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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.
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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

Trop. Med. Infect. Dis. 2018, 3, 86; doi:10.3390/tropicalmed3030086 www.mdpi.com/journal/tropicalmed213



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

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

220



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

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.
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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.
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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
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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

256



Trop. Med. Infect. Dis. 2018, 3, 68

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.

270



Trop. Med. Infect. Dis. 2019, 4, 15

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
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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.

280



Trop. Med. Infect. Dis. 2018, 3, 125

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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