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The Lifecycle
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Distribution
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Schistosomiasis – The Numbers

750 million exposed to infection in 74 endemic countries, 200 million infected  

20 million with serious morbidity, ~280,000 deaths annually

One fifth of the worlds population harbours at least one species of intestinal dwelling nematode 

This equates to approximately 39 million Disability Adjusted Life Years (DALYS)

Tuberculosis gives a figure of 46 million DALYS

This is an important infection with a real cost to human productivity
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Schistosomiasis – Epidemiology I

Human Pathogens
S. mansoni (Africa, S America)

S. haematobium (Africa, Near East) 
S. japonicum (China, Philippines)

To understand the epidemiology of these infections, you need to recognise that the population dynamics of these 
parasites are fundamentally different from those of other infectious agents

They do not multiply within an individual host, and they can live in the host for up to 7 years (!)

The number of worms in a host is due to the number of infection events and is related to the degree of exposure

It is the number of worms in an individual that is important in the transmission of the disease

It is the intensity of infection that is important – not prevalence.



Improving	health	worldwide www.lshtm.ac.uk

Age Intensity Curve

Egg output Circulating antigen

Age (yrs)

Naus et al., Infect Immun, 1999
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Epidemiology II

Typically, more than 70% of the worms in a population are found within less than 15% of the host 
individuals

The most heavily infected individuals are at greatest risk of morbidity and are also the major source of 
infective stages

The same pattern is seen regardless of environmental or cultural differences
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Age Intensity Curve

Egg output Circulating antigen

Age (yrs)

Resident Cohort

Immigrant Cohort

Naus et al., Infect Immun, 1999
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Before and after Treatment



Improving	health	worldwide www.lshtm.ac.uk

A Word of Caution…

When conducting human studies, be careful about potential bias

Demographic associaDons with S. mansoni infecDon 

•  Age:  
–  InfecDon follows a convex relaDonship with age  

–  Acquired immunity?  

–  Reduced exposure? 

•  Sex: 

Demographic associaDons with S. mansoni infecDon 

•  Sex: 
–  Males frequently have heavier infections than females 

–  Hormone-related differences in immune response? 
•  Female CBA/J mice more susceptible (Eloi-Santos 1992); linked to testosterone (Nakazawa 1997) 

•  Sex-related differences in Ab levels (Abebe 2001, Naus 2003) 

–  Behaviour, socio-cultural differences 
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Males frequently have heavier infections than females 
Hormone-related differences in immune response?

Behaviour, socio-cultural differences?
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Schistosomiasis – The Immunology

What are the immune correlates of protection?

Eosinophils

Antibodies (IgE/IgG4)

Cytokines (IL-4, and IL-5)
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Eosinophils

Peripheral eosinophilia is a characteristic feature of helminth infections

In vitro - cytotoxic to schistosomula in the presence of parasite specific antibodies

In Kenya1, children with eosinophil counts > 400,000/ml had significantly reduced rates of S.mansoni re-
infection

Gambian children2 with elevated eosinophil counts were less susceptible to S. haematobium re-infection

1Sturrock et al., Trans R Soc Trop Med Hyg, 1987
2Hagan et al., Parasite Immunol, 1985
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Eosinophils II

Resistance to re-infection is correlated with percentage of whole blood eosinophils

IoS/R
Index of susceptibility/resistance

number of time re-infected x 100
weeks in project x cars per week

Ganley-Leal et al., Infect Immun, 2006
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A Correlate of Protection: IgE

Treatment and re-infection study in The Gambia

Water contact - adults and children were as exposed to infection

Re-infection measured 15 months after treatment

Multiple linear regression used to assess the contribution of age, 
Ab and exposure to re-infection

Negative relationship between IgE and re-infection

Hagan et al., Nature, 1991
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A Correlate of Susceptibility: IgG4

Treatment re-infection study in 118 people in Brazil
Tested relationship between re-infection and anti-schistosome larvae antibodies
Re-infection showed a negative correlation with IgE and a positive one with IgG4 

High IgE:IgG4 ratio was associated with low re-infection

Demeure et al., J Infect Dis, 1993
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The IgE/IgG4 Axis

IL-4 and IL-5 both drive IgG4 and IgE class swiching (hence their role in helminth immunity)

But IgG4 and IgE are functionally antagonistic

IgG4 competes for antigens with IgE

Thus, IgG4 blocks IgE-mediated basophil and mast cell degranulation 
(also likely to block IgE-mediated eosinophil function)

A simple measure of immunity to Schistosomiasis:

IgE:IgG4
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What about Regulation?

Regulation is a key element in our response to infection

Too little regulation leads to uncontrolled immune responses, pathology and organ failure

Too much regulation leads to poor immune responses and uncontrolled infection

Helminth infections are chronic infections

To survive in the host, they must regulate the immune system to stay in balance with it

Many researchers in the field are trying to understand the regulatory response, and identify the helminth 
proteins that generate Tregs

We may be able to use these proteins to modulate unwanted immune responses
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Using Helminths to Combat Autoimmunity

A new approach to therapy for ulcerative colitis and crohn's disease?

Trichuris suis
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Immunity to Schistosomiasis

Cercariae Schistosomula Adult worms Eggs
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Quick Question!

Should we treat helminth infections by mass drug administration?
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Another Cautionary Tale…

All the immune components associated with human immunity to schistosomiasis (and other helminths) are 
exactly the same as those associated with allergic disease

Eosinophils
Basophils
Mast Cells

IgE

Histamine release

Our immune system has evolved with continual helminth infection – they are not new to us
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Allergies and Helminths

There is now good evidence that helminth proteins very closely resemble allergens

Example
S. Mansoni Tegument Allergen Like Proteins (SmTAL1-13)

SmTAL1 is the dominant IgE antigen in S. mansoni
IgE to SmTAL1 is correlated with resistance to reinfection

Increases with age

Will MDA give rise to allergic sensitivities in the absence of helminths?
What is the cost of treating allergies versus the cost treating helminths?

Should we be mass administering antihelmintics?

Fitzsimmons et al., PLoS NTD, 2012
Pinot de Moira et al., Infect Immun, 2013
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Vaccines! And another Word of Caution…

There are quite a number of vaccines for a number of different helminth parasites

S. mansoni

SmSynt
Schistosomula and 
Adult 

Figueiredo, PLoS NTD 2014; 8:e3107

SmTSP-2 
Sm29

Adult worms and lung-
stage schistosomula

Pinheiro, Parasite Immunol 2014; 36: 
303

Sm10.3 All stages Martins, PLoS NTD, 2014; 8: e2750.

SG3PDH Larvae El Ridi, J Parasitol, 2013; 99: 194

Smteg
Schistosomula

Araujo, Acta tropica, 2012; 124: 140

SmStoLP
Adults and
7-day-old 
schistosomula 

Farias, PLoS NTD, 2010; 4: e597

S. japonicum

SjTP22.4

Adult,
Schistosomulum
and cercaria

Zhang, Vaccine, 2012; 30:5141

SjEsRRBL1S
Highly expressed 
in 14-28 day old 
schistosomes

Wu, Exp Parasitology. 2012; 
131:383

SjMLP/Hsp70
Eggs, cercariae, 
schistosomula and 
adult 

He, Parasitol Res, 2010; 107

SjPSMA5
Up-regulated in 
18-day and 32-day 
schistosomes

Hong Y, Exp Parasitol, 2010; 126: 
517
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But only one Vaccine Candidate Tested in Humans to Date

This vaccine candidate was safe and immunogenic in a US trial
But it failed in Brazil

Why?

Generalized urticaria induced by the Na-ASP-2 hookworm
vaccine: Implications for the development of vaccines
against helminths

David J. Diemert, MD, FRCP(C),a,b,c Antonio G. Pinto, MD,c Janaina Freire, MD,c Amar Jariwala, MD,a

Helton Santiago, MD, PhD,b,c Robert G. Hamilton, PhD,d Maria Victoria Periago, PhD,c Alex Loukas, PhD,e

Leon Tribolet, BSc,e Jason Mulvenna, PhD,e,f Rodrigo Correa-Oliveira, PhD,c Peter J. Hotez, MD, PhD,a,g and

Jeffrey M. Bethony, PhDb,c Washington, DC, Belo Horizonte, Brazil, Baltimore, Md, Cairns and Brisbane, Australia, and Houston, Tex

Background: Necator americanus Ancylostoma-secreted protein
2 (Na-ASP-2) is secreted by infective hookworm larvae on entry
into human hosts. Vaccination of laboratory animals with
recombinant Na-ASP-2 provides significant protection against
challenge infections. In endemic areas antibodies to Na-ASP-2
are associated with reduced risk of heavy N americanus
infections.
Objective: To assess the safety and immunogenicity of
recombinant Na-ASP-2 adjuvanted with Alhydrogel in healthy
Brazilian adults previously infected with N americanus.
Methods: Participants were randomized to receive Na-ASP-2 or
hepatitis B vaccine. Major IgG and IgE epitopes of the
Na-ASP-2 molecule were mapped by using sera from these same
subjects. Seroepidemiologic studies in adults and children
residing in hookworm-endemic areas were conducted to assess
the prevalence of IgE responses to Na-ASP-2.
Results: Vaccination with a single dose of Na-ASP-2 resulted in
generalized urticarial reactions in several volunteers. These
reactions were associated with pre-existing Na-ASP-2–specific
IgE likely induced by previous hookworm infection. Surveys
revealed that a significant proportion of the population in
hookworm-endemic areas had increased levels of IgE to
Na-ASP-2. Epitope mapping demonstrated sites on the

Na-ASP-2 molecule that are uniquely or jointly recognized by
IgG and IgE antibodies.
Conclusion: Infection with N americanus induces increased
levels of total and specific IgE to Na-ASP-2 that result in
generalized urticaria on vaccination with recombinant
Na-ASP-2. These data advance knowledge of vaccine
development for helminths given their propensity to induce
strong TH2 responses. Study data highlight the important
differences between the immune responses to natural helminth
infection and to vaccination with a recombinant helminth
antigen. (J Allergy Clin Immunol 2012;130:169-76.)

Key words: Hookworm, Necator americanus, urticaria, vaccine,
Na-ASP-2, IgE, Brazil

More than 500 million persons worldwide are infected with
hookworm, predominantly in impoverished tropical regions of
the world.1 Hookworm is a soil-transmitted nematode that is ac-
quired after skin contact with infective larvae in fecally contam-
inated soil. After penetration of the skin, larvae migrate through
tissues before entering the gastrointestinal tract, where they de-
velop into adult worms that attach to the intestinal mucosa and
feed on the host’s blood.2 Chronic infection lasting for years leads
to long-term pathology caused by intestinal blood loss that can re-
sult in iron-deficiency anemia, which impairs physical and intel-
lectual development in children and has a significant effect on
future economic productivity.3

Current control measures consist of regular mass administra-
tion of an anthelminthic, such as albendazole, in endemic areas.4

However, this strategy has several limitations, including rapid re-
infection after treatment caused by continued exposure to larvae
and the potential development of drug resistance. A vaccine that
would prevent moderate- or heavy-intensity infections would be
a major advance in reducing hookworm-related morbidity.5,6

Necator americanus Ancylostoma-secreted protein 2 (Na-
ASP-2) is a 21.3-kDa protein that is secreted by infective hook-
worm larvae on entry into the host.7-10 Vaccination of hamsters
and dogs with recombinant ASP-2 results in reduced worm bur-
dens and fecundity after challenge infection.1 Furthermore, sera
from vaccinated animals inhibit migration of infective hookworm
larvae through tissue in an in vitro assay. Studies of populations
living in hookworm-endemic areas have also shown that anti–
ASP-2 antibodies are associated with a reduced risk of having a
heavy hookworm infection.1 On the basis of these results, Na-
ASP-2 was chosen as the lead hookworm vaccine candidate.6 In
a phase I study conducted in hookworm-naive adults living in
the United States, Na-ASP-2 adjuvanted with Alhydrogel
(Biosector, Copenhagen, Denmark) was well tolerated and

From athe Albert B. Sabin Vaccine Institute,Washington, DC; bthe Department ofMicro-
biology, Immunology and Tropical Medicine, George Washington University, Wash-
ington, DC; cCentro de Pesquisas Ren!e Rachou, Fundaç~ao Oswaldo Cruz, Belo
Horizonte; dthe Johns Hopkins University School of Medicine, Baltimore; eQueens-
land Tropical Health Alliance, James Cook University, Cairns; fQueensland Institute
of Medical Research, Brisbane; and gthe Departments of Pediatrics and Molecular
Virology and Microbiology, Baylor College of Medicine, Houston.
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A. Jariwala, H. Santiago, M. V. Periago, A. Loukas, L. Tribolet, J. Mulvenna, R.
Correa-Oliveira, and J. M. Bethony have received research support from the Albert B.
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Schistosome Vaccines – what should we do?

Generate an IgE response?
Need to avoid allergic responses

Vaccinate adults who have preexisting immunity, and probable current infection?
Lessons from the hookworm trial

Vaccinate children without preexisting immunity?
Role of in utero environment

Rise in allergies in absence of schistosomiasis

Think of something else?
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Targeting the Schistosomula

Can generate IgG responses to 
Schistosomula

Avoid allergic responses

Work at the skin stage
Prevent infection and transmission

Susceptible to innate and adaptive 
responses
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Conclusions – more questions than answers

Protective immunity to schistosomiasis is developed over time and with continual exposure

Protective immunity correlates with
High eosinophil counts

High IgE
Th2 responses (IL-4/5)

Chronic infection means you must modulate immune system
Tregs

Can we generate a vaccine?
Allergic reactions

Effect of immunity in uninfected hosts – will it drive the emergence of allergies?

Effect of MDA?
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One Last Thought

Completion of the Diama Dam in Senegal in 1986
No prawns above the dam after 1986

Schisto prevalence
1986 – 0%
1992 – 70%
1997 – 100%

Reduced transmission of human schistosomiasis after
restoration of a native river prawn that preys on the
snail intermediate host
Susanne H. Sokolowa,b,1, Elizabeth Huttingerc, Nicolas Jouanardc, Michael H. Hsiehd,e,f,g, Kevin D. Laffertyh,
Armand M. Kurisb, Gilles Riveaui,j, Simon Senghorj, Cheikh Thiamc, Alassane N’Diayec, Djibril Sarr Fayec,
and Giulio A. De Leoa

aDepartment of Biology, Hopkins Marine Station, Stanford University, Pacific Grove, CA 93950; bDepartment of Ecology, Evolution, and Marine Biology and
Marine Science Institute, University of California, Santa Barbara, CA 93106; c20j20 Initiative, Pasadena, CA 91105; dDepartment of Urology, School of
Medicine, Stanford University, Stanford, CA 94304; eDepartment of Research and Development, Biomedical Research Institute, Rockville, Maryland 20852;
fDivision of Urology, Children’s National Health System, Washington, DC 20010; gDepartment of Urology, The George Washington University, Washington,
DC 20037; hUS Geological Survey, Western Ecological Research Center, Marine Science Institute, University of California, Santa Barbara, CA 93106; iCentre
d’Infection et d’Immunité de Lille, Institut Pasteur de Lille, 59019 Lille, France; and jEspoir pour la Santé, Laboratoire de Recherches Biomédicales, BP 226
Saint-Louis, Senegal

Edited by Rodolfo Dirzo, Stanford University, Stanford, CA, and approved June 5, 2015 (received for review February 26, 2015)

Eliminating human parasitic disease often requires interrupting com-
plex transmission pathways. Even when drugs to treat people are
available, disease control can be difficult if the parasite can persist in
nonhuman hosts. Here, we show that restoration of a natural pred-
ator of a parasite’s intermediate hosts may enhance drug-based schis-
tosomiasis control. Our study site was the Senegal River Basin, where
villagers suffered a massive outbreak and persistent epidemic after
the 1986 completion of the Diama Dam. The dam blocked the annual
migration of native river prawns (Macrobrachium vollenhoveni) that
are voracious predators of the snail intermediate hosts for schistoso-
miasis. We tested schistosomiasis control by reintroduced river
prawns in a before-after-control-impact field experiment that
tracked parasitism in snails and people at two matched villages
after prawns were stocked at one village’s river access point. The
abundance of infected snails was 80% lower at that village, pre-
sumably because prawn predation reduced the abundance and
average life span of latently infected snails. As expected from a
reduction in infected snails, human schistosomiasis prevalence was
18 ± 5% lower and egg burden was 50 ± 8% lower at the prawn-
stocking village compared with the control village. In a mathemat-
ical model of the system, stocking prawns, coupled with infre-
quent mass drug treatment, eliminates schistosomiasis from
high-transmission sites. We conclude that restoring river prawns
could be a novel contribution to controlling, or eliminating,
schistosomiasis.

disease | ecology | control | elimination | neglected tropical disease

Multiply just (US) $0.32, the annual cost to treat a child infected
with schistosomiasis (1), by the 114 million children requiring

treatment (2), and cheap drug-based treatment can become too costly
to sustain. Drug-based control programs for human helminth diseases,
termed preventive chemotherapy, have led to spectacular improve-
ments in health and reductions of many worm infections (3). The
success has led to new challenges in devising strategies to eliminate
these parasites over the long-term, sometimes called the “end game”
of infectious disease control (4). For schistosomiasis, this new focus on
elimination has sparked a debate over the best strategies to comple-
ment drug treatment and interrupt the transmission cycle (5–7). In its
May 2012 resolution to eliminate schistosomiasis (World Health As-
sembly Resolution 65.21) (8), the World Health Assembly called for
new procedures to interrupt transmission. Here, we offer evidence
that the restoration of a natural predator of the obligate snail hosts of
schistosomiasis could be an effective strategy to eliminate disease
when performed along with drug treatment. We present the results of
a recent pilot program to control schistosomiasis after the construc-
tion of the Diama Dam on the Senegal River as an example.

The Diama Dam is only 18 m high, but that is enough to keep the
tide from pushing brackish water up the Senegal River. The
impounded river is now a stable reservoir of freshwater for people
in Dakar and Saint-Louis, Republic of Senegal, and for irrigating
surrounding farmland. Unfortunately, just after the dam was built in
1986, an unprecedented, massive, and persistent schistosomiasis
epidemic swept through the villages along the river and its
tributaries (9, 10). As some had predicted (11), the dam created an
ideal freshwater habitat for the snail intermediate hosts of schisto-
somiasis by reducing flows and saltwater intrusion and increasing
algal and plant growth (12). Moreover, the dam extirpated a chief
snail predator (13), whose role in the control of schistosomiasis is
the focus of our current study.
Schistosomiasis infects an estimated 220–240 million people

globally, and 790 million are at risk for infection, more than 90% of
whom are in Sub-Saharan Africa (14). Infected humans contaminate
water sources with urine or feces containing schistosome eggs that
release larvae (miracidia) infectious to snails in the genus Bio-
mphalaria (for Schistosoma mansoni) or Bulinus (for Schistosoma
hematobium) (Fig. 1). Each infected snail sheds thousands of cer-
cariae, which seek and penetrate human skin. After entering the
skin, the parasites migrate to the blood vessels of the intestines
(S. mansoni) or urinary bladder (S. hematobium), where female worms
lay 350–2,200 eggs per day (15). Eggs have sharp spines that promote

Significance

Reinfection after treatment is a problem that plagues efforts to
control parasites with complex transmission pathways, such as
schistosomiasis, which affects at least 220 million people world-
wide and requires an obligate snail intermediate host. Our study
highlights a potential ecological solution to this global health
problem:We show that a species of river prawn indigenous to the
west coast of Africa, Macrobrachium vollenhovenii, could offer a
low-cost, sustainable form of snail control that, when used in
synergy with existing drug distribution campaigns, could reduce
or locally eliminate the parasite. Biological conservation does not
always benefit human health, but our results show that where it
does, it could provide a win-win outcome for humans and nature.
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