGA |(TCGATCAC) |TCTCGCCGTT
TCTCTGCT TTCGATGA

BC4N AGTGTCGGAA |BC14N ACACGTCAAG

(AGTGTCGG) |CACCATCGGA |(ACACGTCA) |TCTCGCCGTT
TCTCTGCT TTCGATGA

BC5N GTAGCGCTAA |BC15N CAATGTGCAG

(GTAGCGCT) | CACCATCGGA |(CAATGTGC) |TCTCGCCGTT
TCTCTGCT TTCGATGA
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BC6N CATCTAACAA |BC16N GGGACTACAG
(CATCTAAC) | CACCATCGGA |(GGGACTAC) |TCTCGCCGTT
TCTCTGCT TTCGATGA
BC7N TACAGATCAA |BC17N ACGTACTGAG
(TACAGATC) | CACCATCGGA |(ACGTACTG) |TCTCGCCGTT
TCTCTGCT TTCGATGA
BCSN CGTCTTGTAA |BC18N TGATTGCCAG
(CGTCTTGT) | CACCATCGGA |(TGATTGCC) |TCTCGCCGTT
TCTCTGCT TTCGATGA
BCON TATGATCAAAC |BC19N AACTCTACAG
(TATGATCA) | ACCATCGGAT |(AACTCTAC) |TCTCGCCGTT
CTCTGCT TTCGATGA
BC10N GGTAGCTTAA |BC20N TGACTCAAAG
(GGTAGCTT) | CACCATCGGA |(TGACTCAA) |TCTCGCCGTT
TCTCTGCT TTCGATGA
BC21N AACCAAGGAA |BC31N CGTAGGAAAG
(AACCAAGG) | CACCATCGGA |(CGTAGGAA) |TCTCGCCGTT
TCTCTGCT TTCGATGA
BC22N AAGGTACGAA |BC32N GACATCTGAG
(AAGGTACG) | CACCATCGGA |(GACATCTG) |TCTCGCCGTT
TCTCTGCT TTCGATGA
BC23N ACCTACCTAA |[BC33N GCAATAGGAG
(ACCTACCT) | CACCATCGGA |(GCAATAGG) |TCTCGCCGTT
TCTCTGCT TTCGATGA
BC24N ACTGGACTAA |BC34N GACACTGTAG
(ACTGGACT) | CACCATCGGA |(GACACTGT) |TCTCGCCGTT
TCTCTGCT TTCGATGA
BC25N ATATGCCGAA | BC35N GTGAGTCTAG
(ATATGCCG) | CACCATCGGA |(GTGAGTCT) |TCTCGCCGTT
TCTCTGCT TTCGATGA
BC26N CAACCATGAA |BC36N TCACTCTGAG
(CAACCATG) | CACCATCGGA |(TCACTCTG) |TCTCGCCGTT
TCTCTGCT TTCGATGA
BC27N CTTCGAAGAA |BC37N TCTCCAGTAG
(CTTCGAAG) | CACCATCGGA |(TCTCCAGT) |TCTCGCCGTT
TCTCTGCT TTCGATGA
BC28N CAGAAGTGAA |BC38N TGGTTCCTAG
(CAGAAGTG) | CACCATCGGA |(TGGTTCCT) |TCTCGCCGTT
TCTCTGCT TTCGATGA
BC29N CAGTGACTAA |BC39N TGTGACTGAG
(CAGTGACT) | CACCATCGGA |(TGTGACTG) |TCTCGCCGTT
TCTCTGCT TTCGATGA
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BC30N CATGTGGTAA |BC40N GTCTACAGAG
(CATGTGGT) | CACCATCGGA |(GTCTACAG) |TCTCGCCGTT
TCTCTGCT TTCGATGA

TRP3 BCIN CTATCACGTG |BC11N ATGGCTAGTT
(CTATCACG) | ATCTAATCATC |(ATGGCTAG) | GGTCCTAATG
TTCTCTCCCC CAATATGAAAA

T cT
BC2N TCCAGTGTTG |BC12N GACTTGGTTT
(TCCAGTGT) | ATCTAATCATC |(GACTTGGT) |GGTCCTAATG
TTCTCTCCCC CAATATGAAAA

T cT
BC3N GATCAGTATG |BC13N TCGATCACTT
(GATCAGTA) | ATCTAATCATC |(TCGATCAC) | GGTCCTAATG
TTCTCTCCCC CAATATGAAAA

T cT
BCAN AGTGTCGGTG |BC14N ACACGTCATT
(AGTGTCGG) | ATCTAATCATC |(ACACGTCA) |GGTCCTAATG
TTCTCTCCCC CAATATGAAAA

T cT
BC5N GTAGCGCTTG |BC15N CAATGTGCTT
(GTAGCGCT) | ATCTAATCATC |(CAATGTGC) |GGTCCTAATG
TTCTCTCCCC CAATATGAAAA

T cT
BC6N CATCTAACTG |BC16N GGGACTACTT
(CATCTAAC) | ATCTAATCATC |(GGGACTAC) |GGTCCTAATG
TTCTCTCCCC CAATATGAAAA

T cT
BC7N TACAGATCTG |BC17N ACGTACTGTT
(TACAGATC) | ATCTAATCATC |(ACGTACTG) | GGTCCTAATG
TTCTCTCCCC CAATATGAAAA

T cT
BCSN CGTCTTGTTG |BC18N TGATTGCCTT
(CGTCTTGT) | ATCTAATCATC |(TGATTGCC) |GGTCCTAATG
TTCTCTCCCC CAATATGAAAA

T cT
BCON TATGATCATGA |BC19N AACTCTACTT
(TATGATCA) | TCTAATCATCT | (AACTCTAC) | GGTCCTAATG
TCTCTCCCCT CAATATGAAAA

cT
BC10N GGTAGCTTTG |BC20N TGACTCAATT
(GGTAGCTT) | ATCTAATCATC |(TGACTCAA) | GGTCCTAATG
TTCTCTCCCC CAATATGAAAA

T cT
BC21N AACCAAGGTG |BC31N CGTAGGAATT
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(AACCAAGG) | ATCTAATCATC |(CGTAGGAA) | GGTCCTAATG
TTCTCTCCCC CAATATGAAAA
T cT
BC22N AAGGTACGTG |BC32N GACATCTGTT
(AAGGTACG) | ATCTAATCATC |(GACATCTG) |GGTCCTAATG
TTCTCTCCCC CAATATGAAAA
T cT
BC23N ACCTACCTTG |BC33N GCAATAGGTT
(ACCTACCT) | ATCTAATCATC |(GCAATAGG) |GGTCCTAATG
TTCTCTCCCC CAATATGAAAA
T cT
BC24N ACTGGACTTG |BC34N GACACTGTTT
(ACTGGACT) |ATCTAATCATC |(GACACTGT) |GGTCCTAATG
TTCTCTCCCC CAATATGAAAA
T cT
BC25N ATATGCCGTG |BC35N GTGAGTCTTT
(ATATGCCG) | ATCTAATCATC |(GTGAGTCT) |GGTCCTAATG
TTCTCTCCCC CAATATGAAAA
T cT
BC26N CAACCATGTG |BC36N TCACTCTGTT
(CAACCATG) | ATCTAATCATC |(TCACTCTG) |GGTCCTAATG
TTCTCTCCCC CAATATGAAAA
T cT
BC27N CTTCGAAGTG |BC37N TCTCCAGTTT
(CTTCGAAG) | ATCTAATCATC |(TCTCCAGT) |GGTCCTAATG
TTCTCTCCCC CAATATGAAAA
T cT
BC28N CAGAAGTGTG |BC38N TGGTTCCTTT
(CAGAAGTG) | ATCTAATCATC |(TGGTTCCT) |GGTCCTAATG
TTCTCTCCCC CAATATGAAAA
T cT
BC29N CAGTGACTTG |BC39N TGTGACTGTT
(CAGTGACT) | ATCTAATCATC |(TGTGACTG) |GGTCCTAATG
TTCTCTCCCC CAATATGAAAA
T cT
BC30N CATGTGGTTG |BC40N GTCTACAGTT
(CATGTGGT) |ATCTAATCATC |(GTCTACAG) |GGTCCTAATG
TTCTCTCCCC CAATATGAAAA
T cT
TRP4 BCIN CTATCACGCC |BC11N ATGGCTAGAA
(CTATCACG) | ATCAGGAGAA |(ATGGCTAG) | ACGCAAATAA
ACAGGCGTA GTATCGTGGC
BC2N TCCAGTGTCC |BC12N GACTTGGTAA
(TCCAGTGT) | ATCAGGAGAA |(GACTTGGT) |ACGCAAATAA
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ACAGGCGTA GTATCGTGGC
BC3N GATCAGTACC |BC13N TCGATCACAA
(GATCAGTA) | ATCAGGAGAA | (TCGATCAC) | ACGCAAATAA
ACAGGCGTA GTATCGTGGC
BC4N AGTGTCGGCC | BC14N ACACGTCAAA
(AGTGTCGG) |ATCAGGAGAA |(ACACGTCA) |ACGCAAATAA
ACAGGCGTA GTATCGTGGC
BC5N GTAGCGCTCC | BC15N CAATGTGCAA
(GTAGCGCT) |ATCAGGAGAA |(CAATGTGC) | ACGCAAATAA
ACAGGCGTA GTATCGTGGC
BC6N CATCTAACCC |BC16N GGGACTACAA
(CATCTAAC) | ATCAGGAGAA | (GGGACTAC) |ACGCAAATAA
ACAGGCGTA GTATCGTGGC
BC7N TACAGATCCC |BC17N ACGTACTGAA
(TACAGATC) | ATCAGGAGAA | (ACGTACTG) | ACGCAAATAA
ACAGGCGTA GTATCGTGGC
BC8N CGTCTTGTCC |BC18N TGATTGCCAA
(CGTCTTGT) |ATCAGGAGAA |(TGATTGCC) |ACGCAAATAA
ACAGGCGTA GTATCGTGGC
BCON TATGATCACCA | BC19N AACTCTACAA
(TATGATCA) | TCAGGAGAAA | (AACTCTAC) | ACGCAAATAA
CAGGCGTA GTATCGTGGC
BC10N GGTAGCTTCC | BC20N TGACTCAAAA
(GGTAGCTT) | ATCAGGAGAA |(TGACTCAA) | ACGCAAATAA
ACAGGCGTA GTATCGTGGC
BC21N AACCAAGGCC |BC31N CGTAGGAAAA
(AACCAAGG) |ATCAGGAGAA | (CGTAGGAA) | ACGCAAATAA
ACAGGCGTA GTATCGTGGC
BC22N AAGGTACGCC |BC32N GACATCTGAA
(AAGGTACG) |ATCAGGAGAA |(GACATCTG) |ACGCAAATAA
ACAGGCGTA GTATCGTGGC
BC23N ACCTACCTCC |[BC33N GCAATAGGAA
(ACCTACCT) | ATCAGGAGAA | (GCAATAGG) | ACGCAAATAA
ACAGGCGTA GTATCGTGGC
BC24N ACTGGACTCC |BC34N GACACTGTAA
(ACTGGACT) |ATCAGGAGAA |(GACACTGT) |ACGCAAATAA
ACAGGCGTA GTATCGTGGC
BC25N ATATGCCGCC |BC35N GTGAGTCTAA
(ATATGCCG) | ATCAGGAGAA | (GTGAGTCT) | ACGCAAATAA
ACAGGCGTA GTATCGTGGC
BC26N CAACCATGCC | BC36N TCACTCTGAA
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(CAACCATG) |ATCAGGAGAA |(TCACTCTG) |ACGCAAATAA
ACAGGCGTA GTATCGTGGC
BC27N CTTCGAAGCC |BC37N TCTCCAGTAA
(CTTCGAAG) |ATCAGGAGAA |(TCTCCAGT) | ACGCAAATAA
ACAGGCGTA GTATCGTGGC
BC28N CAGAAGTGCC | BC38N TGGTTCCTAA
(CAGAAGTG) |ATCAGGAGAA |(TGGTTCCT) | ACGCAAATAA
ACAGGCGTA GTATCGTGGC
BC29N CAGTGACTCC | BC39N TGTGACTGAA
(CAGTGACT) |ATCAGGAGAA |(TGTGACTG) |ACGCAAATAA
ACAGGCGTA GTATCGTGGC
BC30N CATGTGGTCC | BC40N GTCTACAGAA
(CATGTGGT) |ATCAGGAGAA |(GTCTACAG) | ACGCAAATAA
ACAGGCGTA GTATCGTGGC
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1) Pooling of target specific amplicons e.g. TRP1 with unique barcode combinations

Pool 1

Pool 2

Pool 3
Pool4

Pool 5
Pool 6

BCIN/ BC2W/ BC3N/ BCAN/ BCSN/ BC6N/ BC7N/ BCBN/ BCON/ BC1ON/ BC21M/ BC22N/ BC23N/ BC24N/ BC25M/ BC26N, BC27N/ BC28BN/ BC29N/ BC3ON/
BC1IN BC12N BCI13N BC14N BCI5N BC16N BC17N BC18N BC19N BC20N BC3IN BC32N BC33N BC34N BC35N BC36N BC37N BC38BN BC3I9N BC4ON
BCIN/ BC2ZN/ BC3N/ BC4N/ BCSN/ BCGN/ BC7N/ BCBN/ BC9N/ BCION/ BC21N/ BC22N/ BCZ3N/ BC24N/ BC25M/ BC26N/ BC27N/ BC2BN/ BC29N/ BC3ON/
BC11N BC12N BC13N BC14N BC15N BC16N BC17N BC18N BC19N BC20N BC31N_BC32N BC33N BC34N_ BC35M BC36N BC37N BC38N BC39N BC4ON
BCIN/ BC2ZN/ BC3N/ BCAN/ BCSN/ BC6N/ BC7N/ BCBN/ BCIN/ BCION/ BC21N/ BC22N/ BCZ3N/ BC24N/ BC25N/ BC26N/ BC2Z7N/ BC28MN/ BC29N/ BC3ON/
BC1IN BCI2ZN BCI3N BC14N BCISN BCI16N BC1/N BC18N BCI9N BC20N BC3IN BC32N BC33N BC34N BC35N BC36N BC37/N BC38N BC39N BC40N
BCIN/ BC2N/ BC3N/ BC4N/ BCSN/ BCeN/ BCTN/ BCBN/ BCON/ BCION/ BC21N/ BC22N/ BC23N/ BC24N/ BC25M/ BC26N, BC27N/ BC28N/ BC29N/ BC30ON/
BC1IN _BC12N BC13N BC14N BCI15N _BC16N BC1/N BC18N BC19N BCZON BC31N BC32N BC33N BC34N BC35N BC36N BC37N BC38N BC39N BCAON
— - —

BCIN/ BC2W/ BC3N/ BCAN/ BCSN/ BC6N/ BC7N/ BCBM/ BCON/ BCION/ BC21N/ BC22N/ BC23N/ BC24N/ BC25N/ BC26N, BC27N/ BC2BN/ BC29N/ BCION/
BC11IN BC12N BC13N BC14N BC15N BC16N BC17N BC18N BC19N BC20M BC31N BC32N BC33N BC34N BC35M BC36N BC37N BC3BN BC39N BCAON
BCIN/ BC2N/ BC3N/ BC4N/ BCSN/ BC6N/ BC7N/ BCBN/ BCIN/ BCIOM/ BC21M/ BC22N/ BC2Z3N/ BC24N/ BC25M/ BC26N/ BC27N/ BC28N/ BC29N/ BC30ON/
BC11N_BC12N BC13N _BC14N BC15N BC16M BC17N BC18N BC19N BC20M BC31M_BC32N BC33M BC34N BC35M BC36N BC37N BC38N BC39N BCAON
BCIN/ BC2N/ BC3N/ BCAN/ BCSN/ BC6N/ BC7N/ BCBN/ BCON/ BCION/ BC21N/ BC22N/ BC23N/ BC24N/ BC25N/ BC26N/ BC27N/ BC28N/ BC29N/ BC3ON/
BC1IN BC12N BC13N BC14N BCI5N BC16N BC17N BC18N BC19N BC20N BC31N BC32N BC33N BC34N BC35M BC3GN BC37N BC3BN BC3IIN BCAON
BCIN/ BC2N/ BC3N/ BC4N/ BCSN/ BC6N/ BC7N/ BCBN/ BCON/ BC10M/ BC21M/ BC22N/ BC23N/ BC24N/ BC25M/ BC26N/ BC27N/ BC28M/ BC29N/ BGBUN!
BC11IN BC12N BC13N BCI14N BCI15N BC16M BC17N BC18N BC19N BC20N BC31M BC32N BC33N BC34N BC35M BC36N BC37N BC38N BC39N

2) Target specific amplicon
pools quantified and
normalised to 20 ng/ul

—

[]

3) One of each target
specific amplicon pool are
pooled together

e

=

4) Amplicon pools
sequenced on the lllumina
MiSeq platform (2 x 250 bp)

—

Pool 7
Pool 8

Appendix Figure 5.2: Overview of amplicon pooling process. Initially, amplicons are
grouped by target-specific regions (TRP1, TRP2, TRP3, and TRP4), each with unique
barcode combinations. DNA from these target-specific pools is then purified using magnetic
beads, and its concentration is quantified using Qubit. Subsequently, the purified pools are
normalised to 20 ng/ul. Finally, one pool from each target-specific amplicon (e.g., Pool 1 of
TRP1-4) is combined. The resulting amplicon pools are sequenced on the lllumina MiSeq
platform (2 x 250 bp).
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Appendix Figure 5.3: Population structure of Lake Albert miracidia. Principal
component analysis of genetic differentiation between 88 S. mansoni miracidia sampled in
this study. A and B represent principal components 1-4 coloured by village or individual
sample missingness. C and D represent principal components 3 and 4 coloured by by village
or individual sample missingness.
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Appendix Table 5.3: Genome-wide mean nucleotide diversity (1) for each treatment time
point stratified by treatment group.

Group Mean 99% Confidence interval
Standard pre-treatment 0.00312 0.00310-0.00314
Standard post-treatment | 0.00294 0.00292-0.00295
Intensive pre-treatment 0.00315 0.00313-0.00317
Intensive post-treatment | 0.00298 0.00296-0.00299
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Appendix Table 5.4: Genome-wide mean genetic differentiation (Fst) comparisons between

time point and treatment group.

Group Mean Fst 99% CI

Standard Pre vs Post-treatment 0.00575 0.00566-0.00585
Intensive Pre vs Post-treatment 0.00562 0.00553-0.00572
Standard Pre vs Intensive Pre-treatment 0.00550 0.00541-0.00560
Standard Post vs Intensive Post-treatment 0.00582 0.00573-0.00591

194



Appendix Table 5.5: Genes encoding proteins present in the candidate regions of
differentiation using genome-wide Fst.

Chromosome

Window
start (bp)

Window
end (bp)

Window
size (kb)

Evidence

Gene IDs

Function/ name

SM_V10_1

22185000

2221500
0

30

Fst
(Intensive
Pre vs
Post)

Smp_325980
Smp_093310
Smp_093320

Secreted protein
E2F/DP family, putative,
DNA binding,
transcription regulation
Nucleolar protein 10-
rRNA processing

SM_V10_1

30940000

3104500
0

105

Fst
(Intensive
Pre vs
Post)

Smp_347240
Smp_337620
Smp_160800
Smp_160810
Smp_160820
Smp_210750

BEACH
domain-containing
protein- mitochondrion
BAH domain-containing
protein- chromatin
silencing complex
DUF3480
domain-containing
protein
Putative amine oxidase-
polyamine oxidase
activity
Protein kinase
domain-containing
protein- calcium ion
transport across plasma
membrane
Peptidyl-prolyl cis-trans
isomerase- DNA
binding- rRNA
processing

SM_V10_2

13330000

1340000
0

70

Fst
(Intensive
Pre vs
Post)

Smp_161210
Smp_333810
Smp_317040
Smp_071830

G_PROTEIN_RECEP_
F1_2 domain-containing
protein
6-phosphogluconate
dehydrogenase,
decarboxylating
RNA-binding protein
Transcription initiation
factor 1A subunit 2-
RNA polymerase I
general transcription
initiation factor activity

SM_V10_1

2050000

2070000

20

Fst

Smp_164480

Tubulin beta chain
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(Standard

Pre vs
Post)
SM _V10_1 | 27600000 (2764000 40 Fst Smp_196950 | One cut domain family
0 (Standard member- DNA-binding
Pre vs transcription factor
Post) activity, RNA
polymerase lI-specific
SM_V10_2 [ 25480000 [2552000 40 Fst Smp_012280 BAT2_N
0 (Standard domain-containing
Pre vs protein
Post)
SM_V10_2 | 32140000 (3217500 35 Fst Smp_176850 Putative armc4
0 (Standard | Smp_176840 Putative hypoxia
Pre vs Smp_ 099690 Jassociated factor- mRNA
Post) processing and splicing
Protein RER1- Involved
in the retrieval of
endoplasmic reticulum
membrane proteins from
the early Golgi
compartment
SM_V10_3 6970000 |7005000 35 Fst Smp_029360 | Amino acid transporter,
(Standard putative
Pre vs
Post)
SM_V10_7 | 13200000 (1337500 175 Fst Smp_332340 Uncharacterized
0 (Standard | Smp_318340 | transmembrane protein
Pre vs Smp_318350 |Uncharacterized protein
Post) Smp_166720 Uncharacterized
transmembrane protein
Gnk2-homologous
domain-containing
protein
SM_V10_2 3300000 |3325000 25 Fst Smp_017230 Nicotinate
(Standard phosphoribosyltransfera
Pre vs se related pre-B cell
Intensive enhancing factor
Post)
SM_V10_2 [ 33140000 [3317500 35 Fst Smp_123390 Requim, req/dpf2,
0 (Standard putative- Histone
Pre vs binding
Intensive
Post)

196



SM_V10_3 | 11700000 | 1173500 35 Fst Smp_080610 | NADH dehydrogenase
0 (Standard | Smp_080620 [ubiquinone] 1 beta
Pre vs subcomplex subunit 11,
Intensive mitochondrial
Post) XPG_I_2
domain-containing
protein
SM_V10_3 [ 15140000 (1517500 35 Fst Smp_074010 DNA-(apurinic or
0 (Standard | Smp_074000 | apyrimidinic site) lyase,
Pre vs endonuclease activity
Intensive Single-pass type |
Post) transmembrane protein
SM_V10_3 | 47865000 (4789000 25 Fst Smp_196810 | Dihydropyrimidinase
0 (Standard | Smp_172700 | related protein-3 (M38
Pre vs Smp_092490 family)
Intensive Serine/threonine kinase
Post) Putative
nadh-plastoquinone
oxidoreductase
SM_V10_4 | 27235000 (2728500 50 Fst Smp_053700 Cytochrome b-c1
0 (Standard | Smp_150890 complex subunit 8
Pre vs RBR-type E3 ubiquitin
Intensive transferase
Post)
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Appendix Table 5.6: Genes encoding proteins present in the candidate regions of selection

using genome-wide XP-EHH.

Chromosome

Window
start (bp)

Window
end (bp)

Window
size (kb)

Evidence

Gene IDs

Function/ name

SM_V10_1

55925000

55950000

25

XP-EHH
(Standard Pre vs
Post)

Smp_144550

Chromobox
protein-related
(Chromobox 1)
(Heterochromatin 1)

SM_V10_1

59820000

59975000

155

XP-EHH
(Standard Pre vs
Post)

Smp_143240
Smp_247050
Smp_337310

Trafficking protein particle
complex subunit 11
Uncharacterized protein
Uncharacterized protein

SM_V10_2

32140000

32180000

40

XP-EHH
(Standard Pre vs
Post)

Smp_176850
Smp_176840
Smp_099690

Putative armc4

Putative hypoxia
associated factor- mRNA
processing and splicing
Protein RER1- Involved in
the retrieval of
endoplasmic reticulum
membrane proteins from
the early Golgi
compartment

SM_V10_5

9300000

9445000

145

XP-EHH
(Standard Pre vs
Post)

Smp_334490
Smp_334500
Smp_ 315870
Smp_330430
Smp_094630
Smp_ 094640

Cilia- and
flagella-associated protein
91

Uncharacterized protein
NADH dehydrogenase
(Ubiquinone) complex |,
assembly factor 6
Uncharacterized protein
RRM domain-containing
protein- RNA binding
"Zinc finger protein,
putative,

DNA-binding transcription
factor activity, RNA
polymerase ll-specific”

SM_V10_1

30800000

31040000

240

XP-EHH
(Intensive Pre vs
Post)

Smp_081260
Smp_ 246250
Smp_165980
Smp_210750
Smp_160800
Smp_160820
Smp_347770
Smp_347340
Smp_337620
Smp_160810

PH domain-containing
protein

Acidic fibroblast growth
factor intracellular-binding
protein

DNA-directed RNA
polymerase Il subunit
RPC6

Peptidyl-prolyl cis-trans
isomerase, DNA binding-
rRNA processing
DUF3480
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domain-containing protein
Protein kinase
domain-containing protein,
calcium ion import across
plasma membrane
EGF-like
domain-containing protein
BEACH
domain-containing protein-
mitochondrion

BAH domain-containing
protein- chromatin
silencing complex
Putative amine oxidase-
polyamine oxidase activity

SM_V10_1

66835000

66920000

85

XP-EHH
(Intensive Pre vs
Post)

Smp_093630
Smp_158570
Smp_158560

Mitochondrial carrier
protein-related-
Mitochondrial transporter
mediating uptake of
thiamine diphosphate into
mitochondria

Secreted protein
Serine/threonine kinase,
non-specific

SM_V10_4

23180000

23415000

235

XP-EHH
(Intensive Pre vs
Post)

Smp_135500
Smp_135510
Smp_340460
Smp_024660

Phosphodiesterase,
membrane including
synaptic membrane
NAALADASE L peptidase
(M28 family),
Metallopeptidase
Beta-1,4-galactosyltransfe
rase, Catalyses the
transfer of galactose onto
proteins or lipids.

Putative cell adhesion
molecule, axon and
plasma membrane

SM_V10_5

8850000

9010000

160

XP-EHH
(Intensive Pre vs
Post)

Smp_344650
Smp_346180

Ras-related protein Rab-3,
Protein transport.
Probably involved in
vesicular traffic.
protein-tyrosine-phosphat
ase

SM_V10_1

66800000

67020000

220

XP-EHH
(Standard Pre vs
Intensive Post)

Smp_ 213970
Smp_213960
Smp_158560
Smp_247270
Smp_067280
Smp_093630
Smp_158570

[Telomeric repeat-binding
factor 2-interacting protein
1
Dentin
sialophosphoprotein-like
Serine/threonine kinase,
non-specific
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Histone-lysine
N-methyltransferase
SMYD3
Dynamin-1-like protein,
microtubule binding,
peroxisome fission
Mitochondrial thiamine
pyrophosphate carrier,
mediating uptake of
thiamine diphosphate into
mitochondria

Secreted protein

SM_V10_5

8850000

9010000

160

XP-EHH
(Standard Pre vs
Intensive Post)

Smp_344650
Smp_346180

Ras-related protein Rab-3,
Protein transport.
Probably involved in
vesicular traffic.
protein-tyrosine-phosphat

ase

200




Appendix Table 5.7: The mean coverage and distribution of SNPs and (indels) detected in
each amplicon.

Amplicon | Mean Synonymous | Non-synonymous | Upstream Intronic | Splice Total
coverage | (n) (n) gene variant | (n) region
(n) (n)

TRP1 669.29 0 1 0 4 (1) 0 5(1)
TRP2 47.26 0 0 0 21 (1) 2 23

(1)
TRP3 438.84 0 1 0 0 0 1
TRP4 134.65 2 0 0 6 (1) 0 8 (1)
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Appendix Table 5.8: The position and frequency of intronic SNPs.

Genotype frequencies (%) Alternate
Amplicon | Position | N* | Mutation allele
Homozygous | Heterozygous | Homozygous | frequency
(reference) alternate (%)
TRP1 2739112 |2 |[c.4167+48T (0.5 5.3 94.2 96.1
>C
2739139 |2 |c.4167+75G | 98.5 1.5 0 0.9
>A
2739155 (2 |c.4167+91G | 97.6 2.4 0 1.3
>C
2739189 (2 |c.4167+125 |90.8 8.2 1 6.2
G>A
TRP2 2739978 (2 |c.4168-209T | 98.9 1.1 0 0.6
>C
2739992 (2 |c.4168-209T | 99.3 0 0.7 0.7
>C
2740047 (2 |c.4168-154T | 99.4 0.3 0.3 0.9
>C
2740063 |2 |c.4168-138T | 33.5 31.2 35.3 46.8
>C
2740070 (2 |c.4168-131C | 99.3 0.7 0 0.6
>T
2740088 |2 |c.4168-113T |98.5 1.5 0 0.7
>A
2740153 (2 |c.4168-48G |98.9 0.7 0.4 1.9
>C
2740157 |2 |c.4168-44C> | 98.9 0.7 0.4 1.5
T
2740181 (2 |c.4168-20T> | 80.6 16.2 3.2 11.3
C
2740182 (2 |c.4168-19C> | 14.3 14.3 714 50.0
T
2740186 |2 |c.4168-15T> [ 95.5 4.5 0 2.2
C
2740194 |2 |[c.4168-7T> |[98.2 0.7 1.1 1.5
C
2740336 |2 |c.4296+7A> |95.9 1.9 2.2 4.8
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C

2740353 c.4296+24T | 98.8 1.2 0 0.6
>C

2740368 c.4296+39G | 92.9 0.7 6.4 10.6
>A

2740378 c.4296+49G | 92.9 0.7 6.4 10.6
>A

2740381 c.4296+52A |92.9 0.7 6.4 11.2
>C

2740385 c.4296+56T | 95.9 1.9 2.2 5.2
>C

2740397 c.4296+68G | 92.5 1.1 6.4 11.2
>C

2740398 c.4296+69A | 92.5 1.1 6.4 11.2
>C

2740400 c.4296+71A | 925 1.1 6.4 11.2
>T

2740402 c.4296+73G | 92.5 1.1 6.4 11.4
>T

2740403 c.4296+74C | 92.5 1.1 6.4 11.2
>T

TRP4 2756075 c.4959-93A> | 97.7 1.8 0.5 1.1
G

2756080 c.4959-88T> | 98.0 2.0 0 1.1
C

2756105 c.4959-63C> | 98.0 2.0 0 1.1
T

2756131 c.4959-37C> | 19.0 40.4 40.6 60.7
T

2756158 c.4959-10A> | 43.0 394 17.6 37.5
G

2756386 c.5158+19C | 96.7 3.3 0 2.2
>T
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Appendix Table 5.9: The position and frequency of intronic indels. *associated with a
homopolymer region.

Genotype frequencies (%) Alternate
Amplicon | Position | N* | Mutation allele
Homozygous | Heterozygous [ Homozygous | frequency
(reference) alternate (%)
TRP1 2739108 |2 |[c.4167+45_4 | 98.78 1.22 0 0.0061
167+49delTA
CTC
TRP2 2740173 | 2 | c.4168-27del | 64.29 32.14 3.57 0.0244
* T
TRP4 2756123 | 2 | c.4959-44del | 81.46 18.02 0.52 0.0953
T
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Appendix Table 5.10: The position and frequency of non-synonymous and synonymous

SNPs in the transmembrane region of SMTRPMp,q (Smp_246790.1).

Genotype frequencies (%) Alternate
Amplicon | Position | N* | Mutation allele
Homozygous | Heterozygous [ Homozygous | frequency
(reference) alternate (%)
TRP1 2739021 | 2 R1375H 96.9 3.1 0 0.02
TRP3 2745579 | 2 11464V 99.3 0.7 0 0.05
TRP4 2756264 | 2 | A1685A 98.0 2 0 0.01
TRP4 2756321 |2 | Q1704Q 97.7 1.7 0.5 0.01
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