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ABSTRACT 

Schistosome infections, caused by a family of helminth parasites, are major neglected tropical 

diseases (NTDs) that have serious implications for socio-economic development in many 

tropical countries. These debilitating and chronic diseases are endemic in more than 70 countries 

but diagnostic tools are limited and new tests are necessary to limit morbidity and mortality. The 

development of such tests may be facilitated by the identification of disease-specific biomarkers 

that are positive early in infection, that can distinguish between acute and chronic infection and 

that can serve as validation of cure. This thesis work has two major goals: (a) to identify stage-

specific proteomic patterns during early (3 week), acute (6 week) and chronic (12 week) 

Schistosoma mansoni infection in a mouse model; (b) to profile the sera of humans infected by S. 

mansoni, or S. haematobium and compare these patterns with the protein profile of healthy 

human serum. To achieve these goals, proteomic analyses were performed on mouse and human 

sera using several different mass spectrometry (MS) methodologies. These investigations not 

only identified large numbers of host proteins/protein peaks that are up- or down-regulated in 

infected sera (mouse and human) but also found large numbers of schistosome-origin proteins in 

the serum of infected mice. The presence of host proteins, such as transferrin and alpha 1- 

antitrypsin, as well as one of the schistosome proteins, glutathione S-transferase (GST), were 

confirmed by Western blot. In addition to these disease- and stage-specific protein profiles, we 

also identified a number of host proteins that may individually have potential as novel diagnostic 

tests for schistosome infections in humans, including apolipoprotein A-I (Apo A-I: up-regulated 

in chronic S. haematobium infected patients) and carbonic anhydrase 1 (CA1: down-regulated in 

chronic S. mansoni infected patients). If confirmed in larger field studies, these novel 
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biomarkers, and others yet to be identified from our large MS databases, have the potential to 

contribute significantly to schistosomiasis detection and subsequent eradication efforts.   
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RÉSUMÉ DE THÈSE 

La bilharziose ou schistosomiase, infection parasitique, demeure l’une des plus 

importantes maladies tropicales qui sont toujours négligées. Ces maladies débilitantes et 

chroniques ont des conséquences sérieuses pour le développement socio-économique des pays 

tropicaux.  Elles sont endémiques dans plus de 70 pays, mais il est toujours nécessaire de trouver 

de nouveaux instruments d’intervention pour réaliser un diagnostic précis des cas d’infection afin 

d’empêcher la morbidité et la mortalité.  Il est peut-être possible de réaliser de nouveaux tests 

diagnostiques en identifiant des biomarqueurs spécifiques qui deviennent positifs au début de 

l’infection. L’identification de protéines associées aux différentes maladies pourrait indiquer de 

nouvelles formes de diagnostiques, qui peuvent être utilisées pour le diagnostic des phases aiguës 

et chroniques de l’infection et pour la validation du traitement. Cette étude a deux objectifs: (a) 

identifier des modèles protéomiques dans les sérums pour les différentes phases de l’infection, en 

commençant par la phase préliminaire (3 semaines), puis en étudiant la phase aiguë (6 semaines) 

et ensuite la phase chronique (12 semaines) des infections à Schistosoma mansoni dans un 

modèle de souris; (b) établir le profil des sérums d’humains infectés par S.mansoni et S. 

haematobium et le comparer avec un profil de sérums sains.  En vue de cela, des analyses 

protéomiques ont été effectuées sur les sérums d’humains et de souris en utilisant de puissantes 

méthodes à haut débit. Ces recherches ont non seulement identifié des protéines de l’hôte/des 

quantités maximums de protéines qui sont régulés en hausse et en baisse dans les sérums infectés 

(d’humains et de souris), mais ont aussi caractérisé les protéines de schistosome dans les sérums 

de souris infectées.   

La présence de protéines de l’hôte, telles que la transferrine et l’alpha 1-antitrypsine, 

ainsi qu’une des protéines de schistosome, la glutathion S-transférase (GST), a été confirmé par 
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le Western Blot. Les résultats ont montré que les profils de protéines sont liés aux différentes 

maladies et aux phases de l’infection. Ils ont aussi identifié certains protéines de l’hôte qui 

peuvent servir individuellement comme de nouveaux tests diagnostiques pour la schistosomiase, 

comme l’apolipoproteine A-I (Apo A-1 : régulée en hausse auprès des patients chroniques qui 

sont infectés par S. haematobium) et l’anhydrase carbonique 1 (CA1 : régulée en baisse auprès 

des patients chroniques qui sont infectés par S. mansoni). Si des études plus vastes confirment 

ces résultats, ces nouveaux biomarqueurs, et aussi d’autre biomarqueurs qui n’ont pas encore été 

identifiés à partir de nos grandes banques de données MS, pourraient contribuer de manière 

importante à l’éradication de la schistosomiase.  
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PREFACE 

The focus of this thesis is to establish a diagnostic test for schistosomiasis with the 

ultimate goal of studying the proteomic profiles of sera from control and infected mice and 

humans in order to identify the possible diagnostic biomarkers. The project was undertaken as 

follows:  

1. Study of protein profiles in a mouse model of schistosomiasis using different mass 

spectrometry platforms yielded several biomarkers that might be helpful in the diagnosis of 

schistosomiasis. 

This phase of the study is accepted for publication in Plos One as: Kardoush MI, Ward BJ, Ndao 

M. Identification of candidate serum biomarkers for S. mansoni infected mice using multiple 

proteomic platforms (In Preparation). 

2. Using the same mass spectrometry techniques in mouse and human samples, we were able to 

identify CA1 as a novel biomarker for schistosomiasis in humans and animal models. 

The second phase of the study is accepted with minor revision for publication in American 

Journal of Tropical Medicine & Hygiene - AJTMH as: Kardoush MI, Ward BJ, Ndao M. 

Carbonic anhydrase 1 is a novel biomarker for diagnosis of human Schistosoma mansoni 

infection. 

3. Comparison of protein profiles in human infected with S. haematobium, and control samples 

resulted in valuable diagnostic biomarkers that differentiate the healthy from the infected 

patients.  

The third phase of the study is in preparation for publication as: Kardoush MI, Thiam A, Faye B, 

Gaye O, Ndao M, Ward BJ. Mass spectrometric approaches for the identification of candidate 

serum biomarkers for Schistosoma haematobium infection (In Preparation). 
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CHAPTER I 

LITERATURE REVIEW 

INTRODUCTION 

Schistosomiasis 

Human schistosomiasis, also call bilharzia, was first identified by Theodor Bilharz, a 

German pathologist working in Egypt in 1851. Historically however, human schistosomiasis was 

occurring a long time before this date. Several studies have shown the presence of schistosome 

parasites in Egyptian mummies (circa 3000 BC to 550 AD: Cockburn et al., 1975; Reyman et al., 

1977; Lewin, 1977; Contis & David, 1996). Others have shown Schistosoma japonicum in a 

mummified body of the Han Dynasty (circa 2100 BP: Wei, 1973).  

Parasitic blood flukes of the Trematoda class (phylum Platyhelminthes) are the cause of 

schistosomiasis (Gryseels et al; 2006). Adult worms are 7–20 mm in length; their color is white 

or grayish, and they have a cylindrical body with ventral and oral suckers, a complex tegument, a 

blind digestive tract, and reproductive organs. Schistosomes are sexually dimorphic. The male 

has a gynaecophoric canal, in which it carries the longer and thinner female. Schistosomes ingest 

blood and globulins into a blind-ending digestive system and primarily use anaerobic glycolysis 

for energy production. Waste products of schistosome digestion/metabolism are regurgitated into 

the host's circulation (Gryseels et al; 2006). The adult female can ingest up to 33,000 red cells 

per hour as well as significant volumes of plasma rich in host proteins during development and 

egg production (Lawrence, 1973). The schistosome gut is lined by a syncytial epithelium called 

the gastrodermis, which is a major interface between the parasite and host. Gastrodermal cells 

have the ultrastructural appearance of secretory cells with an endoplasmic reticulum, Golgi 

apparatus, and numerous vesicles (Bogitsh, 1975). The lumen of the gut contains plasma 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16997665
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proteins, ingested host cells and parasite secretory products (Bogitsh, 1982). The tegument is the 

main external interface between the schistosome and the host. It is a lipid bilayer membrane 

which forms a syncytium.  This tegument has an unusual structure created by surface cells that 

‘project’ themselves through muscular layers to form an external surface with the plasma 

membrane at the bottom covered by the membranocalyx (Morris & Threadgold, 1968; Wilson & 

Barnes, 1974).  

Human schistosomiasis is a major public health threat in many parts of the world. Human 

disease can be caused by six species of schistosomes, the most important of which are S. 

mansoni and S. japonicum causing primarily intestinal schistosomiasis, and S. haematobium, 

causing primarily urinary schistosomiasis. Much less common are S. intercalatum, S. guineensis, 

and S. mekongi all of which target intestinal tissues preferentially (Davis, 2009). In all species, 

infection occurs primarily by direct contact with fresh water harbouring cercariae (see Life 

Cycle below). Schistosomiasis is among the most important parasitic diseases with a significant 

socio-economic impact mainly in the tropics and subtropics (King et al., 2005). Though seldom 

fatal, schistosomiasis is a life-long disease with significant chronic morbidity due to repeated 

exposures in endemic regions (Enk et al., 2010; Patz et al., 2000; Ross et al., 2002). Much of the 

negative health impact of schistosomiasis is attributable to a lack of effective tools for diagnosis 

(Grenfell et al., 2012; Utzinger et al., 2011). Detection of the eggs in stool or urine is the gold 

standard method for the diagnosis of schistosomiasis, and the Kato-Katz technique is the most 

widely used microscopic method in epidemiological surveys that focus on S. mansoni. (Katz et 

al., 1972). However, a large number of cases remains undiagnosed by this method because of the 

limited amount of feces examined per slide (~42 mg) as well as low egg production by many 

chronically-infected patients in endemic areas (Katz et al., 1970). Immunodiagnostic methods 

http://www.sciencedirect.com/science/article/pii/S0001706X14000023#bib0060
http://www.sciencedirect.com/science/article/pii/S0001706X14000023#bib0160
http://www.sciencedirect.com/science/article/pii/S0001706X14000023#bib0080
http://www.sciencedirect.com/science/article/pii/S0001706X14000023#bib0210
http://www.sciencedirect.com/science/article/pii/S0001706X14000023#bib0235
http://www.sciencedirect.com/science/article/pii/S0001706X14000023#bib0115
http://www.sciencedirect.com/science/article/pii/S0001706X14000023#bib0290
http://www.sciencedirect.com/science/article/pii/S0001706X14000023#bib0150
http://www.sciencedirect.com/science/article/pii/S0001706X14000023#bib0150
http://www.sciencedirect.com/science/article/pii/S0001706X14000023#bib0155
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using a variety of schistosome antigens such as extracts of adult worms, cercarial antigens, or 

egg extracts are popular but often cannot differentiate schistosomiasis from other parasitic 

infections. In addition, these methods cannot be used to diagnose early stages of schistosomiasis 

since they typically become positive only 6 to 12 weeks after exposure (Jones et al., 1992; 

Sandoval et al., 2006). Furthermore, these assays cannot distinguish between on-going and past 

infection. At present, there are no reliable biomarkers that can be used in the diagnosis of 

schistosomiasis. 

Mass spectrometry (MS) is rapidly gaining traction as a research tool (Petricoin, et al., 

2002) to detect biomarkers in parasitic diseases such as Chagas diseases (Ndao et al., 2010) and 

Entamoeba histolytica (Makioka et al., 2007), as well as in cancer research (Villanueva et al., 

2006; Guo et al., 2010; Karpova et al., 2010; Pusch & Kostrzewa 2005; Cox et al., 2015; Bhatt et 

al., 2015; Hadi & Jamal, 2015; Hong et al., 2015). 

Life Cycle: 

The life cycle of schistosomes is complex, including an asexual phase in the intermediate 

host (amphibious snails: S. mansoni infects Biomphalaria, S. japonicum infects Oncomelania, 

and S. haematobium infects Bulinus species) and sexual reproduction in a vertebrate host. 

Infections with human Schistosoma are caused by direct skin penetration upon contact with fresh 

water contaminated with cercariae. Free-living, non-feeding, cercariae escape through the birth 

pores of daughter sporocysts and emerge from the infected snail. Cercaria (total length ~325 μm) 

have a complex structure with two main parts: the body and the tail. The tegument is covered in 

a single outer membrane that coated in a thick glycocalyx (Hockley, 1972) that enables the 

cercaria to be water-impermeable (Stirewalt, 1963). The cercaria has two layers of muscle 

underlying the tegument; the outermost layer is circular, which encloses the inner longitudinal 
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layer (Mair, 2009). The acetabulum (ventral sucker) is situated two thirds of the way down the 

body.  Ten large unicellular acetabular glands occupy 50-66% of the body mass; two pairs of 

glands lie anterior, and three pairs lie posterior to the acetabulum (Dorsey, 1975). The head is 

located at the anterior section of the body, and the mouth lies on the ventral side of the head.  

The mouth opens into the oesophagus, which runs through the posterior of the head, continues 

ventral to the brain (Ebrahimzadeh, & Kraft, 1969), to the blind bifid caecum. The gut luminal 

surface bears many plates. The ultrastructure of the cercarial nervous system has been described 

(Cousin, & Dorsey, 1991). The cercaria has a bilobed brain, which lies between, the head 

capsule, the pre-acetabular gland, and sixteen nerve trunks that exit the brain (Cousin, & Dorsey, 

1991).  

The cercariae penetrate human skin using proteolytic enzymes that facilitate their entry. 

During this process, the cercariae lose their tails, release the pre-acetabular gland contents 

(Dorsey, 1976; Crabtree & Wilson, 1985), lose their glycocalyx (McLaren, & Hockley, 1976) 

and form a new double outer membrane (Skelly, et al., 1994). By the second day, the 

schistosomulae become elongated, and there are fewer spines between the mouth and the ventral 

sucker (Crabtree, & Wilson, 1980). By the third day, all of the spines at the middle of 

schistosomulum have disappeared, but spines remain at the anterior and posterior ends (Crabtree, 

& Wilson, 1980). The maturing schistosomulum migrates to the lungs within 3-4 days, passing 

through the pulmonary capillaries and then entering the systemic circulation. During migration, 

the parasite undergoes further transformation and arrives in terminal venules at different sites 

according to the species: S. mansoni and S. japonicum are usually located in the superior 

mesenteric veins while S. haematobium targets the venous plexus of the urinary bladder. Upon 
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arrival in these target venules, the schsitosomulae mature into adult worms and initiate sexual 

reproduction with the production of eggs in an immature form.  

Schistosome eggs consist of an egg shell of cross-linked proteins containing an ovum and 

vitelline cells. During the first 5–6 days in the host, the eggs mature with the formation of a 

miracidium. Each egg also produces a Von Lichtenberg’s envelope from which proteins are 

secreted into the environment through pores (Neill et al., 1988; Ashton et al., 2001). Roughly 

half of the eggs produced succeed in exiting the host body by ‘sticking’ to the venule 

endothelium and migrating through the tissues to reach the intestinal (S. mansoni and S. 

japonicum) or bladder lumen (S. haematobium). The eggs achieve this migration by inducing 

granulomatous inflammation that breaks down the endo- and epithelial tissues and facilitates 

passage of the eggs into the faeces or urine respectively, leading to their excretion (Scheld, 

2014). The other 50% of the eggs are retained in the tissues including those swept up the portal 

vein into the liver, where they induce the most serious pathological complications of disease (eg: 

fibrosis leading to cirrhosis)(Warren, 1978). When the eggs are released into freshwater, they 

hatch, releasing the miracidiae that infect the intermediate host (snail) to complete the 

Schistosome life-cycle. The miracidia do not feed and they die if they do not find an appropriate 

snail host within a few hours. Upon infection, the miracidium penetrates the head-foot of the 

snail and transforms into a mother sporocyst. The germ cells of the mother sporocyst then start 

dividing to produce daughter sporocysts. These daughter sporocysts migrate from the site of 

penetration to the digestive gland and reproductive tract of the snail.  Eventually, germ cells 

within the daughter sporocysts begin to divide again, producing cercariae. Cercariae leave the 

snail at a high rate; up to several thousand per day and snails can continue to shed cercariae for 

months (Gryseels et al., 2006). 
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Figure 1. Schistosoma life cycle (Schistosomiasis. Centers for Disease Control, 2009).  

Epidemiology: 

Schistosomiasis is a tropical disease that has major public health impact in endemic 

countries. Schistosoma mansoni is distributed throughout Africa and South America while S. 

haematobium is distributed through Africa and in areas of the Middle East. S. japonicum is found 

in Indonesia and parts of China and Southeast Asia. S. mekongi occurs in the central Mekong 

Basin in Laos and Cambodia, and S. intercalatum is found in parts of Central and West Africa 

(Savioli et al., 2015). The various Schistosome species currently infect ~ 200 million people in 

over 70 countries of the world causing more than 200,000 deaths per year. More than 600 million 

people are at risk of acquiring one or more of these parasites (Bergquist, 2002; Engls, 2002). 

Teenagers have the greatest prevalence with generally higher rates in males compared to females 
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(Gryseels et al; 2006). According to WHO estimates (Gryseels et al., 2006), the total number of 

disability-adjusted life years (DALY) lost from schistosomiasis is ~1.532 million per year. At the 

current time ~77% of these DALYs lost are in sub-Saharan Africa (Lopez et al., 2006).  

Immunopathology of Schistosomiasis 

Immunity to Schistosomiasis in Animal Models: 

There are many animal models for schistosomiasis. The most useful models for human 

disease are mice, non-human primates and other mammalian hosts like cattle, buffalo, goats and 

pigs. A great deal of the information about the mammalian immune response to schistosomes has 

been generated using B-cell-deficient and IFN-γ knockout mice or double (IL-4 and IL-10 

deficient or IL-10 and IL-12 deficient) knockout mice (Freeman et al., 2006). Other informative 

work has been conducted using immunization with UV- or γ -irradiated cercariae in mice, 

nonhuman primates, or other mammals (Bickle et al., 2001). Irradiated larvae do not mature into 

adult worms so they cannot lay eggs. As a result, these models are not ‘complete’ because there 

is no egg-induced liver pathology. Another interesting model is artemether-treated mice that 

subsequently show high-level resistance against schistosome re-infection (Bergquist et al., 2004). 

This model may be particularly useful for understanding protective mechanisms against re-

infection. Artemether is effective mainly against schistosomula, adult worms are largely 

refractory to the drug. The artemether-affected worms show vesiculation, peeling of the 

tegument, and atrophic testes and ovaries (Xiao & Catto, 1989).  

During the acute stage of murine schistosomiasis, stimulation of the Th2 response by egg 

antigens leads to increased serum IL-5, massive eosinophilia in bone marrow and blood, and 

granuloma formation around the egg, with collagen deposition, and tissue fibrosis. Eosinophils 

form the majority of cytokine producing cells in the granuloma and are the dominant source of 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16997665
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IL-4 (Rumbley et al., 1999). The role of eosinophils in the mouse model of infection is still 

unclear (Swartz et al., 2006).   

The chronic stage of murine schistosomiasis is predominantly Th1- mediated, largely 

based on an increasing ratio of Schistosome-specific IgG2a to IgG1, reduced eosinophil and IgE 

levels (Borojevic, 1992), and diminished Th2 responses (Henderson et al. 1992). The Th1-Th2 

balance in murine schistosomiasis is regulated by IFN-γ, IL-4 and IL-10, with IL-4 driving the 

reaction in the direction of Th2 and IFN-γ driving it toward Th1, while IL-10 may inhibit either 

trend depending on the situation (Boros & Whitfield, 1998).  

Although generally considered to be a good model, there are still some controversial 

findings regarding the biological role of IgE in experimental murine S. mansoni infection (Amiri 

et al. 1994). IgE is supposed to represent a major defence component against schistosomiasis, 

probably by targeting effector cells to the invading cercariae in antibody-dependent cell-

mediated reactions. However, murine S. mansoni infection is not associated with detectable 

serum level of IgE until maturation of the worms, pairing and deposition of eggs (Sher et al., 

1990).  

Immunity to Schistosomiasis in Humans:  

As outlined above, schistosomes are complex parasites with several distinct life stages 

(cercaria, schistosomula, adult, and egg) in different anatomical sites of its definitive host 

(Gryseels, 2012). Each of these stages express hundreds, if not thousands, of antigens, many of 

which would be expected to elicit an immune response. The human immune response to 

schistosomes includes innate and adaptive stages (Colley & Secor, 2014). During initial invasion 

and migration stages of the parasite life cycle (ie: first infection), the immune response is 

predominantly innate, followed quickly by a Th1-dominant adaptive response (Hagen et al., 
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2015). Innate immunity is reflected in the number and cytotoxic activity of natural killer (NK) 

cells that can be a source of IFN-γ and mediate antibody dependent cell mediated cytotoxicity 

(ADCC) (Comin et al., 2008).  Comin et al., 2008 also suggested that one or more toll-like 

receptors (TLR) may mediate the interaction that triggers the production of IFNγ by NK cells. 

Several human studies (Nishioka et al., 2001 and Yu et al., 2001) demonstrated that dendritic 

cells (DC) can stimulate the cytolytic activity of NK cells. Another study using human peripheral 

blood monocytes showed bidirectional activation between NK cells and DCs (Gerosa et al., 

2002). Several serine proteases with elastase-like activity are produced by the acetabular glands. 

These cercarial secretions are the first parasite molecules encountered by the host immune 

system (Minard, 1977; Salter, 2002; Stirewalt, 1974).  

Adaptive responses are relatively well-characterized. Following cercarial penetration, an 

IgE-mediated hypersensitivity response can occur against the cercariae (dermatitis) (Gryseels et 

al., 2006). In the acute stage of the disease, human patients develop a T helper 1 (Th1) mediated 

immune response, characterized by high levels of interferon (IFN)-γ (Henri et al., 2002). 

Following parasite maturation and egg production; Th1 responses are down-regulated and a 

strong Th2 response emerges that is characterised by high production of IL-4, IL-5 and IL-13, as 

well as IgE synthesis (Montenegro et al., 1999). When serum IL-5 level increases, this results in 

massive bone marrow and blood eosinophilia. Eosinophils accumulate in the developing liver 

granulomata as a site of active inflammation and tissue remodeling. Several eosinophil products 

have a role in debris removal and tissue remodeling activity including eosinophil peroxidase 

(Horton, 1996), ribonucleases (Rosenberg, 1998), matrix metalloproteinases, (Schwingshackl, 

1999) and the protease inhibitor, plasminogen activator inhibitor-2 (PAI-2) (Swartz et al., 2004). 
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Another important role of eosinophils is secretion of endogenous IL-4 that has an important role 

in maintaining the Th2 response to infection (Sabin 1996; Shinkai et .al., 2002). 

Maintaining a balanced and controlled Th1 and Th2 response ensures formation of 

protective granulomas around parasite eggs without excessive pathology. Formation of 

granuloma around the eggs, mainly in the liver, as well as in the lung, pancreas and lymph nodes 

result from Th2 activation (Caldas et al., 2008). The granuloma consist mainly of eosinophils, T 

cells and macrophages (Pearce and MacDonald, 2002).  In the chronic stage of the disease, the 

Th2 response is down-regulated by IL-10 leading to a reduced cellular response to schistosome 

antigens (Caldas et al., 2008). For that reason, most chronically-infected patients are 

asymptomatic (Caldas et al., 2008). 

The parasite has many strategies for evasion the host immune system, resulting in a 

chronic infection (Wilson et al., 2004). These include the schistosome’s capability to continually 

regenerate its outer tegument through unique somatic stem cells (Jenkins et al., 2005; 

Lightowlers & Rickard, 1988), produce antigens that are similar to endogenous host components 

(Yoshino & Bayne, 1983; Salzet, 2000), and antigen ‘disguise’ through acquisition of host 

molecules to cover the outer worm surface (McLaren, 1984; McLaren & Terry, 1982).  

Immunology of resistance to infection in humans 

Putative resistant (PR) individuals, who resist natural schistosomiasis infection in spite of 

living in endemic areas are of great interest for vaccine developers (Tran et al., 2006). This group 

is defined as follows: 

1- Fecal egg counts are negative despite more than 5 years of S. mansoni exposure. 

2- They have not been treated for schistosomiasis. 

3- Their exposure to infection is continuous and not interrupted. 



18 
 

4- Their cellular and humoral responses are strong to crude schistosomal antigens. (Correa-

Oliveira et al., 2000;Correa-Oliveira et al.,1989;Viana et al,1995 ; Viana et al.,1994). 

A comparison of the immune responses of PR individuals and chronically infected patients to 

adult worms and crude extracts from schistosomula revealed striking differences (Caldas et al., 

2000; Viana et al, 1995; Viana et al., 1994). PR individuals respond to these antigens with both 

Th1 and Th2 type cytokine responses (Caldas et al., 2000), but chronically-infected patients 

show Th2 type responses only (Roberts et al., 1993). Schistosomulum antigens that stimulate 

Th1 responses (mainly IFN-γ) may mediate resistance in the PR individuals (Correa-Oliveira et 

al., 2000). SmTSP-2 (Tran et al., 2006) and Sm29 (Cardoso et al., 2006) are candidate vaccine 

antigens present in the S. mansoni tegument that were identified using sera from PR individuals. 

It has been suggested that the PR immune response can be used as a guide to select tegumental 

proteins for inclusion in a multivalent recombinant vaccine (Loukas et al., 2007). 

Schistosomiasis Control 

 Treatment of Schistosomiasis 

Schistosomiasis control efforts currently focus on the reduction of morbidity through 

periodic treatment with praziquantel (PZQ) (WHO, 2002). However, chemotherapy does not 

prevent re-infection. For the effective reduction of schistosomiasis morbidity and mortality; we 

must recognize that morbidity, transmission, and infection are different aspects to be controlled 

and that mass PZQ chemotherapy is likely inadequate to reach the goal of control (Engels et al., 

2002; Bergquist et. al., 2005). PZQ has only moderate action against immature worms so a 

second dose is needed after a short period to eliminate newly matured worms (Doenhoff et al. 

2008). Mass treatment of all parts of an endemic area can be so expensive that it is impractical in 

many low-income countries (McManus & Loukas, 2008). In the past 10 years, resistance has 
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emerged to praziquantel (McManus & Loukas 2008). Therefore, chemotherapy alone is unlikely 

to reduce infection levels over the long term. Thus, several practical approaches have been 

suggested to augment treatment programs including reducing exposure to contaminated water, 

decreasing availability of the intermediate snail host, or preventing snail infections by reducing 

water contamination with egg-containing excreta (Evan Secor, 2014). Of course, the 

development of an effective vaccine would contribute enormously to the reduction of the burden 

of disease attributable to schistosomiasis. As a result, combined vaccination and chemotherapy 

are likely to be necessary to achieve the WHO goal of control (Bergquist, et al., 2002).  Miyasato 

et al., 2009 have recently reviewed the rationale that underlies the global effort to develop 

schistosomiasis vaccines: 

• Vaccine-induced protection can be achieved in experimental animals  

• Vaccination can help avoid retreatment for re-infection  

• Expanded chemotherapy programs increase the risk of drug-resistance  

• Reduction of infection intensity in adolescents and older age groups compared to children 

suggested the possibility of acquired (partial) immunity  

Schistosome Biology 

Many experimental difficulties are encountered by those who want to study schistosome 

biology (Wilson et al., 2007). The first difficulty is the complex life cycle of the parasite, 

including two different hosts and many different life-stages. Schistosomes are able to live in both 

vertebrate and invertebrate hosts, as well as spending short periods as free-living organisms (eg: 

cercariae and miracidia). The second difficulty is the inability to achieve parasite multiplication 

in vitro in spite of the fact that they can be cultured for prolonged periods (Basch, 1981).  The 
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only reliable source of parasites is infected laboratory snails/animals from which they are 

isolated, a factor that greatly limits the number of parasites available for experimental studies. 

Diagnosis of schistosomiasis  

The recent World Health Organization (WHO) road map statement emphasized the 

provision of regular treatment for at least 75% of children at risk by 2020 to reduce the global 

impact of schistosomiasis, with the aim of disease elimination (World Health Organization, 

2012). Accurate diagnosis and quick treatment during the initial stages of schistosomiasis can 

cure the disease without the development of complications. The global disease burden of 

schistosomiasis is still high (Mutapi, 2015), at least in part due to the lack of good diagnostic 

tests for schistosome infections in endemic areas (Weerakoon, 2015). Therefore, the 

development of better diagnostic methods to identify this infection would be of great benefit. 

A number of diagnostic techniques have been used for schistosomiasis, starting with 

basic microscopic detection of eggs in stool or urine samples and, more recently, the 

development of more sophisticated approaches. The current diagnostic tools for schistosomiasis 

can be grouped into the following four main methods: (1) direct parasite detection (2) 

immunological diagnosis; (3) DNA and RNA detection; and (4) biomarkers.  

Direct parasite detection methods  

 Microscopic examination:  Microscopic examination for the presence of eggs in stool or 

urine samples is the most straightforward and widely used diagnostic method to test for 

schistosome infection (Utzinger et al., 2011). The Kato-Katz technique (Katz et al., 1972) is 

the most practical method for finding eggs in stool samples, while filtration and 

centrifugation are used for the diagnosis of urinary schistosomiasis. These archaic methods 

are considered to be the “gold standards” in highly endemic regions. Since shedding of eggs 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4072072/#B118
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is irregular, three different samples are typically required for optimal detection of eggs. This 

is further complicated by the fact that this method is time-consuming and labour-intensive 

(Zhou et al., 2011). In short, microscopic examination of stool or urine can be highly specific 

but lacks sensitivity.  

 Organ biopsies: Rectal or bladder biopsies for the identification of eggs can be performed if 

stool or urine tests are egg-negative (Wu et al., 2012). This technique is valuable in the 

clinical management of patients, particularly in cases where the clinical evidence is 

suggestive of schistosomiasis but cannot be confirmed by other diagnostic tests (Gray et al., 

2011).  

Immunological diagnosis  

Immunological tests detect anti-schistosomal antibodies or circulating schistosomal antigens 

in plasma, serum, urine, or sputum (Gray et al., 2011). Immunological methods are used when 

the parasitological tests are negative, particularly for patients in low prevalence locations (De 

Noya et al., 2007). 

 Immunological methods for antibody detection: Various serodiagnostic methods have 

been developed to detect anti-schistosomal antibodies. The most commonly used 

techniques include enzyme-linked immunosorbent assays (ELISA), the circumoval 

precipitin test (COPT), the indirect hemagglutination test (IHAT), the indirect 

immunofluorescence test (IFT) and the skin reaction test. These tests are typically 

reproducible, sensitive, and time-saving compared to microscopic methods. However, 

they are relatively expensive, trained technicians are required to perform the tests, cannot 

distinguish between active and past infections, are relatively nonspecific and are liable to 

cross-reactions with other antigens (Oliveira et al., 2005; Ross et al. 2002; Stothard et al., 
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2009). Additionally, after treatment, positive antibody tests might take a very long period 

of time to become negative because they are based on the determination of the humoral 

immune response (Abbasi, et al., 2010; Doenhoff, et al., 2004; Foo et al., 2015; Wang et 

al., 2008). Finally, immunological methods cannot measure the intensity of infection 

(Doenhoff, et al., 2004).  

 Immunological methods for the detection of parasite-derived circulating antigens: 

These methods are an effective way to differentiate active and past infections. A variety 

of schistosome-specific antigens are released into the circulation of the host due to the 

regurgitation of gut content by adult worms. Deelder et al. (1976 & 1989) have reported 

the presence of both a negatively charged anodic antigen (CAA) and a positively charged 

cathodic antigen (CCA). Several studies have used monoclonal antibodies to detect and 

quantify these two antigens in serum and urine of infected individuals (Deelder et al., 

1980; Stothard et al., 2006; Van Dam et al., 2004; Van Lieshout et al., 2000). Despite 

having low sensitivity in low prevalence locations, these assays have been used 

successfully in endemic areas with moderate and high prevalence of schistosomiasis (Van 

Dam et al., 2004; Van Lieshout et al., 2000). Corstjens et al. (2008) and Stothard et al. 

(2006) have both developed dipstick qualitative tests for the detection of CCA. This test 

is simple, rapid and can be easily implemented in the field. In addition to CAA and CCA, 

there are other candidate antigens that are secreted by schistosome eggs (Asahi & 

Stadecker, 2003; Boros, 1999). Some of these antigens can be detected by ELISA using 

monoclonal antibodies that recognize specific glycan motifs (Nourel Din et al., 1994).  

DNA and RNA Detection based methods 
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Schistosome DNA or RNA detection by conventional or more advanced Polymerase Chain 

Reaction PCR-based techniques, such as real-time quantitative PCR or multiplex PCR are 

promising additions to the parasitological and serological tests for schistosomiasis (Weerakoon, 

2015). 

 Detection of Schistosoma DNA by PCR:  Schistosomal DNA derived from dead 

worms, tegument shedding or inactive eggs can be found in host serum and other tissue 

samples (Xu et al., 2013). Therefore, PCR has become a promising diagnostic alternative 

to overcome the weaknesses of microscopic methods. Conventional PCR amplifies a 

precise target gene segment and is a specific method for the direct recognition of 

schistosome DNA in stool samples (Lier et al., 2006; Sandoval et al., 2006). Real-time 

PCR (qPCR) has advantages compared to conventional PCR: such as, its ability to detect 

target DNA at lower concentrations, it is quantitative, and since there is no need for 

electrophoresis to visualize products, it is less labor-intensive. PCR methods can have 

high sensitivity and specificity, but their use in epidemiological studies is limited. 

Compared to the Kato-Katz technique, PCR requires more advanced equipment and 

technical effort. However, because of the recent development of DNA isolation 

procedures and PCR technology, particularly real-time PCR, molecular diagnosis has 

become a good alternative to microscopic examination in some settings (Espy et al., 

2006; Klein, 2002; Verweij et al., 2004; Verweij et al., 2007).  

 Detection of Circulating miRNAs 

MicroRNAs (miRNAs) are a group of noncoding RNAs that are involved in 

posttranscriptional gene regulation (Bartel, 2004). They are present mainly in body fluids, 

such as blood plasma/serum. They are released from cells into the circulation through 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4072072/#B148
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three main pathways: leakage from broken cells, active secretion of miRNAs enclosed in 

exosomes, as well as active secretion of miRNAs bound to RNA binding proteins (Chen 

et al., 2012). Identification of parasite-derived miRNAs in both S. mansoni (De Souza 

Gomes et al., 2011) and S. japonicum (Cai et al., 2011) provided the basis for their 

detection in the circulation. The identification of schistosome-specific miRNAs was first 

reported in the plasma of S. japonicum-infected rabbits (Cheng et al.,2013), followed by 

report of  elevations of several parasite-derived S. mansoni miRNAs in a mouse model 

(Hoy et al., 2014). He et al., 2013 studied the serum levels of host miRNAs in mice, 

rabbits, buffaloes, and humans infected with S. japonicum, and suggested that circulating 

miR-223 is a potential new biomarker for the detection of schistosome infection as well 

as the assessment for chemotherapy response. However, host-derived miRNAs cannot 

differentiate between S. mansoni-infected and uninfected individuals (Hoy et al., 2014). 

Nonetheless, the identification of schistosome-specific and infection-associated host 

miRNA profiles have potential as diagnostic markers of early infection, in the evaluation 

of disease progression, and in monitoring therapeutic responses. However, they are 

limited in their wide-scale application because they need to be applied in clinical settings. 

Another limitation is the costs of the required reagents and the technical resources 

(Weerakoon, 2015). 

Biomarkers for schistosomiasis  

In 1998, the National Institutes of Health defined a biomarker as “a characteristic that is 

objectively measured and evaluated as an indicator of normal biologic processes, pathogenic 

processes, or pharmacologic responses to a therapeutic intervention” (Biomarkers Definition 

Working Group Biomarkers and surrogate endpoints, 2001; De Gruttola et al., 2001). The 
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progress of molecular biology technologies, such as cDNA microarrays and high-throughput 

mass spectrometry (MS)-based proteomics, have revolutionized the field of biomarker discovery. 

In particular, the latter makes it feasible to use a very sensitive technology to detect and quantify 

proteins in blood (Iskandar & Ciorba, 2012; Marshall et al., 2014). In parallel, advances in 

bioinformatics have improved the ability to collect, characterize and analyse large amounts of 

data (Cioffi et al., 2015). The sequencing of the human genome revealed 20,000 to 25,000 genes 

(International Human Genome Sequencing Consortium, 2004). Each gene has the potential to 

encode many proteins, therefore, a huge number of different proteins are produced in the human 

body. As a result, studying genes alone is not enough to solve the different mysteries of disease. 

Proteomics is a science that has emerged after the genomic revolution (Persidis, 1998), which 

deals with protein identification, post-translational modification (PTM), and protein-protein 

interactions in complex biological systems. Understanding of protein functions, expression and 

interactions is crucial in the pursuit for information regarding life and disease. One of the most 

important applications of proteomics is the discovery and identification of biomarkers for disease 

(Jones et al., 2002).  

However, in the field, this method has limited applications. Non-invasive biological 

markers, serum antibodies, cytokines, and circulating microRNAs provide promising ways to 

diagnose schistosomiasis (Olveda et al., 2014; Dos Santos et al., 2005; Rossi et al., 2007). 

Research on circulating antigens has focused on two antigens derived from the schistosome gut: 

CAA and CCA. Schistosome CAA and CCA are excreted by the kidney into the urine at 

amounts detectable by antigen capture methods (Stothard, 2009). Several studies have observed 

the elevation of alkaline phosphatase and gamma glutamyl transpeptidase (GGT) levels in 

schistosomiasis (Barreto, 1971; Vianna et al., 1989). Mansour et al. (1982) reported that GGT 
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levels were elevated in the mild forms of schistosomiasis due to the migration of eggs to the liver 

and granuloma formation. They also noticed that the level of GGT was higher in the case of 

hepatosplenic schistosomiasis with gastrointestinal bleeding. Manivannan et al. (2010) studied 

different liver protein patterns in mice with hepatosplenic schistosomiasis using differential in-

gel electrophoresis and recorded 80 protein spots that changed significantly with infection. Of 

these changed spots, 35 were related to severe disease.  

Many studies on Schistosoma-infected patients have reported that higher parasite burdens 

and parasite susceptibility are associated with higher levels of anti-Schistosoma IgG4 in infected 

children (Hagan et al., 1991; Grogan et al., 1996; Naus et al., 1999; Naus et al., 2003). 

Additionally, Naus et al. (2003) showed that the reactivity of anti-SWAP (adult worm antigen 

preparation) IgE increases with age in endemic areas of schistosomiasis.  

Despite considerable effort and the wide range of tests outlined above, reliable biomarkers 

for early disease and low-intensity S. mansoni infection are not available. New biomarkers are 

also needed to track disease complications (see below) and the success of therapeutic 

interventions (ie: tests of cure).  

Diagnosis and evaluation of schistosome-induced liver complications   

Various diagnostic methods are used to evaluate the complications of schistosomiasis 

(mainly liver fibrosis).  

 Liver biopsy: Biopsies can directly detect hepatic damage and is still the gold standard 

method. However, it is invasive and causes discomfort, is prone to sampling error and 

post-procedural risk and is clinically impractical in the field (Shiha et al., 2009; Sinkala et 

al., 2015). In S. mansoni, a wedge biopsy of the liver is the most accurate method to 

assess fibrosis. However, it requires major surgery. Since the intensity of periportal 
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fibrosis varies throughout the hepatic parenchyma, a fine-needle biopsy does not always 

give a true histopathological picture (Dimmette, 1955).  

 Imaging: In hospitals, imaging has proved to be an important tool for assessing hepatic 

fibrosis. In particular, ultrasonography is an important assessment tool because it can 

measure liver enlargement and periportal thickening (Domingues et al., 1993; Richter et 

al., 2001; Vezozzo et al., 2006). The limitations of imaging are its dependence on 

operator skills. Another problem is the reported interobserver variation when doing 

quantitative measurement (Pinto-Silva et al., 2010; Skelly, 2013). 

 Biomarkers: Even though there are many good markers of fibrosis, until now these 

markers have not been good enough to replace ultrasonography when evaluating fibrosis 

in schistosomiasis (Domingues et al., 2011). Important markers of fibrosis have been 

reported in many studies. One of these is the inverse correlation between the thickness of 

the gallbladder wall and either anti-SEA (soluble egg antigens) or anti-SWAP IgE 

(Negrão-Corrêa, et al., 2014). An elevated serum level of IgG in S. mansoni patients is 

correlated with the progression of liver fibrosis (Henrique et al., 2009). Others, studying 

the relationship between fibrosis and inflammatory makers in a case-control study of 

schistosomiasis, have demonstrated that hyaluronan and laminin are higher in patients 

with hepatosplenic schistosomiasis compared to controls. Elevation of these markers 

suggested they may be useful in diagnosing and monitoring periportal fibrosis (Sinkala et 

al., 2015). Pereira et al., 2015 reported that schistosomal egg antigens directly induce host 

liver cells to proliferate and produce the pro-fibrogenic molecule called osteopontin. 

They also proved that serum and hepatic osteopontin levels correlate with liver 

myofibroblast accumulation and liver fibrosis stage in mice and human, and a direct 
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measure of portal hypertension. As a result, osteopontin is also a possible non-invasive 

biomarker in S. mansoni infection (Pereira et al., 2015). 

Proteomic Studies  

Proteomic analysis is a multistep procedure including preparation of the sample, 

separation, quantification, identification of proteins and finally validation of candidate 

biomarkers (Shevchenko et al., 2015). Nonspecific detection methods such as centrifugation, 

chromatography, dialysis, electrophoresis, and immunoprecipitation, are all classical methods of 

proteomic analysis that are labour intensive and need large volumes of each sample. Nowadays, 

these methods are replaced by specific detection methods such as indirect antibody-based 

immunoassays such as enzyme-linked immunosorbent assay (ELISA) and, more recently, mass 

spectrometry (MS). MS is potentially very well-suited for clinical laboratories. Although MS is 

predicted to replace immunoassays for many routine protein analyses, relatively few protein MS 

applications are currently in routine clinical use (Scherl, 2015). Any MS essentially consists of 

three basic parts, an ion source, a mass analyzer and a detector (Bensimon et al., 2012; 

Gstaiger & Aebersold, 2009; Herrero et al., 2012; Mishur, & Rea, 2012; Yates et al., 2009). In 

the ion source the analyte is ionized (converted into gas-phase ions). Several ionization methods 

have been described, such as electron impact, fast atom bombardment, chemical ionization, 

matrix-assisted laser desorption/ionization (MALDI) and electrospray ionization (ESI). The last 

two are so-called ‘soft’ ionization techniques, i.e. ionization of the analyte without 

fragmentation. Once in the gas phase the analytes are separated based on their mass-to-charge 

(m/z) ratios in the mass analyzer. Although many types of mass analyzers can be used either in 

clinical laboratories or for research applications, so-called quadrupole and ion trap machines are 
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the most commonly used today (Scherl, 2015). Other machines including time-of-flight, ion 

cyclotron and orbitrap analyzers are also available.  

 The quadrupole mass analyzer (mass filter): consists of four parallel voltage carrying rods 

(electrodes) in which the ions pass from one end to another end. This method uses 

oscillating electrical fields to selectively stabilize or destabilize the paths of ions passing 

through the system. Only ions at unique m/z ratio have a stable trajectory and pass across 

the quadrupole at any time while ions at other m/z values hit the electrodes. The 

oscillating electrical fields can be changed rapidly to scan a wide mass range (Siuzdak, et 

al., 2004; Maher et al., 2013).  

 Quadrupole ion trap analyzers: works on the same physical principles as the quadrupole 

mass analyzer, but unlike to quadrupole mass analyzer the ions introduced to the mass 

analyzer in a pulsing mode. A linear quadrupole ion trap is similar to a quadrupole ion 

trap, but the trap can store large volumes of ions and it has high sensitivity (March, 

2000). 

 Time-of-flight (TOF) analyzers are field-free tubes where ions travel after an acceleration 

using an electrical field pulse. The same kinetic energy is applied to all ions, and then 

their flight time toward the detector is measured and converted into an m/z value. Ions 

with low m/z value will travel faster and reach the detector first (Guilhaus, 1997).  

 Fourier-transform-ion cyclotron resonance analyzer: ions move in a circular path in a 

magnetic field that represents their m/z values in ion cyclotron resonance mass analyzer. 

When energy is provided in a direction orthogonal to their plane of precession and at a 

frequency equal to their precession frequency, the ions are accelerated perpendicularly to 

the field. This acceleration induces a cyclotronic motion. The ions will impact the wall of 
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the trap, where the detector is located, enabling the image current of this cyclotronic 

motion to be detected. Then transformed into frequency values using Fourier-

transformation, and eventually converted into m/z values (Marshall et al., 1998).  

 Orbitrap mass analyzer: it is a non-magnetic mass analyzer but it consists of two 

electrodes inner spindle and outer barrel that created together an electrostatic field to 

separate the masses. The Orbitraps that are commercially available are LTQ Orbitraps. 

The Orbitrap gained more attention in the proteomic field when it was introduced 

because of its high mass accuracy, high sensitivity and a high dynamic range (Hu, 2005). 

All mass analyzers have diverse performance characteristics. Their performance 

measurements are resolution and mass accuracy. The resolution is the capability to 

discriminate two closely peaks. Resolution is calculated as the ratio of the m/z value of a 

compound divided by the full width at half maximum (FWHM) of the peak. Therefore, 

resolution is a ratio, without units. Mass accuracy is the difference between the theoretical 

mass of a compound and the measured mass. Mass accuracy is stated in one of two unites, 

absolute m/z units (Da) or in relative units parts per million (ppm) (Scherl, 2015). 

In this thesis, I briefly describe recent advances in bioanalytical approaches for biomarker 

discovery. These approaches focus on blood samples (serum). Protein separation is done 

using either zoom fractionation or ion exchange fractionation. Classical proteomics methods 

for protein identification, which used SELDI-TOF (Surface-enhanced laser 

desorption/ionization time-of-flight), MALDI -TOF MS (Matrix assisted laser 

desorption/ionization time of flight) or ESI (Electrospray ionization as sources for mass 

spectrometry, and up-to-date mass analyzers (e.g. Orbitrap) are also used.  This information 

can be used to identify proteins, which may enable new diagnostic strategies. 
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Techniques  

SELDI: 

The main components of this technology are the ProteinChip Arrays, the ProteinChip 

Reader, and the accompanying software. ProteinChip Arrays are composed of twelve eight-spot 

chips gathered in 96-well (bioprocessors). The proteins that are captured on the chips can be 

analysed and detected by the ProteinChip Reader. Relative expression levels of proteins at 

certain molecular weights are compared by a variety of statistical techniques and bioinformatic 

software resulting in a ‘pattern’ of proteins characterized by mass-to-charge ratio (m/z) (Reddy 

& Dalmasso, 2003). ProteinChips with different affinity surfaces like copper (IMAC), 

hydrophobic, cation exchange, anion exchange, and silica coated chips have been used with 

SELDI to reduce the complexity of samples (Merchant & Weinberger, 2000). SELDI method has 

recently been developed for a higher throughput in clinical settings (Popescu, 2014). Several 

researchers have provided evidence that this platform can be used to uncover proteomic 

expression patterns associated with a disease state (Engwegen, 2006). SELDI can be used to 

analyze large numbers of small-volume samples. In addition, SELDI is more adapted for less 

than 30 kDa molecular mass proteins (Atanassov, 2015). Even though SELDI-MS platform led 

to the improvement of biomarker discovery, it has some limitations. One of these is the 

restriction of the number of compounds under examination because only a fraction of the 

peptides/proteins bind to the different matrixes (Vlahou, 2001; Chapman, 2002; Diamandis, 

2004). Also, peaks below 30 kDa are particularly well-resolved with this method, this is not the 

case for higher molecular weight proteins (Seibert et al., 2004). Another limitation is that the 

system is expensive and demands well-trained laboratory workers (Paweletz et al., 2001). 

Finally, while the identification of proteins is very important, the focus of SELDI technology is 
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directed towards investigating protein differential expression (protein patterns) (Seibert et al., 

2004).  

Some examples of the application of SELDI are:  

Oncology: Several profiles of proteins and biomarkers in many types of cancer have been 

identified for potential use in the early detection of prostate, breast, ovarian, and other types of 

cancer (Gallo et al., 2016; Petricoin et al., 2002). 

Infectious diseases: Biomarkers of infectious diseases such as HIV (Ratto et al., 2008), Severe 

Acute Respiratory Syndrome (SARS) (Kang et al., 2005 & Poon et al., 2004), hepatitis B and C 

(Cui, et al., 2007 & Schwegler, et al., 2005), bacterial endocarditis (Fenollar et al., 2006) and 

parasitic infections such African Trypanosomaisis (sleeping sickness) (Papadopoulos et al., 

2004) or trematode Fascioliasis (Rioux et al., 2008)  have been identified. For example, using 

Ciphergen's PCI-1000 ProteinChip Interface on a tandem MS system, alpha-defensin-1, -2, and -

3 were detected as novel inhibitors of HIV-1 replication (Zhang L, et al. 2002).  

Immunology: Using the SELDI-MS platform, two independent studies have reported particular 

urinary biomarkers associated with the rejection of renal allografts (Clarke et al., 2003; Schaub et 

al., 2004). 

In this thesis work, SELDI-TOF MS was used to screen serum samples from 85 human 

samples (30 schistosome infected patients and 55 control) to identify biomarker peaks for the 

diagnosis schistosomiasis and to differentiate between S. haematobium and uninfected controls. 

SELDI-TOF MS was also used to study serum protein expression patterns. This was done using 

26 CD1 mice that were infected with different numbers of Schistosoma mansoni cercariae, as 

well as 26 inbred mice C57Bl/6 that were infected with 200 S. mansoni cercariae. 

MALDI -TOF  
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MALDI-TOF mass spectrometry has been widely used for the analysis of high molecular 

weight biomolecules such as proteins (Scherl, 2015). In MALDI, the analyte is loaded into the 

solid matrix, this leads to its crystallization with the matrix, and introduced in solid form into the 

mass spectrometer. After the crystallization of the matrix and sample, the target is bombarded 

with brief laser pulses to form gaseous ions.  The matrix is protonated first and consequently 

protonates the analyte during the MALDI process (Knochenmuss, 2006). The matrix 

composition varies depending on the analyte biomolecule and the type of laser applied (Fenselau 

& Demirev, 2001). According to protein or peptide profiling and analysis, sinapinic acid (SA) is 

the most commonly utilised matrix for proteins analysis whilst peptides are thought to ionise 

more effectively using cyanohydroxycinnaminic acid (CHCA) as the matrix. Both of SA and 

CHCA are used in concentrations of ~10 mg/mL and thus represent an excess of matrix 

molecules to analyte molecules in the resulting mixture. Therefore, the lower end of the mass 

spectrum (less than 500 Da) is represented by ions arising from the matrix and is usually not 

studied during analysis. More matrix materials have been investigated in order to gain 

improvements in ionisation efficiency such as,  2, 5-dihydroxybenzoic acid,  2, 4-hydroxy-

phenyl benzoic acid, and Ferulic acid (Fenselau & Demirev, 2001; Giebel et al., 2010; 

Vaidyanathan et al., 2002; Williams et al., 2003). However, the organic matrix molecules are 

evaporated and ionized at the same time as the analytes, and mass peaks of the fragmented 

matrix molecules are produced. The heterogeneity in matrix–sample crystal formation, makes the 

mass peaks of the fragmented matrix molecules irreproducible, resulting in a different pattern at 

each measurement. Therefore, it is very difficult to separate the mass peaks of the analytes at the 

low m/z range, and the analysis of small molecules is very restricted using MALDI-TOF mass 

spectrometry (Kang et al., 2005; Wei et al., 1999). Matrix clusters might be reduced by: 

http://onlinelibrary.wiley.com/doi/10.1111/j.1574-6976.2011.00298.x/full#fmr298-bib-0032
http://onlinelibrary.wiley.com/doi/10.1111/j.1574-6976.2011.00298.x/full#fmr298-bib-0032
http://onlinelibrary.wiley.com/doi/10.1111/j.1574-6976.2011.00298.x/full#fmr298-bib-0039
http://onlinelibrary.wiley.com/doi/10.1111/j.1574-6976.2011.00298.x/full#fmr298-bib-0108
http://onlinelibrary.wiley.com/doi/10.1111/j.1574-6976.2011.00298.x/full#fmr298-bib-0117
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1) Purifying samples on reverse-phase (RP) microcolumns. However, some peptides might 

be lost on RP columns (Guo et al., 2002). 

2) Using cetrimonium bromide in the matrix solution (Guo et al., 2002). Although it is very 

efficient in suppressing matrix clusters, it lowers the intensity of sample ions. 

3) Recrystallizing the matrix in ethanol (Keller & Li, 2000).  

However, MALDI-TOF has many advantages, such as easy sample preparation, high 

sensitivity (fmol) and a wide detection range (600kDa) (Kim, 2015). MALDI also allows for 

rapid sample analysis and is tolerant of heterogeneous samples such as proteolytic digests 

(Valaskovic, et al., 1995). MALDI-TOF has the additional advantage of direct identification of 

peaks of interest by analyzing samples in TOF/TOF mode (Orvisky et al., 2006). The 

identification of native peptides is more difficult than identification of peptides resulting from 

tryptic digestion. As a result, the search algorithms typically used for the identification of tryptic 

peptides may not be suitable for the analysis of native peptides (eg: Sequest, Mascot, Sequest–

PeptideProphet, Spectrum Mill, Sonar, or X!Tandem). Post-translational modifications (PTMs) 

are another obstacle for identification (Mischak et al., 2009; Theodorescu & Mischak 2007).  

Applications of MALDI:   

The capability of MALDI-TOF MS to yield rapid microbial identification favors 

potential applications in many fields, such as medical diagnostics, food quality control, and 

environmental monitoring (Croxatto et al., 2012). MALDI-TOF-MS has proved itself in the fast 

and reliable identification of microorganisms such as pathogenic bacteria and yeasts (Ryzhov & 

Fenselau, 2001; Holland et al., 1999; Fenselau & Demirev, 2001; Sun et al., 2006; Dieckmann et 

al., 2008). 

http://onlinelibrary.wiley.com/doi/10.1111/j.1574-6976.2011.00298.x/full#fmr298-bib-0052
http://onlinelibrary.wiley.com/doi/10.1111/j.1574-6976.2011.00298.x/full#fmr298-bib-0104
http://onlinelibrary.wiley.com/doi/10.1111/j.1574-6976.2011.00298.x/full#fmr298-bib-0025
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In this thesis, several differentially-expressed host proteins were identified in the serum 

of S. mansoni infected mice at different disease stages using MALDI TOF MS. 

ESI 

ESI is a very powerful technique capable of analyzing small and large molecules of 

various polarities in a complex biological sample. ESI is valuable in the characterization and 

identification of nucleic acids and proteins (Laughlin & Wilson, 2015). In ESI, the analyte 

solution is injected by a mechanical syringe pump through a hypodermic needle or stainless steel 

capillary into the ion source. A high voltage (2–6 kV) is applied to the tip of the metal capillary, 

located at 1–3 cm from the spray needle tip. The strong electric field results dispersion of the 

sample solution into a highly charged droplets. During the gas phase, the ions are directed 

toward a mass analyzer and detector, and their m/z value is determined (Scherl, 2015). The 

development of ‘soft’ ionization techniques such as ESI-MS has found widespread application in 

structural biology. ESI-MS is a method of choice for the characterization of macromolecules 

because of its ability to transfer large biomolecular complexes intact into the gas-phase, 

combined with low sample consumption and high sensitivity (Fenn, 2003; Hopper & Robinson, 

2014; Kebarle & Verkerk, 2009; Rajabi et al., 2015). 

 Even though both ESI and MALDI can generate [M + zH] z+ ions, it is more common 

for MALDI to form single charged ions (z = 1) and for ESI to form multiply charged ions (z 1) 

(Nilsson, 2010). Using ESI mass spectrometry as an analytical method has many advantages 

such as its ability to be coupled to high-performance liquid chromatography for molecular 

fractionation before analyzing the sample by mass spectrometry (Nilsson, 2010). The small m/z 

ratio range of the quadrupole mass analyzer makes it possible to identify the mass of the sample 
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with a great precision (ie: mass accuracy). A final advantage of ESI is its high sensitivity which 

makes quantitative and qualitative measurements more accurate. 

One of the disadvantages of ESI mass spectrometry is the difficulty encountered when 

cleaning the apparatus as it is prone to contamination from previous experiments. Also, multiply 

charged ions can lead to confusing spectral data and this becomes even more complicated when 

using a biological samples. 

Applications of ESI: 

 ESI-MS reports on biological systems have involved double helical DNA studies, 

establishing conditions for preserving the duplex in the gas phase (Light-Wahl et al., 

1993). Several reports on duplex stability have been published (Gabelica et al., 2002; 

Gidden et al., 2004; Light-Wahl et al., 1993). Dissociation to single strands as well as 

nucleic acid sequence studies have been reported (Barylyuk et al., 2013; Ni & Chan, 

2001; Fabris, 2011; Madsen & Brodbelt, 2010; Wan et al., 2000).  

 ESI has the ability to identify organisms directly from patient specimens without culture. 

This is helpful for the detection and identification of organisms even at a very low 

concentration (Buchan & Ledeboer, 2014). Butler-Wu et al., (2011) have found a poor 

recovery of organisms from joints suspected to be harboring bacteria when routine 

culture methods are employed. On the other hand, ESI-MS identified a likely pathogen in 

100% of cases when doing a clinical diagnosis of prosthetic joint infections (Jacovides et 

al., 2012). 

 ESI-MS has been used to identify filamentous fungi in sputum specimens (Simner et al., 

2013). 
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 ESI-MS has also been applied to identify bacterial pathogens from a variety of samples, 

such as food, cell cultures, and environmental samples (Sampath et al., 2012). 

In this thesis, several distinct candidate biomarkers were identified using ESI that could 

distinguish schistosomiasis from controls in 85 human samples (30 S. haematobium infected 

patients and 55 control). 

LTQ-OrbitrapVelos  

The continued development of mass spectrometers, including Orbitrap-based systems 

was driven by objectives of directly analyze complex samples without extensive pre-

fractionation as well as increasing sensitivity and accelerating scan speed to meet the evolving 

needs of proteomics researchers (Eliuk & Makarov, 2015). The LTQ Orbitrap Velos hybrid mass 

spectrometer was generated with capabilities aimed directly at accomplishing these objectives 

(Olsen et al., 2009). Orbitrap-based mass spectrometer is Orbitrap mass analyzer equipped with 

an electrospray ionization source (ESI) (Hu, 2005). LTQ-Orbitrap Velos machines have been 

used in a huge range of experiments such as metabolomic analyses and clinical proteomics 

(Helfer et al., 2015; Kim et al., 2010; Zhao et al., 2016). The Orbitrap resolving power of this 

method exceeds 60'000 FWHM at 380-1400 m/z with a wide dynamic range. The dissociation 

methods of LTQ-Orbitrap include collision induced dissociation (CID), pulsed-Q-dissociation 

(PQD) and higher energy collision dissociation (HCD).  

The fragmentation process in CID depends on the facilitation of collisions between the 

inert background gas, such as helium and a precursor ion. Once the collision energy is high 

enough, the fragmentation of the excited ion occurs (Wong et al., 2009; Rohmer et al., 2011). 

However, due to the resonant excitation principle, the fragmentation process in CID is weak. 

Therefore, m/z ions with the lowest stability can become trapped in the ion trap. Many 
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techniques have been introduced to overcome or reduce this limitation. One of these is PQD 

which is a modified resonant excitation technique that originated from CID but provides access 

to low m/z ions (Rohmer et al., 2011). In PQD, the activation is dependent on an increase in the 

collision voltage that is achieved in a short period (Cunningham et al., 2006). With the 

introduction of hybrid instrumentation, such as HCD in Orbitrap-based instruments, another 

complementary excitation technique has been developed (Makarov, 2000; Makarov et al., 2006). 

This hybrid instrument allows both conventional CID and PQD resonant modes, and the current 

HCD non-resonant mode to be combined (Hager, 2002).  

Applications of LTQ-OrbitrapVelos: 

 The LTQ Orbitrap has been used to analyze intact small (3–10 kDa), medium (10–25 

kDa) and large (150 kDa) proteins (Thevis & Schänzer, 2008; Waanders, Hanke, & 

Mann, 2007; Zhang & Shah, 2007), where the Orbitrap can facilitate determination of the 

charge states of fragment ions, and identification of PTMs by database searching.  

 This hybrid mass spectrometer have also been used in environmental chemistry (Krauss 

& Hollender, 2008), drug analysis (Cuyckens et al., 2008), as well as lipidomics (Davis et 

al., 2008). 

In this thesis, employing sample fractionation and differential gel electrophoresis, we 

analyzed gel slices by Velos Orbitrap MS. This approach yielded various schistosome 

antigens as well as many differentially-expressed host proteins in the serum of acute and 

chronic infected mice. 

Relative quantitation:  

Proteomics has been defined by Anderson and Anderson (1998) as “the use of 

quantitative protein-level measurements of gene expression to characterize biological processes 
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(e.g., disease processes and drug effects) and decipher the mechanisms of gene expression 

control.” Quantitative proteomics is the attempt to quantitate specific proteins found during 

discovery screening (Ahrens et al., 2010). Quantification is essential for proteomics research 

since it plays a critical role in biomarker discovery. Proteomic profiling, which compares two or 

multiple samples of biological relevance, has become a principle strategy to identify biomarkers. 

There are two main strategies for quantitative MS-based proteomics: stable isotope-based 

labeling and label-free quantitative methods.  

Stable Isotope Labeling  

In these techniques, peptides are tagged with different stable isotopes such as 
2
H, 

15
N, 

13
C 

that facilitate the unbiased comparison of protein amounts in different samples in a single mass 

spectrometric experiment. The isotope label used is, and except for its mass, similar to the 

analyzed peptide in physical and chemical properties. Depending on the type of labelling used, 

whether metabolic or chemical, labels are added in different ways to the samples. When 

detecting for variables in the same sample sets, metabolic and chemical labels are commonly 

used because they have a high sensitivity. However, during proteolysis, the release of the 

selected proteotypic peptide can vary and the quantification derived from the reference peptide is 

not absolute. In fact, the quantification is absolute only when tryptic fragmentation is complete 

without a single missed cleavage (Meyer, 2014). Unfortunately, adding isotope labels to the 

sample is costly, time-consuming, and decreases the sensitivity of the detection. Additionally, the 

number of isotope labels available is limited (Domon & Aebersold, 2006; Mueller et al., 2008).  

• In vivo metabolic labeling: In this method, the label is added to the organism or whole cell 

during growth (Ong et al., 2002), for example, this can be done by adding stable isotope-

containing amino acids to the cell culture media. This method is called stable isotope labeling by 
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amino acids in cell culture (SILAC). SILAC has been used to study different aspects of 

mammalian signalling biology, protein-protein interactions (Blagoev et al., 2003; Schulze & 

Mann, 2004; Selbach & Mann, 2006), and protein dynamics (Blagoev, 2004; Olsen et al. 2006).  

• In vitro chemical labeling: In this method, labels are added to proteins or tryptic peptides 

through a chemical reaction. This method is used to study the oxidation or reduction status of 

proteins. The most commonly used chemical isotope label is the isotope-coded affinity tag 

(ICAT) which binds to sulfhydryl groups of cysteine residues (Gygi et al., 1999).  

Label-free  

Label-free quantitative methods require spectral counting or the measurement of   

precursor ion intensity. These methods are based on chromatographic data, MS spectra and 

MS/MS-based peptide identification. Due to their simplicity, affordability and flexibility, label-

free quantitative strategies are the method of choice in quantitative LC/MS/MS-based proteomics 

(Gao et al., 2008; Ramus et al., 2016). Washburn & Yates (2001) used comparative methods 

such as sequence coverage and peptide number to show that relative protein abundance is 

correlated with the most with spectral counts. Spectral counting has a large dynamic range 

(Zybailov et al., 2005; Asara et al., 2008), which allows abundance differences of up to 60:1 to 

be detected. On the other hand, in SILAC experiments, the detectable ratio is only 20:1. When a 

mass analyzer with a high MS/MS sampling rate (such as a linear ion trap) is used, the sensitivity 

of spectral counting increases. Additionally, the accuracy of quantification by ion intensities can 

be improved using a high resolution mass analyzer such as the Orbitrap. In our studies, we 

combined spectral counting, amino acid coverage rate, protein identification probability and the 

number of identified peptides as a label-free method for protein quantification.  

Proteomics and Schistosomiasis:  
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The proteome is defined as the characterization of the total proteins in a certain tissue 

(e.g.: serum, blood) or cell at a given time. The recent sequencing of the three key schistosome 

species genomes has enabled the discovery of several new possible vaccine and drug targets, 

using sensitive and high-throughput proteomics method (Driguez et al., 2015). However, the 

causes of host pathology caused by schistosomiasis are still not completely clear. To date, 

several different proteomics techniques have been used in schistosomiasis studies to detect and 

identify schistosomal proteins.  

1- Comparison of soluble schistosomal proteins in different life cycle stages:  

Using MALDI- TOF-MS, Curwen et al., 2004 studied S. mansoni soluble proteins from 

the four different life stages, cercariae, schistosomula, adult and eggs in virto. This study selected 

the 40 most dominant soluble proteins and identified only a small number of differences in the 

composition of the proteins between each life cycle stage (Curwen et al., 2004). Pereira and 

colleagues were able to identify many putative ubiquitin-specific proteases in Schistosoma 

mansoni. They reported stage-specific expression profiles all through the parasite life cycle that 

might indicate the use of these proteases in the parasite development (Pereira et al., 2015).  

2- Comparison between male and female protein compositions: 

Cheng et al., 2005 investigated the protein composition of male and female adults of S. 

japonicum. Using a combination of MALDI-TOF-MS and LC-MS/MS, these authors studied 

soluble and membrane proteins and detected 52 specific and 49 specific protein for male and 

female adult worms respectively. However, only 16 and 12 proteins respectively were 

subsequently identified. Most of the identified proteins were classified as involved in signal 

transduction and transcriptional regulation, while a small proportion were classified as important 

for reproduction (Cheng et al., 2005). 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WFH-4NTBFMF-2&_user=458507&_coverDate=11%2F30%2F2007&_rdoc=1&_fmt=full&_orig=search&_cdi=6795&_sort=d&_docanchor=&view=c&_acct=C000022002&_version=1&_urlVersion=0&_userid=458507&md5=52c3c6831fcbbda16a78ac416cb2f797#bib9
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WFH-4NTBFMF-2&_user=458507&_coverDate=11%2F30%2F2007&_rdoc=1&_fmt=full&_orig=search&_cdi=6795&_sort=d&_docanchor=&view=c&_acct=C000022002&_version=1&_urlVersion=0&_userid=458507&md5=52c3c6831fcbbda16a78ac416cb2f797#bib9
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WFH-4NTBFMF-2&_user=458507&_coverDate=11%2F30%2F2007&_rdoc=1&_fmt=full&_orig=search&_cdi=6795&_sort=d&_docanchor=&view=c&_acct=C000022002&_version=1&_urlVersion=0&_userid=458507&md5=52c3c6831fcbbda16a78ac416cb2f797#bib7
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WFH-4NTBFMF-2&_user=458507&_coverDate=11%2F30%2F2007&_rdoc=1&_fmt=full&_orig=search&_cdi=6795&_sort=d&_docanchor=&view=c&_acct=C000022002&_version=1&_urlVersion=0&_userid=458507&md5=52c3c6831fcbbda16a78ac416cb2f797#bib7
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3- Proteins of the adult and schistosomula tegumental outer membrane   

Van Hellemond et al., 2007 reported that many proteomic studies have investigated the 

tegument of the adult worm; this membrane is where the interaction between the worm and the 

host occurs. The tegument consists of two lipid layers, the outer layer has many properties that 

are different of plasma membrane. It is divided into two parts, one that sheds rapidly within 11 

hour, and the other that sheds very slowly. The inner layer is considered as a true plasma 

membrane (McLaren and Hockley, 1977; Thompson and Geary, 2003). Braschi and colleagues 

(2006) studied the differences between tegumental membrane proteins from cytosolic and 

tegumental membrane associated proteins using different techniques with 2D gel electrophoresis. 

Because they found that proteins are easily removed by washes, they concluded that many of the 

proteins in the tegumental fraction are loosely attached to the membranes. (Braschi et al., 2006).  

Braschi & Wilson, (2006) used biotinylation to identify the proteins exposed on the surface of 

the tegumental membrane and they identified 24 proteins. In a recent study, a large number of 

differentially expressed proteins of the tegument from the schistosomula stage of S. mansoni 

were identified using quantitative mass spectrometry methods (Sotillo et al., 2015). 

4- Antigens and secreted proteins of the schistosome 

To date, several proteomic studies on cercarial and adult secretions have been performed 

and have shown that the secretory products of S. mansoni cercariae include several proteases and 

many potential immuno-modulators either by one-dimensional SDS-PAGE or two-dimensional 

electrophoresis (Knudsen et al., 2005) and (Curwen et al., 2006) respectively.  

5- The schistosome effect on the protein composition of the host liver 

Schistosomiasis causes severe inflammation of the liver. A recent study investigated the 

effect of schistosome infection on protein composition of the liver in infected mice compared to 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WFH-4NTBFMF-2&_user=458507&_coverDate=11%2F30%2F2007&_rdoc=1&_fmt=full&_orig=search&_cdi=6795&_sort=d&_docanchor=&view=c&_acct=C000022002&_version=1&_urlVersion=0&_userid=458507&md5=52c3c6831fcbbda16a78ac416cb2f797#bib27
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WFH-4NTBFMF-2&_user=458507&_coverDate=11%2F30%2F2007&_rdoc=1&_fmt=full&_orig=search&_cdi=6795&_sort=d&_docanchor=&view=c&_acct=C000022002&_version=1&_urlVersion=0&_userid=458507&md5=52c3c6831fcbbda16a78ac416cb2f797#bib22
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WFH-4NTBFMF-2&_user=458507&_coverDate=11%2F30%2F2007&_rdoc=1&_fmt=full&_orig=search&_cdi=6795&_sort=d&_docanchor=&view=c&_acct=C000022002&_version=1&_urlVersion=0&_userid=458507&md5=52c3c6831fcbbda16a78ac416cb2f797#bib10
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non-infected mice. Harvie and colleagues used 2D dimensional gel-electrophoresis and then 

identified the protein spots by MALDI-MS. In the infected livers, they noticed a marked 

decrease in proteins involved in diverse liver function such as the urea cycle, fatty acid oxidation 

and the Krebs cycle, while proteins involved in stress responses and acute phase reactants were 

increased (Harvie et al., 2007). 

Objectives of this Study 

I carried out a proteomic profile analysis of human sera taken from patients with 

schistosomiasis to identify new putative biomarkers. We carried out parallel studies on the sera 

of mice infected with S. mansoni to study the early stage of the disease and to compare 

biomarker profiles in chronically-infected mice with the chronic stage in humans. This work 

employed high throughput surface-enhanced laser desorption/ionization time-of-flight (SELDI-

TOF MS), high precision matrix-assisted laser desorption and ionization (MALDI-TOF MS) 

mass spectrometry, Electrospray ionization (ESI) as sources for mass spectrometry, and up-to-

date mass analyzers, for example Orbitrap. 

Research Hypothesis and Aims: 

Hypothesis#1: Patients chronically infected with S. mansoni have characteristic serum protein 

profiles. 

Hypothesis#2: Infection of mice with S. mansoni leads to an alteration of the serum protein 

profile that change over time.  

Aims 

The current thesis aims to identify putative biomarkers for schistosomiasis to address 

gaps in the diagnosis of human schistosomiasis. For this purpose, mass spectrometry (MS)-based 

biomarker discovery was applied to exploit the capabilities of mass spectrometry for protein 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WFH-4NTBFMF-2&_user=458507&_coverDate=11%2F30%2F2007&_rdoc=1&_fmt=full&_orig=search&_cdi=6795&_sort=d&_docanchor=&view=c&_acct=C000022002&_version=1&_urlVersion=0&_userid=458507&md5=52c3c6831fcbbda16a78ac416cb2f797#bib16


44 
 

identification and quantification for fast, systematic biomarker discovery. A further aim of this 

thesis was to compare biomarkers in mouse and human schistosomiasis. 
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Abstract  

Background: Schistosomiasis is an important helminth infection of humans. There are few 

reliable diagnostic biomarkers for early infection, for recurrent infection or to document 

successful treatment. In this study, we compared serum protein profiles in uninfected and 

infected mice to identify disease stage-specific biomarkers. Methods: Serum collected from 

CD1 mice infected with 50-200 Schistosoma mansoni cercariae were analyzed before infection 

and at 3, 6 and 12 weeks post-infection using three mass spectrometric (MS) platforms. Results: 

Using SELDI-TOF MS, 66 discriminating m/z peaks were detected between S. mansoni infected 

mice and healthy controls. Used in various combinations, these peaks could 1) reliably diagnose 

early-stage disease, 2) distinguish between acute and chronic infection and 3) diagnose S. 

mansoni infection regardless the parasite burden. The most important contributors to these 

diagnostic algorithms were peaks at 3.7, 13 and 46 kDa. Employing sample fractionation and 

differential gel electrophoresis, we analyzed gel slices either by MALDI-TOF MS or Velos 

Orbitrap MS. The former yielded eight differentially-expressed host proteins in the serum at 

different disease stages including transferrin and alpha 1- antitrypsin. The latter suggested the 

presence of a surprising number of parasite-origin proteins in the serum during both the acute 

(n=200) and chronic (n=105) stages. The Orbitrap platform also identified many differentially-

expressed host-origin serum proteins during the acute and chronic stages (296 and 220 

respectively). The presence of one of the schistosome proteins, glutathione S-transferase (GST: 

25 KDa), was confirmed by Western blot. This study provides proof-of-principle for an approach 

that can yield a large number of novel candidate biomarkers for Schistosoma infection. 

Keywords: Schistosoma mansoni, diagnostics, proteomics, biomarkers, mouse model. 

Word Counts: Abstract: 259 
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Introduction 

Schistosomiasis is a public health problem of global importance (Hotez & Fenwick, 

2009). For both surveillance and the optimal treatment of patients, rapid and sensitive diagnostic 

tests are needed that can detect infection soon after exposure and when parasite burden is low. 

Although the current gold-standard test for Schistosoma mansoni is microscopic detection of the 

eggs in stool, eggs first appear only 6-8 weeks after infection. This method also has poor 

sensitivity when few parasites are present and during the chronic stage of infection when the 

passage of eggs is typically low (Jordan & Webbe, 1969). Other tools used to diagnose and 

monitor schistosomiasis include the detection of circulating antigens or antibodies and 

ultrasound to assess liver fibrosis and hepatosplenomegaly (Deelder et al., 1980; Doenhoff et al., 

2004; Greter et al., 2015; Richter et al., 1998). Polymerase chain reaction (PCR) has recently 

been used to detect S. mansoni DNA in human fecal samples (Espírito-Santo et al., 2015; Pontes 

& Rabello, 2002). All of these tests have important limitations related to their complexity, 

expense, sensitivity and/or cross-reactivity with other helminth infections. Most cannot 

discriminate between active and past infections (Bergquist et al., 2009; Gryseels et al., 2006). 

Therefore, there is a need for new schistosomiasis diagnostic options. 

Mass spectrometry (MS) has the potential to modernize S. mansoni diagnostics through 

the discovery of specific biomarkers or proteomic profiles associated with infection or disease 

stage. In addition to possible diagnostic advances, the application of MS techniques to serum 

samples from the well-described schistosome-infected mouse model also has the potential to 

provide novel insights into parasite biology. Although the choice of proteomic platform and the 
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optimal timing of sampling were unknown at the launch of these studies, we hoped to identify 

candidate biomarkers at different time-points after infection, representing the different 

pathological stages of the disease: ie: EARLY prior to egg production (~3 weeks post-infection), 

ACUTE: ~6 weeks post-infection when eggs are being starting to be deposited in the liver, and 

CHRONIC: ~12 weeks post-infection when there is a well-defined granulomatous reaction in the 

liver.  

Because several different MS platforms are available, each with its particular strengths 

and weaknesses, we opted to explore three complimentary approaches. We used high throughput 

surface-enhance, laser-desorption and ionization, time-of-flight mass spectroscopy (SELDI-TOF 

MS) to compare uninfected and infected sera as a ‘proof-of-principal’ exercise. We subsequently 

used sample fractionation and differential gel electrophoresis prior to analysis on two more 

precise MS platforms; specifically matrix-assisted, laser-desorption and ionization (MALDI-

TOF MS) and Velos Orbitrap MS. By using multiple proteomic platforms in parallel, we 

demonstrated that serum protein profiles differ extensively between infected and uninfected 

mice, offering a rich source of potential biomarkers.  

Materials and Methods  

Mouse infection and serum collection 

Twenty-six female CD1, six-week old mice were purchased from The Charles River (St. 

Constant, Québec). All animal experiments were approved by the Facility Animal Care 

Committee of McGill University and followed the guidelines of the Canadian Council on Animal 

Care. Mice (5/group) were infected intraperitoneally (IP) with 50, 100, 150 or 200 S. mansoni 

cercariae (S. mansoni-infected Biomphalaria glabrata snails were obtained from the Biomedical 

Research Institute; Bethesda, MD). Control animals (n=6) were IP injected with PBS. Blood 
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samples were collected by saphenous bleeding before infection, at three weeks and six weeks 

post-infection and by cardiac puncture at 12 weeks post-infection. All sera were kept at − 80 °C 

until analyzed.  

Fractionation method:  

We used sample fractionation prior to SELDI and MALDI analysis. Serum samples at 

different time points were fractionated as previously described (Rioux et al., 2008; Santamaria et 

al., 2014). Briefly, ProteinChip serum fractionation kit (Bio-Rad) was used to fractionate the 

samples into six pH fractions prior to mass spectrometric analysis. 96-well Q-Ceramic HyperD F 

resin filtration plates were used for the fractionation. To decrease the complexity, 20 μL of 

sample were first incubated with 30 μL of U9 buffer (9 M urea 2% CHAPS, and 50 mM Tris-

HCl, pH 9) for 20 minutes. Then, samples were diluted with 50 μL of U1 buffer [1 M urea, 2% 

(wt/vol) 3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS), 50 mM Tris-

HCl, pH 9] and added to pre-equilibrated filtration plates incubated on a MicroMix machine 

(MicroMix 5; Diagnostic Products Company, Los Angeles, CA) for 30 minutes. Five fractions 

were collected by serial elution in buffers of decreasing pH (pH9, 7, 5, 4, 3). The buffers used 

are wash buffer 1 (50 mM Tris-HCl, 0.1% OGP, pH 9), wash buffer 2 (50 mM HEPES, 0.1% 

OGP, pH 7), wash buffer 3 (100 mM Na acetate, 0.1% OGP, pH 5), wash buffer 4 (100 mM Na 

acetate, 0.1% OGP, pH 4) and wash buffer 5 (50 mM Na citrate, 0.1% OGP, pH 3). After the 

collection of the first five fractions, a final elution by vacuum in an organic buffer was collected. 

The buffer used in the final collection was wash buffer 6 (33.3% isopropanol, 16.7% acetonitrile, 

0.1% trifluoroacetic acid). All fractions were stored at -80 ºC until used. 

SELDI-TOF MS  
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SELDI-TOF MS was introduced by Hutchens T.W. and Yip T.T in 1993 and has many 

potential advantages including high throughput, small volume requirement, a broad dynamic 

range and the capacity to analyze complex samples such as serum by pre-fractionation on 

chromatographically-distinct ‘chips’. The fractionated serum samples were bound to 

ProteinChip™ arrays (Bio-Rad) and analyzed essentially as previously described (Rioux et al., 

2008; Santamaria et al., 2014). Cation Exchange (CM10) and Immobilized Metal Affinity 

Capture (IMAC30) Protein-Chip™ arrays were used to profile the fractionated samples as 

previously described (Santamaria et al., 2014). Each chip type was read under high and low laser 

intensity (3750 and 2500 nanojoules respectively). Biomarker Patterns Software™ algorithms 

(Bio-Rad) were then used to analyze the peak intensities and to generate classification ‘trees’ by 

CART analysis (Bio-Rad Laboratories) (Steinberg & Colla, 1995). This experiment suggested 

that the greatest number of potential biomarkers were present in fractions 1 and 6 (F1, F6).  

ProteinChip Data Manager Software:  

ProteinChip Data Manager Software (version 3.5; Bio-Rad) was used first to determine 

protein clustering. The latter defines a group of peaks of similar mass that are treated as the same 

protein or peptide across multiple spectra. The peaks generated within an MS spectrum indicate 

signal intensity on the y-axis and mass-to-ion ratio (m/z) on the x-axis. The same peptide or 

protein peaks with different levels from each serum sample were collected and grouped into 

clusters. Two-step spectral analysis was performed. In the first pass analysis, automated 

detection identified peaks using a signal-to-noise ratio (S/N) of 5, and cluster peaks with a p-

values ≤ 0.05 were inspected and relabeled manually. In the second pass analysis, peak detection 

was performed on the user-defined peaks only, and peaks with S/N ratio ≥ 2 were retained. The 

Biomarker Wizard application of the ProteinChip™ software was then used to compare the data 
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between control and infected groups using the Mann–Whitney test. Potential biomarkers were 

defined as peaks with p-values of ≤ 0.05 and Receiver Operation Characteristic (ROC) values of 

< 0.3 and > 0.7.  

Classification and regression tree [CART] Analysis 

Biomarker Pattern Software™ (BPS) (Bio-Rad Laboratories) was used to analyze the 

SELDI peak intensities and generate classification trees (i.e., potential diagnostic algorithms). 

Using multiple differentially-expressed protein peaks in the sera of infected and control groups, 

the BPS software creates a series of decision-points at cut-off intensities assigned to achieve the 

best separation. Sera with values <X go to the left node while those with values ≥X go to the 

right node. The software repeats this splitting process for each daughter node using other 

candidate biomarker peaks until terminal nodes are produced (Steinberg & Colla, 1995). CART 

analysis of SELDI data has been used, among other applications, to identify candidate diagnostic 

biomarkers in Chagas disease (Ndao et al., 2009), to differentiate hepatocellular carcinoma 

patients from cirrhotic subjects (Chen et al., 2010), and for diagnosis of lung adenocarcinoma 

(Lin et al., 2012). 

SDS-PAGE and in-gel digestion 

The fractionated pooled serum samples (1 μL/lane) from control (12 weeks) as well as 

acutely (6 weeks) and chronically infected mice (12 weeks) were loaded onto 4-12% Bis-

TrisNuPAGE gels (Invitrogen Life Technologies, Carlsbad, CA), and run for 45 min at 200 V.  

After which the gel was with silver stain (silver staining kit; Bio-Rad). Gel images were captured 

by scanning and then comparing the intensities of stained spots to compare the amount of 

specific proteins visually and certain spots were selected for analysis. Gel bands of differentially-

expressed proteins (n=45) were excised.  
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Protein identification by mass spectrometry  

Prior to MS analysis, all the gel pieces were dried under the vacuum and then rehydrated 

in Trypsin Digest Solution (proteomics grade, Roche) at 37°C overnight. Peptides were eluted in 

a total volume of 5 μl of acetonitrile and 0.1 % trifluoro acetic acid (TFA) solution (50:50 v/v), 

after desalting with Millipore's C18 Zip Tips, the samples were resuspended in 10 μL 0.1% TFA 

and subjected to MALDI MS analysis. 

MALDI-TOF MS 

MALDI-TOF MS is a powerful technique that has been used for protein identification 

from different biological samples (Lovric, 2011). The resulting digests were analyzed by 4800 

Plus MALDI-TOF/TOF analyzer ABSciex (Applied Biosystems, Foster City, CA), as previously 

described (Santamaria et al., 2014). Briefly, the samples were eluted in alpha-cyano-4-

hydroxycinnamic acid matrix (Sigma-Aldrich, St Louis, MO). One μL aliquots was spotted 

directly onto a 384-well Opti-TOF MALDI stainless steel plates (AB Sciex, Framingham, MA) 

and allowed to air-dry at room temperature. Ions were generated by pulsing the mixture with a 

nitrogen laser (Laser energy at 4000 nanojoules). The collected spectra were analyzed using 

ProteinPilot™ software (Applied Biosystems) by searching the mouse and S. mansoni Swiss-

Prot protein databases. The enzyme of cleavage was trypsin, fixed modification was 

carbamidomethyl, and variable modification was oxidation. The confidence threshold for protein 

identification was set to 95%. 

LTQ-Orbitrap Velos  

LTQ-Orbitrap mass analyzers can analyze thousands of proteins with high resolution, and 

high mass accuracy. This approach is useful for identification of unknown proteins even at low 

concentrations in complex body fluids (Tamura et al., 2105). We used LTQ-Orbitrap Velos 
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analysis primarily to pursue schistosomal antigens in the infected sera (Clinical Proteomics 

Platform, McGill University). One μL of pooled serum from control (12 weeks), acutely (6 

weeks) and chronically infected mice (12 weeks) were loaded onto precast 10% mini-protean 

TGX precast gels (BioRad, Mississauga, ON) and run for 45 min at 200 V. The protein gel spots 

were visualized by staining with Coomassie blue gels (BioRad) for at least 1 h and destained 

with 10% acetic acid for 30 min. Twenty horizontal bands were excised from each lane, placed 

in 1.5 mL tubes and exposed to 40 μL of 100 mM NH4HCO3 for 5 minutes then centrifuged for 

10 min at 14,000 × g, and 4 °C. After aspiration of the liquid, the gel pieces were vortexed with 

40 μL of 100 mM NH4HCO3/50% acetonitrile - for 10 minutes to shrink the gel. The gel pieces 

were dried in a microplate at 60°C in a vacuum concentrator for 30 minutes to remove excess 

acetonitrile and then placed in 40 uL of 10 mM dithiothreitol (DTT)/100 mM NH4HCO3 

(Sigma-Aldrich, St Louis, MO) at 56°C in a closed water bath for 60 min. Gel pieces were then 

alkylated in 40 uL of 55 mM iodoacetamide + 100 mM NH4HCO3 for 45 min in 1.5 mL tubes in 

the dark at room temperature. After centrifugation at 14,000 x g for 15 min, the fluid was 

aspirated and gel pieces were washed in the same 1.5 mL tube in 100 uL of 100 mM NH4HCO3. 

Tubes were then centrifuged at 14,000 x g for 10 min, followed by removal of the fluid and 

washing of the gel in 40 uL of 100 mM NH4HCO3 for 5 min at room temperature after which 40 

uL of acetonitrile (ACN) was added to make 1:1 solution and incubation was continued for 15 

min at room temperature. This last wash-step with 100 uL of 25mM NH4HCO3 in 50% ACN was 

repeated x1 then the gel pieces were dried (60°C as above) and digested with 10-20 uL (enough 

to cover pieces) of trypsin (Roche, Mannheim, Germany) overnight at 37°C (12.5 ng/μL). After 

digestion, peptides were extracted with 100 μL 1% formic acid and vortexing at 37°C for 15 min. 

Tubes were then centrifuged at 14,000 x g for 15 min, and the supernatants were transferred to 
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new 1.5 mL tubes (first extraction). A second extraction was performed with 100 μL 5% formic 

acid/50% acetonitrile, (Sigma-Aldrich, St Louis, MO) and, after centrifugation (14,000 x g for 15 

minutes), the two extraction supernatants were pooled. The pooled supernatants were then dried 

in a vacuum centrifuge (Hermlelabortechnik, Germany) for ~1-2 hours at 50°C. Dried samples 

were re-suspended in 40 μL 0.05% formic acid and stored at −20°C until used for MS analysis. 

Western Blots 

Neat sera samples (1 μL/lane) from control (12 weeks) and acutely (6 weeks) or 

chronically infected mice (12 weeks) were loaded onto 4-12% Bis-TrisNuPAGE gels (Invitrogen 

Life Technologies, Carlsbad, CA), and run for 45 min at 200 V.  Isolated proteins were 

transblotted onto nitrocellulose membrane (Invitrogen, KiryatShmona, Israel) at 100 V for seven 

min and then stained with Ponceau S (Sigma-Aldrich) to verify transfer and as an initial loading 

control (Aldridge et al., 2008; Welinder et al., 2011). Membranes were blocked (5% skim milk in 

0.05% Tween 20 in PBS: PBST buffer) for 1 hour at room temperature (RT), followed by three 

washes with PBST for 5 min each. Membranes were incubated overnight at 4 °C with the 

following antibodies: (1) mouse anti-1-antitrypsin monoclonal antibody (1:500 - Pierce 

Biotechnology, Rockford, IL) (2) rabbit anti-transferrin polyclonal antibody (1:500 - Santa Cruz 

Biotechnology) (3) rabbit polyclonal antibody against S. japonicum GST (1:500 - US biological) 

(4) mouse anti-actin monoclonal antibody (1:000 - Santa Cruz Biotechnology). The membranes 

were washed three times with PBST for 5 min each and incubated with horseradish peroxidase-

labeled respective anti-mouse, anti-rabbit, and anti-mouse secondary antibodies (Amersham 

Biosciences Co., Piscataway, NJ) diluted in 5% non-fat dry milk in PBST (1:10000) for 1 h at 

room temperature. The membranes were washed one time in PBST for 15 minutes followed by 2 

washes for 5 minutes each then incubated in Super Signal West Pico detection solution (Pierce, 
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Rockford, IL) and exposed to X-ray film. The ratio between the targeted proteins and the actin 

control bands were used to standardize across samples (Pfaffl, 2001; Liu & Xu 2006). 

Glyceraldehyde-3-phosphate-dehydrogenase (GAPDH) was used as an internal loading control. 

Membranes were stripped with 100 ml of stripping solution: 2% sodium dodecyl sulfate (SDS), 

62.5 mM tris HCL pH 6.7, 100 mM mercaptoethanol for 30 minutes at 55°C followed by re-

probing with a mouse anti-GAPDH monoclonal (1:5000, Abcam). Blots were incubated with 

HRP-conjugated anti-mouse IgG at 1:10,000 at RT for 1 h (Amersham Biosciences Co.) and 

exposed to X-ray film. Image J software (National Institutes of Health, Bethesda, MD) was used 

to analyze densities of selected bands.  

Results 

Screening of serum biomarkers in early, acute, and chronic stages of S. mansoni infection 

In the samples analyzed by SELDI-TOF-MS, a total of 66 candidate biomarkers 

corresponding to peptides and proteins between 2.9 kDa and 82.3 kDa were identified at the three 

time points (versus control sera). All were statistically significant (p-value ≤ 0.05) with ROC 

(Receiver Operation Characteristic) curve values either 0.3< or >0.7. Among the 66 

differentiating peaks, a 3720 Da protein (p< 0.006) was one of the most interesting and 

potentially useful. The SELDI data indicated that 3720 Da protein was highly over-expressed in 

early infection (versus control: Fig 1A) making it a potential candidate for identifying the early 

stage of schistosomiasis. A second biomarker at 13,407 Da (p< 0.01) reliably differentiated acute 

from chronic infection (6 versus 12 weeks: Fig 1B). A representative example of discriminatory 

peaks presented in Fig 1C proved that the signal intensity of the peak increased with the 

prolonged time of infection. Another representative example of discriminatory peaks presented 
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in Fig 1D proved that the signal intensity of the peak increased in all different groups regardless 

of the parasite burden.  

Detection and validation of SELDI peaks 

BPS™ was then used to analyze the peak intensities by generating classification trees 

from all of the SELDI data. For example, Fig 2 shows a candidate diagnostic algorithm for acute 

infection based upon the IMAC array biomarker of 46 kDa. This single biomarker decision tree 

achieved 100% sensitivity and 100% specificity. 

Biomarker identification 

The identification of candidate biomarkers is crucial to their translation into useful 

clinical and scientific ‘tools’. Unfortunately, the SELDI-TOF-MS platform does not permit 

peptide/protein identification, yielding only approximate molecular weight ‘peaks’. To identify 

these peaks we used two different approaches: peptide ‘fingerprinting’ with MALDI-TOF and 

peptide sequencing with Orbitrap. 

MALDI-TOF MS  

We next used the MALDI-TOF for MS analysis of 1-dimensional SDS-PAGE gel slices 

of pooled sera from each group at different time points: 3, 6, and 12 weeks post infection. This 

approach generated eight potential biomarkers, all of host origin. Among these candidate 

biomarkers, serotransferrin and alpha 1-antitrypsin (AIAT) were the most convincing, as the 

former was identified with 12 peptides and the latter was identified with four peptides. These 

data suggest that these two proteins are present in infected mouse serum at relatively high 

abundance (Table 1).  

Velos Orbitrap 
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The Orbitrap analysis was performed with mouse sera from acute and chronic stages of 

infection to pursue parasite antigens as promising candidates. Here we provide, for the first time, 

the identity of the set of schistosomal proteins detected from mouse serum by Velos Orbitrap 

mass spectrometry that show great promise as potential biomarkers. Scaffold revealed 597 and 

454 proteins from samples of the acute and chronic mice sera, respectively. This number was 

reduced to 200 and 105 proteins by requiring 95% probability and the presence of at least one 

identified peptide (Supplemental Tables 1 and 2 in Appendex at the end). Scaffold also revealed 

654 and 774 host proteins from the acute and chronic mice sera, respectively. As previously 

outlined, this number was also reduced significantly to 296 and 220 proteins by imposing the 

same conditions for acceptance  

These parasite-origin proteins may reflect proteins released by damage to the tegument, 

or secretory/excretory products released by worms into mouse serum. It has been suggested that 

confidence in protein identification is increased by replication and independent identification of 

the same proteins (Cargile et al., 2004; Moore et al., 2002). In order to increase confidence in 

sensitive Orbitrap data, the Orbitrap data sets have been recorded in and compared (in replicated 

three experiments). Confidence also increases with the number of peptides identified from each 

protein (Cargile et al., 2004; Moore et al., 2002). Therefore, we filtered the results by Validation 

Category of Spectrum Mill Software using number of identified spectra, distinct peptide 

numbers, % amino acid (%AA) coverage, and total protein spectral intensity. Using Spectrum 

Mill Software, we brought the number of parasite-origin protein down to 28 proteins in both 

acute and chronic stages (Table 2). Among these 28 candidate biomarkers, actin was the most 

frequently-identified protein. Ryanodine receptor-related protein was identified with a distinct 

summed MS/MS search score of 15.36, %AA coverage of 0.1, and total protein spectral intensity 



85 
 

of 1.97E+09. Protocatechuate dioxygenase was also identified with a distinct summed MS/MS 

search score of 12.95, %AA coverage of 3.3, and total protein spectral intensity of 4.74E+06. 

Most proteins were identified with only one peptide however, which may be explained by the 

low concentrations of the parasite antigens compared to the host antigens in the serum of 

infected animals. Most of the protein identifications were based on single peptides putting their 

identification in doubt without additional confirmatory studies. When available, the classical 

approach for confirmation is the running of a Western blot. We performed Western blotting for 

GST (one of the proteins identified with only one peptide) and confirmed the MS identification 

(Fig 5). 

Overlap between the three mass spectrometry platforms 

Although SELDI-TOF provided proof-of-principle that serum from mice with acute and 

chronic infection had distinct protein patterns (from each other and from control animals), this 

approach could not identify the differentially expressed proteins. To overcome this limitation, we 

turned to the MALDI-TOF and Orbitrap platforms to identify the differentially expressed 

proteins. In our hands, MALDI-TOF had relatively limited sensitivity, identifing only eight host 

proteins over-expressed in the infected mice (haemoglobin beta, apolipoprotein A-I, 

serotransferrin precursor, hemopexin, serum albumin precursor, apolipoprotein A-IV precursor, 

alpha-1-antitrypsin, and beta-globin). All eight were also identified as up-regulated in infection 

by Orbitrap (100% probability) and all but hemopexin were reflected in corresponding SELDI 

peaks (±5% mass range) when the SELDI database was queried. Of the 66 candidate biomarker 

peaks identified by SELDI as differentially-expressed (either up- or down-regulated), all but 20 

(30.3%) were tentatively identified in the Orbitrap database (±5% mass range) (data not shown). 

The consistency with which these candidate biomarkers were identified across the three different 
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platforms strongly supports the validity of these observations. Overlap between the proteomic 

biomarkers on the three MS platforms are recorded in Table 3.  

Western Blot 

To confirm the accuracy of the MALDI and Orbitrap analyses, we performed Western 

blots for some of the identified proteins. Both A1AT (alpha 1-antitrypsin) and serotransferrin 

were differentially expressed between infected and control serum samples (Fig 3 & 4). For 

AIAT, the whole protein (~50 kDa) was present but the antibody recognized two bands; the 

upper band corresponding to full-length A1AT while the lower band (~25 kDa) is likely an 

A1AT fragmentas, as described previously (Zelvyte& Janciauskiene, 2002). Effects of native and 

cleaved forms of α1-antitrypsin on ME 1477 tumor cell functional activity. Cancer detection and 

prevention, 26(4), 256-265.. Western blotting also confirmed that transferrin is highly expressed 

in the sera of infected mice, the whole protein (~79 kDa) was detected but the antibody 

recognized two bands; the upper band at 79 kDa while the lower band at 50 kDa is likely a 

transferrin fragment. 

Orbitrap data suggested the presence of both mouse (~24 kDa) and schistosome (~25 

kDa) GST, which was confirmed by Western blot. The intact whole protein (molecular weight 

~24 kDa) was present in control sera while, the antibody recognized two bands in acutely and 

chronically-infected animals; the upper band (molecular weight ~25 kDa) corresponds to the 

schistosome GST while the lower band (~24 kDa) likely corresponds to the mouse GST (Fig 5). 

Orbitrap data also suggested the presence of schistosome actin (42 kDa), which was confirmed 

by Western Blot. The antibody recognized one band (42 kDa) in the sera of control and infected 

mice, both in acute and chronic stages (Fig 6).  

Discussion  
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In 2003, two large transcriptome databases that contained resources for peptide searches 

for S. mansoni and S. japonicum were published (Verjovski-Almeida et al., 2003; Hu et al., 

2003). The publication of the S. mansoni genome provided approximately 17,250 full-length 

predicted genes (Wilson et al., 2007). These genomic tools provide invaluable resources for 

protein identification. 

There is an urgent need to provide early detection techniques of schistosomiasis so that 

the infection can be eliminated before egg deposition and complications occur. Given that 

SELDI-TOF MS is relatively high-throughput, requires minute sample for analysis, we chose 

this technique as our ‘first-line’ approach for biomarker discovery. Using SELDI, we were able 

to identify several candidate biomarkers with promise as markers of early-stage infection. SELDI 

results also suggested that the presence of these biomarkers was an indicator of infection rather 

than the intensity of infection. While the SELDI platform provided ‘proof-of-concept’, these data 

were restricted to biomarker ‘peaks’ rather than identified proteins.  

In order to identify some of the SELDI biomarker peaks, we exploited the MALDI-TOF 

and Velos Orbitrap platforms. Serum transferrin and glycoprotein A1AT were identified by 

MALDI and confirmed by Western blot. Transferrin levels were increased in both acute and 

chronic stages of disease. Transferrin is a ‘negative’ acute phase reactant that is synthesized in 

the liver as a glycoprotein and is involved in iron transport (Gomme, 2005). Serum levels are 

increased in alcoholic fatty liver disease (Potter, 1985) but decreased in hepatic diseases that 

suppress synthetic capacity (Otegbayo, 2005). In human and murine schistosomiasis, serum 

transferrin levels have varied substantially between studies. For example, our finding are 

consistent with those of Salawu and Arinola (2004) who reported increased serum levels in 

urinary schistosomiasis. Harvie et al. (2007) also reported increased liver transferrin levels in 
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C57BL/6 mice after 8 weeks of S. mansoni infection. These same authors found elevated serum 

transferrin in chronic hepatosplenic schistosomiasis in CBA/J mice and suggested that this 

protein might be potential biomarker for hepatosplenic disease [35]. In contrast, Saif et al. 

(1977), Arinola (2004) and Arinola & Salimonu (1998) have reported decreased serum 

transferrin levels in hepatosplenic and urinary schistosomiasis in a sample of patients in Egypt 

and Nigeria, respectively. Plasma transferrin levels tend to increase in patients suffering from 

iron deficiency anemia (Macedo & Sousa, 2008) and Mansour & Farid (1985) have shown an 

association between S. mansoni infection and anemia. Given these previous findings from 

different studies, we postulate that increased levels of transferrin could be a result of 

gastrointestinal blood loss and iron deficiency anemia that is associated with schistosomiasis. 

Four A1AT peptides were identified using the MALDI platform, A1AT is a member of 

the serpin family (serine protease inhibitors) and acts as a trypsin inhibitor. It is synthesized as a 

single polypeptide chain of about 51 kDa mainly in the liver but also in macrophages and 

epithelial cells (Hiemstra, 2002). Deficiency of this protein is associated with many liver 

diseases such as neonatal hepatitis (Sharp et al., 1969), cirrhosis and hepatoma (Eriksson et al., 

1986). Finally, this protein is considered a potential biomarker for hepatitis B virus infection 

(Xu-fei Tan et al., 2011). The serpin family has been reported to increase in inflammation 

(Gettins, 2002). In our murine schistosomiasis model, A1AT was increased in both the acute and 

chronic stages of the infection, both of which are associated with significant inflammatory 

responses. 

Surprisingly, the Velos Orbitrap identified a large number of putative parasite-origin 

proteins in serum of infected mice. The large number of schistosome proteins in the serum from 

the S. mansoni infected mice may be attributable, in part, to our use of the serum from the later 
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time-points (6 and 12 weeks post-infection) in the Orbitrap analysis. This strategy may have 

allowed schistosome proteins to accumulate in the blood after being secreted, shed from live 

parasites, or released upon parasite destruction mediated by the host immune system (Francis & 

Bickle, 1992; Jankovic, et al., 1996; Mohamed, et al., 1998). Many of the schistosome proteins 

that we found in low concentrations in the serum of the infected mice are potentially interesting 

in understanding the biology of schistosomiasis. However, the more abundant proteins are likely 

to be the most useful for clinical applications. We therefore, sought to prioritize the more 

abundant proteins for further validation using Validation Category of Spectrum Mill Software. 

Some of these proteins were known to be present in the parasite tegument, including (a) actin 

protein, which was the most abundantly identified protein with 7 identified peptides and 23.1% 

amino acid coverage; (b) tegumental protein, with 1 identified peptides and 3.2% amino acid 

coverage and (c) a 14 KDa calcium-binding protein of unknown function. The tegument of S. 

mansoni is limited by two lipid membrane bilayers that contain several spines (Morris & 

Threadgold, 1968; Wilson & Barnes, 1974). These spines are composed mainly of actin bundles 

(Cohen et al., 1982). Using fluorescence microscopy, actin has been present on the surface of 

schistosomula (Davis et al., 1985). In addition, actin proved to be present in the muscle, 

tegumental tubercles and spines of male and female adult parasites using immunofluorescence 

(MacGregor & Shore, 1990). Actin has been implicated in the maintenance of the integrity of the 

tegument of the adult worm, either associated with the spines, or free in the cytoplasm 

(McCormick & Damian, 1987). Our finding of actin in the serum of the infected mice might be 

the result of shedding from the schistosomula released from dying worms or damaged to the 

tegumental cell layer.  
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We also identified released enzymes such as GST that play a crucial role in defence 

against oxidative stress (Trotteinet et al., 1990). Heat shock protein (HSP60) was also identified 

as an abundant protein in this proteomic analysis. By looking for commercial antibodies for one 

of these potential biomarkers we found one against S. japonicum GST. The glutathione S-

transferase (GST) enzyme family uses glutathione in reactions contributing to the detoxification 

of endogenous and exogenous toxins (Hayes & Pulford, 1995). Increased levels of host GST 

have been reported in hepatocellular carcinoma (Hayes, et al., 1991) and schistosomiasis 

(Harvie, et al., 2007). However, Manivannan, et al. (2010) reported decreased levels of GST in S. 

mansoni infected mice. In our study, we found overexpression of GST in acute and chronic 

stages of S. mansoni infected mice. The overexpressed GST reacted with anti-GST antibody of S. 

japonicum. This suggests that the GST originated from the parasite as identified by Velos 

Orbitrap. Therefore, GST can be considered as an infection-associated antigen and its 

overexpression may be considered as a potential serum biomarker for the early diagnosis of S. 

mansoni. 

Summary and conclusion: 

Large numbers of candidate host- and parasite-origin biomarkers for acute and chronic 

schistosomiasis in mice were identified using a combination of SELDI, MALDI and Orbitrap 

technologies. We found little overlap in the biomarkers identified (based on m/z); most appeared 

to be unique. These three platforms, therefore, performed in a complementary fashion in our 

biomarker discovery program. Our program revealed that serum protein profiles differ 

extensively between infected and uninfected mice and between the early, acute and chronic 

stages of infection in mice, offering a rich source of candidate biomarkers. If similar differences 

are identified in human disease, this approach may not only yield new diagnostic strategies but 
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may also give insights into parasite biology and point to novel targets for treatment or 

prevention. 
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FIGURES AND TABLES 

Fig 1A. Scatterplot showing the discrimination of the early infection and control groups using 

m/z 3720 at F6ISL (Fraction 6, IMAC chip, Low laser intensity). Blue dots: control. Red dotes: 

early stage of infection. 

Fig 1B. Scatterplot showing the discrimination of the acute and chronic groups using m/z 

13407.2 at F6CSH (Fraction 6, CM10 chip, High laser intensity). Blue dots: acute. Red dotes: 

chronic. 

Fig 1C: Example of a candidate biomarker increased in infected mice over time. Serum SELDI-

TOF MS mass spectra obtained for F6ISL (Fraction 6, IMAC chip, Low laser intensity) from 

infected mice (top 3 spectra) versus non-infected mice (bottom spectrum). A candidate 

biomarker as 7081 Da is gradually up-regulated from 3, to 6, to 12 weeks after infection (P value 

0.006).  

Fig 1D: Example of a candidate biomarker increased in infected mice regardless the parasite 

burden. Serum SELDI-TOF MS mass spectra obtained for F6CSL (Fraction 6, CM10 chip, Low 

laser intensity) from infected mice (bottom 4 spectra) versus non-infected mice (top spectrum). A 

candidate biomarker as 5566.31 Da is up regulated in infected mice dependent on the infection 

rather than the dose of infected agents (P value 0.006). 
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Fig 2: Biomarker pattern software based on CART analysis was used to generate candidate 

diagnostic algorithms. An example of decision tree classification is shown. In this algorithm, the 

intensities of the 46,106 Da biomarker establish the splitting rules. The samples have an intensity 

of ≤0.423 are placed in the left daughter node, and samples that have an intensity of ≥0.423 go to 

the right daughter node. Terminal red boxes = uninfected; blue boxes = acute infection. 
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Fig 3: Immunologic validation of A1AT as a candidate biomarker I A) Representative Western 

blot of A1AT in pooled sera from S. mansoni-infected mice (6 and 12 weeks post-infection) and 

controls. B) Ponceau stained gel and C) Western blot of GAPDH served as a loading controls. D) 

Relative density of A1AT proteins levels normalized to GAPDH.  
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Fig 4: Immunologic validation of transferrin as a candidate biomarker I A) Representative 

Western blot of transferrin in pooled sera from S. mansoni-infected mice (6 and 12 weeks post-

infection) and controls. B) Ponceau stained gel and C) Western blot of GAPDH served as a 

loading controls. D) Relative density of transferrin proteins levels normalized to GAPDH. 
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Fig 5: Immunologic validation of GST as a candidate biomarker I A) Representative Western 

blot of transferrin in pooled sera from S. mansoni-infected mice (3, 6 and 12 weeks post-

infection as well as sample from 6 weeks post infection from different study) and controls. B) 

Western blot of GAPDH served as a loading controls. C) Relative density of GST proteins levels 

normalized to GAPDH.  
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Fig 6: Immunologic validation of actin as a candidate biomarker I A) Representative Western 

blot of actin in pooled sera from S. mansoni-infected mice (6 and 12 weeks post-infection) and 

controls. B) Ponceau stained gel and C) Western blot of GAPDH served as a loading controls. D) 

Relative density of actin proteins levels normalized to GAPDH.  
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Table 1: Eight proteins were increased in the sera of mice during both the acute and 

chronic stages of schistosomiasis compared to controls. 

N Unused Total %Cov %Cov(50) %Cov(95) Accession Name Species Peptides 

(95%) 

1 3.36 3.36 28.16 28.16 28.16 tr|E9Q223|E9Q223_MOUSE Hemoglobin 

subunit beta-1  

MOUSE 4 

3 2.01 2.01 9.091 4.924 4.924 tr|Q8BPD5|Q8BPD5_MOUSE Apoa1 protein  MOUSE 2 

1 20 20 12.58 12.58 12.58 tr|E9Q035|E9Q035_MOUSE Serotransferrin  MOUSE 12 

3 2 2 5.217 5.217 5.217 sp|Q91X72|HEMO_MOUSE Hemopexin  MOUSE 2 

2 0 2 2.138 2.138 2.138 tr|Q546G4|Q546G4_MOUSE Albumin 1  MOUSE 1 

3 2.56 2.56 7.089 7.089 4.557 tr|Q9DBN0|Q9DBN0_MOUSE Apolipoprotein 

A-IV  

MOUSE 1 

3 2 2 5.327 5.327 5.327 tr|Q91X22|Q91X22_MOUSE Alpha-1-

antitrypsin  

MOUSE 4 

1 2 2 6.849 6.849 6.849 tr|Q9QUN8|Q9QUN8_MOUSE Beta-2-globin  MOUSE 4 

 

N: The rank of the specified protein relative to all other proteins in the list of detected proteins.  

 

Unused (ProtScore): A measure of the protein confidence for a detected protein, calculated from the peptide 

confidence for peptides from spectra that are not already completely “used” by higher scoring winning proteins.  

 

Total (ProtScore): A measure of the total amount of evidence for a detected protein. The Total ProtScore is 

calculated using all of the peptides detected for the protein.  

 

% Cov (Coverage): The percentage of matching amino acids from identified peptides having confidence greater than 

0 divided by the total number of amino acids in the sequence.  

 

% Cov (50): The percentage of matching amino acids from identified peptides having confidence greater than or 

equal to 50% divided by the total number of amino acids in the sequence.   

 

% Cov (95): The percentage of matching amino acids from identified peptides having confidence greater than or 

equal to 95% divided by the total number of amino acids in the sequence. 

 

Accession #: The accession number for the protein. 

 

Peptides (95%): The number of distinct peptides having at least 95% confidence.  
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Table 2: Shows these proteins ordered by Spectrum Mill; the higher abundant identified 

proteins.  

Spectr

a 

Distinc

t 

peptid

e 

Distinct 

Summe

d 

MS/MS 

Search 

score 

% AA 

Coverag

e 

Total 

Protein 

Spectral 

intensity 

Database 

Accessio

n 

number 

Protein Name 

223 10 157.6 14.1 
6.00E+1

1 

1580897
8 

albumin precursor 

11 7 108.9 23.1 
9.59E+0

8 

2.56E+0
8 

Actin 

13 1 15.36 0.1 
1.97E+0

9 

2.56E+0
8 

ryanodine receptor related 

1 1 13.17 5.9 
6.85E+0

6 

2.56E+0
8 

rap1 and 

1 1 12.95 3.3 
4.74E+0

6 

2.56E+0
8 

protocatechuate dioxygenase 

1 1 12.67 10.1 
1.88E+0

6 

2.83E+0
8 

MHC class I antigen 

1 1 12.57 24.4 
1.37E+0

9 

2.56E+0
8 

hypothetical protein 

1 1 12.41 2.1 
2.07E+0

8 

2.56E+0
8 

hypothetical protein 

1 1 11.74 4.4 
1.32E+0

8 

7615289
1 

SJCHGC08921 protein 

3 1 11.71 2 
6.13E+0

8 

2.56E+0
8 

camp-response element binding 

protein-related 

1 1 11.59 5 
7.07E+0

6 

2.56E+0
8 

elongation factor 1-alpha (ef-1-alpha) 

1 1 11.25 0.8 
7.41E+0

6 

2.56E+0
8 

hypothetical protein 

1 1 11.05 6.3 
3.67E+0 2.56E+0 mitochondrial phosphate carrier 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=retrieve&db=protein&dopt=GenPept&list_uids=15808978
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=retrieve&db=protein&dopt=GenPept&list_uids=15808978
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=retrieve&db=protein&dopt=GenPept&list_uids=256079405
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=retrieve&db=protein&dopt=GenPept&list_uids=256079405
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=retrieve&db=protein&dopt=GenPept&list_uids=256085300
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=retrieve&db=protein&dopt=GenPept&list_uids=256085300
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=retrieve&db=protein&dopt=GenPept&list_uids=256072867
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=retrieve&db=protein&dopt=GenPept&list_uids=256072867
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=retrieve&db=protein&dopt=GenPept&list_uids=256050873
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=retrieve&db=protein&dopt=GenPept&list_uids=256050873
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7 8 protein 

1 1 10.7 0.7 
8.17E+0

6 

2.56E+0
8 

lyst-interacting protein 

1 1 10.66 3.7 
3.52E+0

8 

7615594
7 

SJCHGC04200 protein 

1 1 10.53 2.3 
9.41E+0

6 

2.56E+0
8 

hypothetical protein 

1 1 10.51 3.7 
5.85E+0

6 

2.56E+0
8 

glycerol-3-phosphate dehydrogenase 

1 1 10.49 5.6 
2.84E+0

9 

7615264
7 

SJCHGC05123 protein 

1 1 10.36 7.9 
3.56E+0

7 

7616221
2 

SJCHGC01996 protein 

1 1 10.35 3.1 
1.36E+0

7 

2.56E+0
8 

hypothetical protein 

1 1 10.29 6.8 
6.26E+0

7 

2.57E+0
8 

Tropomyosin-2 

1 1 10.28 0.4 
8.04E+0

7 

2.56E+0
8 

hypothetical protein 

1 1 10.26 3.4 
3.38E+0

6 

2.56E+0
8 

heat shock protein 

1 1 10.24 0.7 
2.82E+0

7 

2.56E+0
8 

protein kinase 

1 1 10.19 10.7 
1.46E+0

8 

7615293
3 

SJCHGC03943 protein 

1 1 10.11 1.9 
9.85E+0

6 

2.56E+0
8 

myotubularin-related protein 

1 1 10.02 0.2 
5.19E+0

8 

2.56E+0
8 

hypothetical protein 

1 1 10.01 3.2 
2.72E+0

6 

2.56E+0
8 

tegumental protein 
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Table 3: Overlap between the three methods (SELDI, MALDI, and Orbitrap). This table 

shows the number of peaks detected in serum by MALDI and the overlap between them 

and the similar peaks detected by the other two methods Orbitrap and SELDI.  

MALDI Orbitrap Orbitrap (acute stage) Orbitrap (chronic stage) SELDI 

Name Accession 

N. 

molecular 

weight 

Peptides 

(95%) 

AA 

coverage 

Peptides 

(95%) 

AA 

coverage 

molecular 

weight 

M/Z 

Average 

Hemoglobin subunit 

beta-1  

1183933 16 kDa 6 89% 1 96% 16297.84 F6ISL 

Apoa1 protein  231557 31 kDa 27 77% 23 71% 34996.4 F6ISH 

Serotransferrin  20330802 77 kDa 65 73% 52 83% 82364 F6CSH 

Hemopexin  15030012 51 kDa 28 64% 23 61%     

Albumin 1  163310765 69 kDa 65 88% 58 85% 64508.29 F1ISH 

Apolipoprotein A-IV  110347473 45 kDa 26 74% 20 63% 46278.31 F6ISH 

Alpha-1-antitrypsin  6678085 46 kDa 4 47% 21 60% 46573.27 F1ISH 

Beta-2-globin  156257619 16 kDa 3 93% 2 86% 16297.84 F6ISL 
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CONNECTING STATEMENT I 

In the previous manuscript, we reported the presence of several biomarkers in the sera of 

S. mansoni infected mice sera in comparison to control using several different proteomic 

platforms. In the next manuscript, we studied carbonic anhydrase 1 in more detail as one of the 

most interesting of the candidate serum biomarkers in S. mansoni infected mice and humans. 
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Abstract 

Schistosoma mansoni is a major public health threat in many parts of the world. The current 

diagnostic tests for schistosomiasis are sub-optimal, particularly early in infection, when the 

parasite burden is low and with reinfection following treatment. We sought to identify novel 

biomarkers of active infection by studying serum proteins in a mouse model of schistosomiasis 

followed by confirmation in chronically-infected patients. Acute (six weeks) and chronic (12 

weeks) sera from S. mansoni-infected C57Bl/6 mice as well as sera from chronically-infected 

patients were assessed using two proteomic platforms: surface-enhanced, laser-desorption and 

ionization, time-of-flight mass spectrometry (SELDI TOF MS) and Velos Orbitrap MS. Several 

candidate biomarkers were further evaluated by Western blot and/or ELISA. Among the most 

promising was carbonic anhydrase1 (CA1); a host protein found primarily in red blood cells and 

enterocytes that proved to be a negative biomarker for schistosomiasis in both mouse and human 

samples. Reduced serum CA-1 levels were confirmed by both Western blot (murine and human: 

both p<0.001) and ELISA (human: p<0.01). Western blots of serial mouse sera revealed a 

progressive reduction in serum CA1 levels over the 12-week infection period. CA1 is a 

promising negative serum biomarker for the diagnosis of S. mansoni infection.   
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Introduction: 

Schistosomiasis affects ~200 million people in more than 70 countries and causes at least 

200,000 deaths/year. More than 600 million people are at risk of acquiring this disease. 

Diagnosis typically depends on the detection of eggs that first appear in stool or urine between 4-

6 weeks post-infection. During the late stages of the infection, which are associated with liver 

fibrosis and other complications, eggs can be difficult to detect and greater emphasis is placed on 

serologic testing. Current immunoassays have major limitations however, including the inability 

to distinguish active from resolved infection (ie: post-treatment), poor specificity due to the use 

of crude antigens and low sensitivity in patients with light infections (Elhag et al., 2011; Kinkel 

et al., 2012). Recent infections can also be missed due to a seronegative ‘window’ that typically 

lasts 4-12 weeks post-exposure (Hipgrave et al., 1997; Visser, et al., 1995; Whitty et al., 2000). 

Some patients can take up to 6 months to become seropositive, however (Golledge, 1995; Jones 

et al., 1992; Jordan & Webbe, 1969; Doenhoff, 2004).  

Mouse models of S. mansoni infection vary widely with some inbred strains showing 

pathology similar to human disease (e.g.: C57BL/6) while others develop more severe 

manifestations (e.g.: CBA) (Bica et al., 2000; Idle et al., 2001; Pearce & MacDonald, 2002 

Rashika et al., 2006). Regardless of the model used, the acute stage of murine schistosomiasis 

typically starts within 6-8 weeks of infection when active granulomas begin to form around eggs 

deposited in the colonic wall or swept up the portal circulation into the liver. At 12-14 weeks 

post-infection, mice enter the chronic stage and granuloma size tends to decrease (Byram & 

Lichtenberg, 1977; Doenhoff, et al., 1979; Byram, et al., 1979; Amiri, et al., 1992). Host 

granuloma formation and fibrosis associated with parasite eggs are the main pathologies 

associated with chronic schistosomiasis. These changes occur primarily in the liver and intestines 
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in the case of S. mansoni infection (Bica, et al., 2000; Pearce & MacDonald, 2002). S. mansoni 

infection in humans ranges from asymptomatic to severe hepatosplenic fibrosis with portal 

hypertension, gastrointestinal hemorrhage and death (Bica, et al., 2000; Pearce & MacDonald, 

2002). Because of the similarities between murine and human disease manifestations, we used 

the C57BL/6 model to study protein profiles after S. mansoni infection to look for candidate 

biomarkers. 

We followed a structured approach to biomarker discovery beginning with high 

throughput SELDI TOF MS analysis of mouse sera followed by Orbitrap Velos MS 

microsequencing and confirmatory immunologic testing (Western blot, ELISA). This approach 

revealed serum carbonic anhydrase 1 (CA-1) as a powerful biomarker in both acute and chronic 

infection in the mouse model and in chronically-infected patients. 

Materials and Methods: 

Infection protocol 

S. mansoni -infected Biomphalaria glabrata snails were obtained from the Biomedical 

Research Institute (Bethesda, MD). Cercariae were collected 35–45 days post-infection by 

exposing the snails to continuous light for 2 hours at room temperature (RT) (Lewis et al., 1986). 

Twenty-six, six week-old female C57Bl/6 mice were purchased from Charles River (St. 

Constant, Québec). Twenty of the mice were infected by tail penetration (200 cercariae) as 

previously described (Lewis et al., 1986) and six uninfected animals served as controls. All 

animal experiments were performed in accordance with the guidelines of the Canadian Council 

on Animal Care and with approval of the Animal Care Committee of McGill University. 

Murine and Human Serum Samples 
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At six weeks post-infection (acute phase), 15 of the infected mice and three control 

animals were scarified. At 12 weeks post-infection (chronic phase), five infected and three 

control mice were sacrificed. At sacrifice, blood was obtained by cardiac puncture, adult worms 

in the mesenteric veins were counted, and livers were collected for histology. Mouse sera were 

aliquoted and kept at −80°C until assays were performed. Human serum samples from a total of 

25 patients (16 males and 9 females; age range 10-60 years) diagnosed with schistosomiasis were 

obtained from the National Reference Centre for Parasitology serum bank (NRCP: Montreal, 

Canada). These sera had been screened using an ‘in-house’ S. mansoni and S. haematobium 

ELISA followed by species-specific testing (https://www.mcgill.ca/tropmed/nrcp). NRCP sera 

from an additional 19 subjects found to be negative schistosomiasis (7 males, 12 females; age 

range19:66 years) were used as controls (the limited demographic information available can be 

found in Table 1A & B). 

Histology 

Mouse livers collected at 6 or 12 weeks after infection were fixed in 10% buffered 

formalin and embedded in paraffin (Histopathology Core, Montreal General Hospital, Montreal, 

QC). Transverse sections (4 μm), were stained with hematoxylin-eosin and examined by light 

microscopy for histopathological changes and egg burden. 

Initial Proteomic Analysis by SELDI  

Individual murine and human serum samples were first analyzed by surface-enhanced, 

laser-desorption and ionization, time-of-flight mass spectrometry (SELDI TOF MS). In order to 

detect as many candidate biomarkers as possible, fractionated serum samples were applied to 

Immobilized Metal Affinity Capture (IMAC30), Cation Exchange (CM10), and reverse-

phase hydrophobic H50 Protein Chip arrays (Bio-Rad Laboratories, Hercules, CA) as previously 
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described (Ndao et al., 2010). Briefly, ProteinChip serum fractionation kit (Bio-Rad) was used to 

define six pH fractions prior to MS analysis using 96-well Q-Ceramic HyperD F resin filtration 

plates. To decrease complexity, 20 μL of each sample were first incubated with 30 μL of U9 

buffer (9 M urea 2% CHAPS, and 50 mM Tris-HCl, pH 9) for 20 minutes. Then, samples were 

diluted with 50 μL of U1 buffer [1 M urea, 2% (wt/vol) 3-[(3-cholamidopropyl)-

dimethylammonio]-1-propanesulfonate (CHAPS), 50 mM Tris-HCl, pH 9] and added to pre-

equilibrated filtration plates incubated on a MicroMix machine (MicroMix 5; Diagnostic 

Products Company, Los Angeles, CA) for 30 minutes. Five fractions were collected by serial 

elution in buffers of decreasing pH (pH9, 7, 5, 4, 3). The wash buffers used were #1 (50 mM 

Tris-HCl, 0.1% OGP, pH 9), #2 (50 mM HEPES, 0.1% OGP, pH 7), #3 (100 mM Na acetate, 

0.1% OGP, pH 5), #4 (100 mM Na acetate, 0.1% OGP, pH 4) and #5 (50 mM Na citrate, 0.1% 

OGP, pH 3). A final elution by vacuum using an organic buffer yielded fraction #6 (33.3% 

isopropanol, 16.7% acetonitrile, and 0.1% trifluoroacetic acid). All fractions were stored at -80 

ºC until analyzed. 

Sample Preparation for LTQ-Orbitrap Velos 

The LTQ-Orbitrap Velos analysis was performed in the Clinical Proteomics Platform, 

McGill University. Pooled serum samples (1 μL/lane) from control (12 weeks) as well as acutely 

(6 weeks) and chronically infected mice (12 weeks) were loaded onto precast 10% mini-protean 

TGX precast gels (BioRad, Mississauga, ON) and run for 45 min at 200 V. Gels were then 

stained and destained using standard Coomassie procedures (Chrambach et al., 1967). Each lane 

was sliced into 20 horizontal bands that were processed for proteomic analysis as previously 

described (Piersma et al., 2013). Briefly, bands were placed in 1.5 mL tubes and exposed to 40 

μL of 100 mM NH4HCO3 for 5 minutes followed by centrifugation at 14,000 × g for 10 min. 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2905857/#R3


116 
 

After aspiration of the liquid, the gel pieces were vortexed with 40 μL of 100 mM 

NH4HCO3/50% acetonitrile (Sigma-Aldrich, St Louis, MO) for 10 minutes to shrink the gel. The 

gel pieces were dried in a microplate at 60°C in a vacuum concentrator for 30 minutes to remove 

excess acetonitrile and then placed in 40 μL of 10 mM dithiothreitol (DTT)/100 mM NH4HCO3 

(Sigma-Aldrich) at 56°C in a closed water bath for 60 min. Gel pieces were then alkylated in 40 

μL of 55 mM iodoacetamide + 100 mM NH4HCO3 for 45 min in 1.5 mL tubes in the dark at 

room temperature. After centrifugation at 14,000 x g for 15 min, the fluid was aspirated and gel 

pieces were washed in the same 1.5 mL tube in 100 μL of 100 mM NH4HCO3. Tubes were then 

centrifuged at 14,000 x g for 10 min, followed by removal of the fluid and washing of the gel in 

40 μL of 100 mM NH4HCO3 for 5 min at room temperature after which 40 μL of acetonitrile 

(ACN) was added to make 1:1 solution and incubation was continued for 15 min at room 

temperature. This last wash-step with 100 μL of 25mM NH4HCO3 in 50% ACN was repeated 

once then the gel pieces were dried (60°C as above) and digested with 10-20 μL (enough to 

cover pieces) of trypsin (Roche, Mannheim, Germany) overnight at 37°C (12.5 ng/μL). After 

digestion, peptides were extracted with 100 μL 1% formic acid and vortexing at 37°C for 15 min. 

Tubes were then centrifuged at 14,000 x g for 15 min, and the supernatants were transferred to 

new 1.5 mL tubes (first extraction). A second extraction was performed with 100 μL 5% formic 

acid/50% acetonitrile, (Sigma-Aldrich) and, after centrifugation (14,000 x g for 15 minutes), the 

two extraction supernatants were pooled.  The pooled supernatants were then dried in a vacuum 

centrifuge (Hermlelabortechnik, Germany) for ~1-2 hours at 50°C. Dried samples were re-

suspended in 40 uL 0.05% formic acid and stored at −20°C until used for MS analysis. 

Velos parameters 
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The samples were analyzed using a Thermo Easy-nano LC (Thermo Scientific, Bremen, 

Germany) connected to LTQ-Velos Orbitrap. Tryptic peptides were eluted at a flow rate of 300 

nL/min: taking 60 min to go from 8% to 45% acetonitrile containing 0.1% (v/v) formic acid; 5 

min at 80% and finally 15 min back to 0%. The total run time for each sample was 80 min. MS 

spectra were acquired with a resolution of 60,000 (scan range: 380-1400 m/z). The top 5-7 

peptide signals (positive polarity) from each MS scan were submitted to MS/MS. The peptides 

were fragmented in the linear ion-trap by the collision-induced dissociation cell (1.0 m/z 

isolation width, 10 ms activation time, 35% normalized activation energy, Q value of 0.25) 

Dynamic exclusion was applied with a repeat count of 1 and an exclusion time of 15 s (Schenk et 

al., 2008; Olsen et al., 2005). 

Protein identification  

All MS/MS data were analyzed using Mascot (Matrix Science, London, UK; version 

2.3.01) set up to search both schistosome and rodent protein databases (n_sch201202 and 

n_rodents20120120 respectively -All Entries) assuming that trypsin was used as the digestion 

enzyme. Mascot was searched with a fragment ion mass tolerance of 0.50 Da and a parent ion 

tolerance of 2.5 PPM. Carbamidomethyl of cysteine was specified as a fixed modification and 

oxidation of methionine was specified as a variable modification. After searching, Mascot .srf 

files were imported into Scaffold (Proteome Software Inc., Portland, OR: version 3.6.3) to 

validate the peptide/protein identifications. Identifications were accepted if the peptide achieved 

95.0% probability as specified by the Peptide Prophet algorithm (Keller et al., 2002). Protein 

identifications were accepted if the protein achieved 95.0% probability and contained at least one 

unique peptide. Protein probability were specified by the Protein Prophet algorithm (Nesvizhskii 
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et al., 2003). Proteins that contained similar peptides and could not be differentiated based on 

MS/MS alone are not included in the displayed results.  

Western blots 

Mouse and human sera were separated by one-dimensional electrophoresis on 4-12% 

Bis-TrisNuPAGE gels (Invitrogen, Burlington, ON). Separated proteins were transferred to 

nitrocellulose membranes (Invitrogen, KiryatShmona, Israel) at 100 V for seven min, that were 

then stained with Ponceau S to verify transfer and as an initial loading control (Lanoix et al., 

2012; Welinder et al., 2011;Aldridge et al., 2008; Collella et al., 2012). Membranes were then 

blocked with 5% skim milk in 0.05% Tween 20 in PBS (PBST) buffer for 1 h at room 

temperature (RT), followed by three washes with PBST for 5 min each. Membranes were 

incubated with a rabbit monoclonal antibody that recognizes human, mouse and rat carbonic 

anhydrase 1 (78% identity between mouse and human CA1) (Abcam) at a 1:150 dilution 

overnight at 4°C. Membranes were then washed three times with PBST for 5 min each. 

Incubations with HRP-conjugated anti-rabbit IgG were performed at 1:20,000 at RT for 1 h 

(Amersham Biosciences Co., Piscataway, NJ). Membranes were washed once in PBST for 15 

minutes followed by 2 PBST washes of 5 minutes each then incubated in Super Signal West Pico 

detection solution for 1 min at RT (Pierce, Rockford, IL) and exposed to X-ray film. 

Glyceraldehyde-3-phosphate-dehydrogenase (GAPDH) was used as an internal loading control. 

Membranes were stripped with 100 ml of stripping solution: 2 % sodium dodecyl sulfate (SDS), 

62.5 mM tris HCL pH 6.7, 100 mM mercaptoethanol for 30 minutes at 55°C followed by re-

probing with a mouse anti-GAPDH monoclonal (1:5000: Abcam). Blots were incubated with 

HRP-conjugated anti-mouse IgG at 1:10,000 at RT for 1 h (Amersham Biosciences Co.) and 
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exposed to X-ray film. Image J software (National Institutes of Health) was used to analyze 

densities of selected bands.  

CA1 Enzyme-Linked Immunosorbent Assay (ELISA) 

A human CA1 ELISA (Uscn, Life Science Inc. USA) was used according to the 

manufacturer’s instructions. Briefly, 100 µl of standards or heat-inactivated serum samples 

(56°C for 30 minutes) were analyzed in duplicate wells and CA1 concentrations were calculated 

based on the internal standard curve. Samples that initially yielded results above the highest 

standard were diluted 2-fold with PBS and re-run. CA1 values are reported in mg/mL. 

Statistical Analysis 

The Statistical Package for the GraphPad Prism 6 (GraphPad Software, San Diego, 

California, USA) was used for statistical analysis. Data are expressed as means ± standard error 

of the mean (SEM). Unpaired t-tests were used to compare CA1 values between control and 

schistosomiasis patients. Statistical significance was defined as P≤0.01.  

Results 

Worm Burden and Histopathologic examination: 

The number of worm pairs identified was similar in groups sacrificed at either 6 or 12 

weeks post-infection (mean 15± 10 pair/mouse). Hematoxylin and eosin (H & E) stained liver 

sections at six weeks after the infection showed an early granulomatous response surrounding the 

entrapped eggs. Consistent with previous reports (Tom, et al., 2001), these granulomas appeared 

to consist primarily of macrophages and eosinophils surrounded by lymphocytes. At 12 weeks 

post-infection, liver granulomas were surrounded by large numbers of epithelioid cells and 

lymphocytes with occasional vacuolated giant cells. (Figure 1 A & B) 

Strategy for Selecting the Most Promising Biomarkers 
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This study utilized two proteomic approaches to identify novel biomarkers for 

schistosomiasis. Since proteomic studies typically yield large numbers of candidate biomarkers, 

we moved back and forth between platforms and between murine and human samples to select 

candidates with the greatest potential to be clinically useful. Our first experiments used SELDI 

and pre-fractionated sera from the mice at 6 and 12 weeks post-infection to ask the simple 

question ‘Are there differences in serum protein profiles following schistosomiasis infection?’ 

This ‘first look’ revealed marked differences in the SELDI spectra between the uninfected and 

infected serum proteomes with at least 74 possible biomarkers based simply on m/z ratios. A 

representative example of discriminatory peaks are presented in Figure 2 were able to prove that 

the signal intensity of the peak increased with the prolonged time of infection.  

Identification of Differential Proteins by LTQ-Velos Orbitrap 

We next used the LTQ-Velos Orbitrap for brute-force MS analysis of 1-dimensional 

SDS-PAGE gel slices of pooled sera from uninfected and infected mice. This approach also 

generated large numbers of potential biomarkers (eg: > 1122 between uninfected and infected 

mice) but tentatively identified many of them based on MS microsequencing. This platform also 

permitted us to use Protein Identification Probability (PIP) algorithms based on percentage of 

total spectra, number of assigned spectra, number of unique spectra, peak intensities and percent 

coverage both to assess the level of confidence in the identifications and to generate semi-

quantitative results. The latter capacity is based on the assumption that high-abundance proteins 

will produce more MS/MS spectra than low-abundance proteins (Bondarenko et al., 2002& Lu et 

al., 2007) so that comparing the number of spectra from the same protein between any two 

samples can serve as a crude relative quantitation of this protein (Wang et al., 2008). 

Use of the Two Proteomic Platforms 
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Of the 1122 proteins tentatively identified by the Scaffold software, application of a 95% 

PIP filter brought the number down to 239. From these 239 differentially expressed proteins, 

serum levels of 22 were higher than control levels in both acute or chronic infection mouse 

serum and only eight were up- regulated in both the acute and chronic stages (Table 2A). 

Nineteen were higher in the control serum than either during acute or chronic infection with nine 

down-regulated in both acute and chronic stages (Table 2B). We then used the predicted 

molecular weights of the seventeen proteins that were consistently up- or down-regulated in 

schistosomiasis samples versus controls to query the mouse SELDI-TOF MS database for the 

corresponding peaks (± 5% mass range). Distinct SELDI peaks that differed substantially 

between infected and control sera were detected at m/z values of 28.85 (P value 0.07), 59.83 (P 

value 0.02), 145.32 (P value 0.01), kDa on the IMAC30 ProteinChips and at 23.17 (P value 0.02) 

kDa on the CM10 ProteinChips. Together, these data suggested that murine carbonic anhydrase 

1 (mCA1: 28.85 kDa), proteasome subunit beta type-2 (59.83 kDa) and rat xanthine 

oxidoreductase mutant (145.32 kDa) were among the most promising biomarkers. The last 

SELDI peak of interest at 59.83 kDa was more complicated since this molecular weight 

corresponded to three proteins of similar molecular weight in the Orbitrap database: pancreatic 

alpha-amylase-like isoform 1, BC026782 protein and peptidoglycan recognition protein 2. When 

we used these tentative molecular weights to query our human serum SELDI database (data not 

shown), we found only one peak at 28.97 kDa on the H50 ProteinChip arrays that potentially 

corresponded to human homologue of carbonic anhydrase 1 (hCA1 28 kDa: Table 3).   

Immunologic Confirmation by Western blot and ELISA  

Western blot analysis of individual murine (Figure 3) and human serum samples (Figure 

4) revealed striking reductions in serum CA1 levels in infected animals and patients compared to 



122 
 

uninfected control sera. In mice, when the timing of infection was known, there was a 

progressive decline in serum CA1 levels between 6 and 12 weeks after infection (Figure 3B). 

Serum concentrations of CA1 in human subjects with chronic schistosomiasis (n=17) were 

significantly lower than levels in normal controls (n=17) (74.2 ± 3.6 vs. 102.6 ± 9.9 pg/mL 

respectively; p<0.011) (Figure 5).  

Discussion:  

Schistosomiasis remains a serious health threat in many low- and middle-income 

countries. Despite the wide availability and relatively low cost of praziquantel, treatment is often 

delayed because the diagnostic tests available have low sensitivity both early and late in disease 

and because re-infection is common. There are currently no reliable biomarkers for active 

infection other than detection of living eggs in the stool or urine and egg-shedding can persist for 

years after treatment. There is an urgent need to develop new tests that can address some of these 

diagnostic ‘gaps’. Long considered to be a research tool, mass spectrometry has recently entered 

the clinical microbiology laboratory for the rapid identification of pathogens (Fournier et al., 

2013). In this work, we used two proteomic platforms and both murine and human serum 

samples to pursue novel biomarkers for schistosomiasis.  

We used SELDI TOF MS to generate protein expression profiles from the serum of 

individual mice and patients (versus controls). Although these spectral data suggested the 

presence of major differences between infected and non-infected mice/patients, the translation of 

SELDI ‘peaks’ into identified candidate biomarkers can be very difficult due to the relatively 

low mass accuracy of this platform (Seibert et al., 2004). Not unexpectedly, there were also large 

differences between the SELDI spectra in infected mice and patients. To address these issues, we 

turned to the Orbitrap platform which provides higher mass accuracy and resolution in addition 
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to identification of the potential biomarkers. The Orbitrap data were then used to query both the 

murine and human SELDI spectral database for highly discriminatory biomarkers. This multi-

step process yielded CA1 as a candidate ‘negative’ biomarker for both murine and human 

schistosomiasis that was subsequently confirmed by both Western blot and ELISA. 

Carbonic anhydrases (CAs) are metalloenzymes that mediate the reverse hydration of 

CO2 to H+ and HCO3− and subsequent exchange of the H+ and HCO3− ions for Na+ and Cl− 

across cell membranes (Swenson, 1991). These enzymes are present in all living things where 

they participate in a wide range of physiologic reactions including respiration, photosynthesis, 

pH regulation, electrolyte secretion and many biosynthetic reactions (Supuran, 2010). CAs can 

be grouped into five distinct genetic families or classes: α-, β-, γ-, δ- and ζ-. These families differ 

primarily in the metal ion used for catalysis; α-, β-, and δ-, CAs use zinc (Zn) ions at the active 

site, the γ-CAs may use iron (Fe) (Ferry et al., 2010), but they can also bind Zn or cobalt (Co) 

and the ζ-class uses cadmium (Cd) (Lane & Morel, 2000; Lane et al., 2005). α- CAs are the 

dominant form in humans and other animals (CA1 is one of α-CA isoforms). β-CAs are 

expressed in most species of bacteria, yeast, algae, plants, and some invertebrates such as 

nematodes and insects.  γ-CAs have been reported in plants, archaea, and some bacteria 

(Elleuche & Poggeler 2010; Elleuche & Poggeler 2009). The last two CA classes: δ- and ζ-CAs 

are structurally similar to the β-CAs. 

CAs have long been recognized as important drug targets and both activators and 

inhibitors are currently used as therapeutic agents for a wide range of conditions including 

infections, cancer, obesity, and glaucoma (Supuran, 2010; Güzel et al., 2009). Consistent with 

their central role in diverse biological processes, deficiencies in CA activity can lead to many 

different symptoms. In mice and humans, CA1 is found primarily in the red blood cells 
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(Konialis, et al., 1985), the colonic epithelium (Parkkila et al., 1994) and neutrophils (Campbell, 

1 994). Abnormalities in CA1 isoenzymes are though to contribute to several types of anemia 

(Kuo et al 2005) and lower levels of CA1 mRNA and protein as well as total CA activity are 

found in the inflamed mucosa of patients with ulcerative colitis compared to controls despite the 

heavy infiltration of these tissues by neutrophils (Giovanni, et al., 1998; Robinson, et al., 1997). 

Deposition of S. mansoni eggs also causes acute and chronic inflammation of the colorectal 

mucosa (Mohamed et al., 1990). If reduction of CA1 expression and activity is a common feature 

of colonic inflammation, this could explain the reduction of CA1 levels we observed in the 

serum of S. mansoni infected mice and humans. Another possible explanation for the low serum 

CA1 concentration we observed in schistosomiasis is zinc deficiency. Serum zinc levels are low 

in subjects infected with S. mansoni and recover following treatment (El Hawy et al., 1993). Zinc 

is essential for the structure and activity of human carbonic anhydrases (Tripp et al., 2001). 

Although zinc levels were not measured in either the mouse or human sera used in this study, 

lower zinc levels S. mansoni-infected mice and patients may have contributed to the reduced 

levels of CA we observed.  

In conclusion, serum CA1 appears to be a promising negative biomarker for human 

infection with S. mansoni at least during the chronic stage. Studies are planned to determine 

whether or not serum CA1 levels return to normal after praziquantel therapy and the kinetics of 

such normalization. We are curious to know if serum CA1 is reduced in subjects with other forms 

of schistosomiasis as well as other infectious and non-infectious conditions that cause bowel 

inflammation. It will also be important to determine the possible contribution of zinc deficiency to 

lower CA1 levels in schistosomiasis patients.  
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Figure 1: Liver histology at six and 12 weeks after S. mansoni infection of C57Bl/6 mice with 

200 cercariae by tail penetration (hematoxylin & eosin stain: 10x magnification) A). Hepatic 

granulomas at 6 weeks post-infection, the granuloma size is 24x42 μm. B). Hepatic granulomas 

12 weeks post-infection, the granuloma size is 104.48x126.59 μm .The arrows indicate the S. 

mansoni granulomas.  
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Figure 2: Example of a ~2794.38 Da candidate biomarker in infected mice that gradually 

increases from 6 to 12 weeks after infection (6W and 12W respectively; p<0.01) versus 

uninfected control animals (CTL). Serum SELDI-TOF MS mass spectra obtained for F6CSL 

(Fraction 6, CM10 chip, Low laser intensity) from infected mice (top 2 spectra) versus non-

infected mice (bottom spectrum). The X-axis indicates the mass-to-charge ratio (m/z). The Y- 

axis: indicates the protein abundance expressed as absolute intensity (µA/laser pulse). 
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Figure 3: Immunologic validation CA1 as a candidate biomarker I A) Representative Western 

blot of CA1 in pooled sera from S. mansoni-infected mice (6 and 12 weeks post-infection: 6W 

and 12W respectively) and controls (C). B) Ponceau stained gel and C) Western blot of GAPDH 

served as a loading controls. D) Relative density of CA1 levels normalized to GAPDH.
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Figure 4: Validation of CA1 as a candidate biomarker in human serum A) Ponceau stained gel. 

B) Representative Western blot of CA1 in patients chronically-infected with S. mansoni (lanes 

I1-I8) versus controls (C1-2) and C) Western blot of GAPDH served as a loading controls D) 

Relative densities of CA1 bands in infected patients (I1-I8) versus controls (C1-2) (p< 0.001). 

 

 

Figure 4B 
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Figure 5: Serum CA1 levels in human patients chronically-infected with S. mansoni (74.2 ± 3.6 

pg /ml) measured by ELISA were significantly decreased compared with healthy controls (102.6 

± 9.9 pg /ml, P = 0.011; un-paired t-test).   
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Table 1A: Demographic Information for Subjects with Schistosomiasis    

Gender Age Schisto 

(OD) 

M 18 0.51 

M 22 1.06 

F 42 1.22 

M 10 1.6 

F 18 1.31 

M 41 0.69 

M 19 0.72 

F 26 0.72 

M 60 0.59 

F 50 0.81 

M 52 0.62 

M 17 1.04 

F 22 0.96 

F 25 1.65 

M 16 1.17 

M 41 0.72 

M 18 1.01 

F 20 1.62 

M 47 1.14 

M 10 0.88 

M 22 1.17 

M 21 1.1 

F 48 1.31 

M 23 0.9 

F 15 1.22 

• The cut-off values for Schisto ELISA: Negative: Optical Density (OD) < 0.35,  Equivocal: 0.35 

≤ OD < 0.40, Positive: OD ≥ 0.40. The first 17 samples were used for ELISA and the last eight 

were used for Western blot. 
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Table 1B: Demographic Information for Control Subjects 

Gender Age Schisto 

OD 

F 39 0.14 

M 61 0.08 

F 21 0.08 

M 34 0.07 

F 44 0.08 

F 33 0.1 

F 66 0.07 

F 64 0.1 

F 25 0.17 

F 59 0.12 

M 51 0.14 

M 20 0.18 

F 21 0.16 

M 35 0.1 

M 55 0.1 

M 25 0.08 

F 19 0.08 

F 40 0.11 

F 59 0.09 

The first 17 samples were used for ELISA and the last two were used for Western blot. 
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Table 2A: Eight proteins were increased in the sera of mice during both the acute and 

chronic stages of schistosomiasis compared to controls. 

Proteins identified by LTQ-Orbitrap 

Velos 

Accession 

number 

Molecular 

Weight 

Taxonomy 

Myoglobin  21359820 17.07 kDa Unknown 

L Chain L, Crystal Structure Of The 

Complex Fab M75- Peptide 

160285546 24.12 kDa LK3 transgenic 

mice 

Unnamed protein product  12843046  26.41 kDa LK3 transgenic 

mice 

Proteasome (prosome, macropain) subunit, 

beta type 1  

37231712  26.40 kDa unknown 

Apolipoprotein F precursor  19527216  35.43 kDa unknown 

Leucine-rich alpha-2-glycoprotein precursor  16418335 37.43 kDa unknown 

Extracellular matrix protein 1 isoform 1 

precursor  

170295832  62.83 kDa unknown 

Maltase-glucoamylase, intestinal-like  354489684 403.52 kDa unknown 

 

Table 2B: Nine proteins were reduced in the serum of mice during both acute and chronic 

stages of schistosomiasis compared to controls. 

Proteins identified by LTQ-

Orbitrap Velos 

Accession 

number. 
Molecular 

Weight 
Taxonomy 

Proteasome subunit beta type-2  227116345  22.90 kDa LK3 transgenic 

mice 
Carbonic anhydrase 1  116063531 28.33 kDa Unknown 

Bisphosphoglycerate mutase  6680806  29.98 kDa LK3 transgenic 

mice 
Pancreatic alpha-amylase-like 

isoform 1  
354486764  57.21 kDa Unknown 

BC026782 protein  20071242 58.07 kDa LK3 transgenic 

mice 
Peptidoglycan recognition protein 2  124245041  57.59 kDa Unknown 

Complement C2 precursor  157951694  84.74 kDa Unknown 

A Chain A, Crystal Structure Of 

Rat Xanthine Oxidoreductase 

Mutant  

158428238  146.10 kDa Buffalo rat 

Murinoglobulin-2 precursor  50657404 161.59 kDa Buffalo rat 
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Table 3: Predicted molecular weights of the seventeen serum proteins identified by 

Orbitrap that were consistently increased or decreased in murine schistosomiasis and 

SELDI-TOF MS peaks in both mouse and human serum that distinguished between 

infected and control samples. 

Proteins identified by Orbitrap™ Accession 

number 

Molecular 

Weight 

Mouse 

SELDI 

Human 

SELDI 

 Myoglobin  21359820 17.07 kDa N/A N/A 

 Proteasome subunit beta type-2  227116345  22.90 kDa 23.17 N/A 

 L Chain L, Crystal Structure Of The Complex Fab 

M75- Peptide 

160285546 24.12 kDa N/A N/A 

 Unnamed protein product  12843046  26.41 kDa N/A N/A 

 Proteasome (prosome, macropain) subunit, beta type 1 37231712  26.40 kDa N/A N/A 

 Carbonic anhydrase 1  116063531 28.33 kDa 28.85 28.97  

 Bisphosphoglycerate mutase  6680806  29.98 kDa N/A N/A 

 Apolipoprotein F precursor  19527216  35.43 kDa N/A N/A 

 Leucine-rich alpha-2-glycoprotein precursor  16418335 37.43 kDa N/A N/A 

 Pancreatic alpha-amylase-like isoform 1  354486764  57.21 kDa 59.83 N/A 

 BC026782 protein  20071242 58.07 kDa 59.83 N/A 

 Peptidoglycan recognition protein 2  124245041  57.59 kDa 59.83 N/A 

Extracellular matrix protein 1 isoform 1 precursor  170295832  62.83 kDa N/A N/A 

Complement C2 precursor  157951694  84.74 kDa N/A N/A 

A Chain A, Crystal Structure Of Rat Xanthine 

Oxidoreductase Mutant  

158428238  146.10 

kDa 

145.32 N/A 

 Murinoglobulin-2 precursor  50657404 161.59 

kDa 

N/A N/A 

 Maltase-glucoamylase, intestinal-like  354489684 403.52 

kDa 

N/A N/A 

 

  



135 
 

References 

Aldridge GM, Podrebarac DM, Greenough WT, Weiler IJ, 2008. The use of total protein  

stains as loading controls: an alternative to high-abundance single-protein controls 

in semi-quantitative immunoblotting. Journal of Neuroscience Methods 

172(2):250-4. 

Amiri P, Locksley RM, Parslow TG, Sadickt M, Rector E, Ritter D, McKerrow JH, 1992.  

Tumor necrosis alpha restores granulomas and induces parasite egg-laying in 

schistosome-infected SCID mice. Nature, 356, 604–607. 

Bica I, Hamer DH, & Stadecker MJ, 2000. Hepatic schistosomiasis. Infectious Disease  

Clinics of North America, 14(3), 583-604. 

Bondarenko PV, Chelius D, Shaler TA, 2002. Identification andrelative quantitation of  

protein mixtures by enzymatic digestion followedby capillary reversed-phase 

liquid chromatography-tandem mass spectrometry. Analytical Chemistry, 74(18), 

4741–4749. 

Byram JE, & von Lichtenberg F, 1977. Altered schistosome granuloma formation in nude  

mice. The American Journal of Tropical Medicine and Hygiene, 26(1), 944- 956. 

Byram JE, Doenhoff MJ, Musallam R, Brink LH, & Von Lichtenberg F, 1979. 

Schistosoma  

mansoni infections in T-cell deprived mice, and the ameliorating effect of 

administering homologous chronic infection serum. II. Pathology. The American 

Journal of Tropical Medicine and Hygiene, 28(2), 274-285. 

Campbell AR, Andress OL, & Swenson ER, 1 994. Identification and characterization of    

human neutrophil carbonic anhydrase. J. Leukocyte Bioi, 55(3):343-48.  

Chrambach A, Reisfeld RA, Wyckoff M, & Zaccari J, 1967. A procedure for rapid and  

sensitive staining of protein fractionated by polyacrylamide gel electrophoresis. 

Analytical Biochemistry, 20(1), 150-154. 

Doenhoff MJ, Chiodini PL, Hamilton JV, 2004. Specific and sensitive diagnosis of  

schistosome infection: can it be done with antibodies? Trends in Parasitology, 

20(1), 35-39. 

El Hawy AM, Abdel RM, Rozik S, Fawzy AF, el Gammal HA, 1993. Assessment of  



136 
 

serum copper and zinc levels in chronic Schistosoma mansoni patients with and 

without hepatic involvement before and after praziquantel therapy. Journal of the 

Egyptian Society of Parasitology, 23(1), 55-62. 

El Ridi R, Wagih A, Salem R, Mahana N, El Demellawy M, Tallima H, 2006. Impact of  

interleukin-1 and interleukin-6 in murine primary schistosomiasis. International 

Immunopharmacology, 6(7):1100-8. 

Elhag SM, Abdelkareem EA, Yousif AS, Frah EA, Mohamed AB, 2011.  Detection of  

schistosomiasis antibodies in urine patients as a promising diagnostic maker. 

Asian Pacific Journal of Tropical Medicine, 4(10), 773-777. 

Elleuche S, & Poggeler S, 2010. Carbonic anhydrases in fungi. Microbiology, 156(1),  

23–29. 

Elleuche S, Poggeler S, 2009. Evolution of carbonic anhydrases in fungi. Curr Genet,  

55(2),  211–222. 

Farah IO, Kariuki TM, King CL, Hau J, 2001. An overview of animal models in  

experimental schistosomiasis and refinements in the use of non-human primates. 

Laboratory Animals, 35(3):205-12. 

Ferry JG, 2010. The γ class of carbonic anhydrases. Biochimica et Biophysica Acta  

(BBA)-Proteins and Proteomics, 1804(2):374-81. 

Fournier PE, Drancourt M, Colson P, Rolain JM, La Scola B, Raoult D, 2013. Modern  

clinical microbiology: new challenges and solutions. Nat Rev Microbiol., 

11(8):574-85. 

Giovanni RF, Renzo L, Giuseppe C, Adriana F, & Sambuy MY, 1998. Carbonic  

anhydrase I reduction in colonic mucosa of patients with active ulcerative colitis. 

Digestive Diseases and Sciences, 43(9), 2086-2092. 

Golledge CL, 1995. Schistosomiasis: beware delayed seroconversion. The Medical 

journal  

of Australia, 163(8), 446-447. 
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CONNECTING STATEMENT II 

In manuscript II, I described the carbonic anhydrase 1 as a novel biomarker from 

S. mansoni infected sera. CA1 is down-regulated in both the acute and chronic stages of 

S. mansoni infection in infected mice and chronic stage of S. mansoni infection in 

humans. In manuscript III, I studied the protein profiles in the serum of patients infected 

with Schistosoma haematobium vs. controls. I was able to identify candidate biomarker 

profile that is specific to Schistosoma haematobium infection using SELDI-TOF. We 

applied ESI MS to identify some of these biomarkers. 
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ABSTRACT 

Background: Schistosomiasis is a common parasitic disease for which new serum biomarkers 

are needed to improve diagnosis in both early and late stages. In this study, we sought to identify 

novel serum protein/peptide biomarkers in patients with chronic Schistosoma haematobium 

infection. Methods: We applied Surface-enhanced laser desorption ionization time of flight mass 

spectrometry (SELDI-TOF MS) and electrospray ionization (ESI) MS to serum samples from 30 

Senegalese S. haematobium patients and 55 uninfected controls from the same region. Results: 

A total of 82 discriminating m/z peaks were detected by SELDI-TOF that differentiated chronic 

S. haematobium patients from controls (P<0.01). These biomarkers could be used in various 

combinations to generate diagnostic algorithms that achieved 100% sensitivity and specificity. 

One of the most useful SELDI biomarkers, a 28 kDa peak up-regulated in the infected subjects, 

was identified as apolipoprotein A-I (Apo A-I) and validated its identity by both Western blot 

and ELISA (p<0.01). Conclusion: Elevated Apo A-I may be a novel serum biomarker for the 

diagnosis of S. haematobium. Identification of the most important SELDI-flagged biomarker 

peaks may be useful not only for the development of novel diagnostic tests for S. haematobium 

but may also give new insights into host-parasite biology and therapeutic approaches.  

Keywords: Schistosomiasis; SELDI-TOF; ESI; Mass spectrometry; Biomarkers; Proteomic 

Word Counts: Abstract: 201 

   Text: 3128 

    3 Figures/ 1 Table 
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Introduction 

Schistosomiasis is a neglected tropical disease that has a major public health impact in 70 

endemic countries. More than 258 million people are thought to be infected, causing at least 

200,000 deaths every year. As many as 600 million people are at risk for acquiring 

schistosomiasis (Bergquist, 2002; Rasoamanamihaja et al., 2016; Richter et al., 2016; Wang et 

al., 2009).  The World Health Organization (WHO) estimates the number of disability-adjusted 

life years (DALY) lost due to schistosomiasis is ~1.5 million per year (Gryseels et al., 2006; 

Pullan et al., 2014), 90% of which are lost in sub-Saharan Africa (Lopez et al., 2006; 

Rasoamanamihaja et al., 2016). Currently, schistosomiasis control efforts aim to reduce 

morbidity through periodic treatment with praziquantel (PZQ) (WHO, 2012). However, PZQ 

does not prevent re-infection, has only moderate activity against immature worms and is losing 

efficacy due to emerging resistance (McManus & Loukas, 2008).  

Current diagnostic tests for S. haematobium infected patients include detection of eggs in 

urine samples and detection of either egg antigens or antibodies in body fluids (e.g.: urine or 

serum) (Doehring et al., 1983). Immunodiagnostic methods can confirm the presence of infection 

but are not useful before antibody production (Sandoval et al., 2006) and cannot differentiate a 

past, cured infection from a current infection. Molecular diagnostic methods that target and 

amplify schistosome DNA from urine could possibly offer high sensitivity and specificity. 

However, these methods are expensive, require significant operator skills and laboratory 

infrastructure, which can limit their use in endemic fields (Rosser et al., 2015). Several studies 

have used monoclonal antibodies to detect and quantify a negatively charged anodic antigen 

(CAA) and a positively charged cathodic antigen (CCA) in serum and urine of infected 

individuals (Deelder et al., 1980; Stothard et al., 2006; Van Dam et al., 2004; Van Lieshout et al., 
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2000). Despite having low sensitivity in low prevalence locations, these assays have been used as 

a substitute for parasitological examinations in endemic areas with moderate and high prevalence 

of schistosomiasis (Van Dam et al., 2004; Van Lieshout et al., 2000). The available CCA tests 

have better performance in detection of S. mansoni than S. haematobium (Gomes et al., 2014). 

Cystoscopy has been established as the gold standard test for detecting the late complications of 

schistosomiasis. However, this technique is invasive (Santos et al., 2015). A non-invasive 

diagnostic method and a new generation of biomarkers are necessary for better diagnosis of 

schistosomiasis. 

In the present study, we used two mass spectrometric approaches in parallel to identify 

candidate biomarkers of late S. haematobium infection. Mass spectrometry platforms have been 

used for the detection of biomarkers in other parasitoses including both protozoan (Ndao et al., 

2010, Papadopoulos et al., 2004), and helminth infection (Rioux et al., 2008). They also have 

been used to analyze the changes on the endothelial surface of the portal vein induced by 

Schistosoma bovis in infected mice (De la Torre-Escuderoa et al., 2012), and to study the 

metabolic fate of antiparasitic drug in the host and the parasite (Vokral et al.,2013).  

The aim of this study is to assess whether protein profiles can distinguish between late S. 

haematobium infection and uninfected subjects from the same region, and target the most 

important proteins for identification, We followed a structured approach beginning with high 

throughput SELDI TOF MS analysis followed by ESI MS microsequencing and confirmatory 

immunologic testing (western blot, ELISA). This approach revealed serum Apo A-I as a 

powerful biomarker in chronically-infected patients. 

Materials and methods 

Samples 
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Samples were collected from the village of Ndombo, Medical District of Dagana, Saint-

Louis, Senegal.  The subjects were informed of the objectives of the investigation and signed 

informed consent to provide urine and 5 ml of blood. The filtration method was used to collect 

the eggs of S. haematobium from urine (WHO, 1991). Subjects were tested twice, 3 weeks apart 

before inclusion in the study. Infected patients received 40 mg/Kg of praziquantel for treatment 

after repeat samples were collected.  The total number of samples was 85 including 55 negative 

controls, 30 S. haematobium-infected. 

SELDI-TOF-MS 

Serum samples were placed on ProteinChip™ arrays (Bio-Rad), fractionated and 

analyzed essentially as previously described (Rioux, 2008 & Ndao, 2009). Briefly, 96-well Q-

Ceramic HyperD F resin filtration plates (Ciphergen Biosystems Inc., Fremont CA) were used to 

fractionate serum samples from each group by pH. Immobilized Metal Affinity Capture 

(IMAC30), Cation Exchange (CM10), and Reverse Phase (H50) Protein-Chip™ arrays were 

used to profile the fractionated samples as previously described (Ndao et al., 2010) according to 

the manufacturer’s instructions (Bio-Rad). ProteinChip system (series 4000 Enterprise edition) 

was used to analyze the arrays (Bio-Rad). Each matrix and fraction combination was analyzed 

using optimal laser intensities. The intensity of the high laser was 3750 Da for all fractions. On 

the other hand, different intensities were used for the low laser. For example, 2500 Da for F1CS, 

2400 Da for both F1IS & F6CS and 2300 Da for F6IS. The spectra were collected and analyzed 

separately. Each data set was calibrated using an equation generated from the spectra of protein 

standards which was collected at the same laser intensity used in sample data collection. The 

external calibration standards were: insulin (bovine) (5,733.58 Da), ubiquitin (bovine) (8,564.8 

Da), cytochrome C (bovine) (12,230.9 Da), superoxide dismutase (bovine) (15,591.4Da) and 
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myglobin (equine cardiac) (16,951.5 Da). High: peroxidase (horse radish) (43,240Da) and 

albumin (bovine serum) (66,433Da). The baseline for all data was set at 15 times expected peak 

width and the noise was set at 2,000 Da for low laser energy or 10,000 Da for high laser energy. 

Sample spectra for each group were normalized using total ion current between 2000-100,000 Da 

for low laser intensity, and 10,000-200,000 Da for high laser intensity. An external normalization 

coefficient of 0.2 was applied for both conditions. Any spectra that did not fall within twice the 

overall average normalization factor was excluded from the analysis. Ciphergen Express™ 

software version 3.0.6 was used to analyze the spectra in two steps. First, the Cluster Wizard™ 

tool was used to align the peaks of spectra from different samples (expression difference 

mapping). In the first pass analysis, automated detection identified peaks with a single to noise 

(S/N) ratio of ≥ 5. The Mann-Whitney test was used to identify statistically significant 

differences between control and infected samples. In the second step the peaks with statistically 

significant differences with p-values ≤ 0.05 were inspected and relabeled manually. During the 

second pass analysis, peaks with a S/N ratio of ≥ 2 were retained. Potential biomarkers were 

defined when the peaks had p-values of ≤ 0.05 and Receiver Operation Characteristic (ROC) 

values of < 0.3 and > 0.7. 

Zoom Fractionation  

In order to decrease sample complexity for ESI analysis, isoelectric focusing was used as 

previously described, (ZOOM® Fractionator: Invitrogen, Carlsbad, CA) (Zuo et al., 2002). 

Fractionation allows the loading of larger amounts of protein leading to increased dynamic 

range, higher resolution and facilitating the identification of low abundance proteins (Zuo et al., 

2001; Zuo & Speicher, 2002). Briefly, 650 μL of sample was loaded onto ZOOM® discs using 

the five different pH chambers (pH 3.0−4.6, pH 4.6−5.4, pH 5.4−6.2, pH 6.2−7.0 and pH 



147 
 

7.0−10.0) according to the manufacturer’s instructions. The fractionated samples were 

concentrated/desalted by methanol-chloroform precipitation. Fractions were recovered in 

separate Eppendorf tubes, store at −80 °C untill use.  

SDS-PAGE and in-gel digestion 

The fractionated pooled serum samples (1 μL/lane) from control and S. haematobium 

infected patients were loaded onto 4-12% Bis-TrisNuPAGE gels (Invitrogen Life Technologies, 

Carlsbad, CA), and run for 45 min at 200 V. All gels were stained with colloidal Coomassie blue 

G-250 stain (colloidal blue staining kit; Invitrogen). Stained gels are digitalized and then 

comparing the intensities of stained spots to compare the amount of specific proteins visually. 

After that the protein spots were excised from the SDS gel. The gel bands were kept in 2% acetic 

acid until further analysis by mass spectrometry 

Protein identification by mass spectrometry 

The gel pieces were dried under the vacuum and then rehydrated in Trypsin Digest 

Solution (proteomics grade, Roche) at 37°C overnight. Peptides were extracted with a an 

extraction solution of 5 μl of acetonitrile and 0.1 % trifluoro acetic acid solution (50:50 v/v), 

after desalting with Millipore's C18 Zip Tips, the samples were resuspend in 10 μL 0.1% TFA 

and subjected to MS analysis. This was done using a soft ionization technique which allows mass 

spectrometric analysis of biopolymers such as proteins and peptides which are thermally 

unstable, polar, and non-volatile.  Electrospray ionization (ESI) technique was used for this 

proteomic (Fenn et al., 1989).  

ESI-TRAP: 

Electrospray ionization (ESI; Proteomics Core Facility Bellini Life Science Center, 

McGill University) was used for MS analysis of selected bands from S. haematobium and 
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control. The sample proteins are dissolved in easily evaporated solvent, then injected in charged 

a capillary tube which is maintained at a high voltage (2-6kV), applied at the end of the tube.  

Passage of the analyte from this tube under the strong electric field results in an electrically-

charged spray, with application of a nebuliser gas such as nitrogen, the spray passes from the 

capillary tip to the analyser region of the mass spectrometer. At the end the electric field strength 

in the charged droplets causes transfer of the ions at the surface of the droplets into the gaseous 

phase. The released ions are accelerated into the mass analyser for identification of the molecular 

mass and the intensity (Bruins, 1998). The resulting spectra were submitted to the database 

mining tool Mascot (http://www.matrixscience.com/) and searched against Homo sapiens 

(human) NCBInr 20,100,811 (11,613,246 sequences; 3,967,887,859 residues). The following 

search parameters were used: trypsin is the enzyme of digestion, one missed cleavage was 

allowed; carbamidomethylation as fixed modification and oxidation as variable modification, 

with unrestricted protein masses were considered along with peptide mass tolerance at ± 1.3 Da 

and fragment mass tolerances at ± 0.4 Da for an ESI-TRAP instrument. Protein identifications 

resulting from MASCOT ions scores had to be inside the 95% confidence level. As an internal 

control, one band (64 kDa) was taken from the ladder and identified as glutamate dehydrogenase. 

Western Blots 

Neat sera from S. haematobium infected patients and controls were separated by one-

dimensional electrophoresis on 4-12% Bis-Tris NuPAGE gels (Invitrogen). Isolated proteins 

were trans-blotted onto nitrocellulose membrane. The proteins were transferred at 100 V for 1 h 

and blocked by 5% skim milk in 0.05% Tween 20 in PBS (PBST) buffer for 1 hour at room 

temperature, followed by three washes with PBST for 5 min each. Membrane was incubated with 

rabbit Apo A-I Antibody (Santa Cruz Biotechnology, Santa Cruz, CA) at a 1:500 dilution for 

http://www.sciencedirect.com/science?_ob=RedirectURL&_method=externObjLink&_locator=url&_issn=00207519&_origin=article&_zone=art_page&_plusSign=%2B&_targetURL=http%253A%252F%252Fwww.matrixscience.com%252F
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either 1 hour at room temperature or overnight at 4°C. The membrane was washed three times 

with PBST for 5 min each. Incubation with HRP-conjugated anti-rabbit IgG were done at a 

1:100,000 dilutions at room temperature for 1 hour (Amersham Biosciences Co., Piscataway, 

NJ). The membrane was washed one time in PBST for 15 minutes followed by 2 washes for 5 

minutes each then incubated in Super Signal West Pico detection solution (Pierce, Rockford, IL) 

and exposed to X-ray film. Glyceraldehyde-3-phosphate-dehydrogenase (GAPDH) was used as 

an internal loading control. Membranes were stripped with 100 ml of stripping solution: 2 % 

sodium dodecyl sulfate (SDS), 62.5 mM tris HCL pH 6.7, 100 mM mercaptoethanol for 30 

minutes at 55°C followed by re-probing with a mouse anti-GAPDH monoclonal (1:5000: 

Abcam). Blots were incubated with HRP-conjugated anti-mouse IgG at 1:10,000 at RT for 1 h 

(Amersham Biosciences Co.) and exposed to X-ray film. Image J software (National Institutes of 

Health) was used to analyze densities of selected bands. 

Apo A-I Enzyme-Linked Immunosorbent Assay (ELISA) 

A human ApoA-1 ELISA (Mabtech, Inc. USA) was used according to the manufacturer’s 

instructions. Briefly, 100 µl of standards or heat-inactivated serum samples (56°C for 30 

minutes) were analyzed in duplicate wells and ApoA-1 concentrations were calculated based on 

the internal standard curve. ApoA-1 values are reported in ng/mL. 

Statistical Analysis 

The Statistical Package for the GraphPad Prism 6 (GraphPad Software, San Diego, 

California, USA) was used for statistical analysis. Data are expressed as means ± standard error 

of the mean (SEM). Unpaired t-tests were used to compare ApoA-1 values between control and 

schistosomiasis patients. Statistical significance was defined as P≤0.01. 

Results  
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Serum protein profiles and data processing 

Using pre-established criteria (p-value ≤ 0.05), ROC value <0.3 and >0.7), the SELDI 

analysis generated a total of 82 candidate biomarkers across the 6 fractions tested that were 

useful to distinguish between control vs. S. haematobium subjects (Table 1). Of these, 82 protein 

peaks, 15 peaks were up-regulated and 67 were downregulated. A representative sample of 

discriminatory peaks is presented in Figure 1. The differential expression of one peak in 

particular (28970 m/z) was highly significant between control and S. haematobium (p-value = 

0.0007 and ROC value = 0.78) (Figure 2a). This peak was prioritized for protein identification.   

Zoom fractionation SDS PAGE Gel and Protein Identification by ESI  

After fractionation of the gel band containing the discriminatory 28 kDa protein and ESI 

microsequencing, a Mascot search revealed the proposed protein to explain the SELDI peak at 

28 kDa in the S. haematobium infected sera as ApoA1. 

Validation of Apo A-I biomarkers by Western Blot and ELISA  

Western blot analysis using antisera to human Apo A-I detected a band at ~28 kDa; the 

intensity of this band S. haematobium infected patients sera was four-times the same band in 

control sera (Figure. 2b). Serum concentrations of Apo A-I in human subjects with chronic 

schistosomiasis (n=15) were significantly higher than levels in uninfected subjects (n=14) (6.81± 

1.62 vs. 5.06 ± 1.23 ng/mL respectively; p<0.01) (Figure 3).  

Discussion  

This study proved that the sera of patients infected with S. haematobium have 

characteristic protein profile that is different from healthy controls. This different protein profile 

could be used for the diagnosis of schistosomiasis. Diagnosis of S. haematobium depends on the 

microscopic visualisation of the eggs in urine (Doehring et al., 1983). Immunological methods 
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such as ELISA are also used to detect host antibodies. However, these methods are limited in 

their sensitivity and specificity (Sandoval et al., 2006). To identify diagnostic and therapeutic 

biomarkers in many diseases, the best place to start with is serum proteome. SELDI-TOF MS is a 

proteomic technology for biomarker discovery that is used for rapid and sensitive analysis of 

protein mixtures (Issaq et al., 2002; Scebba et al., 2016). This study used SELDI-TOF MS to 

search for new biomarkers in the serum of S. haematobium infected patients. We have found that 

there are many biomarkers that may potentially be used to differentiate the infected from the 

control groups. 

The presence of abundant proteins such as immunoglobulins and albumin often 

complicates the detection of the less abundant proteins. In order to overcome this problem and 

allow the detection of less abundant proteins, we employed fractionation to separate the proteins 

according to pH. Sequencing with ESI followed by a Mascot search revealed ApoA-1 protein 

from the spot taken from S. haematobium infected sera.  

ApoA-1 (28 kDa), is a major protein component of high-density lipoprotein (HDL) in 

plasma. The main functions of ApoA-I include interaction with cellular receptors, promote 

cholesterol efflux from tissues to liver for excretion and activation of lecithin/cholesterol 

acyltransferase (Pirillo et al., 2015). Furthermore, it has an anti-clotting effect because it was 

isolated as a prostacyclin (PGI2) stabilizing factor (Yui et al., 1988). Roheim (1986) reported 

that the main role of ApoA-1 is the formation of HDL. The study also reported that low levels of 

this protein are a predisposition factor for development and progression of coronary heart 

disease. The liver and small intestine are main sites for ApoA-1 synthesis and secretion (Pirillo et 

al., 2015). Several studies have shown that human schistosomiasis modifies plasma lipid 

composition (Dimenstein et al., 1991) and metabolism (Da Fonseca et al., 2014; Silva et al., 
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2002). Sprong et al. (2006) showed that even though schistosomes need cholesterol for their 

growth and egg production, they do not synthesize it themselves. Schistosomes have metabolic 

pathways defects, they do not synthesize fatty acids de novo and they use host serum lipoproteins 

to overcome this or to disguise themselves from the immune system of their hosts. The tegument 

of the parasite actively binds the host’s low density lipoproteins. This provides the parasite with 

cholesterol and other lipids and might also help it evade the immune system (Bica et al., 2000; 

Brindley, 2005; Braschi et al., 2006). Ridi et al. (2004) and Tallima & Ridi (2005) reported that 

the main role of cholesterol in biomembranes is the sequestration of schistosomula surface 

membrane antigens. Doenhoff et al. (2002) indicated that infection with schistosomes reduced 

the total cholesterol level in the blood and modulated the host lipid metabolism in S. mansoni 

infected mice.  

In the case of an impaired renal function, HDL-cholesterol and ApoA-1 in plasma are 

significantly changed (Graversen et al., 2008; Kaysen, 2009). The main pathological process in 

chronic S. haematobium infection occurs when schistosome eggs become trapped in the bladder 

wall and ureters causing chronic inflammation, which may in turn obstruct the ureters and 

damage the kidneys (Barsoum et al., 2013). According to Soto-Miranda and colleagues (2012), 

the kidney effortlessly removes small HDL particles, while large HDL remain in the plasma of 

patients with proteinuria. Proteinuria is indirect disease marker that is commonly used to identify 

individuals at risk of S. haematobium infection in endemic settings (Houmsou et al., 2013). 

Renal failure causes an increase in the ApoA-1 (Duval et al., 1989). Subramanian and colleagues 

(1999) have shown an association between S. haematobium and urinary tract diseases such as 

hydronephrosis. Given these previous findings from different studies, we postulate that an 
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increase levels of Apo-A1 could be as a result of urinary tract complications that is associated 

with schistosomiasis.  

In our previous study, we have identified CA1 using Orbitrap as a negative serum 

biomarker for the diagnosis of S. mansoni infection. CA1 has similar molecular weight as 

ApoA1, and both are about 28kDa. In the current study, CA1 was not detected in the serum of S. 

haematobium infected patients neither by SELDI or ESI. This is could mean that CA1 is a 

biomarker for S. mansoni can also be used to differentiate between S. mansoni and S. 

haematobium. 

 In conclusion, novel biomarker candidate proteins differentially expressed in patients 

infected with S. haematobium compared to control serum samples were identified using two 

proteomic approaches, SELDI-TOF and ESI. Serum ApoA-1 appears to be a promising 

biomarker for human infection with S. haematobium during the chronic stage. Studies are 

planned to determine whether or not serum ApoA-1 levels return to normal after praziquantel 

therapy. We are curious to know if serum ApoA-1 is elevated in subjects with other forms of 

schistosomiasis as well as other parasitic diseases.  

Additional analysis of a larger set of individual samples is required to further confirm the high 

level of the identified serum proteins.   
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FIGURES AND TABLES 

Figure 1: Example of a ~6641 Da candidate biomarker in serum samples of S. haematobium 

infected patients (p<0.01) versus uninfected controls (CTL). Serum SELDI-TOF MS mass 

spectra obtained for F6CSL (Fraction 1, CM10 chip, Low laser intensity) from infected (top 2 

spectra) versus non-infected (bottom spectrum). The X-axis indicates the mass-to-charge ratio 

(m/z). The Y- axis: indicates the protein abundance expressed as absolute intensity (µA/laser 

pulse). 
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Figure 2: Immunologic validation ApoA-1 as a candidate biomarker I A) ~28 kDa candidate 

biomarker in serum samples of S. haematobium infected patients versus uninfected controls 

(CTL) B). Representative Western blot of ApoA-1 in pooled sera from S. haematobium-infected 

samples and controls. C) Western blot of GAPDH served as a loading controls. D) Relative 

density of ApoA-1 levels normalized to GAPDH. 
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Figure 3: ELISA was used to measure serum level of ApoA-1. Serum ApoA-1 levels in patients 

with infected with S. haematobium were significantly increased when compared with the healthy 

controls (6.81± 1.62 vs. 5.06 ± 1.23 ng/mL respectively; p<0.01; un-paired t-test).  Results of all 

29 analyzed serum samples: boxplot of the ApoA-1 levels in S. haematobium infected patients 

(black bars) compared to controls (gray bars). Median values are indicated by horizontal lines 

within the boxes. The lower part of the box represents the first quartile, and the upper part 

represents the third quartile. The vertical width of the central box symbolizes the inter-quartile 

deviation. The protruding vertical lines from the box represents the minimum and the maximum 

values of the data. 

                Fig. 3 
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Table 1: Mass (m/z), p values, and ROCs for detected differentially expressed 

peptides/proteins between S. haematobium infected patients and healthy controls (* the 

highlighted peaks are upregulated in the disease). 

Fraction Index p value ROC 
M/Z 

Average 

F1CSH 3 0.003681 0.77 15107.91 

  4 0.011385 0.733077 15180.31 

  5 0.010846 0.714615 15224.36 

  6 0.007664 0.751538 15320.33 

  11 0.015876 0.285385 89729.66 

  13 0.006248 0.278462 193586.7 

F1CSL 3 0.024031 0.310047 3980.375* 

  11 0.003204 0.782692 5913.488* 

  21 0.007548 0.735479 1524.422* 

  19 0.038789 0.697802 7943.158* 

  26 0.011951 0.716641 6642.186 

F1ISH 2 0.003921 0.778986 10784.84* 

  4 0.016489 0.753623 11328.29 

  5 0.016489 0.778986 11489.01 

  6 0.012343 0.753623 11692.35 

  7 0.028568 0.753623 12649.22 

  9 0.031189 0.702899 13052.38 

  10 0.040326 0.728261 13784.73* 

  11 0.01812 0.246377 14911.65* 

  12 0.014988 0.246377 15130.54 

  13 0.00487 0.75947 15257.09 

F1ISL 15 0.005637 0.242908 7532.141 

  19 0.004462 0.223404 12910.15 

  20 0.007927 0.718085 15176.4* 

  21 0.00838 0.737589 15310.81* 

  22 0.015936 0.698582 15919.96* 

  23 0.015132 0.737589 16086.05 

F1HSH 8 0.034292 0.32197 13318.56 

  1 0.02274 0.281281 11584.2* 

  7 0.039807 0.671196 67304.8* 

F1HSL 8 0.041056 0.297276 4661.04 

F6CSH 7 0.017921 0.727083 15109.74 
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  8 0.037613 0.704167 15315.39 

  9 0.02114 0.7125 15848.84 

  10 0.02485 0.7125 15976.07 

  11 0.029111 0.7125 16004.28 

  12 0.033987 0.7125 16046.95 

  13 0.02114 0.735417 16843.14 

  14 0.041562 0.285417 17372.51* 

  15 0.03229 0.308333 17576.44 

  23 0.017921 0.727083 24683.68 

  25 0.012028 0.239583 33407.4 

  26 0.008418 0.239583 34596.27 

  27 0.030665 0.33125 36867.48 

  29 0.010695 0.2625 44086.78* 

  31 0.027626 0.285417 59245.04 

  32 0.020015 0.2625 59700.91 

  33 0.029111 0.285417 60412.25 

  34 0.02114 0.2625 62012.03 

  35 0.045856 0.354167 66936.47 

  36 0.037613 0.322917 73624.43 

  37 0.006584 0.23125 79391.97 

  39 0.033987 0.285417 101427.4 

  41 0.029111 0.285417 118010.8 

  42 0.012748 0.285417 134710.8 

  44 0.012748 0.285417 186338.5 

F6CSL 6 0.008618 0.255102 3886.982 

  13 0.010759 0.277365 4464.722 

  14 0.010184 0.232839 4534.927 

  15 0.048008 0.321892 4622.539 

  30 0.011363 0.255102 17406.48 

F6ISH 1 0.025643 0.265306 10296.72 

  4 0.044024 0.306122 11589.23 

  5 0.004651 0.244898 11772.42 

  24 0.022254 0.306122 116676.3 

F6ISL 8 0.019591 0.26 6174.784 

  9 0.021536 0.28 6189.505 

  15 0.004361 0.24 11731.71 

  16 0.001341 0.24 11902.33 

  23 0.044076 0.36 21734.43 
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F6HSH 7 0.00073 0.784178 28970.9* 

F6HSL 1 0.046142 0.334087 2574.242 

  3 0.034781 0.334087 2857.765 

  4 0.047996 0.346154 2972.197 

  5 0.036241 0.328054 3022.799 

  7 0.028211 0.309955 3554.957 

  12 0.019052 0.297888 5422.927 

  16 0.015897 0.708145 8457.431 

  25 0.012606 0.279789 10733 

  26 0.003593 0.22549 11549.17 

  27 0.034781 0.315988 11704.15 

  30 0.046142 0.334087 14802.14 

  3 0.03478 0.33409 2857.76466 

  4 0.048 0.34615 2972.19669 

  5 0.03624 0.32805 3022.79904 

  7 0.02821 0.30995 3554.9566 

  12 0.01905 0.29789 5422.92681 

  16 0.0159 0.70814 8457.431 

  25 0.01261 0.27979 10733.0025 

  26 0.00359 0.22549 11549.1689 

  27 0.03478 0.31599 11704.1536 

  30 0.04614 0.33409 14802.1399 
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CHAPTER V  

GENERAL DISCUSSION 

Schistosomiasis is a chronic debilitating disease that affects ~ 200 million people in more 

than 70 countries. Despite the wide availability and relatively low cost of praziquantel, treatment 

is often delayed or omitted altogether because the available diagnostic tests have low sensitivity 

both during early and late disease stages and re-infection is common. Therefore, for praziquantel 

to be effectively used to reduce morbidity, non-invasive and reliable diagnostic assays that can 

detect early and late stages of the disease need to be developed.  

One of the available diagnostic assays is the Kato-Katz technique. This technique, 

although widely used, has low sensitivity due to the widespread application of chemotherapy 

which results in low parasite burdens. In addition, it is less efficient in low transmission areas 

and after treatment (Enk et al., 2010; Grenfell et al., 2012). The result of this method is 

influenced by numerous factors, such as the intensity of infection, the timing of egg excretion, 

and egg distribution in the stool. Repeated fecal examinations can increase sensitivity, but 

reduces patient compliance, which limits the effectiveness of this technique. The other 

disadvantage of this detection method is that it is time consuming, which makes it unsuitable for 

large-scale epidemiological surveys (Wang et al., 2015). Other diagnostic methods that detect 

antibodies or antigens in serum and/or urine samples are also available (Coulibaly et al., 2013; 

Deelder et al., 1993; Doenhoff et al., 2004; Grenfell et al., 2012). Antibody detection methods 

have a relatively high sensitivity but low specificity and cannot distinguish between current and 

past infection. On the other hand, a growing body of evidence suggests that antigen detection 

methods are more promising than either direct (eg: eggs) or indirect (antibodies) parasitological 

methods (Colley et al., 2013; Foo et al., 2015; Van Dam et al., 2013). Parasite antigen detection 
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may indicate the presence of active infection and reduce the rate of false-positive results 

compared to antibody detection methods. Therefore, antigen detection improves diagnosis 

accuracy and reduces the cost of field investigations (Stothard, 2009; Worrell et al., 2015).  

To overcome the limitations of these various techniques, we need to introduce new 

diagnostic approaches through the selection of biomarkers that can be used for the detection of 

schistosomiasis patients. Biomarkers are considered as biological factors that could provide early 

diagnosis of disease and are also biochemical monitors for the response of patients to treatment. 

This makes biomarkers an ideal diagnostic tool. This approach may (a) help avoid false-positive 

or false-negatives; (b) assist in the detection of different stages of infection such as early, acute 

and chronic stages; and (c) distinguishes between active disease and past infection.  

Despite the significant improvement in the understanding of basic biology of 

schistosomiasis, the complexity of the parasite itself and its interactions with the vertebrate host 

have led to serious difficulties in making an accurate diagnosis which, in turn, has made it more 

difficult to eradicate the disease. Schistosomes are multi-stage parasites and in each stage they 

inhabit a different anatomical location inside the host. Because of this, they potentially express 

different protein profiles. Therefore, a more complete understanding of protein expression 

profiles may be very useful to detect each of their life stages. Experimental schistosomal 

infection in laboratory animals has contributed significantly to understanding the immunobiology 

of infection; particularly the mechanisms of egg-induced granuloma and fibrosis (Abath et al., 

2006). The experimental animals can be infected with a known number of cercariae. After the 

experimental animals are infected one can compare the protein profiles of infected animals to 

those of non-infected animals. Rodents, mainly inbred mice, tend to be the animals of choice 

because of their availability and susceptibility to infection (Boros &Whitfield, 1999). Studies 
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using experimental animals of schistosomiasis need to be validated in humans. Caution is 

required when interpreting results from mouse models because the infection is not the same as 

the clinical situation. In the clinical situation, there are potentially confounding factors such as 

co-infections, re-infections, host and parasite genetics, and environmental factors that cannot be 

accurately evaluated (Abath et al., 2006; Fung et al., 2014).  

Nevertheless, proteomic analysis of serum proteins in diseased and control mouse models 

allowed us to uncover a number of potential disease biomarkers. 

In the present thesis, I used several proteomic approaches to identify either parasite or 

host-derived products (i.e., biomarkers) related to different stages of schistosome infection. The 

rationale for using these approaches in potential diagnostic tests for the disease was because less 

invasive methods of detection are favoured. I chose to examine the presence of biomarkers in 

biological fluid such as serum, because it is considered a valuable source for biomarker 

discovery (Srinivas et al., 2001). Several investigators have attempted to identify biomarkers in 

serum that reflect specific pathological states. Studying the serum proteome emphasizes 

differences in protein expression, reflects certain pathophysiological states, and provides useful 

information about disease diagnosis, prognosis or treatment response (Ahmed, 2008). We chose 

serum because of the fact that schistosomes’ antigens may be liberated as a result of parasite 

turnover and reaches the blood. However, serum is very complex with relatively large amounts 

of the most abundant proteins that can interfere with the identification of more interesting, 

disease-specific and low-abundance proteins (Anderson & Anderson, 2002; Tirumalai et al., 

2003). To detect the low abundance proteins, fractionation of the proteome is required (Hanash 

et al., 2008).  
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To remove these highly abundant proteins, I used isoelectric focusing fractionation (IEF) 

and ion-exchange fractionations to uncover the low abundance proteins. IEF is accomplished by 

loading the protein sample into connected five ZOOM® IEF chambers separated by disks that 

contain buffers of defined pH. The result is a significant reduction in sample complexity in the 

form of a set of five highly resolved protein fractions suitable for further analysis by 1-DE. The 

proteins were focused using a program of progressively increasing voltage (100 V for 20 min, 

200 V for 80 min, 600 V for 80 min). IEF offers several advantages for peptide analysis such as 

a wide range of loading capacity, superior resolution, and good reproducibility (Hörth et al., 

2006; Hubner et al., 2008; Lam et al., 2007). It has been reported that solution-IEF has high 

reproducibility and efficient resolution compared to ion exchange (Slebos et al., 2008). However, 

post-IEF sample processing is considered a limitation as it involves the excision of the gel strip 

into sections, followed by extracting and cleaning up of peptides from these gel pieces. In 

addition, it is difficult to predict the actual amount of peptides or proteins in each compartment 

of the IEF solution (Hörth et al., 2006). The major problem we faced with this technique was that 

we had to use 200 μl of each sample and this took a long time to process. To overcome this 

problem, we used a pool from each group. However, sample pooling led to an unavoidable loss 

of information. Therefore, we used ion-exchange fractionation in which the samples were 

separated into six fractions within 20 min by step pH elution (buffers of pH 3–9, and an organic 

isopropanol-based buffer) by ion exchange chromatography. This allowed us to use small 

amounts of samples (20 μl) and was very fast in comparison to IEF.  

We have demonstrated that SELDI mass spectrometry can be employed for rapid analysis 

of a large numbers of samples and can generate patterns of differentially expressed proteins that 

may distinguish disease states from controls as well as differentiate different stages of the disease 
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in experimental animals. Remarkably, using SELDI-TOF MS, a limited sample preparation is 

needed, this technique is a high-throughput one and it is ideally suited for low MW proteins (<20 

kDa) profiling (Tang et al., 2004). The advantage of using SELDI-TOF MS in our experiments is 

that it is a hybrid technology that permits the separation of the proteins (by solid-phase 

chromatography) and analysis (by mass spectrometry) to be performed using the same analyzer. 

Therefore, the protein profiles of samples can be rapidly compared (Gretzer et al., 2003; Shi et 

al., 2009). The SELDI platform is association with protein chip arrays. The surfaces of these 

chips are coated with a protein-fractionating resin (Issaq et al., 2002 and Merchant and 

Weinberger, 2000). These chip arrays have a detection limit for any individual compound for a 

given set of experimental variables (Tang et al., 2004). To overcome this limitation, we used 

three different kinds of chip arrays; immobilized metal affinity capture (IMAC), weak-cation 

exchange (CM10) and reverse phase (H50) Protein-Chip™ arrays. The limitation of using 

SELDI-TOF MS is that it has a poor reproducibility. Therefore, it is very important to 

standardize the pre-analytic and analytic factors (Banks, 2008; Bruegel et al., 2009; Callesen et 

al., 2009). As a result, in our study we applied strict Standard Operating Procedures to improve 

data quality and reproducibility. The study subjects were carefully selected and the preanalytical 

processes such as study design, sample collection and processing were carefully determined (Rai 

& Vitzthum 2006). The samples were kept in -80 °C because most of proteins in body fluids are 

stable for a long time at -80 °C. Samples were aliquoted into smaller volumes to avoid repeated 

freeze–thaw cycles. Plasma or serum samples could be exposed to less than five freeze/thaw 

cycles before significant deterioration in quality of protein profile is observed (Caffrey, 2010; 

Tammen et al., 2005). Technical replicates have been used within the same samples (Hong et al., 

2005). We also used a robotics system and a defined matrix drying time (Aivado et al., 2005; 
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Schaub et al., 2004). It is known that the mass-axis of the SELDI output shifts from experiment 

to experiment by up to 0.1–0.2% of the mass/charge value (Yasui et al., 2003). We then account 

for a shifting (measurement error of ± 5% mass range) problem of the x axis in SELDI output in 

our experiments. In spite of these limitations, SELDI has been successfully applied in the present 

studies.  

Three independent studies have presented specific serum biomarkers associated with the 

schistosomiasis infection using the SELDI-MS platform. In the first study, we studied serum 

protein expression patterns in groups of mice infected with different numbers of cercariae, 66 

candidate biomarkers were detected. Used in various combinations, these biomarkers could 

reliably diagnose early-stage disease as well as distinguish between acute and chronic infection. 

Additionally, they could diagnose S. mansoni infection regardless of the number of cercariae 

used for infection.  

A classification tree was established by Biomarker Pattern Software using just one 

candidate biomarker peak to distinguish between acutely-infected animals and controls. This 

single biomarker decision tree achieved 100% sensitivity and 100% specificity (m/z 46.1 kDa).  

The second study were able to detect 74 possible biomarkers based simply on m/z ratios 

with a high diagnostic prediction, allowing discrimination between the uninfected and infected 

serum proteomes.  

In the third study, we studied serum protein expression patterns in 85 human samples (55 

negative controls, 30 S. haematobium-infected). A total of 82 candidate biomarkers for the 

comparison between controls vs. S. haematobium were detected. 

However, a major disadvantage of SELDI-TOF MS technology is its inability to identify 

proteins. The only information that SELDI provides is the m/z value of the potential biomarker 
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protein. Characterizing proteins or peptides by their m/z value is not enough for diagnosis 

because their unknown identity will hinder additional validation with other methods (Tambor et 

al., 2010). This is why this technology might be replaced in the near future with the shotgun 

proteomics technology. Once identification of the potential biomarker protein is achieved and 

suitable antibodies developed against these biomarkers, SELDI-identified biomarkers will 

combine the great accuracy of SELDI with the much needed practical aspects of immunoassays 

such as ELISA. 

To identify new biomarkers, we used other MS platforms such as MALDI-TOF, ESI and 

Velos Orbitrap. As a result, we were able to identify many potential biomarkers in the sera of 

infected human and mice.  The MALDI-TOF MS approach yielded eight differentially-expressed 

host proteins in the serum of infected mice at different disease stages. Among the host proteins 

intriguingly identified by MALDI were transferrin and alpha 1-antitrypsin in (acute/chronic) 

disease. These two proteins were identified with 12 and 4 peptides respectively, while all the 

other identified proteins were identified with only one peptide and their up-regulation was 

confirmed by Western blot. Then we used two different MS platforms to study differentially-

expressed host proteins in the serum of infected patients and mice. For human samples we used 

ESI and for mice samples we used Orbitrap. Sequencing with ESI of human samples revealed 

one proposed protein for the band found in in S. haematobium infected sera. Apolipoprotein A-I, 

was revealed at 28 kDa band, which was confirmed by Western blot and ELISA. 

One major advantage of MALDI over ESI is that singly charged ions are detected for the 

analyte, while ESI generates multiple charged ions for higher molecular weight molecules that 

complicate the generated mass spectra (Mesri, 2014).  
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Mass spectrometry has been gaining importance and it has been making a gradual 

progress until recently, when instruments such as Orbitrap are able to achieve mass resolutions 

of hundreds of thousands of units with a wide dynamic range. Such values are rarely available 

for MALDI MS instruments, Orbitrap have certain qualities that make it advantageous for 

advanced analysis. In the first study, Velos Orbitrap MS identified ~200 parasite-origin proteins 

in the serum during the acute stage, ~105 parasite-origin proteins during the chronic stage and 

~296 and ~220 differentially-expressed host-proteins identified in the serum during the acute and 

chronic stages respectively. We identified a large number of parasite-origin proteins in serum. 

Van Diepen et al., (2012) reported that a relatively small number of schistosome antigens are 

exposed to the host in the tegument and more antigens become exposed after the parasite dies. 

Therefore, it would be beneficial to identify a circulating antigen in host sera to diagnose 

schistosomiasis (Wang et al., 2015). Proteins identified by Orbitrap were possibly shed by 

schistosomula, released from dying worms, released by damaged tegumental cell layer, or were 

secreted/excreted by the worms (Francis & Bickle, 1992; Jankovic et al., 1996; Mohamed et al., 

1998). The Orbitrap data also suggested the presence of schistosome (25 kDa) Glutathione S-

transferase (GST) that was confirmed by Western blot. Most of the identified proteins are 

identified only by a single peptide match (single-hit proteins). This may be due to many factors: 

low concentration of parasite antigens in the serum of the host, few tryptic peptides in small 

proteins, or masking by other more expressed proteins (Higdon & Kolker, 2007). The problem 

with ignoring these proteins will result in the loss of potential biomarkers. GST was one of the 

proteins which identified with only one peptide and we proved its presence by Western blot.  

The major limitation that could hinder the clinical application of peptide/protein 

biomarkers is the difficulty encountered when producing certain antibodies for sensitive clinical 
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tests such as immunoassays. They are very sensitive, and they can detect protein concentrations 

in the pg/ml range with good specificity, if an antibody with the desired performance is 

available. However, immunoassays have limitations (Scherl, 2015). Antibodies recognize a 

polypeptide epitope of typically eight to seventeen amino acids. Therefore, an antibody might 

detect a common portion of a protein present in different proteoforms (Smith, & Kelleher, 2013). 

ELISA is considered the gold standard for several clinical applications. Unfortunately, 

commercial assay kits are not available for many of the proteins that were of interest to us. 

Additionally, antibody production for a large number of peptide candidates is costly and time-

consuming. Recently, the progress in mass spectrometry (Anderson & Hunter, 2006; Janecki et 

al., 2007) might provide an alternative to ELISA that can accurately detect several peptides. The 

recent advance in mass spectrometry-based targeted protein quantification affords a powerful 

approach to systematically and quantitatively measure quantitative differences in protein profiles 

of different samples. The quantitative tool depends on using a synthetic stable isotope labeled 

peptide or protein which is similar to the analyzed peptide or protein and acts as an internal 

standard to quantify the corresponding candidate protein (Pan et al., 2008). Recently, selected 

reaction monitoring-mass spectrometry (SRM-MS), also called multiple reaction monitoring 

(MRM), can also be used for biomarker validation (Addona et al., 2009; Grote et al., 2013). 

SRM-MS has emerged as a potentially useful technique for targeted multiplexed quantitative 

proteomics to monitor and quantify proteins in plasma samples. In this technique, two mass 

analyzers are used as static mass filters to monitor a particular fragment ion of a selected 

precursor ion. Multiple SRM transitions can be measured on the chromatographic time scale by 

alternating between the different precursor/fragment pairs within the same experiment. Typically, 

the triple quadrupole instrument cycles through a series of transitions and records the signal of 
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each transition as a function of the elution time (Mesri, 2014).  Furthermore, SRM can be 

performed to build a calibration curve that can offer an absolute quantification of the native 

peptide and subsequently its parent protein (Paczesny et al., 2013; Ota et al., 2015).  

In the second study, we continued our investigation of sera in S. mansoni infected mice 

using Orbitrap. We identified 239 differentially-expressed proteins from the sera of the acutely- 

and chronically-infected mice compared to controls. Twenty-two proteins were up-regulated in 

infected mice (acutely and chronically) compared to controls. Eight of these were up-regulated in 

both the acute and chronic stages compared to controls. We identified nineteen proteins in 

control samples with higher PIP compared to infected samples (acutely or chronically). Nine of 

these were down-regulated in both acute and chronic stages compared to controls. By comparing 

the molecular weights of the seventeen proteins that were consistently up- or down-regulated in 

schistosomiasis samples versus controls to query the mouse SELDI-TOF MS database for the 

corresponding peaks. Four distinct SELDI peaks that differed substantially between infected and 

control sera were matched. We also looked in our SELDI human samples data for the same 

seventeen proteins and we found only one peak at 28 kDa value that corresponded to carbonic 

anhydrase 1 (CA1). CA1 has a theoretical molecular weight of 28 kDa which corresponded well 

with one of the selected SELDI peaks in mice and human samples. We identified a decreased 

serum level of CA1 and this is a novel biomarker in serum of S. mansoni-infected mice and 

humans. This would imply that this biomarker might be considered as a very suitable diagnostic 

marker.  

By means of a well-established murine model of schistosomiasis it was confirmed that 

CA1 could be down-regulated in serum during acute and chronic stages of the disease. We 

continued a proof-of-concept study on available patients with schistosomiasis. In a first 
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approach, we showed that CA1 could be down-regulated in all of eight chronically-infected 

patients by Western blot. Followed by measuring serum concentrations of CA1 in 17 human 

subjects with chronic schistosomiasis, they were significantly lower than levels in 17 normal 

controls (n=17) by ELISA. This intriguing observation might be related to colonic inflammation 

due to schistosomiasis-induced reactions that are associated with the accumulation of 

schistosome eggs or, alternatively, to changes in zinc serum levels. Studies are planned to 

determine if serum CA1 levels return to normal after praziquantel therapy and the kinetics of 

such normalization. We are also curious to know if serum CA1 levels are reduced in subjects 

with other infectious and non-infectious conditions that cause bowel inflammation. We also want 

to determine the possible contribution of zinc deficiency to lower CA1 levels. There are no 

previous clinical studies measuring the level of CA1 in schistosomiasis. It would seem worthy to 

further validate CA1 as a candidate biomarker of schistosomiasis. However, the inclusion of 

additional clinical groups such as other helminth and protozoan infections would be required to 

determine the specificity of this candidate biomarker. 

This study does not provide a protocol intended for direct transfer into clinical 

application. Nevertheless, the detection and quantification of CA1 from serum might carry the 

potential of becoming a novel diagnostic tool for schistosomiasis. Due to the small number of 

available patients, this finding clearly awaits confirmation in larger studies. We suggest that 

future work includes more samples, collection of serum samples from patients and controls. 

Sample history should be taken into consideration. Some of the things that need to be taken into 

consideration are storage information of the samples, diseases stage, medication, pathology, age, 

gender and patient’s condition. This distribution should be as constant as possible in all the 

collected samples, and it should characterise the precise disease/healthy state. Otherwise, 



177 
 

normalising the analytical results becomes problematic. Lawton et al., (2008) studied the effects 

of age, sex and race on plasma metabolites. In their study, the patients were Caucasian, African-

American and Hispanic with a 20 to 65 age range. They found that more than 100 metabolites 

were associated with age with smaller numbers associated with sex or race. The samples should 

be collected in freezer-type tubes, immediately snap frozen and stored in a freezer until analyzed.  

Further studies are needed to evaluate the application of these putative biomarkers in 

diagnostic tests. Our study confirms that MS-based proteomics is a powerful approach in 

biomarker discovery of infectious diseases in humans. However, to obtain a more comprehensive 

picture it would have been advantageous if we had analyzed a larger number of samples obtained 

from different Schistosoma species, as well as samples from other helminth and protozoan 

infections. Our study is only a first step and further verification and validation of the identified 

biomarkers is needed.  

SUMMARY AND CONCLUSIONS 

The discovery of novel biomarkers is crucial for the early detection of the disease and 

characterization of its progression. Recent advances in MS technologies allow large-scale 

analysis of proteins. This could be used to compare the protein profiles of schistosomiasis-

infected and control serum samples. The selection of the sample set is one of the first issues that 

one will encounter in such studies. After that, candidate protein markers must be assessed by a 

targeted assay and validated in large independent cohorts. This validation step will allow 

candidate biomarkers to be transferred to clinical use. 

Schistosomiasis was an interesting disease to study, due to its high prevalence. 

Biomarkers for schistosomiasis are currently not well-characterised. In this research, we 

examined the differences between diseased and healthy serum samples in order to identify 
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biomarkers. In this work a mouse model was used, and the effect of using different numbers of 

the infective larvae for infection as well as the time of infection on the serum protein profiles 

was also investigated. The outcome of this work was that several proteins were found to be 

differentially regulated between diseased and healthy humans and animals.  

Just because protein can be detected, this does not necessarily reveal whether or not it 

could be a potential diagnostic target. This type of functional analysis for putative biomarkers 

will continue to need to be assessed. 

Future prospective of biomarkers in schistosomiasis 

The identification of biomarkers could improve treatment strategies in schistosomiasis 

and lead to targeted therapies. The use of biomarkers might also decrease the economic burden 

encountered when treating the disease. Moreover, an automated and inexpensive standardized 

biomarker is necessary for detection in schistosomiasis. Unfortunately, most schistosomiasis 

cases can only be diagnosed after egg deposition. Thus, by frequently evaluating serum 

biomarkers, changes can be easily found during early stages of infection. Therefore, further 

improvement in current schistosomiasis biomarker screening assays is needed.  
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Appendix 

Manuscript I 

Supplemental table 1 

Identified Proteins (200) Accession 
Number 

Molecular 
Weight 

Identification 
propability  

AF418550_1 albumin precursor [Schistosoma mansoni] 15808978 68 kDa 100% 

 family S9 non-peptidase homologue (S09 family) [Schistosoma mansoni] 256077324 126 kDa 95% 

 receptor tyrosine phosphatase type r2a [Schistosoma mansoni] 256078184 267 kDa 95% 

 nAChR subunit [Schistosoma mansoni] 256077733 

(+1) 

66 kDa 95% 

 aminopeptidase P1 (M24 family) [Schistosoma mansoni] 256080084 59 kDa 95% 

 ryanodine receptor related [Schistosoma mansoni] 256085300 559 kDa 95% 

 SJCHGC07397 protein [Schistosoma japonicum] 76157105 13 kDa 95% 

 hypothetical protein [Schistosoma mansoni] 256058663 86 kDa 100% 

 unknown [Schistosoma japonicum] 56754341 
(+1) 

40 kDa 100% 

 hypothetical protein [Schistosoma mansoni] 256076304 338 kDa 95% 

 hypothetical protein [Schistosoma mansoni] 256087454 328 kDa 99% 

 vesicular amine transporter [Schistosoma mansoni] 256070152 158 kDa 98% 

 hypothetical protein [Schistosoma mansoni] 256084562 77 kDa 95% 

 ell related [Schistosoma mansoni] 256052881 
(+1) 

93 kDa 95% 

 SJCHGC08776 protein [Schistosoma japonicum] 76152796 22 kDa 95% 

 SJCHGC02516 protein [Schistosoma japonicum] 76154880 55 kDa 95% 

 SJCHGC09815 protein [Schistosoma japonicum] 60701195 10 kDa 95% 

 hypothetical protein [Schistosoma mansoni] 256048394 

(+1) 

30 kDa 95% 

 hypothetical protein [Schistosoma mansoni] 256072930 40 kDa 95% 

 cell division control protein [Schistosoma mansoni] 256072954 109 kDa 99% 

 hypothetical protein [Schistosoma mansoni] 256083090 530 kDa 99% 

 hypothetical protein [Schistosoma mansoni] 256052785 190 kDa 95% 

 cleavage and polyadenylation specificity factor [Schistosoma mansoni] 256077072 
(+1) 

119 kDa 95% 

 jumonji domain containing protein-related including hairless [Schistosoma mansoni] 256084415 177 kDa 98% 

 Calcium-binding protein 2 (CaBP2) [Schistosoma mansoni] 256075345 14 kDa 95% 

 SJCHGC04200 protein [Schistosoma japonicum] 76155947 28 kDa 98% 

 hypothetical protein [Schistosoma mansoni] 256085531 224 kDa 95% 

 rab3 interacting molecule (rim)-related [Schistosoma mansoni] 256082383 147 kDa 95% 

 hypothetical protein [Schistosoma mansoni] 256074206 144 kDa 95% 

 tyrosine kinase [Schistosoma mansoni] 17907114 
(+1) 

140 kDa 95% 

 hypothetical protein [Schistosoma mansoni] 256087905 650 kDa 100% 

 hypothetical protein [Schistosoma mansoni] 256091720 6 kDa 95% 

 synaptic ras gtpase activating protein syngap [Schistosoma mansoni] 256082329 171 kDa 95% 

 protein kinase [Schistosoma mansoni] 256078631 85 kDa 95% 

 hypothetical protein [Schistosoma mansoni] 256092840 152 kDa 95% 

 50S ribosomal protein L1 [Schistosoma mansoni] 256070669 46 kDa 95% 

 hypothetical protein [Schistosoma mansoni] 256079344 655 kDa 98% 

 fuse-binding protein-interacting repressor siahbp1 [Schistosoma mansoni] 256073105 58 kDa 95% 

 SJCHGC03045 protein [Schistosoma japonicum] 56759484 18 kDa 95% 

 calcyphosine/tpp [Schistosoma mansoni] 256074196 24 kDa 95% 
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 heparan sulfate n-deacetylase/n-sulfotransferase [Schistosoma mansoni] 256074757 113 kDa 95% 

 hypothetical protein [Schistosoma mansoni] 256089269 
(+1) 

189 kDa 95% 

 SUMO ligase [Schistosoma mansoni] 256088034 127 kDa 95% 

 unknown [Schistosoma japonicum] 56757370 

(+1) 

19 kDa 95% 

 unknown [Schistosoma japonicum] 189502808 10 kDa 95% 

 dna2/nam7 helicase family member [Schistosoma mansoni] 256071194 185 kDa 98% 

 SJCHGC00905 protein [Schistosoma japonicum] 56757477 40 kDa 95% 

 hypothetical protein [Schistosoma mansoni] 256082836 61 kDa 95% 

 hypothetical protein [Schistosoma mansoni] 256052614 235 kDa 95% 

 hypothetical protein [Schistosoma mansoni] 256075438 6 kDa 95% 

 hypothetical protein [Schistosoma mansoni] 256078687 121 kDa 95% 

 SJCHGC05123 protein [Schistosoma japonicum] 76152647 13 kDa 95% 

 hypothetical protein [Schistosoma mansoni] 256082013 164 kDa 95% 

 SJCHGC08043 protein [Schistosoma japonicum] 56757251 14 kDa 95% 

 hypothetical protein [Schistosoma mansoni] 256071779 102 kDa 95% 

 zinc finger protein [Schistosoma mansoni] 256073423 
(+1) 

176 kDa 95% 

 receptor protein tyrosine phosphatase r (pcptp1) [Schistosoma mansoni] 256083417 109 kDa 95% 

 SJCHGC02359 protein [Schistosoma japonicum] 76155807 27 kDa 95% 

 SJCHGC09453 protein [Schistosoma japonicum] 56758882 

(+1) 

89 kDa 95% 

 SJCHGC07328 protein [Schistosoma japonicum] 76155995 30 kDa 95% 

 rabphilin-3a [Schistosoma mansoni] 256078602 158 kDa 95% 

 o-linked n-acetylglucosamine transferase ogt [Schistosoma mansoni] 256079484 119 kDa 95% 

 neuroglian; septate junction protein [Schistosoma mansoni] 256079750 89 kDa 95% 

 hypothetical protein [Schistosoma mansoni] 256076534 103 kDa 95% 

 protein tyrosine phosphatase [Schistosoma mansoni] 256087207 182 kDa 95% 

 SJCHGC09129 protein [Schistosoma japonicum] 56753359 62 kDa 95% 

 SPFH domain / Band 7 family [Schistosoma mansoni] 256084861 61 kDa 95% 

 glycerol 3-phosphate dehydrogenase [Schistosoma mansoni] 55793504 
(+1) 

38 kDa 95% 

 hypothetical protein [Schistosoma mansoni] 256081613 164 kDa 95% 

 SJCHGC03335 protein [Schistosoma japonicum] 76152722 14 kDa 95% 

 subfamily C1A unassigned peptidase (C01 family) [Schistosoma mansoni] 256082975 

(+1) 

168 kDa 95% 

 SJCHGC04015 protein [Schistosoma japonicum] 76153535 30 kDa 95% 

 hypothetical protein [Schistosoma mansoni] 256083856 199 kDa 95% 

 SJCHGC09644 protein [Schistosoma japonicum] 56752645 13 kDa 95% 

 butyrate induced transcript [Schistosoma mansoni] 256070201 51 kDa 95% 

 SJCHGC05098 protein [Schistosoma japonicum] 76154961 41 kDa 95% 

 SJCHGC06021 protein [Schistosoma japonicum] 56754708 38 kDa 95% 

AF310263_1 heat shock protein HSP60 [Schistosoma mansoni] 21634531 58 kDa 95% 

 SJCHGC01869 protein [Schistosoma japonicum] 56758970 

(+1) 

104 kDa 95% 

 hypothetical protein [Schistosoma mansoni] 256053178 44 kDa 95% 

 patched 1 [Schistosoma mansoni] 256073803 189 kDa 95% 

 SJCHGC08921 protein [Schistosoma japonicum] 76152891 25 kDa 95% 

 chondroitin sulfate proteoglycan [Schistosoma mansoni] 256075737 

(+1) 

144 kDa 95% 

 hypothetical protein [Schistosoma mansoni] 256092679 5 kDa 95% 

 zinc finger protein [Schistosoma mansoni] 256085594 41 kDa 95% 
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 rgpr-related [Schistosoma mansoni] 256070647 134 kDa 95% 

 hypothetical protein [Schistosoma mansoni] 256052579 114 kDa 95% 

 SJCHGC08599 protein [Schistosoma japonicum] 76156331 21 kDa 95% 

 hypothetical protein [Schistosoma mansoni] 256079549 29 kDa 95% 

 rhoptry protein [Schistosoma mansoni] 256089034 131 kDa 95% 

 protein phosphatase-2b [Schistosoma mansoni] 256071826 67 kDa 95% 

 unknown [Schistosoma japonicum] 189503038 
(+1) 

40 kDa 95% 

 protein kinase [Schistosoma mansoni] 256084995 

(+1) 

161 kDa 95% 

 protein phosphatase 2C [Schistosoma mansoni] 256079476 43 kDa 95% 

 hypothetical protein [Schistosoma mansoni] 256075283 

(+1) 

19 kDa 95% 

 hypothetical protein [Schistosoma mansoni] 256077076 41 kDa 95% 

 tubulin tyrosine ligase [Schistosoma mansoni] 256083385 156 kDa 95% 

 sec24-related A B [Schistosoma mansoni] 256072734 65 kDa 95% 

 SJCHGC04300 protein [Schistosoma japonicum] 76156931 19 kDa 95% 

 U2 small nuclear ribonucleoprotein A [Schistosoma mansoni] 256089883 8 kDa 95% 

 hypothetical protein [Schistosoma mansoni] 256087057 31 kDa 95% 

 SJCHGC04323 protein [Schistosoma japonicum] 76154785 27 kDa 95% 

 hypothetical protein [Schistosoma japonicum] 29841344 

(+1) 

35 kDa 95% 

 hypothetical protein [Schistosoma mansoni] 256088720 150 kDa 98% 

 tubulin tyrosine ligase [Schistosoma mansoni] 256084896 124 kDa 98% 

 SJCHGC08047 protein [Schistosoma japonicum] 56755159 22 kDa 95% 

 hypothetical protein [Schistosoma mansoni] 256085614 241 kDa 95% 

 hypothetical protein [Schistosoma mansoni] 256089955 15 kDa 95% 

 SJCHGC00707 protein [Schistosoma japonicum] 56757317 49 kDa 95% 

 family C19 unassigned peptidase (C19 family) [Schistosoma mansoni] 256074515 100 kDa 95% 

 SJCHGC03722 protein [Schistosoma japonicum] 56756527 22 kDa 95% 

 hypothetical protein [Schistosoma mansoni] 256067062 19 kDa 95% 

 hypothetical protein [Schistosoma mansoni] 256076953 32 kDa 95% 

 Membrane-bound O-acyltransferase domain-containing protein 5 [Schistosoma 

japonicum] 

257215702 

(+1) 

18 kDa 95% 

 ras GTP exchange factor [Schistosoma mansoni] 256072383 234 kDa 95% 

 hypothetical protein [Schistosoma mansoni] 256076913 30 kDa 95% 

 phosphoglucomutase [Schistosoma mansoni] 256086891 65 kDa 95% 

 hypothetical protein putative DEAD/DEAH box helicase, with helicase C-terminal 

domain [S. j] 

29840997 

(+3) 

40 kDa 95% 

 hypothetical protein [Schistosoma mansoni] 256086242 191 kDa 95% 

 ADP-ribosylation factor arf [Schistosoma mansoni] 256087483 21 kDa 95% 

 SJCHGC06036 protein [Schistosoma japonicum] 76154626 29 kDa 95% 

 hypothetical protein [Schistosoma mansoni] 256092191 18 kDa 95% 

 protein arginine n-methyltransferase [Schistosoma mansoni] 256072449 179 kDa 95% 

 SJCHGC04826 protein [Schistosoma japonicum] 76153968 25 kDa 95% 

 tegumental protein [Schistosoma mansoni] 256052720 21 kDa 95% 

 lamin [Schistosoma mansoni] 256083880 240 kDa 95% 

 hypothetical protein [Schistosoma mansoni] 256085438 29 kDa 95% 

 tyrosine kinase [Schistosoma mansoni] 256071295 96 kDa 95% 

 pangolin [Schistosoma mansoni] 256071577 110 kDa 95% 

 dynein heavy chain [Schistosoma mansoni] 256052216 445 kDa 95% 

 hypothetical protein [Schistosoma mansoni] 256074985 80 kDa 95% 
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 DNA-directed rna polymerase II subunit [Schistosoma mansoni] 256073421 149 kDa 95% 

 fatty acid binding protein [Schistosoma mansoni] 256079454 
(+1) 

15 kDa 95% 

 nitrilase-related [Schistosoma mansoni] 256081450 

(+1) 

61 kDa 95% 

 SJCHGC04342 protein [Schistosoma japonicum] 76156998 17 kDa 95% 

 rap1 and [Schistosoma mansoni] 256084184 

(+3) 

21 kDa 99% 

 zinc finger protein [Schistosoma mansoni] 256087171 152 kDa 98% 

 SJCHGC09807 protein [Schistosoma japonicum] 60701027 10 kDa 95% 

 DEAD box ATP-dependent RNA helicase [Schistosoma mansoni] 256082050 69 kDa 95% 

 proteasome subunit alpha type 5 [Schistosoma japonicum] 222709117 
(+4) 

27 kDa 95% 

 hypothetical protein [Schistosoma mansoni] 256062392 56 kDa 95% 

 transcription intermediary factor 1-related [Schistosoma mansoni] 256086332 78 kDa 95% 

 hypothetical protein [Schistosoma mansoni] 256081312 29 kDa 95% 

 protoheme IX farnesyltransferase [Schistosoma mansoni] 256081642 67 kDa 95% 

 tyrosine kinase [Schistosoma mansoni] 256072750 

(+1) 

119 kDa 95% 

 similar to XM_080170 misexpression suppressor of KSR 2 in Drosophila melanogaster 

[Schistosoma japonicum] 

29841008 

(+3) 

47 kDa 95% 

 type 2 dopamine receptor [Schistosoma mansoni] 238886051 78 kDa 95% 

 hypothetical protein [Schistosoma mansoni] 256072157 21 kDa 95% 

 similar to GenBank Accession Number BC009478 leucine zipper protein, RP42 
homologin Homo sapiens [S. j] 

29841106 
(+3) 

31 kDa 95% 

 SJCHGC07242 protein [Schistosoma japonicum] 56753099 15 kDa 95% 

 SJCHGC06913 protein [Schistosoma japonicum] 76152927 25 kDa 95% 

 SJCHGC00996 protein [Schistosoma japonicum] 171473843 27 kDa 95% 

 hypothetical protein [Schistosoma mansoni] 256073684 23 kDa 95% 

 titin [Schistosoma mansoni] 256080653 69 kDa 95% 

 serine/threonine protein kinase [Schistosoma mansoni] 256080865 100 kDa 95% 

 zinc finger protein [Schistosoma mansoni] 256088314 53 kDa 95% 

 nicotinic acetylcholine receptor non-alpha subunit precursor [Schistosoma bovis] 40317593 84 kDa 95% 

 rrp4 [Schistosoma mansoni] 256052273 30 kDa 95% 

 helicase [Schistosoma mansoni] 256083283 

(+1) 

166 kDa 95% 

 SJCHGC01145 protein [Schistosoma japonicum] 56759240 27 kDa 95% 

 glycosyltransferase-related [Schistosoma mansoni] 256079175 89 kDa 95% 

 hypothetical protein [Schistosoma mansoni] 256088968 472 kDa 95% 

 hypothetical protein [Schistosoma mansoni] 256090678 117 kDa 95% 

 SJCHGC06411 protein [Schistosoma japonicum] 76162933 11 kDa 95% 

 histone H2A [Schistosoma mansoni] 256073500 26 kDa 95% 

 ribonuclease z chloroplast [Schistosoma mansoni] 256081658 

(+2) 

22 kDa 95% 

 voltage-gated potassium channel [Schistosoma mansoni] 256092890 31 kDa 95% 

 SJCHGC01540 protein [Schistosoma japonicum] 56757737 14 kDa 95% 

 SJCHGC08106 protein [Schistosoma japonicum] 76155945 23 kDa 95% 

 thioredoxin peroxidase 3 [Schistosoma mansoni] 256071152 
(+1) 

25 kDa 95% 

 red protein (ik factor) (cytokine ik) [Schistosoma mansoni] 256071154 67 kDa 95% 

 testis development protein nyd-sp29 [Schistosoma mansoni] 256075433 120 kDa 95% 

 ankyrin repeat-containing [Schistosoma mansoni] 256079395 31 kDa 95% 

 ferritin [Schistosoma mansoni] 256079612 21 kDa 95% 

 hypothetical protein [Schistosoma mansoni] 256080624 116 kDa 95% 
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 serine/threonine protein kinase [Schistosoma mansoni] 256080877 193 kDa 95% 

 putative ubiquitin specific protease 16 isoform a [Schistosoma japonicum] 257215860 17 kDa 95% 

 Gap-Pol polyprotein [Schistosoma japonicum] 254587273 147 kDa 95% 

 40S ribosomal protein S30 [Schistosoma mansoni] 256073239 15 kDa 95% 

 serine/threonine protein kinase [Schistosoma mansoni] 256084662 93 kDa 95% 

 hypothetical protein [Schistosoma mansoni] 256084950 51 kDa 95% 

 hypothetical protein [Schistosoma mansoni] 256085248 10 kDa 95% 

 mitochondrial chaperone BCS1 [Schistosoma mansoni] 256086434 40 kDa 95% 

 chromodomain helicase DNA binding protein [Schistosoma mansoni] 256052547 224 kDa 95% 

 cathepsin F (C01 family) [Schistosoma mansoni] 256077193 

(+1) 

52 kDa 95% 

 nuclear pore complex protein nup93 (nucleoporin nup93) (dead eye protein) [S. m] 256090244 106 kDa 95% 

 22.6 kDa protein [Schistosoma bovis] 186462273 
(+3) 

23 kDa 95% 

 actin [Schistosoma bovis] 186462275 

(+1) 

42 kDa 95% 

 protocatechuate dioxygenase [Schistosoma mansoni] 256050873 25 kDa 95% 

 cdc6 [Schistosoma mansoni] 256052129 86 kDa 95% 

 elongation factor 1-alpha (ef-1-alpha) [Schistosoma mansoni] 256054627 
(+6) 

24 kDa 95% 

 hypothetical protein [Schistosoma mansoni] 256078540 64 kDa 95% 

 zinc finger protein [Schistosoma mansoni] 256079061 
(+1) 

50 kDa 95% 

 MHC class I antigen [Schistosoma japonicum] 282892228 

(+3) 

11 kDa 95% 

 hypothetical protein [Schistosoma mansoni] 256081664 12 kDa 95% 

 hypothetical protein [Schistosoma mansoni] 256077048 16 kDa 95% 

 glutamate receptor NMDA [Schistosoma mansoni] 256079501 86 kDa 95% 

 E1b-55kD-associated protein [Schistosoma mansoni] 256082626 116 kDa 95% 

 hypothetical protein [Schistosoma mansoni] 256087867 358 kDa 95% 

 SJCHGC05323 protein [Schistosoma japonicum] 76154204 32 kDa 95% 

 

 

Supplemental table 2 

 

Identified Proteins (105) Accession 

Number 

Molecular Weight 

AF418550_1 albumin precursor [Schistosoma mansoni] 15808978 68 kDa 

 family S9 non-peptidase homologue (S09 family) [Schistosoma mansoni] 256077324 126 kDa 

 nAChR subunit [Schistosoma mansoni] 256077731 (+1) 70 kDa 

 receptor tyrosine phosphatase type r2a [Schistosoma mansoni] 256078184 267 kDa 

 hypothetical protein [Schistosoma mansoni] 256082699 38 kDa 

 hypothetical protein [Schistosoma mansoni] 256077326 117 kDa 

 SJCHGC09815 protein [Schistosoma japonicum] 60701195 10 kDa 

 ryanodine receptor related [Schistosoma mansoni] 256085300 559 kDa 

 SJCHGC05123 protein [Schistosoma japonicum] 76152647 13 kDa 

 actin [Schistosoma mansoni] 256079405 (+1) 42 kDa 

 SJCHGC00905 protein [Schistosoma japonicum] 56757477 40 kDa 

 neuroglian; septate junction protein [Schistosoma mansoni] 256079750 89 kDa 
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 subfamily C1A unassigned peptidase (C01 family) [Schistosoma mansoni] 256082975 (+1) 168 kDa 

 elongation factor ts [Schistosoma mansoni] 256079923 17 kDa 

 hypothetical protein [Schistosoma mansoni] 256087454 328 kDa 

 SJCHGC04200 protein [Schistosoma japonicum] 76155947 28 kDa 

 microtubule associated protein xmap215 [Schistosoma mansoni] 256081011 (+1) 227 kDa 

 SJCHGC09129 protein [Schistosoma japonicum] 56753359 62 kDa 

 cell division control protein [Schistosoma mansoni] 256072954 109 kDa 

 hypothetical protein [Schistosoma mansoni] 256083856 199 kDa 

 calcyphosine/tpp [Schistosoma mansoni] 256074196 24 kDa 

 hypothetical protein [Schistosoma mansoni] 256085531 224 kDa 

 family C48 unassigned peptidase (C48 family) [Schistosoma mansoni] 256076943 (+1) 65 kDa 

 hypothetical protein [Schistosoma mansoni] 256083090 530 kDa 

 dynein heavy chain [Schistosoma mansoni] 256052216 445 kDa 

 hypothetical protein [Schistosoma mansoni] 256087905 650 kDa 

 SJCHGC08043 protein [Schistosoma japonicum] 56757251 14 kDa 

 SJCHGC03335 protein [Schistosoma japonicum] 76152722 14 kDa 

 unknown [Schistosoma japonicum] 56757370 (+1) 19 kDa 

 hypothetical protein [Schistosoma mansoni] 256086641 66 kDa 

 family C19 unassigned peptidase (C19 family) [Schistosoma mansoni] 256074515 100 kDa 

 SJCHGC02166 protein [Schistosoma japonicum] 76155164 15 kDa 

 small nuclear ribonucleoprotein [Schistosoma mansoni] 256088837 (+2) 111 kDa 

 hypothetical protein [Schistosoma mansoni] 256053129 79 kDa 

 SJCHGC09167 protein [Schistosoma japonicum] 76155403 41 kDa 

 short chain dehydrogenase [Schistosoma mansoni] 256087970 72 kDa 

 SJCHGC09592 protein [Schistosoma japonicum] 56758766 27 kDa 

 ras GTP exchange factor [Schistosoma mansoni] 256072383 234 kDa 

 hypothetical protein [Schistosoma mansoni] 256074206 144 kDa 

 DEAD (Asp-Glu-Ala-Asp) box polypeptide 56 [Schistosoma japonicum] 257215840 (+2) 60 kDa 

 zinc finger protein [Schistosoma mansoni] 256073423 (+1) 176 kDa 

 dynein heavy chain [Schistosoma mansoni] 256083867 435 kDa 

 chondroitin sulfate proteoglycan [Schistosoma mansoni] 256075737 144 kDa 

 SJCHGC03650 protein [Schistosoma japonicum] 76152950 15 kDa 

 DEAD box ATP-dependent RNA helicase [Schistosoma mansoni] 256083681 (+1) 104 kDa 

 protein phosphatase 2C [Schistosoma mansoni] 256079476 (+1) 43 kDa 

 hypothetical protein [Schistosoma mansoni] 256070279 (+1) 37 kDa 

 SJCHGC00996 protein [Schistosoma japonicum] 171473843 27 kDa 

 hypothetical protein [Schistosoma mansoni] 256072819 35 kDa 

 SJCHGC05701 protein [Schistosoma japonicum] 76156121 15 kDa 

 SJCHGC07378 protein [Schistosoma japonicum] 76153885 19 kDa 

 ribonuclease z chloroplast [Schistosoma mansoni] 256081658 (+2) 22 kDa 

 DEAD box ATP-dependent RNA helicase [Schistosoma mansoni] 256082050 69 kDa 

 hypothetical protein [Schistosoma japonicum] 29841344 (+1) 35 kDa 

 hypothetical protein [Schistosoma mansoni] 256074299 36 kDa 

 neurotracting/lsamp/neurotrimin/obcam related cell adhesion molecule [Schistosoma mansoni] 256070234 138 kDa 

 hypothetical protein [Schistosoma mansoni] 256078536 79 kDa 

 hypothetical protein [Schistosoma mansoni] 256081534 229 kDa 

 hypothetical protein [Schistosoma mansoni] 256073809 29 kDa 

 [ACP] S-malonyltransferase [Schistosoma mansoni] 256084354 42 kDa 
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 nalp (nacht leucine rich repeat and pyrin domain containing)-related [Schistosoma mansoni] 256075415 76 kDa 

 aminopeptidase P1 (M24 family) [Schistosoma mansoni] 256080084 59 kDa 

AF310263_1 heat shock protein HSP60 [Schistosoma mansoni] 21634531 58 kDa 

 tegumental protein [Schistosoma mansoni] 256084811 21 kDa 

 unknown [Schistosoma japonicum] 56755549 (+1) 13 kDa 

 SJCHGC05138 protein [Schistosoma japonicum] 76162618 28 kDa 

 hypothetical protein [Schistosoma mansoni] 256076092 36 kDa 

 SJCHGC06082 protein [Schistosoma japonicum] 29841130 12 kDa 

 SJCHGC07328 protein [Schistosoma japonicum] 76155995 30 kDa 

 hypothetical protein [Schistosoma mansoni] 256079092 42 kDa 

 protein phsophatase-2a [Schistosoma mansoni] 256076428 35 kDa 

 SJCHGC09147 protein [Schistosoma japonicum] 76152945 27 kDa 

 hypothetical protein [Schistosoma mansoni] 256071130 32 kDa 

 peter pan-related [Schistosoma mansoni] 256066569 164 kDa 

 brefeldin A-inhibited guanine nucleotide-exchange protein [Schistosoma mansoni] 256075113 228 kDa 

 DNA polymerase theta [Schistosoma mansoni] 256074218 103 kDa 

 dna2/nam7 helicase family member [Schistosoma mansoni] 256071194 185 kDa 

 family M13 unassigned peptidase (M13 family) [Schistosoma mansoni] 256087512 (+1) 41 kDa 

 receptor-type adenylate cyclase [Schistosoma mansoni] 256062386 131 kDa 

 lupus la ribonucleoprotein [Schistosoma mansoni] 256074055 51 kDa 

 ribonuclease III [Schistosoma mansoni] 256077012 102 kDa 

 hypothetical protein [Schistosoma mansoni] 256089269 189 kDa 

 PI3kinase [Schistosoma mansoni] 256087251 91 kDa 

 hypothetical protein [Schistosoma mansoni] 256071250 127 kDa 

 CDP-diacylglycerol--glycerol-3-phosphate 3-phosphatidyltransferase [Schistosoma mansoni] 256087890 55 kDa 

 SJCHGC04015 protein [Schistosoma japonicum] 76153535 30 kDa 

 myosin XV [Schistosoma mansoni] 256072292 280 kDa 

 malic enzyme [Schistosoma mansoni] 256074831 (+1) 60 kDa 

 hypothetical protein [Schistosoma mansoni] 256075042 169 kDa 

 sec15 [Schistosoma mansoni] 256078962 91 kDa 

 cdc37-related [Schistosoma mansoni] 256083550 45 kDa 

 ras GTP exchange factor son of sevenless [Schistosoma mansoni] 256092898 (+1) 178 kDa 

 sec24-related C d [Schistosoma mansoni] 256082903 126 kDa 

 voltage-gated potassium channel [Schistosoma mansoni] 256092890 31 kDa 

 SJCHGC09466 protein [Schistosoma japonicum] 76154754 26 kDa 

 lysosomal alpha-mannosidase (mannosidase alpha class 2b member 1) [Schistosoma mansoni] 256093034 89 kDa 

 hypothetical protein [Schistosoma mansoni] 256071051 36 kDa 

 taspase-1 (T02 family) [Schistosoma mansoni] 256072506 40 kDa 

 FOG precursor [Schistosoma mansoni] 256088771 69 kDa 

 hypothetical protein [Schistosoma mansoni] 256075373 37 kDa 

A Chain A, Crystal Structure Of The Wild Type Thioredoxin Glutatione Reductase From Schistosoma 
Mansoni In Complex With Auranofin 

256599739 65 kDa 

 hypothetical protein [Schistosoma mansoni] 256072322 141 kDa 

 unknown [Schistosoma japonicum] 189502920 (+1) 45 kDa 

 protocatechuate dioxygenase [Schistosoma mansoni] 256050873 25 kDa 

 homeodomain transcription factor (phtf) [Schistosoma mansoni] 256088476 147 kDa 
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