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Preface to ”Prospects for Schistosomiasis Elimination”

Elimination Becomes a Reality—Preface and a Call to Action

Marcel Tanner

Swiss Tropical and Public Health Institute, Basel, Switzerland

Swiss Academies of Sciences

“It always seems impossible until it’s done.” (Nelson Mandela)

These papers, compiling global evidence from the past decades, reveal that we are indeed on

a path, but surely not on a well-trodden one—and our pace is quickening. The learning from basic

parasitology on host–parasite–intermediate host relationships at the genetic, cellular, and population

level placed within the different social, cultural, and ecological contexts not only generate the

understanding of a given epidemiological context and possible and necessary public health actions,

but also stimulate the research and development of control and public health tools for (i) diagnosis

and surveillance, (ii) the prediction of risk areas and decision support/decision-making, (iii) the

repurposing of existing safe and efficacious drugs and pediatric formulations, (iv) the potential and

position of vaccines, and (v) integrated approaches tailored to specific endemic settings in relation to

the schistosome species involved. The present Special Issue brings together evidence and experience

in a most comprehensive way, providing a cornerstone for any national control program to seriously

consider the elimination of schistosomiasis as a very realistic public health goal.

The complexity of the specificity of the host–parasite–intermediate host relationships and

the dynamic influence of the socioecological settings are recognized as well as the individual

host–parasite interrelations that govern the pathological outcomes. This in turn helps us explain the

focality of transmission and the transmission patterns as we observe them in their natural settings.

While the great intricacy of basic parasitology and epidemiology makes us initially shy away from the

idea of the possible elimination of schistosomiasis, a more cautious look with the currently available

scientific evidence and tools in mind makes us realize that the key to elimination lies precisely in this

manifold.

With the achievements of control tools, well-reflected in the present series of papers, further

activities towards elimination rest mainly on the backbone of effective surveillance–response

approaches within the national programs. Detection and interruption of transmission redirects the

focus to the peripheral, point-of-care level, making local surveillance the key intervention. Strategies

developed towards effective approaches, capable of detecting ongoing, new, or reintroduced

transmission foci, can be swiftly followed by integrated public health response packages tailored to

any given transmission setting. This tactic is currently also central to the elimination approaches for

malaria guided by the Global Technical Strategy (GTS) endorsed by all WHO member countries in

2015. The GTS for malaria consists of three key pillars: (i) ensure universal access to prevention,

diagnosis, and treatment; (ii) accelerate efforts towards elimination; and (iii) transform malaria

surveillance into a core intervention. Not only through analogy, but also based on the current state of

knowledge, evidence, experience, and ongoing R&D activities, we are now in a very comparable

situation for schistosomiasis. Indeed, we are in a promising position allowing the formulation

of a global technical strategy for both diseases that is even generally applicable for most of the

neglected tropical diseases, thus forming a realistic, operational basis to reach the goals of the London

Declaration of 2012.
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all those working towards the veracity of schistosomiasis elimination. This call to action helps

in translating science into meaningful public health and development engagement, making

schistosomiasis elimination a realistic goal.
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Abstract: In spite of spectacular progress towards the goal of elimination of schistosomiasis,
particularly in China but also in other areas, research gaps and outstanding issues remain. Although
expectations of achieving elimination of this disease have never been greater, all constraints have
not been swept aside. Indeed, there are some formidable obstacles, such as insufficient amounts of
drugs to treat everybody and still limited use of high-sensitive diagnostic techniques, both for the
definitive and the intermediate hosts, which indicate that prevalence is considerably underrated in
well-controlled areas. Elimination will be difficult to achieve without a broad approach, including a
stronger focus on transmission, better diagnostics and the establishment of a reliable survey system
activating a rapid response when called for. Importantly, awareness of the crucial importance of
transmission has been revived resulting in renewed interest in snail control together with more
emphasis on health education and sanitation. The papers collected in this special issue entitled
‘Prospects for Schistosomiasis Elimination’ reflect these issues and we are particularly pleased to note
that some also discuss the crucial question when to declare a country free of schistosomiasis and
present techniques that together create an approach that can show unequivocally when interruption
of transmission has been achieved.

Keywords: schistosomiasis elimination; snail control; high-sensitivity diagnostics; chemotherapy;
vaccine development; health education; sanitation

1. Introduction

Although severe morbidity due to schistosomiasis is disappearing, the distribution of the disease
has not changed since the atlas of schistosomiasis distribution was published in 1987 [1]. Considering
the population increase since then, the number of humans currently at risk must be well over a
billion rather than the commonly cited figure of 800 million. According to latest available information
somewhere between 230 and 250 million people are actually infected [2,3]. However, these data
must be even more strongly underestimated since they are based on stool examination according to
Kato-Katz [4] for intestinal schistosomiasis (basically Schistosoma mansoni, S, japonicum and S. mekongi)
and urine filtration for the urogenital form of the disease (S. haematobium). Diagnosis based on the
schistosome circulating cathodic antigen (CCA) finds up to four times more infected individuals
compared to egg detection [5], which is supported by molecular diagnostics, e.g., the quantitative
polymerase chain reaction (qPCR), a highly sensitive and specific technique [6,7]. However, the total
number of infected people is not necessarily as high as four times more (as indicated by CCA) since the
discrepancies reported also depend on the intensity of infection. Nonetheless, even with a multiplicator
as low as two, we remain far from elimination of schistosomiasis and one wonders why control efforts
for such a widespread infection have been so inadequate that the World Health Organization (WHO)
lists the disease among the neglected tropical diseases (NTDs). The funds going into schistosomiasis

Trop. Med. Infect. Dis. 2019, 4, 76; doi:10.3390/tropicalmed4020076 www.mdpi.com/journal/tropicalmed1
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research, however, tell another story, and we are already starting to benefit from a wide spectrum of
new results ranging from improved diagnostics over vaccine development to better satellite-generated
ecological data.

Why did schistosomiasis become such a scourge in the first place? A strong reason is the high
concentration of people near rivers and lakes harbouring the intermediate snail hosts, while curative
measures could not be contemplated until the parasite had been discovered [8] and its life-cycle
demonstrated [9]. Although these findings clarified the epidemiology, effective disease prevention
would not be available until the introduction of praziquantel in the 1970s [10]. Promoting sanitation
and telling people to avoid lakes and streams in rural areas without infrastructures were as unrealistic
then as it is today, so early activities relied primarily on snail control through various molluscicides
released into water bodies used by people in the endemic areas [11] and environmental management
(useful only for the type of snail transmitting S. japonicum). After the 1980s, however, mass drug
administration (MDA) with praziquantel started to make inroads and although reinfection remained
a problem, severe morbidity could now be managed through repeated drug treatments. Indeed,
chemotherapy proved so efficient that it soon became the only approach contributing to WHO’s 1984
recommendation that morbidity control be the main goal [12], a strategy that is still largely in place.

Different countries need different approaches since large epidemiological differences between
them exist, not the least due to the intermediate sail host, which makes it impossible to apply the
same approach everywhere. Although the scope for elimination of schistosomiasis is promising in
some countries, the People’s Republic of China (PR China), Brazil, Egypt, Morocco and Oman among
them, the situation is altogether different in sub-Saharan Africa, which currently harbours 92% of all
schistosomiasis in the world [13]. Thus, research gaps and outstanding issues still remain, one of which
is the highly unsatisfactory situation of depending on a single drug for the control of a major disease,
even if there is still no evidence of widespread resistance. Equally disconcerting is the realization
that the number of people with schistosomiasis will continue to rise as a reflection of the ongoing
population growth, while the proportion of people actually receiving drug treatment lingers far behind
that of those requiring it [14].

2. Can Schistosomiasis be Eliminated?

The special issue Prospects for Schistosomiasis Elimination was conceived in response to the need
for an all-round view of the present situation with special reference to the tools needed to reach the
goal of elimination of one of the worst NTDs that may have caused more human suffering than any
other parasitic disease after malaria. Schistosomiasis elimination in PR China has a 60-year history.
Repeating this achievement, briefly described in the first paper in this volume [15], in other countries
will require long-term governmental support and the incorporation of social and economic approaches
boosting local economies and global health development.

Secor and Colley [16] feel that elimination may well be currently feasible in some endemic
countries where there have been improvements in sanitation and access to clean water, but point
out that sub-Saharan Africa, this strategy switch remains premature. They emphasize the need to
develop and evaluate approaches for achieving and validating elimination, as well as defining the
level of infection at which a stepped-up approach to interruption of transmission would be feasible.
These ideas are echoed by Krauth et al. [17] who discuss possible hidden drivers of transmission that
might hamper intervention success and sustainability. They propose a holistic research approach
integrating classical epidemiology with modern knowledge of biology, ecology and the social sciences
to uncover processes that indirectly influence exposure and transmission. Addressing persisting
disease hotspots and neglected population groups could help overcome barriers holding us back
from achieving schistosomiasis elimination. An opinion paper by Olveda and Gray [18] emphasizes
that the integrated measures pioneered by PR China cannot be duplicated in the Philippines because
of the geographical diversity and topography of this country, and the fact that transmission is not
seasonal as in PR China. In fact, the situation in the Philippines is more like that of sub-Saharan
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Africa plus the added problem of dealing with zoonotic transmission. For that reason, they feel an
innovative, multi-component approach is critical for long-term sustainable schistosomiasis control and
eventual elimination in the Philippines. The key is to ensure high praziquantel coverage of endemic
populations and realize the role of bovines in transmission. The bovine population in the endemic
areas must either be rigorously treated, vaccinated or replaced with mechanized tractors (as in PR
China). Another, more general, opinion paper by Weber et al. [19] highlights the opportunities for
public–private partnerships (PPPs) to play a key role in the elimination of schistosomiasis. They point
out the critical need for diversified therapeutics and they note gaps in the vaccine and diagnostic
product R&D pipelines.

3. Progress Vis-à-Vis the Distribution of Schistosomiasis

Asian schistosomiasis is zoonotic, which is a cause of concern as successful elimination not
only requires management of the human definitive host, but also the animal reservoir hosts. Within
Asia, three species affect humans (S. japonicum, S. mekongi and S. malayensis). Most of the published
research has focused on S. japonicum with comparatively little attention paid to S. mekongi and even
less to S. malayensis. In this special issue, Gordon et al. [20] examined all three species, highlighting
the prospects for elimination and current occurrence in their various endemic countries: Cambodia,
Lao People’s Democratic Republic (Lao PDR), Malaysia, Myanmar, Thailand, Indonesia, PR China and
the Philippines. Apart from the spectacular advancements made in PR China, briefly discussed in the
paper by Chen et al. [15], progress in areas and countries, such as the Caribbean, Gabon and Lao PDR,
are presented in some detail in this special issue. Excellent progress has been reported previously from
Morocco, Africa’s Mediterranean coast and Oman [13], but is not further discussed here.

Schistosomiasis in Lao PDR was first reported 60 years ago and 10 years later in Cambodia.
The infection there is caused by a specific species, S. mekongi, which is distributed along a limited
part of the Mekong River. Control activities based on mass drug administration resulted in strong
advances reducing prevalence to less than 5% according to stool microscopy [21]. Even so, the true
number of infected people is probably higher than that reported and further progress will depend on
interruption of transmission. Although this type of well-characterized setting offers an exemplary
potential for elimination, the local topography, reservoir animals, and a dearth of safe water sources
make transmission control a challenge. On the other hand, these limited endemic foci would indeed be
excellent testing grounds for what it takes to keep prevalence permanently low.

In the Caribbean, here chronicled by Hewitt and Willingham [22], elimination of schistosomiasis
appears achievable in the near term. Transmission has already been eliminated on three islands with
six more awaiting official verification. Saint Lucia is now the remaining island with clear evidence
of ongoing transmission. Although mass treatment together with snail control using environmental,
chemical and biological methods along with public service improvements are important elements in
achieving and sustaining elimination, the economic switch from sugarcane and banana production to
tourism obviously played a major role.

Mintsa Nguema et al. [23] report the results of mapping the prevalence of schistosomiasis in
Gabon (primarily caused by S. haematobium), together with the situation with regard to soil transmitted
helminthiases (STH) in the northern and eastern regions of the country, which covers 12% of the
population. While many STH infections were found to be very common, schistosomiasis prevalence
was only 1.7% across the two regions investigated, with no significant difference between them.
However, the combined schistosomiasis/STH rate was shown to reach 56.6% and the conclusion was
to recommend an integrated approach using praziquantel and mebendazole, supplemented with
levamisole due to the high prevalence and intensity of Trichuris infections.

4. Risk for Fragmented Treatment Coverage

The world burden of schistosomiasis remains considerable, and factors influencing intervention
coverage are important. To cover all needs with respect to chemotherapy in a country or region can

3



Trop. Med. Infect. Dis. 2019, 4, 76

be difficult, even if the drug and means for its distribution are available. The papers collected here
highlight three such situations, though there may well be others, both different and even perhaps more
serious. Coverage of praziquantel is an important research area since breaking the transmission of
schistosomiasis may remain unattainable without a thorough understanding of this issue.

Adriko et al. [24] carried out a cross-sectional household surveys in an endemic district in Uganda
where half the entire population reported never having taken praziquantel. It was found that odds
improving use of the drug includes school enrolment and stable settlement in a village. The most
frequent reasons that prevented treatment during the latest MDA for a person was either not being
offered the drug even if present (49.2%) or being away when it was offered (21.4%). Contrary to
expectations, chronically-untreated individuals were rarely systematic non-compliers but rather people
who, for various reasons, had repeatedly not been offered treatment.

Coulibaly et al. [25] studied the reasons for low-treatment coverage rates in two endemic villages
in Côte d’Ivoire. Based on a questionnaire survey, they found a considerable inter-village heterogeneity
(27.7% versus 52.3%) that turned out to be multifactorial. The main reason was work-related (agricultural
activities), but the bitter taste of praziquantel and previous experiences with adverse events also played
an important role. More than three-quarters of those interviewed who had taken praziquantel declared
that they would not participate in future treatments. Therefore, careful consideration should be given
to attitudes and practices.

Students at the college and university level, a group that normally falls outside the common
type of surveys, were investigated in Kenya with regard to schistosomiasis and STH infections by
Korir et al. [26]. In a sample of close to 300 persons, each tested by three stools/two slides, S. mansoni
prevalence was found to be 17.8% with 2.5% having heavy S. mansoni infections (≥400 eggs/gram
faeces). The STH prevalence was much lower. While one wonders why young adults in higher
education do not look after themselves better, it is obvious that this group of the population is as
approachable for the national schistosomiasis control programmes, as are school children.

5. New Approaches

The special issue includes many papers outlining new thoughts, such as geospatial techniques,
alternative treatments, high-definition diagnostics and vaccine development. For example, the launch
of the Soil Moisture Active Passive (SMAP) satellite in 2015 and the new ECOSTRESS instrument
launched in 2018 permit the collection of data that define the ecosystems that govern vector sustainability
considerably better than was previously possible, while the high spatial resolution available opened
for studies at very specific areas, such as the sub-village, even household, level [27]. This will help
delineation of the exact possible geographical distribution of schistosomiasis, including changes related
to climate change, through the ecological niche requirements by its intermediate host.

It is becoming increasingly clear that praziquantel on its own has insufficient activity against
transmission since it only affects mature schistosomes Although several doses of praziquantel over a
period of 1–2 months would eventually kill all parasites including the initially refractory young ones as
they mature during this time. Use of combined artemether/praziquantel, on the other hand, would have
an instantaneous effect as artemether would contribute by wiping out the new, still immature generation
in the host, as pointed out by Bergquist and Elmorshedy [28]. However, this approach must be limited
to areas without malaria co-endemicity to avoid the risk of the development of resistance against
artemether, a key drug against malaria.

6. Diagnostics

Low infection intensities are now common thanks to long-term, widespread preventive
chemotherapy. Surveillance in this situation requires considerably more sensitive diagnostics than stool
microscopy, which is still the standard approach in the endemic areas. Indeed, overlooked low-intensity
infections and the fact that praziquantel does not kill all schistosomes in the body, conspire to keep
transmission ongoing.
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While diagnosis based on the schistosome circulating cathodic antigen (CCA) [5,29] is clearly more
sensitive than stool examination, it does not represent the first high-definition diagnostic technique
to be applied for schistosomiasis. Molecular approaches, such as the loop-mediated isothermal
amplification (LAMP) [30] and the polymerase chain reaction (PCR) [31], have both been used earlier.
The detection of schistosome components based on molecular techniques provide high specificity
and high sensitivity, as well as detection of pre-patent infections, and are therefore essential at the
elimination stage. Weerakoon et al. present all the various diagnostic techniques in great detail in
this special issue [32]. While the assays discussed are similar with respect to sensitivity and can be
applied to both blood and faeces, the circulating antigens are also excreted with the urine, which is an
advantage that should improve compliancy of continued testing over long periods of time.

7. Vaccine Development

Work on schistosomiasis vaccines remains in the doldrums due to the difficulties in convincing
donors of the need for a vaccine. The lack of funding for schistosomiasis vaccine development has been
debilitating; not that vaccination in itself is a cure-all solution, but even a partially effective vaccine would
be a long-term complement to effective chemotherapy. Against all odds, a few candidate molecules for
human use have reached the clinical-trials level. One of these is the Sm14/GLA-SE schistosomiasis
vaccine, primarily developed against S. mansoni, but which cross-reacts with S. haematobium and
S. japonicum, has successfully completed Phase I and Phase IIa clinical trials, with Phase II/III trials
underway in Senegal and further trials planned for Brazil. The paper by Tendler et al. [33] in this
special issue reviews the development of this vaccine candidate based on the fatty acid-binding protein
(FABP) and formulated with the glucopyranosyl lipid A (GLA-SE) adjuvant. The paper follows the
development of this product from the initial experiments delivering strongly supportive data to the
ongoing Phase II studies.

Studies undertaken in PR China [34] and the Philippines [35] have identified bovines as
major reservoir hosts for S. japonicum, and so have provided the rationale for a veterinary-based
transmission-blocking vaccine targeting bovines in these settings, benefitting animals directly and
humans indirectly. The SjCTPI vaccine [36] has shown promise in experimental trials, and field trials
have recently been completed in PR China and the Philippines [37,38]. Interestingly, as shown by
You et al. [39] in this special issue, this kind of vaccine would also be useful in African countries although
not for humans, only for animals. This work covers the whole field of veterinary schistosomiasis
vaccines from irradiated larvae to the recombinant DNA technology revolution. Future challenges
to be overcome to design and deliver effective anti-schistosome vaccines are summarized. The fact
that schistosomiasis can cause significant animal morbidity and mortality, both in Asia and Africa,
is an overlooked cause of economic loss. Although schistosome species, such as S. bovis, S. curassoni
and S. mattheei, do not infect humans, they do infect a wide range of domestic animals, resulting in
low economic output, reduced productivity and poor reproduction [40]. Furthermore, the ability of
S. bovis to form interspecific hybrids naturally with the human parasite S. haematobium which has been
observed in West Africa [41] should be noted as it presents the potential for zoonotic transmission also
in Africa.

A vaccine complemented by praziquantel would not only reduce morbidity for the long term,
but also reduce transmission, something that is notoriously difficult to achieve. While vaccination of
cattle and water buffaloes can be successful in reducing the risk for human (and bovine) infection in an
zoonotic environment, elimination of schistosomiasis in Africa may never be achievable without a
human vaccine. However, even if good protection can be shown, full validation, large-scale production
and release of a product for human use is still a long time away.

8. Research on the Snail

Efforts to control schistosomiasis started with molluscicides against the snail host and largely
ineffectual medicines with serious side effects, vividly described by Jordan [42]. As mentioned above,
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once introduced on a large scale in the 1980s, the drug praziquantel was so effective that snail control
was abandoned for morbidity control. We are now witnessing the return of snail control, here reflected
by the submission of as many as four snail-related papers. Two of them deal with the genetic diversity
of snails providing findings on the complex biology of this vector, which can be used to define snail
phylogeography [43] or to study the molecular basis of snail susceptibility to schistosome infection [44].
The two other papers have completely different foci, one discusses the potential influence of climate
change on the distribution of snails capable of transmitting schistosomiasis [45], while the other
deals with highly sensitive schistosome diagnosis of infection with the snail based on loop-mediated
isothermal amplification (LAMP) [46]. While the very nature of climate change makes the former paper
speculative, the latter presents a validated approach to accreditation of schistosomiasis eradication
(see below), something of great practical importance.

9. Accreditation

So far, only two infections, both viral, have successfully been eradicated: smallpox in 1979 [47]
and cattle rinderpest in 2010 [48]. Rigorous investigations and specifications were required before
these diseases were finally eradicated (the viruses still remain in a few high-security laboratories).
However, the discussion before the announcements led to an exact definition of the terms “elimination”
and “eradication”. The former is defined as the “reduction to zero of the incidence of infection (or to a
very low defined target rate) caused by a specified agent in a defined geographical area as a result of
deliberate efforts”, while the latter is defined as the “permanent reduction to zero of the worldwide
incidence of infection caused by a specific agent as a result of deliberate efforts”. While elimination
requires continued measures to prevent re-establishment of disease transmission, intervention measures
are no longer needed in the case of eradication.

The stated aim to eliminate schistosomiasis must rely on considerably more sensitive assays than
stool microscopy [4]. It is also important not to forget snail diagnostics. A very important outcome of
this special issue is that some of its papers show that we now have the tools needed for the detection of
the smallest number of schistosomes in the definitive host (CAA, qPCR or LAMP), as well as in the
intermediate snail host, i.e. sporocysts and cercariae (PCR or LAMP). It should, however, be noted
that long-term elimination is only possible if neither the intermediate nor the definitive hosts keep the
Schistosoma life cycle moving as was achieved, and remains the case, in Japan. In addition, regular
surveillance would be required, as well as control for potential infections in visiting people.
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Schistosomiasis control in China has always been conducted with strong political leadership
and support at the highest level of government [1]. In the 1950s, massive surveys were conducted.
It eventually became clear that a large part of the country was highly endemic for schistosomiasis
japonica. An estimated 11 million people were infected, and local infection rates ranged from 10 to
90% [1–4]. Realizing the severity of the situation in as many as 12 provinces along the Yangtze River,
Chairman Mao Zedong himself took the reins and launched a call for schistosomiasis to be wiped out.

The Chinese Central Government prioritized control of the disease. Regarding it as a political
issue, the mechanism of “political leadership, government support and mass involvement” was
established in 1956. The Yujiang County in Jiangxi Province responded rapidly and worked out a
multifaceted scheme with the focus on snail control through environmental modification, repeated
screening and molluscicide treatment [5,6]. After the implementation of this strategy for two years,
the county authorities reported that schistosomiasis had been eliminated in their area. Chairman Mao
was jubilant. He would later spoke of jotting down “ . . . as sunlight falls on my window, I look towards
the distant southern sky and in my happiness pen the following lines”. What he referred to is the now
famous, sonnet-style poem in two parts Farewell to the God of Plague that was published in the Chinese
newspaper People’s Daily on 3 October 1958. (Figure 1) The poem eulogizes the remarkable achievement
in Yujiang and encourages work towards schistosomiasis elimination in more endemic areas [5,6].
Inspired by these enthusiastic lines, active people in all endemic counties devoted themselves to
schistosomiasis control following what became known as the Yujiang Model.
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Figure 1. Chairman Mao Zedong’s “Farewell to the God of Plague" in his own handwriting.

The year 2018 marks the 60th anniversary of this first step on the road that eventually should
lead to the reality of schistosomiasis elimination. This goal has attracted increased support from the
Chinese Government, promoting national schistosomiasis epidemiology surveys as well as research,
control and prevention. However, political commitment as well as work at the bench and in the field
have gone through different stages over the years. After Chairman Mao’s passionate approach in
1958, Chairman Jiang Zemin stated 45 years later that the control and elimination of schistosomiasis is
the responsibility of the government. This spoken and written declaration promoted schistosomiasis
control to a level of priority within the broad range of public health issues. Human, material and
financial resources were allocated to the cause and the health sector was strengthened, which eventually
led to intersectoral collaboration between several departments of the central government. This proved
essential in the fight against the neglected tropical diseases (NTDs), schistosomiasis in particular. At the
first stage (1950s–1985), the mass campaigns and vertical control was conducted with an emphasis on
snail eradication. This was achieved through environment modification and molluscicide treatment
of the snail habitats, together with auxiliary individual protection of the human population. As a
result, the snail habitat were reduced by 11 billion m2 by 1981. Whole provinces met the criteria of
schistosomiasis elimination: Guangdong Province and Shanghai Municipality in 1985, Fujian Province
in 1987 and Guangxi Zhuang Autonomous Region in 1989 [6]. At the second stage (1986–2003),
the chemotherapy-based morbidity control strategy with praziquantel treatment was prioritized
through the World Bank Loan Project on schistosomiasis control 1992–2001 [3]. The number of cases
and morbidity of the infected residents in the endemic provinces decreased by half [7,8]. During
the third stage (2004–2015), the Chinese Government promulgated the Schistosomiasis Prevention
and Control Regulation, which accelerated the implementation of an integrated strategy, focusing on
controlling all sources of transmission [9,10]. In parallel with continued snail control, the interventions
included agricultural mechanization (exchange of water buffaloes for tractors), the construction of
lavatories with running water, and the institution of drug treatment and health education [11]. By 2015,
all endemic provinces/autonomous regions had achieved control of the infection, i.e., the estimated
number of infected people had fallen by a dramatic 91% (from 842,500 to 77,200) [12].
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With respect to schistosomiasis, China is now saying ‘enough is enough’—this disease must go!
According to the latest endemicity report in 2016, five out of 12 endemic provinces have eliminated
schistosomiasis; one has reached the stage of transmission control, and six have met the criteria of
transmission interruption [13]. Based on the achievement gained, the Chinese Government has issued
a decree that schistosomiasis should be eliminated by 2025 [14], which would coincide with reaching
United Nations’ Sustainable Development Goal: End the NTDs [15]. The Healthy China 2030 Plan
requests that all counties still endemic for schistosomiasis reach the elimination stage via an integrated
strategy and an efficient surveillance and response approach [16,17]. To achieve this ambitious goal,
China must interrupt the transmission of schistosomiasis in more than 90% of endemic counties
and eliminate the infection in 75% of them by 2020. They must also further achieve transmission
interruption in all endemic counties and elimination in 90% of them by 2025 [13].

In parallel with the elimination of schistosomiasis at home, China also assists other endemic
countries. This is based on the successful experience mentioned above and then tailored to local
settings [18]. The China-Zanzibar-WHO project on schistosomiasis control is a good example of this
strategy, adopting the model of high-level governmental communication and technical cooperation.
At the 2014 World Health Assembly (WHA) in Geneva, Switzerland, the Government of Zanzibar,
the World Health Organization (WHO) and China agreed to jointly work towards the control of
schistosomiasis in Zanzibar. With financial support for advisors, health education of local staff
and assistance with laboratory renovation from the Chinese Government and China’s Ministry
of Commerce, a baseline survey and disease control study of urogenital schistosomiasis (due to
Schistosoma haematobium) was initiated on Pemba Island in 2016. So far, the pilot intervention has
completed a baseline survey providing current prevalence rates and the biological situation with
regard to the local intermediate snail host Bulinus globosus. By systematic disease investigation and
snail surveys followed by treatment in cooperation with the local NTD office, the prevalence of
schistosomiasis haematobia in Pemba has already showed signs of reduction.

Schistosomiasis elimination in China has a 60-year history. Its early success needed Chairman
Mao Zedong’s initiative and is now being advanced by long-term political commitment, along with
strong developments in society and the economy. Repeating this achievement abroad will only be
possible with long-term support from local governments and the incorporation of social and economic
approaches. Local import and appreciation of Chinese technologies and products, such as the current
Belt and Road Initiative project aimed at boosting local economies with global health development,
will be crucially depended on to achieve the ultimate goal of worldwide elimination of the NTDs,
including schistosomiasis.
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Abstract: The stated goal of the World Health Organization’s program on schistosomiasis is
paraphrased as follows: to control morbidity and eliminate transmission where feasible. Switching from
a goal of controlling morbidity to interrupting transmission may well be currently feasible in some
countries in the Caribbean, some areas in South America, northern Africa, and selected endemic areas
in sub-Saharan Africa where there have been improvements in sanitation and access to clean water.
However, in most of sub-Saharan Africa, where programmatic interventions still consist solely of
annual mass drug administration, such a switch in strategies remains premature. There is a continued
need for operational research on how best to reduce transmission to a point where interruption
of transmission may be achievable. The level of infection at which it is feasible to transition from
control to elimination must also be defined. In parallel, there is also a need to develop and evaluate
approaches for achieving and validating elimination. There are currently neither evidence-based
methods nor tools for breaking transmission or verifying that it has been accomplished. The basis for
these statements stems from numerous studies that will be reviewed and summarized in this article;
many, but not all of which were undertaken as part of SCORE, the Schistosomiasis Consortium for
Operational Research and Evaluation.

Keywords: schistosomiasis; control; elimination; Africa; operational research; goals; guidelines

1. Introduction

In 2001, the World Health Assembly (WHA) passed resolution 54.19 that called for
regular administration of praziquantel for schistosomiasis (and albendazole or mebendazole for
soil-transmitted helminthiasis, STH) to at least 75% of school-aged children at risk of morbidity [1].
The passage of WHA 54.19 helped stimulate governments, pharmaceutical companies, and private
donors to provide the resources to allow a considerable expansion of mass drug administration (MDA)
for schistosomiasis and STH along with the operational research to inform programs on how to best
deliver treatments and monitor impact. Buoyed by this progress, as well as by promising advances
towards the elimination of other neglected tropical diseases (NTDs), the WHA passed resolution
65.21 in 2012, which called for interrupting the transmission of schistosomiasis (elimination) where
appropriate [2].

The exuberance that led to WHA 65.21 was based on progress towards the WHA 54.19 goals
and elimination as a public health problem (<5% prevalence of high-intensity infections in children),
success with other NTD elimination programs, and the desire to set program endpoints. However,
the critical modifier ‘where appropriate’ is often overlooked in discussions of schistosomiasis
elimination and currently remains undefined. This has led to a certain degree of confusion for
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programs and dissonance among schistosomiasis stakeholders and the larger NTD community in the
development of strategic plans and the allocation of resources.

Schistosomiasis control programs in most endemic countries still consist almost solely of MDA
with praziquantel. Considerably less progress has been made towards WHA 54.19’s other goals of
promoting access to safe water, sanitation, and health education. WHA 65.21 also called for guidance
to help countries determine when to switch from control to elimination campaigns, how to implement
them, and the process for documenting success. However, these requested guidelines still have not
been generated, primarily because the data needed to generate them (i.e., from successful elimination
programs) simply do not exist. Thus, one of the most pressing schistosomiasis research needs is to
define when it is appropriate to switch from a focus on control to a goal of interrupting transmission.

The few countries that have successfully interrupted the transmission of schistosomiasis have
largely been successful when their public health programs were combined with social and economic
development. Even for these countries, the process to certify elimination remains unclear. In this
review, we detail why we believe that for now an emphasis on interrupting transmission in most of
sub-Saharan Africa is overly ambitious. There is no question that elimination remains the laudable
and ultimate goal, but, for the immediate future, efforts should be focused on laying the groundwork
that will be necessary to accomplish it [3]. Interventions beyond MDA must become widely available,
and the evidence regarding when to pursue and how to document elimination must be generated.
Clearly, operational research and the development and evaluation of the essential tools needed for
elimination and verification should move forward, but we propose that a reasonable balance needs to
be struck between the emphases placed upon control and elimination efforts.

2. Once-Annual MDA of School-Aged Children Is Not Enough to Interrupt the Transmission
of Schistosomiasis

MDA alone has led to substantial progress towards elimination of several NTDs. For example,
MDA for lymphatic filariasis stops or nearly stops transmission, and annual MDA can continue until
adult worms die with little risk of new infection. However, with schistosomiasis, given the rapid
rates of reinfection that can occur in endemic areas, the incomplete effectiveness of praziquantel,
and the considerable amplification of parasite numbers that occurs within the intermediate snail
host, MDA alone is unlikely to achieve elimination. Furthermore, if interventions are stopped before
bringing prevalence down to the still undefined level at which transmission cannot be sustained,
rapid recrudescence is likely.

The Schistosomiasis Consortium for Operational Research and Evaluation (SCORE; https://score.
uga.edu/) is an initiative funded by the Bill and Melinda Gates Foundation that has the goal to provide
schistosomiasis control program managers the information they need to better do their jobs. The bulk
of SCORE-funded operational research has focused on studies to compare different MDA strategies.
In western Kenya, when children in primary schools with an initial Schistosoma mansoni prevalence of
10–24% were provided school-based treatment (SBT) at high coverage (>90%), one round of treatment
was sufficient to drastically reduce prevalence and intensity of infection. However, subsequent rounds,
even when provided annually over four years, never brought infection levels below approximately
50% of the baseline prevalence [4]. Thus, even with rigorous implementation in a research setting,
MDA alone was not adequate for accomplishing elimination.

3. Modifications to Improve MDA Effectiveness Still Do Not Achieve Elimination

It is possible that community-wide treatment (CWT) in the villages with 10–24% baseline
prevalence could have been more effective to achieve the interruption of transmission, especially if there
are some adults (e.g., fishermen, sand harvesters, shepherds, or car washers) who have occupations that
make them important contributors to transmission in a particular setting. However, in keeping with the
current World Health Organization (WHO) guidelines that only recommend CWT when prevalence is
greater than 50%, the SCORE studies in areas with 10–24% initial prevalence did not evaluate the impact
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of CWT. Nevertheless, a SCORE study on Zanzibar (both Pemba and Unguja), which was designed to
understand how to achieve elimination in an area that had already received extensive MDA for control
of Schistosoma haematobium infection for many years, did evaluate CWT [5,6]. This study was part of a
major effort called ZEST (Zanzibar Elimination of Schistosomiasis Transmission) involving multiple
partners, including a strong commitment by political leaders, to achieve elimination throughout
Zanzibar. The SCORE study within ZEST examined three strategies designed to drive schistosomiasis
haematobia to elimination. All three strategies utilized twice yearly CWT, either alone, in combination
with a community-designed behavioral change intervention, or alongside periodic focal snail control
with niclosamide. In areas with low baseline prevalence, it is clear that while schistosomiasis prevalence
and infection intensity decreased in most shehias (villages), in some it did not [7]. This variability in
response to MDA, resulting in ‘persistent hotspots,’ has been observed in other SCORE studies [8,9],
as well as other tropical disease control programs [10,11]. Persisting hotspots are a reality that must be
appreciated, identified, and addressed when contemplating elimination goals. Whether the goal is
morbidity control or elimination, both field studies and mathematical modeling suggest that it will
be necessary to adapt MDA approaches to address persistent hotspots, including monitoring MDA
programs more often than the currently recommended 5–6 years [12,13].

4. Interventions in Addition to MDA Are Needed for Elimination but Are Challenging to Apply

The development and implementation of a community-designed behavioral intervention on
Zanzibar required both considerable time and effort [14]. The interventions that the community
developed under the guidance of a social scientist and a trained team resulted in the greatly increased
involvement of children in activity-based health education about schistosomiasis and the use of
participant-designed and -installed concrete washing platforms and clean water to wash clothes. While
enabling communities to identify their own problems and solutions is attractive with respect to both
self-determination and sustainability, the financial and time investments required are an obstacle to
many large control programs.

Adding snail control to MDA also takes some time to be fully implemented due to the training
required and the need to identify water-contact sites likely to be important in the transmission of
schistosomiasis. On Zanzibar, snail control was implemented focally in identified water-contact sites
in which snails were found [5]. This generally occurred 3–4 times per year. Because of the seasonality
of the rainy seasons, the sites needing treatment with niclosamide varied at each visit. Thus, as with
behavioral change interventions, mollusciciding needs to be tailored to individual sites for effective
use and requires considerable training and person-power.

There was a time when snail control was the mainstay of schistosomiasis control. In Africa,
the Danish Bilharziasis Laboratory (DBL) and other institutions trained many field personnel in
the science and art of snail control. Both molluscicides and environmental interventions designed
by water and sanitation engineers were effective snail control measures. In East Asia, both the
Chinese and Japanese programs were highly proficient in this practice, and it was effective for reducing
schistosomiasis prevalence in humans [3]. However, upon the advent of a safe, generally effective drug,
funding for these approaches dwindled to a point where they are now largely non-existent in control
programs. It is encouraging that two training workshops for snail control were held in 2017 under the
auspices of the WHO/AFRO’s Expanded Special Project for the Elimination of NTDs (ESPEN), one on
Zanzibar and the other in Burkina Faso, and the WHO has now produced a snail control manual [15].
Nevertheless, the malacology capacity in most of Africa remains very limited, and most ministries
have not invested in snail control for their schistosomiasis control programs. This contrasts with
programs for vector-borne NTDs, where measures to control mosquitoes, blackflies, tsetse flies, and the
like are an integral part of control and elimination efforts. Encouragingly, at least a few environmental
engineers are beginning to think about transmission and control of schistosomiasis [16]. Getting more
people trained in these areas and getting more NTD programs to acknowledge and utilize these
approaches is very likely to be essential for effective elimination within an acceptable timeframe.
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As for many other public health issues, the availability of water, sanitation, and hygiene (WASH) in
addition to MDA is likely the key intervention for breaking schistosomiasis transmission. For example,
schistosomiasis used to be a severe problem in several islands in the Caribbean. In the 1970s and 1980s,
Saint Lucia had many residents who suffered from severe hepatosplenic disease as a result of S. mansoni
infection [17]. After the Rockefeller/Ministry of Health Research and Control project ended in 1981,
there was no specific control program for schistosomiasis. However, the economic development that
has occurred over the last 30 years has resulted in a vast expansion of WASH throughout most of
the island and a concurrent reduction, and possible interruption of transmission, of schistosomiasis.
While it may not be possible to completely attribute this change to the greater utilization of WASH
(competitor snails were introduced in some areas as part of Research and Control project and some
have flourished at the expense of Biomphalaria glabrata), the coincident decline in schistosomiasis
prevalence is striking. Puerto Rico and the Dominican Republic have similarly experienced great
economic development leading to increased WASH and reductions in schistosomiasis prevalence
to the point where they are ready for surveys to determine whether elimination has been achieved.
The late Professor George Hillyer, who was a leading schistosomiasis researcher in Puerto Rico from
the 1970s until his death in 2015, liked to quip that the best control measure for schistosomiasis was
concrete. Considering that Puerto Rico at one time had levels of schistosomiasis that rivaled anywhere
in Africa and is now ready to verify elimination, even in the absence of large-scale MDA, his point
seems prescient.

It is likely that elimination will only be achieved in countries (or areas within countries) with
some basal level of a clean water supply and sanitation. However, what that basal level is remains
unknown, and there is a clear need for operational research to determine what that level might
be. Preliminary results from a follow-on SCORE study in western Kenya designed to identify the
factors associated with schistosomiasis persistent hotspots suggest that villages with higher levels
of sanitation have greater reductions in prevalence following MDA compared with those that do
not [18]. Research to define what level of WASH is needed for effective schistosomiasis control
or elimination will require input from behavioral scientists and water and sanitation engineers.
Unfortunately, people who have this training and also know or care about schistosomiasis control
are in short supply. Nevertheless, schistosomiasis investigators and control advocates, including
the WHO, have now begun to cultivate and develop partnerships within the WASH sector [19].
These partnerships need to grow and lead to real WASH implementation to accomplish the sought
after goals of both schistosomiasis control and its elimination.

5. What Else Is Needed for Elimination?

Another challenge to achieving elimination is the difficulty of demonstrating significant decreases
in infection levels in areas with very low baseline prevalence and intensity. If there is any appreciable
variability, such as due to persistent hotspots, demonstrating statistically significant reductions from
2 to 0.5% prevalence requires the evaluation of very large numbers of individuals, which would likely
exceed current budgets or implementation abilities of most programs. Proving that prevalence is 0%
will require the development of reliable sampling schemes and the wide availability of sensitive tools.
Urine filtration is not adequate for monitoring low levels of S. haematobium infection, as was made
clear when urine specimens collected in Zanzibar were assayed by the highly sensitive and specific
up-converting phosphor-circulating anodic antigen (UCP-CAA) assay. Parallel use of these two assays
on the same urine specimens yielded considerably higher prevalence estimates with the UCP-CAA
assay in most shehias [20]. Schools thought to have low prevalence by urine filtration (mean = 3.4%)
had an average prevalence of 17.2% by UCP-CAA assay. These differences could not be explained as
false positive results, as latent class analysis estimated that the UCP-CAA assay had 90.1% specificity
and 97.0% sensitivity [20]. To implement and validate elimination, surveillance tools more sensitive
than parasitologic microscopy will be needed. These tools will also need to be sufficiently cost effective
for use on large numbers of individuals and perhaps amenable to pooling schemes [21]. At this time,
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the UCP-CAA assay is only available in a few specialized laboratories, and the costs are too high for
routine use in control programs.

The need for a tool appropriate for validating elimination is shared by efforts to eliminate
S. mansoni. As with S. haematobium, microscopy-based assays fail to detect many light S. mansoni
infections. SCORE studies in Burundi demonstrated that greater than 85% of schools with 0%
prevalence based on stool examination tested positive for schistosomiasis when the commercially
available point-of-care/circulating cathodic antigen (POC-CCA) test was used [22]. Thus, many areas
that appear to be approaching elimination as measured by parasitologic methods may in fact still have
a high prevalence of low intensity schistosomiasis. Unfortunately, the POC-CCA assay is not without
certain limitations of its own. In areas that have control programs that have achieved very low levels
of prevalence and intensity, such as Egypt, or areas that once had schistosomiasis but appear to have
eliminated S. mansoni transmission, the use of the POC-CCA assay indicates approximately 5–10%
trace positive results. Some of these can be attributable to very, very low-level infections, but many are
likely false positives [23]. Thus, the POC-CCA is not an adequate tool for validating elimination of
transmission, and additional work is needed to define the sampling strategies, tests, and results to
confirm that transmission has been interrupted [24].

Testing for schistosome-specific antibodies may also have some utility. Because individuals
remain antibody positive to many if not most schistosome antigens long after they have been cured
of infection, the currently available serologic tests are only useful in areas where transmission was
likely interrupted a number of years before (e.g., the Caribbean) and when persons younger than the
projected transmission interruption date demonstrate negative serology. Serologic tests based on crude
antigen mixtures, as well as many purified native antigens, do not distinguish between active and
former infections. Work to identify recombinant antigens to which the antibody response is more
rapidly lost is ongoing, but as of now, antibody testing is only useful for demonstrating elimination
that has occurred in the past, not programs that are actively trying to interrupt transmission.

Through the work with the more sensitive antigen detection assays, another challenge has
become apparent. Although praziquantel is still indispensable for MDA programs and thankfully,
no widespread clinical resistance has developed, it may not be nearly as effective at killing schistosomes
as previously thought. In SCORE studies in western Kenya where children with schistosomiasis were
treated with praziquantel and retested with the POC-CCA assay, only about 50% cleared infection
after one round of treatment, compared with the 70–90% clearance rates observed when parasitologic
methods are used to calculate efficacy [25]. Standard doses of praziquantel are even less effective
in very young children [26], which is a further cause for concern even as pediatric formulations
of praziquantel are undergoing clinical trials (https://www.pediatricpraziquantelconsortium.org/).
As with snail control, much of the investment in identifying additional drugs to treat schistosomiasis
disappeared with the availability of praziquantel. There is no mistaking that it is still the most readily
available and important component of schistosomiasis control throughout the world, but it is becoming
clear that additional research on compounds used either alone or in combination with praziquantel
should be pursued in order to realize and sustain elimination, or in the event that stable resistance to
praziquantel were to arise in schistosome populations.

A final need is a clear definition of when elimination has been achieved. Single serosurveys
of children in Morocco, Saint Lucia, and the Dominican Republic have found no individuals with a
positive antibody response. However, a single evaluation is unlikely to provide convincing evidence
that transmission has been interrupted. But, how many surveys and of what age groups would
suffice? Is it possible to only survey in areas of a country that have historically had schistosomiasis
transmission, or is it also necessary to evaluate areas that have never had documented infections? If so,
is the same stringency of surveillance needed in both areas? Can demonstration of high-level WASH
usage or the absence of appropriate intermediate host snails or xenomonitoring be used to bolster
claims that transmission has been interrupted? Is absence of infection in schoolchildren sufficient to
prove elimination, or must every adult who may have been infected decades in the past be identified
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and cured before elimination can be certified? Because there are so few places where transmission has
been interrupted and fewer still where it has been verified, developing the schistosomiasis elimination
guidelines has the feel of building the airplane while learning to fly it. Modeling of data from field
studies in elimination projects, both those that are successful as well as those that are not, will be
important to answer these questions.

6. New Challenges

In addition to the obstacles to interrupting transmission detailed above, other recent developments
that have come to light from schistosomiasis field studies further complicate the goal of achieving
elimination. First, rather than the list of countries endemic for schistosomiasis shrinking in recent years,
new foci of schistosomiasis have recently been identified in Corsica and Myanmar [27,28]. How these
sites were established is unclear; however, human seeding of intermediate host snails that were already
present suggests a role for increased global migration and tourism in establishing new transmission
foci [29]. Another factor that may impede elimination efforts is the possible contribution of non-human
hosts in maintaining the life cycle. While the zoonotic contribution to Schistosoma japonica transmission
is widely recognized, its role in maintaining environmental life cycles of S. mansoni and S. haematobium
is less clear [30]. Propagation of the life cycle of these species in reservoir hosts and snails could
hinder efforts to interrupt transmission or reinitiate transmission in humans following completion
of elimination programs [31]. The identification of hybrid human and animal schistosomes in West
Africa further complicates this possibility as hybrid species could possibly have a wider host range and
greater vigor, thereby increasing transmission potential through the infection of multiple definitive
hosts [32].

7. What Is the Way Forward?

While there are settings where elimination of schistosomiasis transmission have been
achieved [33], what is usually not acknowledged is how rarely elimination efforts have succeeded and
that this has only occurred in relatively isolated situations. It is also often not appreciated that thus far,
elimination has always required both extensive public health measures coupled with infrastructure
development and a sustained investment over an extended period of time. In the case of Japan,
it required the many decades-long use of a multi-pronged major public health push against helminth
diseases [34], and then, as the fight was gaining real traction in terms of control, it was coupled
with social and economic development that translated into broad-based water supply and sanitation.
Even so, for at least 15 years after the elimination of schistosomiasis japonica, the government of Japan
maintained a surveillance system for infected snails and people [35].

We and others maintain that elimination of schistosomiasis in sub-Saharan Africa is an
unachievable goal using school-based praziquantel MDA alone, and a better use of current resources
there would result in more effective control of schistosomiasis morbidity [36]. Interruption of
transmission will only be possible with the introduction of additional control measures. Nevertheless,
as this part of the world continues to develop, the schistosomiasis community needs to be planning
for the future. By this, we mean thinking ahead about what will be needed to achieve and maintain
elimination. Again, Japan provides an example. Anyone who has been so fortunate to have visited
Japanese gardens in places like Kyoto, Nara, or Nikko knows that the lovely and tranquil scenes one
enjoys, such as through a gracefully arched tree across a lily-dappled pond, did not ‘just happen’.
It took foresight and work long ahead of when you enjoyed that idyllic botanical scenery as art. That is
how schistosomiasis elimination in sub-Saharan Africa should be considered in 2018. There is a need
to determine what tools will be needed and how to use them to accomplish and verify elimination and
a need to plan how adequate surveillance will be accomplished. Efforts to develop these tools and
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plans should begin now, not at the expense of much needed control efforts, but in addition to them
and alongside them. A haiku at the entrance of such a garden could read as follows:

Seasons of much work

Elimination your goal
Control on your way.

8. Conclusions

Given the obstacles to elimination that we describe, we propose that the major emphasis for
schistosomiasis programs in sub-Saharan Africa should still be control of morbidity. Achieving this
goal will require better definitions of morbidity due to schistosomiasis and the development of adaptive
strategies that are based on more frequent program monitoring and go beyond standard school-based
annual MDA. At the same time, we also propose that to be ready to move to a goal of elimination
requires a commitment to investments in the basic and operational research needed to develop the tools
and strategies that will be essential to achieve and verify elimination. Waiting to do so until countries
are ready to move to elimination would be shortsighted and result in continued, long-term control
efforts or, in their absence, the inevitable transmission rebound that has been observed following many
historical and more recent control efforts.
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Abstract: Schistosomiasis is an acute and chronic disease that affects over 200 million people
worldwide, and with over 700 million people estimated to be at risk of contracting this disease,
it is a pressing issue in global health. However, research and development (R&D) to develop new
approaches to preventing, diagnosing, and treating schistosomiasis has been relatively limited.
Praziquantel, a drug developed in the 1970s, is the only agent used in schistosomiasis mass drug
administration (MDA) campaigns, indicating a critical need for a diversified therapeutic pipeline.
Further, gaps in the vaccine and diagnostic pipelines demonstrate a need for early-stage innovation
in all areas of schistosomiasis product R&D. As a platform for public-private partnerships (PPPs), the
WIPO Re:Search consortium engages the private sector in early-stage R&D for neglected diseases by
forging mutually beneficial collaborations and facilitating the sharing of intellectual property (IP)
assets between the for-profit and academic/non-profit sectors. The Consortium connects people,
resources, and ideas to fill gaps in neglected disease product development pipelines by leveraging
the strengths of these two sectors. Using WIPO Re:Search as an example, this article highlights the
opportunities for the PPP model to play a key role in the elimination of schistosomiasis.

Keywords: schistosomiasis; neglected tropical diseases; WIPO Re:Search; BIO Ventures for Global
Health; cross-sector collaboration; capacity-building; drug discovery; public-private partnerships

1. The Multifaceted Impact of Schistosomiasis

Schistosomiasis is an acute and chronic disease that affects an estimated 219 million people
worldwide [1] and results from infection by parasitic trematode worms of the genus Schistosoma.
Initial infection occurs when humans come into contact with parasite-infested water sources, and the
free-swimming larvae of the parasite, the cercariae, penetrate the skin and migrate into the blood
in order to mature. Once inside the circulatory system, these juvenile worms mature into the adult
stage [2]. In a study conducted by Warren K.S et al. on Yemeni agricultural workers, it was estimated
that in the case of S. mansoni, adult worms can have a mean lifespan of five to ten years [3,4] and in
some cases have been shown to live as long as 40 years [3,5]. While inside the host, the adult worms
are capable of reproducing and laying eggs throughout their lifetimes, leading to a state of chronic
infection for the host that, depending on the species, can result in symptoms such as abdominal pain,
diarrhea, hepatosplenic inflammation, liver fibrosis, and rectal bleeding (S. mansoni, S. japonicum, and S.
mekongi), or obstructive disease in the urinary system, haematuria, chronic fibrosis of the urinary tract,
and potentially renal dysfunction (S. haematobium). In addition to these species-specific symptoms, all
species of Schistosoma have been associated with co-morbidities such as anemia [4,6].

Trop. Med. Infect. Dis. 2019, 4, 11; doi:10.3390/tropicalmed4010011 www.mdpi.com/journal/tropicalmed23



Trop. Med. Infect. Dis. 2019, 4, 11

Schistosomiasis is endemic in 78 countries, 42 of which are in the World Health Organization
(WHO) African Region [7]. It is estimated that over 700 million people are at risk of contracting
schistosomiasis worldwide and over 200 million people are currently infected, making this a pressing
issue in global health [8]. There are six species of Schistosoma that are largely responsible for
human infection. S. japonicum occurs only in Asia and S. mansoni occurs in sub-Saharan Africa,
the Middle East, South America, and the Caribbean; these two species are responsible for intestinal
schistosomiasis. S. mekongi is primarily restricted to Laos and Cambodia [9], whereas S. haematobium
occurs predominantly in Africa and the Middle East [4] and leads to various urogenital clinical
presentations that include urinary tract fibrosis, obstructive renal failure, and squamous cell carcinoma
(SCC) of the bladder [10,11]. The less common S. intercalatum [12] and S. guineensis live in the rectal
veins and are also known to cause disease [13].

Due to the disabling systemic morbidities associated with schistosomiasis, such as anemia,
malnutrition, and impaired childhood development [14], it is estimated that 18.3 age-standardized
disability adjusted life years (DALYs) per 100,000 population were lost to schistosomiasis for both
males and females in 2017 [15]. This not only places an enormous burden on healthcare systems
in endemic countries, but also interferes with economic productivity due to the reduced ability of
the affected population to perform physical activities and participate in the workforce [14,16,17].
In addition to the considerable impact schistosomiasis has on adult and working populations, it is
also important to consider its long-term impacts on the next generation. Schistosomiasis has been
associated with reduced functional scores and malnutrition [18]. This can severely affect a child’s
ability [19–21] to become educated [22], lead a productive life [21,22], and break out of the vicious
cycle of disease-related poverty.

A growing threat to people living in S. haematobium-endemic countries is schistosomiasis-associated
SCC of the bladder [23]. This disease is thought to be caused by the inflammatory reaction triggered by
schistosomal eggs deposited in the bladder [24]. Eggs are typically excreted through urination but can
remain lodged in the patient’s bladder. The continued exposure to antigen-releasing eggs during the long
lifespan of the adult schistosome [25], and the resulting chronic inflammation and augmented cellular
proliferation [4,11,26], increase the likelihood of SCC of the urinary bladder [27], which is estimated to
occur at a rate of three to four cases per 100,000 [28]. S. haematobium is classified as a carcinogenic agent to
humans by the International Agency for Research on Cancer (IARC) [29], and thus it is of high priority to
develop more efficacious drugs and better diagnostics to stop acute schistosomiasis from leading to other
severe and non-reversible bladder pathologies such as cancer. When treated with praziquantel (PZQ),
which is the only approved drug for schistosomiasis, pathological lesions present in the urinary tract are
eliminated, indicating that the high cost of caring for patients with schistosomiasis-induced bladder cancer
can be avoided by addressing schistosomiasis at an early stage [30]. For the purpose of their studies,
Botelho et al. estimated that the current annual treatment cost of PZQ per schistosomiasis patient is $0.16
USD, or approximately $17.92 million USD globally [31]. By not addressing schistosomiasis infection at
an early stage, it is estimated that S. haematobium-associated bladder cancer results in additional treatment
costs of at least $20 million USD per year worldwide [31]. These numbers demonstrate the economic
benefits that can result from the development of more efficacious drugs that target this disease.

S. haematobium infection has also been shown to be disproportionately detrimental to women’s
reproductive and sexual health [32]. Infection-associated genital tract damage can lead to infertility [33],
stress incontinence, ectopic pregnancy, increased risk of abortion [4], adverse birth outcomes
such as low birth weight, and increased infant and maternal mortality [34]. Further, in multiple
population-based studies, S. haematobium infection has been linked to an increase in HIV infection in
women [35,36], with evidence showing that CD4-positive cells in peripheral blood express increased
concentrations of HIV co-receptors [37]. This data implies that cells from patients infected by
schistosomiasis may be more susceptible to HIV-1 infection.

Although S. haematobium has been known to primarily affect the urinary tract, studies have also
shown that in males, S. haematobium eggs are found in the seminal vesicles and prostate [38]. In a
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community-based study of genital schistosomiasis in men from Madagascar, S. haematobium eggs were
detected in 43% of the semen samples, providing preliminary evidence that male genital organs can
also be affected by schistosomiasis [39]. The authors of the study hypothesized that egg deposition in a
male’s genital organs could potentially lead to an increased accumulation of lymphocytes, eosinophils,
and other white cells, which in turn could increase the viral load in semen from males infected with
HIV. Along these lines, other population-based studies demonstrated that schistosomiasis has been
linked to an increase in HIV infection due to increased concentrations of CD4-positive cells in semen of
men with schistosomiasis compared to men who had been cleared of the infection [40]. By successfully
detecting and treating schistosomiasis, the global health community is not only removing the burden
of this debilitating disease from the population, but also reducing the chances of people suffering from
other high-mortality co-morbidities such as HIV.

According to the 5th Progress Report on the London Declaration on Neglected Tropical Diseases
(NTDs) [41], the WHO has set a goal of 75% of at-risk populations covered by schistosomiasis control
efforts. Regrettably, there has been very little measurable progress made towards elimination [41].
Although strong evidence suggests that PZQ targets schistosome voltage-gated calcium channels,
leading to calcium-dependent contraction and paralysis in treated worms [42,43], and the drug
has proven to be very useful in controlling morbidity, it is not effective against immature
schistosomes [44,45]. Further, it is currently the only drug that is being used in schistosomiasis mass
drug administration (MDA) campaigns [46], thus increasing the risk that schistosomes will develop
resistance. While it is imperative that new drugs be developed to continue treating infected and at-risk
populations, there has not been significant progress in developing alternative treatments since the
development of PZQ by Merck KGaA in the 1970s. In fact, due to limited commercial incentives, very
little has been done by the for-profit sector in terms of developing new diagnostics, drugs, and vaccines
and fueling the early-stage product development pipeline for schistosomiasis. Although these hurdles,
among others, currently stand in the way of the elimination of schistosomiasis, the global community
is determined to identify solutions through cross-sector partnerships that not only distribute the risk
of product development over various stakeholders, but also engage worldwide expertise. While the
barriers are high, and the challenge is significant, this article focuses on the incredible efforts being
employed in product research and development (R&D) through cross-sector collaborations to make
progress toward elimination of schistosomiasis, and the critical roles public-private partnerships (PPPs)
play in making that a reality.

2. Limitations of Current Control Efforts and Product Gap Analysis

Current control efforts for schistosomiasis include education programs to promote preventive
behavioral and lifestyle changes, such as limiting contact with infected waters, boiling fresh water
prior to drinking or bathing, wearing DEET (diethyltoluamide) insect repellent, and implementing
vigorous towel drying to prevent parasites from penetrating the skin [47]. However, such preventive
strategies focus on decreasing the individual risk of infection, rather than prevention on a large
scale. Another approach is to control the host snail population through the administration of
effective molluscicides, habitat modification, and biologic control strategies such as introducing
competing snail species or natural predators [48]. Despite resulting in high snail mortality, the
administration of molluscicides must be replicated twice annually to be effective, and thus is both
expensive and (along with habitat modification and biologic control strategies) potentially detrimental
to the environment [48]. Concurrent with educational and host snail-targeted interventions, the
expansion of the drug, diagnostic, and vaccine development pipelines are crucial to systematically
prevent and combat schistosomiasis. These development efforts are the primary focus of this article.

Schistosomiasis is endemic in 78 countries, and mass-scale administration of PZQ is the primary
method of both treatment and prevention in all of the affected nations. Since 2012, MDA, or
preventive chemotherapy, has been mandated by the governments of 52 endemic countries, covering
approximately 250 million people [47].
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The MDA movement is rooted in the 2001 World Health Assembly (WHA) resolution calling
for the global scale-up of preventive chemotherapy to at-risk population groups for the control of
schistosomiasis morbidity [49]. At-risk population groups include school-aged children in endemic
areas, adults with occupational risk due to contact with infested waters, and, in many instances,
entire communities living in areas with high disease prevalence [47]. In the absence of a preventive
vaccine, the annual administration of PZQ is recognized as an accepted schistosomiasis prevention
strategy for both children and adults, even during pregnancy and lactation [50]. Further, Merck KGaA
and others are reformulating PZQ to develop a pediatric PZQ to expand MDA coverage to include
children as young as three to six months old [51]. Efforts to expand the reach of MDA programs to
rural communities have received international support, with the objective of reducing schistosomiasis
morbidity in school children and funding national control programs that have been widely adopted.
For example, in 2012, a five-year grant from the END Fund and Children’s Investment Fund Foundation
(CIFF) supported the Kenyan government’s implementation of a nationwide school-based deworming
program that included annual administration of PZQ to all school children in schistosomiasis-endemic
areas [52,53]. After just two years, the prevalence of S. haematobium fell from 18% to 7.6%, according to
a 2014 survey that randomly tested students from 60 schools selected across 16 counties in the Nyanza,
Rift Valley, Western, and Coast regions of Kenya [53]. All PZQ distributed through this program was
donated by Merck KGaA, which recently committed to donate 250 million tablets of PZQ per year
indefinitely to further support global MDA efforts [54,55].

Efforts put forth for MDA programs have not gone unrewarded. In combination with
snail-population control efforts, MDA programs have resulted in the WHO declaring that
schistosomiasis is no longer a significant public health issue in several countries including Iran,
Japan, Jordan, Mauritius, Morocco, Puerto Rico, and Tunisia [47,48].

Despite such successes, MDA programs face significant challenges due to inadequate
infrastructure and drug coverage in rural at-risk communities, poor drug compliance, and insufficient
monitoring and evaluation [47,56]. A recent WHO publication capturing data from 38 endemic
countries reported that 70.9 million school-age children and 18.3 million adults were treated with
PZQ for schistosomiasis in 2016, although this only covers 53.7% and 14.3% of at-risk school-age
children and adults respectively. The coverage was calculated by dividing the number of children
requiring PZQ and treated, by the total number of children in need of PZQ (“WHO 2017 Report on
2016 Treatment of Schistosomiasis”) [57].

Even with an unlimited supply, optimal distribution, and high patient compliance in MDA
campaigns, PZQ itself has limitations. PZQ was selected as the best treatment option for MDA
due to its mild side effects, affordability, single-dose administration, and proven efficacy against
every human schistosome species [42,43,58,59]. However, it is important to note that to optimize
efficacy, PZQ is recommended to be administered in three 20 mg/kg doses in a single day, but to
promote single-dose administration, MDA campaigns supply a single 40 mg/kg daily dose, which
contributes to lower treatment efficacy [58]. According to a meta-analysis of 55 published studies, the
40 mg/kg daily dose is justified as a reasonable compromise, although the cure rate varies significantly
between species, ranging from 94.7% for S. japonicum and 63.5% for mixed S. haematobium/S. mansoni
infections [60]. Multiple field studies over the last two decades have reported cure rates as low as
52% when administering the recommended 40 mg/kg single dose [56,61,62]. Mild side effects, which
include dizziness, nausea, headaches, and diarrhea, further hinder patient compliance [47,56]. In a
2014 tolerability study involving 12,435 participants, incidence of adverse events ranged from 2.3%
for urticaria to 31.1% for abdominal pain [60]. This is particularly important to note as children carry
most of the schistosomiasis burden and PZQ MDA campaigns often target school-aged children [63].
Additionally, PZQ is not effective against juvenile schistosomes. To ensure parasite clearance and to
combat reinfection, repeated treatments are common in endemic areas, although lower efficacy of PZQ
is observed in subsequent treatments because surviving juvenile schistosomes experience reduced
susceptibility to PZQ as adults [42,62].
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Despite its drawbacks, PZQ remains the best available option for both prevention and treatment
of schistosomiasis, and thus has global support to improve its access and distribution to all endemic
populations. However, this complete reliance on a single drug has raised global concerns about the
development of PZQ drug resistance [56,64]. The severity of this issue is compounded by the longevity
of MDA programs, which may promote the persistence of drug resistance because reductions in PZQ
susceptibility are heritable [43,65]. Adult worms with reduced PZQ susceptibility have been found
to have higher basal levels of ABC multidrug transporters, suggesting that they remove PZQ along
with metabolic toxins by translocating substrates across the cell membrane [43,62,65]. To combat this,
studies suggest that co-administration of ABC multidrug transporter inhibitors with PZQ may restore
the efficacy of PZQ against adult S. mansoni [43,62,65]. To continue to diversify treatment options
beyond monotherapy PZQ, the co-administration of PZQ with artemisinin-based derivatives, such
as artemether, artesunate, and dihydroartemisinin, are also being explored and have demonstrated
higher efficacy than treatment with PZQ alone [66]. For example, a preclinical study in China found
that the combined treatment of PZQ and artemether reduced total S. japonicum worm burdens by
79–92% compared to a total worm burden reduction of 28–66% when treated with PZQ alone. The
study was conducted in rabbits infected with 7- to 12-day-old schistosomula and 42-day-old adult
schistosomes [66]. Because PZQ and artemether target different developmental stages of the parasite
(PZQ is only effective against adult-stage Schistosoma and artemether acts against juvenile worms), their
combined administration targets both developmental stages and demonstrates higher efficacy than
monotherapies with either drug [42,66]. However, the high inherent fail rate of PZQ (previously cited
at 40%) makes it extremely difficult to accurately measure the efficacy of co-administered treatment
regimens or the global prevalence of drug resistance.

Despite more than 30 years of scientific and technological advances, the management of
schistosomiasis remains unchanged since the development of PZQ in the early 1970s [58]. There
is a need to improve current approaches by developing an integrated and intersectional method to
sustainably prevent, diagnose, and treat schistosomiasis [56,61]. An antischistosomal vaccine would
halt the overuse of PZQ as both a method of prevention and treatment, limit the geographic spread
of schistosomiasis, and reduce the high rates of reinfection. Concurrently, the drug development
pipeline must be expanded to include a diversified set of compounds that perturb novel molecular
targets of PZQ-resistant parasites and that are active against both adult and immature schistosomes.
To permit detection of lower-level infections as disease burden and intensity decrease due to successful
interventions, highly sensitive, point-of-care (POC) diagnostics are needed. Accurate diagnostics are
required for on-site detection of infection before administering treatment, as well as for certification
of parasite clearance to avoid unnecessary and prolonged treatment regimens. This two-pronged
diagnostic approach will maximize the efficiency of drug administration and distribution.

3. Product Development Pipelines

3.1. Vaccine Development

Despite increased education and MDA efforts, parasite transmission models predict that, based
on the current levels of disease prevalence, the WHO’s goal to control schistosomiasis morbidity by
2020 will not be attainable through MDA efforts alone [67]. Incidence rates could be significantly
reduced by implementing strategies to prevent initial infection and reinfection. Thus, there is a need
for a more permanent method of prevention than mass administration of PZQ. In recognition of this
high-need, high-impact development gap, there have been increased efforts toward the development
of an antischistosomal vaccine over the past two decades. In a 2013 meeting to develop Preferred
Product Characteristics (PPC) for a schistosomiasis vaccine held by the National Institute of Allergy
and Infectious Diseases (NIAID), it was agreed that a vaccine should reduce the overall worm burden
by at least 75% and reduce egg excretion by close to 75% in order to be considered effective [68].
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Currently, there are 10 vaccines in the development pipeline: Five in preclinical; three in Phase I; one
in Phase II; and one in Phase III (Table 1) [69–71].

Table 1. Vaccines in development (Phase I-III clinical trials).

Product Antigen Phase of Clinical Development 1 Targeted Species

Bilhvax® Sh-GST28 Phase III S. haematobium

Sm-14 Sm-14 Phase II S. haematobium
S. mansoni

Alhydrogel® Sm-TSP-2 Phase Ib S. mansoni

Sm-97 paramyosin Sm-97 Phase I S. mansoni

Calpain® Sm-p80 Phase I S. mansoni
1 Vaccines in preclinical stages of development are not included.

The French National Institute of Health and Medical Research (INSERM) and Institut Pasteur
took Bilhvax® (Sh-GST28; Phase III), a recombinant S. haematobium vaccine, through Phase I clinical
testing at Lille University Hospital in France and Phase II in Saint-Louis, Senegal [72,73]. Following
positive results, Bilhvax® has progressed into Phase III clinical studies, sponsored by INSERM, in the
Saint-Louis Region of Senegal as a potential pediatric vaccine candidate against urinary schistosomiasis,
with publication of the trial results pending [74].

Sm-14 (Phase II) is being developed in partnership between the Oswaldo Cruz Foundation
(FIOCRUZ), the Brazilian governmental financial agency (FINEP), and Alvos Biotecnologia as a
vaccine candidate against both S. mansoni and S. haematobium [72,75]. The Phase I clinical trial was
completed in 2014 in Rio de Janeiro, Brazil, and the candidate advanced into Phase II clinical trials
in the Saint-Louis Region of Senegal in collaboration with the Infectious Disease Research Institute
(IDRI). The Phase II study was completed in June 2017, with publication pending [75,76].

Alhydrogel® (Sm-TSP-2; Phase I), and Sm-97 paramyosin (Phase I), are both recombinant S.
mansoni vaccines. Alhydrogel® was developed in partnership between the Sabin Vaccine Institute
and Texas Children’s Hospital Center for Vaccine Development to target intestinal schistosomiasis
caused by S. mansoni [77,78]. After 18 years of combined efforts, the vaccine is now entering Phase Ib
development with continued efforts to be led by the Baylor College of Medicine and Texas Children’s
Hospital Center for Vaccine Development [77,78]. The ongoing Phase Ib dose-escalating clinical
trial, sponsored by the NIAID, is currently in recruitment phase and will be conducted in the S.
mansoni-endemic area of Americaninhas, Brazil [79].

Calpain® (Sm-p80; Phase I) has been rapidly progressing through the development pipeline due
to the targeted efforts of a team of researchers at Texas Tech University, and is poised to enter Phase I
clinical trials in 2019 [80]. Sm-p80 is a highly immunodominant antigen in the surface membranes of
the worms, and the vaccine works by disrupting the schistosome’s mechanisms to evade the host’s
natural immune response [81]. A recent study demonstrated that Calpain® significantly reduced both
the quantity and size of the S. mansoni hepatic egg load in vaccinated baboons, and investigators
are moving forward to conduct a large-scale double-blinded experiment to validate the vaccine’s
transmission-blocking potential in baboons [80,81].

Although the vaccine development pipeline is expanding, the established pathway to market is
both expensive and time-consuming. At the moment, the majority of pipeline vaccines only target a
single species of schistosome (primarily S. mansoni). Ideally, the development pipeline would feature a
vaccine effective against the infective form of the parasite for all schistosome species found in humans.
However, until such a product has been discovered, there is a continued need to expand and diversify
the vaccine pipeline to include products targeting immunogenic antigens that are conserved across
all species.
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3.2. Diagnostic Development

Innovative, effective, and precise diagnostics are particularly important during schistosomiasis
elimination, when it is necessary to identify geographic areas where transmission has been interrupted
and ensure that the disease is no longer present in the population. Paralleling the vaccine development
pipeline, efforts have also been made to improve the accurate diagnosis of schistosomiasis at low
levels of infection to best direct and inform key decisions throughout elimination programs: (1)
Mapping prevalence—establish a baseline disease prevalence to inform MDA strategy; (2) monitoring
the impact of MDA—track disease prevalence; (3) inform reduction/stopping of MDA—determine
when morbidity reduction targets have been achieved; (4) post-elimination surveillance—detect the
re-emergence of the disease (PATH, Diagnostics for Neglected Tropical Diseases). A single universal
diagnostic is unable to inform the entire elimination process, thus there is a need to develop diagnostic
tools of varying levels of field implementation and sensitivity to be effectively partnered and applied
with each step of schistosome elimination programs (Table 2) [82] (PATH, Diagnostics for Neglected
Tropical Diseases).

Table 2. Applications of diagnostic platforms.

Diagnostic Platform Qualities
Mechanism of

Detection
Stage of Elimination

Program for Application

Microscopic Detection

Recommended by WHO Microscopic egg
counting from fecal or

urine sample Mapping prevalence
Low sensitivity: egg shedding is

often not observed upon infection or
in instances of low infection

Lateral flow test

Field deployable
Antigen detection:
indication of active

infection

Mapping prevalence
Monitoring the impact of

MDAMinimal training requirements
Informing

reduction/stopping of MDARelatively low cost
Incorporating a reader may improve

test performance metrics Antibody detection:
indication of past or
present exposure to

disease

Post-elimination
surveillance 1

Molecular Diagnostic
Testing

Implementation is limited to a
laboratory setting

Nucleic acid detection:
indication of active

infection

Informing
reduction/stopping of MDA

Requires sample preparation
Highly sensitive and specific

Too expensive for mass distribution
Ability for multiplex pathogen

detection
Rapid turnaround time

1 Antibody-based technology is limited due to its inability to differentiate between ongoing and previous infections,
as the detected antibodies remain present even after clearance of parasites. Antibody-based diagnostics have
application for post-elimination surveillance by monitoring antibody prevalence in age cohorts that were born after
elimination was certified; if antibodies are detected in this youth population, then there has been a re-emergence of
the disease [70] (PATH, Diagnostics for Neglected Tropical Diseases).

The below analysis focuses on clinically available diagnostic tests. Currently, the most commonly
practiced method of diagnosis for all schistosome species is microscopic evaluation and detection
of parasite eggs in human urine or stool, for which WHO recommends a polycarbonate filtration
technique or the Kato-Katz (KK) fecal smear, respectively [83–85]. However, the KK technique is
not sufficiently sensitive for low-grade infections and has been repeatedly shown to underestimate
disease burden in areas where transmission has declined, and egg burdens are low [85]. Further, egg
shedding is often not observed during an initial infection or in cases of low-level infection, due to the
PZQ-induced sterilization of worm pairs or the survival of single-sex worm populations following
PZQ treatment [83]. Following multiple rounds of PZQ MDA, low levels of infection will become more
common, and thus new diagnostic tools with higher specificity and sensitivity are needed to ensure
the accurate detection of schistosomiasis. For instance, following a very successful MDA program

29



Trop. Med. Infect. Dis. 2019, 4, 11

in Morocco, there have been zero reported cases of urogenital schistosomiasis from S. haematobium
since 2004. However, when testing the efficacy of three newly developed diagnostic methods—two
commercially available antibody tests (haemagglutination and enzyme-linked immunosorbent assay
[ELISA] formats) and a lateral flow antigen strip—it was found that some citizens remained infected
with S. haematobium worms that were simply not producing eggs [83]. There is a need to develop and
validate monitoring diagnostics to accurately detect the re-emergence of schistosomiasis in areas where
previous MDA campaigns have been successful. Moreover, there remains a need for the development
of highly sensitive diagnostics to complement MDA programs that often result in lower levels of eggs
in order to inform the decisions to stop MDA.

To identify the best technology to fill the need for accurate disease monitoring, recent studies
have conducted comparative analyses of available molecular and immunological diagnostic methods
that do not rely on egg counting [83,85,86]. ELISAs are able to accurately monitor low-grade infection
through the detection of antibodies or antigens and can be adapted for large-scale implementation.
Antibody-based technology is limited due to its inability to differentiate between ongoing and previous
infections, as the detected antibodies remain present even after the clearance of parasites [86]. However,
this may be useful for post-elimination surveillance by monitoring antibody prevalence in age cohorts
that were born after elimination was certified; if antibodies are detected in this youth population,
then there has been a re-emergence of the disease [82]. An alternative approach is the development
of molecular diagnostics to detect Schistosoma DNA. Although PCR-based diagnostics have been
developed with the ability to detect the four main human Schistosoma species with high sensitivity
and specificity, PCR technology remains too expensive for mass distribution, and implementation is
limited to laboratory settings [86,87]. Although ELISA and PCR technologies have promising features,
POC immunodiagnostics have been adopted as the most common alternatives to the KK fecal smear.
One of the most promising diagnostics is the POC-CCA developed by Rapid Medical Diagnostics [84].
POC-CCA is a commercially available serological assay that is able to detect Schistosoma circulating
cathodic antigen (CCA), which is produced by adult schistosomes, in either human blood or urine
samples [86]. As CCA is a genus-specific glycan, this method is able to detect active infections caused by
the four main species of schistosome that infect humans—excluding urogenital schistosomiasis—and
has consistently been identified as a more sensitive substitute for KK when estimating a region’s
schistosomiasis prevalence [83–86,88]. However, the POC-CCA diagnostic has high rates of false
negatives due to frequent trace CCA results on the test strip. In a 2017 comparative study in Brazil, 461
participants donated feces, blood, and urine samples to comparatively map schistosomiasis prevalence
using three diagnostic mechanisms, including the KK fecal smear and POC-CCA diagnostic [83]. The
POC-CCA method produced the highest proportion of false-negative results and the lowest proportion
of true-positive results, thus demonstrating the need for expanding the product development pipeline
and continuing sensitivity testing and validation of available immunodiagnostics [83–85].

Through improved access to sequencing technology, the S. mansoni genome has been successfully
assembled and new secretion proteins from both adult worms and eggs have been identified as
new potential diagnostic targets [86]. This presents opportunities for continued development and
improvement of multiplex serological assays to simultaneously detect S. haematobium, S. mansoni,
and S. japonicum. Continued development of accurate diagnostics will also improve the detection of
reduced drug efficacy and the subsequent monitoring of the development of PZQ resistance. To date,
the development of new diagnostics for schistosomiasis has been primarily driven by the academic
sector, and there is a need to also engage and incentivize the private sector to drive pipeline expansion
and product development.

3.3. Drug Development

Due to the widespread dependence on PZQ to combat schistosomiasis, the therapeutic
development pipeline is critically limited (Table 3). The only candidate in clinical trials is
Co-Arinate FDC®, an artemisinin-based combination therapy (ACT) consisting of artesunate and
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sulfamethoxypyrazine/pyrimethamin that was developed by Dafra Pharmaceuticals as an antimalarial
drug [89]. Due to the high rates of co-infection of malaria and S. haematobium, artemisinins have been
observed to have unexpected antischistosomal effects, particularly against juvenile parasites [89]. Thus,
Co-Arinate FDC® was tested in a Phase III clinical trial to compare its efficacy to that of PZQ against S.
haematobium in children [90]. Although it has a strong safety profile, Co-Arinate FDC® has only partial
efficacy against S. haematobium, with a 43.9% cure rate, which was lower than the 53% cure rate observed
in patients receiving PZQ [89]. These findings indicate the need for the further exploration of the
efficacy of various ACT formulations against Schistosoma species. Alternative preclinical and discovery
stage therapeutic programs include the repurposing of miltefosine (MFS), which is currently a widely
adopted treatment for leishmaniasis, and evaluating the efficacy of thioredoxin glutathione reductase
(TGR) inhibitors through high-throughput screening [91,92]. MFS was reported to have significant
activity against various stages of S. mansoni in in vitro studies, thus spurring further exploration of
repurposing that drug for the treatment of schistosomiasis [91]. A 2015 preclinical study reported that
delivering MFS in lipid nanocapsules allowed for single-dose oral delivery in mice [91].

Table 3. Therapeutics in development.

Product Phase of Development Targeted Species

Co-Arinate FDC® Phase III S. haematobium

Pediatric PZQ Preclinical
S. haematobium

S. mansoni
S. japonicum

Miltefosine (MFS) Preclinical S. mansoni

To date, the majority of drug development efforts have focused on developing derivatives of
PZQ, including the development of a PZQ pediatric formulation and deuterated PZQ analogs [93].
However, to prepare for the risk of widespread drug resistance, there is a critical need for a diversified
therapeutic pipeline with novel drug targets.

3.4. Call to Action: Expanding Product Development Pipelines

To effectively combat schistosomiasis on a population-wide basis, intersectional technological
innovations—new drugs with novel molecular targets and activity against immature schistosomes;
POC diagnostics to detect low-level infections, assess treatment efficacy, and inform treatment decisions;
and effective vaccines to prevent initial infection and reinfection—must be developed and made
broadly accessible.

With over 700 million people at risk for infection, there is a clear and pressing need to develop
new tools that make schistosomiasis elimination a reality. However, since schistosomiasis largely
affects the world’s poorest populations, consumers are unable to pay high prices for new products.
This has resulted in limited commercial incentives to develop innovative vaccines, diagnostics, and
drugs for schistosomiasis and other diseases of poverty. To develop new products, companies must
make substantial monetary investments during the discovery, preclinical, and clinical stages of
development [94], and must bear the risk that the resulting product may not receive U.S. Food
and Drug Administration (FDA) approval and may fail to make it to market. In order for a company
to remain profitable, its products must generate a margin of profit that returns the initial investments
made during R&D. In comparison to “high-incentive” diseases with profitable markets such as
cancer, hypercholesterolemia, and other cardiovascular diseases, the profitability of the schistosomiasis
market and the socioeconomic status of its customers do not align particularly well with the business
models of most pharmaceutical and biotechnology companies, particularly if the companies are
expected to shoulder the financial risk and resource-heavy investment associated with de novo
product development. Although schistosomiasis is a high-priority disease to the WHO due to the
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number of people who are currently infected and are at risk for infection, the commercial incentives
to invest resources into product development for this disease are low and not compatible with many
business models.

Along these lines, a study that profiled the drug and vaccine landscape for neglected diseases
between 2000 and 2011 found that out of 850 new registered products, only 4% were indicated
for neglected diseases [95], illustrating the massive gaps in product development for neglected
diseases. In order to incentivize the private sector and distribute the financial risk associated with
bringing a healthcare product to the market for high-priority, low-incentive indications, new product
development models have emerged. One such model is the PPP, in which the strengths of the public and
private sectors are combined and leveraged to develop breakthrough products while simultaneously
redistributing the financial risk involved with product development [96]. An example of a PPP
focused on schistosomiasis is the Pediatric Praziquantel Consortium, which is working to develop a
pediatric formulation of PZQ for preschool-aged children. The Pediatric Praziquantel Consortium was
launched in 2012 by Astellas Pharma, Merck KGaA, the Swiss Tropical and Public Health Institute
(TPH), and Lygature. Armed with funding from the Bill & Melinda Gates Foundation and the Global
Health Innovative Technology Fund (GHIT), the Consortium identified promising candidates and is
currently optimizing its formulation before moving into clinical trials [97]. Having the capabilities
for a Phase I-III clinical development program that includes FDA recommendations for pediatric
development, the Consortium aims to have its pediatric-specific product available by 2020 [97]. With
approximately 25 million preschool-aged children requiring treatment for schistosomiasis [97], the
need for a pediatric formulation of PZQ is pressing, but not highly profitable. Through the Pediatric
Praziquantel Consortium, the private and public sectors are working together to fill this high-priority
product development gap by contributing specific know-how. Merck KGaA is the sponsor of the clinical
trials and will be providing support and resources in the areas of preclinical, clinical, manufacturing,
regulatory, and access, while Astellas provides advice on clinical development and pharmacokinetic
modeling. Scientists from Swiss TPH, as well as other academic institutions, will contribute extensive
experience in helminth biological and pharmacological research; epidemiology; and clinical research
in endemic regions. Further, by pivoting from the current donation-based PZQ-MDA model towards a
more sustainable pricing model, the Pediatric Praziquantel Consortium plans to make the product
available on a not-for-profit basis. The Pediatric Praziquantel Consortium is exploring alternative
business models and will work with relevant stakeholders to examine ways of providing access to
its novel formulation in an affordable manner. This type of partnership demonstrates that, through
the sharing of resources and expertise between the private and public sectors, it is possible to develop
products for a market that historically has not been highly profitable.

Another type of collaborative model that fits under the umbrella of a PPP is the not-for-profit
product development partnership (PDP). PDPs focus on product development and uncoupling the cost
of R&D from the price of medicines, thereby resulting in a more affordable product [98]. Many PDPs
are also PPPs, as they work with the pharmaceutical industry, academic research institutions, and
other not-for-profit organizations. PDPs such as the Drugs for Neglected Diseases initiative (DNDi),
PATH, Medicines for Malaria Venture (MMV), Global Alliance for Tuberculosis Drug Development
(TB Alliance), and the Foundation for Innovative New Diagnostics (FIND) tackle the traditionally
high cost of R&D and work to bring new NTD, malaria, and tuberculosis products to the market
at affordable prices. In contrast to private industry, which funds its R&D through revenues from
marketed products as well as investors, PDPs are supported through various mechanisms that include
public funding and philanthropy. This funding mechanism allows PDPs to decouple the price of
medicines developed from the cost of R&D. Pharmaceutical companies generally employ cost-based
pricing to cover the costs of R&D and to generate a profit. Not only do PDPs keep their costs low
through efficient collaborations, and smaller clinical trials [98], but once a product is developed, PDPs
are not under pressure to generate high-margin profits to cover development costs. Consequently,
PDPs can price products in a manner that can be afforded by those in need. In addition to this, by
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establishing strong partnerships with private industry, PDPs benefit from access to resources such
as compound libraries and the pharmaceutical industry’s expertise in getting a product to market.
Through this collaborative model, it has been possible to reduce development costs and set prices that
can be afforded by low- and middle- income countries (LMICs), thus demonstrating that alternative
models for neglected disease R&D are possible [98].

By leveraging world-class infectious disease and biological expertise as well as innovative thinking
from various research institutions, and by maximizing the use of the material assets and product
development know-how of global pharmaceutical and biotechnology companies, PDPs have made
it possible to streamline drug discovery to target diseases of poverty in a coordinated and efficient
manner. Not only does this incentivize the sharing of ideas and resources across various sectors as
outlined in United Nations Sustainable Development Goal (SDG) 3, but it also successfully addresses
SDG 17 by directly engaging the private and public sectors in global partnerships and cooperation.
However, due to the limited resources available to support product development for neglected diseases,
additional collaborative efforts are needed to fill R&D gaps. Although the Pediatric Praziquantel
Consortium is working towards a new pediatric formulation of PZQ, there are currently no PDPs
focused on novel schistosomiasis drug discovery, thus necessitating other collaborative models. It is
such collaborative agreements and cross-sector-inspired business models that will create a sustainable
framework for product development in schistosomiasis and other diseases of poverty.

4. WIPO Re:Search as a Platform for Cross-Sector Collaborations That Accelerate Drug Discovery

New and creative collaborative approaches involving both the for-profit and academic/non-profit
sectors are required to catalyze product development for schistosomiasis and other high-priority,
low-incentive medical needs. Although many pharmaceutical companies have demonstrated
commitment to corporate social responsibility (CSR) through drug donation programs for
schistosomiasis and other diseases of poverty, as well as through participation in PDPs and PPPs,
additional models that complement those efforts and have a longer-term and more sustainable impact
on affected populations are needed. Such models need to not only put in place access plans, so that the
resulting products are available to the world’s poorest populations (as is done with PDPs), but also
continue to drive innovation and product development through alternative frameworks that build the
capacity for researchers in endemic countries to jumpstart their own R&D efforts.

One such collaborative model, WIPO Re:Search, was established in 2011 by the World Intellectual
Property Organization (WIPO) and BIO Ventures for Global Health (BVGH), and is supported by
eight pharmaceutical companies (Eisai Co., Ltd., GlaxoSmithKline, Johnson & Johnson, Merck KGaA,
Merck Sharp & Dohme [MSD; known as Merck & Co., Inc. in the U.S. and Canada], Novartis, Pfizer,
and Takeda Pharmaceutical Company, Ltd.). WIPO Re:Search is a global initiative that connects
people, resources, and ideas across biotechnology and pharmaceutical companies, governments, and
non-profits to accelerate drug, diagnostic, and vaccine development for schistosomiasis, other NTDs,
malaria, and tuberculosis [99]. WIPO Re:Search operations are supported by the financial contributions
of the eight participating companies. While the companies may have internal R&D programs focused
on neglected diseases, they have also made commitments to sharing their intellectual property (IP)
assets with WIPO Re:Search investigators all over the world, to accelerate the development of novel
products that can one day play a critical role in eliminating diseases of poverty. To date, WIPO
Re:Search has 140 members in 40 countries across six continents, and has established 140 collaborations,
with 14 of them focused on schistosomiasis.

The WIPO Re:Search consortium is a global PPP platform, which, through BVGH’s targeted
partnering approach, catalyzes product development for neglected diseases. BVGH recruits targeted
member organizations based on strategic considerations, which may include the need for additional
corporate engagement, specialized subject matter expertise, or other resources such as specific screening
assays or animal models. Once an academic/non-profit institution joins the Consortium, BVGH
reviews its assets, and identifies and connects with researchers who work on neglected diseases.
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The researchers share their partnering interests with BVGH during introductory calls, enabling the
identification of potential collaborators with aligned interests. Once mutual interest in collaborating
is established, BVGH introduces the parties to each other and coordinates communications between
partners to solidify collaboration details, roles, and responsibilities. Once milestones, timelines,
deliverables, and action items are developed and agreed upon, the participating organizations execute
material transfer agreements (MTAs) or other legal agreements to begin the collaboration. Once an
agreement is in place, BVGH provides partnership support and alliance management to help ensure
project success.

WIPO Re:Search uses IP sharing to incentivize and promote innovative product development and
access in areas that have traditionally yielded low profitability, such as neglected diseases. It is through
the sharing of IP assets for neglected disease R&D at no cost to the user organization, and by having
members agree to the WIPO Re:Search Guiding Principles (detailed below) [100], that the Consortium
promotes the accessibility of the resulting products to populations that are disproportionately affected
by those diseases. Each legal agreement is executed in accordance with the Guiding Principles, which
state that IP is to be shared on a royalty-free basis for R&D of products, technologies, and services to
address public health needs for neglected diseases in least developed countries (LDCs), which are
low-income countries currently confronting severe structural impediments to sustainable development
that are also highly vulnerable to economic and environmental shocks [101]. Further, the Guiding
Principles state that, for any products resulting from WIPO Re:Search collaborations, IP owners agree
to provide royalty-free licenses for their use and sale in LDCs. IP owners also agree to consider in good
faith the issue of product access for all developing countries. Finally, the institution that is using the
shared IP is allowed to retain ownership of any new IP that results from WIPO Re:Search collaborations
and is encouraged to share those assets with other members of the Consortium.

Through WIPO Re:Search, the most commonly shared IP assets are pharmaceutical company
compounds (both targeted libraries and diversity sets) that have the potential to be repurposed as
new drugs for schistosomiasis and other neglected diseases. Compounds provided by pharmaceutical
companies may have already undergone preclinical or early-stage clinical testing, thereby reducing
the number of experiments that need to be conducted to validate the compounds’ safety or metabolic
properties. This adds value, as it allows scientists to prioritize compounds with good metabolic and
safety data that are more likely to move forward through the drug development pipeline. Alternatively,
if a compound has a poor toxicity/safety profile, investigators can save valuable time and resources
by focusing their efforts on compounds with better profiles. Further, during the drug development
process, pharmaceutical companies synthesize large sets of compounds and structurally similar analogs
as inhibitors of human target proteins. Like humans, Schistosoma are eukaryotes and thus have similar,
yet distinct, cellular targets. Thus, compounds targeting human molecules with weak affinity/activity
may have the potential to bind to and inhibit homologous proteins found in parasites such as
Schistosoma. Such large target-specific compound libraries can be repurposed for schistosomiasis
as well as many other diseases. Given that the average time required for a drug to reach the market is
12 years [102], it is important to not only identify ways to reduce the time it takes for that drug to get
to market (and potentially the cost of the final product), but also reposition important resources such
as compounds, technology platforms, and funding in a way that maximizes the strengths of industry
and academic/non-profit scientists.

Since companies are likely to have invested significant time and money in developing compounds
that target proteins that are dysregulated in non-communicable diseases such as cancer and
hypercholesterolemia, targeting the parasitic homologs of those human proteins can be especially
promising for neglected disease drug discovery. The key is to identify homologous target proteins that
are essential to the survival of the parasite, and pharmaceutical compounds with biological activity
against those homologous targets. One of the earliest schistosomiasis-related collaborations established
through WIPO Re:Search began in 2013. Through phenotypic whole-organism screens of various
compounds, Dr. Conor Caffrey, then at the University of California, San Francisco (UCSF), found that
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commercial anti-hypercholesterolemia statin drugs were potent schistosomicidal compounds [103].
The statins had been initially developed to treat patients who suffered from elevated cholesterol levels,
but as inhibitors of HMG-CoA reductase (3-hydroxy-3-methyl-glutaryl-CoA reductase or HMGR), they
also had the potential to be repurposed to inhibit HMG-CoA reductase activity in other organisms.
In particular, S. mansoni’s survival and egg-producing abilities had been shown to be dependent on
schistosomal HMG-CoA reductase (SmHMGR) activity both in vivo and in vitro [104], and Dr. Caffrey
was looking to exploit that vulnerability with inhibitors that specifically targeted this protein.

In order to screen chemical analogs that could prove to be even more potent against SmHMGR
and develop a drug discovery program around this promising validated target, BVGH connected
Dr. Caffrey with MSD. As a successful manufacturer of statin drugs, MSD was able to provide
a select set of statin analogs to support Dr. Caffrey’s efforts. BVGH also connected Dr. Caffrey
with investigators from the Center for Infectious Disease Research (CIDR), and the NIAID-funded
Seattle Structural Genomics Center for Infectious Disease (SSGCID) to solve the crystal structure
for SmHMGR. In addition, MSD scientists provided scientific input on optimized SmHMGR gene
expression methodologies that are being used to express the SmHMGR protein so that the crystal
structure can be elucidated. With the crystal structure, Dr. Caffrey, now at the Center for Discovery
and Innovation in Parasitic Diseases (CDIPD) at the University of California, San Diego (UCSD), and
his collaborators will have the option to optimize the hit compounds utilizing a structure-guided
medicinal chemistry approach.

Based on the model of directing drug discovery efforts by using validated targets essential to
parasite survival, BVGH has continued to establish fruitful collaborations that involve the sharing
of targeted compounds from WIPO Re:Search company members. Eisai Co., Ltd. has also become
involved in schistosomiasis R&D by agreeing to provide an investigator with a calcium channel
antagonist, as it has been shown that this type of inhibitor has activity against schistosomula and is
capable of significantly reducing the viability of adult worms, alone or in combination with PZQ [105].
Further, in line with the hypothesis that polo-like kinases play an important role in S. mansoni
gametogenesis [106], Takeda Pharmaceutical Company, Ltd., agreed to support efforts surrounding
this target by providing a selective polo-like kinase inhibitor that was originally developed to treat
solid tumors. By sharing compounds that have selective activity against a verified target, companies
are not only providing chemical analogs that researchers would typically have difficulty accessing,
they are also directly accelerating the drug discovery process by avoiding the use of compounds with
unknown activities, properties, and targets. The use of natural products is also an area that is quite
active for drug discovery. Due to the need for novel drugs against schistosomiasis, screening natural
products for schistosomicidal activity could potentially lead to the identification of interesting starting
points for further drug development, such as novel chemistry or mechanisms of action. For this reason,
BVGH connected a researcher at Swiss TPH with the Griffith Institute for Drug Discovery (GRIDD)
to gain access to GRIDD’s Nature Bank [107] and screen natural product extracts for activity against
S. mansoni.

Although repurposing pharmaceutical compounds is an important strategy for developing novel
therapeutics in a cost-effective way, the value of the WIPO Re:Search IP-sharing model in advancing
R&D for schistosomiasis and other diseases of poverty goes beyond compounds. The model also
involves the sharing of knowledge and expertise. Such sharing is especially impactful when it involves
scientists from LMICs, as it not only incentivizes innovation in neglected disease-endemic countries,
but it also promotes R&D capacity building. This type of capacity building plays an essential role in
changing the global development landscape from donation-based programs to long-term sustainable
R&D models in countries that currently lack the necessary resources to successfully jumpstart their own
product development efforts. Many LMIC researchers focus their efforts on diseases that affect their
countries, but they may not have the product development know-how or infrastructure to advance
those efforts to the clinic. WIPO Re:Search provides LMIC scientists with a platform that reduces the
access barrier to industry and academic/non-profit IP assets and facilitates the necessary knowledge
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transfer that will eventually empower and strengthen the scientists’ ability to contribute to product
development for diseases that challenge their populations.

WIPO Re:Search collaborations are enabling knowledge and technology transfer between
high-income country organizations and LMIC institutions to bolster schistosomiasis R&D capacity in
the latter. In one instance, an investigator from Ghana’s Kwame Nkrumah University of Science and
Technology (KNUST) was interested in receiving training in S. mansoni cultivation and maintenance
and screening of Ghanaian medicinal plants for antiparasitic activity, to enhance KNUST’s research
and education programs. BVGH connected the researcher with a faculty member who was at UCSF at
the time, and the visiting scientist was able to receive the desired training from a world-renowned
schistosomiasis researcher. The collaborative work between these two investigators resulted in a
Journal of Parasitology Research publication [108]. Other WIPO Re:Search collaborations involve the
sharing of reagents critical to LMIC investigators’ work plans. For example, Dr. Floriano Paes Silva
Junior, an investigator at FIOCRUZ (Brazil), was interested in validating a group of genes as essential
to S. mansoni through RNA interference (RNAi) and determining whether those proteins could be
potential drug discovery targets. BVGH connected the researcher to Alnylam, a pharmaceutical
company focused on RNAi therapeutics. Alnylam agreed to design and synthesize optimized siRNAs
that would enable the FIOCRUZ team to knock down the genes and determine whether their loss
affects parasite viability. An additional example involved the sharing of a recombinant schistosome
protein that Dr. Moustapha Mbow at Cheikh Anta Diop University (Senegal) was interested in using
to assess in vitro immune responses to the protein. BVGH connected Dr. Mbow to Dr. Michael Hsieh
at the Biomedical Research Institute (BRI), who expressed, purified, and shared the protein. This
collaboration has led to a joint grant submission.

5. Conclusions

To boost the number of quality novel candidates that enter clinical-stage development, the
schistosomiasis product development pipeline needs to be continuously fueled by early-stage research.
It is during this stage of the product development process that WIPO Re:Search can have the greatest
impact by establishing collaborations between for-profit and academic/non-profit institutions. The
pharmaceutical industry not only engages in global health initiatives through its drug donation
programs, but it also plays an important role in driving R&D for diseases of poverty. However, many
academic/non-profit researchers remain unaware of the partnership opportunities that are available
to them to drive their own research forward. The WIPO Re:Search consortium can bridge the gap
between academic/non-profit and industry scientists to reduce duplicative efforts and encourage
synergy to develop vaccines, diagnostics, and drugs for schistosomiasis and other neglected diseases.
Furthermore, through the capacity building activities of WIPO Re:Search, LMIC scientists are not
only able to gain valuable expertise, but also to use that expertise to develop new skills, accelerate
their research, and advance their careers. The expertise gained through such collaborations provides
scientists with a distinct advantage that can result in additional funding to reach important milestones.
It is through the mutually beneficial model of WIPO Re:Search, where product development risk and
cost are distributed among various key stakeholders, that a tangible and significant impact can be
made to eliminate schistosomiasis and other diseases of poverty.

As the fight against schistosomiasis continues, the involvement of private industry and their
critical contributions of assets and expertise should be causes for optimism. While promising industry
collaborations continue to advance towards novel products and tools that will play a key role in the
elimination of schistosomiasis, it is important to remember that this task is too great to be overcome
by a single sector. As pharmaceutical companies continue to invest resources and funding to combat
schistosomiasis, it is important for these efforts to receive the support of various stakeholders such as
governments and international funding agencies. Through a concerted effort that distributes risk, and
leverages the strengths and resources of the private and public sectors, every day brings us closer to
winning the fight against schistosomiasis.
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Abstract: Ever since the first known written report of schistosomiasis in the mid-19th century,
researchers have aimed to increase knowledge of the parasites, their hosts, and the mechanisms
contributing to infection and disease. This knowledge generation has been paramount for the
development of improved intervention strategies. Yet, despite a broad knowledge base of direct
risk factors for schistosomiasis, there remains a paucity of information related to more complex,
interconnected, and often hidden drivers of transmission that hamper intervention successes and
sustainability. Such complex, multidirectional, non-linear, and synergistic interdependencies are best
understood by looking at the integrated system as a whole. A research approach able to address this
complexity and find previously neglected causal mechanisms for transmission, which include a wide
variety of influencing factors, is needed. Systems epidemiology, as a holistic research approach, can
integrate knowledge from classical epidemiology, with that of biology, ecology, social sciences, and
other disciplines, and link this with informal, tacit knowledge from experts and affected populations.
It can help to uncover wider-reaching but difficult-to-identify processes that directly or indirectly
influence exposure, infection, transmission, and disease development, as well as how these interrelate
and impact one another. Drawing on systems epidemiology to address persisting disease hotspots,
failed intervention programmes, and systematically neglected population groups in mass drug
administration programmes and research studies, can help overcome barriers in the progress towards
schistosomiasis elimination. Generating a comprehensive view of the schistosomiasis system as a
whole should thus be a priority research agenda towards the strategic goal of morbidity control and
transmission elimination.

Keywords: schistosomiasis; systems epidemiology; systems thinking; complexity; neglected tropical
diseases; interdisciplinarity

1. A Brief History of the Discovery, Research, and Control of Schistosomiasis

The parasites now classified as Schistosoma spp. were first described in 1851 in Egypt by Theodor
Bilharz [1]. Within a year, the involvement of these pathogens in the then-termed “endemic haematuria
of warm climates” and the “dysenterische Veränderung des Dickdarms” (dysenteric pathology of
the colon) became evident [1,2]. With estimated local prevalence ranging from 50–90% [3,4], and
deaths from infections not uncommon, the disease initially named Bilharzia was recognised as a
serious public health concern [3,4]. The parasite Bilharz first described as Distomum haematobium [1]
was later renamed Bilharzia haematobium [3] and finally re-classified as Schistosoma haematobium [5].
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Ever since Bilharz’s description, researchers have worked to understand the parasite’s developmental
biology and identify strategies to help prevent infection, interrupt transmission, and reduce disease
burden worldwide.

Bilharzia parasites were described in 1882 as “without question, the most dangerous [of human]
parasite[s]” [3]. It was argued that, although other, more serious parasites existed, these were less
common and therefore schistosomiasis should be considered the “schlimmerer Feind der Menschheit”
(“worse enemy of humankind”) [4]. Attempts to control the disease were rolled out soon after its
discovery and efforts have increased over the last two decades [6]. For example, one of the first
schistosomiasis health education interventions was implemented in 1882. After recognising that
infection takes place at water points, a printed memorandum was sent to employees of the British
Eastern Telegraph company stationed in Egypt, and later made public [3]. In seeking to prevent human
infection, a comprehensive understanding of the life cycle and mode of infection became important
research priorities. Observations and experiments in the late 19th century led to hypotheses on how
the parasite enters the human body, a point of biology debated in the literature of the time [3,4,7,8].
The most popular theory at the time suggested that ingestion of unclean water was the mode of
infection [3,4], but skin penetration was also hypothesised early on and, although at first discounted,
led to the policy of forbidding people to bathe in open waters [7,8]. Concurrently, efforts searching for
an insect or mollusc intermediate host were ongoing due to analogies drawn from Distoma species [4].

Much progress has been made in the understanding of schistosomiasis since these early days.
The biology of the parasites is now well described, intermediate host snails identified, and an effective
antischistosomal drug—praziquantel—was developed in the 1970s, capable of treating infections
caused by all species [9–13]. Nevertheless, Fritsch’s 1887 quote, “Even when we understand the life
history [of Bilharzia] completely, we might not be able to sufficiently protect ourselves against this
malicious foe” (translated from German) [4], remains true today, with over 200 million people still
infected and over half of those demonstrating detectable symptoms [14].

Current international strategic goals, as outlined by the World Health Organisation (WHO), aim
for morbidity control, and once this is reached for the elimination of schistosomiasis as a public
health problem “where appropriate” by 2020 [6,15,16]. With such ambitious goals, it is important to
consider how severe historical levels of schistosomiasis once were. If existing interventions were to
be discontinued, interrupted, or otherwise unsuccessful, schistosomiasis prevalence, intensity, and
associated morbidity could be at risk of returning to former historical levels [17,18].

Despite major research advances, many aspects of the biological, ecological, socio-cultural,
economic, and political drivers of schistosomiasis are yet to be elucidated. To identify improved
control measures, reduce disease transmission, and achieve elimination in the future, it is key to
understand which factors and/or processes directly and indirectly influence exposure, infection,
transmission, and disease development, as well as how these are interrelated. One priority area for
research should therefore be to better understand, and engage with, the schistosomiasis “system” as
a whole.

2. Systems Epidemiology: Systems Thinking for Epidemiology

To overcome current shortcomings of control efforts and move towards schistosomiasis
elimination, there is a need to improve intervention strategies. It is well understood that health
and disease are affected by multiple, diverse, and complex influences ranging from host immunology
and parasite biology through to exposure, social environment, ecology, climate, and access to
preventative and curative services [19–23]. Control strategies need to be designed around an improved
understanding of the comprehensive range of broader factors influencing disease transmission
and intervention successes. Their complex interrelationships, emergent properties, and non-linear
feedback-loops all need to be considered. Such interdependencies in a system cannot be identified
by considering each of the factors individually. These relationships are best understood by looking
at the system as a whole [20,23,24]. Traditional epidemiological approaches, largely reductionist in
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nature, deal with a limited number of directly related factors, narrowing down causal mechanisms to
smaller components that enable us to draw generalisable conclusions [25,26]. This approach has been
paramount to uncover many risk factors of Schistosoma transmission. However, the direct and indirect
interrelated causal mechanisms of the disease are hard to integrate using standard epidemiological
approaches. In contrast to reductionist approaches, systems sciences address system-wide behaviours
and collective effects. In systems thinking, a system is understood as consisting of many components
that, through their interactions with each other, form a complex whole with system-wide properties
that can give rise to emergent behaviour, adaptations, and feedback loops [27].

The application of general systems thinking to epidemiology and health research as a tool
to integrate knowledge from different areas of research has long been proposed for several
diseases [19,28–30]. However, to our knowledge this is the first time it has been proposed specifically for
schistosomiasis or any neglected tropical disease (NTD). Systems thinking has well-defined advantages
over reductionist approaches. A good example of a health issue of which we now have a system-wide
understanding is obesity [24,28,29]. A system influence diagram created by Shiftn (2008) illustrates the
complex interrelationships of multiple factors influencing obesity [28]. Such “influence models” can
be used to formulate appropriate research hypotheses and address the multiple factors across levels of
influence and across disciplines [23,26,29]. With influence diagrams, the whole-disease system can be
effectively visualised and analysed for underlying causal mechanisms driving changes in infections
and intervention successes/failures. This type of analysis can provide the starting point for more
in-depth studies on the dynamics of human–parasite systems as well as for more contextually-relevant
intervention/implementation research. Co-creating and discussing influence diagrams can, in turn,
enhance stakeholders’ understanding of underlying behaviours of a specific system [24].

In their thematic series, “Advancing the application of systems thinking in health” Adam (2014)
and colleagues discussed how the application of various systems methods has helped authors uncover
reasons for poor health outcomes, such as systems-wide impacts on neonatal health in Uganda
and has gone on to identify high leverage points [30]. Other authors linked a range of factors
including government opposition, alternative medicine, and strong media coverage to changes
in vaccination rates [31]. Adam (2014) emphasised the importance of including evidence beyond
traditional epidemiology and economic analysis into the design and evaluation of public health
interventions and discussed the usefulness of visual representations for the analysis and interpretation
of a system [30]. We build on these ideas by proposing the integration of systems science tools and
systems modelling into the field of epidemiology for schistosomiasis and other NTDs. This approach,
described as “systems epidemiology”, will more effectively integrate knowledge to better understand
and control schistosomiasis, as well as focus on contextually relevant factors.

The central goal of a systems epidemiologist would be to uncover principles governing the
behaviour and outputs of the entire system, not limited to the behaviour of its individual parts. Working
together in a trans-disciplinary manner, researchers, policymakers, health providers, and the affected
population could generate much-needed insights into the drivers of persisting Schistosoma transmission.
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3. Systems Epidemiology as Described in Broader Existing Literatures

Systems epidemiology has, to the best of our knowledge, not yet been applied in the
form we propose here. However, the term has been used several times in recent publications
across a range of scopes and other topics [19,32–34]. In the majority of these studies, systems
epidemiology refers to integrating systems biology tools, such as high-throughput molecular analysis
of biomarkers, with epidemiological research questions. For example, the integration of genomics,
transcriptomics, proteomics, and metabolomics with epidemiological research was conducted to clarify
underlying mechanisms of the effects of food on human health [32]. In addition, a multi-omic
approach was employed to understand human pathophysiology in cardiovascular disease and
cancer [33,34]. Including multi-omic measurements to analyse complex biological data is an important
strategy to uncover the exact mechanisms involved in exposure through to disease development.
However, systems biology comprises only the micro-system that influences disease development; i.e.,
mechanisms only taking place after host exposure to the parasite. In contrast, systems epidemiology can
be defined in a wider context, whereby mechanisms related to environmental, social, and demographic
aspects of disease are needed to complement the systems biology data, as previously proposed for the
control of tuberculosis [19].

We therefore argue that systems epidemiology needs to move beyond the application of systems
biology, towards a more holistic understanding of health. Systems epidemiology should combine
classical epidemiology with social sciences, natural sciences (including systems biology), ecology,
economics, health policy and systems research, and other relevant disciplines and sub-disciplines. This
would more effectively characterise the relevant physical and socio-political environments of endemic
regions, and access (or lack of) to relevant services, as well as the biology and the co-evolution of the
hosts and the pathogen. We argue that applying a systems epidemiology approach to schistosomiasis
research is imperative for assessing factors that contribute to persistent disease hotspots, failed
intervention programmes, and systematically missed population groups in mass drug administration
(MDA) campaigns and/or research studies. Findings from such an approach, we believe, can help
overcome current barriers in the progress towards schistosomiasis elimination.

4. The Call for Systems Epidemiology Approaches in Schistosomiasis Control

Over the last two decades, the global agendas outlined in the Millennium and Sustainable
Development Goals (MDGs and SDGs, respectively) have raised the profile of schistosomiasis and other
poverty-related diseases which had, in the post-colonial era, received reduced attention by international
and national governmental agencies [35]. The WHO recommends repeated MDA with praziquantel to
reduce schistosomiasis intensity and associated morbidity [14]. In certain areas where the elimination
of schistosomiasis as a public health problem, or the interruption of schistosomiasis transmission, are
deemed possible, the WHO recommends MDA plus complementary public health interventions [14].
MDA reduces the number of Schistosoma eggs released into the environment, thus reducing human to
snail transmission and potentially lowering transmission back into humans [14,36,37]. MDA campaigns
have made substantial reductions in morbidity rates and have improved public health overall [37].
These successes sparked an increased push towards disease elimination [6,15,16]. However, MDA
success varies considerably, with greater reductions in infection intensities and prevalence in areas
which were initially classified as low endemicity (<10% of school-aged children infected), but with
often disappointing effects in many moderate and high endemicity areas [21,38]. Despite increased
funding, extensive praziquantel donations and national control programmes running for over a decade
in several countries, hotspots of high transmission and severe morbidity remain [21,38,39].
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While the benefits of MDA to schistosomiasis morbidity reductions are well established, it
is now evident that MDA alone is unlikely to achieve elimination [21,36,37,40,41]. Many authors
have discussed reasons for MDA programme failures, including treatment compliance, inadequate
coverage, treatment efficacy, open defecation/urination behaviours, water contact behaviours,
snail density, available infrastructure, and many more [21,36,40,42–47]. Because schistosomiasis
is so deeply embedded in broader physical, social, political, and economic systems, the factors
influencing intervention successes (or failures) also span these systems [40,42,45]. Several integrated
control measures have been proposed to overcome currently identified shortcomings of MDA-only
strategies. These propose the inclusion of health education, agricultural policy interventions, sanitation
improvements, water supply improvements, engineering interventions, snail control, and behavioural
interventions, etc. [48–53]. Extending control measures in this way aims to target both the transmission
of schistosomiasis from snails to humans and from humans to snails. Most of these measures aim
to increase treatment compliance, provide physical barriers around urine or faeces, and/or decrease
snail density. The proposed measures in these studies are based on factors known to contribute
to transmission and disease burden. However, a comprehensive summary of all prevailing factors
influencing the disease and its transmission in specific settings, and how changing one aspect impacts
another aspect as well as the overall system, has, to date, not been generated. Due to the complexity of
the issues, it is unfeasible to identify, measure, and include all factors in a single study and researchers
often need to focus on a subset of relevant factors that are measurable and feasible for analysis.
A research approach and associated toolkit able to deal with this complexity, including a variety of
influencing factors, is urgently needed if WHO goals are to be met.

5. How to Apply Systems Epidemiology Approaches to Schistosomiasis Control

To exemplify the complexity of the schistosomiasis system, Figures 1 and 2 illustrate a preliminary
interrelationship diagram of empirically tested or hypothesised interactions from a large body of
literature and expert knowledge. These figures represent a first “brainstormed” draft of the broader
interaction network for schistosomiasis that could be created using systems epidemiology tools.
Detailing the complete nature and direction of these interactions would take considerable future
research. Nevertheless, already from this crude diagram, interesting observations emerge. For
example, factors from the social environment are especially well-connected to other factors in the
system (Figure 3). While social environment factors rarely directly interact with infection mechanisms,
they are connected with other factors which, in turn, influence exposure and/or treatment coverage
and thereby infection rates of a community. These factors affect, e.g., the likelihood of having high-risk
water contact, access to treatment, and treatment compliance—which are all well-documented MDA
programmatic issues [21,47,54]. Social environment factors vary between communities and settings,
since social and cultural norms vary between groups [55–57]. Additionally, social environment factors
are not easily quantifiable and often need qualitative research approaches to elucidate them. However
qualitative research remains neglected and still occasionally overlooked or misunderstood. This is
perhaps best exemplified in the 2016 systematic review on treatment compliance in NTD control
programmes, in which qualitative findings were discussed in half a sentence noting: “Other studies
provided only qualitative or anecdotal data or reasons for low or non-compliance” [47]. Qualitative
research is especially valuable and urgently needed when assessing treatment uptake in order to
find missing factors to explain low compliance. Complete whole-system diagrams could further be
compared with other, more commonly used methods, such as Bayesian networks [58], to compare
combined qualitative and quantitative approaches.
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Figure 1. Potential network of factors influencing schistosomiasis infection and disease created with
Vensim [59] and GIMP [60]. Connections are a collection of empirically tested or hypothesised
relationships. Colours are for illustrative purposes only. This diagram resulted from ongoing
brainstorming of connections from a large body of literature and expert knowledge. The diagram aims
to exemplify the complexity of the schistosomiasis system without claims of completeness and without
detailing the exact nature and direction of interactions. It is meant solely for the purpose of an example
of what a systems diagram for schistosomiasis could provide. The full diagram(s) would need to be
developed through extensive empirical and theoretical research.

Understanding schistosomiasis control as a systems issue requires a strong interdisciplinary
and transdisciplinary approach. Strategies are needed to enable researchers and programme
managers to adequately assess and integrate issues across disciplines and in different settings.
Creating an empirically based system for understanding interrelationships between relevant issues
in schistosomiasis transmission and intervention successes/failures is needed. A comprehensive
interrelationship diagram, detailing the nature and direction of the system-wide connections would
need to be based on the integration of published knowledge from researchers, with informal knowledge
from experts and local populations. Methods to collect and analyse data would include repeated
modelling sessions and participatory workshops with stakeholders from a range of backgrounds. This
would be the first step towards establishing a systems epidemiology research approach for the control
and elimination of schistosomiasis and other NTDs.
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Figure 2. Potential network of factors influencing schistosomiasis infection and disease with individual
connections highlighted for (a) clinical, (b) behavioural, and (c) exposure and infection aspects. Colours
are for illustrative purposes only; white boxes indicate where the highlighted variables connect to.
Different clusters are highlighted by coloured outlines: green: biological aspects; white: clinical aspects;
yellow: behavioural aspects; orange: social aspects; purple: politics, policy, and services aspects;
turquoise: physical environment; red: exposure and infection.
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Figure 3. Interconnectedness of social factors with other aspects of the schistosomiasis. White boxes
indicate where the highlighted variables connect to. Social aspects illustrated: social norms, gender
differences, religion, financial resources, professional occupation, and ethnicity. Although they do not
interact directly with infection status or exposure, social aspects underlie and influence many other
factors that are, in turn, connected to exposure and infection.

6. Conclusions

Understanding the broader systems-relations and influences of a disease, as well as how best
to address these factors with limited resources, is an important challenge. The overall goal is to
establish sustainable, contextually relevant, and cost-effective approaches to tackle persistent hotspots
of disease transmission. Moving beyond current research and implementation practice, towards
complex system analyses and interventions for a disease such as schistosomiasis will help research
and policy communities identify how best to achieve WHO goals along the road to elimination.
Using a systems thinking toolset, we can connect and integrate knowledge from across a range of
disciplines including classical epidemiology, molecular parasitology, ecology, medical anthropology,
social and political sciences, and health policy and systems research to identify multiple target points
for future schistosomiasis control programmes. This would remove or minimise elusive barriers
to success, enabling the global health community to move a step closer towards the elimination of
schistosomiasis worldwide.
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Abstract: In 1996, schistosomiasis due to Schistosoma japonicum was declared eradicated in Japan.
In the People’s Republic of China, S. japonicum transmission has been interrupted in the major endemic
areas in the coastal plains but the disease persists in the lake and marshland regions south of the
Yangtze River. The disease remains a public health problem in endemic areas in the Philippines and
in isolated areas in Indonesia. Comprehensive multidisciplinary campaigns had led to eradication of
schistosomiasis in Japan and have been successful in the interruption of disease transmission in the
major endemic regions of the People’s Republic of China. Unfortunately, the integrated measures
cannot be duplicated in schistosomiasis endemic areas in the Philippines because of limited resources.
The problem is also more complicated due to the topography in the Philippines and transmission
is not seasonal as in China. An innovative approach is needed in the Philippines if schistosomiasis
elimination is the goal.

Keywords: Schistosomiasis; Philippines; schistosomiasis elimination; S. japonicum zoonosis; bovines

1. Endemic Areas and Transmission of Schistosoma japonicum in the Philippines

Schistosomiasis remains a public health problem in endemic areas in the Philippines with
approximately 12 million people residing in 28 endemic provinces located across 12 different
geographical zones at risk of S. japonicum infection [1–5]. A total of 190 municipalities and
1212 barangays (villages) are currently endemic, based on surveys conducted over the past decade.
Two new endemic foci reported in the northern (Gonzaga, Cagayan) and central (Calatrava, Negros
Occidental) parts of the country were confirmed in 2004 and 2006, respectively [6]. Just like in China,
bovines, water buffaloes (carabaos) in particular, play a major role in the transmission of schistosomiasis
in the Philippines with infection prevalence close to 90% in some endemic barrangays. A 2011 study
carried out in the municipality of Palapag, Northern Samar showed the S. japonicum prevalence in
cattle to be 87.5% and 77.1% via real-time PCR (qPCR) and the formalin-ethyl acetate sedimentation
(FEA-SD), respectively. In carabao, the S. japonicum prevalence was 79.1% and 55.2% by qCPR and
FEA-SD, respectively [7]. The same study computed the Bovine Contamination Index (BCI) using the
FEA-SD technique and gave an average of 195,000 eggs per bovine per day [7]. A recent study in Leyte
Province showed a 97% prevalence via perfusion, 67.7% via qPCR and 34.3% by FEA-SD [8].

2. Effect of Long-term Infection with Schistosoma japonicum

Prolonged and repeated infection with S. japonicum cause two types of morbidities in
schistosomiasis japonica: those with clear end-organ complications and those with subtle manifestations.
Clear end-organ complications are due to granuloma and fibrosis formed around the parasite eggs
trapped in the host tissues. The sequelae can be categorized into hepatosplenic, hepatointestinal,
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pulmonary, cerebral, and ectopic forms [9,10] Cardiac and renal localization of lesions are rarely
encountered. Those with subtle manifestations are due to inflammatory cytokines induced by
eggs or worm products of the parasite. Anaemia, growth retardation, malnutrition and impaired
cognitive functions have been documented in children with S. japonicum infection [11–14]. Maternal
schistosomiasis japonica has been shown to exert a negative impact on pregnancy outcomes. Babies
born from mothers infected with S. japonicum have markedly decreased birth weight. Circulating
mediators of inflammation are elevated in the peripheral blood, placental blood, and placental tissues of
S. japonicum infected pregnant women. Placental TFN-α has also been associated with both S. japonicum
infection and markedly decreased birth weight [15]. S. japonicum infection in pregnant women
also result in up-regulation of fibrosis-associated proteins in the cord blood of the neonate. These
fibrosis-associated molecules are associated with adverse birth outcomes such as low birth weight
(LBW), small for gestational age and prematurity [16]. In addition, endotoxin levels in both maternal
and placental compartments in pregnant women with schistosomiasis are 1.3- and 2.4-folds higher,
respectively, compared to uninfected women. This higher concentration of endotoxin in placental blood
is associated with preterm birth, acute chorioamnionitis, and elevated proinflammatory cytokines [17].

3. Control of Schistosomiasis in the Philippines

In the 1980s, when the highly effective anti-schistosome drug praziquantel (PZQ) was introduced
in the Philippines, the schistosomiasis control program rolled out a large-scale community-based
chemotherapy approach to eliminate the risk of parasite-associated morbidity – this approach became
the backbone of schistosomiasis control in the Philippines [18]. Other control measures to prevent
transmission from snail intermediate hosts to humans like health education, behavioural modification,
improved sanitation and snail control were continued but not sustained and only on a limited scale. After
more than three decades of community-based chemotherapy with PZQ, challenges with this approach
have surfaced [18]. Extensive community-based campaigns including mass drug administration (MDA)
in the last 10 years has reduced the parasite-associated clinically apparent morbidities, although the
hepato-splenic form of schistosomiasis japonica persists in hard to reach endemic zones. Subtle or
subclinical morbidities like growth retardation and anaemia in schistosome infected children and poor
outcomes of pregnancy in infected women still persist in endemic areas [18,19]. Community-based
chemotherapy also failed to interrupt parasite transmission [18,19].

4. Innovative Approach towards Elimination of Schistosomiasis in the Philippines

Despite the limitations of current control measures, it is certain that drug delivery through
MDA will be continued for an indefinite period for the control of schistosomiasis in the country.
Relaxation of the MDA program or development of parasite resistance to PZQ will result in rebound
of schistosome-induced infection and disease [20]. However, while PZQ remains highly effective,
additional control measures should be added to augment the community-based chemotherapy control
program and move beyond just morbidity control [21]. The next step is elimination of reinfection to
prevent all forms of schistosome-induced morbidities. This step will require a comprehensive and more
effective phase of disease control and will require incremental expense, but these would ultimately be
offset by the greater health benefits achieved with complete elimination of parasite transmission.

Two measures can markedly improve the control program for schistosomiasis in the Philippines.
These measures include: (1) Improving delivery or coverage of PZQ to 85% through an intensive
MDA program and yearly treatment of 85% of the bovines [22]. Increasing compliance to MDA
in humans from less than 50% to 85% is doable. However, yearly treatment of bovines will be
very difficult to sustain. (2) MDA (85% coverage) plus removal of water buffaloes (carabaos) from
endemic areas and replacing these animals with mechanized tractors. Mechanized farming will
prevent exposure of the farmers to the parasite during the tilling of the rice field and planting and
harvesting of rice. This approach has proven successful in China where removing buffalos in endemic
areas can profoundly reduce the transmission of S. japonicum to humans by 75 to >90% [23]. In the
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Philippines, recent consultations with the Local Government Unit (LGU) in the Municipality of Javier, a
schistosomiasis-endemic area in the Province of Leyte, demonstrated the willingness of the farmers to
replace the carabaos with mechanized tractors. In their experience replacing of carabaos by tractors will
improve the income of the people in the endemic areas because the cost of labour for rice farming will
be markedly reduced and the frequency and volume of rice harvest per year will increase. In addition,
they also noted that if they plant hybrid instead of inbred rice the volume of rice recovered per harvest
would be significantly increased. Disease transmission from cattle that are also in the endemic areas
can be prevented by treating the animals with PZQ—this is would be more sustainable than treating all
bovines due to the reduced numbers. This strategy should also include other measures that are doable
in the endemic villages like health education and behavioural modification. Recently, mechanization
of rice farming is being implemented at pilot scale by a private company in the town of Alang Alang,
a schistosomiasis endemic village in the Province of Leyte. In this project it has been demonstrated
that the income of farmers can be increased up to ten times compared to their income using the
traditional rice farming method [24]. However, the success of this project needs validation in typical
endemic areas where resources are limited. It is also important to know by regular monitoring by the
Department Health whether the outcome in terms of reduction of S. japonicum infection in humans will
be significant and sustainable.

Vaccines may also play a crucial role in the elimination of schistosomiasis in the Philippines.
No human vaccine is currently available but some veterinary-based transmission blocking vaccines
targeting bovines do show some promise and are undergoing field trials [25,26] An alternative
elimination strategy would therefore combine human treatment (85% coverage) and treatment of
bovines (85% coverage), followed by immunization of these animals with a transmission blocking
anti-schistosome vaccine.

5. Conclusions

A multi-component integrated approach towards the control of S. japonicum in the Philippines
is critical for long-term sustainable control and eventual elimination. Key to such an approach is
ensuring high PZQ coverage in endemic populations and the targeting of bovines (carabaos) through
either their removal and replacement with mechanized tractors in endemic areas or vaccination.
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Abstract: Schistosomiasis is an infectious disease caused by helminth parasites of the genus
Schistosoma. Worldwide, an estimated 250 million people are infected with these parasites with
the majority of cases occurring in sub-Saharan Africa. Within Asia, three species of Schistosoma cause
disease. Schistosoma japonicum is the most prevalent, followed by S. mekongi and S. malayensis. All three
species are zoonotic, which causes concern for their control, as successful elimination not only requires
management of the human definitive host, but also the animal reservoir hosts. With regard to Asian
schistosomiasis, most of the published research has focused on S. japonicum with comparatively
little attention paid to S. mekongi and even less focus on S. malayensis. In this review, we examine
the three Asian schistosomes and their current status in their endemic countries: Cambodia, Lao
People’s Democratic Republic, Myanmar, and Thailand (S. mekongi); Malaysia (S. malayensis); and
Indonesia, People’s Republic of China, and the Philippines (S. japonicum). Prospects for control that
could potentially lead to elimination are highlighted as these can inform researchers and disease
control managers in other schistosomiasis-endemic areas, particularly in Africa and the Americas.

Keywords: Asia; control; elimination; epidemiology; Schistosoma japonicum; Schistosoma malayensis;
Schistosoma mekongi; schistosomiasis

1. Introduction

Schistosomiasis is a parasitic disease caused by blood flukes of the genus Schistosoma. Six species
of schistosomes infect humans: Schistosoma mansoni (occurring in Africa, South America, the Caribbean,
and the Middle East), S. haematobium (mainly occurring in Africa and the Middle East, with recent
autochthonous transmission observed in Corsica, France), S. intercalatum and S. guineensis (two rare
species confined to a few countries in Central Africa), S. japonicum (Asia), and S. mekongi (Mekong Delta
including Cambodia, Lao People’s Democratic Republic (Lao PDR), and previously Thailand whose
current status is transmission interruption) [1–3]. A seventh species, S. malayensis, which is thought
to be closely related to S. mekongi, is endemic in Malaysia [4]. In this review, we focus on only those
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species currently occurring in Asia: S. japonicum, S. mekongi, and S. malayensis, which cause intestinal
schistosomiasis. The three Asian schistosomes are all zoonotic, whereas the remaining species infecting
humans are generally considered human-only parasites, with some notable exceptions [5–10].

Schistosomiasis has a long history in Asia with the first descriptions and reports of the disease in
modern times appearing in the early 1900s, although it is thought to have been endemic for at least
400 years earlier in Japan, and at least 2200 years ago in the People’s Republic of China (P.R. China)
after the discovery of S. japonicum eggs in a mummy [11–14]. To date, Japan is the only country in Asia
to have eliminated schistosomiasis, while Thailand is awaiting verification of transmission interruption
by the World Health Organization (WHO) [15]. Currently, schistosomiasis is endemic in six Asian
countries: P.R. China, the Philippines, Indonesia, Lao PDR, Cambodia, and Malaysia, and is emerging
in a seventh—Myanmar (Figure 1) [16]. Considerable progress in control has been made in recent
decades, largely through praziquantel-based preventive chemotherapy (i.e., periodic administration of
praziquantel to entire at-risk populations without prior diagnosis). However, preventive chemotherapy
alone is insufficient to break the transmission cycle. Lack of safe water, poor sanitation, inadequate
hygiene practices, limited health education, and the presence of animal reservoirs are known barriers
to the elimination of schistosomiasis from a region [17]. Old challenges remain while new ones emerge,
requiring a comprehensive, multi-sectoral, and multifaceted approach across the region to control this
disease, and to reach the desired goal of elimination by 2030 [17].

The aim of this review is to provide an overview of the current status of schistosomiasis in
Asia, with a particular focus on endemic countries in the region and the unique challenges they
face. Our review also aimed to identify current knowledge gaps and future research needs as the
affected countries move toward the ultimate goal of control and elimination of this persistent and
debilitating disease.

 

Figure 1. (A) Map of Southeast Asia showing the location of endemic areas for schistosomiasis,
including a focus in central Myanmar. (B) Map of Myanmar highlighting the state of Rakhine.

2. Parasite Features

The genus Schistosoma is a group of parasitic blood flukes, or flatworms, of the class Trematoda.
Unique amongst the trematode class, schistosomes have separate sexes as adults, whereas all other
trematodes are hermaphrodites. The Asian schistosomes discussed in this review are considered
zoonotic, unlike schistosome species occurring elsewhere, which are largely human-only excepting
some hybrid forms in Africa [5,6,9,10,18], and cases of S. mansoni infecting non-human primates
in Africa and the Caribbean, and rats in Guadeloupe and Brazil [7,8]. S. japonicum is the most
cosmopolitan, with 46 mammalian definitive hosts identified thus far, whereas S. mekongi has been
found in dogs, and S. malayensis in rodents, specifically Rattus muelleri [19–22] (Table 1). Pigs have
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been experimentally infected with S. mekongi, but, to date, no natural infections have been identified in
these hosts [23]. Morphologically, the eggs and adults of the three species are very similar; the eggs are
ovoid with a small ‘nubby’ lateral spine (Table 1) [24].

Table 1. A comparison of features of the three Asian schistosome species that can infect humans [4,25,26].

Geographic Distribution Animal Definitive Hosts Intermediate Hosts Eggs

S. japonicum Indonesia, the Philippines,
P. R. China

46 known mammalian hosts
including water buffalo and

cattle, dogs, pigs, and rodents

Oncomelania spp.
70–100 × 55–64 μm

 

S. mekongi Cambodia, Lao PDR,
Thailand Dogs and pigs

Neotricula spp.

 

50–80 × 40–65 μm

 

S. malayensis Malaysia Rodents

Robertsiella spp.

 

53–90 × 33–62 μm

 

2.1. Lifecycle

The schistosome lifecycle is complex with an intermediate molluscan host, definitive host,
and seven lifecycle stages involving both asexual and sexual reproductive phases (Figure 2).
An in-depth understanding of social-ecological systems is required to grasp the spatial focality of
schistosomiasis distributions [27].

2.1.1. S. japonicum

S. japonicum is the most prevalent of the Asian schistosomes. It is endemic in P.R.
China, the Philippines, and small foci occur in Indonesia. There are 46 known mammalian definitive
hosts of S. japonicum, although water buffalo and cattle have previously been shown to be the major
reservoirs of infection [19,28,29]. S. japonicum was first identified in Japan in 1901, whereas the last
new human case was recorded there in 1977. S. japonicum parasites in P.R. China and the Philippines
have distinct genetic differences, resulting from geographic isolation over time. In general, the strain
of S. japonicum in P.R. China is more virulent than the parasite in the Philippines; additional genetically
variant geographic isolates are known to be present in both countries [30–32].
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Figure 2. Schistosome lifecycle. Adult worms (1) reproduce sexually in the mesenteric veins
surrounding the small intestine of the definitive mammalian host. Female worms deposit eggs (2),
which are excreted in the feces. Upon contact with freshwater, the eggs hatch miracidia (3), which
penetrate a snail intermediate host (4) and undergo asexual reproduction; this includes development of
mother and daughter sporocysts, which produce cercariae (5). Cercariae exit the snail and swim around
until they penetrate the skin of the mammalian definitive host, potentially causing cercarial dermatitis
(I), shed their tail and become schistosomula (6). The schistosomula migrate through the body to the
lungs before migrating and maturing to adult worms in the mesenteric veins. Chronic schistosomiasis
occurs as the result of an immune reaction to the eggs resulting in granuloma formation in tissues
where eggs are lodged. This most commonly occurs in the liver and spleen (II), which can result
in hepatosplenomegaly and portal hypertension; in the walls of the intestine (IV) as eggs pass from
the blood into the intestine; and less commonly in the brain (III), causing neuroschistosomiasis,
characterized by a range of neurological symptoms. (Abbreviation: GIT, gastrointestinal tract).

2.1.2. S. mekongi

S. mekongi was first identified in 1857 [33]. While morphologically very similar to S. japonicum, S.
mekongi differs in a number of characteristics that indicate it is a distinct species. These differences
include the morphology of the testis and ovary in adult worms [34] and the eggs of S. mekongi are
smaller and more round than those of S. japonicum (Table 1) [35]. Morphological differences in the
miracidial stage of the two species are also apparent [35]. Early genetic studies showing electrophoretic
enzyme variation indicated sequence differences between S. japonicum and S. mekongi [36].

Apart from human infection, S. mekongi has only been identified naturally in dogs, although
there have been successful laboratory infections of pigs. The intermediate host of S. mekongi is
Neotricula aperta (previously Lithoglyphopsis aperta), and studies have found Oncomelania spp. snails to
be refractory to infection with S. mekongi [34].

2.1.3. S. malayensis

As with the other Asian schistosomes, S. malayensis is zoonotic and is primarily a parasite of the
rodent R. muelleri (Table 1). S. malayensis is a sister species to S. japonicum, as is S. mekongi, to which it is
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more closely related [24]. Early studies identified the intermediate host of S. malayensis as Robertsiella
karporensis [4,24].

2.2. Clinical Features

There are three clinical stages of schistosome infection. The initial early stage, a second ‘silent’
phase, also known as Katayama fever (or Katayama syndrome, named after the prefecture in Japan
where it was first identified), and the third ‘chronic’ stage [1,37]. As the average life of an adult
schistosome is 10 years and may be as long as 30 years, assuming no treatment, chronic infection can
be lifelong [38,39].

The initial disease phase begins as a skin rash caused by an immune reaction to the penetrating
cercariae (Figure 2, I). After penetrating the definitive host, the cercariae transform into schistosomula,
which migrate to the lungs where they can cause pulmonary schistosomiasis, characterized as small
nodules on a chest x-ray and a dry cough in the infected individual. After the lungs, the worms migrate
to the venus plexus of the intestine, where they mature and pair up, reproducing sexually (Figure 2, 1).
There is little immune response generated against the adult worms; thus, the second silent stage lasts
for six to eight weeks post-infection when eggs begin to be produced. At this point, the acute Katayama
fever begins, manifesting as fever, cough, rash, abdominal pain, nausea, diarrhea, and eosinophilia.
Acute disease is more commonly seen in naïve persons, whereas chronic disease, the third phase,
is more likely to occur in individuals resident in schistosome-endemic areas. Chronic disease occurs
due to retention of eggs in the liver, spleen, and intestinal walls, and is the result of an immune response
generated against the eggs, which causes granuloma formation in the various tissues (Figure 2, II and
III). This can result in hepatosplenomegaly, portal hypertension, abdominal pain, and bloody diarrhea.
A rarer manifestation of disease is neuroschistosomiasis (Figure 2, IV), which causes neurological
symptoms, such as seizures and headaches, due to a granulomatous response against eggs in the brain,
appearing as lesions on scans [40–43]. Infection in children is associated with growth stunting and
intellectual disability and, in adults, with a reduced ability to work [44,45].

2.3. Diagnostics

A number of diagnostics are available, including coproparasitological examination (CopE), as well
as molecular and immunological diagnostics. CopE methods rely on direct detection and visualization
of parasite eggs in feces and include the Kato-Katz (KK) thick smear procedure, which is a mainstay
of control programs due to the relative ease of performing the test at low cost, although it lacks
sensitivity in low-intensity infections [46,47] and FLOTAC [48,49]. Other diagnostic approaches include
formal-ethyl acetate sedimentation-digestion (FEA-SD) [50], the Danish Bilharziasis Laboratory (DBL)
technique [51,52], and the miracidial hatching technique (MHT) [53,54], which also tests egg viability.
Molecular diagnostics rely on detection of parasite DNA in clinical samples, often stool but also in urine,
blood, and saliva, and include loop-mediated isothermal amplification (LAMP) [55–58], conventional
polymerase chain reaction (cPCR) [59,60], real-time PCR (qPCR) [28,61–64], and digital droplet PCR
(ddPCR) [65–67]. Immunological diagnostics rely on detection of circulating parasite antigens or
antibodies generated against parasite antigens. Antibody detection might lack specificity and generally
does not distinguish between past and current infections. A study by Cai et al., however, suggested
that an immunological test combining two antigens (SjSAP4 + Sj23-LHD) may be useful for monitoring
schistosomiasis control programs in the Philippines [68]. The main immunological methods include
the enzyme-linked immunosorbent assay (ELISA) [69–72] and the rarely used circumoval precipitation
test (COPT) [73,74]. Comprehensive reviews of the current diagnostic methods for schistosomiasis
were provided by Weerakoon et al. and Utzinger et al. [58,75].

Sensitive and specific diagnostic procedures are required to monitor the success or failure of
schistosomiasis control programs as well as to determine whether control efforts have resulted
in elimination. However, the most sensitive diagnostics, involving molecular or immunological
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techniques, can be expensive and require specialized facilities and equipment and trained personnel to
perform the procedures [57,76].

2.4. Treatment

Laboratory studies and clinical trials have shown that praziquantel, a pyrazinoisoquinoline
derivative, is a safe and highly efficacious oral drug that is active against all schistosome species,
although it is less active against juvenile schistosomes compared with adult worms and eggs [77–81].
The effective clinical praziquantel dosage regimen is 60 mg/kg orally in divided doses over one
day (3 × 20 mg/kg doses 4-hourly, or 2 × 30 mg/kg either 4- or 6-hourly) for S. japonicum and S.
mekongi [77,78]. Praziquantel is also the mainstay for preventive chemotherapy for morbidity control
of schistosomiasis. In the Philippines, the efficacy of a single dose of 40 mg/kg vs. 60 mg/kg was
compared; 40 mg/kg was effective and better tolerated and thus 40 mg/kg was adopted for preventive
chemotherapy [82]. A single dose is beneficial for large-scale administration as it does not require
follow up treatment as occurs with split doses. Despite the reliance on 40 mg/kg for preventive
chemotherapy programs, two doses of 60 mg/kg separated by two weeks is recommended by the
Philippine government in case finding, i.e., eggs identified in the stool [82].

Treatment with praziquantel does not prevent reinfection [83] and is therefore relatively ineffective
at interrupting the transmission cycle. Praziquantel is principally aimed at reducing the prevalence and
intensity of infection and to control morbidity over the longer term. Some concern has been expressed that
praziquantel-resistant schistosomes may develop, most likely in Africa [84,85], and there is thus a pressing
need to develop new anti-schistosomal drugs [86] and other non-pharmaceutical interventions.

3. Epidemiology

Due to the requirement of an intermediate host snail, schistosomiasis is a focal disease,
occurring in areas where snail habitats and susceptible transmitting snails are present. This means
that village-level prevalence can be very high, whereas country and province prevalence can be
low. Demographic factors such as age, sex, and occupation are strongly associated with risk of
infection [87,88]. Open defecation remains a common phenomenon in schistosomiasis-endemic
countries and is strongly associated with transmission.

Snail habitats generally occur in still or slow moving water bodies such as streams, lakes, dammed
waterways, and rice fields. The susceptible snails also have a preference for vegetation and snail
control measures can include the removal of this vegetation.

3.1. Mammalian Definitive Hosts

Of the 46 known S. japonicum hosts, bovines, particularly water buffalo, are considered the
most important for transmission due to the high levels of schistosome eggs they excrete into the
environment [89,90] and their predisposition to natural infection. Epidemiological studies conducted
in the Poyang and Dongting Lake regions of P.R. China revealed that water buffaloes account for up
to 75–80% of S. japonicum infections, and hence are considered to be the most important reservoir
hosts [29,89–91]. In mountainous and hilly endemic areas, water buffaloes are frequently used for
ploughing rice fields and, while rodents have been considered to be important reservoirs, Van Dorssen
et al. posited that this may not be the case owing to low levels of egg output and questions around
egg viability [92,93]. Other potentially important animal reservoir hosts for S. japonicum in P.R.
China include goats, pigs, and dogs due to their close contact with humans and water [93,94].

In Indonesia, 13 mammalian species, mostly wild animals (wild rodents, wild pigs, wild deer,
wild celedus, and wild civet cats), but also cattle, water buffalo, horses, and dogs, have been identified
as susceptible hosts for S. japonicum [95]. The prevalence of S. japonicum in water buffalo (known also
as carabao) in the Philippines has been reported to be as high as 80%, particularly in agricultural areas,
and water buffalo are thought to be a major reservoir [96]. In both the Philippines and P.R. China, there
are fewer cattle than water buffalo/carabao. Cattle are more susceptible to infection than water buffalo,
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likely due to their more recent introduction into Asia compared with water buffalo, which have
co-evolved with S. japonicum for much longer. Although studies suggested that water buffalo exhibit
some age-acquired resistance to infection and self-cure [28,97,98], there is still uncertainty regarding
this phenomenon [99].

Due to the close genetic relationship between S. japonicum and S. mekongi, bovines could act as
reservoir hosts of S. mekongi but, to date, this has not been demonstrated. A range of potential animal
hosts have been examined for S. mekongi, but currently dogs are the only animal species that have been
confirmed as natural hosts of this species [22].

In regards to control, little has been done to target definitive hosts of S. japonicum, with the
exception of P.R. China, which has practiced both chemotherapy of bovines and removal of the animals,
facilitated by mechanization of agriculture (i.e., replacing water buffalo with tractors) [16,29,89,100,101].
Without targeting intermediate host snails, re-infection of humans after treatment can occur almost
instantaneously. Animals can also contribute to rebounding infections in areas where humans have
been declared free of schistosomiasis [102]. In Lao PDR, chemotherapy of dogs against S. mekongi
has been highlighted as a priority. This has been proposed as part of community-led initiatives to
eliminate schistosomiasis that combine deworming with water, sanitation, and hygiene interventions:
community-led school, water, sanitation, and hygiene (CL-SWASH) activities [103].

Animal vaccines against schistosomiasis have been developed and used in controlled
trials [104–107]. Whereas none of the currently developed vaccines provide 100% immune protection
(0–80% worm reduction in mice and baboons [108]; 41–51% in water buffalo [109]), they do induce a
significant reduction in adult worms, decreased egg output, and stunting of adults. A knockdown in
adult worm fecundity alone can have a huge impact on transmission. Modeling has shown that an
animal vaccine with 75% efficacy will be required to ensure long-term control of schistosomiasis [110].

3.2. Molluscan Intermediate Hosts

The intermediate snail hosts of S. japonicum are amphibious and belong to the genus Oncomelania,
with species dependent on geographical location. Studies investigating the susceptibility of snails
from different geographic locations to cercariae from disparate locations have produced mixed results,
indicating a certain amount of genetic drift of the parasite [111,112]. Although Japan has successfully
eliminated schistosomiasis, the requisite intermediate host snail species, Oncomelania hupensis nosphora
and O. hupensis formosana, are still present [113].

In P.R. China, four sub-species of the intermediate host Oncomelania hupensis have been identified
based on morphological and molecular characteristics [114–116], each with different growth rates,
population genetics, and ecological niches. Control measures have been successful in reducing the
populations of O. h. guangxiensis and O. h. tangi [13] leaving O. h. hupensis and O. h. robertsoni as the
dominant sub-species [114]. Of these, O. h. hupensis is the most widely distributed [114]. Few studies
have reported S. japonicum infection rates in Oncomelania snails in endemic regions of P.R. China in
the last decade. One study in the marshland regions along the Yangtze River [114] examined more
than 70,000 snails over a 15-year period (2001–2015) and found an overall prevalence of 0.05% with
no new infections since 2007 [117]. An earlier study reported a decline from 0.88% in 2009 to zero
in 2012 in Jiangling county, Hubei province [118]. According to a 2017 WHO meeting report on
Asian schistosomiasis, an active sentinel surveillance program, conducted in 2016 in areas where
transmission was considered interrupted or under control, also failed to identify infected snails [119].
However, the same report indicated that in two other studies undertaken in 2012 and 2017, in four and
seven provinces, respectively, infected snails were found based on LAMP analysis, but no infection was
recorded by microscopy, although actual infection rates for the LAMP analysis were not provided [119].
As snail infection rates continue to decline, consistent and highly sensitive diagnostic tests, such as
LAMP, will be required to provide accurate information [75,120].

In the Philippines, the sole intermediate host snail for S. japonicum is O. h. quadrasi. It is amphibious
but prefers an aquatic environment, such as wet soil surfaces, swamps, rice fields, ponds, and stream

65



Trop. Med. Infect. Dis. 2019, 4, 40

banks, thus making chemical snail control difficult due to the risk of contaminating the water or
food source [17]. The current status of S. japonicum infection in the snail intermediate hosts in the
Philippines is poorly understood. One study, conducted in Samar province, found a mean infection
rate of 1.09% across 147 sites with higher infection among snails located in irrigated compared to
rain-fed villages [121]. More recent data from 2013 to 2015 indicate infection rates of less than 2% in
most endemic provinces, although Northern Samar was found to have a prevalence of above 12% [76].

In Indonesia, the intermediate snail host of S. japonicum is O. h. lindoensis, which is located focally
around Lake Lindu. In 2011, the prevalence of infected O. h. lindoensis snails in Lindu Valley was
3.6% and 4.0% in Napu Valley, although the prevalence has fluctuated between 0 and 13.4% in Napu
Valley and between 0% and 9.1% in Lindu Valley since 2005 [95]. Prevalence of infected snails in Bada
Valley appears to be much lower, with a survey conducted in 2010 identifying a prevalence of only 1%
(3 among 299 snails sampled) [122].

The intermediate hosts of S. mekongi are Neotricula spp., and endemic areas are closely associated
with the Mekong Delta where these snails occur. The prevalence of infected snails in Lao PDR was
quite low, 0.01% on the Mekong Islands [123] and 0.22% in Khong District, although the snail density
was quite high [124]. Neotricula aperta snail density in Thailand decreased between 2005 and 2011 in
the downstream area of the Nam Theun 2 hydroelectric dam, which began operation in 2010 [125].
A similar decrease in Oncomelania snails in low-land areas was initially seen in P.R. China after the
building of the Three Gorges Dam [126]. However, snail density began to increase in 2011 after
initially decreasing in the years immediately after completion of the dam in 2003. A similar trend may
eventually be seen in Thailand with the Nam Theun 2 Dam.

Control of intermediate host snails is an important aspect of schistosomiasis control programs,
particularly as the stage of the lifecycle occurring in snails is asexual and involves an exponential
increase in parasite numbers. Snail control measures previously implemented in Asia have involved
environmental modification and chemical mollusciciding. The snails live in vegetation around rivers
and lakes and removal of this vegetation can lead to removal of the snails themselves. This method
was used with great success in Japan in combination with mollusciciding. In Japan, the most common
method of environmental modification was the use of concreting canals where the snails lived [113].
This method is more difficult to implement in areas where the snail habitats are rice fields or marshland.
Early reports from Mindanao in the Philippines showed that the method of farming (weeding and
ploughing) practiced in Mindanao reduced snail habitat on the rice fields, and thus snails were
primarily found in swampland, at least when intensive farming was practiced [127]. Changing land
use in Japan from rice crops to either housing or fruit trees, which did not require flood irrigation and
thus no longer provided snail habitats, was an important feature for control.

Mollusciciding has also been used in P.R. China, Indonesia, and the Philippines, although to a
limited degree in the latter two countries. Environmental contamination with chemical molluscicides
is an important issue, and a number of previously used compounds have been abandoned due to these
concerns and as a result of the damage they cause to the environment. In the schistosomiasis foci in
Indonesia, the snail habitats occur close to the Lore Lindu National Park, which precludes the use of
molluscicides [128] and environmental modification. Early molluscicides included lime, which proved
inefficient, calcium cyanamide, and, later, sodium pentachlorohenate (Na-PCP), which was eventually
stopped in all countries due to environmental toxicity [129]. In P.R. China, the molluscicide of choice
has been niclosamide, used in two different formulations: (1) a 50% niclosamide ethanolamine salt
wettable powder and (2) a 4% niclosamide ethanolamine powder [106,130]. Both formulations resulted
in substantial, but not 100%, killing of snails, which meant that mollusciciding needed to be performed
more than once a year.

Neotricula spp., the intermediate host snails of S. mekongi, exhibit a different ecological niche
than those transmitting S. japonicum in that, rather than being present in marshlands and rice fields,
these snails are primarily found in shallow areas of rivers (particularly the Mekong River) and
tributaries. Thus, snail control for S. mekongi has largely been deemed infeasible [17], although
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ecological management of snail habitats upstream of human habitation, as occurs in P.R. China, should
be explored. Instead, preventive chemotherapy, along with improved WASH is practiced. Lao PDR has
previously used niclosamide for snail control, although this did not significantly impact the numbers
of snails in the treatment areas [124].

3.3. Environment

The majority of environmental factors associated with S. japonicum transmission are related
to distance to a snail habitat or those that influence snail habitats, such as the building of dams.
The majority of S. japonicum-endemic zones are within 1 km of water bodies such as rivers, lakes,
or wetlands [131,132]. Environmental factors that influence snail habitat include land cover, particularly
the presence of flooded agricultural land [133,134], seasonal land surface temperature (LST), elevation,
and rainfall [131].

In P.R. China, endemic areas occupy three different geographical landscapes: (1) marshland and
lake areas, (2) mountainous and hilly areas, and (3) water network areas. Of these, marshland and lake
areas are characteristic of the major endemic foci for S. japonicum, and might account for 95% of the
snail habitats [17,87]. Oncomelania snails survive best at areas of low elevation—one of the potential
environmental factors associated with high prevalence of snails in marshy areas. A study on snail
habitats in mountainous and hilly areas identified a maximum elevation of 2300 m above sea level for
snail survival [131]. The same study identified an ideal LST of ≥22.7 ◦C and a normalized difference
vegetation index (NDVI) of ≥0.446 in the mountainous areas. Distance from the nearest stream was
also important, as the Oncomelania snails are amphibious; yet, require water to survive. A distance of
≤1000 m from the nearest stream was found to be ideal for snail habitats [131].

As the marshy and lake areas are categorized by the presence of water bodies, more areas are
available for the snails to exist. The area of these landscapes, which cover the four provinces of Hunan,
Jiangxi, Anhui, and Hubei, is vast, complicating snail control in these locations [135]. Mountainous and
hilly areas, located primarily in the western part of P.R. China in the provinces of Yunnan and
Sichuan [131], account for approximately 5% of the remaining snail habitats [17]. The complex
environmental conditions present in these areas make it difficult to control snail populations [131].
The third type of landscape are water network areas, mainly located around the Yangtze River, which
account for <1% of snail habitats in endemic areas of P.R. China [17].

Local epidemic outbreaks and the geographic distribution of snail hosts are heavily influenced by
flooding events caused by the Yangtze River as they facilitate snail dispersion to new localities such
as rivers, lakes, and wetlands [136,137]. Large-scale water development projects [138], particularly
the aforementioned Three Gorges Dam and the South-North Water Diversion project (SNWD), also
influence the transmission and geographic distribution of schistosomiasis [139,140]. The SNWD plans
to divert water from the Yangtze River to the North [141]. Climate prediction models have indicated
that this project may result in the expansion of viable snail habitats for the main snail intermediate
host O. h. hupensis as well as O. h. robertsioni and O. h. guangxiensis [141]. The Three Gorges Dam,
begun in 2003 and completed in 2012, was built to decrease flooding events as well as to generate
power. As a consequence, it has changed the ecology of the surrounding area and impacted the habitat
of Oncomelania spp. snails. The decrease in flooding events has decreased the density of snails in some
areas, although in others, the density appears unchanged, or is on the increase [126].

In the Philippines, more than 3000 bodies of water are thought to be infested with snails susceptible
to S. japonicum infection: 80% in Mindanao, 18% in Visayas, and 2% in Luzon [76]. Endemic regions
have no distinct dry season and are predominantly comprised of rice fields, where contact between
humans and snails is maximized [11,82]. Environmental factors, such as close proximity to large
perennial water bodies (PWB), LST, NDVI, and precipitation, influence S. japonicum infection prevalence
differently in the three main regions of the Philippines [87]. As is the case in P.R. China, the distance
from water is an important factor for snail habitats, with the prevalence of schistosomiasis in humans
decreasing with distance to PWB [87]. Some differences exist between the three regions, with
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increased distance to PWB associated with decreased prevalence in Luzon and the Visayas, but not
Mindanao, whereas LST increase only significantly associated with decreased prevalence in Luzon.
Similarly increased precipitation was associated with higher prevalence in the Visayas but decreased
prevalence in Mindanao [87]. A confounding factor may be the differences in average socioeconomic
status between the three areas: people in Luzon tend to have higher socioeconomic status compared
to schistosomiasis-endemic areas of the Visayas and Mindanao. Natural habitats of O. h. quadrasi
include flood plains, forests, and swamps, whereas man-made habitats resulting from agricultural
development are thought to be important habitats (e.g., drainage channels, roadside ditches, small
canals, and drainage canals of irrigation works). These snails are generally found on banks but also
occur in shallow water (depth <20 cm) [121]. O. h. quadrasi snails prefer areas shaded by vegetation
where the temperature is relatively stable and cool.

Endemic regions of Indonesia are located in marshland areas around Lake Lindu and Napu and
Bada valleys. Prevalence of S. japonicum in snails from this area ranged from 0 to 13.4% in the Lindu
Valley and 0 to 9.1% in the Napu Valley, although human prevalence remained <1% as of 2006 [128].

S. mekongi transmission occurs in the Mekong Delta. In Khong and Mounlapamok districts in Lao
PDR, 202 villages are situated along the Mekong River with 114 currently or previously endemic for
schistosomiasis. The only villages with zero prevalence for S. mekongi are in parts of the river where
the riverbed is sandy, which is not conducive to the intermediate host snail, or those villages that are
more than 6 km away from the river [142].

Limited information is available regarding risk factors and snail intermediate hosts in
Myanmar [16]. The current areas where schistosomiasis occurs are around Lake Inlay in Shan State,
although a recent outbreak has occurred in Rakhine State on the Coast of the Bay of Bengal [143].
The wet season runs from May to October.

3.4. Transmission and Control

In P.R. China, transmission usually occurs across two distinct seasons [17], coinciding with the
natural annual flooding events in the Yangtze River: firstly in April to June/July when flooding is at
its peak, and secondly after the waters subside in September/October with transmission continuing
until November [140]. Although environmental factors heavily influence the snail intermediate
hosts, demographic factors and the presence of host reservoirs play a more significant role in
human transmission of S. japonicum. Infection with S. japonicum is strongly associated with age,
sex, and occupational exposure. Males aged 40 years and above who engage in fishing, farming,
and herding are at greatest risk of infection [144]. Defecation into lake waters or marshlands by
fishermen and grazing water buffalo facilitate the continuance of transmission.

In the Philippines, there is no distinct dry season on the main endemic islands of Leyte and Samar
and the province of Mindanao. Hence, transmission is not as variable by season as in P.R. China and
occurs all year round [82]. The most common crop in these endemic areas is rice, which provides
contact between snails that live in the rice paddies, swamps, and streams, whereas water buffalo and
cattle are used to work on the fields (Figure 3). In addition to farming, washing, and recreational use
of rivers are associated with higher risk of infection (Figure 4).
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Figure 3. Water buffalo (carabao) in the Philippines are tethered in rivers, rice fields, and wallows—the
same areas where the intermediate snail host for S. japonicum is also found. (Images from the Philippines,
captured by C.A.G.).

 

Figure 4. Washing and recreational uses of waterways are risk factors for contracting schistosomiasis.
(Image from the Philippines, captured by C.A.G.).

Whereas 13 species of mammalian hosts have been identified in Indonesia, limited research
has been undertaken on their involvement in transmission. Rodents of the genus Rattus have been
suggested as the primary source of transmission, with a peak prevalence of 20% found in one endemic
village [128]. Primary species thought to be involved in transmission are R. exulans, R. hoffmani, R.
chysocomus rallus, R. marmosurus, and R. celebensis [128]. Reservations around the role that rodents can
play in transmission were addressed earlier [92,93]. As in P.R. China, Indonesia experiences wet and
dry seasons; hence, it is likely that schistosome transmission is also seasonal there, with increased
transmission occurring in the wet season (November–March).

The transmission season for S. mekongi is matched with the lifecycle of the snail. During times
of high water levels (2–3 m), the majority of available snails are young, while in times of low
water (April–May; 10–60 mm), the snails have matured to adults capable of carrying the infection.
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Peak transmission of S. mekongi in Cambodia occurs between February and April coinciding with peak
water use for fishing [17]; whereas in Lao PDR, the main transmission season occurs in April and May.

In Malaysia, the wet season differs between the southwest where the monsoon season is
May–October, and the northeast where the monsoon season runs from November to March, and the
typhoon season occurs from April to November. It is therefore difficult in the absence of yearly surveys
to pinpoint when transmission in Malaysia might peak, but it is certainly influenced by rainfall brought
by the monsoons and typhoons.

Preventive chemotherapy with praziquantel has been the mainstay of schistosomiasis morbidity
control and, in addition to targeting mammalian and snail hosts mentioned earlier, efforts to
control transmission have also included programs aimed at improving WASH and health education.
Until relatively recently, the role of WASH in schistosomiasis control was limited [145–148], despite the
strong association of the disease with poverty and poor sanitation. In 2012, the World Health Assembly
(WHA) encouraged the incorporation of WASH into control and elimination strategies [149]. Due to the
transmission dynamics of schistosomiasis, WASH primarily limits environmental contamination with
schistosome eggs and reduces human contact with potentially infested waters [150]. Improvements in
sanitation and access to clean water have been shown to reduce the risk of schistosome infection [151],
and have the added benefit of reducing infection with other parasites such as soil-transmitted
helminths [146]. The impact of WASH is, however, dependent on the setting [151]. For example,
access to clean water is not considered to play a significant role in endemic areas where schistosome
infections are attributed to occupational or recreational contact with water as opposed to water used
for drinking or for everyday activities (e.g., laundry and bathing) [151]. Traditional WASH practices,
such as handwashing, have little impact on schistosome infection as the parasite eggs excreted in stools
are not infective to human or animal hosts. However, water use practices involving rivers, such as
bathing and washing clothes, will increase risk of contact with the infectious cercariae. Hence, much of
the WASH emphasis to date has focused on sanitation and sanitary behavior. A number of programs
focusing on improving access to clean water and improved sanitation outside of schistosomiasis
control are ongoing throughout schistosomiasis-endemic countries in Asia [152–157].

Health education is important not only for educating the public on risk reduction measures and
changing behavior, but has also been found to facilitate diagnosis, surveillance, and treatment [157].
Through health education activities and water contact studies, many high-risk behaviors and at-risk
populations have been identified [158]. This has enabled health messages to be tailored to specific
groups, such as school-age children swimming in freshwater and farmers and fishermen, and has
largely been aimed at methods of avoiding water contact and self-protection [158]. However, it can
be difficult to change behavior in some groups, such as fishermen or farmers, due to the nature
of their occupations [158]. The support of local and national governments, through implementing
infrastructure such as public toilets and using sanitary containers for stool on fishing boats, is therefore
important in these situations [117,159]. The vehicles used for health education messages are many-fold
and include audio-visual (radio, television, film, drama, traditional opera, and exhibits), print media
(poems, slogans, posters, magazines, and newspaper), and other daily articles such as printed
shirts, towels, fans, and umbrellas, among others [158]. Health information can also be passively
disseminated through the community by students, teachers, village leaders, and parents [158].
Although health education is considered an important component of an integrated control program
for schistosomiasis [160–163], it needs to be thoroughly planned, targeted, trialed, and evaluated prior
to implementation [158], and needs to be sustained over a long period of time in order to maximize
effectiveness [164]. To date, health education has been a major focus in P.R. China. Elsewhere, health
education has generally been combined with preventive chemotherapy and has played a limited role
in schistosomiasis control and elimination programs [82,165].

Research is ongoing for the development of schistosomiasis vaccines targeting humans and,
unlike the African schistosomes, the zoonotic nature of the Asian schistosomes allow for the targeting
of animal hosts. With bovines, particularly water buffalo/carabao confirmed as the major reservoirs of
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S. japonicum, there is the rationale for the development and deployment of a transmission-blocking
anti-S. japonicum vaccine targeting bovines [29,91,166,167]. The SjCTPI-Hsp70 vaccine is one of the
most efficacious to date with an experimental efficacy of ~52% [101] and cluster-randomized controlled
trials are currently being finalized to determine efficacy in natural settings. Vaccines may be the
key for long-term sustainable control and elimination of schistosomiasis but research needs to be
ongoing [167].

4. Current and Historical Status of Schistosomiasis in Asia

Notably, most prevalence estimates reported are based on microscopic detection of schistosome
eggs in stool samples, usually using the KK thick smear technique [87,168,169]. However, numerous
studies have demonstrated significantly higher prevalence when molecular detection methods have
been applied on the same set of samples, with differences of up to 70% reported [28,60,63,170].
Prevalence is also largely influenced by the size of the sampled population. This is particularly
relevant to the Philippines and Indonesia where funds are often limited, thus restricting the number of
personnel available to interview and process collected samples. Another confounding factor, which
is also common in P.R. China, is a fall in participation rates in many endemic areas, often referred to
as treatment fatigue. Some communities in highly endemic areas have been participating in surveys
for decades; hence, it is not surprising that these villagers have tired of the routine. In areas where
prevalence has dropped significantly, the disease is no longer seen as a priority. Based on these factors,
it is conceivable that the prevalence of schistosomiasis is considerably underestimated.

4.1. S. japonicum

The first reports of S. japonicum in P.R. China and the Philippines occurred around the same time
in the early 1900s [171,172] and the epidemiology of the disease is similar in the two countries.
The presence of the disease in Indonesia was first reported about three decades later, with an
autochthonous infection in a 35-year-old male suffering from chronic schistosomiasis resulting in his
death in 1937 [128].

4.1.1. Japan

As indicated in the species name, S. japonicum was once found in Japan, the last reported human
case was in 1977, and elimination of schistosomiasis was declared in 1996 [17]. There were a number of
endemic areas in Japan pre-elimination, including Kofu basin, Fukuoka, and Saga prefectures, which
appeared to have had the highest prevalence [173]. Due to a successful control program, transmission of
the parasite no longer occurs there, although the requisite intermediate host snail species, Oncomelania
nosphora, is still present [113]. In addition to the control initiatives implemented, modernization and
socioeconomic development had a large impact on elimination of this parasite in Japan. Elimination of
schistosomiasis in Japan occurred pre-praziquantel and the available drug at the time, stibnal, caused
severe adverse events, which resulted in low treatment compliance. Thus, most control efforts focused
on targetting the snail intermediate hosts and preventing transmission to humans.

Environmental modification in the form of concreting canals, where the Oncomelania snails bred,
began in 1938 and was the primary method used [17]. In addition, the Japanese government purchased
and buried snails from people in the endemic areas. Mollusciciding using lime, which proved to be
inefficient; calcium cyanamide, which proved to be more efficient; and later Na-PCP were trialed.
The use of Na-PCP was eventually stopped after 13 years due to its environmental toxicity. Hot water
and flamethrowers were also used to kill snails, and proved effective in small areas. In addition,
geese and firefly larvae were released into endemic fields to eat snails, although these measures
proved unsuccessful [129]. Land use was changed, with increased urbanization meaning that many
paddy fields were converted to housing, and in other areas, crops changed from rice to fruit trees;
this precluded the use of flood watering and thus no longer provided areas for snail breeding [17].
Education of farmers to prevent the use of “night soil” as fertilizer was also performed, thus limiting
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environmental contamination with schistosome eggs from human feces. Bovines were replaced with
horses, which can act as reservoir hosts but are less efficient transmitters, and other potential reservoirs
such as wild populations of mice and dogs were controlled.

4.1.2. P.R. China

In P.R. China, S. japonicum is predominantly found in areas along the middle and upper reaches
of the Yangtze River Valley in the southern part of the country where the climate and environment are
highly suitable for the propagation of Oncomelania snails. Endemic regions are concentrated in the lake
regions and in the mountainous region in the western part of the country [131]. Until relatively recently,
S. japonicum was endemic in 12 provinces, but due to political will and sustained efforts, primarily
through snail control and preventive chemotherapy, five provinces have achieved transmission
interruption. Of the remaining seven provinces, four (Sichuan, Yunnan, Jiangsu, and Hubei) achieved
transmission control (prevalence <5% in humans and animals) by 2014, whereas Anhui, Jiangxi,
and Hunan are still in the infection control stage (prevalence <1% in humans and animals) [174,175].
In 2012, an estimated 800,000 people were infected and 65 million people considered at risk [24]. In 2016,
the number of reported cases had dropped considerably and was just over 77,000 [17]. Current human
prevalence in most endemic villages is between 1% and 3% but among the high-risk population, such
as those who have extensive contact with water, infection levels may still exceed 10% [17].

Control approaches in P.R. China have been extensive due to the strong commitment by the
national government. Funds from a 10-year World Bank Loan Project (WBLP) implemented in the
1990s [176] were put toward control and prevention strategies for schistosomiasis, including preventive
chemotherapy, snail control, and WASH interventions. The mainstay of schistosomiasis control is
preventive chemotherapy with praziquantel. In P.R. China, preventive chemotherapy is primarily
targeted at fishermen and boat people living within half a kilometer of schistosomiasis-infested water
bodies and is administered biannually. Treatment in other high-risk populations is selective, based on
the extent of water contact [16]. P.R. China is the only endemic country that also practices mass drug
administration for bovines, which are treated annually. The government is replacing animals used for
farming with tractors and is removing bovines [16,89,100]. Mollusciciding occurs annually and usually
coincides with the onset of the transmission seasons. Ecological methods of snail control have been
used in P.R. China, such as changing farming practices, submerging snail habitats, and placing black
plastic film over banks post-mollusciciding [17]. P.R. China’s efforts to improve WASH began during
the third phase of their national schistosomiasis control program (initiated in 2004), which focused on
an integrated approach to control transmission [177]. WASH interventions mainly center on fishermen
and boatmen [178] in the Poyang and Donting Lake regions and include supplying tap water and
stool containers and building latrines close to boat anchoring points [159,179]. Health education has
been an integral component of P.R. China’s schistosomiasis control program since its inception in the
1950s [164].

4.1.3. Philippines

In the Philippines, S. japonicum is distributed throughout all three major island groups (Luzon,
Mindanao, and Visayas), although the majority of cases occur in Mindanao and the Visayas [87,180]
(Figure 1). Schistosomiasis is currently endemic in 28 of the country’s 80 provinces, mostly in Mindanao,
with more than 12 million people estimated to be at risk and 2.5 million directly exposed [76].
Distribution of S. japonicum is more widespread in the Visayas compared to Luzon and Mindanao,
where it is more focal [87]. Among endemic provinces, 10 are considered highly endemic (prevalence
>5%), six moderately (1–4.9%), and 12 low or close to elimination levels (<1%) [76]. Prevalence studies
conducted since 2000 indicate infection levels vary based on location. In 2000, Acosta et al. reported a
prevalence of 60% in adolescent and young adults (aged 15–30 years) in three villages in Leyte [181].
In 2005, a cross-sectional survey in Western Samar Province reported a prevalence range of 0.7%
to 47% [182], which is similar to that reported by Ross et al. in 2012 from Northern Samar [96].
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A nationwide prevalence study in 2015 identified infection levels >5% in one province, 1–5% in
12 provinces, and less than 1% in 14 provinces [87]. However, a diagnostic study conducted in 2014 in
Northern Samar compared the prevalence determined using the gold standard KK method against
qPCR results and found a discrepancy of nearly 70% (23% for KK vs. 90% for qPCR) [64], demonstrating
the need for more sensitive diagnostic methods to determine true prevalence.

The Philippines experienced a period of success in controlling schistosomiasis after the launch of
the Philippines Health Development Project (PHDP) in 1991, which was financially backed by a World
Bank loan. The focus shifted to active case finding and mass drug administration with praziquantel;
WASH interventions and snail control were included as additional measures. Drug coverage of the
target population was reported to be 100% during the 1990s [76]. However, the prevalence of S.
japonicum increased after the cessation of the program due to a lack of financial support; inadequate
resources from the government also led to a diminished capacity to control schistosomiasis in the
Philippines compared to P.R. China, where the government has strongly supported control efforts for
over 50 years [17,183,184]. Due to insufficient funds to support the continuation of mass examination
and treatment of at-risk populations, the Department of Health in the Philippines moved to targeting
only high-prevalence endemic areas with mass drug administration [17,183].

In the Philippines, niclosamide has been banned for use in snail control under the Clean Water
Act [17]. So, while mollusciciding has been performed in the past, special exemption would be needed
for future use. A combination of methods employed in Japan was trialed on Bohol Island in the
Philippines, focusing on grass cutting in swamps, followed by mollusciciding. Land reformation from
swamps to rice fields, combined with mass drug administration, was effective in reducing prevalence
to less than 1% [17]. In general, snail control measures successfully used in P.R. China have not been
applicable to the Philippines due to differences in ecology and habitat of the local intermediate host
snails [11]. Historically, environmental modification has been used in the Philippines to decrease
snail habitats [127,185,186]. This rarely occurs now, and the mainstay of control in the Philippines
is preventive chemotherapy with praziquantel [187]; yet, there is low compliance in taking the drug
due to a variety of reasons, such as poor community engagement and fear of adverse events, which
reduces the effectiveness of this intervention [82,188–191]. A cross-sectional survey undertaken in
2015 in Northern Samar, an area with high prevalence of schistosomiasis, reported treatment coverage
of only 27% [28,190].

The success of P.R. China’s efforts since after the launch of the WBLP compared to the Philippines
is largely attributable to the Chinese targeting both human and animals for chemotherapy as opposed to
humans only in the Philippines, which ultimately proved to be far less effective [183]. The Philippines
is currently undertaking measures to address the issue of S. japonicum infection in animals by
strengthening veterinary health teams in priority areas through capacity building and operational
research and moving toward implementation of WASH programs, as outlined during the 17th Meeting
of the Regional Program Review Group on Neglected Tropical Diseases in the Western Pacific (175).
These efforts are laudable and it can be anticipated that WASH will feature more prominently in
the Philippines than in the past [187]. Lessons from early efforts (before the advent and wide use of
praziquantel) to improve sanitation should be considered [82,96].

4.1.4. Indonesia

In contrast to P.R. China and the Philippines, schistosomiasis in Indonesia is endemic in three
comparatively small, isolated highland regions surrounding Lore Lindu National Park in central
Sulawesi. These areas include marshes around Lake Lindu, particularly in the villages of Anca,
Langko, Tomado, and Puro’o; Napu Valley [11] located 30–50 km southeast of Lake Lindu; and
the more recently identified focus of Bada Valley [95]. Although the prevalence of S. japonicum has
fluctuated over the last decade, prevalence tends to be higher in Napu Valley and overall appears to
demonstrate an upward trend. Up to 2005, control efforts had decreased prevalence from 37% to 1% or
less in Napu and Lindu valleys, but in the period from 2008 to 2011, prevalence varied between 0.3%
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and 4.8% in Napu and 0.8% to 3.2% in Lindu [95]. When Badu was first recognized as a new endemic
area in 2008, prevalence was 0.5%, which later increased to 5.9% in 2010 [122].

Schistosomiasis control strategies set by the National Objectives for Health (NOH) directive
for 2011–2016 varied based on the degree of endemicity, but overall took a multifaceted approach.
Control objectives included mass drug administration coverage of 85% of the entire population in high
endemic areas, active selective treatment in moderate endemic areas, and passive selective treatment
in low endemic areas. Preventive chemotherapy has been supplemented with strategies that also
focused on treating domestic animals, snail control, health education, improving water, and sanitation,
and monitoring and evaluation and capacity building [76] in an effort to meet the 2020 elimination
goal set by the Indonesian Ministry of Health [192]. Although Indonesia has made great strides in
reducing the prevalence of schistosomiasis, control and prevention efforts have been inhibited by a
lack of coordination and collaboration between the Ministry of Health and other ministries, as well as
insufficient financial and human resources. The lack of funds dedicated to surveillance and control by
the Ministry of Health may, in part, be due to the limited area and population affected by the disease
or as a result of the decentralized and autonomous government system in Indonesia [193].

4.1.5. Myanmar

Myanmar has been previously thought to be non-endemic for schistosomiasis, although
there have been some historical unconfirmed reports of the presence of both S. japonicum and S.
mekongi [16]. Recent studies have indicated that schistosomiasis has been emerging/re-emerging
around Lake Inlay in central Myanmar [194]. Serological analysis of patient samples between
2012 and 2013 identified a prevalence of 23.8% (n = 315), whereas 302 cases were identified between
2016 and 2018 [16,195]. The WHO has been involved in supporting efforts to diagnose and treat
infections in Myanmar, providing praziquantel, KK thick smear equipment, and urine tests [194].
Recently, molecular diagnostics determined a S. mekongi prevalence of 3.9% (n = 205) in the Bago
Region of Myanmar [196,197].

A recent schistosomiasis outbreak occurred in Rakhine State with >400 confirmed cases and
>800 suspected cases as of August 2018 [143]. Rakhine is the site of unrest due to political strife with
Rohingya refugees and is also one of the poorest in terms of socioeconomic status in Myanmar, with a
high number of households without access to clean water and proper sanitation [198]. This outbreak is
occurring outside the area where schistosomiasis has previously been identified (Figure 1B). A technical
team from the WHO and Myanmar Health and Sports Ministry have been to the area and suggested a
special control team to carry out activities aimed at treating and preventing infection including health
education in schools, diagnostics, treatment, and snail mapping [143]. The schistosome and snail
species responsible for this current outbreak have not yet been identified.

It is not immediately clear from published reports if S. japonicum has been definitively diagnosed
in Myanmar. Until the status of schistosomiasis is further clarified, ideally by molecular methods with
which S. mekongi has already been confirmed, we rely on early reports that suggest both species are
present [196,197].

4.2. S. mekongi

4.2.1. Cambodia

The first case of schistosomiasis occurring in Cambodia was identified in 1968 in Eastern Cambodia
and was seemingly confined to Vietnamese fishermen living in raft houses. Prevalence among children
was higher (14–22%) than in adults (7–10%) [199]. At present, there are an estimated 80,000 people at
risk of infection in Cambodia [142].

Control of schistosomiasis in Cambodia has been impacted by political unrest and upheaval
through the 1970s and 1980s [200]. It was not until 1993 that control programs targeting schistosomiasis
commenced. At the onset of the control program, drug compliance was low due to the treatment not
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being free. Subsequently, mass drug administration was provided free of charge [200]. This approach
has been the mainstay of control in Cambodia for the last 20 years and, in 2016, the schistosome
prevalence determined by the KK thick smear technique was 0%. In addition to preventive
chemotherapy, CL-WASH programs were implemented in endemic villages in 2016. Facilitators were
initially trained in CL-WASH, who then helped lead community-based training when education on
schistosomiasis transmission was provided and linked to sanitation and hygiene habitats. In each
community, CL-WASH teams, composed of volunteers from each community as well as a facilitator,
conducted surveys on village households to determine the provision of sanitation and the level of
malnutrition [201]. Initial surveys found that >60% of households did not have toilets and many
still practiced open defecation. Survey results were mapped and presented to the community
members who discussed how their behaviors led to schistosome infection (and other parasitic worm
and intestinal protozoa infections) and how infection could be prevented with the development
and implementation of CL-WASH plans. These plans included the building and use of latrines in
villages [201]. Elimination was planned for 2017, although this was reliant on more sensitive diagnostic
tools being employed, an increase in sentinel site surveillance, and increased use of CL-WASH in
endemic areas [202].

4.2.2. Thailand

The first case of S. mekongi, described as a S. japonicum-like infection, was reported in 1950 in
Thailand [199]. This ‘patient zero’ was a Thai native and thus it is likely this was an autochthonous
case. Further investigations identified an endemic region and susceptible intermediate host snail in
southern Thailand. In 1964, further cases were identified in northern Thailand. Animals including
water buffalo, cattle, dogs, cats, pigs, and rats were also surveyed in the endemic areas but none were
positive at that time [199]. Thailand is currently in transmission interruption, waiting on investigation
and ratification by the WHO [203].

4.2.3. Lao PDR

Lao PDR followed Thailand in the identification of S. mekongi in 1957 in a patient who had
been living in Paris for nine years, but had spent the first nine years of life in Lao PDR [34,199].
This observation indicated that the adult worms can live for many years. The patient was admitted
with what was thought to be cirrhosis of the liver; a liver biopsy revealed the presence of a S.
japonicum-like egg. It was not until 1966 that a second case was identified in Lao PDR and, in 1969,
an epidemiological survey determined a prevalence of 14.4% (n = 72) on Khong Island. As with
S. japonicum, hepatosplenomegaly was associated with infection [34,199,204]. On Khong Island,
the parasite was first found in animals, specifically in a dog [34].

A study examining the prevalence of a range of parasites in islands of the Mekong in Lao PDR
performed in 2011 determined a prevalence of 22.2% (n = 994) in humans and 14.7% (n = 68) in dogs
for S. mekongi [123]. The infected snail prevalence was very low with 0.01% (n = 29,583) of collected
snails being positive [123]. More recent cases have been identified in returning travelers who visited
these historically endemic areas, including a Belgian visitor to Khong Island in 2013 and a French
woman who was exposed to freshwater habitats in southern Lao PDR [205,206]. These cases indicate
that transmission is ongoing.

Mass drug administration in Lao PDR was first carried out yearly from 1989 to 1998. In the first
year of the program, only selective chemotherapy was practiced but this was expanded in subsequent
years [200]. Before the onset of this preventive chemotherapy-based program, there were an estimated
11,000 cases with a further 60,000 deemed to be at risk of infection. By 1999, the prevalence was
significantly reduced, but after cessation of yearly mass drug administration, the prevalence rebounded
to pre-intervention levels. Hence, mass drug administration was recommenced in 2007 with financial
support from WHO [202]. CL-WASH was implemented in 10 villages in 2016, to be expanded to all
endemic villages by 2020 [202].
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4.2.4. Myanmar

See Section 4.1.5. for Myanmar under S. japonicum.

4.3. S. malayensis

Malaysia

Schistosomiasis resembling S. japonicum was first identified in Malaysia in 1973 during an
autopsy [199]. Previous schistosome infections identified in Malaysia were S. japonicum in foreign
nationals from P.R. China and Singapore [207]. A review of autopsy materials between 1967 and
1975 uncovered a further nine cases of S. japonicum-malaysia (later classified as S. malayensis in
1988) [199,207]. No animal infections, snail hosts, or new human cases in the areas that the infected
deceased came from could be identified [199]. The strain that caused schistosomiasis in these cases
was thought to be different from the Mekong schistosome [199], and likely represents the first case of
S. malayensis.

Until 1978, all cases of S. malayensis were identified in patients who were deceased with
schistosomiasis identified in autopsies, although not as the reported cause of death [207,208].
In general, cases of S. malayensis have been aboriginal Malaysians (Orang Asli) living in rural
areas and patients were either previously or concurrently co-infected with other infectious diseases.
The first case identified in a living patient occurred in Selangor State and the patient presented with
hepatosplenomegaly [207,208].

In the meantime, S. malayensis has only been recorded sporadically in humans, with few recent
accounts of infected individuals. The most recent identification of infection in humans was reported in
a pathology report of an individual in 2011 [209]. In this case, histology slides of the liver identified liver
granulomas, although schistosomiasis had not been diagnosed prior to the death of the patient [209].

5. Concluding Remarks

Multi-component, intersectoral, and integrated control approaches provide a promising path
forward for the elimination of schistosomiasis in Asia. Behavioral changes that prevent infection, such
as avoiding the practice of open defecation and contact of open freshwater bodies in endemic areas,
are necessary. However, without accompanying infrastructure, such as toilets provided in WASH
programs, these behaviors will continue. Combined with chemotherapy of both humans and reservoir
hosts (e.g., water buffalo), snail control, animal vaccination, health education, and WASH targeting
multiple points in the schistosome life cycle will significantly impact the prevalence and re-infection
of schistosomiasis. The success achieved in P.R. China in schistosomiasis control and elimination
is due to the commitment and support of the Chinese government, including the removal of water
buffalo—a major reservoir host in P.R. China—from endemic areas, thus effectively removing them
from the transmission cycle. Without such governmental support, sustaining control programs is
difficult, particularly those that include more than preventive chemotherapy and require considerable
resources to implement, such as required for CL-WASH. There is a niche role for health education
that is missing from many schistosomiasis control programs, as knowledge remains limited about the
parasite and which behaviors lead to infection in endemic populations.

Limited data are available on prevalence for S. mekongi, particularly for S. malayensis, the number
of human cases, and the role played by animal reservoirs in transmission. Thus, assessing the true
importance of schistosomiasis in the countries where these two schistosome species are endemic
is difficult.

The true S. japonicum prevalence is conceivably underestimated, both in P.R. China and the
Philippines, due to the lack of sensitive diagnostics used in control programs. While P.R. China closes
in on elimination targets, the use of sensitive diagnostics will be important to determine whether
elimination has indeed occurred and to prevent re-bounding infections after treatment and the cessation
of the control program. A recent study in P.R. China found a human prevalence <1% by the MHT
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but 11% by qPCR [63]. Although the majority of the cases detected by qPCR were light-intensity
infections, they do present a significant number of individuals who were not identified by widely used
diagnostic methods, and who could contribute to resurgence after interventions cease. Limited case
finding and prevalence studies have been performed in either country by their national control
programs. Another limitation is the lack of snail prevalence surveys performed in many of the
schistosome-endemic countries.

Future challenges for schistosomiasis control and elimination include climate change and the
potential spread of the disease to new areas [141,210–212]. Europe has, for example, seen a return
of autochthonous schistosomiasis cases, although this may initially be due to human migration
from endemic areas [213]. Increases in temperature due to climate change will shift the tropical
zone, the band in which schistosomiasis currently occurs. In P.R. China, this may lead to a shift in
endemic areas further North in the country as the climate changes, and with the implementation of the
SNWD project.
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Abstract: The areas endemic for schistosomiasis in the Lao People’s Democratic Republic and in
Cambodia were first reported 50 and 60 years ago, respectively. However, the causative parasite
Schistosoma mekongi was not recognized as a separate species until 1978. The infection is distributed
along a limited part of the Mekong River, regulated by the focal distribution of the intermediate
snail host Neotricula aperta. Although more sensitive diagnostics imply a higher figure, the current
use of stool examinations suggests that only about 1500 people are presently infected. This
well-characterized setting should offer an exemplary potential for the elimination of the disease from
its endemic areas; yet, the local topography, reservoir animals, and a dearth of safe water sources
make transmission control a challenge. Control activities based on mass drug administration resulted
in strong advances, and prevalence was reduced to less than 5% according to stool microscopy. Even
so, transmission continues unabated, and the true number of infected people could be as much as
10 times higher than reported. On-going control activities are discussed together with plans for
the future.

Keywords: Schistosoma mekongi; Neotricula aperta; snail; Cambodia; Lao PDR; elimination

1. Historical Background

The parasitic, trematode genus Schistosoma puts more than 800 million people in the world’s
tropical areas at risk, infecting a third of them [1,2]. Six different species of Schistosoma can infect
humans, each depending on a specific snail species acting as intermediate host. The various endemic
areas for the three main schistosome species have long been well-known, with basically S. mansoni in
Africa and Latin America, S. haematobium in Africa, and S. japonicum in China and The Philippines
(formerly also in Japan).
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The adult schistosomes are miniscule worms with a preference for abdominal capillaries of the
definitive human host, where they release a large number of eggs. These are excreted with either
urine or feces (which route depends on the schistosome species) and infect the intermediate snail host,
which releases many cercariae—a later developmental stage—into the water. The parasite’s life cycle
is completed when the definitive human host comes into contact with water containing schistosome
cercariae that can penetrate the human skin. However, large numbers of parasite eggs fail to be
excreted and, instead, cause microscopic lesions due to the host immune reactions in various organs,
most often the liver. Generally, this leads to a chronic disease with comparatively low direct mortality.
Schistosomiasis as a whole constitutes one of the neglected tropical diseases (NTDs) selected for
elimination by the World Health Organization (WHO). Owing to the limited geographical distribution
of Schistosoma mekongi to endemic areas in Cambodia and the Lao People’s Democratic Republic
(Lao PDR), strategies aiming at its elimination and eventual eradication can be implemented more
effectively than for other, more widespread species.

Before effective chemotherapy became available in the late 1970s, the cornerstone for
schistosomiasis control was broad-spectrum molluscicides directed at the intermediate snail host.
However, when the drug praziquantel was introduced [3] and started to be used (at 40 mg/kg) for
mass drug administration (MDA), it soon replaced most other control activities thanks to safety, high
efficacy against the adult parasite worm, and easy administration [1,4]. Praziquantel changed the focus
from infection prevention to morbidity reduction, reflected in a decline of the disability-adjusted life
years (DALYs) metric for schistosomiasis [5,6]. This decline has, however, been contended since minor,
so-called subtle morbidities are not considered by the DALY [5,6].

After schistosomiasis had been discovered in the Mekong River Basin (MRB), first in Lao
PDR in 1957 [7] and 10 years later (1968) in Cambodia [8], biological research conducted in the
1970s demonstrated that the eggs from the MRB schistosomes were morphologically different from
S. japonicum [8]. Furthermore, the former species had a different intermediate snail host [9,10] that could
not infect water buffaloes [8] but was found in dogs [11]. By 1978, it became clear that the parasite was
sufficiently different from S. japonicum to be named a separate species, S. mekongi [12]. Schistosomiasis
mekongi is only found in specific areas along the MRB as it transverses Lao PDR and Cambodia. Due
to the specific environmental variables required by its intermediate host snail, Neotricula aperta [9,10,13],
transmission of S. mekongi is highly focal [14,15]. Compared to other schistosome species, the endemic
areas for this kind of schistosomiasis are very limited, and the population at risk is unusually small,
comprising only an estimated 150,000 people [14]. However, infection and re-infection sustain the
disease, particularly in children, due to their high level of water contact [16,17]. Reservoir hosts, also
play a role in maintaining the infection in the environment, although their diversity is not as broad as
that seen with S. japonicum.

This paper reviews the work carried out after the rediscovery of the S. mekongi foci in the early
1990s in Lao PDR and Cambodia. We start with the historical background and continue by summarizing
early control activities in each country. Subsequently, we list the achievements and elaborate on the
organizational set-up, highlighting most relevant operational research activities. This review also
features the more recent switch from morbidity control to elimination, followed by a discussion of the
steps to achieve and the challenges involved.

1.1. Lao PDR

The first schistosomiasis mekongi case was diagnosed in Saint Joseph Hospital in Paris in 1957 [7],
where an 18-year old Laotian patient was hospitalized, following an episode of severe hematemesis.
The patient had advanced hepatosplenic pathology, and the infection was eventually traced back to
his first years of life spent on Khong Island, Champasack Province, Lao PDR. Later on, a scientific
paper reported on several other schistosomiasis patients originating from the same area [18]. In 1967,
a WHO mission was sent to Champasack confirming the infection risk and identifying a transmission
focus [19]. High village prevalence rates of schistosomiasis (up to 60%) were observed in certain
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districts, such as Khong and Mounlapamok in Champasack Province. Severe hepato-biliary morbidity
associated with S. mekongi infection was frequently seen at the local health facilities. However, further
follow-up studies could not be done at this point in time due to war and civil unrest in the 1970s and
1980s. In 1989, the Ministry of Health (MoH) initiated its first chemotherapy-based intervention with
support from WHO in all of the endemic communities in Khong and Mounlapamok [14]. It was found
that one third of all children tested were positive for S. mekongi, leading to the recommendation to
implement health information, education, and communication (IEC) in addition to chemotherapy. This
type of intervention was performed annually until 1995 and subsequently continued up to 1999 with
support from the German Pharma Health Fund. After several annual MDA rounds with praziquantel,
the prevalence of schistosomiasis in sentinel villages was as low as 2% [20].

1.2. Cambodia

In the late 1960s, schistosomiasis patients also started to be diagnosed at Phnom Penh’s Calmette
Hospital in Cambodia [21,22]. All those patients originated from Kratié Province where the presence
of a transmission focus was confirmed in primary surveys [23,24]. An extended survey, including the
examination of 3, 767 primary school-children in villages along the Mekong River from Strung Treng,
towards the Vietnamese border, discovered variable rates of infection with the highest infection (~34%)
in Kratié Province, notably lower rates in Stung Treng Province (4%) and no infections in the provinces
further downstream [19]. However, intradermal sensitivity tests against S. japonicum antigen were
positive in some children (<10%) from some downstream villages, and some exposure to the parasite
was documented [19].

Early observations on Khong Island in Lao PDR confirmed severe clinical manifestations of the
infection [25], such as portal hypertension with dilated superficial abdominal veins or advanced
ascites and/or hepatomegaly and/or splenomegaly. Adolescents and young adults were the most
heavily affected. Infection rates of 60% and higher were diagnosed with co-infections with Opisthorchis
viverrini (64%) and hookworm (44%) being very common. However, no mortality was reported [25,26].
In Cambodia, the dramatic, historical events (Cambodian Civil War) that gained momentum in the
late 1960s, deterred further studies. Schistosomiasis was only brought back into the national health
agenda in 1992, when the non-governmental organization (NGO) ‘Action Internationale Contre la
Faim’ diagnosed marked hepato-splenomegaly in 50% of 120 schoolchildren from Ampil Tuk, a village
in Kratié Province [16].

When large-scale monitoring in 1994 resulted in the diagnosis of many severe cases in 20 villages
in Kratié Province, the enormity of the schistosomiasis problem in the country became fully
recognized [17]. A pilot schistosomiasis control program, mainly based on MDA and IEC, was
started in 1995 in Kratié Province [15]. Two years later, the program was scaled up to include all
endemic districts in the two hardest hit provinces, Kratié and Stung Treng, bringing the total number
of villages to 114 (56 in Kratié and 58 in Stung Treng) with an estimate of 80,000 people at risk [20].
During 1994–1995, several surveys in accessible villages along the Mekong River in Kratié Province
showed infection rates between 1% and 68% [17]. Based on the initial epidemiological observations, the
Cambodian MoH and the health authorities in Kratié Province, in collaboration with “Médecins sans
Frontières”, initiated a rehabilitation program at Kratié provincial hospital and the district hospital of
Sambo, with integrated community-based and hospital-based schistosomiasis control [15]. In 1996,
Hatz et al. [20,27] conducted the first ultrasound profiling of S. mekongi infection in the Stung Treng
Province in Cambodia, detecting pathological changes in 84% of the 299 participants with periportal
thickening in 16% and parenchymal changes in 9% of those investigated.
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2. From Morbidity Control to Elimination

2.1. Lao PDR

The first National Policy and Strategy for Control of Helminth Infections was developed and
endorsed by the MoH in 2009 [28]. It served as a backbone for the helminth control program,
targeting four groups of helminth diseases with public health significance, i.e., lymphatic filariasis
(LF), soil-transmitted helminthiasis (STH), food-borne trematodiasis, and schistosomiasis.

2.1.1. Policy, Commitment, and Interdisciplinarity

In 2015, the National Policy and Strategy for Control of Helminth Infections was revised and
extended to cover all NTDs with public health significance in Lao PDR, such as leprosy. Following the
Policy and Strategy directives, the National Committee for NTD control was established. It included
members from the MoH, such as the Department of Communicable Disease Control (CDC), the Lao
Tropical and Public Health Institute (Lao TPHI), the National Centre of Malariology, Parasitology
and Entomology (CMPE), National Centre for Environmental Health and Water Supply as well as
representatives from other administrative authorities, such as the Ministry of Education and Sports,
the Ministry of Agriculture and Forestry and the Ministry of Transport and Construction. Chaired by
the Deputy Minister of Health, this committee guides, monitors, advocates, and authorizes all NTD
control activities in Lao PDR including the MoH budget. It also comprises all activities regarding
schistosomiasis control. Its status was updated and its list of members renewed in 2018.

A specific national schistosomiasis elimination action plan for the period 2016–2020 has been
developed as a guidance for the National Control Program. This plan is supported by a Technical
Taskforce at the central, provincial and district levels, and the taskforce members are experts from the
ministries, which are already involved by the National Committee for NTD Control.

2.1.2. Activities after the Millennium Shift

With MDA and IEC discontinued after 1999 due to waning financial support, S. mekongi infection
prevalence started—unsurprisingly—to rapidly increase. In 2003, a survey was conducted by the MoH,
with support from WHO, using the Kato-Katz technique based on a single stool sample. It revealed an
overall infection prevalence of 11.0% across the 64 endemic communities in Khong District, varying
from 0% to 47.2%. The average infection prevalence in Mounlapamok District was 0.7%, only reaching
higher levels (3.5%) in the most highly infected village, and with a majority of villages still completely
negative (Figure 1). This re-emergence was later confirmed by a joint Lao–Swiss research project
conducted by the Lao TPHI in the period 2005–2006. It showed a S. mekongi infection prevalence of
68% and 4% in Khong and Mounlapamok, respectively [29]. These rebounding prevalence rates in the
two endemic districts brought infection rates up to the levels common before control was initiated
in 1989.

In 2007, the Lao MoH, in collaboration with WHO and other partners, re-established a second
chemotherapy-based intervention scheme with the aim to eliminate schistosomiasis as a public health
problem by bringing infection intensities below 1% in all areas, using seven specifically defined
sentinel villages to monitor the intervention success (MoH, Technical Report on schistosomiasis
control program, unpublished). To achieve this goal, WHO recommended maintaining the annual
MDA with praziquantel covering at least 75% of each community treated. The high-risk population,
namely school-aged children and adults, i.e., people of ages from 5 to 60 years old, were targeted. They
conducted ten rounds of MDA, with an average coverage of >80%, which brought the prevalence down
to less than 10% in 2016 at all the sentinel sites, with no cases of high-intensity infection (>400 eggs
per gram) detected (Figure 2) [30]. In 2017, the infection prevalence was less than 3%, with only 0.1%
of them being high-intensity infections. In 2018, less than 6% of villagers at most sentinel sites were
infected, with an overall prevalence of 3.2%. No patient with high-intensity infection was diagnosed
(Figure 3). In addition, spot-checks were conducted in 20 randomly selected villages with a total of 3,
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533 study participants. In 2017, and thus far in 2018, the average infection prevalence reached only
0.7%. No high-intensity infection was diagnosed [31], but continued MDA in the future is planned.
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Figure 1. Prevalence of schistosomiasis in Khong (top) and Mounlapamok (bottom), detected by an
approach based on a single Kato-Katz smear within the MoH and World Health Organization (WHO)
survey in 2003.

With regard to investigating if transmission involving reservoir hosts could become a problem
for elimination of schistosomiasis mekongi, Strandgaard et al. [32] conducted a survey focused on
domestic pigs in the Khong District. Working with a total number of 98 pigs, detection of S. mekongi
eggs in the liver, intestines, and stools of 12 (12.2%) of them confirmed this animal as a possible
definitive host.
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Figure 2. Mass drug administration (MDA) coverage at the S. mekongi endemic communities in Lao
PDR in the period 2006–2017.
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Figure 3. Schistosoma mekongi infection prevalence at the seven sentinel sites in the districts Khong and
Mounlapamok in the period 2016–2018.

2.2. Cambodia

In collaboration with the MoH National Center for Parasitology, Entomology and Malaria Control
(CNM) in Phnom Penh, researchers from Dokkyo Medical University, Mibu, Tochigi, Japan have been
conducting epidemiological surveys in Cambodia since 1997. The aim was to elucidate the status of
schistosomiasis due to S. mekongi [14]. Figure 4 shows the results of a seroepidemiological survey
conducted in 1997 and 1998, using the enzyme-linked immunosorbent assay (ELISA) with S. japonicum
soluble egg antigen (SEA) according to Matsuda et al. [33]. The results were consistent with the
stool examinations with regard to the distribution of the infection among the endemic villages [14].
However, egg-positive rates exceeding 50% and ELISA-positive rates higher than 90% were recorded
in some villages in the northern part of Kratié Province, while ELISA-positive rates of less than 30%
were recorded in some villages in the southern part of the area [14]. None of these parts of Kratié
Province had been targeted by surveillance prior to 1997; consequently, no stool examinations had
been performed there in the period 1994–1995.
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Figure 4. Comparison of results of stool examination and ELISA conducted in villages along the
Mekong River in the Kratié Province [14]. Positive ratios (%) are represented by the numbers in
the bar charts. (a) Prevalence of schistosomiasis mekongi, as determined by stool examination
during 1994–1995 [17], and (b) prevalence of schistosomiasis mekongi, as determined by ELISA
using S. japonicum soluble egg antigen (SEA) in the period 1997–1998 [14].

Serology surveys were part of the diagnostic approach, owing to their usefulness for the detection
of schistosomiasis risk by village, particularly in low-endemic foci. Since 2003, ELISAs specific
for S. mekongi were applied, relying on a technique using sodium metaperiodate (SMP) to reduce
non-specific cross-reactions via oxidization of polysaccharide residues in the antigen molecules [34].
Ultrasound, a technique showing severe pathological changes in the liver that are often irreversible,
was carried out using portable devices. However, this kind of examination can only be used for
personal examination as well as for regional risk monitoring and historical evaluation [35]. Such
examinations were conducted in 2003 to compare morbidity due to S. mekongi infection in villages in
Kratié Province characterized by high and low endemicity [36].

Stool examinations were carried out using the Kato-Katz technique [37]. The SMP–ELISA
technique was used for surveys in sentinel villages designated by the National Schistosomiasis
Control Program (in Achen, Char Thnaol, Srae Kheun and Sambok in Kratié Province as well as
several additional spot-check sites). As shown in Figure 5, ELISA-positive rates in sentinel villages
and at two additional sites (Roka Kandal and Sambour) dramatically decreased to below 20%, while
ELISA-positive rates remained high (>50%) at two spot-check sites (Kampong Krabei and Kbal Chuor).

94



Trop. Med. Infect. Dis. 2019, 4, 30

Figure 5. Changes in specific antibody rates in villages in the Kratié Province, Cambodia, during the
period 1997–2012. Legend: *Sentinel villages for monitoring, as designated by the National Center
for Parasitology, Entomology and Malaria Control (CNM). Black line: high-risk villages (≥50%); grey
line: Moderate-risk villages (≥10% and <50%); white line: low-risk village (<10%) SMP–ELISA using
S. mekongi SEA.

Applying ultrasound examination, dilatation of the portal vein was detected in 139 of
366 participants (38%) in a high-endemic village group and in 10 of the 117 participants (1.2%)
in low-endemic villages. The characteristic ultrasound pattern of septum formation in the liver
parenchyma producing the fish scale pattern noted in S. japonicum infection, was not observed in
S. mekongi infections. However, in the 1990s, splenomegaly due to S. mekongi infection was reported to
be more severe than that due to S. japonicum infection [38,39].

Various animals have been suspected to act as reservoir infection sources. While pigs have been
experimentally shown to be possible natural reservoirs of S. mekongi in Lao PDR [32], this finding
could only be confirmed for dogs in Cambodia. Natural schistosome infection in dogs in Cambodia
was first reported by Matsumoto et al. in 2002 [40]. Schistosome eggs were detected in 1 of the 28
canine stool samples (3.6%) collected from Kbal Chuor village in Kratié Province in 2000 [40]. During
a more recent survey in 2010, 15 and 17 canine stool samples were collected from two villages, Kbal
Chuor and Kampong Krabei, in Kratié Province; S. mekongi eggs were detected in 2 (13.3%) and 1
(5.9%) of the samples from these villages, respectively.

Hisakane et al. [41] constructed a mathematical model for S. mekongi transmission in Cambodia,
according to which dogs were considered definitive hosts in addition to humans. The simulations
indicated that biannual universal and/or targeted treatment could reduce the prevalence to below 5%,
within 8 years, based on 85% coverage of the residents [41]. Natural S. mekongi infections were not
detected in cats, pigs, cows, water buffalos, horses or rats in Cambodia [40]. Rodents have been shown
to be susceptible to S. mekongi by experimental infection; however, no natural infections have been
detected to date. In 2016, ten S. mekongi infected N. aperta were found in 4840 corrected mollusks (0.2%).

A national task force for the control of STH, schistosomiasis and LF was set up in 2003. The
members of the committee were representatives of different departments, ministries, and NGOs.
Each department, institution and ministry involved has the responsibility to contribute to specific
control/elimination activities. While CNM is responsible for developing the control/elimination
strategies of NTDs, including S. mekongi, the Department of School Health of the Ministry of Education,
Youth and Sports manages health education and support of water, sanitation and hygiene (WASH)
approach in schools, the Department of Rural Health of the Ministry of Rural Development (MRD) is
in charge of WASH in the communities, and WHO and the United Nations Children’s Fund (UNICEF)
offer technical and financial support. In 2004, the first National Policy and Guidelines for Helminth
Control in Cambodia was established and adopted by the National Task Force for the Control of STH,
schistosomiasis and LF [39].
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3. Achievements

3.1. Lao PDR

The move from control to elimination is a challenge and recent experience suggests that
interruption of MDA without adequate sanitary improvements, would within a few years
lead to the parasite reclaiming its previous high endemicity. With this in mind, the MoH
has started community-led initiatives to eliminate schistosomiasis by combining MDA with
schistosomiasis-adapted Water, Sanitation and Hygiene (WASH) interventions (CL-SWASH) in
two pilot villages in 2015, with technical support from WHO and other partners [31,42–44].
CL-SWASH integrates various ongoing MoH components of parasitic infection control with the
aim to expand development of Water Safety Plans –a multi-risk management approach ranging from
community participation to nationwide activities. Communities will be empowered to self-assess
their environmental health risk situation, particularly in relation to schistosomiasis transmission,
for instance, by interrupting transmission by eliminating open defecation. CL-SWASH continues to
expand and had completed activities in 24 villages by the end of 2018, as well as outlined a plan to
cover all 202 endemic villages by 2025. In addition, the MoH national action plan for elimination of
schistosomiasis reflects the recommendation by the ‘Expert Consultation to Accelerate Elimination of
Asian Schistosomiasis’ conducted in Shanghai, China under the auspices of the WHO Regional Office
for the Western Pacific (WPRO) in May 2017 [45]. The main conclusion was to shift activities from
the current chemotherapy-only intervention to an integrated One-Health strategy, aiming to interrupt
transmission by 2025 and to achieve certified elimination by 2030 [46].

3.2. Cambodia

Since 1995, the MDA together with the IEC campaigns have been conducted annually in the
two provinces endemic for S. mekongi. In Kratié Province, four sentinel villages were followed-up
annually. Figure 6 shows the rapid decrease in the prevalence of S. mekongi infection from 1995 to 2018.
The S. mekongi prevalence at four sentinel surveillance sites in Kratié Province dropped dramatically
from 70% in 1995 to less than 1% in 2018. According to the CNM annual reports no new patients
with S. mekongi infection were diagnosed in these villages over the last few years, demonstrating the
positive impact of the intervention.

Figure 6. S. mekongi prevalence distribution in four sentinel site villages of Kratié, Cambodia 1995–2018.
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In 2016, an external evaluation of schistosomiasis control in Cambodia was led by WHO and based
on the formalin-detergent diagnostic method [47] proven to have higher sensitivity than the standard
Kato-Katz method [37]. The evaluation demonstrated absence of high-intensity infections, both at the
sentinel sites and the two additional spot-check sites [48]. Based on this finding, it was concluded that
annual rounds of MDA, targeting the entire at-risk population above 5 years of age would be sufficient
to achieve elimination of schistosomiasis as a public health problem defined as <1% prevalence of
high-intensity infection. This success encouraged the MoH to shift gear from disease control to
elimination in alignment with the recommendation of the 2017 WHO Expert Consultation [45]. In 2018,
the National Strategic Plan for Elimination of Schistosomiasis (2019–2023) was developed after holding
a national consultation workshop with all relevant stakeholders at the national and provincial levels,
with input from MoH, MRD, Ministry of Agriculture, Forestry and Fishery, and the Ministry of
Education, Youth and Sports. The aim is to interrupt transmission of schistosomiasis by 2025 and
validate elimination of schistosomiasis by 2030. Three main elimination strategies were adopted:

1. Universal access to the One-Health intervention package consisting of preventive chemotherapy,
CL-SWASH, and treatment of the animal reservoirs;

2. Strengthening community members’ health literacy to prevent reinfection and interrupt
transmission through a sustained change of sanitation and hygiene behaviour empowering
people to act as drivers of schistosomiasis elimination; and

3. Adoption of effective and sustained active and passive surveillance of schistosomiasis in human
and reservoirs hosts.

4. Next Steps and Challenges

The prevalence information in Lao PDR and Cambodia discussed here, is based on stool
examination by the Kato-Katz technique [49], often based on a single stool sample, which implies that
the real prevalence could be considerably higher than that presented. While the use of the Kato-Katz
technique is acceptable in areas characterized by high-intensity of infection, the recent reduction of
S. mekongi intensity of infection, following regular MDA with praziquantel, requires a rapid switch to
more sensitive diagnostic techniques [49].

The polymerase chain reaction (PCR) and the loop-mediated isothermal amplification (LAMP)
are highly sensitive and specific diagnostic assays that have been validated for schistosomiasis
diagnosis [50,51]. The LAMP technique holds the advantage of being applicable in field laboratories,
where it has been used to detect Schistosoma in the snail host [52,53], an application that should be
useful for monitoring transmission. Detecting circulating schistosome antigens (cathodic circulating
antigen, CCA or anodic circulating antigen, CAA) in sera from infected humans [54] represents a
different approach. An added benefit is that these antigens pass from the blood circulation into
the urine, allowing the testing of urine samples rather than blood [54], which should make people
more receptive to the recurrent testing that will be needed in the future. A commercial point-of-care
(POC-CCA) test for S. mansoni has delivered excellent results in Africa [55,56], identifying three to four
times more infected individuals compared to the Kato-Katz technique [56]. When POC-CCA and a
CAA test were compared with the Kato-Katz stool examination in Lao PDR and Cambodia, the two
former assays showed 3- and 6-times better sensitivity, respectively [57]. However, cross-reactivity
with other intestinal trematode infections, such as O. viverrini, cannot be ruled out, necessitating
extended evaluations. Thus, before these tests can become standard assays in control programs, more
experience with them are needed. Efforts in this direction are on-going.

The national helminth control programs in Cambodia and Lao PDR implement schistosomiasis
control activities independently; however, the two teams regularly visit each other to gain insights into
the operational activities and implementation of each program. This is important for sustaining the
goals set, and needs now to be complemented by a database encompassing the entire area endemic
for S. mekongi, distributed to these two countries. The preliminary database, established in Lao PDR
to keep track of ongoing control activities and impact measures implemented, has proven useful by
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contributing to the adoption of standardized measures of infection and morbidity. An online database
accessible by all stakeholders would be instrumental for exchange of surveillance data and rapid
response action when needed, substantially facilitating the work towards elimination of S. mekongi
infections. Once a S. mekongi database has been established, the information can be leveraged by
bundling the data together with cartographic records and remotely sensed data from earth-observing
satellites, displaying the information in a geographical information system (GIS) [58,59]. Thanks to the
growing accessibility to the Internet and global positioning systems, relevant data can be collected
from satellite sensors and analyzed in field settings, or other resource-poor environments, by laptop
computers, and even mobile phones.

The multi-sectoral control approach, initiated in pilot villages in both countries, has thus far
demonstrated both feasibility and suitability. Nonetheless, scaling up this kind of intervention is a
challenge that will require substantial efforts when enlarging activities to cover communities and
higher levels. Each endemic village initially requires six provincial-level officials from the different
administrative sectors, involved to spend three working days initiating the activities needed. Later
all enrolled villages receive follow-up visits to consolidate the various activities started. However,
the resources needed, particularly with reference to trained personnel, to implement multi-sectoral
activities in all villages endemic for schistosomiasis (114 in Cambodia and 202 in Lao PDR) are
currently not available. This notwithstanding, the local health services must become more adapted
to surveillance-and-response systems [60]. Today, these services do not have a defined role, neither
with respect to diagnosis nor to treatment delivery. Strengthening of the health system has been
recognized to be essential for the long-term success of control. Consequently, defining the role of
curative and preventive health services in the surveillance and response, and diagnoses and treatment
of S. mekongi and improving these services accordingly will be indispensable for successful control and
future elimination.

In the absence of a schistosomiasis vaccine or alternative drugs, praziquantel has now been
used as the mainstay for control, wherever possible complemented by WASH or CL-SWASH. Today,
praziquantel treatment through annual MDA is assured as the MoHs in Cambodia and Lao PDR
both make substantial efforts to maintain the annual treatment rounds. However, the move towards
elimination planned will require transmission control, something which is more difficult in areas
endemic for S. mekongi than anywhere else. Even if sufficiently sensitive snail diagnostics exist, the
collection of specimens for testing is a challenge as the average shell length of N. aperta is less than
3 mm [60]. Further, the snails are restricted to shallow areas with water moving fast over wood or
stone surfaces. As such conditions only exist during the dry season, the snails mostly originate from
eggs laid the previous year [61]. Thus, every year provides new snail populations and they can only
be found during a few months in the first half of the year. Transmission control should also involve
reservoir host such as dogs and other domestic animals found susceptible for S. mekongi infection.
The most expedient way of checking these would be serology, even if antibody titers will be less
significant than direct tests of circulating or excreted schistosome antigens.

5. Conclusions

Despite the geographically fragmented environment along the Mekong River in Cambodia and
Lao PDR, it should be feasible to achieve elimination of S. mekongi owing to the confinement of this
parasite to extremely restricted areas. In fact, S. mekongi has the smallest distribution of any of the
schistosome species. However, elimination has proved more difficult than initially thought. Despite
strong progress in a large part of the endemic area, thanks to the MDA with praziquantel and the
initiation of the multi-sectoral control approach, elimination remains a distant goal. What is needed for
improved control are (i) scaling-up of the multi-sectoral control approach; (ii) application of a common
database; and (iii), in the longer perspective, local health services to a surveillance-and-response
system. A more thorough study of which animals can act as definitive hosts, would also be useful.
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These moves, however, will only be bear fruit if a reliable representation of S. mekongi
prevalence and intensity of infection can be ensured, something that is clearly attainable through the
implementation of more sensitive diagnostics, supported by remotely sensed data and GIS technology.
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Abstract: Schistosomiasis elimination status in the Caribbean is reviewed with information on
historical disease background, attempts to control it and current situation for each locality in the
region where transmission has been eliminated (Sint Maarten, Saint Kitts, Vieques), eliminated but
not yet verified (Puerto Rico, Dominican Republic, Antigua, Montserrat, Guadeloupe, Martinique)
and still ongoing (Saint Lucia, Suriname). Integrated control initiatives based on selective and mass
treatment and snail control using environmental, chemical and biological methods along with public
service improvements (housing, safe water, sanitation) and changes in demography (urbanization)
and economy (change from sugarcane and banana production to tourism) have resulted in reduction
in the burden of schistosomiasis over the past century. Introduction of Biomphalaria-competitor snails
into the region as a cost-effective, low maintenance control method appears to have had the most
sustainable impact on transmission reduction. A regional inventory of B. glabrata, other Biomphalaria
species and Biomphalaria-competitor snails as well as investigation of possible animal reservoir hosts
in persisting endemic areas would be helpful for control. Elimination of schistosomiasis appears
achievable in the Caribbean. However, a regional surveillance and monitoring program is needed to
verify elimination in the various localities and identify and monitor areas still endemic or at risk.

Keywords: Schistosomiasis mansoni; Caribbean; elimination; snail control; Biomphalaria glabrata

1. Introduction

Schistosoma mansoni is the only human-infecting schistosome species that occurs in the Caribbean
countries and territories (For the purposes of this article the Caribbean region is considered as all the
islands in the Caribbean Sea and those adjoining mainland areas which are politically, historically
and culturally associated with the islands (i.e., Belize, Guyana, Suriname, French Guiana) and is
thus composed of sovereign states, overseas departments, and dependencies.). The first indication
that S. mansoni was present in the Caribbean occurred in 1902 when Sir Patrick Manson published a
case report [1] regarding the discovery of lateral-spined schistosome ova in the feces of a 38-year-old
Caucasian Englishman who had been living in the Caribbean for 15 years at the time of his examination
in England. The man had suffered chronic lower back pain and severe headaches over a period of
5 years, which at times had totally incapacitated him, as well as a history of multiple bouts of malaria.
He was found to be anemic with eosinophilia and positive for intestinal schistosomiasis. The patient
had never been to Africa, only having been in the British and Caribbean Isles during his lifetime. From
1887–1902 the patient had lived in Antigua, Anguilla and St Kitts, paid multiple visits to Nevis and
Montserrat and also travelled to St Thomas and Barbados, thus it is difficult to pinpoint the exact
island where he had been exposed to schistosomiasis. This first case report from the Caribbean was
followed in 1904 by diagnosis of intestinal schistosomiasis in two young boys from the Mayagüez
region of Puerto Rico who were found by Doctor I G Martínez to have lateral-spined schistosome ova
in their feces [2].
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Since the beginning of the 20th century schistosomiasis mansoni has been found endemic in
several countries and territories in the Caribbean region, its discontinuous geographic distribution
determined to a great extent by the occurrence of its intermediate hosts, freshwater snails of the genus
Biomphalaria (Preston, 1910) [3]. Phylogenetic studies, supported by the fossil record, suggest that
Biomphalaria actually originated in the Americas and secondarily colonized Africa within the past
5 million years [4]. Conversely, based on molecular evidence schistosomiasis mansoni in the Americas
is considered to have come most likely from West Africa via the slave trade between the 17th to 19th
centuries enabling transmission to the Biomphalaria snails present and establishing the life cycle of the
parasite in the Caribbean and South America [5]. The significance of schistosomiasis mansoni as a
zoonosis and the possible role of wild animals maintaining transmission in the Caribbean remains to
be clarified with monkeys and rodents found with patent infections in various locations in the region
during the past century [6–8].

An overview of the localities with a history of being endemic for schistosomiasis mansoni is
provided in Figure 1. Two countries in the Caribbean region, Saint Lucia and Suriname, are still
considered endemic for schistosomiasis with possible residual transmission whereas six additional
countries and territories of Antigua and Barbuda, Guadeloupe, Martinique, Montserrat, Puerto Rico
and Dominican Republic have likely eliminated transmission, but their status needs to be verified
by compiling an elimination dossier and/or conducting epidemiological surveys based on WHO
recommendations [9]. There are a few islands where schistosomiasis was endemic that became free
of the parasite through cessation of transmission. Schistosomiasis cases ceased being detected on the
island of Saint Martin/Sint Maarten from 1929 onwards with surveys published in 1980 indicating the
absence of snail habitats on the island [3,10]. St Kitts was highly endemic in the early 1900s with more
than 25% of the population estimated to be infected in 1932 but by 1959 onwards schistosomiasis was
no longer considered a public health problem [11,12]. Schistosomiasis mansoni was eliminated from
the small island of Vieques near Puerto Rico in 1962 [13]. Caribbean localities without a history of
schistosomiasis include Anguilla, St Barthélemy, Saba, Sint Eustatius, Nevis, Dominica, St Vincent and
the Grenadines, Grenada, Barbados, Tobago and Trinidad, Aruba, Bonaire, Curaçao and the British
and U.S. Virgin Islands in the Lesser Antilles as well as the Greater Antillean countries/territories
of Jamaica, Cuba, Cayman Islands and Haiti, nor in Belize, Guyana or French Guiana which are also
included in the Caribbean region [3,14].

Transmission of schistosomiasis in the Caribbean was enhanced through agricultural production,
whereby irrigation and drainage systems developed for production of sugarcane, bananas and rice
resulted in expansion of habitats for Biomphalaria snails and increased exposure of people to water
harboring S. mansoni cercariae while movement of aquatic plants for ornamental or piscicultural
use enabled spread of potential intermediate-host snails between localities in the region [3,14].
Various interventions including hydrological changes, improvement in water and sanitation, targeted
chemotherapy, and intermediate-host snail control have been undertaken in the region with varying
degrees of success in lowering the burden of schistosomiasis and blocking its transmission. The St
Lucia Project undertaken between 1965 and 1981 with support from the Rockefeller Foundation and
the local government actually enabled a large-scale, concurrent comparison study of drug-treatment
versus intermediate-host snail control versus improvement of water supplies [15,16].

Our aim is to review the schistosomiasis situation in each of the localities of the Caribbean where
schistosomiasis mansoni has been and may still be present to better understand the lessons learned
and identify continued research and control needs that would help enable elimination of the disease
from the entire region.
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Figure 1. Map of the Caribbean region indicating localities with a history of schistosomiasis mansoni
endemicity and their current transmission status.

2. Status of Schistosomiasis in the Caribbean

2.1. Localities Where Transmission of Schistosomiasis Mansoni Eliminated

2.1.1. Saint Martin

In the 1920s over 20 cases of schistosomiasis and multiple snail habitats were detected near a
sugar mill in Colombier, considered the wettest valley in the French half of the French/Dutch island of
Saint Martin/Sint Maarten [10,11]. No further autochthonous cases have been reported on the island
since 1929 [14]. This was attributed to the disappearance of snail habitats as a result of the climate
becoming drier and because of extensive deforestation associated with major construction projects
resulting in hydrological changes such that surface water from heavy rain drains away quickly [3].

2.1.2. Saint Christopher (Saint Kitts)

The island of St. Kitts was highly endemic for schistosomiasis in the first half of the 20th century
with multiple cases reported in 1918 [6] and a 1932 survey based on single saline fecal smears indicating
nearly 25% of the island’s population infected [11]. Schistosomiasis cases were primarily found in
coastal villages bordering the two permanent streams on the island, Wingfield River entering the
Caribbean Sea at the village of Old Road and Cayon River entering the Atlantic Ocean at Cayon village,
as well as a semi-permanent stream appearing during heavy rainfall which entered the Caribbean
Sea at the village of West Farm but during other times only provided piped water to the plantation of
West Farm itself. The drinking water at Cayon was piped from a mountain spring free from snails; but
the drinking water to Old Road and West Farm, together with the washing/bathing water in all the
endemic areas, was not free of snails [17]. Importantly, St Kitts is inhabited by West African Green
(Vervet) monkeys (Chlorocebus aethiops) and five of seven of these monkeys collected near these streams
in 1928 were found infected with schistosomiasis [6].

In the 1940s, a scheme was introduced to secure domestic water supplies by diverting the natural
mountain streams such that aquatic snail habitats were destroyed in the low-lying areas as water no
longer flowed constantly to those areas [12]. These hydrological changes affected the B. glabrata habitats
resulting in interruption of schistosomiasis transmission as evidenced by a steep decrease in incidence
such that autochthonous clinical cases in St. Kitts have not been detected since 1955 [3]. In 1959
uninfected B. glabrata were found to persist in West Farm Gut [3] instigating a randomized survey of
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188 randomly selected school children and villagers from the West Farm area with no cases detected [12].
Attempts were made to eliminate B. glabrata from the island by applying a molluscicide (Bayluscide) to
relevant water bodies in 1965 and 1976 and introducing Marisa cornuarietis, the Colombian ramshorn
apple snail, as a biological control agent in West Farm Gut [3]. A B. glabrata colony was later detected
in the isolated Fountains River in the rain forest at an altitude of 450 meters [3]. There is currently
no active schistosomiasis surveillance program on the island. Fecal samples collected in 2015 from
94 wild-caught monkeys and subjected to copro-PCR testing at the WHO Collaborating Centre for
the Identification and Characterisation of Schistosomes and Snails at the Natural History Museum
in London indicated no positives (Jennifer Ketzis, Ross University School of Veterinary Medicine,
personal communication).

2.1.3. Vieques

Vieques Island lies off the east coast of Puerto Rico, and as part of the Commonwealth of Puerto
Rico is a U.S. territory. In 1954 the prevalence of schistosomiasis in 6-year-old children on the island
was 6.7% when a concerted intense control program involving control of snails with molluscicide
(sodium pentachlorophenate) and chemotherapy of infected persons (sodium antimony tartrate) was
implemented by the Puerto Rico Health Department with technical assistance from the U.S. Public
Health Service [13]. By 1958 transmission had stopped among children in schools at high risk, and
by 1959 the prevalence was down to zero and has remained there [14]. No autochthonous cases of
schistosomiasis have been detected on the island since 1962. Total elimination of B. glabrata snails was
not achievable; however, the great reduction in their number enabled transmission to be interrupted.
The island remains free of schistosomiasis although B. glabrata persists.

2.2. Localities Where Schistosomiasis Transmission Considered Eliminated but Not yet Verified

2.2.1. Puerto Rico

Schistosomiasis was first detected on the island of Puerto Rico in1904 when young boys from
Mayagüez region were found to have lateral-spined schistosome eggs in their feces and 21 cases of
intestinal schistosomiasis were detected by stool survey of 4482 anemic patients from Utuado [2,18].
In 1913, the Institute of Tropical Medicine of Puerto Rico recorded 320 cases of bilharziasis among
10,149 patients [18]. Surveys in the 1930s indicated schistosomiasis cases across the country, with the
eastern part of the country having the highest disease prevalence, in particular the heavily irrigated
sugarcane-producing region of Guayama-Arroyo-Patillas [19–21]. An island-wide survey in 1943
estimated prevalence at 13.5% while a coprological survey conducted in 1950 on 11,690 schoolchildren
between 5 and 18 years of age in 17 municipalities indicated a prevalence of 10% [18]. Schistosomiasis
was prevalent along the island’s coasts, along lowlands and valleys of the interior where sugarcane is
grown and in one mountainous region (Utuado) [18].

In 1943, a national program was instituted to improve availability of water and sanitation
through construction of water supply and sewage systems including the channeling of streams
through enclosed cement viaducts that likely resulted in reduction of schistosomiasis transmission [20].
A national schistosomiasis control program under the Puerto Rico Health Department was instituted
from 1953 to 1980 that emphasized biological, environmental and chemical control of snails as well
as health education, improvement of public water supplies, free latrine distribution and limited
chemotherapy [20,22,23]. Chemotherapy was initially not widely used due to concerns about
dangerous and deadly side effects of available drugs during that time [20]. The control program
first used copper sulfate for mollusciciding but soon switched to sodium pentachlorophenate and
eventually niclosamide in the 1960s and 1970s [20].

Between 1954 and 1958 the Biomphalaria-competitor snails M. cornuarietis and Tarebia granifera
appeared in Puerto Rico and within a decade spread throughout the country effectively displacing
the B. glabrata populations with profound impact on schistosomiasis transmission [24,25]. In 1956,
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M. cornuarietis was intently transferred to 111 irrigation ponds containing B. glabrata in the south part
of the island and by 1965 was found to have completely displaced the B. glabrata populations in 89
of the 97 ponds still in operation [26–28]. In 1997, a national survey of multiple water bodies known
to be habitats for B. glabrata revealed the presence of T. granifera and M. cornuarietis but B. glabrata
had disappeared [24]. Because of the success of competitor snail introductions, biological control was
found to be far more cost-effective and sustainable than mollusciciding and thus given priority [29].

An intense control program was undertaken from 1954–1960 in the highly endemic community
of Patillas which included health education in primary schools and rural communities, limited
chemotherapy, monitoring surveys based on annual fecal testing (formalin-ether concentration)
of 1st graders and chemical, environmental and biological control of snails using sodium penta
chlorophenate, drainage of habitats and introduction of the predatory Biomphalaria-competitor
ampullarid snail M. cornuarietis, respectively [30]. The program was a joint effort of the Puerto Rico
Department of Health and San Juan Laboratories of the Public Health Service, involving biologists,
engineers and physicians. At an average annual cost of $8600, the program was effective such that by
1962 prevalence of schistosomiasis among 7-year-old children dropped from 21.5% in 1952 to 0% and
the B. glabrata snail population no longer existed [30].

The national schistosomiasis control program with its main focus on biological snail control
without widespread human treatment showed slow progress initially but had very positive results
in the long term. Nationwide prevalence decreased from 15.6% in 1963 to 9% in 1968 [31] to 3.4% in
1975 [32]. By 1976, only 5 of the island’s 30 main freshwater reservoirs still harbored B. glabrata [33].
Recognizing this progress and facing new challenges the Puerto Rico Department of Health eliminated
the schistosomiasis control program in 1980 and transferred its resources to combating dengue virus.
There was little in the way of active control efforts in the 1990s however nationwide disease prevalence
further decreased to 2% in 1989 [34] and a limited survey in 1997 [19] conducted in previously endemic
areas revealed only three positive cases all in older individuals. During this time major demographic
changes happened on the island as a result of rapid urbanization with the rural population migrating to
cities such that the rural population decreased from 59.5% to 6.4% of the total population between 1950
and 2018 [35,36] greatly reducing the number of persons exposed in rural transmission sites while the
island’s sanitation and health systems were strengthened. Authorities now consider schistosomiasis
transmission interrupted as there are no longer clinical cases and no cases have been detected from
coprological or serological surveys in recent years however compilation of an elimination dossier and
follow-up studies, per WHO recommendations, are still needed to verify the status [9,18].

2.2.2. Dominican Republic

The first undisputed autochthonous schistosomiasis case in Dominican Republic was reported
in 1947 [37]. Historically, active transmission occurs in the eastern part of the country primarily in
the provinces of El Siebo, La Altagracia and Hato Mayor, the latter considered the area of highest
endemicity [38]. Cases have also been reported further north in Sabana de la Mar and Miches [37].
The area is known for sugarcane and rice production and this has been linked to the high transmission
as have the frequent domestic and recreational use of streams and consequent fecal contamination [39].
Infected B. glabrata snails were first detected in this area in 1951 [18]. Surveys in the 1960s indicated the
geographic range of B. glabrata snails to be more extensive than that of schistosomiasis transmission
with B. glabrata found present in over 1/6th of the country’s land area including the capital Santo
Domingo [38].

Schistosomiasis control efforts commenced in 1952 initially focused on mollusciciding snail
habitats in high transmission areas with sodium pentachlorophenate [40]. In 1970 a Committee to
Combat and Control Bilharzia, located in Hato Mayor, was created within the Ministry of Public
Health and Social Welfare and a Center for the Eradication of Bilharzia established to serve as a base
for implementing and coordinating control efforts [39]. The control program’s activities included
community education, schistosomiasis surveys involving coprologic detection, environmental control
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(e.g., draining ponds, filling-in swamps), and snail control based on molluscicide application (Frescon,
Bayluscide) as well as biological control using both ampullarid and thiarid competitive snails [39].
In the 1960s and 1970s M. cornuarietis, T. granifera and Melinoides tuberculata were both actively and
passively introduced into waterways in the high transmission region all becoming prolific in streams,
irrigation canals and drains in rice plantations such that in several locations they completely displaced
the B. glabrata snails [39]. In 1980 surveillance efforts were taken over by the Bilharzia Institute
established through a national resolution under the Autonomous University of Santo Domingo as
a public health program to undertake numerous epidemiological and malacological studies until
dissolved in 1996 [18].

In 1968, there were an estimated 1000 infected individuals and 6000 at risk nationally [41]. By 1986,
these numbers had increased dramatically to 208,000 people infected and an estimated 4.16 million
people at risk, with an estimated 5% prevalence [34]. In 2008 estimates indicated 258,000 people to
be infected [42] and in 2010 prevalence estimated at 3.0% [43]. Evidence suggests prevalence has
decreased significantly in the past few years as a result of urbanization, economic development,
improvements in sanitation, and expanding presence of competing snails [39]. In 2013 a serological
survey (ELISA and immunoblot) was conducted in the provinces with a history of schistosomiasis
transmission with none of 612 samples collected testing positive [18]. The current objective is to update
knowledge of the presence and distribution of Biomphalaria spp. snails while compiling all of the
necessary evidence to verify that transmission has indeed been interrupted through post-elimination
surveillance [44].

2.2.3. Antigua

Schistosomiasis cases were first detected on the island of Antigua in 1923 when 18% of persons in
St John Parish included in a Rockefeller Foundation hookworm survey were found passing eggs of
S. mansoni [3]. Biomphalaria glabrata snails were found in St John Parish in Bendel’s stream in 1928 and
later in nearby Body Pond, with these waterbodies continuing to serve as important transmission sites
for several decades due to domestic and recreational use [3]. A 1932 report recorded 60% prevalence
in a village bordering these water bodies [11]. Official surveillance and control programs were never
established in Antigua as transmission was considered low such that malacological and schistosomiasis
surveys have been infrequent. A 1977 survey showed B. glabrata to be widespread and abundant in
pools, dams and canals throughout the island but human contact with them limited [3]. In 1980, the
Biomphalaria-competitor snail, T. granifera, was observed on the island and later M. tuberculata also
appeared [45].

In the 1980s hydrological changes as a result of several dam projects resulted in the disappearance
of any permanent flowing bodies of water as the water was piped to households for domestic use
which improved sanitation and also greatly reduced exposure of the population to transmission
sites as bathing and washing were increasingly done at home [14]. These water impoundment
projects resulting in creation of dams and reservoirs with concomitant improvements in sanitation
and protection of water supplies had great impact on the incidence of schistosomiasis [3]. National
surveys in 1989, 2000 and 2003, estimated schistosomiasis prevalence at 0.1–0.2% [34,43,46] resulting
in the island no longer being considered endemic however compilation of an elimination dossier and
snail and schistosomiasis surveys are still needed to verify this status.

2.2.4. Montserrat

Montserrat was reportedly clear of schistosomiasis in the first half of the 20th century with no
autochthonous cases reported before 1947 [41]. In 1974, public health officials reported low endemicity
of schistosomiasis but provided no data. A 1977 survey indicated the presence of B. glabrata snails
in the small, sparsely inhabited watersheds of Barzey’s Stream where local people washed clothes
and bathed and Farms River a local swimming site [3]. In 1978, researchers surveyed schistosomiasis
prevalence in the few individuals living close to these two localities finding 14% positive while
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their survey of 251 school-age children elsewhere on the island did not indicate any positives [47].
In 1989, the WHO estimated that only 145 people out of the island’s 11,200 were at risk of contracting
schistosomiasis (1.3% at risk) and later removed Montserrat from the list of schistosomiasis endemic
countries in 1993 [34,48]. A major volcanic eruption in 1995 buried the two endemic areas of the
island thus interrupting schistosomiasis transmission completely. However, due to a lack of data
WHO has reinstated the island’s place on the list of countries for which the epidemiological status
of schistosomiasis remains ‘uncertain’ [48]. The Thiarid snail M. tuberculata, used as a biological
competitor to control B. glabrata on other islands, was found on Montserrat in 2001 [49].

2.2.5. Guadeloupe

Guadeloupe consists of two islands separated by a narrow strait with the western island,
Basse-Terre, being volcanic, mountainous, forested, and containing numerous permanent rivers,
streams and canals while the eastern island, Grande-Terre, is low-lying, flat, calcareous, well-drained,
and has only temporary streams and natural and artificial ponds and marshes. Cases of schistosomiasis
have been reported from the entire island of Grande-Terre, with mangrove swamps important
transmission sites. However, more cases were reported from the coastal belt of mountainous
Basse-Terre with streams and irrigation canals major sites of transmission [3]. Prevalence of S. mansoni
peaked in the 1960s and 1970s such that in 1978 human prevalence on the islands was estimated to be
25% [25].

An interesting epidemiological aspect of schistosomiasis on Guadeloupe is the finding of rats
serving as definitive hosts of S. mansoni with both the black rat, Rattus rattus, and brown rat,
Rattus norvegicus, found naturally infected [8]. At two localities in particular, the mangrove swamps
of Grande-Terre and the Grand Etang Lake in the rain forest of south Basse-Terre, rats were found to
maintain the life cycle of S. mansoni alone in the absence of human infection with both high prevalences
and high intensities of infection with some rats harboring more than 500 worms [50]. The S. mansoni
cercariae in these areas were shown to have a late shedding pattern with an emergence peak adapted
to the nocturnal activities of the rodents [51]. Studies indicate that that murine reservoir hosts may not
be an important factor in areas where human transmission occurs [52].

In 1978, Guadeloupe established an integrated control program based on treatment of
infected persons, environmental management and snail control mainly involving introduction of
Biomphalaria-competitive snails (Pomacea glauca in 1976, M. cornuarietis in 1987, M. tuberculata in
1985) [25]. Prevalence was reduced to 15% in 1985 [34] and most of the transmission sites were
eliminated in the1990s due to the extensive displacement of B. glabrata by M. tuberculata throughout
most of the islands such that prevalence was down to 1% in 2003 [43,53]. Melanoides tubercalata
was unable to effectively displace but ended up co-existing with B. glabrata in the mangrove
swamps [54] where murine schistosomiasis was still present in R. rattus in 2005 [53]. Authorities
consider schistosomiasis transmission on Guadeloupe effectively interrupted however, its status
awaits evaluation and verification by the World Health Organization.

2.2.6. Martinique

Biomphalaria glabrata snails were included in an inventory of malacological fauna of Martinique
already in 1873 [55] while the first cases of schistosomiasis were detected in 1906 when native
persons being treated for dysentery were found passing lateral-spined schistosome eggs in their
feces [56]. The prevalence of schistosomiasis was estimated at 6.4% in 1951, 8.4% in 1961 and 12% in
1977 [57]. Important sites of transmission were beds of watercress where people became infected while
collecting the vegetation for consumption [58]. These surveys led to recognition of schistosomaisis
as a public health problem resulting in establishment in 1978 of a national Department to Combat
Intestinal Parasitoses to implement integrated control efforts including sanitation improvements both
individually and collectively, health promotion and education, detection and treatment of patients
(niridazole from 1978, oxamniquine from 1981, and praziquantel from 1995) and snail control [18].
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However, unintended changes in the malacological fauna of the island had profound and sustained
impact on schistosomiasis transmission such that the control program eventually became focused on
biological control as its long-term strategy.

A 1953 malacological survey of the island reported B. glabrata was widespread [59]. During
the late 1960s and early 1970s, Biomphalaria kuhniana (initially reported as B. straminea) entered the
island and gradually displaced B. glabrata such that B. kuhniana rapidly became distributed across
the whole hydrogeographic system of the island [60]. Although B. kuhniana was compatible as an
intermediate-host of S. mansoni it was less susceptible to infection than B. glabrata which resulted
in reducing transmission [61]. In 1979, the Biomphalaria-competitor thiarid snail, M. tuberculata,
which is not susceptible to S. mansoni, entered Martinique and rapidly colonized the entire island
displacing populations of both B. glabrata and B. kuhniana as a result reducing the prevalence of
schistosomiasis [61].

The success of the accidental introduction of M. tuberculata in interrupting schistosomiasis
transmission led the Ministry of Health to initiate a biological control program against schistosomiasis,
using M. tuberculata in 1983 [61]. By 1989, after several intentional introductions of M. tuberculata into
watercress beds and other transmission sites, the prevalence of S. mansoni dropped to 1.33% and by
1990 malacological surveys proved the near total disappearance of both B. glabrata and B. kuhniana [62].
In the 1990s another thiarid Biomphalaria-competitor snail. T. granifera, entered Guadeloupe and rapidly
spread throughout the island partially displacing M. tuberculata [63]. Together the thiarid snails have
colonized the whole hydrographic system of the island and maintain dense populations preventing an
eventual recolonization by the Biomphalaria spp. snails and thus are maintaining sustainable control of
schistosomiasis [25]. Disappearance of the intermediate hosts of S. mansoni and the absence of any new
cases of infection in children under 10 years of age since 1984 support the elimination of schistisomiasis
from Martinique. However, this remains to be verified through malacological and human prevalence
studies [18].

2.3. Localities Where Schistosomiasis Transmission Still Considered Ongoing

2.3.1. Saint Lucia

Schistosomiasis in St Lucia was first reported in the 1924–1925 period [64]. Although B. glabrata
were found widespread on the island, schistosomiasis initially remained focal, contained primarily in
the southwestern Soufriere Valley until the 1950s when there was a shift in agricultural production
from sugarcane to bananas and the B. glabrata expanded into the banana root drainage channels in the
valleys and the extensive network of associated natural river systems which people used intensively
for domestic and recreational use [14,65]. These environmental conditions and socioeconomic
determinants including limited water and sanitation services leading to unsafe drinking water, outdoor
defecation, and water contact for bathing and washing clothes contributed to transmission [66]. By 1961,
the estimated national prevalence based on coprological testing was 17%, and evidence indicated that
S. mansoni had spread to most parts of the island [15]. By the 1970s schistosomiasis prevalence in many
of the endemic communities reached 70% [3].

Between the years 1965 and 1981, the St. Lucia Research and Control Project, a joint effort of
the St. Lucia Ministry of Health and the Rockefeller Foundation with financial assistance from the
Medical Research Council of the United Kingdom, utilized the natural laboratory setting of an endemic
island to conduct research on all facets of schistosomiasis including the biology of B. glabrata, treatment
of humans and the best methods for controlling transmission [15]. The main focus of the project
was on the basic schistosomiasis control methods, namely health education, provision of safe water,
chemotherapy and snail control, investigating through a comparative design the impact of these
methods separately and in combination in ecologically isolated watersheds throughout the island,
referred to as the “experimental valley” approach [4,15]. For chemotherapy those found infected
were initially treated with hycanthone in the early 1970s and then with oxamniquine after 1975 [15].
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Mollusciciding, using an emulsifiable concentrate of 25% niclosamide, was first applied area-wide
and monitored by snail surveillance, then followed up with focal treatment if B. glabrata was still
found present [65,67,68]. In 1978, the Project intentionally introduced the Biomphalaria-competitor
snail, M. tuberculata, which quickly colonized water bodies on the island resulting in various levels of
displacement of B. glabrata populations [15]. Surveillance of transmission was achieved using a locally
developed sentinel-snail technique [69] and a coprological sedimentation and concentration technique
for detecting human infection [70]. Incidence of schistosomiasis was reduced in communities where
interventions were implemented compared to control communities [70–74]. When the Project ended in
1981, the risk of disease was considered minimal and prevalence at known endemic areas was less
than 2 % [14].

After the joint Ministry of Health–Rockefeller Foundation St. Lucia Research and Control
Project ended in 1981 parasite surveillance and control activities were very limited but indicated
that schistosomiasis was not totally eliminated from the island [66]. Between 1981–1986 M. tuberculata
was introduced to the whole hydrographic system of St Lucia. However, in 1993, B. glabrata was still
found co-existing with M. tuberculata in 17 sites and abundantly present in two other sites where
M. tuberculata was absent, and another Biomphalaria species, B. straminea, detected on the island [75].
Between 1995 and 2007, 106 schistosomiasis cases were reported mostly through passive surveillance
of patients at prenatal health care centers and among food handlers who were routinely tested [66].
A coprological survey of 10,508 people undertaken between 2002–2005 indicated 0.3% prevalence
overall with no children under the age of 9 found infected though a prevalence of 0.5% was indicated
in children 10–19 [76]. The last data on schistosomiasis in St Lucia came from a limited school-based
coprological survey conducted in 2006 of 550 children in three southern, rural villages that detected
schistosomiasis in four (0.6%) children between the ages of 5–14 [77] and detection of a case in
Babonneau in 2007 [18]. Efforts are currently underway by the St. Lucia Ministry of Health and
PAHO to undertake national surveys focusing on children and snails to determine the island’s current
schistosomiasis status. As a pilot research site, St. Lucia is still considered a model for an integrated
approach to schistosomiasis control; however, it also serves as an important example of the long-term
needs for surveillance and monitoring and continued application of control measures to achieve
complete elimination [43].

2.3.2. Suriname

Biomphalaria glabrata was first reported in Suriname in 1859 while the first schistosomiasis case
was detected in 1911 [66,78]. Schistosomiasis is endemic only in the coastal region of the country where
the majority of the country’s population resides, stretching from the marsh areas north of Wageningen
in Nickerie district in the west through the central cultivated areas surrounding Paramaribo to the
delta area of Commewijne district in the east [66]. Biomphalaria glabrata are found in rice fields, swamps,
drainage ditches and canals, their presence and distribution associated with the calcareous sands and
alkaline waters of the shell-ridges [79]. Conversion of swamps to rice paddies in the region increased
transmission as a major difficulty in control is the lack of proper disposal of feces of people working in
rice fields and the irrigation schemes for rice cultivation expanded snail habitats [80,81].

The burden of schistosomiasis in Suriname has been explored through multiple studies.
A house-to-house survey in 1956 based on fecal smears of over 10,000 people in multiple coastal
plain localities indicated 12.7% excreting S. mansoni eggs [79]. A similar survey conducted from
1961–1964 focused on Saramacca district showed 23.1% positive [82] but this number went up to 45%
by 1974 [66]. Intermittent national surveys conducted in the period 1986–2008 continually indicated
about 3400–4000 people infected nationally [34,46]. A survey of schoolchildren in coastal provinces
from 1997 to 2001 found between 0.3% and 4.7% prevalence [83]. Surveys conducted by the Ministry of
Health in Commewijne and Saramacca in the period 1997–1998 indicated prevalences of 3.1% and 4.7%,
respectively [81]. Countrywide prevalence remained between 0.9% to 1.0% in the period 2003–2010 [43].
High prevalences have been found associated with occupational activities involving water contact
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such as fishing and agriculture as well as among certain ethnic groups living in rural areas of all the
districts of the coastal plain [80]. Studies conducted in the 1990s showed that schistosomiasis was a
major cause of morbidity and mortality, with hematemesis, and pulmonary hypertension being the
major consequences of infection [81].

Since the 1970s Suriname has implemented schistosomiasis control programs resulting in reduced
prevalence of the disease. Initially hycanthone was used effectively to treat schistosomiasis however
the drug had significant side effects, afterwards oxamniquine was used until 1983 when it was replaced
with praziquantel [84]. The very high schistosomiasis prevalence of 74% detected in Saramacca in 1974
instigated a long-term control project in that district funded by the governments of both Suriname and
the Netherlands aimed at reducing prevalence to 5% [85]. Under the project selective chemotherapy
was used based on coprological case detection and implementation of other control activities including
mollusciciding, mechanizing rice culture, installing pit latrines, draining standing water and swamps,
and providing health education regarding schistosomiasis [86]. The first phase of the project was
conducted 1974–1983 and then transferred to local authorities and integrated with existing public
health programs [85]. National intervention efforts continue including intense information campaigns,
detecting and treating infected people through stool sampling and provision of praziquantel, improved
sanitation/waste disposal and avoidance of contact with contaminated water. A 2011 survey of six
coastal districts and one inland district showed very low prevalence rates, well below the 20% deemed
necessary to institute mass drug administration [87].

3. Research and Control Needs

3.1. Updating Epidemiological Surveillance

The 2009 PAHO Resolution CD49.R19 on elimination of neglected diseases and other
poverty-related infections noted that in the Caribbean schistosomiasis is still present in Saint Lucia
and Suriname and stated the need for studies to confirm its elimination from previously endemic
localities, the goal being to reduce prevalence and parasite load in high transmission areas to less than
10% prevalence as measured by quantitative egg counts [91]. In 2012 the World Health Assembly
adopted resolution WHA65.21 on elimination of schistosomiasis, calling for increased investment in
schistosomiasis control and support for countries to initiate elimination programs [92]. As presented
in this review, limited evidence suggests low or no transmission in many localities previously endemic
for schistosomiasis including Dominican Republic, Puerto Rico, Antigua, Montserrat, Guadeloupe and
Martinique. The epidemiological status of these historically schistosomiasis endemic localities in the
Caribbean, in particular the prevalence and intensity of S. mansoni infections in children as an indirect
indicator, needs to be updated based on WHO guidelines to verify elimination of transmission or, if
schistosomiasis is still present, determine the public health interventions needed for control which can
lead to elimination [9].

3.2. Regional Snail Inventory

A major component of the effort to combat schistosomiasis in the Caribbean region has been the
effective and sustainable control of snails through environmental, chemical and, most importantly,
biological interventions resulting in profound reduction or absence of B. glabrata populations and
consequently S. mansoni in many sites. Biological control using the phenomenon of competition
by non-medically important snails was found to be a cost-effective, low maintenance, popular way
of controlling the disease. Competitive action of the ampullarid snail M. cornuarietis through food
and predation of eggs and young snails [93] or B. glabrata’s avoidance of the prolific and rapidly
colonizing parthenogenic thiarid snails T. granifera and especially M. tuberculata [94] all resulted in
varying levels of displacement of B. glabrata populations. Biological control does have its limits as
shown in St Lucia where B. glabrata and M. tuberculata were found to co-exist in many habitats [75], and
in Guadeloupe the Thiarid snails were unable to displace B. glabrata in certain areas where rats served
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as S. mansoni intermediate hosts [54]. In addition, other species of Biomphalaria including B. straminea,
B. havenensis and B. kuhniana have been found present in the region with varying susceptibility to
S. mansoni [60,75,78]. With the current aim to eliminate schistosomiasis from the region, it would be
worthwhile to now undertake an inventory of Biomphalaria spp. as well as Biomphalaria-competitor
snail species in the Caribbean, to help assess the long-term impact of biological control, determine
areas still at risk for schistosomiasis transmission, investigate the potential of other Biomphalaria spp.
as transmitters of S. mansoni and contribute to the verification of schistosomiasis elimination.

3.3. Animal Reservoir Hosts

With the aim to eliminate schistosomiasis from the Americas, the presence and importance of
animal reservoir hosts of S. mansoni becomes a significant issue for the eventual success of elimination
efforts as they could pose a permanent threat of recrudescence of human infection [14]. African
Green Monkeys, Chlorocebus aethiops, in St Kitts were found infected with S. mansoni [6] though
apparently dependent on the persistence of human infection as after abatement of schistosomaisis
transmission to humans, primate infections were no longer observed [14]. The occurrence of
schistosome infections in multiple mammal species in Suriname was considered to have similar
incidental status [7,95]. Under the Schistosomiasis Research and Control Project in St Lucia numerous
animal species including mammals and birds were tested for infection with none found positive
though in many cases the sample sizes were limited (15). The importance of rats as reservoir hosts
maintaining transmission of schistosomiasis in Guadeloupe specifically in standing-water habitats
where rat-maintained S. mansoni populations could persist independent of human intervention has
been identified [96,97]. The real significance of murine schistosomiasis in Guadeloupe is not in its
current impact on human schistosomiasis transmission but its potential for confounding control and
eventual elimination efforts [14]. In areas of the Caribbean region with continued schistosomiasis
transmission, e.g., Suriname and St Lucia, the presence and importance of animal reservoir hosts
should be investigated to ensure that persistence of the disease is not due to that reason.

4. Conclusions

During the 20th Century schistosomiasis mansoni emerged as an important cause of morbidity
and mortality throughout the Caribbean region however, at the beginning of the 21st Century
the burden of disease appears dramatically reduced and confined to only a few foci such that its
importance as a public health problem has greatly diminished. Integrated control programs based
on selective and mass treatment campaigns and snail control through environmental, chemical
and biological interventions enabled reductions in prevalence over the decades as evidenced in
Puerto Rico and St Lucia. Additionally, the socioeconomic and ecological determinants that enabled
schistosomiasis transmission have been impacted dramatically during this time due to demographic
changes and improvement in socioeconomic standards resulting in urbanization, improvements in
housing, provision of safe water and sanitation and re-focusing of economies from being based on
agricultural production (sugarcane, bananas) to tourism that have resulted in reducing both people’s
exposure to S. mansoni as well as outdoor defecation subsequently limiting transmission. One of
the most important factors responsible for long-term, sustainable impact on transmission has been
the appearance of Biomphalaria-competitor snails in the region, both intentional and unintentional,
particularly the rapidly colonizing oriental thiarid snail M. tuberculata. Based on these factors the
elimination of schistosomiasis from the Caribbean region should indeed be achievable (see Table 1).
A regional surveillance program is now needed, led by PAHO, CARPHA, CARICOM and local
governments to identify in a standardized way remaining endemic foci as well as areas still at risk
using the most sensitive methods available.
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Table 1. Transmission status of Caribbean localities with a history of schistosomiasis endemicity
noting interventions implemented and natural changes affecting transmission as well as presence of
animal reservoirs.

Transmission
Status.

Locality
Current

Population 1
Interventions/Natural Changes Impacting

Transmission
Animal Reservoirs

Eliminated
Saint Martin 32,284

(2018)

Deforestation
Hydrological changes

Climate change

Saint Kitts 34,918
(2011)

Hydrological Changes
Water and sanitation improvement

Mollusciciding
Competitor snails (A) 3

Monkeys 4

Vieques 8669
(2017)

Mollusciciding
Chemotherapy

Considered
eliminated but not

yet verified

Puerto Rico 3,337,177
(2017) 2

Water and sanitation improvement
Chemotherapy (selective)

Mollusciciding
Competitor snails (A,B) 3

Health education

Dominican
Republic

10,649,000
(2016)

Mollusciciding
Health education

Competitor snails (A,B,C) 3

Environmental management

Antigua 90,755
(2015)

Hydrological changes
Water and sanitation improvements

Competitor snails (B,C) 3

Montserrat 5241
(2015)

Volcanic eruption
Competitor snails (C) 3

Guadeloupe 402,119
(2013)

Chemotherapy (selective)
Environmental management
Competitor snails (A,C,D) 3

Rats 5

Martinique 385,551
(2013)

Water and sanitation improvements
Health education

Chemotherapy (selective)
Competitor snails (B,C) 3

Ongoing Saint Lucia 172,255
(2014)

Health education
Water and sanitation improvements

Chemotherapy (selective)
Mollusciciding

Competitor snails (C) 3

Suriname 541,638
(2012)

Chemotherapy (selective)
Mollusciciding

Environmental management
Water and sanitation improvements

Agricultural practices
Health education

1 For Puerto Rico and Vieques: [88]; for Saint Martin: [89] ; for all others: [90]; 2 Puerto Rico population number
includes population of Vieques; 3 Competitor snails: A = Marisa cornuarietis; B = Tarebia granifera; C = Melanoides
tuberculata; D = Pomacea glauca; 4 African Green (Vervet) Monkeys (Chlorocebus aethiops); 5 Black and Brown Rats
(Rattus rattus and R. norvegicus)
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Abstract: In order to follow the Preventive Chemotherapy (PC) for the transmission control as
recommended by WHO, Gabon initiated in 2014 the mapping of Schistosomiasis and Soil Transmitted
Helminthiasis (STH). Here, we report the results of the Northern and Eastern health regions,
representing a third of the land area and 12% of its total population. All nine departments of
the two regions were surveyed and from each, five schools were examined with 50 schoolchildren
per school. The parasitological examinations were realized using the filtration method for urine and
the Kato-Katz technique for stool samples. Overall 2245 schoolchildren (1116 girls and 1129 boys),
mean aged 11.28 ± 0.04 years, were examined. Combined schistosomiasis and STH affected 1270
(56.6%) with variation between regions, departments, and schools. For schistosomiasis, prevalence
were 1.7% across the two regions, with no significant difference (p > 0.05) between the Northern
(1.5%) and the Eastern (1.9%). Schistosomiasis is mainly caused by Schistosoma haematobium with
the exception of one respective case of S. mansoni and S. guineensis. STH are more common than
schistosomiasis, with an overall prevalence of 56.1% significantly different between the Northern
(58.1%) and Eastern (53.6%) regions (p = 0.034). Trichuris trichiura is the most abundant infection
with a prevalence of 43.7% followed by Ascaris lumbricoides 35.6% and hookworms 1.4%. According
to these results, an appropriate PC strategy is given. In particular, because of the low efficacy of
a single recommended drug on T. trichiura and hookworms, it is important to include two drugs for
the treatment of STH in Gabon, due to the high prevalence and intensities of Trichuris infections.

Keywords: schistosomiasis; soil-transmitted-helminthiasis; mapping; preventive chemotherapy;
transmission control; Gabon; Central Africa
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1. Introduction

Combined schistosomiasis and Soil Transmitted Helminthiasis (STH) are the most prevalent
infectious diseases in the world. They are the cause of serious global public health problems and
impose a great burden on poor populations in the developing world [1]. Indeed, with the exclusion of
malaria, the World Health Organization (WHO) further estimated that schistosomiasis and STH were
responsible for more than 40% of the disease burden due to tropical diseases [2].

Schistosomiasis is acknowledged to be distributed in Africa, Asia, and South America with
about 200 million infected people [3]. The WHO regards the disease as a Neglected Tropical Disease
(NTD), with an estimated 732 million persons being vulnerable to infection worldwide in renowned
transmission areas [4]. The Sub-Sahara African region remains the most affected with still high
prevalence with about 192 million people infected [5]. In Gabon, with confirmed occurrence of
Schistosoma guineensis, formely S. intercalatum lower Guinea strain, [6,7] and S. haematobium, with some
cases of S. mansoni, it is estimated that a total of 310,391 people require preventive chemotherapy
(PC) [8]. However, these 2010 estimates likely need revising.

Soil Transmitted Helminthiasis corresponds to a group of parasitic diseases that are caused by
nematode worms that are transmitted to humans by faecally contaminated soil. The three major human
diseases are caused by Ascaris lumbricoides, Trichuris trichiura, and hookworms (Necator americanus and
Ancylostoma duodenale). The latest estimates indicate that more than two billion people are infected
by at least one species worldwide and more frequently in areas where sanitation and water supply
are insufficient [9]. STH infections are most common in children and such children have malnutrition,
growth stunting, intellectual retardation, and cognitive and educational deficits [10]. It is estimated
that over 35.4 million African school-aged children (SAC) are infected by A. lumbricoides, 40.1 million
with T. trichiura, and 41.1 million with hookworms [11]. Since many children have multiple infections,
it is estimated that 89.9 million are infected by at least one STH species [11]. In 2009, according to the
burden of STH per country in the WHO African Region, 145,518 preschool (1−5 years) and 349,386 SAC
(6−14 years), with a need of revising, were requiring PC in Gabon [9]. Indeed, the situation of STH in
Gabon remains of concern and the latest local studies that were carried out showed that the prevalence
is low in the sub-urban area (Melen, Libreville) and moderate in the rural area (Ekouk, 80 km of
Libreville) [12].

Despite the burden that they cause in world public health, schistosomiasis and STH are considered
as NTD’s. Since the World Health Assembly in 2001, access to essential medicines for schistosomiasis
and STH in endemic areas for the treatment of both clinical cases and groups at high risk for morbidity
was recommended and endorsed by World Health Assembly resolution WHA54.19. The resolution
urges member states to ensure access to essential drugs against schistosomiasis and STH in all health
services in endemic areas for the treatment of clinical cases and groups at high risk of morbidity such
as women and children. The declared that the aim of this resolution was to achieve at least the 75%
coverage target of regular administration of anthelminthic drugs and up to 100% of all SAC at risk of
morbidity by 2010 [13]. The strategy that was adopted by WHO since 2006 advocates integrated PC
using a school-based approach with the concept of coordinated use of anthelminthic medicines against
schistosomiasis and STH given the consideration that the diseases are largely co-endemic and that
these medicines can safely be co-administered [14]. The 2010 target was not achieved, only 200 million
SAC of the 600 million in need received treatment in 2010 [9]. The current goal is to revitalize the
control strategy for achieving the 75% coverage target by 2020. PC for the populations at-risk in
endemic areas was adopted once or twice a year, depending on risk levels, over a five-year period.
Preschool and SAC in endemic areas were the primary target of PC interventions. Therefore, the target
population was expanded to include all adults in high-risk areas. Communities can be classified into
low-risk (<10% for schistosomiasis and <20% for STH), moderate-risk (≥10% for schistosomiasis and
≥20% for STH but <50% for both), and high-risk (≥50% for both) areas. These prevalence based on
the SAC sampling are essential to adapt the frequency of PC (including SAC and at risk adults in the
whole communities) according to the WHO disease specific thresholds [15].
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Thus, the first step for establishing the PC strategy for schistosomiasis and STH is the knowledge
of the geographic distribution of prevalence and the degree of overlap of the diseases in endemic
areas [16]. The distribution of schistosomiasis and STH is particularly sensitive to environmental
changes whose heterogeneity reflects numerous human and ecological factors, including changes of
human origin and focal transmission [17]. For these purposes, there is a need to identify restricted
areas where infection remains a public health problem for an integrated control identifying the broad
scale patterns. A successful role for GIS applications in investigating the spatial epidemiology of
the major human helminths was well recognized and helping to this purpose [18]. In 2009, 20 of
the 32 African endemic countries had initiated the mapping of schistosomiasis and STH in order to
implement the PC interventions [9]. In Gabon, schistosomiasis and STH are known to occur in many
areas [8,9]; however, there has not been any sustained effort to control the diseases, apart from the
establishment of the National Program for Control of Parasitic Disease in 1999, and to date, no major
action had been taken at the national level by this program.

Until early 2014, PC interventions for schistosomiasis and STH had not been started in Gabon.
To be in line of the WHO’s target for the control of schistosomiasis and STH, Gabon initiated, in April
2014, the evaluation of the prevalence levels of schistosomiasis and STH throughout its territory.
The aim was to report the outcome of schistosomiasis and STH at several levels in order to provide
recommendations that are related to the implementation of PC interventions according to the WHO
requirement. The present paper publishes the results regarding the Northern and Eastern health
regions of Gabon.

2. Materials and Methods

2.1. Authorization and Ethical Assessment

Gabon aligns with the NTD coordinated mapping guidelines of WHO [15]. The implementation of
the present study will enable the rapid scaling up of national mass treatment interventions and achieve
the WHO targets that are set for 2020. An agreement was obtained for the implementation of this study
as a public health exercise assumed for the Ministry of Health. Surveys were conducted in schools
with the approval of the Ministry of National Education, school inspectors, directors, and teachers.
Informed written consent was sought from the directors of selected schools as the legal guardian of all
study schoolchildren. The school director receives prior verbal consent of the parents or guardians of
schoolchildren after having explained to them the study and its objectives, with a translation in local
language when necessary. Each individual that was involved in the study was registered in a data file
and assigned to an anonymous identification number. At the end of the trial, infected persons were
provided with appropriate chemotherapy, before the beginning of PC interventions, according to the
WHO recommendations.

2.2. Study Area

Gabon is part of Central Africa. The Ministry of Public Health divides the country into 10 health
regions and 52 departments. The health regions analyzed in this paper represent a third of the land
of Gabon and include nine health departments, with five (Woleu, Ntem, Haut-Ntem, Haut-Okano
and Okano) in the North region and four (Ivindo, Lopé and Mvoung and Zadié) in the East region
(Figure 1). The General Direction for Statistic (GDS) estimated the total Gabonese population at
1,811,079 inhabitants, of which 34.7% were pre and SAC, and an urbanization rate of 87% [19]. However,
predominantly urban population live in only 1% of the total space of the country, whereas the majority
of territory (99% of superficies) is rural and hosts only 13% of population of the county. The study area
comprises a total population of 218,279 inhabitants (154,986 and 63,293 in the North and East health
regions, respectively).
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Figure 1. Study area showing the nine health departments surveyed: in the Northen region (gray):
Woleu, Ntem, Haut-Ntem, Haut-Okano, Okano and in the Eastern region (white): Ivindo, Lopé,
Mvoung, and Zadié.

2.3. Study Type, Period and Population

A cross-sectional prospective study was carried out from January to February 2015. It included
both male and female schoolchildren aged 10 to 14 years in priority (where the infection rates will
be the highest and where WHO base their guidelines from) in the selected schools. Each included
schoolchild must have provided both stool and urine, otherwise they were excluded from the survey.

2.4. Selection and Location of Schools

Each health department was considered as an ecologically homogeneous area. Five schools were
selected randomly among those available for each department. Schools were either urban or rural
and either public or private. The geographical coordinates of each school were recorded while using
a Garmin GPS (Global Positioning System) (Table S1).

2.5. Schoolchildren Sampling

In each school, select 50 schoolchildren (25 girls and 25 boys) aged 10 to 14 years from the
upper class, for a total of 250 schoolchildren in each health department. For the sampling, align all
schoolchildren in the age group of interest from the upper class in two rows according to their gender
(girl and boy). In each row (gender), select 25 schoolchildren.

If the row contains more than 25 schoolchildren, then a systematic random sampling method
is used. For example, say there are 100 schoolchildren in the row, divide the total number of
schoolchildren (100) by the number of schoolchildren you want in the sample (25), the answer is
4. This means that you are going to select every fourth schoolchildren from the row. Choose randomly
a number between 1 and 4. This is your random starting point. Say your random starting point is
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“3”, this means you select schoolchild 3 in the row as your first schoolchild, and then every fourth
schoolchild down the row (3, 7, 11, 15, 19, etc.) until you have 25 schoolchildren.

If the row contains exactly 25 schoolchildren, no random sampling is necessary; all 25
schoolchildren are directly selected.

If the row contain less than 25 schoolchildren, select them and complete the sample with
schoolchildren in the age group of interest from the next upper class using a random sampling
method, as described above.

2.6. Sample Collection and Parasitological Examination

Stool and urine samples of each individual were collected from 9.00 to 11.00 h am in a 100
and 50 mL of plastic screw-cap vial respectively and forwarded for examination in the laboratories
equipped for the circumstance at the department level. Small cakes have been distributed to encourage
them. Those who did not provide both samples despite any efforts were replaced according to
the schoolchildren sampling protocol. For schools with fewer than 50 schoolchildren, enrollment
is completed among the other schools that were selected in the same district. For each selected
schoolchild, the urine and stool samples were collected, along with information on gender and age.

Urine was analyzed for the presence and the number of S. haematobium eggs, using a slightly
modified Nucleopore syringe urine filtration method [20], filtering a 10 mL unique aliquot from
each urine sample [21]. When the volume of the sample was less than 10 mL, it was measured
before filtration and the number of eggs per 10 mL was estimated. Intensity of S. haematobium
infection was expressed as the number of eggs per 10 mL of urine (eggs/10 mL). Stool samples were
examined for the presence and the number of both STH and intestinal Schistosoma (S. mansoni and
S. guineensis) eggs while using the Kato-Katz technique [22]. A single thick smear equivalent to 41.7 mg
of stool was analyzed for each stool sample. The method used is that described in the Kato-Katz kit
(VESTERGAARD FRANDSEN). Eggs were immediately examined and counted by microscopy to
avoid egg lysis of hookworm eggs. Individual intensity of infection was expressed as eggs per gram of
feces (epg).

2.7. Data Analysis

All the collected data: age, gender, and parasitological results, were reported on an Excel
sheet. Prevalence of infection (percentage of infected schoolchildren among those examined)
was estimated for each parasite, for each parasite group: schistosomiasis and STH and for the
combined schistosomiasis and STH, at the overall, regional, departmental, school, school category
(public/private), school location (urban/rural), and gender levels. The 95% confidence intervals (CI)
for prevalence were calculated using the exact method in the software R version 3.2.2. Arithmetic mean
intensities of infection (number of egg per infested schoolchild) with standard deviations (SD) for each
parasite species were estimated, including only the positives schoolchildren [23]. The Chi squared or
Fisher exact tests were used to compare the prevalence differences in relation to the region, gender,
school category (private/public), and school area (urban/rural), while the non-parametric Wilcoxon or
Mann-Whitney rank sum test were used to compare differences in mean intensities of infection using
R version 3.2.2 or SPSS 10.0 for Windows software. The significance of tests was defined at p < 0.05.
Prevalence generated in each department were used to produce the prevalence maps of distribution
for each species using software ArcGis version 10.1.

3. Results

3.1. Characteristics of Sampling

A total of 45 schools were examined, 25 for North and 20 for East region, 27 for urban versus 18
for rural area and 27 for public versus 18 for private category. A total of 2245 schoolchildren (1116 girls
and 1129 boys) and the mean number of schoolchildren per school was 49.9 ± 3.9. The number of
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examined schoolchildren is 1236 (632 girls and 604 boys) in the North region and 1009 (484 girls and
525 boys) in the East region. 1754 schoolchildren were from urban versus 491 from rural area and
1420 public versus 825 private. Age of schoolchildren ranged from 4 to 17 years with median age of
11 years. The total average ages of examined schoolchildren were 11.28 ± 0.04; 11.39 ± 0.05 in the
Northern and 11.26 ± 0.09 in the Eastern region.

3.2. Prevalence

3.2.1. Combined Schistosomiasis and Soil Transmitted Helminthiasis

Of the 2245 schoolchildren surveyed, 1270 (56.57%; 95% CI 54.49–58.63%) were affected by
schistosomiasis (at least one species) and/or STH (at least one species) (Table 1). Schoolchildren from
the North region: 723 (58.50%; 95% CI 55.3–60.9%) were significantly more infected than those from
the East region: 548 (54.31%; 95% CI 50.5–56.7%), (X-squared=4.5129, df = 1; p = 0.04169). At the
department level, prevalence was from 44.4% (WLE department) to 73.6% (HKO department) in the
Northern region and from 46.56% (LPE department) to 67.45% (ZAD department) in the Eastern.
Prevalence was significantly different between departments (X-squared = 84.672, df = 8, p < 0.0001).
All of the schools were infected with prevalence ranging from 28.6% at school 3 of WLE to 92.9% at
school 3 of NTM in the North region and from 8.3% at school 4 of MVG department to 88.2% at school
4 of IVD in the East region (Table S2). There were significant differences between schools (X-squared
= 325.31, df = 44, p < 0.0001). Gender and school category had no influence on prevalence of the
combined schistosomiasis and/or STH (p > 0.05), while STH infections in rural schoolchildren (72.10%;
95% CI 67.90–76.02%) were significantly more prevalent than the urbans (51.60; 95% CI 49.23–53.96%),
(X-squared = 64.633, df = 1, p < 0.00001).

Of the total 1270 affected schoolchildren, 718 had one species, 537 two species, 15 three species,
and no schoolchild had four, five, six or more parasites concomitantly. For those affected with
schistosomiasis only one had two species, and for those with STH, 528 had two species, eight had three
species, and the rest had one species (Table 2).
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Table 2. Proportion of polyparasitism for schistosomiaisis, soil transmitted helminthiasis (STH) and
combined (schistosomiais-STH). N is the total number of examined schoolchildren.

Number of Species N Schistosomiasis STH Schistosomiasis-STH

1

2245

37 723 718 *
2 1 528 537
3 0 8 15
4 0 0 0
5 0 0 0
6 0 0 0

>6 0 0 0
Negative 2207 986 975

* In the STH column some of those also have schistosomiasis, so this decreases the number with 1 species in the
SCH-STH column.

3.2.2. Combined Schistosomiasis

Including all three species, overall 38 cases (1.7%) were positive for schistosomiasis in 21 schools
of the 45 surveyed, with no significant difference (p > 0.05) between the North, 19 cases (1.5%; 95%
CI 0.9–2.4%), and the East region, 19 cases (1.88%; 95% CI 1.1–2.9%), (Table 1). Gender, school area
and school category had no influence on prevalence of the combined schistosomiasis (p > 0.05). At the
department level, prevalence was all <10%. It varied from 0.8% at WLE to 2.6% at HKO department
in the North region (p > 0.05) and from 0.0% at ZAD to 4.4% at MVG department in the East region
(X-squared = 22.032, df = 8, p = 0.004857). At the school level, prevalence was all < 10% (0% in
25 schools), with the exception of school 5 in MVG department, it was 15.8% (X-squared = 84.762,
df = 44, p = 0.0002171).

3.2.3. Schistosomiasis Haematobium

It is the most frequent schistosomiasis that was found to be prevalent in 20 schools from the
45 studied (Table S2). Overall, S. haematobium affected 37 (1.45%; 95% CI 1.16–2.27%) schoolchildren
with 18 (1.46%. 95% CI 0.87–2.29%) in the North and 19 (1.88%; 95% CI 1.14–2.93%) in the East region
(p > 0.05). Gender, school area, and school category had no influence on prevalence of S. haematobium
(p > 0.05). At the department level (Figure 2), the prevalence of S. haematobium was all <10%, from 0.8%
(HNT department) to 2.4% (NTM department) in the North region and from 0% (ZAD department) to
4.36% (MVG department) in the East region, (X-squared = 21.741, df = 8, p = 0.00542). At the school
level, prevalence varied from 0 (in 25 schools) to15.8% (six cases in school 5 in the MVG department)
(X-squared = 85.959, df = 44, p = 0.0001583).

3.2.4. Other Schistosomiasis

S. guineensis and S. mansoni are very unusual, only one case of each respectively was listed
in the North region. The S. mansoni case was encountered in school 4 of NTM department, while
the S. guineensis case was in school 1 of HKO department (Table S2). All the distribution maps of
schistosomiasis are presented in the Figure 2.
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Figure 2. Map of prevalence levels for Schistosomiasis at department scale: (A) Schistosoma haematobium;
(B) S. mansoni; (C) S. guineensis; and, (D) Combined schistosomiasis.

3.2.5. Combined Soil Transmitted Helminthiasis (STH)

Including all the STH, a total of 1259 (56.08%; 95% CI 54.0–58.15%) schoolchildren were affected
by STH (Table 1). At the regional level, the North health region (58.09%; 95% CI 55.29–60.86%) was
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more affected than Eastern (53.62%; 95% CI 50.48–56.73%), (X-squared = 4.3331, df = 1, p = 0.03738).
At the department level, significant differences were found (X-squared = 85.435, df = 8, p < 0.0001).
Prevalence varied from 44.736% (WLE department) to 73.16% (HKO department) in the North and
from 46.56% (LPE department) to 67.45% (LPE department) in the East region. At the school level,
there were heterogeneity between schools (X-squared = 326.25, df = 44, p < 0.00001). One school had
a prevalence of STH < 20%, 14 schools had a prevalence ≥20%, but <50% and 29 had a prevalence
≥50% (Table S2). Gender and school category had no influence on overall prevalence of STH (p > 0.05)
while according to school area: schoolchildren of rural schools (72.1% [67.90–76.02]) had significantly
higher prevalence than those of urban schools (51.6%; 95% CI 49.23–53.96%), X-squared = 64.633, df = 1,
p < 0.0001.

3.2.6. Ascaris lumbricoides

A. lumbricoides was identified in 44 of the 45 schools studied for a total of 799 (35.59% (95%
CI 33.61–37.59%)) schoolchildren affected (Table 1). According to the health region, East (43.51%
(95% CI 40.42–46.63%)) was more affected than North (29.13% (95% CI 26.60–31.75%)), (X-squared
= 50.126, df = 1, p < 0.0001). Gender and school category had no influence on overall prevalence
of A. lumbricoides (p > 0.05) while rural schools (52.55% (95% CI 48.02–57.04%)) were more affected
by A. lumbricoides than urban schools (30.84% (95% CI 28.69–33.06%)), (X-squared = 77.872, df = 1,
p < 0.0001). At the department level (Figure 3), prevalence ranged from 12.9% in the WLE department
to 58.04% in ZAD, (X-squared = 160.82, df = 8, p < 0.0001). Significant heterogeneity (X-squared =
382.81, df = 44, p < 0.0001) existed between schools: one is non-infected (0%), nine schools had a low
prevalence (<20%), 19 had a moderate prevalence (≥20% but <50%), and 16 had a high prevalence
(≥50%) (Table S2).

3.2.7. Trichuris trichiura

T. trichiura was prevalent in all schools surveyed and it was the more frequently found species
with a total of 982 (43.7% (95% CI 41.68–45.8%)) infected schoolchildren. According to health region,
a higher prevalence was found in the North (52.8% (95% CI 50–55.7%)) as compared to the East (32.6%
(95% CI 29.7–35.6%)), (X-squared = 91.521, df = 1, p < 0.0001). There was a significant difference
between rural (55%; 95% CI 50.5–59.5%) and urban schools (40.6%; 95% CI 38.3–42.9%), (X-squared =
31.729, df = 1, p < 0.0001)); and, between public (45.4%; 95% CI 43.7–48%) and private schools (41%;
95% CI 37.6–44.4%), (X-squared = 3.8965, df = 1, p < 0.0001) for the overall prevalence of T. trichiura.
There was no significant difference of overall prevalence of T. trichiura according to gender (p > 0.05).
At the department level, (Figure 3) the prevalence of T. trichiura varied from 27.13% in LPE to 67.53%
in HKO department with significant heterogeneity (X-squared = 142.85, df = 8, p < 0.0001). At the
school level, six schools had a prevalence of T. trichiura <20%, 21 schools had a prevalence ≤20% but
<50%, and 18 had a prevalence ≥50% (Table S2). There was a significant difference in the distribution
of T. trichiura among schools (X-squared = 340.14, df = 44, p < 0.0001).

3.2.8. Hookworms

Hookworms were present in 12 of the 45 studied schools with an overall prevalence of 1.43%
(95% CI 1–2%): 1.6% (95% CI 0.99–2.49%) in the North region, 1.2% (95% CI 0.6–2.1%) in the East
region. There was no significance difference between regions, school areas, and school categories
(p>0.05), while there was a significant difference in overall prevalence of hookworm between girls
(1.3%; 95% CI: 0.8–2.2%) and boys (2%; 95% CI: 1.3–3%) (X-squared = 5.2061, df = 1, p = 0.02251). At the
department level (Figure 3), the prevalence was from 0 (for three departments) to a maximum of 6%
in the WLE department with significant difference between departments (X-squared = 53.552, df = 8,
p < 0.0001). Prevalence of hookworm in schools ranged from 0% (33 of the 45 schools surveyed) to
14.3% (Table S2). There were significant differences between schools (X-squared = 159.25, df = 44,
p < 0.0001). Geographical distribution of the STH is presented in Figure 3.
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Figure 3. Map of prevalence levels for Soil Transmitted Helminthiasis at the department scale:
(A) Ascaris lumbricoides; (B) Trichurus trichuira; (C) Hookworm; and, (D) Combined STH.

3.3. Intensity of Infection

3.3.1. Schistosomiasis

For the 37 schoolchildren that were infected with S. haematobium, the mean intensity of infections
was 101.9 ± 41.1 eggs per 10 mL of urine with a significant difference between the North (18.3 ± 8.2 epg)

132



Trop. Med. Infect. Dis. 2018, 3, 119

and the East region (181.1 ± 85.6 epg), (W = 246, p = 0.02176) (Table 3). On the 20 schools prevalent
with S. haematobium, light-intensity infections (<50 eggs/10 mL) occurred in 12 schools (11 in the North
region and one in the East Region) and heavy-intensity infections (≥50 eggs/10 mL) occurred in eight
schools (one in the North region and seven in the East Region) (Table S3). The maximum individual
egg counts was 1534 eggs/10 mL of urine; 73% of infected schoolchildren had low-intensity infections
and 27% had heavy-intensity infections. Overall, there is no significant difference between the genders,
the school areas, and the school categories (p > 0.05).

Intensity of infections was 72 epg for the only case of S. mansoni and 240 epg for the only case of
S. guineensis (Table 3).

3.3.2. Ascaris lumbricoides

Overall mean intensity of infection was moderate: 9586.6 ± 618.3 epg and significantly different
between the two regions: 11,433.6 ± 1061.7 epg for the North and 8071.9 ± 707.3 epg for the East region
(W = 69,804, p = 0.004523) (Table 3). Of the 44 schools prevalent with A. lumbricoides, light-intensity
infections (1–4999 epg) occurred in 10 schools (four in the North region and six in the East region),
moderate-intensity infections (5000–49,999 epg) occurred in 33 schools (20 in the North region and
13 in the East region), and heavy-intensity infections (≥50,000 epg) occurred in one school (in the
North region) (Table S3). The maximum individual egg counts was 176,640, whereas 59.1% of infected
schoolchildren had low-intensity infections, 37.5% with moderate-intensity infection, and 3.4% with
heavy-intensity infections. Overall, gender, school area, and school category had no influence on the
A. lumbricoides intensity of infection (p > 0.05).

3.3.3. Trichuris trichiura

The overall mean intensity of infection was moderate: 1143.2 ± 97 with a significant difference
between the North (1395.2 ± 126.6 epg) and the East region (642.9 ± 140.2 epg), (W = 76,502, p = 1.551×
10−13) (Table 3). Intensities of infection were classified in the light-intensity infections class (1–999 epg)
for 30 schools (13 in the North region and 17 in the East region), in the moderate-intensity infections
class (1000–9999) for 15 schools (12 in the North region and three in the East region). No school had
the heavy intensity infections (≥10,000 epg) (Table S3). The maximum individual egg count was
37,440; 77.8% of the infected schoolchildren had low-intensity infections, 20.1% moderate-intensity
infections, and 2.1% heavy-intensity infections. Overall, gender and school area had no influence
on the T. trichiura intensity of infection (p > 0.05), while intensities of infection were higher in public
schools (1193.5 ± 113.1 epg) than in private schools (1047.3 ± 182.1 epg) (W = 98,024, p-value = 0.01032)
in the same class of intensity.

3.3.4. Hookworm

The overall mean intensity of infection was light: 618.0 ± 499.6 epg; 130.8 ± 31.1 epg in the
North region and 1430.0 ± 1369.1 epg in the East region (Table 3). No significant difference was found
between regions, gender, school areas, and school categories. The maximum individual egg count was
15,840 eggs and 96.9% of the schoolchildren had light-intensity infections (Table S3).
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3.4. Community Diagnosis and Recommended Treatment Strategies

According to our results on the prevalence and the intensity of infection, the recommended
treatment strategies by department were summarized in Table 4.

Table 4. Diagnosis of health department and recommended treatment strategies.

Department Category
MDA Interventions in Schools (Enrolled
and Non-Enrolled)

Drug

Schistosomiasis infections

Woleu

Low prevalence MDA of SAC twice during primary
schooling (once on entry, again on leaving) Praziquantel

Ntem
Haut-Ntem
Haut-Okano
Okano
Ivindo
Lopé
Mvoung

Zadié Not endemic No required MDA. Treatment of individual
confirmed cases

Soil Transmitted Helminthiasis infections

Woleu Moderate prevalence
and moderate intensity Annual MDA

Mebendazole +
Levamisole

Ntem

High prevalence Biannual MDA
Haut-Ntem
Haut-Komo
Okano

Ivindo Moderate prevalence
and moderate intensity Annual MDALopé

Mvoung High prevalence Biannual MDAZadié

MDA = mass drug administration; SAC = school-aged children.

4. Discussion

Our study showed that schistosomiasis and STH remain common in schoolchildren of both North
and East health regions of Gabon with heterogenic proportions. Of the 2245 examined schoolchildren,
1270 (56.6%) were diagnosed by at least one schistosomiasis and/or STH. Infections were more
influenced by both regions and school area. Indeed, schoolchildren in the North region (58.5%) were
more affected than those in the East region (54.2%) and rural schoolchildren (72.10%) were more
affected than urban schoolchildren (51.6%). Gender (girl/boy) and school category (public/private)
had no influence on the burden of combined schistosomiasis or combined STH. However, hookworms
affect more the boys than the girls and T. trichiura affect more the public than the private schoolchildren
burden was most supported by STH than by schistosomiasis that is very low.

For schistosomiasis, the present study indicates that the infection is low endemic in the surveyed
area, with the prevalence being 1.7% (all three species). Exhaustive results indicate that distribution of
schistosomiasis is heterogeneous with an overall low endemicity for all the three species in the whole of
the study area. Schistosomiasis haematobium was the most frequent and was diagnosed with at least
one case in 20 schools from the 45 studied and from these 20 schools only one school was moderately
endemic with a prevalence at 15.8%. Overall infection of S. haematobium was low (1.7%) in both the
North (1.5%) and the East regions (1.9%). At the departmental level, prevalence was from 0.8% to 2.4%
in the North region and from 0 to 4.4% in the Eastern region. Schistosomiasis mansoni and guineensis
were rare in the surveyed areas with only one case of S. mansoni and S. guineensis respectively from the
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total schoolchildren examined. Data obtained here contrast with the results available for other areas
and for the overall estimations in Gabon. Indeed, Mintsa et al. reported prevalence for S. haematobium
at 17% and 26% in Melen, Libreville and Ekouk (80 km to Libreville), respectively [24], Gabon. Even
wider, the estimation of prevalence of schistosomiasis in Gabon was about 45% [3]. Outside Gabon,
in Central Africa, prevalence of schistosomiasis is generally high. For instance, in Cameroon, some
localities in the East, West, and Central regions had prevalence of between 20 and 50%, and for some of
them >50% [25]. In the Littoral, North-West and South-West Cameroon regions [26], prevalence were
also much higher than those recorded in our study. This contrast confirms the patching distribution
of schistosomiasis. Some parameters can explain the patching distribution of schistosomiasis and
they include human and ecological factors [27], temperature, and rainfall [28]. The use of GIS for
epidemiological survey in Tanzania showed that schistosomiasis was not endemic in areas where the
temperature was below 20 ◦C [18,29]. By contrast, in Cameroon, prevalence is >10% for the areas
where temperature is >40 ◦C and precipitation <1500 mm [30]. These differences can be attributed to
both distribution of the intermediate snail host species in Africa [31] and their optimal conditions for
development in West Africa [32]. In our study sites, temperature is >30 ◦C and precipitation >1000 mm,
this should be in favor of high prevalence. Besides temperature and rainfall, relief [33], demography
and living conditions [34] can also play a role in the distribution of schistosomiasis. Otherwise, the low
presence S. guineensis can also be attributed to the possibilities of hybrid species which are mentioned in
the country and are very indistinguishable using microscopy [24]. The hypothesis of the hybridization
zones between S. guineensis and S. haematobium has been suggested in two provinces of western Gabon,
Moyen-Ogooué [35] and Estuaire [36]. Hydridization between S. guineensis and S. haematobium led
to the extinction of S. guineensis in favor of S. haematobium, as at Loum in Cameroon [37]. The low
prevalence of S. mansoni in this study is not surprising because its distribution in the country is
uncertain [38].

In addition to the low prevalence recorded in this study, schistosomiasis was characterized by
low intensity of infections. Indeed, 73% of schoolchildren that were infected by S. haematobium had
a light (<50 eggs/10 mL urine) intensity of infection, and 27% a heavy one (≥50 eggs/10 mL urine).
These results are lower than those that were recorded at baseline results in the Barombi Kotto focus,
Cameroon where the total intensity of infection was 212.1 e/10 mL urine in schoolchildren of ages
between 3 and 22 years [23] and in the Sahel region, Burkina Faso [39]. The intensity of infection to
Schistosoma is often correlated to the morbidity in SAC and other susceptible groups [40,41] and it
plays an important role for the estimation of prevalence with consequences for the treatment strategy
in PCT [38,42]. Although the microscopic techniques that were used in our study (urine filtration
for S. haematobium diagnosis and Kato-Katz for S. mansoni and S. guineensis diagnosis) are the most
recommended by WHO [43] and the most widely used diagnostic approaches in epidemiological
surveys, their sensitivity is very discussed in foci with low intensity of infection because of day to day
egg variations [44]. Hence, multiple Kato-Katz thick smears are required to enhance sensitivity [45], but
this poses operational challenges and strains financial resources. As an alternative to these conventional
diagnostic methods, novel tools showing a very high diagnostic accuracy have recently been developed.
They include the detection of monoclonal antibody-based circulating antigens CCA and CAA [46]
and the molecular approaches [47]. For example, it has been shown that estimation of prevalence
with Kato-Katz technique underestimates the prevalence of active S. japonicum infections in China
by a factor of 10 compared with the UCP-LF CAA assay [48]. Similarly, estimation of S. haematobium
prevalence was several-fold higher with UCP-LF CAA assay than the one detected with a single urine
filtration [49]. Since 2008, a more sophisticated Point-Of-Care (POC) test detecting Schistosoma CCA in
urine has been developed and is now commercially available and is recommended by the authors for
S. mansoni diagnosis [50,51]. A POC-CCA test revealed higher sensitivity than triplicate Kato-Katz,
and it produced similar prevalence as nine Kato-Katz in many field survey evaluations [21,52]. The use
of CCAs or CAAs might thereby affect the results and the recommendations for treatment strategies

136



Trop. Med. Infect. Dis. 2018, 3, 119

Our results showed that STH were highly endemic. Overall, 56.1% of the schoolchildren
examined were affected by the combined STH (together A. lumbricoides, T. trichiura, and Hookworms).
This confirms the important level of STH in Central Africa, as in Cameroun [53]. Factors that
may explain high levels of STH infections include lacks of sanitation and access to drinking
water [9]. Our results indicate that the North region (58.1%) was most prevalent that the East
(53.1%) and schoolchildren from rural schools (72.1%) were more affected than those from urban
schools (51.6%).Various factors, such as genetics, poly-parasitism, demography, and urbanization,
may explain these differences [11]. The most common STH was T. trichiura (43.7%), followed by
A. lumbricoides (35.6%), with heterogeneous distributions between departments (Figure 3) and between
schools. Indeed, T. trichiura and A. lumbricoides were moderately prevalent (≥20 and <50%) in 21
and 19 schools, respectively, and both were very highly prevalent (≥50%) in 16 schools. In contrast
to the high prevalence of A. lumbricoides and T. trichiura, the prevalence of hookworm was low,
1.4% at overall, 1.6% in the North, and 1.2% in the East region. These results confirm the well
documented observation that the prevalence of T. trichiura and A. lumbricoides were always higher than
prevalence of hookworms [12,25,26]. Besides prevalence, the intensity of infection is a good indicator
for epidemiology of STH. Indeed, most of the morbidity is accounted for by infected individuals who
are the most heavily infected [54]. Our results showed a moderate-intensity infections for T. trichiura.
(1143.2 epg overall) and A. lumbricoides (overall 9586.6 epg) and light-intensity infection for hookworms
(overall 618 epg). However, 2.1% and 3.4% of schoolchildren had heavy-intensity of infections for
T. trichiura and A. lumbricoides, respectively, attesting the burden of these STH in the surveyed foci.

One of the objectives of our study was to address recommendations for SCH and STH preventive
chemotherapy in Gabon. Following WHO guidelines, based on prevalence and intensity of infections,
the program is classifying communities according to three strategies: (1) a high prevalence (≥50% for
both Schistosomiasis and STH) or heavy-intensity infections, schoolchildren are treated every year, and
high risk groups, such as fishermen, are treated; (2) a moderate prevalence (≥10% for Schistosomiasis
and ≥20% for STH, but <50% for both schistosomiasis and STH) and light-intensity infections,
schoolchildren are treated once every two years; and (3) a low prevalence (<10% for Schistosomiasis
and <20% for STH) and light-intensity infections, chemotherapy is made available in health facilities
for treatment of suspected cases [15]. For schistosomiasis, considering the low prevalence recorded in
our study, we recommend PC of SAC twice during primary schooling (once on entry, again on leaving)
for eight departments and individual treatment for the confirmed cases in the Zadié department.
We also recommend the diagnosis of other communities at high risk (such as pre-schoolchildren,
pregnant women, and special occupation groups) and chemotherapy will be made available in health
facilities for treatment of suspected cases according to OMS guidelines [15]. WHO recommended
the drug Praziquantel (PZQ) with a dosage of 40mg/Kg for the treatment of schistosomiasis in PTC.
Impact of treatment varies according to region and treatment strategy. An annual treatment strategy
has significantly reduced prevalence of schistosomiasis 1, 2, and 3 years post-treatment in West Africa,
i.e., Burkina Faso [38], Niger [55], Ghana [56]; East Africa i.e., Uganda [57], and in Central Africa, i.e.,
Cameroun [23,26]. For STH, we recommend a biannual PC strategy including pre and SAC, women
of child bearing age including pregnant women in the 2nd and 3rd trimesters and lactating women
and adults at high risk in certain occupations (e.g. tea-pickers and miners) for the six departments
(Ntem, Haut-Ntem, Haut-Komo, Okano, Mvoung and Zadié), where the prevalence was high (≥50%)
and an annual PC strategy for the three departments (Woleu, Ivindo, Lopé) with moderate prevalence.
Four anthelminthics are currently on the WHO model list of essential medicines for the treatment and
control of STH: albendazole, mebendazole, levamisole, and pyrantel-pamoate [15]. Impact of these
different drugs on STH are discussed by Keizer and Utzinger [58]. For these authors, oral single-doses
of these drugs show high cure rates against A. lumbricoides, but not always against T trichiura and
hookworms. Combination of mebendazole and levamisole shows the best cure rate against STH [59].
Furthermore, considering the total costs per child treated against schistosomiasis and STH, including
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drug and delivery, US$ 0.32 in Burkina Faso [35], the PC should integrate and progress with both
schistosomiasis and STH.

Supplementary Materials: The following are available at http://www.mdpi.com/2414-6366/3/4/119/s1,
Table S1: list of schools surveyed per region and department with their respective geographical position. Non-italic
= public school; italics = private school. In bold = urban school; normal = rural school, Table S2: Number of
infected schoolchildren (prevalence in %) for each parasite according to school and department investigated.
N is the number of schoolchildren examined. * p < 0.05 (Fisher-Exact-test); * is followed by school number or by
department name with a significant difference, Table S3: Intensity of infection (mean ± standard deviation) for
each parasite according to school and department investigated. N is the number of schoolchildren examined.
* p < 0.05 (Mann-Whitney test); * is followed by the school number or department code with significant difference.
L, M and H indicate class intensity of infection. L = light-intensity infection, M = moderate-intensity infections,
H = heavy-intensity infections according to each species.
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Abstract: The World Health Organization (WHO) recommends praziquantel mass drug administration
(MDA) to control schistosomiasis in endemic regions. We aimed to quantify recent and lifetime
praziquantel coverage, and reasons for non-treatment, at an individual level to guide policy
recommendations to help Uganda reach WHO goals. Cross-sectional household surveys (n = 681)
encompassing 3208 individuals (adults and children) were conducted in 2017 in Bugoto A and
B, Mayuge District, Uganda. Participants were asked if they had received praziquantel during
the recent MDA (October 2016) and whether they had ever received praziquantel in their lifetime.
A multivariate logistic regression analysis with socio-economic and individual characteristics as
covariates was used to determine factors associated with praziquantel uptake. In the MDA eligible
population (≥5 years of age), the most recent MDA coverage was 48.8%. Across individuals’ lifetimes,
31.8% of eligible and 49.5% of the entire population reported having never taken praziquantel. Factors
that improved individuals’ odds of taking praziquantel included school enrolment, residence in
Bugoto B and increasing years of village-residency. Not being offered (49.2%) and being away during
treatment (21.4%) were the most frequent reasons for not taking the 2016 praziquantel MDA. Contrary
to expectations, chronically-untreated individuals were rarely systematic non-compliers, but more
commonly not offered treatment.

Keywords: Mayuge; MDA coverage; praziquantel; S. mansoni; systematic non-compliance;
treatment-opportunities; Uganda

1. Introduction

Schistosomiasis is a severe, debilitating, neglected tropical disease that is often associated with
poverty [1]. Schistosoma parasites are transmitted in areas with limited infrastructure and minimal
access to, or use of, improved water, sanitation and hygiene (WASH) facilities [2,3]. The disease is
endemic in 78 countries, causing an estimated 1.864 million disability adjusted life years lost (DALYs)
in the over 250 million people infected, of whom >90% live in sub-Saharan Africa [4–7]. Improvements
in diagnostics show that prevalence may be even higher than previously thought [8].

Currently, schistosomiasis control in endemic regions focuses heavily on regular praziquantel
mass drug administration (MDA), which aims to prevent morbidity in later life by reducing infection
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intensities and prevalence [9]. The World Health Organization (WHO) recommends community-wide
MDA in areas where prevalence in school-aged children (SAC; enrolled and non-enrolled children
between the ages of 5–14) is >50% [9]. To achieve WHO goals to reduce schistosomiasis morbidity by
2020, countries need to reach targets of at least 75% preventive chemotherapy (PC) coverage of SAC
and at-risk adults annually in these highly-endemic communities [10]. At-risk adults range from entire
communities living in endemic areas to special groups (i.e., occupations involving frequent contact
with infested water such as fishermen or irrigation workers). Models show that high PC coverage in
both SAC and at-risk adults may be required for up to 15 years for successful morbidity control [11].
Models highlight that the required duration of annual MDA depends heavily on baseline intensity and
the proportion of systematic non-compliance versus untreated people being randomly distributed each
year [11]. However, there are few data regarding treatment across an individual’s lifetime and how
non-treatment is distributed across communities [12]. Annual MDA has been successful at reducing
the prevalence and intensity of infections in several areas [13–16], but hotspots remain in others [13,17].
Preventive chemotherapy is the mainstay component of schistosomiasis control, but other supportive
strategies such as provision of safe water and adequate sanitation, hygiene education and snail control
will be essential for the achievement of the WHO 2020 goal of elimination as a public health problem.

Coverage data at country and regional levels is often aggregated across implementation units
(IUs) [12,18], whereas schistosomiasis transmission is highly focal [19]. Data on geographic coverage
helps to improve tracking towards WHO goals, but there is a gap in our understanding of MDA
coverage across time within individuals. Crucially, current policies are based on mathematical models
that assume that coverage is homogeneous across the landscape and individuals are randomly treated
each time [20]. Recent research highlights the importance of systematically untreated individuals in
maintaining transmission: the effect of this group is exacerbated when overall treatment coverage is
low and parasites are long-lived (i.e., Schistosoma mansoni) [21,22]. These models demonstrate that these
untreated individuals can maintain transmission in low endemic communities even after 20 rounds
of MDA [22], highlighting the importance of identifying if, and how many, individuals are untreated
across their lifetime.

In 2002, Uganda was the first country in sub-Saharan Africa to begin schistosomiasis MDA. Out of
122 districts in Uganda, urogenital schistosomiasis (caused by Schistosoma haematobium) is found in four
districts, and intestinal schistosomiasis (caused by S. mansoni) is found in 82 districts (synonymous
with IUs in Uganda) [23,24]. In Uganda, 11.6 million people are infected, with 16.7 million at risk of
infection [23,24], representing nearly 6.0% of the global population requiring schistosomiasis PC [25].
In 2018, 46 districts will receive praziquantel MDA through the national control programme [24].

Few previous studies have evaluated praziquantel coverage at an individual level or reasons for
non-treatment [12,26–30]. In a study in 17 villages across Mayuge District, Uganda, an average coverage
of 56.7% was reported, with a range of 10.9–86.6%, whilst compliance ranged from 67.8–99.1% [26].
Predictors for not being treated included Islamic religion, being a minority tribe and having lived in
the village for longer [27]. Untreated individuals were also more likely to have lower socioeconomic
markers such as having a low home quality, drinking unpurified water, having no home latrine
and not being socially linked to people in village governments [27]. Social and physical proximity
networks were also shown to be important predictors of praziquantel coverage and compliance
within Uganda [26]. Similar low coverages were also observed in Côte d’Ivoire, with only 27.7% and
52.3% of people treated across two communities despite the study using door-to-door praziquantel
administration [30]. Reasons reported for not taking praziquantel during that treatment round included
being busy with agricultural activities, the bitter taste of the drug and/or previous adverse side
effects [30]. Mixed methods studies on Koome Islands, Uganda, reported 44.7% coverage, with people
more likely to have taken the last MDA if they had knowledge about schistosomiasis and general health
education [28]. In this study, drug shortages and loss of health workers were identified as reasons
for low coverage [28]. Higher coverages have been reported in Zanzibar, particularly in school-based
treatments; however, reasons for not taking the last praziquantel still included being absent during
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MDA, not being visited by a drug distributor, being busy, fear of adverse events or feeling healthy [29].
Studies on other neglected tropical diseases controlled by MDA have also reported multiple complex
reasons for low coverage and non-compliance [12,31]. Despite these studies on the coverage of recent
praziquantel and reasons for not taking it, data on lifetime coverage and systematic non-compliance
remain limited for schistosomiasis treatment [12].

We undertook household surveys of praziquantel coverage in two villages of Mayuge District,
Uganda, to test model assumptions and better inform control interventions. We collected
comprehensive data on praziquantel coverage, socio-economic indicators and individual-level factors
that could influence praziquantel uptake. Our specific objectives were to (1) quantify praziquantel
coverage, (2) determine reasons for not taking praziquantel during the last MDA round of treatment
and (3) identify socio-economic and individual factors that influence praziquantel uptake in (a) the
past year and (b) over a person’s lifetime. The goal was to identify and quantify drug coverage and
reasons for non-treatment during recent MDA praziquantel drug coverage at an individual level.
The findings may help to guide future research, interventions and targeted policy recommendations to
help Uganda and other countries reach WHO 2020 goals.

2. Materials and Methods

2.1. Ethical Approval and Study Setting

The methods used in this study were reviewed and approved by the Vector Control Division
Research Ethics Committee (VCDREC/062), the Uganda National Council of Science and Technology
(UNCST-HS 2193) and the University of Glasgow Medical, Veterinary and Life Sciences Research
Ethics Committee (200160068).

The study was conducted in two villages in Mayuge District, Uganda: Bugoto A and Bugoto B.
These communities are on a peninsula on the shores of Lake Victoria approximately 25 km from the
Mayuge District Headquarters, where MDA distribution is overseen. The area is a S. mansoni hotspot,
with prevalence >90% in primary-school children [32,33]. Mayuge District was one of the first 38 IUs
where MDA was carried out in 2003. From 2003 to date, there was an annual MDA administered at
the district level. Interventions are implemented through the local government structure managed by
the district health officer. The district health officer oversees the district health teams. These teams
are responsible for the training of teachers and community medicine distributors to implement MDA;
the teams also supervise them and provide a progress report [15,34]. Interventions for schistosomiasis
control in Uganda using MDA began to be rolled out in 2003 in 38 of the 56 IUs with the support of the
Schistosomiasis Control Initiative [35]. This has since expanded to the treatment of over 4.5 million
SAC and at-risk adults annually [36], with significant reductions in S. mansoni prevalence, intensity
and associated morbidity [37,38].

2.2. Survey Methodology

We conducted a census-style survey across both villages over a four-week period beginning in
February 2017 (Figure S1). Before interviews began, an advocacy meeting was held with Mayuge
District officials to discuss the study and obtain district approval and support. Meetings were
held with the local council, chairpersons from both villages and the village health teams (VHTs).
During mobilization meetings, community members were asked to provide information when the
researchers arrived in their homes, but were informed that they had no obligation to do so. Households
were visited door-to-door; if residents were absent, teams returned to the house at least twice for
follow-up. Informed and written consent from the head of household and adults was obtained.
The study respondents included any individual present in the home and above the age of 16. Both head
of household and respondents were noted in the interview; however, they did not have an effect on
the answers given. The main interviewers were the Ministry of Health Vector Control Officers or
the District Health Drug Distributor. Each team had a member of the village health team from the
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respective village. There were three teams performing interviews; team members rotated between
groups to ensure uniform questioning across the community.

2.3. Outcomes and Explanatory Variables

Our main outcomes of interest were individual praziquantel uptake in the most recent MDA
(October 2016) and across an individual’s lifetime. We focused on treatment coverage (proportion
of MDA target population (≥5 years) treated), but epidemiological coverage (proportion of total
population) is also reported and clearly specified. Eligible individuals in this context (i.e., target
population in this high endemic region) are those that are aged 5 years or older. If an individual
recalled praziquantel treatment, the location of treatment was recorded. Individuals were asked to
provide a reason if they were untreated in the recent MDA. Households and individual data were
collected as explanatory variables for treatment coverage. We collected household information on
religion, bed ownership, mosquito net ownership, house structure (materials of floor, walls and roof),
water sources (for drinking, bathing and washing) and latrine structure (materials of floor, walls and
roof) and usage. We also asked individuals for details of their sex, age, occupation (or current school
enrolment, encompassing all levels of education) and residence time in the village. Residence time was
evaluated as a continuous variable (number of years), but also as a categorical variable split into: not
present during MDA (0–0.75 years), short-term residence (0.76–4 years), intermediate term residence
(5–9 years) and long-term residence (10 years or more).

2.4. Data Analysis

Household and individual survey data were cleaned and checked for consistency using custom
scripts in R v. 3.2.1 [39] (Text S1). Ninety-five percent confidence intervals (95% CI) for proportions
were calculated using the Agresti–Coull method [40]. Multivariate logistic mixed effects models were
created with the function glmer from the lme4 package using the binomial family to evaluate two
binomial outcome variables: receiving praziquantel in the last year and receiving praziquantel during
lifetime. Models were created for the target population (≥5 years). Models were created with all
possible explanatory variables initially; then, insignificant predictors were removed in a stepwise
manner. Best-fit models were selected using the Akaike information criteria (AIC) [41]. Adjusted odds
ratios (aORs) were calculated for the best-fit multivariate models, and the Wald method was used to
calculate 95% CI.

3. Results

We conducted 681 household interviews encompassing 3208 individuals. This covered 90.8% (95%
CI: 88.0–93.0%) of Bugoto A and 90.8% (86.2–94.0%) of Bugoto B households according to estimates
from Uganda’s 2014 census. According to 2014 census population projections for 2017, data were
collected from 92.4% (91.3–93.5%) of individuals in Bugoto A and 92.1% (90.4–93.5%) of individuals
in Bugoto B. The mean age of individuals was 17.3 years, and median age was 13 years. The main
economic activities in the area were linked to fisheries, farming and small-scale business (Figure S2).

3.1. Self-Reported Praziquantel Uptake in Bugoto A and Bugoto B

Amongst surveyed individuals, 77.2% (75.7–78.6%) were eligible to receive praziquantel PC (five
years or older). In the last MDA, treatment coverage was 46.5% (44.5–48.5%), whereas lifetime MDA
treatment coverage was higher at 64.7% (62.8–66.7%). This means that 35.3% (33.4–37.2%) of the
target population and 50.1% (48.4–51.9%) of the entire population reported never taking praziquantel.
Treatment coverage among age groups in the last MDA ranged from 11.7% (eligible pre-SAC; 7.3–17.8%)
to 70.7% (SAC; 67.6–73.6%) (Figure 1). If eligible pre-SAC are omitted (coverage is the same as in the
last year), lifetime MDA praziquantel coverage within age groups ranged from 57.3% (20s; 52.7–61.9%)
to 77.3% (SAC; 74.4–80.0%) (Figure 1).
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Figure 1. Praziquantel treatment across lifetime. The proportion of individuals in each age class that
recalled receiving praziquantel treatment in 2016 (dark blue), not in 2016, but at least once in their
lifetime (light blue), or never (red) are shown. For the ease of visualizing data, individuals were
grouped into age groups: children were classified into pre-school-aged children (pre-SAC) (0–5 years)
and SAC (6–14 years), whereas individuals who were 15 years and older were classified either as young
adults (15–19 years) or by decade. Bugoto A is shown on the left, whereas Bugoto B is on the right.

3.2. Self-Reported Reasons for Not Receiving Praziquantel during the Last MDA Round

People offered nine reasons for not taking praziquantel in the last MDA (Figure 2, Table S1).
The most common reason was that they were not offered treatment (44.1%; 41.3–46.9%); this included
many individuals who had not known about the MDA. Absence during MDA was also common,
with 19.2% (17.1–21.6%) of respondents giving this as a reason. Only 4.1% (3.1–5.4%) of respondents
indicated fear of side effects/active treatment refusal as the reason for not taking praziquantel.

Figure 2. Reasons for not taking praziquantel in 2016. The proportion of individuals that reported a
specific reason for not taking praziquantel is shown for both females (top) and males (bottom). For the
ease of visualizing data, individuals were grouped into age groups: children were classified into
pre-school-aged children (pre-SAC) (0–5 years) and SAC (6–14 years), whereas individuals who were
15 years and older were classified either as young adults (15–19 years) or by decade.

3.3. Socio-Economic and Individual Risk Factors Influence Praziquantel Uptake

Mixed effects models were used to investigate significant predictors of praziquantel treatment
during MDA amongst the eligible population (five years and older). The best-fit model for taking

146



Trop. Med. Infect. Dis. 2018, 3, 111

praziquantel in 2016 included age group, residence time (as a categorical variable; see Materials and
Methods), village residence, school enrolment and household ownership of a mosquito net (Figure 3).
There were very similar predictors for lifetime praziquantel treatment (Figure S3). In all models,
household identity was included as a random effect.

Figure 3. Multivariate analysis of socio-economic and individual factors that influence praziquantel
uptake in the last year. Individuals were grouped into age groups: children were classified into
pre-school-aged children (pre-SAC) (0–5 years) and SAC (6–14 years), whereas individuals who were
15 years and older were classified either as young adults (15–19 years) or by decade. The intercept
represents an unenrolled SAC that resides in Bugoto A without a mosquito net and has lived in the
village an intermediate time (5–9 years). Adjusted odds ratios are plotted on a log scale, with coloured
dots indicating the estimate, and grey lines indicate 95% CI for each estimate.

Specifically, the odds of an individual receiving praziquantel in 2016 was highest in SAC, with
the majority of age groups having significantly lower odds: pre-SAC (adjusted odds ratio (aOR): 0.02,
95% CI: 0.01–0.05), young adults (aOR: 0.51, 95% CI: 0.32–0.83), 20s (aOR: 0.42, 95% CI: 0.23–0.77), 30s
(aOR: 0.53, 95% CI: 0.28–1.03), 40s (aOR: 0.50, 95% CI: 0.24–1.01) and 50s (aOR: 0.36, 95%CI: 0.17–0.78).
Enrolment at a school, including primary, secondary or any graduate education, increased odds of
taking praziquantel (aOR: 6.17, 95% CI: 3.58–10.64), as did residing in Bugoto B (aOR: 3.39, 95% CI:
2.15–5.35). Having a mosquito net at home could increase the odds of taking praziquantel in the last
year (aOR: 1.44, 95% CI: 0.96–2.15). Although this predictor was not significant at p = 0.05, including
this variable improved the fit of the model and was retained for the final model. Residence time
was also an important factor in determining whether an individual received praziquantel in the last
year. Intermediate residence time (5–9 years) was similar to long-term residence (aOR: 0.93, 95% CI:
0.64–1.35). However, if individuals were not living in Bugoto during the previous MDA campaign,
their odds of receiving treatment elsewhere were low (aOR: 0.08, 95% CI: 0.04, 0.18), and short-term
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residence also decreased the odds of receiving praziquantel (aOR: 0.58, 95% CI: 0.37, 0.91). There were
no significant interactions between the variables in this model.

Predictors of taking praziquantel treatment across lifetime were similar to the last year, but the
direction and magnitude of the predictors often varied (Figure S3). However, mosquito net ownership
was no longer included in the best fit model, but there was a significant interaction between age
and residence time. The odds of receiving praziquantel across one’s lifetime increased with school
enrolment (aOR: 3.62, 2.13–6.15), residence in Bugoto B (aOR: 2.23, 1.53–3.24) and residence time in
the village (for each year, aOR: 1.38, 1.29–1.47). Unlike praziquantel in the last year, most adults had
higher odds of being treated with praziquantel than children (YA, aOR: 3.22, 1.40–7.39; 20s, aOR: 6.06,
2.83–12.97; 30s, aOR: 10.12, 4.37–23.40; 40s, aOR: 10.91, 4.37–23.40). Pre-SAC were less likely to receive
praziquantel compared with SAC (aOR: 0.04, 0.00–0.61), whereas older (50s) individuals had similar
odds as SAC (aOR: 2.29, 0.72–7.29). There was a significant interaction between age and residence;
often times reducing the odds of taking praziquantel (i.e., residence years* 20s (interaction denoted
by *), aOR: 0.77, 0.72–0.82).

4. Discussion

Our results highlight that annual praziquantel uptake rates are well below the WHO targets in
Mayuge District, Uganda. Treatment coverage during the most recent MDA (2016) was only 46.5% of
eligible residents, and 35.3% of eligible residents reported having never taken the drug. To achieve
the WHO’s goal of controlling schistosomiasis morbidity by 2020 and ultimately eliminating it as
a public health problem, at least 75% treatment coverage is needed annually for over 10 years [18].
A key assumption of this goal is that the majority of individuals untreated each year are randomly
distributed. Therefore, as annual MDA is repeated, untreated people are ‘mopped up’. This would
result in the number of people who have never received praziquantel diminishing over time. In our
study communities, in a country where MDA has been going on for longer than all other sub-Saharan
African countries, a third of eligible individuals reported that they have never taken praziquantel.
These untreated individuals are not randomly distributed and are at risk of chronic schistosomiasis
and associated morbidity. They also act as reservoirs for reinfection of treated individuals [21,22].

Low MDA treatment coverage, annually and over an individual’s lifetime, has serious implications
for national disease control and prevention programmes and the sustainable control of schistosomiasis
morbidity and transmission. The self-reported uptake in our villages was on the lower end of coverage
compared to other studies, especially amongst adults [26–29,42,43]. Adult coverage in 2016 was 34.8%
(95% CI: 32.3%, 37.3%), whereas 70.7% (95% CI: 67.6–73.6%) of SAC were treated. Levels were similar
on Koome Island, Uganda (44.7%, 95% CI: 40.8–48.7% ), but islanders have been identified as national
priorities for improved interventions [28]. To the authors’ knowledge, only one published study in
sub-Saharan Africa has observed lower treatment uptake at 28.2% (95% CI: 22.9, 33.6%), in the city of
Jinja, Uganda [44], where advocacy was lacking.

Across Uganda, only 1/3 of the population requiring PC was treated in 2016, partly due to
some completely untreated districts [36]. Mayuge District has previously reported low praziquantel
coverage in 2009 (35%) [45], but attributed it to a lack of praziquantel stock. Our study focused on two
geographically-close communities, but data reflect similar trends across the district and country since
the control programme began.

The majority of studies have focused on recent treatment coverage [26,28,29,42,43,46], but have
not addressed lifetime treatment data and the important issue of systematic non-treatment rates [11,12].
We show that a third of the at-risk population has never been treated despite 14 years of MDA.
Using these data to parameterise models could have a significant effect on the predicted duration
that repeated MDA is needed to control morbidity. Using just our coverage rates of 70.7% in SAC
and 34.8% in adults, the sensitivity analyses by Turner and colleagues (2017) indicate that MDA is
needed for 6–9 years with a 20% systematic non-compliance [11]. Our finding of 35.3% systematically
non-treated eligible individuals, and 49.5% of the entire population never receiving treatment, likely
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explains the high infection prevalence and intensity still observed in these communities after 14 years
of MDA [33,47]. If these low annual treatment rates and high lifetime MDA non-treatment continue,
MDA programmes in districts such as this may potentially never control morbidity.

Despite low coverage, several individual and community factors were significantly correlated
with praziquantel uptake. Current school enrolment status significantly increased the chance of
receiving praziquantel, both within primary school children and adults enrolled in secondary and
tertiary education. Residence in Bugoto B increased chances of praziquantel treatment in the last year
and over lifetime. Bugoto B has a smaller total population and is more spread out than Bugoto A.
This potentially makes it easier for distributors in Bugoto B to keep track of who has, and has not,
received treatment and possibly makes it more likely to identify and include newcomers in the MDA.
The higher praziquantel uptake may also be a product of established and stable social networks in
Bugoto B; these social ties have been shown to be important in other settings [26]. Bugoto B has more
long-term residents (residents have spent an average of 69% of their life in the village) compared
to Bugoto A (average of 56% of their life in the village). In our study, the longer an individual had
lived in the village, the more likely he/she was to receive treatment, especially across a person’s
lifetime (but this is slightly mitigated by residence time). Lastly, mosquito net ownership can increase
the likelihood of taking praziquantel in the last year, which could be interpreted as a proxy for
health-seeking behaviour. These factors are important to consider when modifying programmes to
increase praziquantel uptake.

The term systematic non-compliers is often used instead of systematically non-treated.
Praziquantel MDA coverage can be significantly lower than other MDA programmes locally and
nationally and is commonly attributed to the fear of side effects [48]. Despite this common belief,
residents in our study were significantly more likely to have not been offered praziquantel, to have
been away during treatment or to have been passive non-compliers than to have actively refused it.
Of the target population that had not taken the drug in the last MDA, only 4.6% refused treatment.
This is similar to other praziquantel studies [29,49] indicating that the belief that fear of side effects
reduces treatment uptake is unfounded and unhelpful.

The most common reason for not taking praziquantel in the last year was not being offered, with
rates much higher than other studies [29]. Increasing the number of community drug distributors
(CDD) could increase drug coverage. In these villages, each drug distributor covers 150 households,
well above the recommended 25–30 households [50]. If each CDD is responsible for fewer households,
MDA coverage increases significantly [45,51]. Encouraging house-to-house administration in these
communities should also increase coverage [45,46]. In general, most adults taking praziquantel in
the last year received treatment at central locations rather than their household. However, a higher
proportion of Bugoto B residents compared to Bugoto A residents reported receiving praziquantel
treatment at home in 2016, which may partly explain the higher coverage in Bugoto B. The second
most common reason for not taking praziquantel was being away during MDA, compounded by
the absence of praziquantel in almost all Ugandan frontline health facilities. Similar findings were
reported for lymphatic filariasis, where MDAs were reported to be too short and not lasting long
enough to reach the whole communities [31]. Leaving drugs at health centres or with key personnel
after each MDA may enable a significant mop up of these mobile populations. Many reasons given for
not taking praziquantel in the last MDA suggest that improved educational campaigns and effective
mobilization could increase health-seeking behaviour and improve community-wide MDA. A recent
study supports these conclusions with findings that anytime was suitable for treatments if people were
informed in advance [30]. They also reported that knowledge of the disease was a positive predictor
of treatment, highlighting that communication is key at all levels. In addition, the dry season was
suggested as the best time of year to go with people less likely to be in the fields and absent during
treatment than in the rainy season. They further found that in a large village, house-to-house treatment
was preferred, but this was not important in a smaller village where people possibly all lived closer
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to a drug distribution point [30]; this could also further support our findings of higher praziquantel
success in the smaller population of Bugoto B, although this is a geographically dispersed population.

Anecdotal evidence during our surveys suggested that individuals believed they were cured
after one round of treatment and therefore did not take praziquantel in subsequent MDAs (i.e.,
passive non-complier). In Côte d’Ivoire, three-quarters of people treated during the study said they
would not take the drug again, despite a significant proportion of people saying they felt better
after treatment [30]. In Zanzibar, treatment fatigue was reported [29], which also may explain our
interaction between age and duration in the village and the reduction of treatment uptake in the last
MDA. Others believe praziquantel MDA is for SAC only or had simply never heard of the MDA.
Studies in Nigeria show that obtaining community support and involvement before praziquantel
MDA implementation contributes to an effective treatment strategy for schistosomiasis [52]. However,
knowledge of schistosomiasis transmission and prevention that increases the likelihood of taking
praziquantel MDA has not successfully reached the intended communities as suggested [42].

The key limitations of this study were that only two villages were surveyed and that the source
of data on participants’ past treatment with praziquantel was through interviews, which may be
prone to recall bias. Participants might not be in a position to differentiate praziquantel from other
medicines they have taken, and this might be exacerbated by the time between the most recent MDA
and the survey date. This was minimised where possible by showing images of praziquantel and
describing its bitter taste to the interviewees. Thus, if individuals were to confuse treatments with
other MDA programmes, it would likely result in a higher recall of the wrong drug rather than no
recall at all. If people had taken the drug many years before and forgotten, then this could lower
the lifetime coverage, which could be better inferred as coverage within memory. In addition, MDA
has only been occurring in Mayuge for 14 years, and so, lifetime refers more to the lifetime of the
national control programme, rather than, for example, the full extent of an adult’s life. Furthermore,
if someone had taken praziquantel once a long time ago, at the start of the national programme, but is
now systematically untreated, then the effect on transmission and morbidity may remain relatively
unchanged if they are still being exposed in these highly endemic communities. However, similar low
coverages in recent treatments have been reported across Mayuge [53], indicating that our data for
recent treatment are in line with other studies and provide additional information regarding long-term
treatment exposure, which other studies rarely address, despite it being highlighted by modellers as
an important knowledge gap [11,12].

The communities involved in this study are incredibly diverse, and there are factors that
were not measured that are also likely to influence praziquantel uptake. For example, additional
household characteristics, ethnicity and social networks have also been shown to influence likelihood
of praziquantel treatment [26,53]. We therefore recommend further studies into the social and
cultural factors influencing long-term praziquantel uptake and schistosomiasis transmission in these
communities. This will help highlight which targeted mobilization approaches are feasible and are
most successful in increasing praziquantel coverage and reducing transmission.

5. Conclusions

Schistosomiasis is associated with low socio-economic status, poor sanitation, lack of access
to healthcare systems and frequent contact with infected water bodies [54,55]. Annual MDA has
been successful at reducing prevalence and intensity of infections in several areas [14,16,37,38],
but hotspots remain in others [13,17]. While PC is an important component of schistosomiasis
control, other supportive strategies such as provision of safe water and adequate sanitation, hygiene
education and snail control will be essential for the control and elimination of schistosomiasis.
However, improvements in MDA can impact disease morbidity and improve short-term outcomes
for stakeholders. Based on community surveys, praziquantel uptake could be improved by leaving
supplies of praziquantel at health facilities or with CDDs, improving awareness that people can get
re-infected post-treatment and emphasizing that praziquantel is recommended for adults in these
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communities, not just children. This study supports the notion that bottlenecks for schistosomiasis
control by MDA are occurring at the level of distribution and are not driven by non-compliance.
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Abstract: Over the past decade, a significant reduction in the prevalence of schistosomiasis has been
achieved, partially explained by the large-scale administration of praziquantel. Yet, the burden of
schistosomiasis remains considerable, and factors influencing intervention coverage are important.
This study aimed to deepen the understanding of low treatment coverage rates observed in two
schistosomiasis-endemic villages in Côte d’Ivoire. The research was conducted in August 2015,
in Moronou and Bigouin, two villages of Côte d’Ivoire that are endemic for Schistosoma haematobium
and S. mansoni, respectively. After completion of a clinical trial, standard praziquantel treatment
(single 40 mg/kg oral dose) was offered to all village inhabitants by community health workers
using a house-to-house approach. Factors influencing treatment coverage were determined by a
questionnaire survey, randomly selecting 405 individuals. The overall treatment coverage rate was
only 47.6% (2730/5733) with considerable intervillage heterogeneity (27.7% in Bigouin (302/1091)
versus 52.3% in Moronou (2428/4642)). Among the 200 individuals interviewed in Moronou,
50.0% were administered praziquantel, while only 19.5% of the 205 individuals interviewed in
Bigouin received praziquantel. The main reasons for low treatment coverage were work-related
(agricultural activities), the bitter taste of praziquantel and previous experiences with adverse events.
The most suitable period for treatment campaigns was reported to be the dry season. More than
three-quarter of the interviewees who had taken praziquantel (overall, 116/140; Moronou, 84/100;
Bigouin, 32/40) declared that they would not participate in future treatments (p < 0.001). In order
to enhance praziquantel treatment coverage, careful consideration should be given to attitudes and
practices, such as prior or perceived adverse events and taste of praziquantel, and appropriate timing,
harmonized with agricultural activities. Without such understanding, breaking the transmission of
schistosomiasis remains a distant goal.

Keywords: Côte d’Ivoire; coverage rate; praziquantel; preventive chemotherapy; Schistosoma
haematobium; Schistosoma mansoni

1. Introduction

Schistosomiasis is a widespread neglected tropical disease with a considerable public health
impact. Indeed, 779 million people are at risk of schistosomiasis, more than 250 million people
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are infected with blood flukes of the genus Schistosoma, and the global burden in 2016 was
estimated at 1.864 million disability-adjusted life years [1–3]. More than 90% of schistosome infections
are concentrated in Africa [1,4]. There is growing evidence of a positive relationship between
schistosome infections and subtle morbidity, including educational, learning and memory deficits [5].
The global strategy is morbidity control, emphasizing periodic administration of praziquantel to
at-risk populations without prior diagnosis. This strategy is phrased ‘preventive chemotherapy’
with the declared aim to achieve at least 75% of treatment coverage among school-aged children
in schistosome-endemic areas [6]. Efforts are underway to eliminate schistosomiasis as a public
health problem by 2025 [7–9]. In order to reach this ambitious goal, treatment with praziquantel
needs to be administered repetitively with high coverage, in concert with ancillary measures, such as
water, sanitation and hygiene (WASH), information, education and communication (IEC) and snail
control [10–15].

In Côte d’Ivoire, schistosomiasis control efforts have been intensified since 2006, yet were
challenged during periods of social unrest, armed conflict and war [16,17]. Starting in 2013, with
financial support from the Schistosomiasis Control Initiative (SCI) and other donors, regular
large-scale administration of praziquantel is under way, including sporadic assessment of treatment
coverage. However, factors influencing coverage rates and reasons for noncompliance have yet to be
systematically evaluated in Côte d’Ivoire.

In general, investigations that systematically evaluate treatment coverage and compliance of
the community are scarce [18–20]. Recent studies carried out in Uganda [18] and Zanzibar [19]
determined underlying factors responsible for low treatment compliance. The main reasons identified
by Knopp and colleagues for communities in Zanzibar not receiving or taking praziquantel were:
absence during drug distribution, no drug distributor reached the household, fear of adverse events,
pregnancy, breastfeeding or feeling healthy [19]. Moreover, lack of motivation or professional expertise
of drug distributors and limited information of the target population were associated with low
compliance of local communities with preventive chemotherapy [21,22]. Chami and colleagues
identified additional reasons for low compliance: They found that individuals of low socioeconomic
status, religious minorities and small tribes showed particularly low compliance rates with preventive
chemotherapy [18].

Within the frame of a randomized controlled trial conducted in two villages of central and
western Côte d’Ivoire that assessed the efficacy and safety of potential new treatments (i.e., Synriam®,
moxidectin and Synriam®–praziquantel) against schistosomiasis [12], there was an opportunity to
determine praziquantel treatment coverage rates. Indeed, after completion of the clinical trial, a single
40 mg/kg oral dose of praziquantel was offered to the communities. Low compliance was observed,
and hence, a questionnaire survey was conducted to identify reasons that might explain lack of
compliance. Here we present findings on attitudes and practices towards treatment of schistosomiasis
in the two study communities. Results and lessons might help to overcome current challenges in order
to achieve effective control and elimination of schistosomiasisin Côte d’Ivoire and other countries.

2. Material and Methods

2.1. Ethical Approval and Study Setting

The study was conducted in August 2015 during the rainy season, following completion of a
clinical trial assessing the efficacy and safety of Synriam® and moxidectin [12] against urogenital and
intestinal schistosomiasis in 256 school-aged children and adolescents (age: 12–17 years) in the villages
of Moronou (central Côte d’Ivoire) and Bigouin (western Côte d’Ivoire). As described elsewhere,
Moronou and Bigouin are highly endemic for Schistosoma haematobium and S. mansoni, respectively [12].
The clinical trial was approved by the Ethics Committee of Northwestern and Central Switzerland
(EKNZ; reference no. 15/01) and the Comité National d’Éthique et de la Recherche (CNER; reference
no. 026, approval date: 16 June 2015) of the Ministry of Health in Côte d’Ivoire. According to the last
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national census carried out in 2014, there were 4642 and 1091 inhabitants in Moronou and Bigouin,
respectively [23]. Informed oral consent was obtained from all participants for the questionnaire survey.

2.2. Sample Size Calculation

The sample size was assessed as recommended by Lemeshow et al. [24]. Briefly, we assumed
that 90% (P) of the individuals approached would answer the questionnaire with a relative precision
(d) of 5% and a level of confidence of 95% (Z = 1.96). The minimum sample size for each setting was
138 individuals, calculated as follows: n = Z2

1−α/2P(1 − P)/d2.
Allowing for 30% of absence during the door-to-door visit, approximately 200 individuals

(school-aged children, 6–15 years and adolescents/adults, ≥16 years) were randomly selected in
each village with equal numbers of treated and nontreated individuals during the door-to-door
treatment (as described below).

2.3. Praziquantel Treatment

Praziquantel tablets (Cesol® 600 mg) were offered free of charge to both communities following
the completion of a clinical trial (Figure 1). Communities were informed about the treatment days,
and the objectives, procedures and potential risks and benefits were explained. Village chiefs and
community leaders conducted an information meeting and, subsequently, the information was passed
on to the entire population. In both villages, a door-to-door approach was employed to administer
praziquantel over two consecutive days. In each village, a community health worker (CHW) was
recruited per neighborhood (six in Moronou and four in Bigouin). The CHWs were trained to treat
community members using a dose pole [25,26]. Villagers were invited to swallow the drug in front of
the CHWs. Related data, including name, sex, age and number of tablets administered, were recorded
in a register used by the national schistosomiasis control programme.

 

Figure 1. Study profile.
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2.4. Questionnaire Assessing Factors Influencing Treatment Compliance

A structured questionnaire was created, including data on demographics, main activities of the
participants, whether they had accepted the recent praziquantel treatment and factors that influenced
treatment compliance ( Supplementary file 1). We also gathered suggestions on how to improve the
distribution and administration of treatment in order to increase compliance. The questionnaire was
pretested in Abidjan, the economic capital of Côte d’Ivoire, among 15 randomly selected children
aged 9–12 years. CHWs were trained to implement the questionnaire. They were fluent in the local
language (i.e., Baoulé in Moronou and Yacouba in Bigouin). Translation of the questionnaire into local
languages was done for each study location. The questionnaire was implemented over 7 days in each
village, after the house-to-house treatment.

2.5. Statistical Analysis

Data were double entered into a database using EpiInfo version 3.5.1. (Centers for Disease
Control and Prevention, Atlanta, GA, USA). Data analysis was done using STATA version 12.1
(StataCorp., College Station, TX, USA). Qualitative (e.g., reasons for noncompliance) and quantitative
data (e.g., age and sex) were expressed as proportions and means, respectively. Proportions were
compared using Pearson’s chi-squared test (χ2). A p-value less than or equal to 0.05 was considered as
statistically significant.

3. Results

3.1. Treatment Compliance

Table 1 shows the praziquantel treatment coverage rate in Moronou and Bigouin. The overall
coverage rate was 47.6% (2730/5733) with considerable difference between the two villages (27.7% in
Bigouin (302/1091) versus 52.3% in Moronou (2428/4642)). While males reported significantly higher
treatment compliance in Bigouin (χ2 = 19.96, p < 0.001), no sex difference was observed in Moronou
(χ2 = 0.16, p = 0.104).

3.2. Factors Associated with Coverage of Praziquantel Treatment

Table 2 summarizes sex, age and occupation of the participants interviewed. The factors
influencing treatment compliance and suggestions on how treatment programmes could be improved
are presented in Table 3. In both settings we interviewed more males than females (248 versus 157)
with a statistically-significant difference observed in Bigouin (145 males versus 60 females; χ2 = 23.95,
p < 0.001). The main activity of the participants was farming with cash crops, particularly coffee,
cacao and hevea (53.5% in Moronou and 48.8% in Bigouin), followed by vegetables and rice (20.5% and
19.5%, respectively).
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Half of the interviewees in Moronou (n = 100, 50%) and four out of five interviewees in
Bigouin (n = 165, 80.5%) did not take praziquantel during the treatment campaign. Farming activities
were stated as the main reason for not participating in the treatment (70%, 70/100 in Moronou;
89.7%, 148/165 in Bigouin). Other factors were adverse events experienced in previous treatment
campaigns (25.0%, 25/100 in Moronou) and a lack of treatment need (7.9%, 13/165 in Bigouin).
Additionally, 26.0% (26/100) of the participants in Moronou and 37.5% (15/40) in Bigouin complained
about the bitter taste of praziquantel as a reason for refusing treatment. Among the participants who
accepted the treatment, 62.0% (62/100) in Moronou and 52.5% (21/40) in Bigouin complained about
adverse events.

We were also interested in learning whether interviewees would accept another round of
praziquantel treatment and if so, whether they could give us some indications on the most appropriate
approach and timing for treatment. In both villages, among the individuals who were willing to accept
another treatment, three-quarters (overall 116/140; Moronou 84/100; Bigouin 32/40) declared that
they would not participate in a future treatment round (p < 0.001). Study participants recorded that in
both villages the most suitable period of the year for treatment campaigns would be the dry season.
There was no preferable time during the course of the day for the treatment. When asked about the
most suitable approach for the treatment delivery, in Moronou, two-third (68.5%, 137/200) suggested
a house-to-house approach as used in the current study (p < 0.001). There was no specific preference in
Bigouin (p = 0.200).

4. Discussion

Schistosomiasis is a neglected tropical disease that remains of considerable public health
relevance [3,27]. The cornerstone of schistosomiasis control is preventive chemotherapy, emphasising
periodic treatment of school-aged children with the declared aim to treat at least 75% of this age group
in schistosomiasis-endemic areas [7,8]. In view of new aspirations to eliminate schistosomiasis as
a public health problem and to break transmission, a range of activities, including broadening of
preventive chemotherapy along with WASH, IEC and snail control, are required [15,28,29]. Expanding
preventive chemotherapy programmes to the adult population calls for investigations of low treatment
coverage and compliance issues observed in several endemic areas that might undermine the success
of preventive chemotherapy [30].

Assessment of treatment compliance has been done mainly for mass drug administration
against lymphatic filariasis [21,31]. Only a few studies focused on schistosomiasis and intestinal
helminthiases [19,32,33]. Moreover, in Côte d’Ivoire, the factors influencing praziquantel coverage
rates have yet to be investigated.

We pursued a cross-sectional questionnaire survey to study factors that might explain low
treatment coverage in two selected villages in which a small clinical trial had been conducted before the
current study [12]. We employed a door-to-door approach with previously trained CHWs. While the
treatment compliance in Bigouin was very low (27.7%), it was considerably higher in Moronou (52.3%).
The main reason for not having received or taken praziquantel was farming activities at the time of drug
administration. Additional reasons were experience with adverse events from previous treatments
and the bitter taste of praziquantel. Although the bitter taste of praziquantel and adverse events are
well acknowledged in the literature [34–37], to our knowledge, studies evaluating the impact of these
issues on treatment compliance are scarce [35].

Previous studies assessing praziquantel treatment coverage reported varying compliance rates
and a host of factors influencing coverage. It might be worth highlighting that most of the data
reported thus far are based on systematic reviews, but only few have considered coverage as a study
objective and assessed it thoroughly using a questionnaire approach [19,38]. However, a standard
questionnaire used by the research teams to evaluate the factors influencing the treatment coverage is
lacking, rendering comparison from one location to another difficult [39–41].
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Advice has been given by the interviewed population to preferably implement preventive
chemotherapy in the dry season when farming activities are significantly reduced. Note that in Côte
d’Ivoire, as in other African countries, the rainy season is a period of intense farming activities. In that
period, a high proportion of the population is staying in small temporary hamlets, often inaccessible to
CHWs. It is clear that, while schoolchildren can be easily reached through the education system [42],
when extending the treatment to the entire community, socio–cultural issues, accessibility and main
occupational activities should be considered through a participatory approach [21]. Another factor
to be taken into account might be the duration of the intervention. Krentelet al. reported that in
some settings, the scheduled time for drug distribution was not sufficient to cover the entire target
population. Hence, one option would be to increase time dedicated to preventive chemotherapy and
to increase the number of CHWs distributing praziquantel. Yet, this suggestion was not made by the
people interviewed in the current investigation.

Our study has several limitations. First, the research was restricted to two rural settings of
central and western Côte d’Ivoire. In previous studies, distinctively different treatment compliance
rates were observed when comparing rural and urban settings; usually compliance in urban areas is
lower [21,31]. This was attributed mostly to a high proportion of migrants and mobile population,
private health institutions that discourage people from participating in preventive chemotherapy and
lack of a specific urban health strategy. Second, the treatment approach used by CHWs might differ
based on the size of the location. We found that in Moronou, which is approximately three times larger
than Bigouin, the population prefers a house-to-house approach. On the other hand, in Bigouin, no
preferable drug distribution emerged, as revealed by our questionnaire survey. As expected, treatment
needs by different populations vary and further investigations are required to elucidate this issue.
Third, we evaluated the current praziquantel treatment coverage rates shortly after the completion of a
small clinical trial in adolescents, assessing the efficacy and safety of different novel treatments and
treatment combinations against schistosomiasis, including praziquantel. Of note, during this trial only
a few participants from each community experienced adverse events, most of which were mild and
transient. Yet, it is conceivable that people experiencing adverse events or complaining of the bitter
taste of praziquantel might have influenced the willingness of the community members to participate
in the current mass treatment.

Only a few studies determined the impact of repeated preventive chemotherapy on treatment
compliance with praziquantel. In settings that underwent several years of mass drug administration,
such as in Zanzibar [19], Knopp et al. speculated on ‘treatment fatigue’ of the population being
only marginally infected, but repeatedly given medications. Similarly, in our study, we found
that most of the interviewees denied a subsequent treatment. This is an important issue, which
needs careful attention by disease control programme managers, since predictive models taking
into account prevalence and treatment coverage have shown that to reach elimination with mass
drug administration, at least 10 years of regular treatment with high treatment coverage (>70%)
is required [43]. In settings that aim at breaking transmission, integrated control approaches are
warranted, complementing preventive chemotherapy with WASH, IEC and snail control [44–46].
Such integrated control programmes require long-term commitment [47].

In conclusion, with schistosomiasis morbidity control progressively moving towards elimination,
and hence broadening preventive chemotherapy from school-aged children to include preschool-aged
children and adults, efforts should be made to regularly assess treatment coverage rates.
Since morbidity of schistosomiasis is often subtle and individuals might not feel sick, sensitization
prior to treatment should be carried out to diminish the reluctance of the population towards the
treatment caused by adverse events and the bitter taste of praziquantel. Particular attention should be
given to idiosyncrasies of endemic areas by taking into account timing and the mix of the intervention.
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Abstract: Parasitologic surveys of young adults in college and university settings are not commonly
done, even in areas known to be endemic for schistosomiasis and soil-transmitted helminths. We have
done a survey of 291 students and staff at the Kisumu National Polytechnic in Kisumu, Kenya, using
the stool microscopy Kato-Katz (KK) method and the urine point-of-care circulating cathodic antigen
(POC-CCA) test. Based on three stools/two KK slides each, in the 208 participants for whom three
consecutive stools were obtained, Schistosoma mansoni prevalence was 17.8%. When all 291 individuals
were analyzed based on the first stool, as done by the national neglected tropical disease (NTD)
program, and one urine POC-CCA assay (n = 276), the prevalence was 13.7% by KK and 23.2%
by POC-CCA. Based on three stools, 2.5% of 208 participants had heavy S. mansoni infections
(≥400 eggs/gram feces), with heavy S. mansoni infections making up 13.5% of the S. mansoni cases.
The prevalence of the soil-transmitted helminths (STH: Ascaris lumbricoides, Trichuris trichiura
and hookworm) by three stools was 1.4%, 3.1%, and 4.1%, respectively, and by the first stool was 1.4%,
2.4% and 1.4%, respectively. This prevalence and intensity of infection with S. mansoni in a college
setting warrants mass drug administration with praziquantel. This population of young adults is
‘in school’ and is both approachable and worthy of inclusion in national schistosomiasis control and
elimination programs.

Keywords: schistosomiasis; Kato-Katz; POC-CCA; young adults; soil-transmitted helminths

1. Introduction

The effort to control and eventually eliminate schistosomiasis has gained considerable momentum
since the adoption of the World Health Assembly (WHA) Resolution 54.19 in 2001 [1] and WHA
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Resolution 65.21 in 2012 [2]. These efforts have largely been by primary school-based implementation of
preventive chemotherapy through annual or biennial mass drug administration (MDA) of praziquantel
(PZQ) along with albendazole or mebendazole for treatment of soil-transmitted helminths (STH;
Ascaris lumbricoides, Trichuris trichiura, and hookworm). While effective in bringing down the
prevalence and intensity of these helminth infections [3,4], this approach alone fails to eliminate
transmission of schistosomiasis and almost universally fails to treat young adults in secondary school,
college or university. The need and advantage of extending MDA to students in secondary schools
have been demonstrated recently [3], and we sought to determine if the same might be true in
regard to young adults attending a technical college, Kisumu National Polytechnic (KNP) located
in a schistosomiasis endemic area of western Kenya. Such students comprise a population that is
associated with given institutions and could be incorporated into national ‘school-based’ preventive
chemotherapy programs. If ignored they may represent a danger to themselves in terms of morbidity
and a danger to the control and elimination programs being rolled out across sub-Saharan Africa.
Our results indicate that young adults in college or university settings in endemic areas need treatment
for their schistosomiasis and their STHs.

2. Materials and Methods

This cross-sectional study was conducted among students and staff of Kisumu National
Polytechnic (KNP), which is situated within the lakeside city of Kisumu about three km east of the city
center, latitude 0◦6′13.7′ ′ (0.1038◦) south and longitude 34◦46′23′ ′ (34.7731◦) east, in western Kenya.
At the time of this study KNP had 3106 students and 134 teaching and non-teaching staff.
This parasitologic survey was a part of a larger immunologic study [5]. Recruitment inclusion
criteria were that they must be student or staff at the college, be willing to provide stool and
urine specimens, undergo validated testing and counseling for HIV at the local HIV Volunteer
Counseling and Testing center and sign a detailed consent form. The consideration of HIV status
was critical for the immunologic portions of the study but did not impact the parasitologic data
presented herein. At least one stool and one urine specimen were collected from each participant,
and when feasible, three consecutive stools were collected. Specimens in plastic containers labeled
with unique identification numbers were delivered to the Centre for Global Health Research of
the Kenya Medical Research Institute laboratory in cooler boxes within 3–5 h of collection for
parasitologic processing.

Stools were examined for S. mansoni and STH eggs by microscopically evaluating two slides by
the Kato-Katz (KK) thick smear method [6]. The number of S. mansoni eggs were counted, recorded
and multiplied by 24 to determine the number of eggs per gram of feces (epg). Infection intensity
was classified as light (1–99 epg), medium (100–399 epg), or heavy (≥400 epg) according to World
Health Organization (WHO) guidelines [7]. Urine specimens were assayed for circulating cathodic
antigen (CCA) by the point-of-care circulating cathodic antigen (POC-CCA) test, as described by the
manufacturer (Rapid Diagnostics, Inc., Pretoria, South Africa). STH eggs were recorded as positive
or negative.

Study procedures were approved by the institutional review boards of the University of Georgia
(Protocol 2012-1-10145), the Scientific Steering Committee of the Kenya Medical Research Institute
(KEMRI) and the KEMRI National Ethics Review Committee of Kenya (Protocol 2303) and reviewed by
the institutional review board of the Centers for Disease Control and Prevention (CDC), which deemed
CDC personnel to be non-engaged. All study participants found positive for S. mansoni were
provided PZQ treatment (40 mg/kg body weight) and all those positive for STH were provided
with albendazole (400 mg).

3. Results

The study population consisted of 291 students or staff at KNP who volunteered and were
enrolled, consented and provided at least one stool specimen. Of these, 208 provided all three requested
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stool specimens. All stool specimens were examined by the Kato-Katz (KK) method [6] for the presence
or absence of STH eggs, and the eggs of S. mansoni were counted to determine infection intensity.
In addition, 276 of these participants also provided single urine specimens, and these were tested for
CCA by the POC-CCA test (Rapid Diagnostics Inc., Pretoria, South Africa). The demographic and
parasitologic data of the participants are given in Table 1. There were no significant demographic
differences by Chi square analyses between those who provided three stools and those who
provided fewer. The median age of the 291 participants was 22 years, and males constituted 45.5% of
this study population. Ninety-two percent were students, 4% (n = 12) were staff, and the status data
on the other 4% were missing.

Table 1. Characteristics of study participants.

Characteristic Number of Participants (%)

Age, median (range) years 22 (17–41)
Male sex 132 (45.4%)

Prevalence of helminth infections
1 urine sample (CCA)

(n = 276)
1 stool sample

(n = 291)
3 stool samples

(n = 208)
Schistosoma mansoni prevalence (%) 64 (23.2%) 40 (13.7%) 37 (17.8%)
Ascaris lumbricoides prevalence (%) N/A 4 (1.4%) 4 (1.4%)
Trichuris trichiura prevalence (%) N/A 7 (2.4%) 9 (3.1%)

Hookworm prevalence (%) N/A 4 (1.4%) 12 (4.1%)

Stool examinations by the Kato-Katz method; CCA assays by the point of care circulating cathodic antigen urine test.

Based on examination of the first stool by the KK method (n = 291), the prevalence of S. mansoni
was 13.7% (Table 1). The prevalence based on a single urine assay by the POC-CCA test (n = 276)
was 23.2%. The prevalence of A. lumbricoides, T. trichiura, and hookworm based on a single stool was
1.4%, 2.4%, and 1.4%, respectively. For the 208 participants who provided all three stools, the prevalence
of S. mansoni rose to 17.8% and the prevalence of A. lumbricoides, T. trichiura and hookworm was 1.4%,
3.1%, and 4.1%, respectively. There were no significant differences in terms of prevalence or prevalence
of heavy infection based on gender.

When the intensity of S. mansoni infection, based on the number of eggs per gram of feces (epg)
was calculated based on all three stools (n = 208), 2.5% of this population were categorized as heavy
infections (≥400 epg of stool) [as categorized by the WHO] [7] (Figure 1), 5.3% had moderate infections
(100–399 epg), and 10.1% had light infections (1–99 epg). Within the S. mansoni-infected population
13.5% had heavy infections, another 29.7% had moderate intensity infections, and the remaining
infected individuals (56.8%) had light infections. Chi square analyses showed no significant difference
in S. mansoni prevalence or prevalence of heavy infection between students and staff (p = 0.765).
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Figure 1. Proportion of the study participants with schistosomiasis, stratified by World Health
Organization (WHO) intensity categories based on either the first stool examined (left bar) or
three stools when available (right bar).

4. Discussion

We have previously shown that extending school-based MDA beyond primary schools to include
secondary schools, is highly effective in rapidly dropping the prevalence and intensity of S. mansoni
and STHs in secondary school students [3]. We have now demonstrated that there is also a need to
extend national neglected tropical disease (NTD) program MDA for schistosomiasis to include college-
and university-attending young adults in school-based programs in endemic areas. Such colleges
and universities often have nurses staffing on-site health clinics and health science-related students
who participate in health education groups, both of whom proved to be a great assistance in our
study, and who could likewise be capitalized upon by national programs that wish to extend into
these venues. We acknowledge that this study was conducted only at one such site and the study
population was not randomly selected, but rather comprises only those who volunteered and consented
to participate by providing stools and urine, as well as blood samples for the larger immunologic
study [5]. Nevertheless, a substantial number of college-age students participated and a notable
number of them had S. mansoni infections, and some of those had heavy infections.

The discrepancy between the prevalence of S. mansoni based on a single stool exam compared
to a single urine POC-CCA assay is within the expected relative ranges of sensitivity, with the more
sensitive POC-CCA always providing a higher prevalence in areas of low to moderate S. mansoni
prevalence [8–10]. The increase in prevalence seen when three stools are evaluated compared to
a single stool, is also to be expected, as the sensitivity increases when multiple stools from different
days are tested [11–13].

It is clear, based on WHO guidelines, that an overall prevalence of >10% and even a prevalence of
>1% heavy infection by S. mansoni meets the requirement for MDA in school-aged children [14].
Both of these criteria are satisfied in the population studied here although they are a different
age group. While it is impossible to extrapolate and state that the same is true in other colleges and
universities in endemic regions, these findings strongly suggest that this might be true and begs the
question for further surveys of such populations. This is important both for the health of the infected
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students and in regard to control and elimination of schistosomiasis. Such heavy infections with
S. mansoni are associated with the chronic development of severe morbidity [15], and the presence of
low-to-moderate intensity infections is associated with both physical and cognitive subtle or functional
morbidities [16,17]. It may be true that this population is less likely to further transmit schistosomiasis
because they have more routine access to sanitation facilities; however, we previously reported that
students in the KNP population who were S. mansoni-positive were more likely to report contact
with water from Lake Victoria while in their home villages [5]. Upon returning home for holidays
or other visits, they may revert to the conditions available and periodically reintroduce eggs into
the environment, serving as a source of contamination that can infect vector snails and continue the
life-cycle of S. mansoni.

5. Conclusions

This study demonstrates that a substantial number of young adults attending KNP harbor
S. mansoni and STH infections. That the prevalence of S. mansoni and the prevalence of heavy
infections with S. mansoni were as high as was found in this upwardly mobile, young adult
population, was somewhat surprising. It is true that KNP is in western Kenya, along the shores
of Lake Victoria, an area that is known to be highly endemic for S. mansoni, and while its students
are drawn from across the country, a majority of the student body and this study group is from
western Kenya. However, the highest burden of S. mansoni is usually in children, and the focus of
national NTD schistosomiasis programs is most often on primary school children. In an earlier study,
we demonstrated that high prevalence and high prevalence of heavy infections was also to be found in
secondary schools in this area and noted that, likewise, this population is usually ignored in national
schistosomiasis programs [3]. While these are relatively small studies, we propose that both the
secondary school and college or university populations in endemic areas need to be more extensively
surveyed and included in national schistosomiasis control and elimination programs. To do otherwise
is to leave a population from 14–25 years of age at risk for morbidity and as a potential risk to their
communities in terms of continued transmission. In addition, in areas endemic for S. mansoni, surveys
should consider assaying urine by POC-CCA to detect low intensity S. mansoni infections that may
be missed by a single Kato-Katz assay. Collection of stool to test for the presence of STH as well as
S. mansoni eggs would also be useful.
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Abstract: Despite extensive efforts over the last few decades, the global disease burden of
schistosomiasis still remains unacceptably high. This could partly be attributed to the lack of accurate
diagnostic tools for detecting human and animal schistosome infections in endemic areas. In low
transmission and low prevalence areas where schistosomiasis elimination is targeted, case detection
requires a test that is highly sensitive. Diagnostic tests with low sensitivity will miss individuals with
low infection intensity and these will continue to contribute to transmission, thereby interfering with
the efficacy of the control measures operating. Of the many diagnostic approaches undertaken to
date, the detection of schistosome DNA using DNA amplification techniques including polymerase
chain reaction (PCR) provide valuable adjuncts to more conventional microscopic and serological
methods, due their accuracy, high sensitivity, and the capacity to detect early pre-patent infections.
Furthermore, DNA-based methods represent important screening tools, particularly in those endemic
areas with ongoing control where infection prevalence and intensity have been reduced to very low
levels. Here we review the role of DNA diagnostics in the path towards the control and elimination
of schistosomiasis.

Keywords: schistosomiasis; diagnosis; control and elimination; DNA; polymerase chain reaction

1. Introduction

The public health and socioeconomic impact of schistosomiasis is such that, to date, over
230 million people have acquired the disease, including many children, mainly in the tropics and
subtropics. Further, this chronic debilitating disease leads to around 11,500 deaths a year and it is
responsible for the loss of over 3.5 million DALYs, the majority (more than 80%) from sub-Saharan
Africa [1,2]. The major schistosome species that cause infection in humans include S. haematobium,
the agent of urinary schistosomiasis, and S. mansoni, S. japonicum, S. mekongi, S. intercalatum and
S. guineensis, which cause intestinal schistosomiasis. These blood-feeding flukes are responsible for
substantial long-term clinical complications with multiple organ involvement including the liver,
intestine, and urinary bladder. Infective cercariae in fresh water sources penetrate the host skin and
enter the blood circulation as schistosomules and inhabit mesenteric or vesical (intestinal and urinary
schistosomiasis respectively) venous plexuses after pulmonary and hepatic migrations. Mature female
worms lay eggs in these sites, and eggs then penetrate the intestinal walls (in intestinal schistosomiasis)
to be excreted in stool or penetrate the bladder wall (in urinary schistosomiasis) to be excreted in urine
while some of the eggs migrate towards ectopic sites such as the liver and other organs, leading to
chronic inflammation and fibrosis. The eggs released to the environment hatch in fresh water sources
releasing miracidia that penetrate specific snail hosts within which they undergo asexual reproduction
and become cercariae to continue the life cycle.
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Successful disease prevention and elimination programs for schistosomiasis involve the
implementation of intensive intervention and efficient monitoring measures, with different countries
having their own modified approaches tailored to the sociocultural and economic situations
prevailing [3–5]. For example, in China the number of human schistosomiasis cases was reduced
by 90% over the decade from 2004 through human case detection and treatment, health education
and snail control [6]. Additionally, China has had a strong political will for many decades to
eliminate schistosomiasis, since control options were first instigated by Chairman Mao in 1956, who
made its elimination a national health priority [7]. In general, accurate community diagnosis of
the infection and continued surveillance is helpful in the control of transmission of schistosomiasis,
while prompt treatment following early detection can minimize the associated morbidity and
mortality [8,9]. With continuing multiple prevention and control efforts, the prevalence and intensity of
schistosomiasis in many endemic regions have gone down, so that in many infected individuals,
the disease may go undetected with commonly-used conventional diagnostic tools such as the
Kato-Katz fecal smear (KK) test or urine egg filtration methods, due to their low sensitivity [10–13].
As a result, a schistosomiasis-endemic area may appear to be free of the disease infection whereas
in reality transmission continues and may even spread to other communities, thereby increasing
the time for control and eventual elimination. A recent World Health Organization (WHO) expert
committee report [12] highlighted the significance of a One Health approach focusing on preventive
chemotherapy, improvement of water, sanitation and hygiene (WASH), health promotion, snail control,
and detection and treatment of animal reservoirs for the sustained control and elimination of Asian
schistosomiasis [12]. This further emphasizes the importance and essential need for accurate diagnostics,
if the target goals of transmission interruption by 2025 and elimination of transmission by 2030 are to
be achieved.

2. A General Overview of Diagnostics for Schistosomiasis

Procedures that have been commonly applied in schistosomiasis diagnosis include conventional
microscopy-based tests, different antibody-based serological assays, parasite antigen detection assays
and DNA detection methods including polymerase chain reaction (PCR)-based procedures (Figure 1).
As considered earlier, the KK and microscopy-based egg detection in urine have the major drawbacks of
low sensitivity and can be labor intensive [14–17]. Antibody detection assays also have low diagnostic
accuracy, particularly in terms of test specificity, as well as being unable to distinguish between past
and current infections [16]. Recent improvements in circulating parasite antigen detection assays have
resulted in relatively higher accuracy in comparison with microscopic and antibody detection methods
but frequent fluctuations in assay replicates have suggested the need for multiple testing to improve
diagnostic accuracy [18,19].

Furthermore, the circulating antigen (circulating anodic antigen (CAA) and circulating cathodic
antigen (CCA))-based assays are not currently applicable for all schistosome species. The CCA-based
assay is used as a point of care test to diagnose S. mansoni but does not work for S. haematobium [20].
CAA-based lateral flow assays combined with up-converting phosphor reporter technology, work
for both S. mansoni and S. haematobium. However, they have not as yet proven as effective with other
schistosome species [20–22]. As a result, DNA, especially PCR-based parasite DNA detection assays,
have stimulated much interest as alternative options due to their proven diagnostic accuracy, higher
sensitivity, and wider range of applicability, including the ability to detect early pre-patent infections.
Here we review the different DNA detection methods that have been employed in the diagnosis of
human and animal schistosomiasis, discuss their application in control programs and consider their
value in surveillance leading to elimination goals.
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Figure 1. Applicability of diagnostic tools for the detection of different lifecycle stages of schistosomes.

3. DNA-Based Diagnostics for Schistosomiasis

Technological advances and the substantial genomic data now available for schistosomes [23–25]
have opened up new avenues for the development of novel diagnostics as well as identifying
new therapeutic and vaccine targets. Recent advances in DNA amplification assays include the
application of real-time quantitative PCR (qPCR) and droplet digital PCR (ddPCR) for the detection of
circulating cell-free parasite DNA using different clinical samples and the development of isothermal
amplification assays such as loop-mediated isothermal amplification (LAMP) and recombinase
polymerase amplification (RPA) techniques [26–29]. Measures of accuracy including diagnostic
sensitivity and specificity of DNA detection assays vary depending on the type of the assay, target gene
sequence used, as well as the type of sample tested [30]. Some of the key advantages and limitations
of these different DNA detection assays along with the relative costs involved are summarized in
Table 1. One of the key factors in the development of a highly sensitive DNA amplification assay
is the selection of a specific amplification target sequence with numerous copies that is available
in abundance within a single parasite cell; such sequences include both nuclear and mitochondrial
genes [27,30–33]. In addition to being highly abundant, a target gene sequence for diagnostic DNA
amplification needs to be highly specific for the targeted species so that the resulting assay is highly
sensitive and specific. The SjR2 retrotransposon [34–36] and the nad1 mitochondrial gene [37,38]
are two target sequences that have been commonly used in the diagnosis of S. japonicum infection.
Similarly, the SM1-7 tandem repeat sequence [39] and 18S rDNA are two targets used in the diagnosis
of S. mansoni while mitochondrial cox1 [40] and the Dra1 repeat sequence [41] have been utilized for
S. haematobium detection.
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3.1. Sample Preservation and DNA Isolation for DNA Amplification Assays

DNA extraction is a key procedure but it can be a methodological bottleneck in PCR-based
diagnostic assays since the yield and quality of DNA directly affects the outcome of the amplification
procedure; it is also often the most expensive part of DNA-based diagnosis, particularly when using
commercially-available extraction kits [55,56]. Furthermore, sample collection and preservation
techniques have a significant influence on DNA extraction and amplification outcomes. DNA extraction
from fresh clinical samples is not feasible in the field and generally needs to be performed in a central
laboratory. Hence appropriate measures are required to preserve samples until DNA extraction can
be undertaken. These methods can vary depending on the type of clinical sample involved [56,57].
For example, common methods used in plasma sample preservation and storage include addition
of K3EDTA at the time of blood sampling, and freezing [57]. K3EDTA is preferred over heparin as it
stabilizes DNA and, unlike heparin, does not inhibit downstream amplification reactions [57]. Similarly,
fecal samples for parasite DNA extraction can be readily preserved by immediate freezing, storage
with alcohol, addition of commercial solutions such as RNA later and PAXgene, and preservation
on Whatman FTA cards [58]. However, these preservation/storage reagents need to be carefully
removed prior to DNA extraction since they can interfere with DNA yield as well as downstream
assay procedures [58].

Major aims of DNA isolation for PCR include the removal of PCR inhibitors and nucleases,
and maximizing DNA recovery and quality of DNA. In the diagnosis of schistosomiasis, stool and
urine are the most commonly used clinical samples for DNA isolation; other bio-fluids (serum, saliva,
and cerebrospinal fluid) are also used, particularly for cell-free DNA (cfDNA) detections assays.
Conventional DNA extraction methods include precipitation techniques with phenol-chloroform and
ethanol or isopropanol. However, the feasibility of applying these methods has in the past been
affected by the potential for direct exposure of hazardous chemicals to operators and the significant
time involved. However, the availability of commercial DNA extraction kits has markedly reduced
these limitations and improved the quality and yield of isolated DNA [59,60]. The protocols involve
techniques such as spin column-based purification and magnetic bead DNA separation. Furthermore,
these kits have been developed for use on different clinical sample types to overcome the unique
challenges related to each. Moreover, recent advances in DNA purification technology have resulted
in high-throughput automated platforms minimizing the time spent, the labor involved and manual
handling, making the process convenient, efficient and accurate [61–63]. However, as is common to
most high-tech applications these automated techniques involve costly equipment, and are currently
not suitable for field application in disease-endemic, resource-poor settings.

Most DNA amplification methods generally need to be performed in well-equipped centralized
facilities that are generally located distant from the clinical specimen collection site. Therefore, under
these circumstances it is important that feasible and rapid sample preservation methods are available
prior to DNA extraction and amplification. Potential solutions to these issues include the preservation
of clinical specimens such as fingerprick blood, urine, or stool on filter papers as dried spots for
convenient transportation to a central laboratory for DNA extraction and amplification, or for direct
PCR [45,64–66].

3.2. Conventional and Quantitative Real Time PCR

Of nucleic acid amplification tests, conventional PCR (cPCR) was developed first. A key advantage
of the technique is the ability to observe the amplification products corresponding to appropriate
base pair size that can be conveniently used in specific genomic detection through sequencing.
cPCR has been applied in different surveys including the evaluation of therapeutic responses in
schistosomiasis [16,67]. Another important aspect of cPCR is the feasibility to develop a multiplex
assay to detect multiple infections within a single clinical sample [68]. Multiplexing in cPCR requires
differing target amplicon sizes to be distinctively identified in gel electrophoresis. Specific target gene
segment detection in stool or urine samples using cPCR has been widely applied in the diagnosis
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of schistosomiasis [42–44]. The method is highly sensitive compared with conventional microscopy
methods, particularly with low intensity infections [33,43,69,70]. The accuracy of cPCR assays has been
improved with the combination of other techniques, such as PCR-ELISA analysis [71] and restriction
fragment length polymorphism analysis of PCR amplified fragments (PCR-RFLP) for the diagnosis
of schistosome infections. The PCR-RFLP technique involves restriction endonucleases digestion of
the PCR amplicon, giving rise to different electrophoretic patterns thereby providing a method for
simultaneous analysis of multiple species/strains [72]. This technique has been used in characterization
of snails as well as in the detection of schistosomiasis and other helminth infections [72–75].

Nested PCR (nPCR) is a more sensitive and a specific approach than cPCR, and has been
successfully applied in different instances in the diagnosis of schistosomiasis [46,76]. However, the
procedure includes duplication of cPCR for the initial amplification of a larger gene fragment and then
another sequence within the initial fragment, which involves more labor and a higher cost.

qPCR has been widely applied in the detection of human schistosome infections of different species
including large-scale epidemiological surveys and monitoring of the therapeutic response. The qPCR
technique is generally more sensitive than cPCR and, importantly, can provide a measurement of
infection intensity. Additionally, the procedures involved with qPCR are streamlined compared with
cPCR which needs an additional electrophoresis step to detect PCR end-products [27,77,78]. Another
important characteristic of qPCR is that, like cPCR, it has the ability to utilise multiplex assays to detect
multiple infections within a single clinical sample using specific DNA probes. Generally, however, qPCR
assays are preferred over cPCR in the development of multiplex assays, having the additional advantage
of improved specificity with the use of probes and convenience in high-throughput applications.
Moreover, recent studies have demonstrated the ability to detect a very high spectrum of parasites in
a single sample (multi-parallel PCR) further improving multiplex qPCR assays [79–82]. Multiplexing
capability has clear practical significance largely in terms of cost-effective application in epidemiological
studies and for monitoring of schistosomiasis control programs, particularly in co-endemic settings, an
example being the detection of S. mansoni and S. haematobium in human fecal or urine samples in areas
where both species are present [27,83].

3.3. Loop-Mediated Isothermal Amplification (LAMP)

The LAMP technique is a relatively simple, cost-effective and rapid DNA detection approach
compared with the commonly-used PCR-based assays and is more field-friendly. Application of the
assay does not require specific equipment such as a thermocycler, electrophoresis apparatus or gel
documentation units [84]; hence it is simple, and applicable in resource-poor settings once optimized.
Moreover, the use of specific inner and outer primer sets makes the assay highly specific to the intended
target sequence, combined with high sensitivity [85,86]. However, the initial optimization process is
complicated and time consuming with the use of multiple primers. Furthermore, it is known that the
LAMP technique, being highly sensitive, is highly vulnerable to carryover contamination of LAMP
products from previous reactions, which can be re-amplified leading to false-positive results [87,88].

LAMP assays have demonstrated high sensitivity in the detection of S. mansoni and S. haematobium
infections in co-endemic areas using urine samples, indicating the possible use of the technique as
a point of care (POC) diagnostic [65]. Furthermore, a LAMP assay has been used in the sensitive
detection of early pre-patent schistosome infection in an animal model [89]. In a recent field survey
to detect S. mansoni infection in a low-transmission area, a LAMP assay was successfully applied
in both snail and human stool samples and the study emphasized the potential application of this
molecular approach for the identification of transmission foci and for building risk maps in support of
control programs [48]. Furthermore, the LAMP method was successfully used recently in China for
surveillance, including in snail surveys, indicating its usefulness, and applicability as a rapid screening
and environmental risk assessment tool to identify areas suitable for targeted intervention [12].

Recent research has raised the possibility of developing multiplex LAMP assays, a concept that
could be adapted for the diagnosis of multiple parasitic species, including different schistosomes,

178



Trop. Med. Infect. Dis. 2018, 3, 81

in infected individuals. Multiplex LAMP procedures incorporate an additional endpoint readout
option to discriminate between amplified products, such as melting curve analysis to test for different
melting temperatures or detection of distinctive gel-electrophoretic banding patterns reflecting different
species characters [90,91]. The LAMP technique could provide an effective method, applicable in
resource-poor endemic communities, to diagnose co-infections of S. mansoni and S. haematobium,
multiple co-infections of soil-transmitted helminths (STH), or co-infections of intestinal protozoa and
schistosomes, as achieved using qPCR [27,92–94].

3.4. Recombinase Polymerase Amplification (RPA)

The RPA technique is another isothermal amplification technique usually conducted under
lower temperatures (around 40 ◦C). In RPA, DNA sequences are amplified with the use of DNA
polymerase, DNA binding proteins and recombinase; primer binding to the template DNA is facilitated
by nucleoprotein complexes made of recombinase proteins and oligonucleotide primers [49,95]. Similar
to LAMP, the application of the RPA technique is straight forward and applicable in resource-poor
settings since it does not require specific equipment such as a thermocycler, electrophoresis apparatus
or gel documentations units. This novel technique has now been integrated with a chip and lateral
flow devices making it a convenient portable application as a point of care diagnostic tool [95,96].
RPA has been applied in the diagnosis of both intestinal and urinary schistosomiasis, including its
use in field evaluation, and has been shown to be superior to microscopy and serology in terms of
convenience, detection time and diagnostic sensitivity [49–51]. However, the technique does have
some practical limitations such as the need for transferring amplified products to the detection device,
which can lead to potential nucleic acid contamination resulting in false positives [50,96].

3.5. Droplet Digital PCR (ddPCR)

Due to a recent advance in PCR technology, ddPCR is proving to be more sensitive and precise
compared with qPCR [97–99]. ddPCR has been successfully used in the detection of cfDNA and in the
diagnosis of infections and other clinical conditions, including cancer [53,97,100–104]. Moreover, it
was recently applied in the diagnosis of S. japonicum in both an animal model and in diverse human
clinical samples, and was able to quantify intensity of infection in terms of direct target gene copy
number [35,53]. The technique can also be used for multiple target testing, thereby providing an
effective diagnostic approach for detecting multiple parasites in an infected individual [105,106].

3.6. Direct PCR

The need for a prior DNA isolation step is a major limitation in routine PCR analysis, resulting in
the requirement for additional resources and costs, delays in obtaining a result, and added complexity.
Attempts have been made to overcome this constraint by optimizing PCR protocols so that clinical
specimens can be added directly into the PCR reaction. However, the initial development and
optimization of a ‘direct PCR’ assay has multiple challenges, particularly the potential negative effect
of PCR inhibitors present in clinical samples. Application of modified, inhibitor-resistant polymerases
and inclusion of additional reagents such as chelating agents and protease inhibitors are some strategies
used to overcome these effects [107,108]. Direct application of the PCR technique has been undertaken
in clinical diagnosis, including the identification of parasitic infections, with the use of conveniently
preserved clinical samples such as dry blood spots [109,110]. This technique has been tested for
applicability in schistosomiasis diagnosis using animal models [54], and its further improvement and
evaluation would be a helpful advance for undertaking molecular diagnostics directly under field
conditions rather than in a central laboratory, far from the disease-endemic community.

3.7. Parasite cfDNA Detection in Clinical Samples

Application of the PCR technique was mostly restricted to schistosome egg DNA detection until
the recent development of parasite cfDNA detection methods in different clinical samples. Compared

179



Trop. Med. Infect. Dis. 2018, 3, 81

with the DNA originating from schistosome eggs in stool or urine samples, cfDNA is generally
homogenously distributed in plasma and other bodily fluids, which potentially eliminates one of the
major sampling problems associated with copro PCR or urine PCR, where eggs are the primary source
of DNA [16,33,35,53,111,112]. Parasite cfDNA is released from schistosome stages (schistosomula,
adult worms and eggs) within the mammalian host, and could possibly be the result of dead or
decaying parasites within the circulation and tissues, active shedding from the parasite or from
disintegrating inactive eggs [29,113,114]. Infections with all the three major human schistosomes have
been diagnosed using DNA amplification-based cfDNA detection assays, and parasite cfDNA can be
detected in host serum in early prepatent schistosomiasis [115–117]. In addition to serum/plasma,
parasite cfDNA can be excreted in bodily fluids such as urine, saliva, and cerebrospinal fluid, and can
be effectively quantified using qPCR and ddPCR assays [33,53,112,118,119].

As it is likely that the amount of parasite cfDNA in a given clinical sample will be low compared
with one containing parasite eggs, a higher level of detection sensitivityis imperative. Of the different
PCR-based DNA detection methods available, ddPCR and qPCR are optimal for this purpose [35,52,53].
Recent studies have demonstrated the successful amplification of the SjR2 retrotransposon gene and
nad1 mitochondrial gene for the detection of both early pre-patent and late S. japonicum infection [35,53].
Furthermore, detection of cfDNA using ddPCR and qPCR has proven to be effective in individual case
detection, in large scale field application and for monitoring therapeutic responses [111,118,120].

4. Applications of DNA Diagnostics for Schistosomiasis

4.1. Individual Case Detection

Early confirmation of the diagnosis of acute schistosome infection is imperative for early
intervention and to achieve a good prognosis for the patient with minimum complications. Acute
schistosomiasis cases include returned travelers, immigrants, and refugees [121,122], where patients
present to health care facilities with early clinical manifestations such as cercarial dermatitis.
These patients need to be carefully clinically evaluated and investigated but most of the commonly
applied diagnostics are unable to detect these pre-patent schistosome infections. Schistosome cfDNA
detection is an ideal option to diagnose these cases either using serum or non-invasive clinical samples
like urine [114]. Furthermore, cfDNA detection is helpful in situations such as neuroschistosomiasis,
where parasite DNA can be detected in host cerebrospinal fluid [46,120].

4.2. Diagnosis of Zoonotic Schistosomiasis in Animal Reservoirs

Accurate diagnosis of S. japonicum-infected mammalian reservoirs is key to achievingthe
elimination of zoonotic schistosomiasis in China and the Philippines [42,123,124]. Similar to the
diagnosis of human cases, insensitive conventional microscopy-based diagnostic procedures often
do not detect infected animals that continue to contribute to schistosomiasis transmission. DNA
amplification-based methods have now been shown to be highly effective in the diagnosis of animal
reservoirs of Asian schistosomiasis. Recent surveys undertaken on carabao in the Philippines disclosed
a substantially higher prevalence of schistosomiasis using qPCR on fecal samples, compared with
copro-microscopic diagnosis [42,125]. Moreover, a recently-developed nPCR assay has also shown
potential for field application in the sensitive diagnosis of early cases of schistosomiasis in domestic
animals, using serum samples [45].

4.3. Detection of Infected Snail Hosts

Bulinus spp., Biomphalaria spp., and Oncomelania spp. act as the intermediate hosts of S. haematobium,
S. mansoni and S. japonicum respectively. Detection of infected snail hosts—xeno-monitoring—is a pivotal
indicator of an existence of schistosomiasis in a particular area, and the potential for transmission.
Furthermore, xeno-monitoring is important in identifying infection risk areas to guide surveillance and
necessary interventions, and represents a critical measure for achieving schistosomiasis elimination
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goals [126–128]. The example of Japan is one of the best to show the importance of snail control in
schistosomiasis elimination, where the main control strategy was to target susceptible snail colonies
using chemical molluscicides and environmental modifications [129].

Commonly used techniques in xeno-monitoring include cercarial shedding with light exposure,
microscopic detection of sporocysts and cercariae in crushed snails. These traditional methods
have detection limitations particularly in situations where there is a low parasite burden, or where
there is aborted development of sporocysts [130]. Moreover, the labor-intensive nature of these
procedures, including the collection and handling of snails and the associated costs, are both major
disadvantages [131].

Molecular tools are now being widely applied in the detection of schistosome-infected snail hosts,
providing promising results in support of control and elimination efforts particularly with large scale
screening programs [132]. One early study described the detection of S. haematobium in Bulinus truncatus
snails using cPCR targeting the DraI repeat sequence [128]. As well as demonstrating high sensitivity,
the study highlighted the cost-effective application of the assay through the grouping and pooling of
snails in the analysis. Moreover, PCR and LAMP assays were used in recent studies to detect S. mansoni
DNA in Biomphalaria snails [133,134]. One of the studies showed that the LAMP assay could detect one
infected snail within a pool of a thousand uninfected snails [133]. Hence this approach can provide
an important low cost, rapid and highly sensitive tool for the monitoring of infected snails to provide
important information required before appropriate control measures are undertaken [133]. Similar
efforts have also been successful in the detection of S. japonicum-infected Oncomelania snails using
LAMP-based DNA detection [135]. The application of multiplex qPCR assays have the additional
advantage of identifying both snail and infecting schistosome species, another helpful consideration
for successful schistosome and snail control programs [136]. Furthermore, molecular methods are of
considerable help in developing transmission risk maps prior to the instigation of control efforts [48,135].

4.4. Surveillance of Environmental Sources

In addition to xeno-monitoring, the other important surveillance measure to determine the
existence of environmental contamination with schistosomes is the detection of miracidia and cercariae
in water sources. Evaluating the presence of cercariae is an important factor in detecting infection
transmission sites. Commonly used conventional microscopic methods lack sensitivity and are highly
labor-intensive [137,138]. Testing for the presence of cercariae is helpful in determining their diurnal
variation, seasonal patterns, and spatial distribution. PCR-based molecular tools are now being
increasingly applied to this area of surveillance [131,139,140]. qPCR has been successfully used in
quantitative detection of S. japonicum cercariae in water samples, showing potential for the rapid and
high throughput analysis of environmental samples and its application in the field [140,141].

4.5. Assessment of Progress of Control Measures

One of the key elements of sustained efforts on control and elimination measures is the
frequent monitoring and surveillance of the effects/progress of the strategies already implemented.
While effective control measures need to be continued with high priority, identification of less effective
interventions are important in early application of appropriate modifications to improve the effect on
control and elimination efforts. Application of highly sensitive and accurate diagnostics is imperative
for this purpose since the ongoing control measures lead to lowered prevalence of infection and
lowered infection intensity in the community [6,131,142,143]. Further, these assays also need to have
the capability to perform in a short time period, with a minimum requirement of equipment and
expertise and they have to be cost-effective [144]. The equipment, reagents, and setup required for
conventional diagnostics, particularly parasitological methods, are relatively inexpensive, but they can
be laborious especially as they need to be repeated multiple times to reach a certain diagnostic accuracy,
which can also affect the costs involved. Both molecular and serological diagnostics performed in
specific laboratories are more expensive, particularly with the requirements of costly equipment and
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reagents, specific maintenance requirements, and the need of trained personnel to carry out the tests.
Field/community applicable POC immunodiagnostics are simple to use and require only a minimum
amount of labor and equipment, but may involve a higher production cost [145,146]. As a result,
despite being highly sensitive and accurate, DNA diagnostics cannot currently completely replace the
conventional diagnostic methods for community, field, and environmental surveillance. However, the
combined application of different techniques is a reasonable approach whereby, for example, an initial
diagnosis is undertaken with traditional methods followed by further screening of any test-negatives
with molecular tools to capture any missed infections.

5. Challenges and the Way Forward

While there has been substantial focus on mass drug administration (MDA) as a measure
to control and eliminate schistosomiasis, efforts to establish accurate, field-deployable novel
diagnostics, particularly in resource-poor endemic settings, have been comparatively limited.
Microscopy-basedprocedures are recognized as being imprecise, making it important that more
sensitive diagnostic tools are developed and deployed. Parasite DNA amplification-based molecular
tools are showing encouraging promise towards reaching the level of sensitivity and specificity required
to monitor the effectiveness of control programs that will lead to the elimination of schistosomiasis.
These molecular assays have a wide range of applications including human case detection, detection
of infection in animal reservoir hosts and snails, and in environmental surveillance, which are essential
requirements to achieve elimination targets.

Despite the fact that highly sensitive and accurate, ddPCR technology is not yet at the level where
it can be used routinely in the field. This is likely in the near future as it can be readily applied for
the diagnosis of many other pathogens such as HIV and Mycobacterium tuberculosis, which are also
endemic in many areas endemic for schistosomiasis. Hence the development of central laboratories
that are able to undertake molecular diagnostics targeting multiple infections in these regions would
be a cost-effective approach for infection control, and rather than relying on less sensitive, less accurate
diagnostics which miss infected individuals, thereby hindering control efforts. Other promising
advances include the diagnostic application of the LAMP and RPA techniques, which are applicable
to resource-poor settings. Simplifying available DNA extraction procedures, so that they are more
convenientand less expensive, and the increased use of fingerprick blood spots and urine filtrates on
filter papers [65], should be advocated for field-friendly DNA detection-based molecular diagnosis.
Furthermore, improvement and adaption of direct PCR approaches, without the need for DNA
extraction, modifications to nucleic acid amplification procedures making them simpler, reducing
equipment requirements and expertise while maintaining accuracy, would invariably favor the field
use of molecular assays. Altogether these advances have the potential to provide a mechanism for the
wider application of more accurate and convenient DNA detection methods that will be invaluable in
future schistosomiasis control and elimination efforts.
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Abbreviations

cfDNA Cell-free DNA
CAA Circulating anodic antigen
CCA Circulating cathodic antigen
PCR Polymerase chain reaction
cPCR Conventional PCR
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ddPCR Droplet digital PCR
KK Kato-Katz fecal smear
LAMP Loop-mediated isothermal amplification
MDA Mass drug administration
nPCR Nested PCR
PCR-RFLP Restriction fragment length polymorphism analysis of PCR products
POC Point of care
qPCR Real time quantitative PCR
RPA Recombinase polymerase amplification
STH Soil transmitted helminths
WASH Water, sanitation and hygiene
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Abstract: Schistosoma infection in snails can be monitored by microscopy or indirectly by sentinel mice.
As both these approaches can miss infections, more sensitive tests are needed, particularly in low-level
transmission settings. In this study, loop-mediated isothermal amplification (LAMP) technique,
designed to detect a specific 28S ribosomal Schistosoma japonicum (Sj28S) gene with high sensitivity,
was compared to microscopy using snail samples from 51 areas endemic for schistosomiasis in five
Chinese provinces. In addition, the results were compared with those from polymerase chain reaction
(PCR) by adding DNA sequencing as a reference. The testing of pooled snail samples with the LAMP
assay showed that a dilution factor of 1/50, i.e., one infected snail plus 49 non-infected ones, would
still result in a positive reaction after the recommended number of amplification cycles. Testing a
total of 232 pooled samples, emanating from 4006 snail specimens, showed a rate of infection of 6.5%,
while traditional microscopy found only 0.4% positive samples in the same materials. Parallel PCR
analysis confirmed the diagnostic accuracy of the LAMP assay, with DNA sequencing even giving
LAMP a slight lead. Microscopy and the LAMP test were carried out at local schistosomiasis-control
stations, demonstrating that the potential of the latter assay to serve as a point-of-care (POC) test
with results available within 60–90 min, while the more complicated PCR test had to be carried out at
the National Institute of Parasitic Diseases (NIPD) in Shanghai, China. In conclusion, LAMP was
found to be clearly superior to microscopy and as good as, or better than, PCR. As it can be used
under field conditions and requires less time than other techniques, LAMP testing would improve
and accelerate schistosomiasis control.

Keywords: Schistosoma japonicum; Oncomelania hupensis; snail; 28S ribosomal DNA; PCR; loop-mediated
isothermal amplification (LAMP); pooled samples; China

1. Introduction

Schistosomiasis, one of the neglected tropical diseases (NTDs), is a public health problem caused
by one of six species of the Schistosoma parasite that affects >200 million people in Africa, South
America and Southeast Asia. However, the prevalence of schistosomiasis, based on stool examination
and urine filtration, strongly understates the presumed real figure, as indicated by more sensitive
techniques [1,2]. In China, the Philippines and three small pockets of the Indonesian island Sulawesi,
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the disease is a zoonosis caused by Schistosoma japonicum [1–3]. In China, the required intermediate
snail host, Oncomelania hupensis, is widely distributed in the country’s endemic areas, ranging from the
Yangtze River Valley and the southern plains, to the mountainous regions of Sichuan and Yunnan in
the west [4]. In 2004, a new integrated control strategy was introduced [5,6] involving reduction of
infection sources by fencing off transmission sites, the replacement of water buffaloes (an important
reservoir) with tractors for agricultural work and improved sanitation via access to clean water and
latrines. These approaches have markedly reduced the infection rate in humans, domestic animals and
the intermediate snail host [7]. The changes accomplished are so profound that it has become difficult to
monitor the remaining transmission sites by only testing humans and domestic animals [8]. Conversely,
snail diagnosis by microscopy or the use of the sentinel mice approach [9] are not only labor-intensive
and time-consuming, but are also not sufficiently sensitive. To sustain the success achieved with regard
to schistosomiasis elimination in China, highly sensitive snail-monitoring systems capable of assessing
residual transmission in real time are now needed.

Due to its high sensitivity, molecular diagnosis has emerged as a promising approach for the
detection of a suspected, low-level presence of pathogens [10–13]. However, a lack of the resources
essential for this kind of diagnostics—such as bio-safety cabinets, a stable supply of electricity and
well-experienced technicians, which are rare in peripheral laboratories in developing countries—limits
the implementation of sophisticated technology.

The loop-mediated isothermal amplification (LAMP) technology employs a polymerase that
amplifies the target DNA gene sequence with high specificity and rapidity under isothermal
conditions [14]. Hamburger and colleagues investigated the use of this technique for the detection of
infections due to S. mansoni and S. haematobium, showing excellent results, not only confirming that the
LAMP technique works in the laboratory, but also in the field in Africa [15]. The usefulness and high
sensitivity of LAMP-assisted snail diagnosis was later confirmed in Brazil by Gandasegui et al. [16]
and in China by Kumagai et al. [17]. The latter research group developed a diagnostic platform based
on a target 28S ribosomal DNA (rDNA) specific for S. japonicum (not reacting with S. mansoni) and
showed that snails experimentally infected with only one miracidium could be detected less than
24 h after infection. As part of this study, we explored the application of LAMP using pooled snail
samples, i.e., instead of testing each snail separately, we combined snails, however never in numbers
exceeding 50 snails per pooled sample, based on preliminary dilution tests (see Results). The protocol
used was derived from a visual LAMP-detection method developed by Tomita et al. [18], where the
amplification of the pyrophosphate ion by-product combines with a divalent metal ion to form an
insoluble salt. Adding calcein, a bivalent fluorescein/manganese complex, to the reaction solution
results in a strong fluorescent signal from positive reactions, enabling visual discrimination by the naked
eye without specialized equipment. We compared the results of the LAMP assay with the outcome
using a polymerase chain reaction (PCR), applying DNA sequencing to determine the identity of the
amplified product.

The purpose of the present study was not only to confirm the sensitivity of the LAMP method
when used for the detection of S. japonicum DNA in infected snails in known endemic settings, but also
to investigate and validate its application under field conditions soon after snail collection. An added
aim was to determine if the LAMP procedure could be speeded up by testing pooled DNA samples in
place of testing the snails individually.

2. Materials and Methods

This study constitutes an evaluation of LAMP-based snail diagnosis with the eventual aim of being
part of a platform integrating different kinds of data and, thereby, enabling improved surveillance of
schistosomiasis transmission. O. hupensis snails were collected during the spring over a period of three
years (2013–2015) from all endemic regions in China, covering five provinces. The LAMP approach
used is shown schematically in the form of a flow chart (Figure 1). As we were interested to see if
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the field work could be accelerated by testing samples consisting of pooled snails, DNA from various
numbers of snails was investigated before the main study was undertaken.

Figure 1. Flow chart of loop-mediated isothermal amplification (LAMP) and PCR for detecting
S. japonicum-infected snails.

2.1. Ethical Statement

Although this study did not include human sera or experimental animal data, an ethical statement
is required to initiate any research project. Thus, we hereby state that all procedures performed within
this study were conducted following animal husbandry guidelines of the Chinese Academy of Medical
Sciences and with permission from the Experimental Animal Committee (National Institute of Parasitic
Diseases (NIPD), Chinese Center for Diseases Control and Prevention, (China CDC) with ethical
clearance number IPD-2012-5.

2.2. Snail Sampling Procedure

O. hupensis snails were collected from areas with known human schistosomiasis infection rates
varying between 0.9% and 2.8% [19]. We used snails collected in April/May each year from 51 villages
in 15 counties in Hunan, Hubei, Jiangxi, Anhui and Yunnan provinces. Most collection spots were
in marshlands, except in Yunnan Province, where the snails were found in irrigation and drainage
ditches. Systematic sampling was applied for snail investigation using survey frames of 250 m2 in
the marshlands and smaller areas spaced 50 m apart along the ditches [20,21]. All live snails found,
together numbering 4006 specimens, were kept and transferred to the laboratory for testing.

2.3. Microscopy Testing and DNA Extraction

After having been crushed by pressure between clean glass plates and the pieces of shell removed,
the snails were examined individually under the microscope at low magnification (generally 10×) to
certify whether cercariae and/or sporocysts were present. After microscopy testing, 232 pooled snail
samples from the 4006 single snails, were collected for further genomic DNA extraction. The snail
soft tissues were pooled in clean 2.0 or 10.0 mL tubes (not exceeding 50 snail bodies in each) with
400–1000 μL of DNA lysis buffer (Qiagen, Valencia, CA, USA) added into each tube and the tissue
collections homogenized. Subsequently, 20–50 μL of ProteinK (Qiagen, Valencia, CA, USA) was added
to the snail homogenates with the tubes kept in a water bath at 56 ◦C, for 2–3 h, after which the
supernatant of snail homogenates was saved and passed through a DNA binding column (Qiagen,
Valencia, CA, USA). Finally, the dedicated DNA binding column was washed by the washing buffer
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(Qiagen, Valencia, CA, USA) and the genomic DNA recovered by eluting the DNA-binding column
with nuclease-free water. The recovered DNA samples were used for further testing by the LAMP
assay and conventional PCR.

2.4. PCR Assay

A conventional PCR assay (PCR kit purchased from Takara Biotech, Dalian, China) was carried
out in parallel with the LAMP assay (see below). Paired primer strands, i.e., 5′-GGTTTGACTATTAT
TGTTGAGC-3′ and 5′-CTCACCTTAGTTCGGACTGA-3′ targeting the S. japonicum 28S (Sj28S) rDNA
(Accession:EU835689.1) were used [17]. The ingredients were 1 μL of each primer (10 pmol/L each),
3 μL DNA template, 0.2 mM deoxynucleotide (dNTP) solution, 1.25 units of highly thermostable DNA
polymerase from the thermophilic bacterium Thermus aquaticus (Taq DNA) and 2.5 μL 10× buffer (pH
8.8 Tris-HCl, KCl and MgCl2). The initial activation (cycle 1) was set for 3 min at 94 ◦C followed by
33 cycles of 30 s at 94 ◦C, 56 ◦C for 50 s and 72 ◦C for 1 min. The final extension step was carried out
for 7 min at 72 ◦C. The amplified product was visualized by agarose gel electrophoresis (1.5%) with
ethidium bromide staining.

2.5. DNA Sequencing

In order to make sure that the PCR product of all 14 positive samples exactly matched the target
sequence, the 330 bp band of each PCR product was separated by gel electrophoresis, cloned into
the Pmd19-T vector (Takara Biotech, Dalian, China), transferred into E. coli cells, strain DH5α, and
then cultured in Luria-Bertani (LB) medium with ampicillin (100 μg/mL) at 37 ◦C in a 5.0 mL tube.
After 12–16 h of culture, plasmid DNA was extracted from the bacterial colonies using a DNA extraction
kit. The purified plasmid DNA was sent to a commercial company (Sangon Biotech, Co., Ltd., Shanghai,
China) for sequence analysis, confirming the sample to be a complete match to Sj28S rDNA when
compared with the National Center for Biotechnology Information (NCBI) database. One sample found
to be positive by LAMP but negative by PCR, was subjected to an additional agarose gel analysis, thus
we isolated the target band and sent the purified product for DNA sequence analysis to Sangon Biotech.

2.6. LAMP Assay

(A) Reagent stock solution set-up and primer sequence

a. The 2× reaction mixture: pH 8.8 Tris buffer (40 mM), KCl (20 M), MgSO4 (16 mM),
(NH4)2SO4 (20 mM), Tween 20 (0.2%), betaine (1.6 M), dNTPs (2.8 mM each).

b. Calcein working solution (2 × composition): Calcein (50 μM), MnCl2 (1 mM).
c. Sj28S gene primers [17], (5′-3′, Sangon; HPLC purification): F3 (GCTTTGTCCTTCGGG

CATTA), B3 (GGTTTCGTAACGCCCAATGA), FIP (ACGCAACTGCCAACGTGACATACT
GGTCGGCTTGTTACTAGC), BIP (TGGTAGACGATCCACCTGACCCCTCGCGCACATGT
TAAACTC)

(B) Amplification (60–90 min)

We produced a reaction mixture of 7.5 μL nuclease-free water, 12.5 μL of 2× reaction buffer, 1.0 μL
of 25× primer mixture, 1.0 μL (8 μ/μL) of Bst, a Bacillus stearothermophilus DNA polymerase homologue
used for DNA strand displacement and 1.0 μL calcein. We used 0.2 mL reaction tubes dispensing 23 μL
of the reaction mixture together with 2.0 μL of the sample to be tested into each tube. In addition, 23 μL
of the reaction mixture was added to the Sj28S rDNA target in a second tube (the positive control) and
also to the nuclease-free water in second tube (the negative control). All reaction tubes were incubated
at 65 ◦C for 60~90 min, followed by the inactivation of the enzyme by the incubation of the tubes at
85 ◦C for 5 min. The tubes were then observed by the unaided eye to observe the color of the reaction
changing from orange to yellow-green in the presence of LAMP (see Results).
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2.6.1. Testing Samples with Life Cycle Stages of S. japonicum

Laboratory-bred O. hupensis snails were challenged with S. japonicum miracidia and the next life
cycle stages of S. japonicum were thus transferred to the O. hupensis snails. To confirm whether DNA
from different developing stage of S. japonicum could be detected by the LAMP assay, we performed
the test with DNA collected from a mother sporocyst, a daughter sporocyst and a mature cercaria from
these laboratory-based snails (infected and non-infected). Furthermore, to study whether DNA from
other Schistosoma species would cross-react in the LAMP assay Trichobilharzia cercariae, emanating from
a common bird-specific Schistosoma species, was also subjected to testing using the same procedure as
described above under 2.5 and 2.6.

2.6.2. Pooled Snail Samples

To evaluate the detection limit of the LAMP method before the main study, we performed
a preliminary test in which one schistosome-positive snail was mixed with different numbers of
schistosome-negative snails at the following ratios: 1/4, 1/9, 1/19, 1/49, 1/99 and 1/199. For practical
reasons, each snail pool in the main study came from the same area (though the different pools
investigated contained different sets of snails). Depending on availability, the number of snails in the
pools could not be standardized but it was always kept at ≤50. The result of this exercise was 232 snail
pools made out of the total number of snails collected (4006). Depending on how many snails were
pooled, the pools were kept in 2.0 mL or 10 mL centrifuge tubes together with 400 μL or 1.0 mL, of a
lysis buffer from a DNeasy blood and tissue kit, (Qiagen, Valencia, CA, USA).

2.7. Validation

To assess the quality of the LAMP assay, a panel of nucleic acid extracts and test kits were
dispatched to 28 separate testing health agency laboratories in the endemic areas at the provincial and
county levels, where laboratory personnel were well-trained to operate the LAMP assay. Each nucleic
acid sample was thawed, divided into 100 μL aliquots, coded and refrozen. The next day, all samples
were packaged and sent by overnight shipment to the 28 separate laboratories. Each laboratory tested
each sample 5 times using a standard LAMP protocol provided by National Institute of Parasitic
Diseases (NIPD) at China CDC, based in Shanghai. The samples were validated against the true results,
kept at the NIPD, which were unknown to the staff carrying out the testing in the health agency
laboratories. The outcomes were scored according to a 0–100 scale, where 5 equal results were given a
score of 100, 4 equal results were given a score of 80, and so on. To make sure that the LAMP test had
the required specificity, it was applied (in parallel with the PCR assay) to 20 pools produced from a
total of 1000 individual snails that had previously also been investigated by microscopy.

3. Results

As seen in Figure 2, the preliminary test of the snail pools in different ratios showed that large-scale
testing could be carried out based on 50 snails without the risk of missing a positive result.

The ready-to-use LAMP test kit evaluated here detected 7.5 times more infected snails than
microscopy, while the PCR results were consistent with those of the LAMP assay, except with respect to
a single snail pool that was found to be positive by LAMP and negative by PCR. Out of the 232 pooled
snail samples tested, 217 were found to be negative and 14 positive by both assays (Table 1), while
the remaining single sample, found positive by LAMP but negative by PCR, was found to be positive
by DNA sequence analysis, underlining LAMP’s superiority. As can be seen in Table 2, none of the
diagnostic approaches produced false positive results when applied to snail samples from non-endemic
areas. The results further demonstrated that the schistosome DNA included in a single miracidium is
sufficient to be amplified by the LAMP assay, making it possible to detect the schistosome infection
already at the sporocyst stages in the snail, as well as when mature cercariae are ready for release.
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The Trichobilharzia cercariae used to test the specificity were negative, confirming the specificity of the
test (Figure 3).

 
Figure 2. Investigation of the LAMP diagnostic capability by testing serial dilutions of the Sj28S gene
component. The following dilutions of infected and uninfected snails are shown: 1/4 (tube no. 1); 1/9
(tube no. 2); 1/19 (tube no. 3); 1/49 (tube no. 4); 1/99 (tube no. 5) and 1/199 (tube no. 6).

Table 1. Comparison between microscopy, LAMP and PCR in screening snail samples.

Province
No. of Counties

Included
No. of Villages

Included
No. of Snails

Tested

No. of Pooled
Samples

Microscopy LAMP PCR

Pos. * % Pos. * % Pos. * %

Hubei 2 5 599 38 1 0.5 3 7. 9 3 7.9
Hunan 2 6 716 80 0 0 2 2.5 2 2.5
Jiangxi 6 25 1183 34 0 0 5 14.7 4 11.8
Anhui 2 6 698 43 0 0 1 2.3 1 2.3

Yunnan 3 9 810 37 0 0 4 10.8 4 10.8
Total 15 51 4006 232 1 0.4 15 6.5 14 6.0

* Positive.

Table 2. Screening snail samples in three non-endemic areas: comparison between microscopy, LAMP and PCR.

Province
No. of Counties

Included
No. of Villages

Included
No. of Snails

Tested

No. of Pooled
Samples

Microscopy LAMP PCR

Pos. * % Pos. * % Pos. * %

Shanghai 2 2 200 4 0 0 0 0 0 0
Zhejiang 2 2 500 10 0 0 0 0 0 0
Guangxi 2 2 300 6 0 0 0 0 0 0

Total 6 6 1000 20 0 0 0 0 0 0

* Positive.

 
Figure 3. Detection of the Sj28S gene component in the different parasite developmental stages of
S. japonicum in O. hupensis by the LAMP method. 1. Negative control (nuclease-free water); 2. Positive
control (Sj28 plasmid DNA); 3. Cercariae; 4. Specificity control (Trichobilharzia cercariae); 5. Negative
control (pooled snail DNA from a non-endemic area); 6. Mother sporocyst; 7. Daughter sporocyst.

The 28 different laboratories at the provincial and county health agency levels, belonging to the
inter-laboratory panel, demonstrated an almost total agreement with respect to the results over the
three reported years. Only four laboratories showed slightly lower scores, one with a score of 80 in
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2013, two with a score of 60 in 2014, and one with a score of 80 in 2014 and a score of 90 in 2015 (Table 3).
Importantly, with the exception of one laboratory, those with scores lower than 100 in one year did not
have the same score in other years.

Table 3. Inter-laboratory comparison using LAMP for the detection of intermediate snail hosts infected
by S. japonicum.

Province Laboratory Score 2013 Score 2014 Score 2015

Hunan

IPD 100 100 100
Hanshou - 100 100
Yuanjiang - 100 100
Yueyang - 100 100

Hubei

CDC 100 100 100
Gongan - 100 100

Hanchuan - 100 100
Jiangling - 100 100

Anhui

IPD 100 100 100
Wuhu - 100 100
Anqin - 100 100
Guichi - 100 100

Jiangxi
IPD 100 100 100

Poyang - 60 100
Duchang - 60 100

Jiangsu IPD 100 100 100
Qixia - 100 100

Sichuan
CDC 100 100 100

Renshou - 100 100
Guanghan - 100 100

Yunnan
CDC 100 100 100
Dali - 80 90

Eryuan - 100 100

Shanghai CDC 100 100 100

Guangdong CDC 100 100 100

Fujian CDC 100 100 100

Zhejiang IPD 100 100 100

Guangxi CDC 80 100 100

CDC = Center for Disease Control and Prevention; IPD= Provincial Institute of Parasitic Diseases; Scores are the
levels of agreement between five tests. The number of samples from 2013 was not sufficient to be tested in all
laboratories (signified with a dash in the table).

4. Discussion

Estimates of the prevalence of S. japonicum infection in its obligatory vector snail can be used
as a proxy for areas at risk of schistosomiasis. As already pointed out by Hamburger et al. [12] and
reiterated by Abbasi et al. [13], the snail infection rate provides a measure of the transmission from
humans (and other definitive reservoir hosts) to the snail and can, therefore, serve as a marker of
residual infection in an area. However, traditional snail diagnosis depends on the labor-intensive,
time-consuming individual dissection of thousands of collected snails from the field and the results are
not sufficiently sensitive to support this statement, but with the advent of molecular diagnostics this
has changed. The successful use of the LAMP technique shown here promises to revolutionize snail
surveillance, not only in the laboratory but also in field [13–17]. The reported results are timely, as the
use of snail control as a complementary approach along with chemotherapy is again being proposed
as a potentially necessary means to achieve the elimination of schistosomiasis [22].
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PCR-based assays have been around since the mid-1970s [10], but were not used for
schistosomiasis diagnosis until the end of the 1990s and the early 2000s, first for snails [12] and
later also for human infections [23,24]. However, the instability and variability inherent in enzymatic
processes, as well as the need for advanced equipment, limit PCR applications in the field. In this
regard, the LAMP approach is superior, as it can be adapted for application in field laboratories [25]
by using ready-mixed reagents suitable for shipment at ambient temperature, together with sample
storage under minimal refrigeration [13–16]. The development of a surveillance platform based
on molecular diagnostic techniques and characterized by simplicity and reliability, yet with high
throughput, requires an approach that is adaptable to county-level laboratories with limited resources.
The manganese/calcein method of Tomita et al. [18] is an important contribution in this regard as it
enables the recognition of small quantities of DNA by means of a fluorescent signal emitted from the
sample solution after amplification, and has been successfully used in China by Kumagai et al. [17].
Other attempts to increase readability and sensitivity include the use of various dyes, e.g., SYBR
green (Singh et al., 2017) or hydroxyl napthol blue (Ali et al., 2017) which have also produced good
results [26,27]. Dyes have the advantage of being independent of refrigeration.

Any increase of the dilution factor would considerably accelerate the area needed to be tested.
We found a dilution ratio of 1/50 to be useful (Figure 2), but if the number of infected snails decreases,
as it is supposed to do with the elimination program in force, the risk of mistakenly declaring an area
free of transmission increases if the snail pool contains too few snails. This could be counteracted
by using a higher number of snails in the pool and increasing the time of amplification for the test,
however, the risk for false positives would then rise.

The strength of the present study is not only that it further improves the potential of the LAMP
test that has already proved successful for snail diagnosis [16,17], but also that it targets a gene specific
for S. japonicum and provides validation leading to the reliable use of the pooled-snail approach piloted
by Hamburger et al. for S. mansoni [15] and Tong et al. for S. japonicum [20]. A further advantage of the
LAMP technique is that although it is highly technical, it is easy to perform in basic laboratory settings
common in rural areas. It is also easy to learn, as shown by the excellent agreement over three years
in the many places included in this study. In addition, while sporocysts and parasite germ balls are
easily missed by traditional microscopic methods, the snails containing mother or daughter sporocysts
were both positive the day after infection. Therefore, the LAMP assay is an appropriate method for the
detection of pre-patent infections. As seen in Table 1, the outcome of testing with PCR and the LAMP
approach largely agreed, indicating that the sensitivity of the two techniques is the same in practice.
However, theoretically the latter has an advantage since the one sample reacting negatively by PCR
was positive when tested with the LAMP test. Comparison with microscopy, on the other hand, clearly
showed that molecular testing is superior and should be used in the future. The excellent agreement
between all 28 field laboratories (Table 3) shows that we are now ready to change from microscopy to
molecular testing, preferably using LAMP, as it lends itself to use in the field. It is suggested that this
kind of snail testing be included together with the diagnostic testing of humans and domestic animals
in a joint surveillance and response platform based on only high-resolution techniques.

The risk of schistosomiasis still exists in China and snail control remains a significant challenge
in the field [28]. In the present study, the LAMP results indicate that Hunan, Hubei, Jiangxi, Anhui,
and Yunnan Provinces contain infected snails, underlining the risk of schistosomiasis transmission.
The results can be used to guide further local investigations and snail control activities.

5. Conclusions

The LAMP platform is an effective method for monitoring snails in endemic field sites. Despite
expensive reagents and the risk of contamination that requires specific training of the staff in charge,
we recommend that the LAMP-based test replace microscopy for snail diagnosis due to its greater
accuracy and reduced delay in delivering results.
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Abstract: The transmission of some schistosome parasites is dependent on the planorbid snail hosts.
Bulinus truncatus is important in urinary schistosomiasis epidemiology in Africa. Hence, there is
a need to define the snails’ phylogeography. This study assessed the population genetic structure
of B. truncatus from Giza and Sharkia (Egypt), Barakat (Sudan) and Madziwa, Shamva District
(Zimbabwe) using mitochondrial cytochrome oxidase subunit 1 gene (COI) and internal transcribed
spacer 1 (ITS 1) markers. COI was sequenced from 94 B. truncatus samples including 38 (Egypt),
36 (Sudan) and 20 (Zimbabwe). However, only 51 ITS 1 sequences were identified from Egypt (28)
and Sudan (23) (because of failure in either amplification or sequencing). The unique COI haplotypes
of B. truncatus sequences observed were 6, 11, and 6 for Egypt, Sudan, and Zimbabwe, respectively.
Also, 3 and 2 unique ITS 1 haplotypes were observed in sequences from Egypt and Sudan respectively.
Mitochondrial DNA sequences from Sudan and Zimbabwe indicated high haplotype diversity with
0.768 and 0.784, respectively, while relatively low haplotype diversity was also observed for sequences
from Egypt (0.334). The location of populations from Egypt and Sudan on the B. truncatus clade
agrees with the location of both countries geographically. The clustering of the Zimbabwe sequences
on different locations on the clade can be attributed to individuals with different genotypes within
the population. No significant variation was observed within B. truncatus populations from Egypt
and Sudan as indicated by the ITS 1 tree. This study investigated the genetic diversity of B. truncatus
from Giza and Sharkia (Egypt), Barakat area (Sudan), and Madziwa (Zimbabwe), which is necessary
for snail host surveillance in the study areas and also provided genomic data of this important snail
species from the sampled countries.

Keywords: phylogeography; Bulinus truncatus; planorbidae; Africa

1. Background

The snail intermediate hosts of the genus Bulinus play active roles in the epidemiology of urinary
schistosomiasis. The schistosome parasites depend on these snails for the development of the asexual
phase of their life cycle before the cercariae are released into the water bodies to look for unsuspecting
human hosts for penetration, where they continue the sexual phase of their development [1–4].
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Members of the genus Bulinus are hermaphroditic planorbid snails, and this genus includes
37 recognized species distributed in the tropic and sub-tropic regions of the world including
Africa, Mediterranean countries, and parts of the Middle East [5]. They differ in their interaction
with schistosome parasites and some are involved in the transmission of human and animal
schistosomiasis [6].

These important snail species inhabit various types of freshwater bodies such as streams, ponds,
rivers, and irrigation canals [7]. The genetic structure of snail hosts is mostly determined by their
habitat distribution, which is largely influenced by the spatial and temporal fluctuations in water
availability [8,9] leading to population bottlenecks [5].

Snails belonging to the Bulinus group have a great capacity to rapidly increase their population
size through cross- or self-fertilization, but B. truncatus has a preference for self-fertilization [10]. Selfing
and population bottlenecks increase genetic differentiation among snail population but reduce the
amount of genetic diversity within a population [11].

Whilst morphological identification of snails helps with identifying snails at group or genus level,
it cannot give further insights about their interaction with the parasites [12].

Assessment of snail hosts population structure using molecular markers and other genetic
tools creates a robust system for species identification and differentiation [8,12–17]. This provides
useful information about their genetic diversity and detailed elucidation of the host–parasite
relationship [4], which can be applied to target effective integrated schistosomiasis control strategies in
most endemic areas [18].

The use of different markers such as COI, microsatellites and ITS 1, has helped to achieve
identification of B. truncatus sampled from few African countries including Senegal, Niger, Tanzania,
Burkina Faso, and Cameroon [11,12]. Studies have also observed strong population subdivision and
low diversity for hermaphroditic freshwater snails including B. truncatus [11,19–23].

It is, therefore, imperative to provide information on the diversity of important snail hosts
including B. truncatus through assessing their phylogenic status in most countries endemic for
schistosomiasis across Africa, to further improve our understanding about their phylogenetic
relationships as well as the disease epidemiology.

This study provided information on the phylogeography of B. truncatus populations from Giza
and Sharkia (Egypt), Barakat area (Sudan), and Madziwa, Shamva District (Zimbabwe), using partial
mitochondrial DNA cytochrome oxidase subunit I (COI) and internal transcribed spacer 1 (ITS 1) to
determine their phylogenetic relationship, which is important for epidemiological investigation and
snail hosts surveillance.

2. Materials and Methods

2.1. Sample Collection

Bulinus snails were collected from different locations in freshwater bodies at Giza and Sharkia
governorates (Egypt), Barakat area (Sudan) and Madziwa area, Shamva District (Zimbabwe).
Snail sampling was done at selected sites along water bodies; these included water contact sites where
people swim, carry out fishing activities, collect water for domestic purposes, bathing, and washing
clothes and utensils. Sites with no apparent human water contact activities were also visited for snail
collection. A total of 134 Bulinus snails was assessed from different locations across the three countries.

The snails were identified phenotypically using shell morphology [24]. Snails were then preserved
in absolute ethanol. Information that includes snail collection and geographic coordinates of the study
areas are shown in Table 1. A map of study areas is shown in Figure 1.

203



Trop. Med. Infect. Dis. 2018, 3, 127

Table 1. Geographic coordinates of the study areas.

Country Location
No. of

Samples Collected
Time of Collection

Type of
Water Body

Latitude Longitude

Egypt
Giza (El-Nile river,

Gezerite El-Warrak) 25 October, 2016 River 30.102 31.243

Sharkia (El-Salam canal,
El-Hesenia district) 30 November, 2016 Canal 31.258 32.270

Sudan

Barakat area, Wad Madani 14 July, 2016 Canal 14.33673 33.52736
Barakat area, Wad Madani 22 August, 2016 Canal 14.31780 33.53167
Barakat area, Wad Madani 5 August, 2016 Canal 14.29210 33.55261
Barakat area, Wad Madani 8 August, 2016 Canal 14.25122 33.59070

Zimbabwe

Madziwa, Shamva District 11 March, 2016 River 16.93642 31.44603
Madziwa 6 March, 2016 River 16.91498 31.42868
Madziwa 10 June, 2016 River 16.85695 31.49413
Madziwa 3 June, 2016 River 16.88070 31.49083

Figure 1. Map of Africa showing countries where snail samples were collected.

2.2. Sample Preparation and DNA Extraction

The specimens were recounted, identified by morphological characters, and re-spirited (absolute
ethanol) upon arrival at the National Institute of Parasitic Diseases, Shanghai, schistosomiasis
laboratory [25]. Specimens were placed in TE buffer (10 mM Tris, 0.1 mM EDTA) pH 7.4 for 1 h to
remove the remaining alcohol from within the tissue, which might interfere with subsequent extraction
techniques. Total genomic DNA was isolated from head-foot snail tissue using the DNeasy Blood
and Tissue kit (Qiagen, Crawley, UK) according to the manufacturer’s instructions. DNA was eluted
into 200 μL AE buffer. The snails’ genomic DNA concentration was quantified using the Nanodrop
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ND-1000 Spectrophotometer (Nanodrop Technologies Inc., Thermo Fisher Scientific, Wilmington, DE,
USA).

2.3. Polymerase Chain Reaction (PCR) Amplification of COI and ITS 1 Fragments

IllustraPuRe Taq Ready-To-Go PCR beads (GE Healthcare) were used for the amplification of the
COI and ITS 1 fragments using the methods outlined in Kane et al. [12] with 0.4 μM each of Bulcox 5
(5′CCT TTA AGA GGN CCT ATT GC 3′) (forward primer) and Bulcox 14 (5′GGA AAT CAG TAM AYA
AAA CCA GC 3′) (reverse primer) while ETTS10 (5′ GCA TAC TGC TTT GAA CAT CG 3′) (forward
primer) and ETTS1(5′GC TTA AGT TCA GCG GGT 3′) (reverse primer) were used for B. truncatus
amplification. A DNA template of 1 μL was added to each tube that contained 22 μL double distilled
water, 1 μL each of forward and reverse primers. The total reaction volume was 25 μL. Double distilled
water was used as the negative control. PCR amplification of snail genomic DNA was done using
Applied Biosystems GeneAmp Thermal Cycler 2700 version 2.08. Cycling conditions for COI and ITS
1 reactions are as follows: one cycle of 95 ◦C for 5 min, 45 cycles of 95 ◦C for 30 s, 54.3 ◦C for 30 s, 72 ◦C
for 45 s and 72 ◦C for 10 min and one cycle of 95 ◦C for 5 min, 45 cycles of 95 ◦C for 30 s, 42 ◦C for 30 s,
72 ◦C for 45 s and 72 ◦C for 10 min respectively. PCR fragments were separated on 1% agarose gel
and visualization was performed using a gel documentation and analysis system (UVP, EpiChem II
darkroom). Sequencing was performed on an Applied Biosystems 3730XL analyser (Life Technologies,
Northumberland, UK).

2.4. Phylogenetic Analysis of Sequence Data

Nucleotide sequences were visually edited using Bioedit software v 7.0. [26]. BLAST searches via
the National Centre for Biotechnology Information (http://www.ncbi.nlm.nih.gov/) were performed
for the obtained sequences against Genbank database to ensure that contaminant sequences had
not been obtained by error [27] and aligned with the reference materials [12] using the Clustal W
algorithm [28]. We performed the maximum-likelihood analyses for the COI and ITS 1 sequences using
the program RAxML [29]. The maximum-likelihood estimates were bootstrapped for 1000 replicates
based on the GTRGAMMA substitution model. Downloaded B. truncatus sequences deposited in
Genbank from Niger (AM286316.2), Senegal (AM921807.1 and AM921806.1) Portugal (AM286314),
Italy (AM286312.3), Burkina Faso (AM286315.2), and Tanzania (AM286313.2) [12] were used as
reference isolates for COI sequences, while B. truncatus isolates from Tanzania (AM921983), Niger
(AM921965) [16], and Cameroon (KJ157504.1, KJ157503.1, KJ157500.1, KJ157501.1, KJ157502.1) [13] were
used as reference isolates for ITS 1 sequences. Sequence data from other Bulinus species on Genbank
(detailed information on accession number and origin provided as Supplementary Data) were also
included in constructing the maximum likelihood phylogenetic trees. Additionally, Bulinus forskalii
(AM286306.2) was used as an outgroup for Bulinus truncatus group assessed with COI marker.
Bulinus forskalii (AM921961.1) was used as the outgroup for the Bulinus truncatus group assessed
with ITS 1 marker.

We also estimated the phylogenetic relationships of the COI and ITS 1 B. truncatus dataset
using Bayesian inference in MrBayes version 3.2.0 programs [30] (Figures S1 and S2). Prior to
Bayesian inference, the best fit nucleotide substitution models (HKY for COI and TrN for ITS 1) were
determined using a hierarchical likelihood ratio test in jMODELTEST version 0.1.1 [31]. The posterior
probabilities were calculated via 1,000,000 generations using Markov chain Monte Carlo (MCMC)
simulations, and the chains were sampled every 1000 generations. At the end of this run, the average
standard deviation of split frequencies was below 0.01, and the potential scale reduction factor was
reasonably close to 1.0 for all parameters. A consensus tree was summarized and visualized in FigTree
version 1.4.3 [32].

B. truncatus sequences from the three populations, reference isolates, and other Bulinus species
sequences used for constructing ML trees were repeated for the construction of the Bayes ML trees
Clade comprising B. forskalii (AM286308, AM286293.2, and AM286306.2) was used as the outgroup
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for COI B. truncatus sequences while B. forskalii (AM921961.1) was used the outgroup for ITS 1
B. truncatus sequences.

The minimum spanning tree was built using NETWORK 5.0.0.0 [33] (Figure S3). We built the
network to support the COI ML tree and it showed the torso of the genetic structure.

DNA sequences have been submitted to the National Centre for Biotechnology Information
Archive with accession numbers MG759386–MG759479 (B. truncatus group assessed with COI marker)
and MG757840-757890 (B. truncatus group assessed with ITS 1 marker).

2.5. Determination of Haplotype and Nucleotide Diversity

The level of sequence diversity, which includes number of haplotype (h), haplotype diversity
(hd), nucleotide diversity (π), Tajima’s D (D), and theta per site statistics, were calculated for
B. truncatus populations assessed with both COI and ITS 1 markers in Arlequin software version
3.5 [34]. In addition, we compared Fst of B. truncatus studied populations using Arlequin software
version 3.5 [34].

3. Results

3.1. Phylogeny

Altogether, 94 individual snail samples including 38 (Giza and Sharkia; Egypt), 36 (Barakat area;
Sudan), and 20 (Madziwa, Shamva District; Zimbabwe) were successfully sequenced at the COI region
(Table 2), and 51 including 28 (Egypt) and 23 (Sudan) were sequenced at the ITS 1 locus (Table 2),
because of failure in either amplification or sequencing. Following the sequencing alignment and
trimming of all the sequences, the final fragments of 737 bp (COI) and 580 bp (ITS 1) were obtained.
Among these, 6, 11, and 6 unique COI haplotypes of B. truncatus sequences were observed from Giza
and Sharkia (Egypt), Barakat area (Sudan) and Madziwa, Shamva district (Zimbabwe), respectively
(Table 2). In Egypt and Sudan, respectively, 3 and 2 unique ITS 1 haplotypes of B. truncatus sequences
were observed (Table 2). No information on B. truncatus ITS 1 sequences from Zimbabwe was recorded
in this study due to failure in either amplification or sequencing.

Table 2. Estimation of nucleotide diversity and summary statistics of Bulinus truncatus identified using
COI I and ITS 1 markers.

N H Hd π S.D.π ΘS s.d.S Tajima’s D p-Value

COI
Egypt 38 6 0.334 0.00205 0.001445 0.002916 0.001299 −0.85621 0.24
Sudan 36 11 0.768 0.009359 0.005067 0.009602 0.003341 −0.08761 0.538

Zimbabwe 20 6 0.784 0.014701 0.007859 0.011655 0.004442 1.01745 0.898

ITS 1
Egypt 28 3 0.14 0.005589 0.003362 0.020107 0.006909 −2.69592 0
Sudan 23 2 0.443 0.00169 0.001367 0.001034 0.000769 1.41416 0.923

Number of sequences (N), number of haplotypes (h), haplotype diversity (Hd), nucleotide diversity (pi), theta per
site (ΘS), standard deviation (s.d.).

Phylogenetic analyses indicated some measures of variation in the genetic population structure
of B. truncatus population from Giza and Sharkia (Egypt), Barakat area (Sudan), and Madziwa
(Zimbabwe). A large quantity of COI sequence data from Giza and Sharkia (Egypt) and Barakat area
(Sudan) cluster together on the B. truncatus clade but the COI sequence data of Madziwa (Zimbabwe)
B. truncatus population cluster at different locations on the tree (Figure 2 and Figure S1). No significant
variation was observed between B. truncatus populations from Giza and Sharkia (Egypt) and Barakat
area (Sudan) (Figure 3 and Figure S2). The minimum spanning tree indicated the torso of B. truncatus
populations genetic structure (Figure S3). The tree showed five haplotypes for B. truncatus obtained
from Zimbabwe, while five and two haplotypes were indicated for Sudan and Egypt B. truncatus
populations respectively. Cryptic lineages or other known species of B. truncatus were not detected.
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Figure 2. A rooted maximum likelihood tree of Bulinus truncatus for CO1 sequences. Maximum
likelihood tree of a 737 bp fragment of the cytochrome oxidase subunit 1 (CO1) gene for B. truncatus in
this study with an additional 51 published Genbank sequences including B. truncatus reference isolates.
Values on the branches are bootstrap support based on 1000 replications. B. forskalii (AM286306.2)
was defined as outgroup. * UGD-Uganda, TZ-Tanzania, SAF-South Africa, KY-Kenya, ZB-Zanzibar,
SG-Senegal, BFS, Burkina Faso, Nig-Niger, Agl-Angola, Mlw-Malawi.
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Figure 3. A rooted maximum likelihood tree of Bulinus truncatus for ITS 1 sequences. Maximum
likelihood tree of a 580 bp fragment of the internal transcribed spacer 1 (ITS 1) for B. truncatus in this
study with an additional 33 published Genbank sequences including B. truncatus reference isolates.
Values on the branches are bootstrap support based on 1000 replications. B. forslkalii (AM921961.1)
was defined as outgroup. * UGD-Uganda, TZ-Tanzania, SF-South Africa, KY-Kenya, SE-Senegal, BFS,
Burkina Faso, Nig-Niger, AG-Angola, MA-Mauritius, OM-Oman.

3.2. Haplotype and Nucleotide Diversity

Nucleotide polymorphism obtained for all B. truncatus sequences assessed in this study is shown
in Table 2. Haplotype diversity observed of sequences from the three populations assessed with COI
includes 0.334 (Giza and Sharkia, Egypt), 0.768 (Barakat area, Sudan), and 0.784 (Madziwa, Zimbabwe)
while their nucleotide diversity includes 0.00205 (s.d. = 0.001445), 0.009359 (s.d. = 0.005067),
and 0.014701 (s.d. = 0.007859) for Egypt, Sudan, and Zimbabwe, respectively (Table 2). Haplotype
diversity for the two populations assessed with ITS 1 is 0.14 and 0.443 while nucleotide diversity
includes 0.005589 (s.d. π 0.003362) and 0.00169 (s.d. π 0.001367) for (Giza and Sharkia, Egypt) and
(Barakat area, Sudan), respectively. FST values in the pairwise population comparisons are shown
in Table 3.
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Table 3. Population pairwise Φst.

Egypt Sudan

Sudan 0.34860 *
Zimbabwe 0.59653 * 0.36160 *

* Significant p value < 0.05.

4. Discussion

Urinary schistosomiasis burden is widely reported in Africa and this is a consequence of the
unabated distribution of the important snail intermediate hosts of the genus Bulinus that serves as host
to the schistosome parasite [4]. The Bulinus group is made up of about 37 recognized species and has
been divided into four different groups for convenience [5].

This study assessed the genetic diversity of B. truncatus populations, the snail host implicated in
the transmission of S. haematobium in Africa using mitochondrial cytochrome oxidase 1 (COI) gene and
internal transcribed spacer (ITS 1).

Snail host identification using morphological characters is unreliable and sometimes ambiguous
but the development and application of molecular techniques have been helpful, providing good
species discrimination [4,5].

We observed that mitochondrial DNA sequences from Barakat area (Sudan) and Madziwa,
Shamva (Zimbabwe) indicated high haplotype diversity including 0.768 and 0.784, respectively,
a similar observation was earlier reported by Zein-Eddine et al. [14]. The level of haplotype
diversity observed from the two populations in our study is less than the values reported by
Zein-Eddine et al. [14]. However, relatively low haplotype diversity was also observed for sequences
from Giza and Sharkia (Egypt), with 0.334. Nevertheless, the low levels of haplotype diversity observed
for B. truncatus in this study were similar to findings by Zein-Eddine et al. [11] and those observed by
Goodall-Copestake et al. [19,35], with low diversity species.

Our findings indicated some degree of variation in the Bulinus species population structure across
Africa. Bulinus species populations on both COI and ITS 1 trees (Figures 2 and 3, Figures S1 and S2)
separated into populations that correspond to Bulinus species groups [12,36]. However, we observed
that B. globosus from West Africa clusters separately from the East African species as indicated by the
COI sequence data.

Kane et al. [12] reported the division between B. globosus from the two regions in Africa and that
Bulinus africanus has a close affinity with West African B. globosus species. This is also evident from the
information provided by our COI sequence data (Figure 2).

Some levels of segregation were observed within the COI B. truncatus populations. The location of
populations from Giza and Sharkia (Egypt) and Barakat area (Sudan) on the B. truncatus clade agrees
with the location of both countries geographically (Figure 2). The clustering of the Madziwa, Shamva
(Zimbabwe) sequences in different locations on the B. truncatus clade can be attributed to individuals
with different genotypes within the population (Figure 2).

Findings from this study using COI identified two reciprocally monophyletic B. truncatus sister
subclades and this corresponds to B. truncatus and B. tropicus respectively [12,36]. Nalugwa et al. [36]
also obtained similar results from findings on the B. truncatus/tropicus complex collected from Albertine
Rift freshwater bodies in Uganda. Brown and Shaw [37] have shown that B. truncatus is a tetraploid and
B. tropicus is diploid; however, it is difficult to distinguish B. truncatus and B. tropicus morphologically.

The minimum spanning network was constructed to support the ML tree and this informed our
decision to include some outgroup sequences. The network did not indicate a substantial difference
from the information on the tree (Figure S3).

Although Bulinus species populations separated distinctly into groups as earlier indicated [12],
no significant variation was observed within B. truncatus populations from Giza and Sharkia (Egypt)
and Barakat area (Sudan) as indicated by the ITS 1 tree (Figure 3). Kane et al. [12] stated that
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Bulinus wrighti has a characteristic COI sequence that positions the species and other members of the
Bulinus reticulatus group close to the Bulinus truncatus complex. This was also observed from our ITS 1
result (Figure 3).

This study is not unique; however, it has investigated the genetic diversity of B. truncatus from
Giza and Sharkia (Egypt), Barakat area (Sudan), and Madziwa (Zimbabwe), which is necessary for
snail host surveillance in the study areas and it has also provided genomic data of this important snail
species from the sampled countries.

Although no infection was detected from the snails when screened for patent and prepatent
infection, the presence and distribution of B. truncatus in the studied areas poses a threat to the
inhabitants of these areas should an infected person visit the water bodies and urinate inside or
near enough for the schistosome eggs released with the urine to have contact with the water bodies,
especially water contact sites such as the Nile River and El-Salam Canal (Egypt), where inhabitants
engage in a lot of fishing activities, and the river at Madziwa (Zimbabwe) that people visit frequently
to carry out their domestic chores as well as engage in activities such as swimming.

Previous studies implicated B. truncatus as the only Bulinus species that transmits S. haematobium
in Egypt and other parts of northern Africa, while Bulinus globosus is implicated for schistosomiasis
transmission in Zimbabwe [4]. The presence of B. truncatus in the southern African country can
be attributed to the favorable environmental factors and migration of snail population; however,
human activities have also increased the number of snail hosts of S. haematobium. This is a cause for
concern and there is a need to improve measures for effective snail control strategies.

Differentiating snail host populations to assess their diversity should be prioritized in Africa,
where host snails’ genome data is scarce for most schistosomiasis endemic countries [18]. Efforts should
be made to initiate a continent-wide snail host genome project to help develop a more comprehensive
and robust snail host genome database for the African continent.

5. Conclusions

This study identified B. truncatus, the snail host of S. haematobium obtained from Giza and Sharkia
(Egypt), Barakat area (Sudan), and Madziwa, Shamva District (Zimbabwe) using COI and ITS 1
markers, as well as provided information on their genetic diversity.

With the increasing global call that effective schistosomiasis control programmes should target
snail control, there is a need to prioritize snail studies for effective mapping of schistosomiasis
transmission [38], as well as to strengthen surveillance strategies.

Supplementary Materials: The following are available online at http://www.mdpi.com/2414-6366/3/4/
127/s1. S1A–S1J, data were used to prepare Table 2, S1A: Egypt B. truncatus COI.out, S1B: Egypt
B. truncatus COI Tajima D.out, S1C: Egypt B. truncatus Fu_Li Test.out, S1D: Egypt_SUD_ZWE B. truncatus
COI final.out, S1E: Fu_Li Egypt_SUD_ZWE B. truncatus COI.out, S1F: Sudan B. truncatus COI.out, S1G:
Sudan B. truncatus COI Tajima D.out, S1H: Sudan B. truncatus Fu_Li test.out, S1I: Zimbabwe B. truncatus.out,
S1J: Zimbabwe B. truncatus COI Tajima D.out, S2A–S2F data were used to prepare Table 3, S2A: Egypt
B. truncatus ITS Fu_Li test.out, S2B: Egypt B. truncatus ITS Tajima D.out, S2C: Egypt B. truncatus ITS.out,
S2D: Sudan B. truncatus ITS.out, S2E: Sudan B. truncatus ITS Fu_Li test.out, S2F: Sudan B. truncatus
ITS Tajima D.out, S3A–S3M were used to prepare Figure 2A,B, S3A: Egypt Bulinus truncatus GENBANK
PROTEIN SEQ NEW.fas, S3B: Egypt Bulinus truncatus GENBANK SEQ NEW.d.txt, S3C: Egypt B. truncatus
GENBANK SEQ NEW.fas, S3D: SUDAN B. truncatus COI Protein SEQ1.fas, S3E: SUDAN B. truncatus COI
genbankSEQ.fas, S3F: SUDAN B. truncatus Genbank SEQ COI.txt, S3G: Zimbabwe B.truncatus COI protein SEQ
for genbank submission.fas, S3H: Zimbabwe B. truncatus COI SEQ for genbank submission.fas, S3I: Zimbabwe
B. truncatus COI SEQ for genbank submission.txt, S3J: ZWE_SUDAN_EGYPT_BT_REF_COI_OUTGROUP.txt,
S3K.ZWE_SUDAN_EGYPT_BT_REF_COI_OUTGROUP2-v2NEW.fas, S3L: Summary of the STRUCTURE analysis
for B. truncatus COI.docx, S3M: Table 1. Information on B. truncatus sequences submitted to genbank, S4A–S4H
were used to prepare Figure 3A,B, S4A: Information B. truncatus ITS 1 sequences submitted to genbank.xls, S4B:
Egypt B. truncatus ITS.fas, S4C: Egypt B. truncatus ITS.txt, S4D: Egypt_Sudan_REF B. truncatus ITS.fas, S4E:
Egypt_Sudan_REF_Outgroup B. truncatus ITS.txt, S4F: SUDAN B. truncatus ITS.fas, S4G: SUDAN B. truncatus
ITS.txt, S4H: Summary of STRUCTURE analysis for B truncatus.docx.
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Abstract: Schistosomiasis remains the most important tropical snail-borne trematodiasis that
threatens many millions of human lives. In achieving schistosomiasis elimination targets, sustainable
control of the snail vectors represents a logical approach. Nonetheless, the ineffectiveness of the
present snail control interventions emphasizes the need to develop new complementary strategies
to ensure more effective control outcomes. Accordingly, the use of genetic techniques aimed at
driving resistance traits into natural vector populations has been put forward as a promising
tool for integrated snail control. Leveraging the Biomphalaria-Schistosoma model system, studies
unraveling the complexities of the vector biology and those exploring the molecular basis of snail
resistance to schistosome infection have been expanding in various breadths, generating many
significant discoveries, and raising the hope for future breakthroughs. This review provides a
compendium of relevant findings, and without neglecting the current existing gaps and potential
future challenges, discusses how a transgenic snail approach may be adapted and harnessed to
control human schistosomiasis.

Keywords: schistosomiasis; vector control; snail resistance; gene drive; transgenic snail

1. Introduction

It is presently more than a century since malacological discoveries established that various genera
of freshwater snails (Mollusca: Gastropoda) serve as biological vectors of human diseases caused by
parasitic trematodes. These findings have made the study of snail biology an important aspect of
infectious disease research, particularly in tropical helminthology. Among these human snail-borne
trematodiases, schistosomiasis (bilharziasis) ranks as the most important disease, afflicting more than
206 million humans [1], and being responsible for over 3.51 million disability-adjusted life years
(DALYs) [2], most prominently in the tropics. Most cases of human schistosomiasis are caused by
three parasitic schistosomes (blood flukes): Schistosoma haematobium, S. mansoni, and S. japonicum [3].
Both S. haematobium and S. mansoni are found in Africa and the Middle East; only S. mansoni
occurs in the Americas, and S. japonicum is a major disease-causing species in China, Indonesia,
and the Philippines [3]. However, the geographical distribution of these flukes is synchronous
to, and importantly determined by, the local distribution of their snail vectors. S. haematobium is
transmitted by Bulinus snails, S. mansoni by Biomphalaria snails, and S. japonicum by Oncomelania
snails [4].

The human-to-snail-to-human transmission of Schistsosoma occurs when adult male and female
living in copula within the human host mate and produce fertilized eggs. Some of the eggs are
voided with urine (in S. haematobium) or feces (in S. mansoni and S. japonicum) into the environment.
The eggs that reach the vectors’ freshwater habitats hatch and release the enclosed miracidia larvae,
which swim actively to locate and infect their snail vectors. A miracidium that successfully infects
a susceptible vector undergoes intramolluscan polyembryonic development to produce thousands
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of actively-swimming tailed cercariae larvae that emerge continuously from the snail host for the
rest of the its lifetime (spanning months) [3–6]. Human infection with schistosomes is acquired
through skin contact with, and subsequent penetration by, the cercariae during recreational, domestic,
or occupational activities with contaminated water [5]. Following penetration, the worms transform
into immature schistosomes (schistosomulae) and are carried in body circulation, from where they enter
the portal veins and mature in about 5–7 weeks [3,5]. Mature worm pairs migrate to their preferred host
sites—S. mansoni and S. japonicum to the mesenteric venules of the bowel or rectum, and S. haematobium
to the venous plexus of the bladder, where they mate and the females lay eggs to repeat the cycle [4,5].
Adult schistosomes have an average lifespan of 3–10 years, but they may also live as long as 30–40 years
in their human hosts [3–5]. The eggs are highly immunogenic and are majorly responsible for disease
outcomes by triggering localized pathologic reactions within the human host [4,7,8]. Although human
infection with Schistosoma species may cause non-specific but incapacitating systemic morbidities such
as malnutrition, anemia, and impaired physical and cognitive development in children, poor birth
outcomes in infected pregnant women, and neurological aberrations, S. haematobium is specifically
responsible for urogenital pathologies, while other Schistosoma species majorly cause gastrointestinal
complications, but also hepatosplenic enlargement, ascites, and portal hypertension in advanced
cases [3,7,9,10]. Again, there is growing evidence that female urogenital schistosomiasis poses an
increased risk of HIV transmission and/or progression [11–13].

Taking a leap towards the beginning of the end human schistosomiasis requires an integrated
control approach that cuts across both the vector and the human cycles. Current strategy in the
fight against the disease co-implements ongoing preventive chemotherapy through mass drug
administration (MDA), with complementary public-health interventions. This approach, as defined by
WHO/AFRO, is known as PHASE—preventive chemotherapy, health education, access to clean water,
sanitation improvement, and environmental snail control and focal mollusciciding [14]. Recent efforts
made to evaluate the degree of importance of snail control in schistosomiasis elimination [15–18]
clearly showed that sustainable snail control is pivotal in achieving targeted disease elimination.
This is especially true in the present era of highly challenging anti-schistosome vaccine development,
as well as the monochemotherapeutic availability of praziquantel and its feared resistance by
schistosomes [19–21]. Strategies currently in use for controlling schistosomiasis snail vectors
are: biocontrol using competitors or predators, modification of snail habitats, and application of
molluscicides. These approaches, used either singly or in combination, have evidently contributed
to many successful schistosomiasis control efforts in different localities and countries [15,22–27];
however, each approach is not without limitations [24]. The application of chemical molluscicides
has been mostly exploited. Among other chemical molluscicidal agents, niclosamide has a long
track record of being successful against snail hosts, and is often regarded as the molluscicide of
choice. Nevertheless, apart from its expensiveness, toxicity of niclosamide to a variety of non-target
aquatic life forms (plants, invertebrates and vertebrates including amphibians) has led to its decreased
acceptability. Again, the inability of niclosamide to prevent snail recolonization, especially in large
permanent water bodies, necessitates repeated applications that result in high cost [24,28–30].

In view of the present challenges facing schistosomiasis control efforts, coupled with the
endorsement by the World Health Assembly Resolution 65.21 to take full advantage of non-drug-based
interventions to prevent schistosomiasis transmission [31], it will be timely to adapt new strategies
in order to interrupt snail-mediated schistosome transmission, and thus, forestall human infection.
The use of genetic techniques to manipulate snail vectors of schistosomiasis has long been stressed
as a novel biocontrol strategy with the potential to constitute an important complementary tool for
transmission reduction or breaking. Embracing all the means to actualize this potential, studies
unraveling the complexities of the vector biology and those exploring the molecular underpinnings
of snail resistance/susceptibility to schistosome infection have been expanding in various breadths,
generating many significant discoveries and raising the hope for future breakthroughs. The aim of this
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review is to provide a compendium of relevant findings, and discuss how transgenic snail approach
may be adapted and harnessed to control human schistosomiasis.

2. Biology of Snail Resistance/Susceptibility to Schistosoma Infections–Major Exploits so Far

The first groundbreaking discovery on the identification of intermediate snail hosts of
schistosomes was made by Miyairi and Suzuki, who observed stages of S. japonicum in Oncomelania
snails in Japan in 1913 [32,33]. This was followed by the achievements of Robert Leiper, who also
demonstrated the complete life cycles of S. haematobium and S. mansoni in their respective
snail hosts in Egypt [34,35]. Subsequent to these watershed moments in the long history of
schistosomiasis, investigations on the interactions between schistosomes and their snail vectors
became kinetic. The genetic study of snail-schistosome compatibility was pioneered by Newton [36,37],
who demonstrated that susceptibility of snail vectors to Schistosoma infections is fundamentally
genetic and a heritable character. This was later underscored by other investigators who revealed
that resistance character, which is acquired at the maturity phase in the adults of resistant snail
stocks, is monogenic, dominant, and heritable by a simple Mendelian pattern of inheritance [38–41].
This genetic dominance of the resistance trait has been confirmed by various crossbreeding experiments
in Biomphalaria species [42–46]. Be that as it may, Rosa et al. [45] showed that resistance in B. tenagophila
is determined by two dominant genes. In contrast, in juvenile B. glabrata, resistance is a complex trait
governed by a minimum of four genes, each having multiple alleles (alternative forms of the same
gene) [40,47]. From these various lines of evidence, it could be understood that genetic determinism of
resistance is governed by a single major locus (position of a particular gene or allele on a chromosome)
to a potentially high number of loci, and snails with significantly increased resistance could be
artificially selected in the laboratory; meanwhile, molecular markers mapped to resistance could be
identified in genetic crosses.

Thus far, work has been done most extensively using the Biomphalaria-Schistosoma model, and has
led to the nomenclature of some stocks known for resistance (e.g., pigmented BS-90 [48], black-eye
10-R2 [49], and 13-16-IR [50]) or susceptibility (e.g., the albino M-line and NMRI [51], and BB02 [52]) to
S. mansoni infection, which are now maintained in the laboratory for research purposes. In contrast
to the 10-R2 and 13-16-IR strains, however, BS-90 demonstrates unflinching resistance stability,
irrespective of age (juvenile or adult), under laboratory conditions [40,53].

A major physiological determinant of snail resistance/susceptibility to infections, which is also
under genetic influence, is the snail internal defense system (IDS). The IDS comprises the cellular
elements (hemocytes) and the humoral (plasma) factors of the hemolymph that work independently
or in concert to recognize, encapsulate, kill, and clear intruding trematodes [6,54–56]. Establishment
of the B. glabrata embryonic (Bge) cell line in 1976 [57] provided an enabling avenue for investigators
to delve into the molecular and cellular aspects of the complex snail immune functions against
schistosomes by using an in vitro culture model, rather than using the whole intact animal, which could
have resulted in a rudimentary understanding of the complex biological events. Moreover, major
advances in Biomphalaria omic studies, such as the recent availability of the whole genome sequence of
B. glabrata [58], provide a useful resource in deciphering complex functions of the snail biology that
were previously obscure. Using various strain and species combinations of the Biomphalaria-Schistosoma
model system, robust molecular studies have been carried out, leveraging various techniques to identify
and characterize endogenous effector protein/gene candidates that are functional in the snail internal
defense machinery against schistosomes. Table 1 below presents a synopsis of various endogenous
factors that have been implicated in Biomphalaria resistance to schistosomes.
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3. Transgenic Snail Methods for Schistosomiasis Control

The use of genetically engineered vectors to either suppress (reduce) or modify (replace) the
natural populations of the biological vectors of some globally important infectious diseases has
been a convincing concept that is now on the verge of deployment to control disease transmission.
This rapidly emerging genetic control approach is distinguished from other biocontrol strategies
(such as the use of natural parasitoids, predators, competitors, and infectious microbial agents), as it is
mating-based, highly species-specific, and capable of being transmitted or inherited vertically [83].
In this context, suppression or elimination of natural local vector populations could be achieved
by releasing transgenic vectors carrying sterile or detrimental characters into the local populations,
while the population modification approach requires the release of transgenic pathogen-resistant
vector strains or species. Depending on their characteristics or specific configurations, genetic methods
for transgenic vector control may be self-limiting with transient persistence among subsequent vector
generations unless replenished by repeated release of engineered vectors, or self-sustaining with
indefinite persistence from the initial target population to the subsequent ones [83]. With revolutions in
biotechnology, the use of gene drive systems (self-sustaining, selfish genetic elements that are inherited
by progenies at frequencies largely exceeding those expected in Mendelian inheritance) has become
an attractive method for vector control applications, as gene drivers are invasive wherever present,
and so may overcome some evolutionary constraints [83,84].

As first proposed in 1958 [85], much emphasis has been placed on the use of genetic biocontrol
for schistosomiasis vector control. To select a suitable transgenic vector method for schistosomiasis
control however, the basics of the biology of the snail vectors must be taken into account. Although a
wealth of genetic studies has been centered on the production of transgenic mosquito vectors of human
diseases, biological differences between these dipterans and schistosomiasis molluscan vectors create
the need for selective transgenic vector strategies for schistosomiasis control application. For example,
unlike in mosquitoes where only females are capable of transmitting pathogens, Biomphalaria and
Bulinus are hermaphrodites capable of self- or cross-fertilization [86], and all mating types serve as
hosts for schistosomes. Oncomelania has separate sexes [86] but nevertheless, both sexes can also carry
S. japonicum, only perhaps at varying degree of susceptibility [87,88]. These biological peculiarities
render population reduction strategies unsuitable for genetic control of the snail hosts. This is
because the newly released transgenic snails carrying harmful characters would remain susceptible to
Schistosoma infections, therefore intensifying parasite transmission. Consequently, present focus in the
genetic control of schistosomiasis vectors is set on strategies to modify the natural snail populations.
According to Hubendick [85], population of the resistant strains can displace that of the susceptible
ones in the field by natural selection. Although this scenario is plausible, it can be realized only through
the application of self-sustaining transgenic vector systems (Figure 1).

Promoted by its advantages over other gene drive systems—such as transcription activator-like
effector nucleases (TALENs) and zinc finger nucleases (ZFNs)—used in genome editing technology,
and over other genetic techniques such as RNA interference (RNAi) [84,89,90], the recently-discovered
CRISPR/Cas9 (clustered regularly-interspaced short palindromic repeats/CRISPR-associated protein
9) system has flowered, and is being widely used in current research trials and applications to modify
genome sequences in diverse species spanning microbes, plants, animals, to even humans [89–93].
In parallel, the use of CRISPR/Cas9 to drive anti-Schistosoma effector genes into the genome of
naturally susceptible snail strains is being envisioned, and has become an important subject in current
discussions [17,75,94,95]. Fascinatingly, a proof-of-concept study [96] has demonstrated the possibility
of CRISPR/Cas9-mediated gene editing in molluscs; indeed, more insights into the possible ways by
which this may be achieved for schistosomiasis vector control, as well as the current and potential
future challenges, will constitute a key guide for the scientific community in the appropriate fostering
of this tantalizing approach in snail molecular research.
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Figure 1. Transgenic snail system for field control of schistosomiasis transmission.

The three basic requirements for a CRISPR-based precise gene knock-in editing are Cas9
endonuclease, single-guide RNA (sgRNA), and repair template DNA (donor). The Cas9 enzyme
combs through the genome of the host organism, acting as the ‘molecular scissors’ that cuts a specific
DNA sequence at a genomic locus. The sgRNA (~20 nucleotides) is designed to match and target the
desired DNA sequence to be deleted, while the donor DNA provides a template for genomic repair of
the cleaved locus [92,97]. In the case of schistosomiasis snail vectors, Cas9-mediated introgression of
refractoriness into susceptible strains will require an engineered donor DNA encoding a locus known
to confer resistance. The anti-Schistosoma donor DNA can be tightly anchored to the Cas9/sgRNA
complex, and the entire cassette is co-injected with a viral vector, such as lentivirus [98], into the
early single-cell stage embryos of the snail vectors (Figure 2). In essence, the viral vector ensures
safe and effective delivery of these components into the nuclei of the target cells. Suitable sites for
the driver–cargo system injection may include the ovotestis of Biomphalaria/Bulinus snails and the
ovary of female Oncomelania snails. In Biomphalaria, the ovotestis is located at the tip of the shell
spire [99] and the driver–cargo system insertion into the ovotestis will be more appealing in the albino
strain, as the transparency of the snail shell allows easy visibility of internal organs. Further analyses
to assess targeting efficiency or screen for transgenic mutants among progenies may be done by T7
endonuclease I (T7E1) assay, restriction enzyme assay, next generation sequencing or direct PCR assay
as applicable (Figure 2).
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Figure 2. A schematic representation of CRISPR/Cas9 genome editing system in a snail vector of
schistosome. Abbreviations: DSB, double-strand break; HDR, homology-directed repair; P1 & P2,
promoters; PCR, polymerase chain reaction; RE, restriction enzyme; T7E1, T7 endonuclease I.

To date, the main genetic loci that have been identified in association with B. glabrata resistance
to schistosome are Sod1 and RADres (a restricted-site associated DNA-determined resistance
locus) [50,68,69], and a GRC (Guadeloupe Resistance Complex) genomic region (<1 Mb) [69].
In combination with other known and yet unknown resistance genes, Sod1 and RADres occupy
haplotype blocks of >2 Mb genomic region [69,100]. Although putative functional gene candidates
have been identified in the GRC region [75,95], the Sod1 and RADres regions appear to demonstrate a
wider spectrum of snail resistance [69]. Nevertheless, there is still a need to further narrow down these
regions to the embedding causative genes, and to understand their immune stability and functions
under different genetic backgrounds and environmental conditions.

4. Further Considerations

An early investigator [101] stated that the genetic factors controlling snail insusceptibility to
schistosomes must first be clarified, and snail strains ferrying only refractory traits must be developed
before we can gainfully engage genetic control methods. The first criterion has largely been met through
relentless research unveiling resistance-determining proteins and genes. Despite these advances,
current stumbling blocks involve developing snail strains that are reliably recalcitrant to schistosome
infection. One major bottleneck is the highly variable strain-by-strain interaction—compatibility
polymorphism—that is well-documented to occur in snail-schistosome systems [102,103]. As a
consequence, developing a transgenic target for individual strain-to-strain combinations becomes
cumbersome, but can be circumvented only if genetic loci with wide-spectrum resistance activities
conserved across various strain-to-strain combinations could be identified and characterized. The BS-90
strain of B. glabrata (isolated in Salvadore, Brazil) has been bred in the laboratory for many years
and has been shown to be steadily resistant; however, its relative performance in the field remains
unpredictable. A tenable reason for this is that generations of the laboratory-bred strains are poor
representatives of the genetic variations that actually occur in the original wild populations [103].
Another caveat in the future use of either the resistant BS-90 or transgenic snail strains is global
warming, characterized by an increasing earth’s average surface temperature. In sharp contrast
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to what was earlier known, Knight et al. [78] showed that snail resistance to schistosomes is also
temperature-dependent, and even the naturally resistant BS-90 strain could be rendered susceptible at
32 ◦C. Other local environmental factors such as altitude, water level, soil, and vegetation may also
cause differential gene expression and regulation among snails of the same species as a result of local
adaptation mechanisms [104].

Organism biodiversity and signatures of interactions between other organisms and the snail
vectors living in the same habitat may also impact the outcome of transgenic snail application. In an
ecological milieu where natural predators [e.g., Macrobrachium vollenhovenii (a freshwater prawn),
Procambarus clarkia (a freshwater crayfish), Marisa cornuarietis (an ampullarid snail), and cichlid fishes
such as Trematocranus placodon and Geophagus brasiliensis] or competitors [e.g., thiarid snails such
as Melanoides tuberculata and Tarebia granifera] of the snail vectors of schistosomiasis [4,24] exist in
meaningful abundance, there is a possibility that the population of the released transgenic snails
becomes reduced below levels required to displace that of the naturally susceptible vectors as a
result of a more biased killing/eating of the transgenic snails (and eating of their egg masses) or
deprivation of resources. When such a scenario operates, the resistance effect tapers off. Given this
contingency, the release of transgenic snails may be chosen only in lieu of introducing predators or
competitors of snail vectors; co-implementation of both methods in the same freshwater focus may
not always complement the transgenic snail approach. In foci where populations of predators or
competitors already occur in significant abundance, one-off niclosamide application prior to the release
of transgenic snails may offer a more palatable approach in reducing the probability of diluted effect
of the transgenic snail release. These phenomena highlight the importance of sampling water habitats
for species diversity prior to, and periodically after, releasing transgenic snails.

The merits of using schistosome-resistant transgenic snails beat the limitations of other biological
and environmental interventions. For instance, populations of molluscivorous fishes and prawns
large enough to eat the snail vectors may rapidly diminish due to indiscriminate fishing by residents
of communities where schistosomiasis is endemic, since these molluscivores are also a major source
of food for humans. Moreover, introduction of competitor species of snails could greatly endanger
agriculture and the ecosystem. On the other hand, environmental modifications (such as removal of
vegetation on which the snail vectors feed, lining canals with cement, or draining water habitats) are
very expensive and impractical for resource-constrained areas. Meanwhile, vegetation removal poses
an increased risk of infection to workers who may not have protective tools [24]. Generally, however,
certain issues concerning the use of gene drive systems have come into view. The most important of all
include potential off-target mutations that may result in unpredictable effects, development of drive
resistance in populations, fitness and competitiveness of released strains compared to wild populations,
and possible difficulty in the containment, reversal, or adjustment of gene drive spread [83,84,105].
Nevertheless, it is somewhat relieving that a good number of these limitations can feasibly be
overcome through the meticulous design of more specific sgRNAs, and development of reversal drive
systems [84,89,91,92,97,105]. Moreover, the majority of the current issues regarding the application of
gene drives for the control of disease vectors arose from studies focusing on mosquitoes, implying that
some of the risk issues, such as vector dispersal beyond intended political boundaries [84], may be of
lesser concern in other non-insect vector control systems. Conversely however, the significant body of
research on mosquitoes may have also overcome some series of technical challenges that may remain
unresolved for other disease vectors.

Should a breakthrough on the use of CRISPR-based vector control occur, the fine line between
mating/reproductive biology of Oncomelania and that of Bulinus or Biomphalaria, as well as the
varying degree of selfing among species of the hermaphroditic (Bulinus and Biomphalaria) snail
vectors, will also have important implications in schistosomiasis snail control application. As shown
in Figure 1, CRISPR/Cas9-driven resistance traits may spread more rapidly among successive
progeny of Oncomelania (being a dioecious outcrossing vector) than in Bulinus and Biomphalaria snail
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vectors. More precisely, in the two latter snail vectors, gene drive approach may not be effective in
predominantly selfing species, such as Bulinus truncatus, Bulinus forskalii, and Biomphalaria pfeifferi.

5. Conclusions

The prospective use of genetically manipulated vectors to stop the spread of vector-borne diseases
maintains its impressiveness and is awaited by the scientific community. In fast-tracking sustainable
schistosomiasis elimination, the use of CRISPR-based vector modification strategy appears fascinating
and potentially effective. However, this approach is currently still underdeveloped in snail molecular
research. Finding the pertinent missing pieces in our jigsaw of knowledge of schistosome/snail
biology, and identifying ways to bypass potential future challenges, are requisites for achieving this
promising snail control strategy. Finally, the use of schistosome-resistant transgenic snails may have
the propensity to singly interrupt schistosomiasis transmission when only outcrossing vector species
are present, but in foci where both predominantly selfing species and outcrossing species of Bulinus or
Biomphalaria snails coexist, the integration of additional suitable snail control methods will provide a
way of complementing this genetic control method for more effective outcomes.

Funding: This research received no external funding.

Acknowledgments: The author would like to thank Officer Adewale Adeniyi of the Nigerian Customs Service
(NCS) for his financial assistance.

Conflicts of Interest: The author declares no conflict of interest.

References

1. World Health Organization. Schistosomiasis and soil-transmitted helminthiasis: Number of people treated
in 2016. Wkly. Epidemiol. Rec. 2017, 92, 49–60.

2. World Health Organization. Global Health Estimates Summary Tables. DALYs by Cause, Age and Sex, by WHO
Region, 2000–2015; World Health Organization: Geneva, Switzerland, 2016.

3. Colley, D.G.; Bustinduy, A.L.; Secor, W.E.; King, C.H. Human schistosomiasis. Lancet 2014, 383, 2253–2264.
[CrossRef]

4. Muller, R.; Wakelin, D. Worms and Human Disease, 2nd ed.; CABI Publishing: Oxon, UK; New York, NY, USA,
2002; pp. 1–300.

5. Adenowo, A.B.; Oyinloye, B.E.; Ogunyinka, B.I.; Kappo, A.B. Impact of human schistosomiasis in
sub-Saharan Africa. Braz. J. Infect. Dis. 2015, 19, 196–205. [CrossRef] [PubMed]

6. Famakinde, D.O. Molecular context of Schistosoma mansoni transmission in the molluscan environments:
A mini-review. Acta Trop. 2017, 176, 98–104. [CrossRef] [PubMed]

7. Olveda, D.U.; Li, Y.; Olveda, R.M.; Lam, A.K.; Chau, T.N.P.; Harn, D.A.; Williams, G.M.; Gray, D.J.;
Ross, A.G.P. Bilharzia: Pathology, diagnosis, management and control. Trop. Med. Surg. 2013, 1, 135.
[CrossRef] [PubMed]

8. Colley, D.G.; Secor, W.E. Immunology of human schistosomiasis. Parasite Immunol. 2014, 36, 347–357.
[CrossRef] [PubMed]

9. Friedman, J.F.; Mital, P.; Kanzaria, H.K.; Olds, G.R.; Kurtis, J.D. Schistosomiasis and pregnancy. Trends Parasitol.
2007, 23, 159–164. [CrossRef] [PubMed]

10. Salawu, O.T.; Odaibo, A.B. Maternal schistosomiasis: A growing concern in sub-Saharan Africa. Pathog. Glob. Health
2014, 108, 263–270. [CrossRef] [PubMed]

11. Kjetland, E.F.; Ndhlovu, P.D.; Gomo, E.; Mduluza, T.; Midzi, N.; Gwanzura, L.; Mason, P.R.; Sandvik, L.;
Friis, H.; Gunderseen, S.G. Association between genital schistosomiasis and HIV in rural Zimbabwean
women. AIDS 2006, 20, 593–600. [CrossRef] [PubMed]

12. Mbabazi, P.S.; Andan, O.; Fitzgerald, D.W.; Chitsulo, L.; Engels, D.; Downs, J.A. Examining the relationship
between urogenital schistosomiasis and HIV infection. PLoS Negl. Trop. Dis. 2011, 5, e1396. [CrossRef]
[PubMed]

13. Bustinduy, A.; King, C.; Scott, J.; Appleton, S.; Sousa-Figueiredo, J.C.; Betson, M.; Stothard, J.R. HIV and
schistosomiasis co-infection in African children. Lancet Infect. Dis. 2014, 14, 640–649. [CrossRef]

222



Trop. Med. Infect. Dis. 2018, 3, 86

14. Tchuenté, L.-A.T.; Rollinson, D.; Stothard, J.R.; Molyneux, D. Moving from control to elimination of
schistosomiasis in sub-Saharan Africa: Time to change and adapt strategies. Infect. Dis. Poverty 2017,
6, 42. [CrossRef] [PubMed]

15. King, C.H.; Sutherland, L.J.; Bertsch, D. Systematic review and meta-analysis of the impact of chemical-based
mollusciciding for control of Schistosoma mansoni and S. haematobium transmission. PLoS Negl. Trop. Dis.
2015, 9, e0004290. [CrossRef] [PubMed]

16. Lo, N.C.; Gurarie, D.; Toon, N.; Coulibaly, J.T.; Bendavid, E.; Andrews, J.R.; King, C.H. Impact and
cost-effectiveness of snail control to achieve disease control targets for schistosomiasis. Proc. Natl. Acad.
Sci. USA 2018, 115, E584–E591. [CrossRef] [PubMed]

17. Sokolow, S.H.; Wood, C.L.; Jones, I.J.; Lafferty, K.D.; Kuris, A.M.; Hseih, M.H.; De Loe, G.A. To reduce the
global burden of human schistosomiasis, use ‘old fashioned’ snail control. Trends Parasitol. 2018, 34, 23–40.
[CrossRef] [PubMed]

18. Sokolow, S.H.; Wood, C.L.; Jones, I.J.; Swartz, S.J.; Lopez, M.; Hseih, M.H.; Lafferty, K.D.; Kuris, A.M.;
Rickards, C.; De Leo, G.A. Global assessment of schistosomiasis control over the past century shows
targeting the snail intermediate host works best. PLoS. Negl. Trop. Dis. 2016, 10, e0004794. [CrossRef]
[PubMed]

19. Alsaqabi, S.M.; Lofty, W.M. Praziquantel: A review. J. Vet. Sci. Technol. 2014, 5, 1000200. [CrossRef]
20. Cioli, D.; Pica-Mattoccia, L.; Basso, A.; Guidi, A. Schistosomiasis control: Praziquantel forever? Mol. Biochem.

Parasitol. 2014, 195, 23–29. [CrossRef] [PubMed]
21. Tebeje, B.M.; Harvie, M.; You, H.; Loukas, A.; McManus, D.P. Schistosomiasis vaccines: Where do we stand?

Parasit. Vectors 2016, 9, 528. [CrossRef] [PubMed]
22. Ebisawa, I. Epidemiology and eradication of schistosomiasis japonica in Japan. J. Travel Med. 1998, 5, 33–35.

[CrossRef] [PubMed]
23. Barakat, R.M.R. Epidemiology of schistosomiasis in Egypt: Travel through time: Review. J. Adv. Res. 2013, 4,

425–432. [CrossRef] [PubMed]
24. Secor, W.E. Water-based interventions for schistosomiasis control. Pathog. Glob. Health 2014, 108, 246–254.

[CrossRef] [PubMed]
25. Tlamçani, Z.; Er-Rami, M. Schistosomiasis control: Moroccan experience compared to other endemic

countries. Asian Pac. J. Trop. Dis. 2014, 4, 329–332. [CrossRef]
26. King, C.H.; Bertsch, D. Historical perspective: Snail control to prevent schistosomiasis. PLoS Negl. Trop. Dis.

2015, 9, e0003657. [CrossRef] [PubMed]
27. Sun, L.P.; Wang, W.; Hong, Q.B.; Li, S.Z.; Liang, Y.S.; Yang, H.T.; Zhou, X.N. Approaches being used in

the national schistosomiasis elimination programme in China: A review. Infect. Dis. Poverty 2017, 6, 55.
[CrossRef] [PubMed]

28. Lardans, V.; Dissous, C. Snail control strategies for reduction of schistosomiasis transmission. Parasitol. Today
1998, 14, 413–417. [CrossRef]

29. Huang, D.; Zhen, J.; Quan, S.; Liu, M.; Liu, L. Risk assessment for niclosamide residues in water and
sediments from Nan Ji Shan Island within Poyang Lake region, China. Adv. Mat. Res. 2013, 721, 608–612.
[CrossRef]

30. World Health Organization. Field Use of Molluscicides in Schistosomiasis Control Programmes: An Operational
Manual for Programme Managers; World Health Organization: Geneva, Switzerland, 2017.

31. World Health Assembly. Elimination of Schistosomiasis. In Sixty-fifth World Health Assembly: Resolutions and
Decisions; World Health Organization: Geneva, Switzerland, 2012; pp. 36–37.

32. Miyairi, K.; Suzuki, M. On the development of Schistosoma japonicum. Tokyo Med. J. 1913, 1836, 1961–1965.
33. Tanaka, H.; Tsuji, M. From discovery to eradication of schistosomiasis in Japan: 1847–1996. Int. J. Parasitol.

1997, 27, 1465–1480. [CrossRef]
34. Leiper, R.T. On the relation between the terminal-spined and lateral-spined eggs of bilharzia. Br. Med. J.

1916, 1, 411. [CrossRef] [PubMed]
35. Leiper, R.T. Report on the results of the bilharzias mission in Egypt, 1915. J. R. Army Med. Corps 1918,

30, 235–260.
36. Newton, W.L. The comparative tissue reaction of two strains of Australorbis glabratus to infection with

Schistosoma mansoni. J. Parasitol. 1952, 38, 362–366. [CrossRef] [PubMed]

223



Trop. Med. Infect. Dis. 2018, 3, 86

37. Newton, W.L. The inheritance of susceptibility to infection with Schistosoma mansoni in Australorbis glabratus.
Exp. Parasitol. 1953, 2, 242–257. [CrossRef]

38. Richards, C.S. Genetic studies of a molluscan vector of schistosomiasis. Nature 1970, 227, 231–241. [CrossRef]
39. Richards, C.S. Genetic factors in susceptibility of Biomphalaria glabrata for different strains of Schistosoma

mansoni. Parasitology 1975, 70, 231–241. [CrossRef] [PubMed]
40. Richards, C.S. Schistosoma mansoni: susceptibility reversal with age in the snail host. Exp. Parasitol. 1977, 42,

165–168. [CrossRef]
41. Richards, C.S.; Knight, M.; Lewis, F.A. Genetics of Biomphalaria glabrata and its effects on the outcome of

Schistosoma mansoni infection. Parasitol. Today 1992, 8, 171–174. [CrossRef]
42. Abou-El-Naga, I.F.; Eissa, M.M.; Mossallam, S.F.; El-Halim, S.I.A. Inheritance of Schistosoma mansoni infection

incompatibility in Biomphalaria alexandrina snails. Mem. do Inst. Oswaldo Cruz 2010, 105, 149–154. [CrossRef]
43. Dos Santos, M.B.L.; Freitas, J.R.; Correia, M.C.R.; Coelho, P.M.Z. Susceptibility of Biomphalaria tenagophila

hybrids to Schistosoma mansoni: Crossing between strains from Taim (RS), Cabo Frio (RJ), and Belo Horizonte
(MG), Brasil. Rev. Inst. de Med. Trop. São Paulo 1979, 21, 281–286.

44. Knight, M.; Miller, A.N.; Patterson, C.N.; Rowe, C.G.; Michaels, G.; Carr, D.; Richards, C.S.; Lewis, F.A.
The identification of markers segregating with resistance to Schistosoma mansoni infection in the snail
Biomphalaria glabrata. Proc. Natl. Acad. Sci. USA 1999, 96, 1510–1515. [CrossRef] [PubMed]

45. Rosa, F.M.; Godard, A.L.B.; Azevedo, V.; Coelho, P.M.Z. Biomphalaria tenagophila: dominant character of
the resistance to Schistosoma mansoni in descendants of crossbreedings between resistant (Taim, RS) and
susceptible (Joinville, SC) strains. Mem. do Inst. Oswaldo Cruz 2005, 100, 19–23. [CrossRef]

46. Haggag, S.H.; El-Sherbiny, M. Molecular markers associated with resistance to Schistosoma mansoni infection
in the Biomphalaria glabrata snails. Biotechnology 2006, 5, 404–412.

47. Ittiprasert, W.; Miller, A.; Myers, J.; Nene, V.; El-Sayed, N.M.; Knight, M. Identification of immediate response
genes dominantly expressed in juvenile resistant and susceptible Biomphalaria glabrata snails upon exposure
to Schistosoma mansoni. Mol. Biochem. Parasitol. 2010, 169, 27–39. [CrossRef] [PubMed]

48. Paraense, W.L.; Correa, L.R. Variation in susceptibility of populations of Australorbis glabratus to a strain of
Schistosoma mansoni. Rev. Inst. Med. Trop. São Paulo 1963, 5, 15–22. [PubMed]

49. Richards, C.S. Susceptibility of adult Biomphalaria glabrata to Schistosoma mansoni infection. Am. J. Trop.
Med. Hyg. 1973, 22, 748–756. [CrossRef] [PubMed]

50. Goodall, C.P.; Bender, R.C.; Brooks, J.K.; Bayne, C.J. Biomphalaria glabrata cytosolic copper/zinc superoxide
dismutase (SOD1) gene: Association of SOD1 alleles with resistance/susceptibility to Schistosoma mansoni.
Mol. Biochem. Parasitol. 2006, 147, 207–210. [CrossRef] [PubMed]

51. Newton, W.L. The establishment of a strain of Australorbis glabratus which combines albinism and high
susceptibility to infection with Schistosoma mansoni. J. Parasitol. 1955, 41, 526–528. [CrossRef] [PubMed]

52. Adema, C.M.; Luo, M.Z.; Hanelt, B.; Hertel, L.A.; Marshall, J.J.; Zhang, S.M.; DeJong, R.J.; Kim, H.R.;
Kudrna, D.; Wing, R.A.; et al. A bacterial artificial chromosome library for Biomphalaria glabrata, intermediate
snail host of Schistosoma mansoni. Mem. Inst. Oswaldo Cruz 2006, 101, S167–S177. [CrossRef]

53. Ittiprasert, W.; Myers, J.; Odoemelam, E.C.; Raghavan, N.; Lewis, F.; Bridger, J.M.; Knight, M. Advances in
the genomics and proteomics of the freshwater intermediate snail host of Schistosoma mansoni, Biomphalaria
glabrata. In Biomphalaria Snails and Larval Trematodes; Toledo, R., Fried, B., Eds.; Springer: New York, NY,
USA, 2011; pp. 191–213.

54. Pinaud, S.; Portela, J.; Duval, D.; Nowacki, F.C.; Olive, M.A.; Allienne, J.F.; Galinier, R.; Dheilly, N.M.;
Kieffer-Jaquinod, S.; Mitta, G.; et al. A shift from cellular to humoral responses contributes to innate immune
memory in the vector snail Biomphalaria glabrata. PLoS Pathog. 2016, 12, e1005361. [CrossRef] [PubMed]

55. Yoshino, T.P.; Coustau, C. Immunobiology of Biomphalaria–trematode interactions. In Biomphalaria Snails and
Larval Trematodes; Toledo, R., Fried, B., Eds.; Springer: New York, NY, USA, 2011; pp. 159–189.

56. Pila, E.A.; Li, H.; Hambrook, J.R.; Wu, X.; Hanington, P. Schistosomiasis from a snail’s perspective: Advances
in snail immunity. Trends Parasitol. 2017, 33, 845–857. [CrossRef] [PubMed]

57. Hansen, E.L. A cell line from embryos of Biomphalaria glabrata (Pulmonata): Establishment and characteristics.
In Invertebrate Tissue Culture: Research Applications; Maramorosch, K., Ed.; Academic Press: New York, NY,
USA, 1976; pp. 75–97.

224



Trop. Med. Infect. Dis. 2018, 3, 86

58. Adema, C.M.; Hillier, L.D.W.; Jones, C.S.; Loker, E.S.; Knight, M.; Minx, P.; Oliveira, G.; Raghavan, N.;
Shedlock, A.; do Amaral, L.R.; et al. Whole genome analysis of a schistosomiasis-transmitting freshwater
snail. Nat. Comm. 2017, 8, 15451. [CrossRef] [PubMed]

59. Zahoor, Z.; Lockyer, A.E.; Davies, A.J.; Kirk, R.S.; Emery, A.M.; Rollinson, D.; Jones, C.S.; Noble, L.R.;
Walker, A.J. Differences in the gene expression profiles of haemocytes from schistosome-susceptible and
-resistant Biomphalaria glabrata exposed to Schistosoma mansoni excretory secretory products. PLoS ONE 2014,
9, e93215. [CrossRef] [PubMed]

60. Larson, M.K.; Bender, R.C.; Bayne, C.J. Resistance of Biomphalaria glabrata 13–16-R1 snails to Schistosoma
mansoni PR1 is a function of haemocyte abundance and constitutive levels of specific transcripts in
haemocytes. Int. J. Parasitol. 2014, 44, 343–353. [CrossRef] [PubMed]

61. Pila, E.A.; Gordy, M.A.; Phillips, V.K.; Kabore, A.L.; Rudkom, S.P.; Hanington, P.C. Endogenous growth
factor stimulation of hemocyte proliferation induces resistance to Schistosoma mansoni challenge in the snail
host. Proc. Natl. Acad. Sci. USA 2016, 113, 5305–5310. [CrossRef] [PubMed]

62. Garcia, A.B.; Pierce, R.J.; Gourbal, B.; Werkmeister, E.; Colinet, D.; Reichhart, J.; Dissous, C.; Coustau, C.
Involvement of the cytokine MIF in the snail host immune response to the parasite Schistosoma mansoni.
PLoS Pathog. 2010, 6, e1001115.

63. Pila, E.A.; Tarrabain, M.; Kabore, A.L.; Hanington, P.C. A novel toll-like receptor (TLR) influences
compatibility between the gastropod Biomphalaria glabrata, and the digenean trematode Schistosoma mansoni.
PLoS Pathog. 2016, 12, e1005513. [CrossRef] [PubMed]

64. Galinier, R.; Portela, J.; Mone, Y.; Allienne, J.F.; Henri, H.; Delbecq, S.; Mitta, G.; Gourbal, B.; Duval, D.
Biomphalysin, a new β pore-forming toxin involved in Biomphalaria glabrata immune defense against
Schistosoma mansoni. PLoS Pathog. 2013, 9, e1003216. [CrossRef] [PubMed]

65. Myers, J.; Ittiprasert, N.; Raghavan, N.; Miller, A.; Knight, M. Differences in cysteine protease
activity in Schistosoma mansoni-resistant and -susceptible Biomphalaria glabrata and characterization of the
hepatopancreas cathepsin B fulllength cDNA. J. Parasitol. 2008, 94, 659–668. [CrossRef] [PubMed]

66. Lockyer, A.E.; Spinks, J.; Kane, R.A.; Hoffmann, K.F.; Fitzpatrick, J.M.; Rollinson, D.; Noble, L.R.; Jones, C.S.
Biomphalaria glabrata transcriptome: cDNA microarray profiling identifies resistant- and susceptible-specific
gene expression in haemocytes from snail strains exposed to Schistosoma mansoni. BMC Genomics 2008, 9, 634.
[CrossRef] [PubMed]

67. Wu, X.; Dinguirard, N.; Sabat, G.; Lui, H.; Gonzalez, L.; Gehring, M.; Bickham-Wright, U.; Yoshino, T.P.
Proteomic analysis of Biomphalaria glabrata plasma proteins with binding affinity to those expressed by early
developing larval Schistosoma mansoni. PLoS Pathog. 2017, 13, e1006081. [CrossRef] [PubMed]

68. Bonner, K.M.; Bayne, C.J.; Larson, M.K.; Blouin, M.S. Effects of Cu/Zn superoxide dismutase (sod1) genotype
and genetic background on growth, reproduction and defense in Biomphalaria glabrata. PLoS Negl. Trop. Dis.
2012, 6, e1701. [CrossRef] [PubMed]

69. Tennessen, J.A.; Bonner, K.M.; Bollmann, S.R.; Johnstun, J.A.; Yeh, J.Y.; Marine, M.; Tavalire, H.F.; Bayne, C.J.;
Blouin, M.S. Genome-wide scan and test of candidate genes in the snail Biomphalaria glabrata reveal new locus
influencing resistance to Schistosoma mansoni. PLoSNegl. Trop. Dis. 2015, 9, e0004077. [CrossRef] [PubMed]

70. Lockyer, A.E.; Emery, A.M.; Kane, R.A.; Walker, A.J.; Mayer, C.D.; Mitta, G.; Coustau, C.; Adema, C.M.;
Hanelt, B.; Rollinson, D.; et al. Early differential gene expression in haemocytes from resistant and susceptible
Biomphalaria glabrata strains in response to Schistosoma mansoni. PLoS ONE 2012, 7, e51102. [CrossRef]
[PubMed]

71. Nowak, T.S.; Woodards, A.C.; Jung, Y.; Adema, C.M.; Loker, E.S. Identification of transcripts generated
during the response of resistant Biomphalaria glabrata to Schistosoma mansoni infection using suppression
subtractive hybridization. J. Parasitol. 2004, 90, 1034–1040. [CrossRef] [PubMed]

72. Hanington, P.C.; Forys, M.A.; Dragoo, J.W.; Zhang, S.; Adema, C.M.; Loker, E.S. Role for a somatically
diversified lectin in resistance of an invertebrate to parasite infection. Proc. Natl. Acad. Sci. USA 2010, 107,
21087–21092. [CrossRef] [PubMed]

73. Hanington, P.C.; Forys, M.A.; Loker, E.S. A somatically diversified defense factor, FREP3, is a determinant of
snail resistance to schistosome infection. PLoS Negl. Trop. Dis. 2012, 6, e1591. [CrossRef] [PubMed]

225



Trop. Med. Infect. Dis. 2018, 3, 86

74. Martins-Souza, R.L.; Pereira, C.A.J.; Rodrigues, L.; Araújo, E.S.; Coelho, P.M.Z.; Corrêa, A., Jr.;
Negrão-Corrêa, D. Participation of N-acetyl-D-glucosamine carbohydrate moieties in the recognition of
Schistosoma mansoni sporocysts by haemocytes of Biomphalaria tenagophila. Mem. Inst. Oswaldo Cruz 2011, 106,
884–891. [CrossRef] [PubMed]

75. Allan, E.R.O.; Tennessen, J.A.; Bollmann, S.R.; Hanington, P.C.; Bayne, C.J.; Blouin, M.S. Schistosome
infectivity in the snail, Biomphalaria glabrata, is partially dependent on the expression of Grctm6, a Guadeloupe
Resistance Complex protein. PLoS Negl. Trop. Dis. 2017, 11, e0005362. [CrossRef] [PubMed]

76. Ittiprasert, W.; Knight, M. Reversing the resistance phenotype of the Biomphalaria glabrata snail host
Schistosoma mansoni infection by temperature modulation. PLoS Pathog. 2012, 8, e1002677. [CrossRef]
[PubMed]

77. Ittiprasert, W.; Nene, R.; Miller, A.; Raghavan, N.; Lewis, F.; Hodgson, J.; Knight, M. Schistosoma mansoni
infection of juvenile Biomphalaria glabrata induces a differential stress response between resistant and
susceptible snails. Exp. Parasitol. 2009, 123, 203–211. [CrossRef] [PubMed]

78. Knight, M.; Elhelu, O.; Smith, M.; Haugen, B.; Miller, A.; Raghavan, N.; Wellman, C.; Cousin, C.; Dixon, F.;
Mann, V.; et al. Susceptibility of snails to infection with schistosomes is influenced by temperature and
expression of heat shock proteins. Epidemiology 2015, 5, 1–18.

79. Granath, W.O., Jr.; Connors, V.A.; Tarleton, R.L. Interleukin 1 activity haemolymph from strains of the snail
Biomphalaria glabrata varying in susceptibility to the human blood fluke, Schistosoma mansoni: Presence,
differential expression, and biological function. Cytokine 1994, 6, 21–27. [CrossRef]

80. Zhang, S.M.; Coultas, K.A. Identification and characterization of five transcription factors that are associated
with evolutionarily conserved immune signaling pathways in the schistosome-transmitting snail Biomphalaria
glabrata. Mol. Immunol. 2011, 48, 1868–1881. [CrossRef] [PubMed]

81. Knight, M.; Raghavan, N.; Goodal, C.; Cousin, C.; Ittiprasert, W.; Sayed, A.; Miller, A.; Williams, D.L.;
Bayne, C. Biomphalaria glabrata peroxiredoxin: effect of Schistosoma mansoni infection on differential gene
regulation. Mol. Biochem. Parasitol. 2009, 167, 20–31. [CrossRef] [PubMed]

82. Ouwe-Missi-Oukem-Boyer, O.; Porchet, E.; Capron, A.; Dissous, C. Characterization of immunoreactive
TNF-α molecules in the gastropod Biomphalaria glabrata. Dev. Comp. Immunol. 1994, 18, 211–218. [CrossRef]

83. Alphey, L. Genetic control of mosquitoes. Annu. Rev. Emtomol. 2014, 59, 205–224. [CrossRef] [PubMed]
84. Macias, V.M.; Ohm, J.R.; Rasgon, J.L. Gene drive for mosquito control: Where did it come from and where

are we headed? Int. J. Environ. Res. Public Health 2017, 14, 1006. [CrossRef] [PubMed]
85. Hubendick, B. A possible method of schistosome-vector control by competition between resistant and

susceptible strains. Bull. World Health Organ. 1958, 18, 1113–1116. [PubMed]
86. Rozendaal, J.A.; World Health Organization. Freshwater snails. In Vector Control: Methods for Use by

Individuals and Communities; World Health Organization: Geneva, Switzerland, 1997; pp. 337–356.
87. Claveria, F.G.; Etges, F.J. Differential susceptibility of male and female Oncomelania hupensis quadrasi infected

with Schistosoma japonicum. Int. J. Parasitol. 1987, 17, 1273–1277. [CrossRef]
88. Moose, J.W.; Williams, J.E. Infection rates of Schistosoma japonicum in experimentally exposed female and

male oncomelanid snails. Jan. J. Med. Sci. Biol. 1964, 17, 333–334. [CrossRef]
89. Sun, D.; Gou, Z.; Liu, Y.; Zhang, Y. Progress and prospects of CRISPR/Cas systems in insects and other

arthropods. Front. Physiol. 2017, 8, 608. [CrossRef] [PubMed]
90. Zhang, Z.; Zhang, Y.; Gao, F.; Han, S.; Cheah, K.S.; Tse, H.F.; Lian, Q. CRISPR/Cas9 genome-editing system in

human stem cells: Current status and future prospects. Mol. Ther. Nucleic Acids 2017, 9, 230–241. [CrossRef]
[PubMed]

91. Singh, V.; Braddick, D.; Dhar, P.K. Exploring the potential of genome editing CRISPR-Cas9 technology. Gene
2017, 599, 1–18. [CrossRef] [PubMed]

92. Liu, X.; Wu, S.; Xu, J.; Suin, C.; Wei, J. Application of CRISPR/Cas9 in plant biology. Acta Pharm. Sin. B 2017,
7, 292–302. [CrossRef] [PubMed]

93. Cai, L.; Fisher, A.L.; Huang, H.; Xie, Z. CRISR-mediated genome editing and human diseases. Genes Dis.
2016, 3, 244–251. [CrossRef]

94. Mouahid, G.; Rognon, A.; de Carvalho-Augusto, R.; Driguez, P.; Geyer, K.; Karinshak, S.; Luviano, N.;
Mann, V.; Quack, T.; Rawlinson, K.; et al. Transplantation of schistosome sporocysts between host snails:
A video guide. Wellcome Open Res. 2018, 3, 3. [CrossRef] [PubMed]

226



Trop. Med. Infect. Dis. 2018, 3, 86

95. Tennessen, J.A.; Théron, A.; Marine, M.; Yeh, J.Y.; Rognon, A.; Blouin, M.S. Hyperdiverse gene cluster in
snail host conveys resistance to human schistosome parasites. PLoS Genet. 2015, 11, e1005067. [CrossRef]
[PubMed]

96. Perry, K.J.; Henry, J.Q. CRISPR/Cas9-mediated genome modification in the mollusc, Crepidula fornicata.
Genesis 2015, 53, 237–244. [CrossRef] [PubMed]

97. Bortesi, L.; Zhu, C.; Zischewski, J.; Perez, L.; Bassié, L.; Nadi, R.; Forni, G.; Lade, S.B.; Soto, E.; Jin, X.; et al.
Patterns of CRISPR/Cas9 activity in plants, animals and microbes. Plant Biotechnol. J. 2016, 14, 2203–2216.
[CrossRef] [PubMed]

98. Wang, L.; Li, F.; Dang, L.; Liang, D.; Wang, C.; He, B.; Liu, J.; Li, D.; Wu, X.; Xu, X.; et al. In vivo delivery
systems for therapeutic genome editing. Int. J. Mol. Sci. 2016, 17, 626. [CrossRef] [PubMed]

99. Jarne, P.; Pointier, J.-P.; David, P. Biosystematics of Biomphalaria spp. with an emphasis on Biomphalaria
glabrata. In Biomphalaria Snails and Larval Trematodes; Toledo, R., Fried, B., Eds.; Springer: New York, NY,
USA, 2011; pp. 1–32.

100. Blouin, M.S.; Bonner, K.M.; Cooper, B.; Amarasinghe, V.; O’Donnell, R.P.; Bayne, C.J. Three genes involved in
the oxidative burst are closely linked in the genome of the snail, Biomphalaria glabrata. Int. J. Parasitol. 2013,
43, 51–55. [CrossRef] [PubMed]

101. Berg, C.O. Biological control of snail-borne diseases: A review. Exp. Parasitol. 1973, 33, 318–330. [CrossRef]
102. Galinier, R.; Roger, E.; Moné, Y.; Duval, D.; Portet, A.; Pinaud, S.; Chaparro, C.; Grunau, C.; Genthon, C.;

Dubois, E.; et al. A multistrain approach to studying the mechanisms underlying compatibility in the
interaction between Biomphalaria glabrata and Schistosoma mansoni. PLoS Negl. Trop. Dis. 2017, 11, e0005398.
[CrossRef] [PubMed]

103. Mitta, G.; Adema, C.M.; Gourbal, B.; Loker, E.S.; Theron, A. Compatibility polymorphism in
snail/schistosome interactions: From field to theory to molecular mechanisms. Dev. Comp. Immunol.
2012, 37, 1–8. [CrossRef] [PubMed]

104. Zhao, J.S.; Wang, A.Y.; Zhao, H.B.; Chen, Y.H. Transcriptome sequencing and differential gene expression
analysis of the schistosome-transmitting snail Oncomelania hupensis inhabiting hilly and marshland regions.
Sci. Rep. 2017, 7, 15809. [CrossRef] [PubMed]

105. Esvelt, K.M.; Smidler, A.L.; Catteruccia, F.; Church, G.M. Concerning RNA-guided gene drives for the
alteration of wild population. eLife 2014, 3, e03401. [CrossRef] [PubMed]

© 2018 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

227



Tropical Medicine and 

Infectious Disease

Article

Potential Impact of Climate Change on
Schistosomiasis: A Global Assessment Attempt

Guo-Jing Yang 1,2,* and Robert Bergquist 3

1 Department of Epidemiology and Public Health, Swiss Tropical and Public Health Institute, Socinstrasse 57,
CH-4002 Basel, Switzerland

2 University of Basel, CH-4002 Basel, Switzerland
3 Ingerod, SE-454 94 Brastad, Sweden; robert.bergquist@outlook.com
* Correspondence: guojingyang@hotmail.com

Received: 18 October 2018; Accepted: 27 October 2018; Published: 3 November 2018

Abstract: Based on an ensemble of global circulation models (GCMs), four representative
concentration pathways (RCPs) and several ongoing and planned Coupled Model Intercomparison
Projects (CMIPs), the Intergovernmental Panel on Climate Change (IPCC) predicts that global, average
temperatures will increase by at least 1.5 ◦C in the near future and more by the end of the century
if greenhouse gases (GHGs) emissions are not genuinely tempered. While the RCPs are indicative
of various amounts of GHGs in the atmosphere the CMIPs are designed to improve the workings
of the GCMs. We chose RCP4.5 which represented a medium GHG emission increase and CMIP5,
the most recently completed CMIP phase. Combining this meteorological model with a biological
counterpart model accounted for replication and survival of the snail intermediate host as well as
maturation of the parasite stage inside the snail at different ambient temperatures. The potential
geographical distribution of the three main schistosome species: Schistosoma japonicum, S. mansoni
and S. haematobium was investigated with reference to their different transmission capabilities at the
monthly mean temperature, the maximum temperature of the warmest month(s) and the minimum
temperature of the coldest month(s). The set of six maps representing the predicted situations in
2021–2050 and 2071–2100 for each species mainly showed increased transmission areas for all three
species but they also left room for potential shrinkages in certain areas.

Keywords: climate change; schistosomiasis; distribution; intermediate snail host; transmission; modelling

1. Introduction

Schistosomiasis, caused by trematode parasites with a predilection for intestinal and urogenital
venous circulation in the human definitive host, is one of the neglected tropical diseases (NTDs) selected
for increased attention by the World Health Organization (WHO) [1]. Six different species of Schistosoma
are capable of infecting humans, each depending on a certain snail species as an intermediate host.
Humans infect snails by depositing parasite eggs (excreted in feces or urine) in waterlogged areas
and humans are infected or reinfected when in contact with water containing schistosome cercariae
released from infected snails. The disease is generally chronic, although schistosomiasis is often
a contributing factor to premature death, direct mortality is comparatively low. Transmission of
schistosomiasis has been reported in 78 countries and more than 800 million people in Africa, Latin
America, the Middle East and Southeast Asia live in areas endemic to schistosomiasis [2], with up to
250 million actually infected [3]. Chemotherapy in amounts sufficient for more than 100 million school
age children per year has been pledged by the private sector and development partners, but there
is still a large discrepancy between the number of people requiring preventive treatment and those
actually receiving it [4]. In addition, the number of people suffering from this infection continues to
rise as a reflection of ongoing population growth, which is particularly high in endemic areas.
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Schistosomiasis is not as neglected as many other tropical diseases since it has a large research
focus and still remains one of the most prevalent infections in the world, estimated to correspond to
4.5 million disability-adjusted life years (DALYs) by the WHO Expert Committee in 2002 [5]. However,
this estimate was based on a wider range of pathologies than that used in the global burden of disease
(GBD) study of 1990 [6]. It was also higher than the updated GBD in 2010 [7] that put the burden of
schistosomiasis at 3.3 million DALYs. Importantly, however, the GBD figure of 2010 was high enough
to put this disease as no. 3 after malaria and tuberculosis on the NTD list [3]. This increase was due
to the inclusion of diarrhea, dysuria and anemia in the DALY score which was not counted before.
While later updates [8] show a sharply lower DALY score for schistosomiasis, other authors [9–11]
hold that the true impact of this disease is several-fold higher because of the low weight given by
the GBD estimates to subtle symptoms and pathology in individuals with infections too light to be
revealed by diagnostics based on parasite egg-detection. Indeed, high-definition circulating antigen
tests, such as the point-of-care circulating cathodic antigen (POC-CCA) assay indicates that the current
number of infections may be at least 10 times higher than that shown by egg-detection [12].

The epidemiology of schistosomiasis (and that of all other organisms) must be seen in the light
of the perceived ongoing climate change. The latest half century has seen signs of global warming,
mainly thought to be due to the burning of coal and oil at an increasingly large scale. From 1990,
reports relevant for our understanding of climate change, including options for its mitigation, are
regularly produced by the Intergovernmental Panel on Climate Change (IPCC) [13] for the United
Nations Framework Convention on Climate Change (UNFCCC). IPCC bases its assessments on the
published, scientific literature and opinions of invited independent researchers. An important part
of its work is to do with global circulation models (GCMs), which are currently used to predict the
climate for the next 80 years based on complex mathematical representations of the Earth’s energy
balance between atmosphere, total land mass, sea and ice cover. These components interact as a
coupled system, whose status emerges from equations based on the dynamic values of various climate
variables, e.g., temperature, winds, etc., at each point on the globe. Climate modelling uses current
and historic data to attempt the prediction of future climate scenarios from the present time to the end
of the 21st century.

The projections of the GCMs disagree due to various forms of natural variability included in
the models. Fortuitously, this variability can be reduced by averaging an ensemble of simulations,
resulting in universal agreement. Generally, such averaged model ensembles produce simulations of
current and past large-scale climates that agree with observation. Further confidence comes from the
fact that converging GCMs also produce an accurate ‘hindcast’ of previous climate change that took
place in the 1900s. Evidence is already available in the form of a rising average global temperature and
amplified warming of air and oceans, particularly in the Arctic, leading to rising sea levels, dry places
becoming dryer and wet places wetter.

The fact, temperature changes impact snail distributions in general as well as the maturation
of the intermediate stages of the parasite inside this intermediate host, makes a discussion of future
changes in the distribution of schistosomiasis complex. However, it is useful to know that water
temperature below freezing puts an absolute limit to snail survival. Indeed, the climate-dependent,
long-term (as opposed to seasonal) movements of the ‘frost line’ at northern latitudes indicates a
diffuse zone north of which schistosomiasis transmission cannot occur. Immediately south of this zone,
transmission is governed by the prevailing temperature and the time it stays above a certain limit, a
fact rooted in the relationship between the development of plants and the ambient temperature first
mentioned in the 1700s by Réaumur who coined the ‘degree-day unit’ and used it as a measure of crop
maturation [14]. This unit, now called the growing degree-day (GDD), is defined as the amount of heat
an organism needs to accumulate to achieve full development. Although its main application remains
in agriculture, the GDD concept has also been used for predicting the development of parasites [15],
monitoring snail replication as well as the maturation of the schistosome sporocyst stages inside the
snail [16,17].
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The effect of temperature alterations with regard to the potential distribution of schistosomiasis
has been addressed in China [17–19] and Africa [20,21], but a global picture of potential long-term
transmission alterations ascribed to climate change is still missing. To address this question, we felt
that it was warranted to theorize about the intermediate- and long-term global distribution possibilities
of this disease considering possible future dispersion of the intermediate snail host into non-endemic
areas. The IPCC focuses a lot on temperature predictions and this variable has a strong influence on
snail survival. Importantly, even minor temperature increases play a role if they cover a sufficiently
long period of the annual cycle. For these reasons, we used GDD as the key parameter to evaluate the
potential, future transmission risk of schistosomiasis.

2. Materials and Methods

When preparing the risk maps, we only considered the predicted temperature increase in relation
to two required needs. These were the needs of the snail (three species) and that of the parasite stages
inside the snail (mother sporocyst, daughter sporocyst and cercaria). Naturally, this approach was
highly theoretical as many parameters other than temperature govern the potential distribution of
schistosomiasis. However, it represents a first step in an investigation that can be developed further.

2.1. Study Area

Aiming to give a global overview of potential risk areas, a digital map of the world with country
boundaries was downloaded from ArcGIS (ESRI, Redlands, CA, USA). Areas of particular risk for
the change in schistosomiasis transmission were the current northern limits of the infection and
slopes bordering high-altitude mountains. The southern limit was the southernmost tip of Africa
and Chile and Brazil in South America as the sea rather than temperature limiting transmission at all
other longitudes.

2.2. Meteorological Model

Modelling future temperatures builds on four representative concentration pathways (RCPs)
representing four greenhouse gas concentration (not emission) trajectories, which were adopted by the
IPCC for its 5th assessment report (AR5) in 2014 [22]. These RCPs superseded the Special Report on
Emissions Scenarios (SRES) projections published in 2000 and were previously used for this purpose.
Unlike simpler models which make mixing assumptions regarding processes internal to a presumed
cell, while other functions govern the interface between such cells, the GCMs describe four possible
climate futures, which are all considered possible depending on how much greenhouse gases (GHGs)
are emitted in the years to come (see Figure 1). The four RCPs, i.e., RCP2.6, RCP4.5, RCP6 and RCP8.5
are named after a possible range of ‘radiative’ forcing relative to pre-industrial values (+2.6, +4.5, +6.0,
and +8.5 W/m2, respectively) [23].

The IPCC relies also on Coupled Model Intercomparison Project (CMIP) experiments, a
collaborative series of experiments designed to improve our knowledge of the GCMs and their
interactions. The most recently completed phase of the project is CMIP5, which includes more
metadata describing model simulations than previous phases. The findings are summarized in AR5
(https://cmip.llnl.gov/cmip5/index.html). In this study, all models were based on CMIP5 with
RCP4.5, which represented a medium GHG emission increase. The temperature prediction data used
were derived from GCMs created in a grid format of 0.5 × 0.5 degrees latitude and longitude by
five well-known research centers representing the most generally accepted view of the world’s major
climate systems (Table 1). The datasets we used consisted of a baseline temperature based on the
1961–1990 period and predicted periods 2021–2050 and 2071–2100. These were based on an ensemble of
the five predicted climate scenarios between 2006 and 2100 with special reference to the monthly mean
temperature (Tmean), the maximum temperature of the warmest months (Tmax) and the minimum
temperature of the coldest months (Tmin), which are reminiscent of the BIO1, BIO5 and BIO6 variables
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of the ‘WorldClim’ dataset [24]. Thirty years of averaged monthly temperatures (Tmean, Tmax and Tmin)
spanning the periods 2021–2050 and 2071–2100 were extracted.

Table 1. The five global circulation models used in this study.

GCM a Characteristics Developing Centre

ACCE-SS1-0
Based on the UK MetOffice UM atmosphere model, the
GFDL MOM4p1 ocean model, the LANL CICE4.1
sea-ice model and the MOSES2 land surface model.

The Australian Community Climate
and Earth-System Simulator (ACCESS)
weather models

IPSL-CM5A_LR
An atmosphere-land-ocean-sea ice model with
representations of the carbon cycle; the stratospheric
chemistry and the tropospheric aerosol chemistry

Institut Pierre Simon Laplace Climate
Modelling Centre (IPSL-CMC) of
Centre National de la Recherche
Scientifique (CNRS); Paris; France

HadGEM2-AO
A configuration of the HadGEM2 model which is an
atmosphere-only simulation with other component
interfaces replaced with ancillary file input.

UK Met Office Hadley Centre

CanESM2

The second generation Canadian Earth System Model
(CanESM2) consists of the physical coupled
atmosphere-ocean model CanCM4 coupled to a
terrestrial carbon model (CTEM) and an ocean carbon
model (CMOC).

Canadian Centre for Climate
Modelling and Analysis

GISS-E2-H-CC

Based on Earth system models that include interactive
atmospheric chemistry, aerosols, carbon cycle and other
tracers, as well as the standard atmosphere, ocean, sea
ice and land surface components.

National Aeronautics and Space
Administration (NASA)
Goddard Institute for Space Studies

a Global Circulation Model.

Figure 1. Estimated future equivalent atmospheric CO2 concentrations including all ‘forcing’ agents
according to the four representative concentration pathways (RCPs).

2.3. Biological Model

The GDD, being the temperature above a critical threshold multiplied by the duration needed, can
be articulated as Tave−Tbase, where the former is the average daily temperature and the latter the base
temperature or the lowest temperature at which development of an organism can occur. The annual
sum of GDD, termed AGDD, determines fairly well the potential for the spatial distribution of living
organisms. As the level of the GDD required to complete the development of an organism is fairly
constant, organisms with high heat unit requirements are more likely to develop into mature stages in
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areas where AGDD is high. We found this unit useful for use as a means to define the geographical
limits of schistosomiasis transmission, mainly based on the climate impact on the snail intermediate
host but also on its effect on the development of the sporocyst inside the snail.

With the aim of assessing the effect of temperature on schistosomiasis development, we created
biological models with reference to the parasites by calculating potential transmission indices (PTIs)
derived from GDD and AGDD. The GDDs for S. japonicum, S. mansoni and S. haematobium were 853, 268
and 298 degree-days, respectively [17,25,26] and the efficient temperature ranges (Tlow and Thigh) for
the development of S. japonicum, S. mansoni and S. haematobium were 18–35 ◦C, 16–35 ◦C and 18–32 ◦C,
respectively [16,25,26]. The AGDD for each grid was calculated by summing up the difference between
the mean monthly temperature (Tij) at location i and month j and the efficient temperature range for
parasite development:

AGDDi =
12

∑
j=1

(Tij − Tlow)× dayj × 1(Tlow < Tij < Thigh), (1)

where dayj indicates the number of days in month j, 1( . . . ) is the indicator function, giving the value
of 1 if the condition within the parenthesis is true, otherwise 0.

The PTIi was calculated for each pixel grid i in the periods 1961–1990, 2021–2050 and 2071–2100,
according to Equation (2). Only PTI values above 1 were considered to be of relevance (i.e., areas
where schistosomiasis transmission could potentially occur).

PTIi = (AGDDi/GDDs)× 1(AGDDi/GDDs > 1), (2)

Oncomelania, the intermediate snail host of S. japonicum, can only survive if the January mean
temperature is higher than 0 ◦C [17,18], while the most common S. mansoni snail host exists in areas
where the yearly Tmax is between 20–33 ◦C [27]. The corresponding optimal temperature range of the
intermediate snail host for S. haematobium is 15.5–31 ◦C [28]. The vector survival threshold masks were
overlapped on the PTI maps for the three different Schistosoma species investigated.

2.4. Geographical Information System (GIS) and Risk Assessment

We created a GIS database using ArcGIS, version 10.5 (ESRI; Redlands, CA, USA) for the
investigation of baseline and change of transmission regions.

2.4.1. Baseline, Predicted Transmission Region and PTI

The PTI of the three main different schistosomiasis species for the periods 1961–1990, 2021–2050
and 2071–2100 were imported and presented as map overlays. On top of the PTI layer, we overlapped
the thresholds for the intermediate hosts for the three species: 0 ◦C of the January Tmean for Oncomelania
(S. japonicum), yearly Tmax between 20 ◦C and 33 ◦C for the Biomphalaria snail species (S. mansoni) and
a Tmax between 15.5 ◦C and 31 ◦C for the Bulinus species (S. haematobium).

2.4.2. Change of Transmission Region, PTI due to Predicted Climate Change

We compared the spatial extent of the sensitive potential transmission region at two time periods:
2021–2050 vs. baseline 1961–1990 and 2071–2100 vs. baseline. We highlighted the change of PTI
between the two time periods to present the transmission intensity difference due to the predicted
climate change.

2.5. Model Validation by Ground Truth Data

S. japonicum was selected to evaluate the model prediction. All prediction results by pixel grids
were compared with the same format data derived from the historic schistosomiasis transmission data
provided by National Institute of Parasitic Diseases (NIPD), China Centers for Disease Control (CDC).
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The model sensitivity and specificity of the prediction results were evaluated by the following three
equations:

SE =
Pe
Pte

, (3)

SP =
Pn
Ptn

, (4)

TM =
Pen
Pa

, (5)

where SE is sensitivity, SP is specificity, TM is the total agreement rate, Pe is the correctly predicted
endemic pixels, Pte is all endemic pixels, Pn is the correctly predicted endemic pixels, Ptn is all
non-endemic pixels, Pen is correctly predicted endemic and non-endemic pixels and Pa are all pixels.

3. Results

3.1. Change of Transmission Region and PTI for Schistosomiasis due to Climate Change

The average temperatures predicted by the IPCC for the two time periods 2021–2050 and
2071–2100, based on the average of the five GCM results, seemed increasingly likely in the event
that efforts to curb the GHG emissions were not stepped up more than they were so far. Figures 2–4
use IPCC’S predicted temperatures for the two future time periods 2021–2050 and 2071–2100 but
rather than comparing with a preindustrial average, we used the 1961–1990 period for which we had
available PTI data as a baseline. The blue color shown in the figures designated the ocean, while the
background of each plot was based on the PTI baseline.

For S. japonicum, we only applied the low temperature constraints. The global warming displayed
heterogeneous patterns with respect to snail survival. For example, the current areas endemic for
S. japonicum in the Sichuan Province were predicted to become unsuitable for snail habitats. On the
other hand, the downstream regions between the Sichuan and Hunan/Hubei provinces corresponding
to the area above the Three Gorges Dam, which is currently non-endemic, might well present a
potential endemic risk in the future. The predicted potential transmission areas of S. japonicum moving
northward was not so obvious in 2021–2050 as it might have become in the 2071–2100 period.

For S. mansoni and S. haematobium, in both timeframes forecast, the potential transmission areas
could retreat from the Saharan areas as the desert might encroach on this part of the continent due to
diminishing or discontinued rainfall. The future transmission areas of S. mansoni might shrink more
than those of S. haematobium, while schistosomiasis in Ethiopia and other highlands in Africa could
reach higher with warmer temperatures.

 
(a) between 2021–2050 

 

 
(b) between 2071–2100 

Figure 2. Change of risk area for S. japonicum vs. the baseline. (a) 2021–2050 vs. the baseline,
(b) 2071–2050 vs. the baseline.
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(a) between 2021–2050 

 
(b) between 2071–2100 

Figure 3. Change of risk area for S. mansoni vs. the baseline. (a) 2021–2050 vs. the baseline, (b) 2071–2050
vs. the baseline.

 
(a) between 2021–2050 

 
(b) between 2070–2100 

Figure 4. Change of risk area for S. haematobium vs. the baseline. (a) 2021–2050 vs. the baseline,
(b) 2071–2050 vs. the baseline.

Suitability varies from 0 over the spectrum to the most likely (red). Grey areas signify areas that
might potentially shrink as the temperature would become less suited to the specific snails for the
different schistosomal species.

3.2. Model Validation by Ground Truth Data

The model prediction results were validated by the ground truth data in China. The sensitivity
and specificity of model prediction were 0.78 and 0.89, respectively. The total prediction match rate
was 0.88.

4. Discussion

Three schistosome species pose the main infection risk for humans. S. japonicum is the single
schistosome species in China, the Philippines and three closely situated small foci in Celebes, Indonesia.
It is transmitted by Oncomelania snails, whose latitudinal movements over land during most of the
last million years may have been prevented by the development of the Himalaya plateau serving
as a barrier. The endemic areas for S. mansoni and S. haematobium overlap to a great extent on the
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African continent and in the Middle East, but not everywhere. The former, the most abundant of the
schistosome species, has also found an exclusive niche in the Northeast part of South America and
on some of the Caribbean islands but are now disappearing from the latter, however this is not due
to climate change [29]. Its distribution is supported by the broad geographic range of Biomphalaria
spp. snails that serve as obligatory hosts for its larval stages. Recently, however, Bi. straminea has been
identified in the Hong Kong Special Administrative Region and Shenzhen City in the Guangdong
Province of China and has remained there since the 1970s [30], a fact that could eventually result in
transmission of S. mansoni in parallel with S. japonicum in China. S. haematobium is confined to Africa
and the Middle East due to its reliance on Bulinus spp. intermediate snail hosts [31]. Although this
schistosome species must also have been brought from Africa to Latin America during the slave trade
of the 16th and 17th century, only S. mansoni became established there because of the absence of Bulinus
snails. Although this information indicates that schistosome species and their specific snails can spread
into various new areas, this is not of a magnitude that requires it to be considered when discussing the
risk for schistosomiasis due to temperature augmentation.

To assess the potential impact of climate change on the transmission of schistosomiasis in the world
we developed a biological model using available data from the literature. Compared to S. japonicum,
both S. mansoni and S. haematobium required less total heat energy to complete one generation [17,25,26].
Therefore, the transmission intensity of the two latter species is generally somewhat stronger than
that of S. japonicum. However, the three different intermediate snail hosts had different temperature
thresholds for survival that came into play in certain geographical areas. For example, the distribution
of the Oncomelania snail, utilized by S. japonicum, was constrained by the temperature in January
(when below 0 ◦C), which effectively limited its progress northwards, while Biomphalaria (S. mansoni)
and Bulinus (S. haematobium) had thermal requirements that included an annual Tmax of 15.5–31 ◦C
and 20–33 ◦C respectively [27], which is one of the factors (so far) keeping these snails from entering
Europe and other northern territories. Interestingly, S. haematobium appears to have a better chance of
a foothold in Europe than S. mansoni, at least in the middle part of the century (Figure 3).

With respect to snail survival, the GDD approach in 2008 predicted an extension of 662,373
and 783,883 km2 potentially endemic areas for schistosomiasis japonica in China in 2030 and 2050,
respectively [17]. Yang et al. noted that the 0–1 ◦C January isotherm of 1971–2000 had already shifted
from 33◦15′ N to 33◦41′ N compared to the 1961–1990 baseline, expanding the area by 41,335 km2,
resulting in an additional 20.7 million people at risk of schistosomiasis in China [32]. For S. japonicum,
the predicted temperature increases based on our biological model and the average ensemble of the
five GCM models would result in transmission starting to extend northward by 2050 (Figure 2a) adding
a considerably larger margin by 2100 (Figure 2b). It is also conceivable that the transmission intensity
will increase in areas already endemic for schistosomiasis.

It is important for the existence or absence of the parasite and vital for prediction model validation
that more information is made available also for S. mansoni and S. haematobium. However, the change
in the geographic transmission region for these two species due to climate change is more complex
than in China. With temperatures increasing above Tmax, the historic transmission areas surrounding
the Sahara region would retreat from the equator reducing the transmission regions of both species.
However, the current risk areas would extend further into the northern or southern current marginal
transmission areas, including the Mediterranean countries. Indeed, schistosomiasis hematobia has
recently been identified in Corsica, France [33]. Although it is questionable whether this extension
into Europe is due to climate change, rather large areas of southern Europe will become habitable for
the snail hosts in the future (Figures 3 and 4). Overall, however, the total transmission areas should
be reduced. The changing transmission patterns in terms of region and intensity are heterogeneous
and new populations at risk will probably appear. Further research is warranted to work out the
geographical probabilities.

A limitation of our current modelling approach is that it emphasizes the role of temperature but
does not take into account the role of rainfall and the potential interaction between temperature and
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rainfall. It is difficult to say whether our model is conservative or whether these additional effects
might further amplify the extent of changes predicted on the basis of temperature alone. Thus, recent
improvements in modelling global trends in precipitation and water availability should become an
integral part of present and future predictions of climate change and variability on infectious disease
dynamics, including schistosomiasis. Recent years have seen widespread massive flooding, which can
lead to snail dispersal and an epidemic outbreak of schistosomiasis if occurring in or close to endemic
areas. In addition, the issue of altitude, that has been neglected so far, might under-evaluate changing
transmission patterns in mountainous regions, which would have major implications for parts of
China and many African countries. Additionally, most climate studies, including the current one,
discuss large geographical scales, i.e., national, regional and global levels. To capture localized climate
changes, regional climate models are needed that can assign meteorological parameters at relatively
small scales also. Such climate models can provide information with useful local detail including
realistic extreme events and generate detailed projections of the future climate. Any discussion of
the future distribution of schistosomiasis, presumed to be induced by climate change would be futile
without exact information of the prevailing distribution of the infection, both in humans and in the
intermediate snail host. It is therefore critical that the diagnostic techniques applied are sensitive
enough to find even the lightest infection.

This work is based on the best possible models available today on the future climate for the
rest of the century. Without a doubt, however, future increased computing power will permit more
comprehensive simulations, better represented parameterized processes and more accurate projections
at all levels, which might well result in slightly different projections. In addition, natural phenomena,
such as cataclysmic volcanic eruptions like that which occurred in Krakatoa in 1883, major meteoric
hits, etc., that would completely upend any prediction of the kind discussed here cannot be completely
ruled out. Even without such events, we still expect further changes in the forthcoming 6th assessment
report (AR6) scheduled for release in 2022.
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Abstract: Schistosomiasis, a disease historically associated with poverty, lack of sanitation and social
inequality, is a chronic, debilitating parasitic infection, affecting hundreds of millions of people in
endemic countries. Although chemotherapy is capable of reducing morbidity in humans, rapid
re-infection demonstrates that the impact of drug treatment on transmission control or disease
elimination is marginal. In addition, despite more than two decades of well-executed control
activities based on large-scale chemotherapy, the disease is expanding in many areas including Brazil.
The development of the Sm14/GLA-SE schistosomiasis vaccine is an emblematic, open knowledge
innovation that has successfully completed phase I and phase IIa clinical trials, with Phase II/III
trials underway in the African continent, to be followed by further trials in Brazil. The discovery
and experimental phases of the development of this vaccine gathered a robust collection of data
that strongly supports the ongoing clinical phase. This paper reviews the development of the
Sm14 vaccine, formulated with glucopyranosyl lipid A (GLA-SE), from the initial experimental
developments to clinical trials including the current status of phase II studies.

Keywords: schistosomiasis; vaccine; Sm14; FABP

1. Introduction

Schistosomiasis is the second-most socioeconomically devastating parasitic disease after malaria.
The disease is both chronic and debilitating with an estimated 200 million people infected, most of
whom (85%) live in Africa. Of those infected, 120 million are symptomatic and 20 million present
severe disease symptoms [1]. These estimates may err on the low side since meta-analysis has found
the number of people at risk to be closer to 800 million [2]. Globally, the impact of schistosomiasis
remains high and the estimated number of disability-adjusted life years (DALYs) has increased
with the inclusion of previously under-recognized morbidities not previously included in the DALY
index (for example, stunted growth and anemia associated with retarded intellectual development)
in infants, toddlers and school age children, whose physical health and intellectual capacity are
fundamental to nation development and sustainability [3,4]. In addition, high-definition circulating
antigen tests, such as the POC-CCA assay, indicate that the current number of infections may be at
least 10 times higher than that shown by egg detection [5]. In Brazil, the largest endemic country
for schistosomiasis, 6 million individuals are estimated to be infected and 25 million are at risk of
contracting the disease [6,7].

Mass chemotherapy has been the strategy of choice for the control schistosomiasis with the
support of international health funding agencies. Estimates show that at least 206.5 million people
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were treated in 2016 [8]. However, the strategy of large-scale chemotherapeutic treatment, also
equivocally called ‘prophylactic treatment’, over a period of 30 years has failed to control schistosome
transmission. Approximately 300 million US dollars are being spent annually on treatments applied to
the same populations year after year with no prospect of preventing reinfection or the need for repeat
treatments [9]. ‘Deworming’ initiatives, originally applied to animal species only, were proposed as a
tool for schistosomiasis control programs focused on school children in endemic countries [10,11].

In the veterinary field, under One Health policies for the control of helminth infections such as
Fasciola hepatica, the major parasitic infection of livestock worldwide, there is a strong demand for the
replacement of anti-helminthic drugs with vaccines. This would significantly reduce the amount of
chemical residues in meat, milk and added-value products. Indeed, vaccines are considered to be the
most environmentally- and human health-friendly method of control of fascioliasis in livestock [12].

The potential introduction of vaccines into schistosomiasis control programs brings hope to the
poor living in endemic areas. The Brazilian Sm14 vaccine project was launched in the 1990s and strongly
pushed in the context of a formal WHO program aimed at the development of an anti-schistosomiasis
vaccine. The main outcome of this initiative was the selection of six priority antigen candidates of
which only Sm14, continues to be developed (Table 1, adapted from [13]).

With strategic support from WHO, the Sm14 vaccine, which is based on a recombinant protein, is
moving forward in an endemic country towards final development. It is being developed utilizing
sophisticated and modern technological platforms and professionally conducted within a network of
outstanding companies and collaborators. It is the result of long-term scientific developments carried
under the coordination of FIOCRUZ, a public institution linked to the Brazilian Ministry of Health and
is protected by strong patents, owned by FIOCRUZ, in all countries of interest worldwide.

Recently, the Consultative Expert Working Group on Research and Development: Financing
and Coordination (CEWG/WHO) selected the Sm14 vaccine as one of six demonstration projects,
globally, following an extensive review process. It was recognized as being fully in accordance with
the principles of CEWG, such as clear mechanisms of de-linkage of costs from investments in research
and development (R&D) from costs of final product, accessibility, affordability, viability and open
knowledge innovation. The CEWG recognized that the Sm14 vaccine may become a key tool for the
implementation of effective infection reduction and transmission control programs for schistosomiasis
that would not rely only on chemotherapy [14].

Over recent years it has been possible to complete important milestones in the development of
the vaccine including scaling up production process from laboratory bench to a clinical trial scale
as well as the successful conclusion of two phase I human trials in healthy adults (male and female)
living in a Brazilian non-endemic area (2011–2014) [15] together with a first phase II trial in 30 male
adults living in highly endemic area for both Schistosoma mansoni and S. haematobium at the Senegal
River Basin (2015–2017). In the latter, safety was extensively confirmed and strong and long-lasting
immunogenicity was also demonstrated (manuscript in preparation). Master cell bank generation has
recently been completed and production in good manufacturing practices (GMP) of a second Sm14 lot
is currently ongoing, under the coordination of the Infectious Disease Research Institute (IDRI, Seattle,
US). This article is an overview of the development of the Sm14 schistosomiasis vaccine development
from antigen discovery to the current human studies (Figure 1). The need to overcome barriers for the
establishment of a truly humanitarian vaccine—addressing the needs of the developing world—will
be discussed.

240



Trop. Med. Infect. Dis. 2018, 3, 121

T
a

b
le

1
.

Sc
hi

st
os

om
ia

si
s

pr
io

ri
ty

an
ti

ge
ns

se
le

ct
ed

by
th

e
W

H
O

fo
r

in
de

pe
nd

en
tt

es
ti

ng
(a

da
pt

ed
fr

om
[1

3]
).

A
n

ti
g

e
n

S
iz

e
(k

D
a

)
S

ta
g

e
E

x
p

re
ss

e
d

D
e

sc
ri

p
ti

o
n

P
ro

te
ct

io
n

(%
)

P
la

ce
o

f
D

e
v

e
lo

p
m

e
n

t

G
lu

ta
th

io
ne

S-
tr

an
sf

er
as

e
(P

28
/G

ST
)

28
A

du
lt

/s
om

ul
a/

eg
g

En
zy

m
e

30
–6

0
In

st
it

ut
Pa

st
eu

r,
Li

lle
,F

ra
nc

e

Pa
ra

m
yo

si
n

(S
m

97
)

97
A

du
lt

/s
om

ul
a

M
us

cl
e

pr
ot

ei
n

30
C

as
e

W
es

te
rn

R
es

er
ve

U
ni

ve
rs

it
y/

N
at

io
na

lI
ns

ti
tu

te
of

H
ea

lt
h/

C
or

ne
ll

U
ni

ve
rs

it
y,

U
SA

Ir
V

-5
62

A
du

lt
/s

om
ul

a/
eg

g
M

us
cl

e
pr

ot
ei

n
50

–7
0

Jo
hn

s
H

op
ki

ns
Sc

ho
ol

of
M

ed
ic

in
e,

Ba
lt

im
or

e,
U

SA

Tr
io

se
ph

os
ph

at
e

is
om

er
as

e
(T

PI
)

28
A

du
lt

/s
om

ul
a/

eg
g

En
zy

m
e

30
–6

0
H

ar
va

rd
Sc

ho
ol

of
Pu

bl
ic

H
ea

lt
h,

Bo
st

on
,U

SA

Sm
23

23
A

du
lt

/s
om

ul
a/

eg
g

In
te

gr
at

ed
m

em
br

an
e

pr
ot

ei
n

40
–5

0
Jo

hn
s

H
op

ki
ns

Sc
ho

ol
of

M
ed

ic
in

e/
H

ar
va

rd
Sc

ho
ol

of
Pu

bl
ic

H
ea

lt
h,

U
SA

Sm
14

14
A

du
lt

/s
om

ul
a

Fa
tt

y
ac

id
-b

in
di

ng
pr

ot
ei

n
65

In
st

it
ut

o
O

sw
al

do
C

ru
z,

R
io

de
Ja

ne
ir

o,
Br

az
il

241



Trop. Med. Infect. Dis. 2018, 3, 121

F
ig

u
re

1
.

Ti
m

el
in

e:
Sm

14
/G

LA
-S

E
an

ti
-s

ch
is

to
so

m
ia

si
s

va
cc

in
e

-f
ro

m
di

sc
ov

er
y

ph
as

e
to

fin
al

pr
od

uc
t.

M
A

PA
:B

ra
zi

lia
n

M
in

is
tr

y
of

A
gr

ic
ul

tu
re

.

242



Trop. Med. Infect. Dis. 2018, 3, 121

2. Innovative Strategies Adopted for Antigen Discovery and Early Development Phases

Biotechnological advances in various areas of vaccine research have contributed to the development
of safer and more effective formulations. Efforts to develop anti-helminth vaccines have been ongoing
for many years and are continuing to progress in the identification of candidate antigens. These efforts
have recently been boosted by the generation of a number of helminth genome sequences [16]. The
development of a vaccine against schistosomiasis would represent an important step in the context of
research and development in public health for poor populations infected and exposed to schistosomes.
There have been initiatives to develop a vaccine against schistosomiasis from research groups in different
countries. The Brazilian Sm14-based anti-schistosomiasis vaccine is the only one of these initiatives that
is currently undergoing clinical trials [17].

In contrast to the current ‘OMICS’ strategies, in which high-throughput screening of potential
target antigens are processed in parallel by automated ‘discovery protocols and platforms’, the Sm14
project was initiated by gathering observations from animal models of infection together with logical
progression based on experimental evidence.

The first original approach was in the methodology for generating a worm extract that was
subsequently used to assess protective immunity. Rather than lyophilized parasites, generally used by
other research groups, a saline extract containing secreted/excreted antigens derived from living adult
schistosomes was utilized for initial immunizations. The restricted number of potential protective
antigens released in this saline extract allowed an accelerated identification of strong antigen candidates
for molecular analysis and gene cloning [18–22]. Innovative methods were also adopted for the
assessment of immunity, where the use of outbred models, in contrast to the commonly-employed
inbred animals, allowed a better representation of the ultimate target population and provided a
unique opportunity to develop an alternative strategy for the assessment of protective immunity.
The analyses were stratified based on the measurement of frequencies of worm burdens within
vaccinated animal populations as compared with non-vaccinated infected controls, as opposed to
evaluation of mean values of parasite loads, as usually adopted. A solid base of pre-clinical data was
generated establishing the immunization protocols that would be adopted during the following steps
of the development [23–31].

As molecular biology tools evolved and gene-cloning techniques became available, several
antigens released in the saline culture medium of live schistosomes, were cloned and sequenced.
Serum from rabbits immunized with the ‘saline extract’ was used to screen an adult S. mansoni
cDNA library and the most promising antigen was identified as a member of the fatty acid binding
protein (FABP) family, termed Sm14 [32]. Molecular modeling studies from our group predicted the
beta-barrel structure of the Sm14 [33] that was later experimentally confirmed by crystallography [34]
and nuclear magnetic resonance [35]. These analyses allowed the engineering of a stabilizing mutation
that conferred a remarkable long-term stability, while maintaining the function and immunogenicity
of the antigen [36].

Sm14 was shown to be particularly important to helminths, which are not capable of synthetizing
fatty acids but rely on these being provided by the host species. Lipids, apart from being constituents
of membranes, have important roles in development of different lifecycle stages and the evasion of
immune responses both by adult worms and larvae [37]. In addition to the publication describing the
a FABP family member in Schistosoma mansoni [32], different groups published the identification of
homologous FABP protein members from FABP family in many helminths of human and veterinary
importance. Of particular importance was the identification of the F. hepatica FABP [38]. F. hepatica is
the main parasite of livestock worldwide. We have managed to successfully test Sm14 vaccination
against F. hepatica in mice, followed by two independent experiments in sheep, one of the definitive
host species for fascioliasis [39]. These experiments that demonstrated that Sm14 is also protective
against F. hepatica infection has led to Sm14 being developed in parallel as the molecular basis for
a veterinary vaccine by FIOCRUZ, in collaboration with the private Brazilian company Ourofino
Animal Health.

243



Trop. Med. Infect. Dis. 2018, 3, 121

3. Clinical Studies

The licensing of the Sm14 patents for veterinary use gave birth to a public–private partnership
(PPP) model of product development that rendered significant visibility to the Sm14 vaccine project.
Such a gain in momentum was followed by strong support for human vaccine development by the
Brazilian government project financing agency (FINEP) that allowed the use of contract research
organizations (CROs) for antigen production, quality control and fill-finish in world-class academic
GMP facilities based in the United States of America in collaboration with the Ludwig Institute for
Cancer Research, Cornell University and the Infectious Disease Research Institute (IDRI, Seattle, USA).

In order to have a consistent, stable and defined final product for clinical human use, the Sm14
antigen was formulated with the synthetic adjuvant glucopyranosyl lipid A (GLA-SE), an adjuvant
successfully tested in clinical trials with different human vaccine candidates.

In December of 2010, the Brazilian Health Regulatory Agency (ANVISA) approved a phase Ia
clinical trial in 20 healthy male volunteers from a non-endemic area (Rio de Janeiro, Brazil) to evaluate
the safety of the investigational product. The study was conducted by the Brazilian National Institute
of Infectious Diseases (INI/FIOCRUZ). The results of this first trial demonstrated the safety of the
vaccine in the studied population, showing no systemic reactogenicity. No serious adverse events
were associated to the investigational product [15]. A phase Ib clinical study, to evaluate the safety and
immunogenicity of the vaccine preparation in 10 healthy women volunteers, was also then successfully
concluded in 2012 (manuscript in preparation).

In 2015–2016, within the scope of a CEWG Demonstration Project, a phase IIa trial was developed
in 30 male adults living in a highly endemic area for both S. mansoni and S. haematobium in the Senegal
River Basin. The trial was conducted by a specialized team from Espoir Pour La Santé (EPLS), linked
to the Pasteur Institute of Lille (IPL, France), headed by Dr. Gilles Riveau (IPL) in conjunction with the
FIOCRUZ group and the Brazilian biotechnology company Orygen Biotecnologia the license holder
of Sm14 for human use (ClinicalTrials.gov Identifier: NCT03041766) [40]. The main objectives of
the trial were safety and immunogenicity of the Sm14/GLA-SE vaccine. These objectives were fully
achieved. The investigational product rSm14 (50 μg) formulated with GLA-SE in two dosages (2.5 μg
and 5 μg/dose, denominated groups 1 and 2, respectively) and administered intramuscular (IM),
was shown to be safe with no observed serious adverse events in either group. The most common
reactions were local pain and heaviness of the vaccinated arm. These reactions were transitory and
mild. Seroconversion of 92% of individuals after the second dose were observed, similar to the
pattern observed in the phase I trials [15]. Immunogenicity based on additional cellular responses,
memory cells and T cell activation markers were analyzed at IDRI in an extensive panel focusing on
the identification of a vaccine-related immune response.

After the completion of the phase IIa trial and based on the observed induction of a strong and
long-lasting immune response, an extension study to assess the possible persistence and profile of
this response beyond the initial schedule of the trial was duly authorized by Senegalese Ministry of
Health (MoH). This was carried out between August and December 2017 with the inclusion of two
additional time points, 9 and 12 months, after the first vaccine injection. ELISA tests performed at
Centre de Recherche Biomédicale/Espoir Pour La Santé (EPLS) showed the persistence of significant
specific antibody titers up to 12 months after the first vaccination dose with Sm14/GLA-SE (manuscript
in preparation).

A phase IIb trial design and protocol were defined in January 2018, based on the results of the
phase IIa trial in adults. The phase IIb trial will involve 95 school children from 7–11 years of age living
in the same endemic area for both S. mansoni and S. hamatobium of the Senegal River Basin region.
Ethical committee approval and regulatory approval from the Senegalese MoH have been obtained.
EPLS has already initiated the trial in the same region as the original phase IIa trial in adults, using
the same lot of GMP Sm14 under a regimen of three IM doses of 50 μg/dose formulated with 2.5 μg
of GLA-SE, 30 days apart. The phase IIa and b trials are largely funded by Orygen Biotecnologia in
conjunction with FIOCRUZ and with support of CEWG-WHO platform and financial fund.
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4. Sm14 +GLA-SE: A Humanitarian Anti-Schistosomiasis Vaccine

During the process of analysis by WHO member state representatives, within a regional structure,
and extensive subsequent analysis by technical experts and ad hoc committees, the Sm14 schistosomiasis
vaccine, was selected by the WHO Executive Board as one of the current list of six demonstration projects.
A stakeholders meeting organized by WHO at its Geneva headquarters was held in June 2015 prior to
the release of the first installment of funding. During the process of selection and shortlisting of the
candidate demonstration projects presented projects, discussions on the scientific merits, state of the art
of the project and requirement for full adherence to CEWG principles, much was learned concerning the
mandatory need to assure the accessibility and affordability of this vaccine to the poor endemic countries
in which it will ultimately be used [14].

From its inception, the Sm14 schistosomiasis vaccine has been designed to be both effective and
low-cost. To achieve this goal, several innovations for vaccine development were implemented and
a strong effort was made to choose intellectual property-free components [36]. This has led to the
successful development of a very low-cost, stable product involving a large-scale production process.

De-linkage of final product price from the costs of the long R&D phases has been achieved by
Sm14 being initially developed at a governmental scientific foundation (FIOCRUZ) with support from
funds from public Brazilian financial institutions (FINEP and FAPERJ).

After 2005, licensing of FIOCRUZ patent rights for human use to a private Brazilian company
was through contracts designed to protect the accessibility, affordability and supply strategies for the
lower- and middle-income countries (LMIC) that are the target areas to receive the anti-schistosomiasis
vaccine. The presently licensee company, Orygen Biotecnologia, is a startup company wholly owned
by two of the largest Brazilian pharmaceutical companies. Its involvement in the final development of
the Sm14 human vaccine is crucial. The company has agreed to a cost plus pricing strategy, as adopted
by WHO for vaccine pricing [41].

In parallel, the veterinary anti-fasciola vaccine is being developed in keeping with current
European guidelines to reduce the presence of anti-helminthic drug chemical residues in milk and
meat of livestock. It is aimed at rich countries and markets and designed to contribute/support future
potential large-scale delivery programs.

We are no longer at a stage when an anti-schistosomiasis vaccine is to be discussed, attacked
or delayed, as it was for decades along with all anti-parasite vaccines. Our knowledge concerning
vaccines has improved enormously, as have the technical resources available. Vaccines represent the
intervention strategy with the best cost–benefit ratio thus far applied in public health. Moreover,
transmission control of infectious/transmissible diseases has only been achieved through vaccination.
Sanitation, chemotherapy and health education are not sufficient to eliminate parasitic diseases that
disproportionally affect people living in poor countries. Immunization with a safe and effective
vaccine can contribute to a long-term reduction of schistosome egg excretion from the host, thus truly
controlling transmission. So far, there are no vaccines against the parasites that afflict countries fighting
to emerge from poverty and reach better conditions of health and overall development.

The Sm14 vaccine against schistosomiasis is being developed as a humanitarian vaccine to
be included in effective schistosomiasis transmission control programs that will hopefully invert
the paradigm for a north-to-south route for technology generation and contribute to the broad
use of the most safe, effective and environmentally and human-friendly health-promoting strategy,
prophylactic vaccination.

Funding: This study was funded by FINEP (Financiadora de Estudos e Projetos), grant number 01.06.105800;
FAPERJ (Fundação Carlos Chagas Filho de Amparo à Pesquisa do Estado do Rio de Janeiro), grant number
E-26/010.001533/2014; IOC/FIOCRUZ (Instituto Oswaldo Cruz/Fundação Oswaldo Cruz, Ministério da Saúde)
and Orygen Biotecnologia S.A.is supporting phase II/III clinical trials, process development for large scale
production and steps forward to final product.
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Abstract: Schistosomiasis is recognized as a tropical disease of considerable public health importance,
but domestic livestock infections due to Schistosoma japonicum, S. bovis, S. mattheei and S. curassoni are
often overlooked causes of significant animal morbidity and mortality in Asia and Africa. In addition,
whereas schistosomiasis japonica is recognized as an important zoonosis in China and the Philippines,
reports of viable schistosome hybrids between animal livestock species and S. haematobium point
to an underappreciated zoonotic component of transmission in Africa as well. Anti-schistosome
vaccines for animal use have long been advocated as part of the solution to schistosomiasis control,
benefitting humans and animals and improving the local economy, features aligning with the One
Health concept synergizing human and animal health. We review the history of animal vaccines for
schistosomiasis from the early days of irradiated larvae and then consider the recombinant DNA
technology revolution and its impact in developing schistosome vaccines that followed. We evaluate
the major candidates tested in livestock, including the glutathione S-transferases, paramyosin and
triose-phosphate isomerase, and summarize some of the future challenges that need to be overcome
to design and deliver effective anti-schistosome vaccines that will complement current control options
to achieve and sustain future elimination goals.

Keywords: schistosomiasis; Schistosoma; vaccine; zoonosis; Asia; Africa; domestic animals; buffalo;
cattle; sheep; goats

1. Introduction

As well as being a disease of great public health importance, schistosomiasis can also be a
chronic debilitating infection of animals and a problem of considerable economic significance in Asia
and many parts of Africa. It has been estimated, for example, that 165 million cattle are infected
with schistosomiasis worldwide [1]. Schistosome infections of livestock are very important, if often
underappreciated, and they are often causes of serious animal mortality and morbidity with several
species incriminated. In South and South-East Asia, schistosomiasis is caused by the highly zoonotic
Schistosoma japonicum and/or S. mekongi. S. mattheei and/or S. curassoni infect cattle, sheep and goats in
southern and Central Africa, whereas S. bovis is a major veterinary problem in many Mediterranean and
African countries, causing high levels of morbidity among susceptible ruminants (cattle, goats, sheep,
horses, camels and pigs), resulting in considerably reduced economic output due to liver condemnation,
reduced productivity, poor subsequent reproductive performance, increased susceptibility to other
infectious agents, and death [1,2].

It has been shown also that uninfected animals grow and gain weight faster and are overall
healthier than schistosome-infected animals. S. bovis has recently come into the spotlight as an
emerging clinical health threat as well following the isolation of S. haematobium-S. bovis hybrids from
children in Senegal [3] and after a recent schistosomiasis outbreak in France [4]. There are also
reports of eggs indicative of potential S. haematobium-S. mattheei hybrids in Zimbabwe and in southern
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African ruminants [5]. The hybridization between human and ruminant schistosomes is of particular
importance as inter-species hybridization may have a considerable impact on parasite evolution,
disease dynamics, transmission rates and control interventions. Laboratory hybrids acquire enhanced
characteristics, including infectivity, growth rates, maturation and egg production and, in cattle, it has
been reported that introgressive Schistosoma hybrids may affect the success of drug treatment and can
cause severe disease outbreaks [6]. The zoonotic component of transmission in sub-Saharan Africa
does appear to be more significant than previously assumed, and may thereby affect the recently
revised WHO vision to eliminate schistosomiasis as a public health problem by 2025. Moreover, animal
schistosomiasis is likely to be a significant cost to affected communities due to its direct and indirect
impacts on livelihoods. These findings underscore the need for improved disease control in animals,
to reduce the zoonotic transmission of S. japonicum and S. mekongi, and to prevent the spread of hybrid
schistosomes to humans from animal reservoirs.

The deployment of suitable anti-schistosome vaccines for use in animals has long been advocated
as part of the solution to control and eliminate schistosomiasis. Indeed, a vaccine-directed control
program that reduces prevalence, intensity and transmission of the disease in animals can directly
benefit both humans and animals in endemic sites and improve the local economy, features that are
in clear alignment with the One Health concept synergizing human and animal health. Furthermore,
genuine change of the disease spectrum in endemic areas demands lasting results and the development
and positioning of an effective vaccine represents an option for long-term protection. An entirely
vaccine-based approach targeting humans and animals for schistosomiasis control is unrealistic, but
acceptable protection could be achieved by chemotherapy treatment followed by vaccination aimed
at reducing, or markedly delaying, the development of pathology and morbidity and limiting the
impact of re-infection [7,8]. Thus, the issue is not drugs competing with vaccines, but how to graft
a vaccine approach onto current schistosomiasis control programs [7,8]. Mathematical modelling
of schistosome transmission supports this concept, predicting that a schistosome vaccine capable of
reducing the faecal egg output in bovines by 45% in conjunction with praziquantel treatment would
lead to a significant reduction in the transmission of schistosomiasis japonica almost to the point of
elimination [9,10]. Domesticated animals represent significant reservoirs of S. japonicum, and their
vaccination offers an approach to control schistosomiasis by interrupting its zoonotic transmission.
Pertinent to this are studies undertaken in China [11] and the Philippines [12], which showed that
bovines, in particular, are major animal reservoir hosts for S. japonicum, responsible for up to 90% of
environmental egg contamination.

2. The Early Days—Irradiated Larval Vaccines

The immunological control of animal schistosomiasis was first advanced as an option in the
1970s as in many endemic areas, particularly in Africa, the use of molluscicides or chemotherapy
as interventions was either too expensive or impractical [13]. Further, cattle had been shown to
develop partial immunity to reinfection with S. bovis and S. mattheei, and sheep had been shown
to develop some resistance to reinfection with S. mattheei [13]. As well, results of experiments in
calves, cattle and sheep with harmless heterologous schistosome species suggested that the presence
of adult egg-producing worms was not necessary for the development of acquired immunity to
reinfection; these observations suggested the possibility of developing a vaccine incorporating either
non-pathogenic heterologous larvae or, alternatively, larvae of the homologous species attenuated by
irradiation to prevent them reaching full maturity [13]. Cercariae and schistosomula, attenuated with
gamma rays, X-rays, or ultraviolet (UV) irradiation, were subsequently reported to elicit protective
immunity against schistosomiasis. Indeed, the radiation attenuated vaccine approach provided
protective efficacy against Schistosoma species in many different host species, including mice, rats,
chimpanzees and baboons. The radiation attenuated vaccine also proved to be highly effective in
livestock (cattle, buffaloes, sheep and pigs), thereby establishing the potential of developing irradiated
live schistosome veterinary vaccines in the laboratory and their extended application to the field.
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In a pioneering study in 1976, Taylor et al. [13] demonstrated that sheep could be partially
protected against S. mattheei by prior immunisation with live cercariae or schistosomula of S. mattheei
irradiated at 6 krad by a [60Co] source; and the study showed that effective immunisation was not
dependent on the presence of a mature worm infection or on cercarial penetration of the skin by the
immunising infection, as artificially transformed schistosomula were as immunogenic when injected
into sheep as cercariae that penetrated the skin. The results opened up the possibility of making a
live vaccine against ovine schistosomiasis, with the caveats that the problem of live parasite storage
needed to be overcome and that a more efficient immunising schedule was needed. Other reports
described highly effective immunisation of sheep with irradiated S. bovis cercariae [14] and irradiated
schistosomula [15].

The first attempts at immunising cattle (zebu calves) were against S. bovis in Sudan and involved
vaccination with 3 krad-irradiated homologous larval parasites first under experimental laboratory
challenge using irradiated schistosomula or cercariae [16], and then in the field, under natural
challenge when the calves (50% immunised with irradiated schistosomula) were allowed to graze in
a S. bovis-endemic area for 10 months [17]. In both trials, vaccination was safe and, compared with
control animals, the vaccinated animals had higher growth rates and significantly fewer adult worms
and tissue and faecal eggs, indicating that zebu cattle could be protected effectively against S. bovis by
vaccination with irradiated parasites.

An inherent problem in the production of a potential live radiation-attenuated vaccine at this time
was the limited shelf-life of the attenuated parasites but new techniques to successfully cryopreserve
schistosomula, including vitrification (solidifying a liquid without crystal formation) [18], were
developed by Eric James and his team, which enabled their indefinite storage. In 1985, a cryopreserved
homologous radiation-attenuated schistosomula vaccine evoked a good level of protection in sheep
against S. bovis challenge [19].

At about the same time, effective irradiated vaccines were also being developed in China against
S. japonicum infections, first in mice, and then in domestic pigs, sheep, cattle and buffaloes. These
livestock animals, particularly water buffalo (Bubalus bubalis), represent important reservoirs of
S. japonicum, so their vaccination provides a highly suitable approach to control schistosomiasis
by zoonotic transmission interruption. The initial experiments were undertaken by Hsü and his
team and were reported in 1983 [20] and 1984 [21]. The first study [20] used experimental infections
with cattle calves receiving a vaccine of approximately 10,000 irradiated schistosomula followed by a
challenge with 500 normal cercariae; the best results, in terms of reduced worm counts, involved three
injections (partly given intramuscularly and partly intradermal) of larvae irradiated with 36 krad. The
second study [21] was essentially a repeat with calves being perfused later (54–57 days as opposed
to one month in the earlier experiment), thereby allowing the infection to mature to egg production,
although the reduction in worm numbers was similar. The efficacy of this irradiated vaccine was
field tested in vaccinated yearling cattle that were naturally challenged in an area in China highly
endemic for schistosomiasis [21]; at perfusion, significant reductions in worm burden and liver eggs
were recorded in the vaccinees compared with controls.

Although the work was undertaken in 1979 and 1980, Xu et al. [22] reported in 1993 on trials
in bovines of vaccinations with single or double doses of 10,000 or 20,000 cryopreserved irradiated
(CI) (20 krad) S. japonicum schistosomula together with 1 mL bacille Calmett-Guérin (BCG); worm
numbers were reduced by 55–65% in vaccinated water buffalo (Bubalus bubalis) and cattle calves after
being challenged with 500–1000 cercariae. A field test of the vaccine (10,000 CI schistosomula) resulted
in a worm reduction of 53% in vaccinated water buffalo (Bubalus bubalis) calves [22]. Intradermal
vaccination with 30,000 freeze-thaw (FT) schistosomula and BCG by the same group provided 57%
protection in cattle. Similar levels of protection were obtained in sheep immunised with CI and FT
schistosomula following challenge with 500 cercariae [23].

Cercariae have also been used as the irradiated vaccine source. Shi et al., in a report published
in 1990 [24], vaccinated water buffaloes three times with 10,000 S. japonicum cercariae irradiated with

252



Trop. Med. Infect. Dis. 2018, 3, 68

a cheap, simple and portable UV light source at a dose of 400 μW min/cm2. A challenge infection
of 1000 untreated cercariae was given to vaccinated and naive control animals; the experiment was
terminated six weeks post-challenge and, compared with controls, the vaccinated animals developed
89% resistance to infection with S. japonicum. Using a similar vaccination regimen, the same group
undertook a study in pigs with a challenge infection of 1000 untreated cercariae given 2.5 or 6 months
after the last immunization, with age-matched naïve pigs challenged as controls; immunized animals
developed 90% resistance against the challenge [25].

The use of live schistosomula or cercariae vaccines attenuated by ionizing radiation or by
biochemical means [26] potentially provides a method to protect domestic livestock against infection
with schistosomes, but they have generally not found favour as a practical means of vaccinating
domestic animals in the field (or humans) and they have never been used on a large scale. The reasons
for this include: (1) the high production costs and labour-intensive efforts necessary to obtain the large
numbers of cercariae required from infected snails; (2) the difficulties in standardizing the dose of
ionizing radiation in order to induce larval attenuation and to ensure irradiated parasites do not retain
some level of infectivity, thereby causing a breakthrough infection if insufficiently irradiated; (3) the
requirement for cryo-preservation in order to store and then transport attenuated parasites over long
distances; and (4) the safety issues associated with potential toxicity of administering a live vaccine
and local inflammatory responses at the site of vaccination.

Thus, although in general the initial successes with irradiated schistosome vaccines were
encouraging, with the research benefitting from substantial funding support during the 1970–1990s,
progress stalled thereafter. This was mainly due to a change in research emphasis when the new
advances in recombinant DNA technology were applied for the development of schistosome vaccines.
Consequently, limited work has been undertaken on livestock animals with live attenuated schistosome
vaccines in the past 25 years. In one approach protocols were established to compare the level of
protection induced by recombinant and naked plasmid DNA formulations with the gold standard
gamma or UV-irradiated cercarial vaccines in pigs [27,28]. Another avenue involved systematically
investigating cellular and humoral immune responses generated by the protective UV-attenuated
S. japonicum cercarial vaccine in pigs in order to identify key molecules involved in the process leading
to resistance, thereby providing a paradigm for the development of an optimal vaccine formulation for
both veterinary and clinical application [25,29–33].

3. The Impact of Recombinant DNA Technology on the Development of Animal Vaccines
for Schistosomiasis

As indicated, in efforts to circumvent the perceived problems of using live, attenuated S. japonicum
schistosomula or cercariae as vaccines to prevent infection in domestic livestock, and with the new
techniques in genetic manipulation fast making ground, the research focus changed. Many groups
attempted to reproduce or even improve on the protection afforded by substituting native antigens or
chemically-defined schistosomal antigens genetically engineered in bacteria or yeast as recombinant
proteins, or as plasmid DNA vaccines. The three most tested molecules tested in livestock have been
glutathione S-transferases, paramyosin and triose-phosphate isomerase, details for which now follow.

3.1. The Glutathione S-Transferases

Two of the first schistosome molecules to be cloned and expressed (first in E. coli and then
yeast) were the 28 kDa glutathione-S-transferase from S. mansoni (28 GST, P28 or Sm28) [34] and the
26 kDa GST homologue (termed Sj26) from S. japonicum [35]. The molecular cloning of the genes
encoding the 28 GSTs of S. bovis, S. japonicum and S. haematobium soon followed [36]. The GSTs
are enzyme isoforms that catalyse the detoxification of lipophilic molecules by thiol-conjugation.
They were considered attractive vaccine candidates in ruminants and other mammals because it
was hypothesised that antibody-mediated neutralization of this detoxification function could render
the schistosome vulnerable to toxic products generated by immune attack at the tegument or in the
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gut [37]. Accordingly, it was shown that native GST and GP38, which shares protective epitopes
with keyhole limpet haemocyanin (KLH), exhibited vaccine potential against S. mansoni in small
animal experiments [34]. Subsequently, native forms of S. bovis GST and KLH were tested for vaccine
efficacy against S. bovis in Zebu cattle, and this resulted in specific antibodies being generated against
both molecules and, depending on the vaccination schedule, significant reductions in faecal and
tissue eggs also resulted; notably, however, vaccination did not reduce adult worm numbers [38].
In contrast, whereas vaccination of goats [39] and sheep [40] with recombinant S. bovis-derived 28GST
(recombinant S. bovis 28GST), followed by experimental challenge with S. bovis cercariae, resulted in
reduced worm burden, there was no impairment of fecundity. In a further report, immunization of
calves with recombinant S. bovis 28GST induced significant reductions in female worm numbers, faecal
eggs counts, and the number of viable eggs (determined by miracidial counts), in animals exposed to
natural S. mattheei infection in the field [41]. In contrast, the same immunization schedule generated
no protective effect against a massive (10,000 cercariae) single experimental challenge with S. mattheei.
Being highly susceptible to S. mattheei infection, calves produce high parasite recovery rates, and
the effect of vaccination and the generated immune response may have been insufficient to protect
the animals, raising questions of the biological relevance of massive experimental challenges in the
evaluation of protective immunity to schistosomiasis [41,42].

Subsequently, although considerable work on the schistosome GST vaccines focused on S. mansoni
and then S. haematobium, it was clear that the very significant inhibition of female worm fecundity and
egg viability was the most evident host protective effect generated against the GSTs of all schistosome
species, including S. japonicum, by homologous vaccination [43]. The exact mechanism whereby
anti-GST antibodies affected egg production and viability remained unanswered, but the phenomenon
appeared to be associated with their inhibition of the enzymatic activity of GST, the consequent
impairment in prostaglandin biosynthesis (prostaglandin D2 orchestrates various stages of the host
immune response), and the resultant effect on schistosome biology, including a reduction in female
worm fecundity [44].

Following on from the work with S. mansoni GSTs, partial protection was recorded in Chinese
sheep and bovines vaccinated with S. japonicum 28 kDa GST (Sj28GST), either as a recombinant
protein or plasmid DNA vaccine [45–47], but most reports were of the vaccine potential of the 26 kDa
GST isoform (Sj26GST) in different mammalian hosts [48,49] (Table 1). Recombinant (r) Sj26GST
induced a prominent anti-fecundity effect, as well as a significant, albeit moderate, level of protection
in terms of reduced worm burdens in sheep, cattle and pigs, following challenge infection with
S. japonicum [48–52]. Similar levels of vaccine efficacy were obtained in water buffaloes vaccinated
with purified rSj26GST [50,52]. Anti-Sj26GST antibodies were generated in the immunized water
buffaloes and, following challenge with S. japonicum, the typical anti-fecundity effect was observed
with decreased numbers (circa 50%) of faecal eggs and eggs deposited in host livers and intestines [52].
As well, the rSjc26GST vaccine reduced the egg-hatching capacity of S. japonicum eggs into viable
miracidia by nearly 40% [52]. Encouragingly, field trials demonstrated that the protective effect of
rSj26GST against S. japonicum could be maintained in cattle and water buffaloes for at least 12 months
post-vaccination [53,54], but whereas research to improve efficacy has continued using the murine
model of schistosomiasis japonica (e.g., [55]), it is disappointing that there have been no further trials
of the vaccine in livestock animals. The picture is somewhat brighter in regards to paramyosin, with
some of the early work and recent progress on this vaccine candidate now being described.
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3.2. Paramyosin

Paramyosin is a large (97 kDa) coiled-coil myofibrillar protein restricted to invertebrates.
In schistosomes it is found on the tegumental surface of lung stage schistosomula, in the cercarial
secretory glands, and in the muscles of adult worms and larvae [60]. This molecule first generated
interest as a vaccine candidate based on results of experiments in mice targeting S. mansoni [60]. Trials in
sheep with native and an expressed and purified recombinant fragment of Chinese strain S. japonicum
paramyosin (Sj-97) resulted in significant partial protection being obtained [45]. Subsequently,
vaccine experiments in pigs [27] and water buffaloes [61], using full length Chinese S. japonicum
paramyosin, yielded further encouraging protective efficacy against challenge infection, although the
protection was again only partial. At this time (the early 2000s) the limitations to wide-spread use
of recombinant (r) Sj-97 as a vaccine were the size of the protein, the inadequate expression levels
obtained, resulting in low yields of the recombinant protein, its insolubility in yeast and bacterial
expression systems, the inevitable costs of its up-scaled production and purification, and the funds
required for large-scale buffalo vaccine trials in the field; this resulted in a halting in its progression as
a priority vaccine candidate.

In 2008, however, Jiz et al. [62] published a new robust method for the pilot-scale expression and
purification of rSj-97 by its extraction from E. coli inclusion bodies and purification with sequential
anion-exchange, hydroxyapatite, and size exclusion chromatography. The purified protein was greater
than 95% pure, free of significant endotoxin contamination, adopted an alpha-helical coiled-coil
tertiary structure, bound immunoglobulin and collagen, and represented a significant step forward
towards preclinical evaluation of paramyosin as a vaccine for schistosomiasis [63]. The same team
showed that the rSj-97 vaccine, adjuvanted with Montanide ISA 206, was safe, well tolerated and
robustly immunogenic among water buffaloes resident in four villages in Leyte, the Philippines, an
area highly endemic for schistosomiasis japonica [64]. They conducted three vaccine trials (in 2008, in
2013 and in 2016) to assess the level of protection generated in water buffaloes with the rSj-97 vaccine;
animals received and tolerated well three doses (250 μg/dose or 500 μg/dose) of rSj97 plus Montanide
ISA 206 at 4 weekly intervals before a challenge infection with 1000 S. japonicum cercariae [58]. The
3 × 250 μg/dose of rSj97 (2008 and 2013 trials) did not result in a significant reduction in worm burden
in vaccinated animals compared with controls injected with ISA 206 emulsified with lyophilisation
buffer, but the increased dosage (3 × 500 μg/dose of rSj97) in the 2013 and 2016 trials resulted in a
significantly lower worm burden (by 57.8% in both trials) in vaccinated water buffaloes compared
with controls [58]. The trialled rSj97/ISA206 vaccine resulted in a mixed immune response with
induction of both IgG1 and IgG2 anti-paramyosin antibodies, but no conclusive correlation was found
between isotype distribution and protection [58]. The group also reported undertaking a trial in
buffaloes with the rSj97-ISA206 vaccine followed by six months of community-based field exposure
after vaccination [58], but the results have not yet been released.

3.3. Triose-Phosphate Isomerase (TPI)

Another leading anti-schistosome vaccine candidate is triose-phosphate isomerase (TPI).
Following its uptake in schistosomes, glucose is metabolised via glycolysis to provide critical energy
in the form of ATP to ensure parasite survival; TPI is a highly efficient enzyme and pivotal in this
process, converting glyceraldehyde-3-phosphate to dihydroxyacetone phosphate. It is located in most
cells of the adult schistosome and on the surface membranes of newly transformed schistosomula,
the stage in the mammalian host that is considered the most likely target of an anti-schistosome
vaccine [50]; a plasmid DNA vaccine encoding S. japonicum Chinese strain TPI (SjCTPI) was shown to
reduce worm burdens in mice and pigs [57,65]. Subsequently, the efficacy of SjCTPI and the 23 kDa
integral membrane protein tetraspanin (SjC23), independently, and as fusions with bovine heat-shock
protein 70 (Hsp70), co-administered with an interleukin-12-expressing plasmid as adjuvant, were
assessed as DNA vaccines in China in water buffaloes against experimental S. japonicum challenge [10].
The most encouraging vaccine was the SjCTPI-Hsp70 construct, which reduced worm burdens by
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51.2%, reduced liver eggs by 61.5%, reduced faecal eggs by 52.1% and resulted in a 52.1% reduction in
hatching of faecal miracidia [10]. The SjCTPI-Hsp70 vaccine has subsequently undergone field testing
in bovines against natural S. japonicum challenge in China. The trial comprised a four-year double-blind
cluster randomised intervention in 12 administrative villages around the schistosomiasis-endemic
Dongting Lake in Hunan Province, designed to assess the impact of a multi-component integrated
control strategy, including bovine vaccination using a heterologous ‘prime-boost’ delivery of the SjCTPI
vaccine, on schistosome transmission. The study design and baseline results have been published [66].
In brief, the integrated control strategies included: (a) Combined human mass chemotherapy and the
bovine SjCTPI vaccine or placebo vaccine; (b) Combined mollusciciding of snails and bovine SjCTPI
vaccine or placebo vaccine; (c) No other intervention (treatment of infected individuals only) and
bovine SjCTPI vaccine or placebo vaccine. The primary end-point for the study is human infection rate,
with secondary endpoints including bovine infection rate, snail infection prevalence and the density of
infected snails.

4. Challenges and Opportunities for the Future

In summary, many of the S. japonicum vaccines tested in domestic livestock include enzymes,
muscle components and membrane proteins (Table 1) [67,68]. DNA vaccines have found particular
appeal as they generate both T-cell and B-cell (or antibody-mediated) immune responses, their
preparation and production are convenient and cost-effective, and they can even be used in the
field without a cold chain. Another advantage of applying DNA vaccines compared with other
approaches is the possibility of targeting the in vivo expressed recombinant antigen to different cell
compartments. Furthermore, methods such as prime-boost regimens and the use of adjuvants (such as
IL-12) in combination with a DNA vaccine can enhance its protective efficacy.

Other than some proteomic analyses of S. bovis and the S. bovis-host interface, aimed at identifying
potential new vaccine and drug targets [69], it is surprising that no recent research has been reported
in the development and testing of different vaccines targeting schistosomiasis infections caused by
S. bovis and S. mattheei in livestock, despite the early encouraging successes. This may be somewhat
short-sighted as it has been recently argued that animal schistosomiasis likely causes a considerable
drain, both directly and indirectly, on the local economy of many poor communities in sub-Saharan
Africa [70]. Further, the zoonotic component of schistosomiasis transmission in Africa appears to be
far more significant and important than previously thought [6], and this may impact on the current
WHO vision to eliminate schistosomiasis as a public health issue by 2025. Consequently, it has
been considered that extending treatment to include animal hosts in a One Health approach, as has
been successfully undertaken in China, would be both of economic and public health benefit. The
positioning of an animal-based transmission blocking vaccine as part of an integrated control package
fits well into this scenario, as was recognised as an outcome of two workshops co-sponsored by the
Bill and Melinda Gates Foundation and the National Institute of Allergy and Infectious Diseases
on schistosomiasis elimination strategies and the potential role of a vaccine [71,72]. Some proposed
Preferred Product Characteristics for a clinical versus a veterinary vaccine against schistosomiasis
were formulated at one of these workshops, indicating that the safety profile of the latter is more
straightforward and less rigorous [71]. Whereas this characteristic could potentially reduce the costs
of deploying a schistosomiasis vaccine for use in livestock as opposed to one for human application,
an evaluation of the economics and benefits of applying the two different types of vaccine needs to
be undertaken.

One significant challenge impacting on the future development of veterinary-targeted vaccines to
aid in the control of schistosomiasis continues to be our rather scanty knowledge of the immunology
of schistosome infections in natural livestock hosts, especially bovines, compared with experimental
model animals, such as mice. This is due, in part, to the high cost of purchasing and maintaining
large animals for immunobiological studies and the scarcity and high price of immunological reagents
for studying the relevant immune responses. Nevertheless, some recent research has provided new
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insights on immunity against schistosomiasis japonica in field-exposed natural hosts such as cattle and
water buffalo, particularly the immune response generated against migrating schistosome larvae, the
likely targets of an anti-schistosome vaccine. In an important study, McWilliam et al. [73] investigated
the immune response evoked in the lungs and skin, the major sites of larval migration, in previously
S. japonicum-exposed and re-challenged water buffaloes. A powerful allergic-type response was
generated in the skin with IL-5 transcript levels being elevated, with IL-10 levels decreased. In addition,
a Th1 type immune profile was demonstrated in stimulated cells from the lung-draining lymph
node, whereas a predominant Th2 type immune response was apparent in stimulated cells from the
skin-draining lymph node; these immune responses reflected the timing of parasite migration and
occurred consecutively. The intense Th2 type profile generated at the cercarial penetration site differs
markedly from that evident in mice, suggesting a possible mechanism of immunity. Furthermore, the
study suggested that a reduced/delayed immune response occurred in buffaloes challenged with high
numbers of cercariae compared with lower numbers, particularly in the skin.

In tandem with studies comparing immune responses in buffalo (in which age-related resistance
likely occurs) and yellow cattle (in which it does not) against schistosomiasis [74,75], and further
immunological exploration of the self-cure effect in older buffalo and other livestock hosts such as
pigs against schistosomes [76], the investigation by McWilliam et al. [73] provides a unique, in-depth
appreciation of the immunobiology of schistosomiasis in a natural host. Such studies can aid in the
design and delivery of more effective anti-schistosome vaccines that will complement current control
options so as to achieve and sustain future elimination goals.
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Abstract: The distribution of diseases caused by vector-borne viruses and parasites are restricted by
the environmental requirements of their vectors, but also by the ambient temperature inside the host
as it influences the speed of maturation of the infectious agent transferred. The launch of the Soil
Moisture Active Passive (SMAP) satellite in 2015, and the new ECOSTRESS instrument onboard the
International Space Station (ISS) in 2018, established the leadership of the National Aeronautics Space
Administration (NASA) in ecology and climate research by allowing the structural and functional
classification of ecosystems that govern vector sustainability. These advances, and the availability of
sub-meter resolution data from commercial satellites, contribute to seamless mapping and modelling
of diseases, not only at continental scales (1 km2) and local community or agricultural field scales
(15–30 m2), but for the first time, also at the habitat–household scale (<1 m2). This communication
presents current capabilities that are related to data collection by Earth-observing satellites, and draws
attention to the usefulness of geographical information systems (GIS) and modelling for the study of
important parasitic diseases.

Keywords: GIS; remote-sensing; satellite; international space station; ECOSTRESS; worldview;
spatio-temporal epidemiology; climate change; parasite; schistosomiasis, leishmaniasis

1. Introduction

Disease and location were already linked by Hippocrates in the fourth century before the Christian
era, and Snow famously traced a cholera outbreak to a particular water pump in London in the
mid-1800s. Interestingly, this was before anybody had any idea about bacteria and viruses, even
though van Leeuwenhoek probably saw the former in his rudimentary microscope, 170 years before
Snow’s findings. However, some decades later, communicable diseases and their propagation were
already quite well understood, but what was now missing was the technology needed to translate the
data collected over large areas into reliable risk maps. Remote sensing (RS), first from airplanes, since
the 1970s from satellites, and very recently also from drones, changed all that. RS became the impetus to
the merger of Earth sciences, computer technology, and advanced statistics eventually granting access
to an array of advanced tools that are highly suitable for epidemiological investigation [1–4]. Such
techniques are particularly useful for the study of those parasitic infections that rely on intermediate
hosts (vectors) to complete their life cycles, since these vectors (commonly insects but also molluscs)
are highly sensitive to a range of environmental variables. In addition, temperature also limits the
maturation of the parasite’s intermediate stage(s) inside the vector which, together with other variables,
makes it possible to estimate disease distributions with a good level of accuracy. Indeed, the number
of publications promoting the use of remotely sensed variables, such as land use, temperature,
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rainfall, humidity, vegetation etc., to effectively decide the distributions of infectious microorganisms,
is increasing exponentially, as exemplified by Rogers and Randolph [5], Foley [6], Bergquist [7],
Lord et al. [8], Misslin et al. [9], and a multitude of other authors. Temperature plays a major role
for vector presence, and climate change has by now made it possible for diseases to start expanding
their endemic areas, or can be expected to do so. For example, several tick-borne infections around
the world [10], dirofilariasis in northern Europe [11], and schistosomiasis in northern China [12,13]
are currently on the move. Pollution, and resistance to pesticides and drugs, as well as the general
fall-out from globalization, are other factors driving such changes [14]. Previously locally confined
infections that have lately become wide-spread are becoming more numerous on a monthly basis, e.g.,
the parasite Babesia, the spirochete Borrelia, and viruses such as chikungunya, Rift Valley virus (RFV),
West Nile virus (WNV), and the Zika virus, to mention the most well-known [15].

2. Data Collection

Advanced laptop computers and widespread access to the Internet have created a broad
accessibility of RS data from Earth-observing satellites. While this has made epidemiology more
dependent on satellite-generated data, the discipline has also undergone a paradigmatic change,
thanks to geographical information systems (GIS) that facilitate the management and processing
of epidemiological data. The stronger potential to match the suitability of various environments
to parasite life cycles and transmission dynamics provides a new way to address the nidality
concept introduced by Pavlovskii as far back as 1945 [16]. Based on his ideas, geography and
environmental variables associated with health data have led to the concept of disease ecology,
where RS provides useful insights on the different factors related to transmission levels and disease
distributions, while mapping and modelling facilitates interpretation, synthesis, and recognition of
outbreak frequencies [17].

The GIS approach supports overlay and network analysis by documenting neighborhoods, buffers
and spatial parameters, and today’s epidemiologists have access to a multitude of ecological and
climatic data that were never before available in such amounts and with such ease. The visualization
of epidemiological datasets in a geographical context, e.g., linking spatial data from virtual globes with
GIS software packages supports prediction and risk profiling [18], while sharing epidemiological data
in real-time, is helpful, not only for individual researchers, but also for decision-makers. The growth
of the Internet has distributed GIS widely, connecting with other platforms, such as web map
servers, libraries, spatial database management systems, and software development frameworks.
The field has thus become multi-participatory, such as allowing the advantage of cloud computing
opportunities that facilitate GIS access for anyone, anywhere. However, while the development of
near real-time surveillance systems, based on GIS, global positioning systems (GPS) and RS, facilitate
the establishment of accurate, up-to-date early-warning systems (EWS), it is important to understand
that GIS neither makes the actual field collection of parasites and vector easier, nor does it assure the
quality of the information gained [19,20].

In the published literature on health applications of the geospatial sciences since the 1980s, malaria
and schistosomiasis are the focus of the first and second most numerous articles, respectively. It is likely
that schistosomiasis will continue to be a barometer of progress in geospatial health sciences, when
the attention of researchers is drawn to emerging issues, such as the efficiencies of integrated control
of malaria, and the neglected tropical diseases (NTDs), which include schistosomiasis. The spatial,
temporal, and spectral resolution of the satellite-based sensors, and the capabilities of computer-based
models has led to an improved understanding of geographical areas, and how they can support the
transmission of various infections. In addition, improved surveillance, risk-mapping, and access to
large databases promise stronger possibilities for understanding the complex relationship between the
environment and infection with regard to infections. For example, like so many other parasitic diseases,
the interaction between the human definitive host and the intermediate snail host in schistosomiasis,
depends strongly on ambient environmental variables, above all temperature. While the latter
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and accessibility to water, humidity, vegetation, and shade limit the snail distribution, the ambient
temperature in the snail governs the speed of maturation of the infectious agent inside [21].

3. GEOHealth: Part of the Global Earth Observation System of Systems (GEOSS)

Major scientific groups are interested in public health applications of the geospatial sciences,
e.g., the Earth Science area of the National Aeronautics Space Administration (NASA) (http://www.
nasa.gov/) has moved towards a strategic goal that includes the study of climate and environmental
change and the potential impact on public health issues, such as infectious diseases, emergency
preparedness and response (https://www.earthobservations.org/documents/cop/he_henv/2011032).
NASA’s Public Health Program, chronicled by Luvall [22], is a growing part of the organization.
In addition, the Group on Earth Observations (GEO) (https://www.earthobservations.org/geoss.php),
an international agency with support from over 100 governmental departments, non-governmental
organizations (NGOs), and scientific organizations has an interest in health, and so has the International
Society for Photogrammetry and Remote Sensing (ISPRS) (http://www.isprs.org/). Yet another group,
the International Medical Geology Association (MEDGEO) (http://rock.geosociety.org) has similar
goals in its stated mission focused on the science dealing with the relationships between geological
factors and health.

The growing availability of digital data for geospatial studies made possible by RS and resources
from national space agencies, such as NASA in the USA, the French National Centre for space studies
(Centre National d’Études Spatiales (CNES) [23], the European Space Agency (ESA) and the Japan
Aerospace Exploration Agency (JAXA) [24] has led to the establishment of scientific teams that are
interested in exploiting geospatial health applications for specific pursuits, e.g., public health research.
Several dedicated journals have emerged, e.g., Geospatial Health (http://www.geospatialhealth.
net) [25], the International Journal of Health Geographics (http://www.ij-healthgeographics.com)
and Spatial and Spatio-Temporal Epidemiology (http://www.journals.elsevier.com/spatial-and-
spatiotemporal-epidemiology/). The net result is that geospatial mapping and multidisciplinary
modelling are becoming mainstream science in the health community at large. It is therefore of great
potential value to cross-fertilize and reinforce linkages of diverse interest groups on health applications
of the geospatial sciences. NASA programs promote linkages with the Group on Earth Observations
(GEO) mission to build and utilize GEOSS (https://www.earthobservations.org/geoss.php) under
the public health societal benefit area in which health scientists working on very different health
issues can collaborate in the use of a standardized, interoperable, open-source global resource data
portal. It would be expedient if the Earth observations health network (GEOHealth) within the GEOSS
framework would gain stronger traction along the lines in the Box 1 below.

Box 1. The GEOHealth Mandate.

GEOHealth collaborates on activities relating to the GEO societal benefit area on Public Health and GEOSS,
enabling the collaboration of governmental, inter-governmental, and non-governmental organizations to
organize and improve mapping and predictive modelling of the distribution of infectious, vector-borne, and
non-contagious diseases globally and make these data, information, and forecasts more accessible to policy
and decision-makers, managers, experts, and other users. Such a network would progress from a Community
of Practice to an Initiative and then a Flagship in the GEO work plan. This voluntary partnership would be
guided by a steering committee comprising the key stakeholders, initially the ISPRS VIII/2 Working Group
(http://www2.isprs.org/commissions/comm8/wg2.html) and the International Society of Geospatial Health
(GnosisGIS) (www.gnosisgis.org) actively recruiting other organizations to join. GEOHealth draws on GEO’s
data-sharing principles to promote full and open exchange of data, and on the GEOSS common infrastructure,
to enable interoperability through the adoption of consistent standards. To assist both holders and users of
health information to engage with GEOHealth, an active website would need to be established, containing links
to information resources, activities, GEOHealth documents, meetings, and other resources that are relevant to
the this mandate, including GnosisGIS, ISPRS VIII/2, the American Society of Tropical Medicine and Hygiene
(ASTMH), and other groups interested in this endeavor to commit to the global vision of GEOHealth [26].
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Is it possible to develop a dynamical 3-dimensional (3D) or even 4D (adding the temporal
dimension) models of disease, such as bi-weekly global reports on the major endemic diseases?
We are close to succeeding in this endeavor, facilitated by new satellite systems, big data, climatology
advances, and novel sensors, such as the global precipitation model (GPM), the soil moisture active
passive (SMAP), the Operational Land Imager (OLI), and the Thermal Infrared Sensor (TIRS), which
replaces the Thematic Mapper Plus (ETM+) onboard the Landsat 8 satellite (summarized in Table 1).
In addition, ESA’s Copernicus Sentinel mission includes a range of satellites carrying radar and
multi-spectral imaging instruments for land, ocean, and atmospheric monitoring. Perhaps most
importantly, the sub-meter resolution data now available from the image-focused Worldview 2, 3,
and 4 satellites (https://www.digitalglobe.com/about/our-constellation) can provide community risk
assessments. Adding to this, the elective value-added potential of the low-altitude sensors on drone
airborne vehicles as a source of very high-resolution data collection within a user-set agenda [27,28].

Future NASA satellite missions, such as the Hyperspectral Infrared Imager or HyspIRI (http:
//hyspiri.jpl.nasa.gov/), will provide further enhanced capability to map vector-borne and other
environmentally sensitive diseases, based on global hyperspectral visible and multispectral thermal
data products (5-day, 60 m2 thermal and 19-day, 30 m2 hyperspectral repeat intervals) that will enable
structural and functional classification of ecosystems, and the measurement of key environmental
parameters, such as temperature and soil moisture. A new generation of sensors offer new capabilities,
e.g., the ECOSTRESS instrument added to the International Space Station (ISS) on 29 June, 2018 (http:
//www.nasa.gov/jpl/nasas-ecostress) has started to monitor plant health using surface temperature
measurements (and derived evapotranspiration values) with a 3-day to 5-day diurnal pair coverage,
38 × 57 m spatial resolution at varying times during the day due to the ISS orbit precession [22].
Timely adoption of these data resources in health surveillance and response systems will require close
cooperation between NASA and public health scientists. In addition, very high-resolution satellite
data collected by GeoEye-1, Worldview1-4, Quickbird-2 are available for both historical and current
time periods from Digital Globe (https://www.digitalglobe.com/), a company recently acquired by
Maxar Technologies (https://www.maxar.com/). These advances finally allow seamless mapping
and modelling of diseases, not only at continental scales (1 km2) and local community-agricultural
field scales (15–30 m2), but for the first time, also at the habitat-household scale (<1 m2) within
individual communities.

A geospatial surveillance and response system resource for vector-borne disease in the Americas
is currently being constructed using NASA satellite data, GIS, and ecological niche modelling to
characterize the environmental and socioeconomic suitability, and the potential for the spread of
selected endemic and epizootic vector-borne diseases in the Americas. The initial focus will be on
developing prototype geospatial models on visceral leishmaniasis, an expanding endemic disease in
Latin America, and models for dengue and other emerging Aedes aegypti-borne viruses (dengue, Zika,
chikungunya) that have potential for epizootic spread from Latin America and the Caribbean to North
America. We are planning to use the same resource data and modelling methods for surveillance and
response systems for other vector-borne diseases, including schistosomiasis in the elimination phase.
The GEOHealth concept would be a convenient way for incorporating the results into the interoperable,
open-access standards of the GEOSS. Dissemination and training programs can then be implemented
to promote geospatial mapping and modelling of vector-borne diseases, as envisioned in GEOSS.
Implementation of GEOHealth requires, however, an initial effort to compile, design, and construct
interoperable data structures that are anticipated to be useful for vector-borne disease surveillance
and response systems based on the project investigators’ experience, literature reports and availability.
In this way, all data will be resampled and projected in geographic formats compatible with other
GEOHealth project data parameters, and available in ASCII form needed, e.g., for use in Maxent
(https://www.gbif.org/tool/81279/maxent) [29] or Bayesian (OpenBUGS) mapping and modelling
software. Data portal construction methods would be similar to that reported for a prior Pan American
Health Organization (PAHO) project on mapping and modelling six neglected tropical diseases in
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Latin America and the Caribbean region [30]. To economize on the size of data storage requirements,
data available for multiple years, e.g., the United States Geologic Survey (USGS) Landsat Legacy data
would be acquired and archived in the data portal archive at 5-year intervals (2005, 2010, and 2015)
with a step-by-step tutorial on how investigators can download additional data in the same format.
Investigators would be able to examine data to evaluate usefulness using limited example data, with
instructions on how to obtain similar additional complete data on specific time frames and scales,
as needed from open-source archives linked to specified internet sites, e.g., the USGS Earth Resources
Observation Systems (EROS) Data Center (https://eros.usgs.gov) which was established to study land
change and to produce land change data products used by researchers, resource managers, and policy
makers around the world.

Data from the GEOHealth common resource data portal could then be used to demonstrate
the feasibility of improved disease risk assessment models in prototype surveillance and response
system models, as compared to previously reported models for vector-borne diseases that have a
fundamentally different epidemiology, including schistosomiasis. We aim to develop geospatial
development rate models that can simulate and display temporal progression (e.g., as 8-day snapshots)
of vector–parasite life cycles and geospatial risk, based on comprehensive daily climate re-analysis data,
night and day land surface temperatures (LSTnight, LSTday), the normalized difference vegetation index
(NDVI), the normalized difference moisture index (NDMI), and the normalized difference wetness
index (NDWI) available from the Moderate Resolution Imaging Spectroradiometer (MODIS) on board
the Terra and Aqua satellites The Visible-Infrared Imaging Radiometer Suite (VIIRS) will extend the
MODIS program in the future. These data should used in the context of topography, land use, and
population patterns. A major gap in the past has been environmental moisture data, which can now be
addressed using newly available sensor systems data from SMAP, GPM, GOES-16, and ECOSTRESS
(Table 1).
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4. Mapping and Modelling NTDs in the Americas

Disease and vector occurrence data that are available at the national, state-wide and local
community scale from earlier NTD studies in Brazil [30,31] funded by PAHO served as input for
mapping disease and vector data using climate- and satellite-derived environmental data at the
regional scale (1 km2 spatial resolution), the state-wide scale (15–30–60 m2 spatial resolution) and
individual community scales (sub-meter spatial resolution). High-frequency climate and satellite
sensor data can be made available in near real-time by access to Internet linkages to active program
data. The selection of relevant environmental parameters to include in geospatial models, e.g., for
visceral leishmaniasis, was based on results of regression analysis of disease and vector occurrence
data, with variance inflation factor analysis to eliminate autocorrelation bias, according to the method
of Mischler et al. [30]. Significantly associated Bioclim risk factors were included in Maxent as variables,
and run with known vector and disease occurrence point data to develop probability risk surface maps
that can be generated and incorporated as data layers in ArcGIS 10.6 mapping and modelling software.
The relative contribution of each environmental variable to geospatial risk maps was evaluated by
jackknife statistics, a part of the Maxent software package, to evaluate seasonality and relative risk as
seen in Figure 1, Figure 2, and Figure 3 (from the doctoral thesis by Moara de Santana Martins [31]).

High resolution, biology-based geospatial mapping, and modelling methods can be developed
and implemented by government agencies as the key to more rational, targeted control in surveillance
and response systems for schistosomiasis that can interrupt and reverse the expansion to new endemic
areas. Schistosomiasis in the elimination phase will require more sensitive case-finding diagnostic
methods and satellite surveillance at the habitat–household resolution to pick up diminishing numbers
of cases as control program success progresses. Sustained continuing surveillance programs are then
required to prevent re-emergence.

Figure 1. (A) Maxent-generated ecological niche model for predicting suitability for visceral
leishmaniasis in Brazil based on the national surveillance program incidence data and Bioclim variables.
(B) The accuracy of the model (0.838) was evaluated using Maxent by the area under the curve (AUC)
of the receiver operating characteristic (ROC).
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Figure 2. Maxent-predicted suitability for sand fly species of medical importance collected in Bahia
state, Brazil. The output maps for the distribution of species incriminated as vectors of parasites that
cause cutaneous leishmaniasis (A,B,D) and visceral leishmaniasis (C) were based on MODIS vegetation
indices and Bioclim variables. Red areas indicate a higher suitability for vector occurrence.

Figure 3. Maxent predicted the suitability for Lutzomyia longipalpis in Monte Gordo community-based
on CDC trap data points and sub-meter spatial resolution WorldView2 imagery. The administrative
boundaries of the municipality and districts (red lines) of Camacari, Bahia, Brazil are shown in the
left panel. The predicted suitability of Lutzomyia longipalpis in Monte Gordo district is shown in
the right panel based on CDC trap data and three vegetation indices derived from WorldView2
imagery, normalized difference vegetation index (NDVI), normalized difference soil index (NDSI),
and normalized difference water index (NDWI). The inset box shows the model output and CDC trap
locations. Highly suitable areas for the vector are shown in red.
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5. Schistosomiasis

Of all the vector-borne diseases, schistosomiasis was the topic of pioneer GIS studies done by Cross
et al. [32], using the Landsat MSS (https://lta.cr.usgs.gov/MSS) satellite data and rainfall–temperature
weather variables for geospatial risk assessment in the Philippines. Other early work was done as
part of the Schistosomiasis Research Project (SRP) in Egypt, funded by the United States Agency
for International Development (USAID), which showed that the Advanced very-high-resolution
radiometer (AVHRR) temperature difference (dT) imagery could be used to map the risk of
schistosomiasis in the Nile Delta [33], and that this was associated with the effect of the local
hydrologic regime and shallow water table on the snail host–schistosome development cycle [34]. This
work showed how well the GIS could address the classic concept of the ‘landscape epidemiology’,
and Pavlovskii’s ‘essential nidality of disease’ concept [16] by virtue of its potential to match the
relative suitability of various environments to the parasite life cycle and the transmission dynamics of
host–parasite systems [35]. A more modern aspect is the attempt to predict the potential for future
areas becoming endemic for schistosomiasis, due to the spread of the intermediate snail host, due to
climate change [36].

5.1. Africa

With the African continent carrying the main burden off schistosomiasis by far, key countries
in sub-Saharan Africa were selected for implementation of the ‘Schistosomiasis Control Initiative’
(SCI) (http://wwwsci-ntds.org), now the major control program in Africa. Basically a programme
for the distribution of praziquantel, SCI, which applied GIS and RS to collect and record the
cross-sectional national surveys on the distribution and intensity of schistosomiasis at the regional
scale that were eventually used to guide optimal treatment strategies [37]. In this way, geospatial
technology became linked to spatial information on climate, elevation, proximity to streams and
water bodies activating innovative Bayesian geostatistical prediction models. Another activity
was the Contrast project—a multi-disciplinary, 4-year alliance to optimize schistosomiasis control
and transmission surveillance—that complemented the CSI by introducing an interactive agenda
operating simultaneously at the molecular, biological, spatial, and social levels to identify risk factors
governing the frequency and transmission dynamics of schistosomiasis [38]. The overall approach
emphasized detailed knowledge of the distribution and abundance of snail hosts, bringing together
existing information into a single database in an open-source Google Earth platform with Internet
connection [39].

The accumulated experience on the transmission control of the Contrast program, facilitated
by geospatial methods, contributed to the shift from an exclusive focus on morbidity control, to the
adoption of the schistosomiasis elimination agenda in low-transmission countries [40]. In May 2012,
the World Health Assembly passed a resolution calling upon member states to intensify schistosomiasis
control and to initiate interventions towards local elimination [41]. This resulted in a focus on what
was to be called the NTDs, and marked the start of a new era in the ambitious goal of elimination
of schistosomiasis as a public health problem. The emergence of GIS, and access to Earth-observing
satellite data as major tools in schistosomiasis research, and their integration into control strategies,
has been excellently reviewed from the African scene by Mayangadze [42].

5.2. China and Southeast Asia

The International Symposium on Schistosomiasis, held in Shanghai, China [43] marked the
beginning of geospatial tools for schistosomiasis control there. Using the NDVI, Land Surface
Temperature (LST) and the Digital Elevation Model (DEM) extracted from MODIS and the Advanced
Spaceborne Thermal Emission and Reflection Radiometer (ASTER) sensors onboard the Terra satellite,
Zhu et al. [44] found that an ecological niche model integrated with NDVI, LST, elevation, slope,
and distance from every village to its nearest stream could adequately predict snail habitats in the
mountainous regions.
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Even if snails can survive dry periods, water is the guarantee for their long-term survival and
reproduction. The focus on snail habitats made GIS and RS necessary tools for the identification of land
use, water bodies, vegetation, temperature, humidity LST, and vegetation and water indices [45]. These
tools, including spatial statistics, are exceptionally useful for extracting and handling environmental
data [46–49], and emphasized the importance of detailed updated information with wide geographical
coverage. They further highlighted the advantages of RS technology over manual snail documentation,
while Wang et al. [49] reported that a simple combination of the two indexes, normalized difference
wetness index (NDWI) and normalized difference vegetation index (NDVI), made it possible to directly
estimate the snail habitats quantitatively. This type of information should be useful for areas endemic
for schistosomiasis japonica outside China, such as The Philippines and strongly limited endemic
areas, such as those in the Sulawesi Island of Indonesia, where the exact borders of endemicity are
difficult to settle. This could also be of value in the areas endemic for S. mekongi in Cambodia and Laos.

Schistosomiasis has a long history in The Philippines, with the disease ensconced in more than half
of the country’s 78 provinces. Apart from the paper by Cross et al. [32], referred to above, relatively few
papers on geospatial technology have appeared in the Philippines. Malone et al. [50], focusing on the
implementation of a geospatial health infrastructure in Southeast Asia for the control of schistosomiasis,
pointed out that health workers have not rapidly taken advantage of the widely available, low-cost
spatial data resources for epidemiological modelling. Although the situation has since improved in
China, the use of geospatial tools in The Philippines is still at the build-up stage [51,52].

5.3. Latin America

Adoption of geospatial approaches to schistosomiasis control in Latin America emerged in
a similar timeframe as that in Africa and Asia. Analysis of the role of environmental factors for
prevalence in representative Brazilian municipalities in a GIS shows that the population density and
the duration of the annual dry period are the most significant determinants [53]. A follow-up study
has given additional data on the temperature difference, and NDVI collected by the satellite-borne
AVHRR sensor that was used for a GIS environmental risk assessment model for schistosomiasis in
Brazil [54]. Joining the consensus in Brazil on the potential value of geospatial methods, Gazzinelli
and Kloos [55] promoted use of spatial tools, while Guimarães et al. [56,57] reported the successful
use of social, meteorological, and RS-derived digital elevation and NDVI data to delimit the risk for
schistosomiasis at the municipality level in the state of Minas Gerais.

A special issue of Geospatial Health, published in 2012, was devoted to geospatial applications
for NTDs, including schistosomiasis, in South America and the Caribbean [58]. Of particular interest
for the Brazilian distribution of schistosomiasis is the presence of two compatible snail host species:
Biomphalaria glabrata, and B. straminea and that competitive selection makes B. glabrata dominate in
irrigation systems, while B. straminea is more common in natural water sources [38,59]. Given the
importance of socioeconomic and environmental risk factors in the persistence of transmission of
NTDs, geospatial mapping and modelling was recognized early on, to be useful for the prediction of
the distribution, and the prevalence of these diseases, and to identify areas where hotspots or disease
overlap occurs. Significantly, the potential influence of climate change was often considered [16,35,60].

6. Healthy Futures

Concerns about the potential effects of impending climate change on vector-borne diseases was
the focus of a major project funded in 2010–2014 by the European Commission’s 7th Framework
(FP7)—Healthy Futures. The aim of his project was to contribute to reducing the future burden of
three, water-related high-impact vector-borne diseases (VBD) in Africa—malaria, schistosomiasis, and
rift valley fever (RVF). The project consortium comprised an inter-disciplinary group of climatologists,
disease modellers, and experts in the environmental, health, and socio-economic sciences, together
with staff in government health ministries in the East African Community (EAC).
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A total of 15 institutions made up the consortium, located in 10 different countries, five African
(Rwanda, Kenya, Uganda, Tanzania, South Africa) and five European (Ireland, Sweden, Austria,
Italy, UK). VBD’s were expected to be sensitive to changes in environmental conditions, such as
increased ambient temperature or changes in the timing and levels of rainfall associated with climate
change. Dynamical simulation models were developed for each of the three targeted diseases based
on data generated by the MODIS and the Tropical Rainfall Measuring Mission (TRMM) sensors. The
climate surrogate data gathered covered the EAC at 1-km resolution at Earth surface. Model output
risk maps were produced using ArcGIS software (http://www.esri.com/software/arcgis) based on
current climate data and long-term climate change projections, as proposed by the Intergovernmental
Panel on Climate Change (IPCC) in 2013. Predicted changes in the distribution and transmission
patterns for malaria [61,62] schistosomiasis [63]), and RVF [64] were represented as maps covering
the EAC, and decision support frameworks were developed for use by the scientific community and
stakeholders in the EAC.

Notably, an integrated, open-source Atlas based on the key results of the Healthy Futures project
was produced [65]. This online resource provides information on past, present, and future conditions
of the risk for malaria, schistosomiasis, and RVF and allows the exploration and visualization of results
through web-based interactive tools. The Atlas embodies a guided access to information on climate
change, the potentiality of disease occurrence, and population vulnerability, with respect to these three
diseases in the EAC region through direct access to downloadable datasets and metadata integrated in
the Healthy Futures Metadata Portal. Current available information can be directly accessed through
the Healthy Futures website (http://www.healthyfutures.eu).

Information can be queried based on three prime selection criteria: (i) the infectious diseases
targeted; (ii) time, allowing for comparisons of current conditions with a range of future projections,
while allowing access to information on historic outbreaks; and (iii) different components of risk.
Future climate change projections based on two representative concentration pathways (RCPs)
emission scenarios RCP4.5 (mid-level change) and RCP8.5 (high-level change) for each decade to 2100
throughout the EAC study area can thus be made available. Relative values of social vulnerability are
mapped based on a range of indicators, such as susceptibility to disease (e.g., immunity, malnutrition,
poverty, conflict, remoteness) and lack of resilience (e.g., education level, access to health facilities,
number of dependents), while social and susceptibility indicators are weighted and combined in
the form of a composite map indicator of geospatial risk [66]. The original Metadata Portal is
hosted by the International Livestock Research Institute in Nairobi (ILRI). The metadata platform
software used is freely available from ESRI (http://www.esri.com/software/arcgis/geoportal).
The Portal uses the CSW (Catalogue Service for the Web) standard of the Open Geospatial Consortium
(OGC) (http://www.opengeospatial.org), which makes it interoperable with other metadata portals
and programs.

If successfully adopted and further developed, the Atlas will be among the first of its kind in
geospatial health research to offer public health practitioners, scientists, and stakeholders a tool
to enable the identification of likely VBD hotspots under different climate change scenarios at
policy-relevant time-intervals over the coming century. Twelve articles emanating from the Healthy
Futures ’Remote Sensing of Environment project’ were published in a special issue of Geospatial
Health (http://www.geospatialhealth.net) in 2016. The emergence of GIS and Earth-observing satellite
data as a major tool in schistosomiasis research, and their integration into real-world control strategies
has been acknowledged by a large number of research teams.

7. Future Potential

The NASA GEOSS program is currently divided geographically into an AfriGEOSS and
AmeriGEOSS data resource effort, with the potential to add other defined regions, and it is these
continental databases that will be used to develop GEOHealth applications, consistent with the NASA
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societal benefit area of public health. The members of the GEOHealth CoP (www.geohealthcop.org/)
aim to both use and contribute GEOSS interoperable resource databases.

The results of the Healthy Futures project provide an excellent candidate for developing
public health applications within the AfriGEOSS program. The current NASA project ’GeoHealth:
A Surveillance and Response System Resource for Vector Borne Disease in the Americas’ aims to
contribute interoperable resource data and methods that are essential for vector-borne disease mapping
and modelling in the Western Hemisphere, as part of the AmeriGEOSS program. Other data from
Health and Air Quality Applications of the Applied Sciences program offer broader potential geospatial
resources [66]. Global health databases, e.g., on schistosomiasis [38] and on sand flies [6] are emerging,
that can be accessed for relevant health data to develop mapping and modelling applications, along
with the addition of data from the existing literature, and results of new research projects in the future.

The virtual globe concept is not new, but the essential idea is now coming into its own. Many and
various efforts in this direction have been made over the last 10–15 years. However, the field did not
take off until user-friendly applications started to appear [67]. Intuitive technologies, such as Google
Earth, enable scientists around the world to share data in a readily understandable fashion without the
need for much technical assistance. In 2008, Elvidge and Tuttle felt that three-dimensional software
modelling of the Earth leading to virtual globes would revolutionize Earth observation, data access,
and integration [68]. Stensgaard et al. [38] and Yang et al. [18] used Google Earth for the management
and control of vector-borne diseases, including schistosomiasis. The authors of this paper believe that
the use of this approach can lead to a better understanding of the epidemiology and ecology of the
neglected tropical diseases, including schistosomiasis, and other environmentally sensitive infectious
diseases in the multidimensional environments in which they occur.

8. Conclusions

Currently available global geospatial data are underutilized by medical researchers. This may be
due to the lack of the ability to bridge barriers to awareness, prioritization, or training deficits, which
are needed for the interdisciplinary interaction of medical scientists with environmental scientists.
The development of a GEOHealth platform would facilitate and encourage research to utilize and
implement currently available geospatial analysis tools and new global data systems in surveillance
and response systems for vector-borne diseases.

Recently launched earth-observing satellite systems provide new opportunities to improve
existing geospatial risk models that have already been effectively used to guide control programs
for both filariasis [69] and soil transmitted helminths (STH) [70]. In particular, higher-resolution
environmental analysis and the ability to evaluate life cycle drivers, as well as limiting moisture factors
by new sensors such as SMAP and ECOSTRESS, are very promising tools for ecological niche modeling.

What is needed is an open-source, inter-operable platform that is freely accessible by the global
health community to link public health workers with the most current potential earth observation
resources from the geospatial sciences community. We propose that geospatial data resources from
NASA and other national space agencies can be organized through a GEOSS virtual globe to make this
possible. The vision, organization, and structure of the GEOHealth network is offered as a framework
for initial effort as a vehicle for translational research, dissemination, and implementation in national
public health systems in collaboration with GEO.

Given the strong progress on schistosomiasis elimination in several countries, China in particular,
and the strong follow-up of the pioneer RS and GIS studies centered on this disease, it might well be
used as model for the development and application of the new generation of space-based tools for
NTD elimination.
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Abstract: The stumbling block for the continued, single-drug use of praziquantel (PZQ) against
schistosomiasis is less justified by the risk of drug resistance than by the fact that this drug is
inactive against juvenile parasites, which will mature and start egg production after chemotherapy.
Artemisinin derivatives, currently used against malaria in the form of artemisinin-based combination
therapy (ACT), provide an opportunity as these drugs are not only active against malaria plasmodia,
but surprisingly also against juvenile schistosomes. An artemisinin/PZQ combination would be
complementary, and potentially additive, as it would kill two schistosome life cycle stages and thus
confer a transmission-blocking modality to current chemotherapy. We focus here on single versus
combined regimens in endemic settings. Although the risk of artemisinin resistance, already emerging
with respect to malaria therapy in Southeast Asia, prevents use in countries where ACT is needed
for malaria care, an artemisinin-enforced praziquantel treatment (APT) should be acceptable in
regions of North Africa (including Egypt), the Middle East, China, and Brazil that are not endemic for
malaria. Thanks to recent progress with respect to high-resolution diagnostics, based on circulating
schistosome antigens in humans and molecular approaches for snail surveys, it should be possible to
keep areas scheduled for schistosomiasis elimination under surveillance, bringing rapid response to
bear on problems arising. The next steps would be to investigate where and for how long APT should
be applied to make a lasting impact. A large-scale field trial in an area with modest transmission
should tell how apt this approach is.

Keywords: schistosomiasis; elimination; praziquantel; artemether; combination therapy

1. Background

The World Health Organization (WHO) includes schistosomiasis among the neglected tropical
diseases (NTDs) and has selected it for elimination [1]; this may be premature as there is still
a large discrepancy between the number of people requiring preventive chemotherapy (PCT) and
those presently receiving it [2]. The disease is caused by trematode parasites with a predilection
for abdominal capillary veins in the mammalian definitive host. Various freshwater snails act
as intermediate hosts for the six different species capable of infecting humans. Out of these,
Schistosoma mansoni, S. haematobium, and S. japonicum together cause almost all cases of schistosomiasis,
which amounts to about 240 million infected and 700 million at risk worldwide [3]. The prevalence
is often focal with high transmission in some spots and none in others and the lesions caused,
intestinal or urogenital depending on the species of the parasite, tend to be chronic rather than
acute. The attributes of infection include poor sanitation, proximity to water bodies, type and extent

Trop. Med. Infect. Dis. 2018, 3, 125; doi:10.3390/tropicalmed3040125 www.mdpi.com/journal/tropicalmed279



Trop. Med. Infect. Dis. 2018, 3, 125

of water contact, snail population density, as well as age and gender of the human population in the
endemic areas. For example, the prevalence and intensity of infection are significantly higher in males
and in school-age children [2,4,5]. Theoretically, successful schistosomiasis control should be possible
through a multidisciplinary approach focusing on chemotherapy, snail control, provision of water,
sanitation, and hygiene (WASH) as well as behavioural change [6,7]. Nevertheless, elimination will
be difficult to achieve in practice, and very few endemic countries have been entirely successful in
controlling the disease. Interestingly, Japan managed to eradicate the infection (in 1977), mainly thanks
to snail control based on environmental management, as described by Tanaka and Tsuji [2,4,5].

The cornerstone strategy for schistosomiasis control was for a long time directed at its
snail intermediate host using broad-spectrum molluscicides. However, when praziquantel (PZQ)
was introduced [8] and soon afterwards used for mass drug administration (MDA), it not only
replaced other drugs thanks to safety, high efficacy and easy administration [9–11] but effectively
became the only approach. This modality also changed the focus from snail control and infection
prevention to morbidity reduction, reflected in a declining disability-adjusted life years (DALY) metric
for schistosomiasis [12,13].

In China, Chairman Mao Zedong, not only instigated the National Schistosomiasis Control
Programme [14] but also took an interest in malaria. The launch of the malaria research programme
(under code name 523) in 1967 focused on herbs used in traditional Chinese medicine. Working in
this programme, Youyou Tu, soon identified the ingredient artemisinin (qinghaosu) in extracts from
wormwood (Artemisia annua) as a powerful antimalarial [15,16]. Qinghaosu has been used in China for
more than 2,000 years for the treatment of fevers, and the story of how it was discovered has eloquently
been told by Faurant [17] and Miller [18]. Already in 1971, Chinese chemists isolated the active lactone
with its peroxide grouping [19]. However, this knowledge did not reach the West until the late 1970s
when it was mentioned in a Welcome News Supplement [20]. Youyou Tu’s own remarks [15] at the
Fourth Meeting of the WHO Scientific Working Group on the Chemotherapy of Malaria, held in Beijing
1981, provided further details of the new drug. The landmark work carried out under her direction [21]
constituted a break-through for malaria therapy and led to the development of artemisinin-based
combination therapy (ACT) that has since revolutionized the care of malaria patients [22] eventually
leading to Youyou Tu being awarded the Nobel prize in Medicine for 2015, together with Campbell
and Ōmura for ivermectin [23,24]. However, the story does not end there since, amazingly, it was
found that the artemisinin do not only affect the malaria parasites, but are also active against juvenile
schistosomes, which was first shown by Chen et al. [25] at the end of the golden decade of antiparasitic
drug discovery in the 1970s. In fact, this discovery predates that of scholarly articles on qinghaosu’s
use against malaria, which remains its main application.

2. Pharmacological Aspects

Single-celled malaria plasmodia and schistosome worms are phylogenetically very distant
from each other, and one might think that the damage caused by the artemisinins to both these
organisms would be due to different principles. However, there are reasons to believe otherwise,
considering that both parasites feed by the digestion of haemoglobin in host erythrocytes, leading to
a surplus of haeme (protoporphyrin-IX with a ferric ion at its centre) or haemin (ferriprotoporphyrin-IX
characterized by an extra chloride ion bound to the ferric ion), both of which produce destructive
hydroxyl radicals capable of provoking the alkylation of parasite proteins [26]. Faced with this
threat, both parasites detoxify these compounds by crystallizing them into the inert polymer
haemozoin (ferriprotoporphyrin-IX) that is found in quantity, both in Plasmodium [27] and adult
schistosomes [28]. It seems that haeme and haemin are implicated in the destruction of Plasmodium and
Schistosoma due to interference with the formation of hemozoin. Various drugs besides artemisinins
(e.g., trioxalanes [29–31], trioxaquines [32], and ozonides [33,34]) are also capable to form alkylates
with free haeme and haemin and use them for further alkylation, this time between parasite proteins.
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Indeed, this seems to be an example of independent parallel evolution making chemical pathways
available when needed, thus appearing de novo without connection to previous genetic information.

2.1. The Artemisinins

The active principle in qinghaosu is a lactol endoperoxide, which was used to produce artemether
(ART) and artesunate, two semisynthetic artemisinin derivatives which become active after being
metabolised in the blood into dihydro-artemisinin [35]. The current working hypothesis is that this
drug acts through haeme-dependent reduction to sequentially generate free radicals: the haeme iron
first attacks and breaks the endoperoxide linkage to artemisinin, producing an oxygen-free radical,
which is then rearranged to produce a carbon-free radical that causes lethal damage through the
alkylation of parasite proteins [36]. Work by Xiao et al. [31,37–39] and Chaturvedi et al. [36], further
developed and summarized by Xiao and Sun [26], indicates that the same pathway is followed with
respect to Schistosoma. Antioxidant enzymes systems available in adult worms, but not common in
immature ones, can prevent this effect. However, to be effective, the drug needs to be ingested by
the parasite, enabling the interaction with haemin or haeme causing damage to the worm gut by
generating one or many substances toxic to these worms in amounts overwhelming the pathway
leading to the hemozoin. The fact that the gut suffers particularly severe damage after ART treatment
supports this chain of events [37]. A disadvantage of the artemisinin derivatives is their short in vivo
half-life, typically ~2 h in humans [40].

2.2. Praziquantel

In spite of being used for 40 years, and most of that time in the form of MDA, the exact
molecular mechanism of PZQ remains unknown. However, the drug has no effect on the enzymes
discussed above but relies on a rapid influx of Ca2+ into the worm (interestingly, immature forms
are refractory), leading to intense muscular paralysis together with damage to the tegument [41,42].
How this disruption is linked to the original binding of the drug is still unknown, but it is thought
that the exposure of parasite surface antigens leads to recognition and parasite clearance through
immunological means, something which may indirectly account for the difference in sensitivity
between juvenile and mature stages [43]. Although the receptor is not known, it has been shown that
PZQ disrupts ion transport and recent experimental evidence indicates that transient potential (TRP)
channels are targeted by the drug; this could result in the increased permeability of adult schistosome
cell membranes towards calcium ions [44].

2.3. Combination Treatment

With artemisinins active against immature schistosome worms [25,45,46] and PZQ primarily
targeting adults [47,48], the combination of PZQ and ART presents a chemotherapeutic perfect
storm against this parasite as shown in Figure 1, where the y-axle shows the cidal effect expressed
as percentage of killed parasites in the experimental animals used. Although small susceptibility
variations with respect to parasite age can be seen between the species, there is also a short period
coinciding with a larval age between 4 and 5 weeks when all three species are partially refractory
against both ART and PZQ. However, the main difference between the two drugs is that the former is
predominantly active against juvenile stages and the latter against adult stages. In addition, although
PZQ shows a similar activity against S. haematobium and S. japonicum worms, there is quite a different
picture when given to S. mansoni, as it obviously also has some activity against juvenile stages.

S. mansoni reactions to ART according to experiments by Xiao et al. [46] and to PZQ by Gönnert
and Andrews [48], were confirmed by Sabah et al. [47]; S. japonicum to ART by Xiao et al. [39]
and to PZQ by Xiao et al. [49], were confirmed by Wu et al. [50]; and S. haematobium to PZQ by
Botros et al. [51]. Note that S. haematobium reactions to ART represent indirect information on parasite
susceptibility based on tegumental damage [52,53] and cannot therefore be directly compared with
other measurements presented in this figure.
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Figure 1. Activity of artemether and praziquantel in relation to different stages of maturity in all three
main schistosome species. (A) S. mansoni; (B) S. japonicum; (C) S. haematobium.
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3. Drug Resistance

3.1. Artemether

Resistance to artemisinins in malaria parasites, defined as a slower rate of parasite clearance in
patients under treatment, has emerged in Southeast Asia’s Mekong region [54]. The parasites are
thought to mount a defensive stress response, and recent evidence suggests that this response in certain
mutants is enhanced, thus promoting parasite survival leading to drug resistance [55]. These authors
have shown that the enhanced cellular defence response that underlies resistance development enables
very early ring stages to withstand drug exposure for longer. However, in this case, the intrinsic
sensitivity to artemisinin is retained [55], which is an encouraging sign that might also play a role in
schistosomiasis therapy in due course, although there is as of yet no knowledge about this. On the
other hand, drug resistance may still appear in the longer perspective, and might well do so if the drug
were to be incorporated in widespread control schemes. It should also be said that the determination
of whether or not resistance has developed is not straightforward when the drugs are used against
schistosomiasis as the parasites are localized in abdominal veins, that is, in areas where they cannot be
directly observed.

A major problem preventing the use of ART for schistosomiasis control is the increased risk for
the spread of drug resistance against malaria. This is very clearly a big risk, and the use of the drug
against schistosomiasis should be restricted to areas outside those where there is any trace of malaria
transmission. As can be seen in Figure 2, there are such areas—in China, Brazil, Mediterranean Africa
including Egypt, and the Middle East—where a combination treatment would be particularly useful at
the elimination stage.

Figure 2. Areas where artemisinin derivates can be used for transmission interruption
of schistosomiasis.

3.2. Praziquantel

Drug resistance, to be expected after long-term use of repeated, extensive application, is a clear
risk, but evidence with respect to PZQ remains scant. However, if it were to emerge, current efforts to
eliminate schistosomiasis would be severely challenged requiring alternative and/or complementary
drugs [56,57]. Ominously, drug resistance against PZQ has been generated in the laboratory following
treatments of S. mansoni strains with subcurative drug doses [58–61], proving that it cannot be ruled
out. Furthermore, resistant S. mansoni isolates have been reported from various African sites (Egypt
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and Kenya in particular [62–64]), while several cases of failed parasite clearance following a standard
treatment for S. haematobium infections in Africa have also been shown [65–67]. In China, the emergence
of drug resistance has also been experimentally produced [68,69], including reports of resistant S.
japonicum isolates [70]. Based on the evidence referred to above, it can be concluded that drug resistance
in the field is a clear possibility and it is just a question of how fast it will spread once established.

Even if the influx of calcium ions into the worm after exposure to PZQ is regularly observed,
the molecular mechanism of PZQ’s mode of action is not fully unravelled. The lack of widespread
resistance after long-term use may be due to the presence of multiple pharmacologically relevant
targets, and Thomas and Timson [71] suggest that PZQ may act, at least in part, on a protein–protein
interaction and that altered drug metabolism or enhanced drug efflux are the most likely ways
resistance may arise. Additionally, laboratory tests to identify resistance to PZQ have demonstrated
a specific region in the parasite genome which might be responsible for reduced drug susceptibility [72].

4. Trials and Community-based Studies

Although annual or biennial MDA with PZQ controls schistosomiasis morbidity well, even in
high-transmission areas, it does not generally achieve any significant reduction in transmission [73].
ART, on the other hand, has been shown to do so in several randomized control studies [74–78],
at least during the limited time covered by the studies. With regard to single-drug trials using
artemether, Utzinger et al. [79] investigated the use of ART for prevention of S. mansoni infection using
a randomized, double-blind, placebo-controlled trial in Côte d’Ivoire, demonstrating that ART resulted
in a significantly lower incidence of infection (24% versus 48.6%, relative risk: 0.50 [95% CI 0.35–0.71],
p = 0.00006), translating into a 50% risk reduction. A follow-up study on the application of ART
against S. haematobium in the same country found similar results, although the protective efficacy was
considerably lower [78]. A few studies more similar to interventions have been carried out. In Nigeria,
for example, PZQ combined with artesunate was used for the treatment of urinary schistosomiasis in
312 randomly selected schoolchildren, reaching a cure rate of 89%, something statistically significant.
Two groups, given either monotherapy with PZQ and artesunate to compare, showed a 73% and 71%
cure, respectively, demonstrating that the use of combination treatment is both safe and more effective
than treatment with either drug alone [76].

Results of a systematic reviews and meta-analysis of a large number of clinical trials have
demonstrated the superior performance of the combined drug regimens versus single-drug application,
as shown by Wu et al. [45], Liu et al. [35] and Perez del Villar et al. [80]. The first two reviews concerned
S. japonicum infections only, out of which the former reports ten randomized controlled trials with
participants ranging from 318 to 5098; four were multi-centre studies, and six were carried out at
single centres. Artemisinin compounds (artesunate or ART) had few side effects and were found to be
effective at 7-day and 15-day intervals (preferentially when used at 15-day intervals) for preventing
infection during short-term exposures, such as during flooding relief work [45]. Liu et al. [35] state that
protection was considerably higher when using combination therapy (84–97%), while it was only 52%
with monotherapy (PZQ at 40 mg/Kg), while increasing the dosage to 60 or 100 mg/Kg resulted in
a protection rate up to 91%. Interestingly, the protection rate of artemisinin derivates alone exceeded
that of PZQ alone with protection rates reaching 97%, the highest rates achieved when the number
of doses (3–8) were increased and the interval between them shortened from 1 month to 1 week.
Confirming these results, not only for S. japonicum but also for S. haematobium and S. mansoni, Perez del
Villar et al. [80] also reported better results with combination therapy than that achieved using either
drug alone. In addition, the reviews convey the impression that ART, rather than artesunate, is the
preferable choice when combined with PZQ.

In Egypt, good PZQ coverage has resulted in a substantial drop of infection intensities in most
endemic settings [81–83]. However, despite a regular distribution of PZQ since almost 20 years,
transmission continues at an appreciable and unacceptable level in many foci, especially in the
Nile Delta. The experience in Kafer El-Sheikh Governorate, located close to the end of the Rosetta
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branch of the Nile River in the northern part of the Delta, is one of the hotspot areas with regard to
transmission that clearly reflects the failure of controlling schistosomiasis with PZQ alone. As shown
by Barakat et al. [81,82] and Haggag et al. [84], the prevalence and intensity of infection in children
newly enrolled in primary schools remain almost unaffected [75]. In addition, premature interruption
of MDA programmes due to the insensitivity of routinely used diagnostic tests often result in the
re-emergence of infection in the span of a few years with concern that the prevalence and intensity of
infection might again bounce back to higher levels.

Our own field experience in Kafer El-Sheikh Governorate have clearly demonstrated the
remarkably positive effect of giving ART and PZQ in combination [74]. We conducted a double-blind,
randomized controlled trial with 913 children, in which two groups (experimental and controls)
received 40 mg/kg body weight of PZQ twice, four weeks apart at baseline. Afterwards,
the experimental group received 6 mg/kg body weight of ART every 3 weeks in 5 cycles during
the transmission season, and the control group received a placebo. At the end of the study, prevalence
of infection in the group receiving ART was approximately half that of the placebo group: 6.7% versus
11.6%, and incidence of new infection for the ART group was 2.7% versus 6.5% for the placebo group,
i.e., a clearly significant risk reduction. What was unique about this study is that we treated the patent
infection with two doses of PZQ 4 weeks apart, 40 mg/Kg each to maximize the cure rate, thereby
achieving the aim to evaluate the prophylactic effect of ART alone. It should be added that five annual
rounds of PZQ treatment with a coverage rate above 90% in the same area was shown to have reduced
the incidence from 29% to 12 %, while the incidence dropped from approximately 19% in 2000 to 12%
in 2001 [85]. Another study including 2382 individuals of both sexes and all ages in five high-risk
Nile Delta villages in Kafer El-Sheikh showed an overall prevalence of schistosomiasis of 29% with
a generally low intensity of infection. Although this result was deemed positive compared to the
situation before MDA using PZQ was implemented, the outcome was tempered by the insight that
transmission remained largely uninterrupted after long-term uninterrupted control activities [75].
To ensure better cure rates in this area, prevent rapid re-infection, and avoid the potential development
of drug resistance, the use of ART/PZQ combinations should be instituted.

5. Discussion

Treatment failure can be due to drug resistance against PZQ, but it can also be due to
a lack of therapeutic efficacy of the drug with respect to juvenile trematode flukes as shown by
Doenhoff et al. [86]. In this connection, it should also be considered that PZQ, though it has
a strong curative effect, never reaches 100% efficacy. These facts together reveal that this drug is
not transmission-blocking, making the goal of elimination of schistosomiasis illusory if not combined
with other drugs or tools, such as snail control, health education, water, sanitation, and hygiene
(WASH). Overall, complementing PZQ with ART would not only target all stages of the parasite,
from its penetration into the host (when PZQ has an ultra-short activity to the organism covering only
a few hours) over its first weeks of growth to the adult stage. Importantly, by targeting the stages
before egg production has started, the artemisinin derivates are truly a transmission-blocking drugs.
In addition, its already high efficacy can be raised to almost 100% by using several doses provided on
a weekly basis [46]; however, this approach would not be realistic in practise. This is of course only
acceptable for short periods, when prevention is needed for which it has successfully been applied in
flooding interventions in China [35,45]. Prolonged treatment periods have not been tried.

The successful outcome of 40 years of schistosomiasis chemotherapy using PZQ, most of this
time in the form of MDA is of a magnitude relieving morbidity and suffering of millions of people.
This accomplishment has led to thoughts of worldwide elimination of the disease in the next decade,
though others feel that it might take longer [87]. The stumbling block is that PZQ does not block
transmission. This can, however, be achieved by conferring a transmission-blocking modality to
current chemotherapy through the addition of artemisinin derivatives that act before the infection
results in adult worms capable of producing eggs. However, due to the risk of drug resistance,
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which is already emerging in Southeast Asia, APT cannot be recommended in areas where ACT
is needed for malaria care. On the other hand, China, Mediterranean Africa, and also large areas
elsewhere where schistosomiasis and malaria do not overlap are also locations where the elimination
of schistosomiasis would have the best chance of rapid success. As side effects of an ART treatment are
mild or non-existent, we propose a precision treatment approach, involving repeated ART treatments
(monthly or bimonthly) backed up with PZQ biannually until elimination has been achieved. However,
the elimination of schistosomiasis from sub-Saharan Africa cannot depend on artemisinin derivates,
due to the need to reserve these drugs for malaria treatment; it will therefore require more complicated,
long-term schemes, preferably including a vaccine. It is encouraging that, thanks to high-resolution
diagnostics, both for humans [88] and snails [89], it should be possible to keep areas scheduled for
elimination under surveillance so that rapid response can be raised whenever needed [90].

Thanks to donors supporting purchase and distribution of PZQ (e.g., the Schistosomiasis Control
Initiative working in Africa (http://www.imperial.ac.uk/schistosomiasis-control-initiative), the drug
been made available free of charge in all large endemic areas. However, as pointed above, there is
still a shortfall with respect to PZQ [2]. The addition of ART would raise the cost further but before
requesting the extra funds, more convincing data is required. Although the field trials mentioned here
support combination therapy, testing in conjunction with more sensitive and quantitative diagnostic
tools will be needed to take us closer to the goal of applying ART/PZQ therapy for schistosomiasis
elimination in non-malarious areas. Indeed, such diagnostic assays [91–93] have already shown that
the extent of schistosome infection has been greatly underestimated, due to the diagnostic deficit of
stool examination and urine filtration which are still commonly used in the endemic areas [94].

6. Conclusions

The obvious problem with PZQ is that it does not block transmission. Snail control has been tried
with questionable results since the snails hosts of S. mansoni and S. haematobium are non-amphibious
and can survive long dry periods. The outcome in China has been better, although not completely
successful there either, since the intermediate snail host of S. japonicum is amphibious and therefore
slightly easier to control. Other underlying factors favouring transmission are ecological conditions,
poor sanitation, and the high intensity of unprotected water contact. Under such circumstances,
additional control measures need to be adopted. One of these measures would be to change the current
MDA strategy to include a combination of PZQ and ART in certain areas based on the rationale that
it would confer a transmission-blocking modality to current chemotherapy. thereby ensuring higher
cure rates, reducing (possibly even preventing) transmission and rapid re-infection, and avoiding
a potential development of resistance to either drug.

The spatiotemporal risk for reinfection dominates in endemic areas, which in principle would
require keeping people on constant chemotherapy, at least for a period of time. Although this is
not a realistic approach, a strategy consisting of PZQ provided at 6-month intervals together with
a monthly ART treatment might be the recipe for not only achieving elimination, but in fact also
making local eradication possible. It remains to be investigated how long APT regimens should last
and how realistic this approach would be.
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