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Chapter 1
General introduction




Schistosomiasis



Blood-dwelling parasitic trematodes (flatworms) of the genus Schistosoma cause the disease schistosomiasis or Bilharzia. There are 5 different Schistosoma species that infect humans and many other infecting different mammals. Over 200 million people worldwide are infected with schistosomes, mainly of the species S. haematobium, S. mansoni and S. japonicum (37,197). The disease is endemic in tropical areas and endemicity is dependent on the presence of the intermediate host, an aquatic snail, in fresh surface water. There is a strong variation in epidemiology between regions and localities, depending on local determinants such as irrigation or draining canals and human sanitary conditions (74).
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The life cycle of S. mansoni



The life cycle of S. mansoni is depicted in Fig. 1.1. Infection of the human host occurs upon water contact, where larvae called cercariae are released from the snails and swim in the water in search for their mammalian host. They penetrate the skin. At this point, cercariae lose their tail and the cercarial body transforms into a migrating juvenile worm, a schistosomulum. In the circulation, schistosomula migrate to the lungs. In the case of S. mansoni schistosomula further migrate to the portal vein in the liver where male and female worms pair and mature before homing at their final destination, the mesenteric veins surrounding the gut. This occurs about six weeks after skin penetration (74,155).


In the mesenteric veins, adult worm pairs can reside for many years (37), feeding on blood and meanwhile producing 300 eggs per day (32). About half of the deposited eggs flow with the circulation and get trapped in the liver, where granulomas are formed around the eggs due to a strong immune response. The other eggs extravasate the vessel wall and pass through the intestinal wall in order to be secreted with the feces from about one week after being released by the female worm. It may take up to six weeks for the eggs to exit the host. However, eggs die within two weeks after oviposition (37), thus not all excreted eggs are viable.


Viable eggs that are released in water hatch and the larvae called miracidia can subsequently infect the intermediate host, the aquatic snail Biomphalaria glabrata or B. pfeifferi. Within the snail, massive clonal replication of the parasite, now sporocysts, occurs. About 5 weeks after infection, snails start to shed cercariae. Some of the cercariae will infect a human host.


 
  
  
  Figure 1.1: The life cycle of S. mansoni. (With courtesy of Dr. A.M. Polderman)
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Disease symptoms



Infections with S. mansoni often occur without notice. However, symptoms may be present in all stages of the infections (75).


The penetration of the skin can cause some local irritation called swimmer's itch. This usually does not last longer than a few hours. When seen, this is most often in primary infections, mainly in migrants and tourists. It is more often seen after infections with non-permissive schistosome species, such as Trichobilharzia (35,75).


Acute schistosomiasis, also called Katayama fever, can occur in primary infections with high numbers of migrating schistosomula (35). It results from a hypersensitivity T helper 1 T-cell (Th1) response against migrating juvenile worms. The symptoms are flu-like and may include fever, fatigue, myalgia and dry cough. At this stage, antibodies against schistosomes may be found, but stool and urine samples are negative for schistosome eggs. There is a marked eosinophilia and patchy infiltrates can be seen on chest radiography. Usually, symptoms disappear within a few weeks (35,75).


Abdominal symptoms caused by the migration and positioning of mature worms can occur at a later stage, when worms have matured and migrate to their final destination (74).


Schistosomiasis is most often apparent as a chronic disease. At this stage, much damage can be done of which some is irreversible. The major symptoms of disease are caused by the eggs that elicit a strong immune response. The severity of disease symptoms is dependent on the intensity and the duration of the infection as well as on host immune factors. In and around the intestine the immune reaction to eggs may lead to micro-ulcerations, pseudopolyps and microscopic bleeding causing abdominal pain, loss of appetite, diarrhea, anemia and malnutrition. The more serious disease symptoms are caused by eggs trapped in the liver. The immune reaction causes granulomas to form around the eggs. But it can also cause damage to the liver, leading to fibrosis of the liver, liver enlargement and portal hypertension. It is referred to as hepatosplenic schistosomiasis when portal hypertension leads to splenomegaly, portocaval shunting and/or external or gastrointestinal varices with the potential of fatal bleeding (74).


Ectopic schistosomiasis can develop in many tissues accidentally reached by worms and/or eggs. In advanced hepatosplenic schistosomiasis, portocaval shunts or portopulmonary anastomoses via the azygos vein may form as a consequence of portal hypertension. As a result, eggs may pass into the arterial circulation and get trapped in the lungs (75). Granulomas have also been found in the skin, adrenal glands, skeletal muscle, spinal cord and in the brain (27). The most severe form of ectopic schistosomiasis is neuroschistosomiasis, where eggs are present in the central nervous system (CNS). Cerebral involvement can be asymptomatic in immune patients with chronic hepatosplenic schistosomiasis, when eggs are scattered around the brain. Symptomatic cerebral involvement is more often seen in S. japonicum infection than in infections with other schistosome species. It usually starts within weeks after the infection (28) and may present with an acute or subacute onset of headaches, seizures, altered sensorium, motor weakness, focal neurological deficit, visual impairment or nystagmus, speech disturbances, and cerebellar symptoms (27).


Acute transverse myelopathy is most often caused by S. mansoni or S. haematobium. It is a severe disabling condition and is underdiagnosed in endemic areas (27). Transverse myelopathy due to schistosomiasis is more common in young adults, teenagers and children of the male sex. This may be explained by the higher exposure of male individuals to infected water during playing and working activities (63). The transverse myelopathy develops in an early stage of the infection, just after the start of egg deposition and often in the absence of other systemic symptoms (27). The eggs are deposited in situ after improper migration of adult worms to blood vessels of the central nervous system, usually equal or below T6, particularly at T11-L1 (63). Inflammatory and cellular immune reactions around the eggs mechanically suppress the spinal cord and cause neurological dysfunction. The main clinical symptoms are lower limb weakness that may be severe enough to prevent walking, lower limb pain, usually irradiating to the lower limbs with symmetrical or asymmetrical distribution, deep tendon reflexes abnormalities (hyper, hypo, and areflexia) and bladder, intestinal and sexual dysfunction. Usually, sensory symptoms and pain precede motor symptoms. The time between the initial symptoms and full neurological picture is often less than two weeks (28,63).
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Diagnosis



Diagnosis of an S. mansoni infection is based on the microscopic detection of eggs in stool samples. The eggs of S. mansoni are relatively large, measuring around 140 - 60 μm, and have a characteristic lateral spine. The severity of an infection can be estimated by determination of the amount of eggs per gram feces using the Kato-Katz method (91), although there is a wide day to day variation in egg excretion (7,45). Microscopic detection of eggs in stool samples is a simple, cheap and quick method of detection However, sensitivity is low for infections with a small number of worms (44). Eggs can also be detected in material obtained from a rectal biopsy. Although a higher sensitivity can be achieved this way (75), rectal biopsies are not routinely done as this is invasive and costly.


There are dipstick tests that detect circulating cathodic antigen (CCA) or circulating anodic antigen (CAA) with monoclonal antibodies. The sensitivity of these tests is modest, but they have shown useful for screening, follow-up of chemotherapy and re-infection, control programmes and epidemiological studies (75).


More sensitive are the serological tests that detect the presence of anti-schistosome antibodies in blood using ELISA or indirect hemagglutination assays (IHA). Seroconversion usually occurs 4 to 8 weeks after infection (73,75). Although more sensitive, a major drawback is that test results may remain positive long after the infection is cleared (75). These tests are therefore very useful for detection of S. mansoni infections in travelers and other incidentally exposed individuals, but are much less useful in endemic areas.


Schistosome DNA can be detected in stool samples. With real-time PCR, the amount of DNA and thus the intensity of an infection can be quantified (180). However, due to costs and technical issues, PCRs are rarely performed routinely in low-income endemic areas.


Additional tests can be performed to determine pathology. Esophagal varices can be visualized by endoscopy or contrast radiography, while ultrasound, laparoscopy and wedge biopsy can reveal granulomas or periportal fibrosis (75). In ectopic schistosomiasis, imaging techniques such as CT or MRI scans may reveal lesions and edema for example around the spinal cord or in the brain. These findings are unspecific for schistosomiasis, but may be of additional diagnostic value (28,63).
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Treatment and control



Praziquantel (PZQ) is the main drug used to treat schistosomiasis. It is cheap, safe and highly effective against all schistosome species. Unfortunately, eggs and juvenile worms are not affected by PZQ and the drug does not prevent reinfection (50,75). A treatment consists of one single oral dose in endemic areas where reinfection is likely. In travellers, two treatments with one month interval are given to eradicate all worms (207). In addition to the low costs and high effectiveness of PZQ, the side-effects of PZQ are mild and transient (50). They include nausea, vomiting, malaise and abdominal pain. But in heavy infections, massive worm shifts and antigen release after treatment may cause acute colic with bloody diarrhea (75). PZQ is effective within a few hours after intake (74). It causes tetanic contractions of adults worms as a result of a rapid influx of calcium ions, and causes disruption of the tegument, the worm's surface, after which worms are cleared by the immune cells (50).


Although PZQ treatment does not prevent reinfection, it may help to develop increased immunity to reinfection. Adult worms release antigens when they die inducing a humoral immune reaction that is partially protective against future infections (122). This indicates that immunity to schistosomes can be acquired (78,114), a finding which is further supported by the fact that the rate and intensity of infection in endemic areas generally decreases with age, i.e. children are more often and more heavily infected than adults. However, no successful vaccine has been developed so far (37).


For the treatment of neuroschistosomiasis, it is essential to administer corticosteroids in addition to PZQ (87). This is because the immune response following PZQ treatment can aggravate the neurological disorder. As corticosteroids are immunosuppressing, they reduce the inflammation around eggs and dying worms, thereby resolving or reducing neurological damage.
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Host-parasite interactions




Immunology



The immune response in schistosomiasis follows a characteristic pattern.
In the acute phase, schistosomula migrating through tissues induce a Th1 response. This response is characterized by elevated levels of the pro-inflammatory cytokines IFN-γ and interleukin (IL)-2 (76,135).


However, after about 8 weeks of infection, when worms have matured, have migrated to the mesenteric veins and have started egg production, a Th2 response becomes dominant. This response is characterized by high levels of the cytokines IL-4 and IL-5 and the presence of alternatively activated macrophages, a macrophage phenotype that usually occurs in the context of a Th2 cytokine environment (52). Furthermore, the Th2 response in schistosomiasis is accompanied by elevated levels of eosinophils and IgE. The elevation of IL-4 and IL-5 is linked to a down-regulation of the Th1 response, which is marked by a decrease in IFN-γ and IL-2 secretion (135). The switch from Th1 to predominantly Th2 is initiated by the deposition of eggs by mature female worms (76,135). IL-5 is needed for the development of eosinophilia but has no effect on the circulating levels of IgE (167). In contrast, IL-4 does increase IgE levels (136).


When the disease becomes chronic, which is around 12 to 16 weeks after infection, the immune response gets dominated by a regulatory T-cell response causing the immune suppression characteristic to chronic schistosomiasis (53,137). The granuloma sizes around the eggs now reduce. The induction of regulatory T-cells seems to be an important way of controlling over-vigorous immune responses during the course of chronic schistosome infection (53). IL-10, a regulatory cytokine, has an important role in tempering both Th1 and Th2 responses. Together with TGF-β, IL-10 redundantly reduces liver pathology by suppressing proinflammatory cytokine production (80,84). 
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Egg secretion products



As mentioned above, the majority of disease symptoms in schistosomiasis is due to cellular immune responses towards eggs trapped in the host tissues (75,76). Live mature eggs actively secrete proteins, some of which are heavily glycosylated. It has been shown that these glycans in SEA are responsible for the induction of a Th2 response from SEA (129). The major egg secretion proteins, the glycoproteins IPSE/alpha-1 and Omega-1 are both strong inducers of IL-4 production and Th2 development (59,164,178). IPSE/alpha-1 triggers basophils to produce IL-4 (164), whereas Omega-1 acts on dendritic cells to induce Th2 polarization (59,178). Omega-1 can induce Th2 responses even independently of IL-4 (59).


It is this characteristic Th2 response that induces granuloma formation around eggs. In addition, Th2 responses are involved in the development of naturally acquired resistance to reinfection with schistosomes (137). A T-cell reaction against eggs is also of major importance for the extravasation and excretion of eggs out of the host (49,54,90).
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The eggshell



Not only the egg secretion products, but also the eggshell itself is immunogenic. The eggshell is the outer layer of the eggs and hence a direct site of interaction with the immune system. It is a hardened and tanned structure made from proteins cross-linked by quinone tanning, rendering eggshell intractable to protease activity. It is formed in the female reproductive tract, where the fertilized oocyte gets surrounded by vitelline cells that contain eggshell precursor proteins that are released upon contractions of the ootype  (175). Tyrosinase activity causes cross-linking of the precursor eggshell proteins within single proteins as well as between neighbouring proteins. The resulting eggshell is protease resistant and very rigid, while the eggshell is at the same time very porous, enabling passage of egg secretion products.
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The tegument



Adult worms are able to prevent an adequate immune response, allowing them to reside within the veins for many years. The outer surface of the schistosomes, which is called the tegument, is believed to play an essential role in this. This structure is unique to blood-dwelling trematodes and contains unique proteins and lipids (21,184). The tegument is composed of two closely apposed lipid bilayers with different properties on a layer of fused cells, the syncytium. The syncytium contains inclusion bodies from which the tegument is formed and maintained. The inclusions move apically and merge with the existing plasma membrane, where they release their content, which is then incorporated into the outer bilayer (82,83,113).


The bilayers mainly consist of phospholipids and large amounts of cholesterol. On a molar basis they contain more cholesterol than phospholipids (2). This large amount of cholesterol together with the high content of sphingomyelin and saturated (ether-linked) phospholipid species in the tegumental membranes results in a tight packing of the tegumental membranes, which renders them more rigid in physical terms.


The most abundant phospholipid classes in the tegumental membranes are phosphatidylcholine (PC) and phosphatidylethanolamine (PE) (151). This is also true for most eukaryotic membranes. However, the fatty acid composition of phospholipids in the tegumental membranes of schistosomes is different from that of the membranes of the blood cells of the final host (2). Among the fatty acids of the tegumental membranes are several unconventional fatty acid species that are absent in this host. As schistosomes do not synthesize fatty acids de novo and all their fatty acids originate from the host, schistosomes must be capable of modifying fatty acids. It has been shown that schistosomes can modify fatty acids by chain elongation and by the introduction of desaturations (22,118).


With its surface-enlarging folds, spines, and pits, the tegument appears as typical digestive-absorptive epithelium (70,81). Indeed, the tegument is essential for the absorption of nutrients (5,25,39,153). In addition, the tegument is needed for the uptake of cholesterol and other lipids (120,152). There is a low-density lipoprotein (LDL)-like receptor on the surface of the tegument (158), however, phospholipid or cholesterol uptake from LDL has never been demonstrated.


Since the tegument is the interface between the parasite and its host, it is likely to play a role in the protection of the worm against the defence mechanism of the host (111,112). It is possible that binding of LDL is a way to hide the worm from the immune system by coating it with host material and thus shielding its own antigens (205). Other possible immune evasion properties of the tegument are proteolytic degradation of host defence proteins, rigid membrane biophysical properties and a rapid turnover of the tegumental membrane (1). A possible mechanical function has been assigned to the typical spines that are present on the surface. They were proposed to prevent occlusion of the veins as blood can flow through them. In addition, the spines could prevent damage caused by complement.


Despite the fact that the tegument contains immunogenic proteins (17,184), it does not seem to elicit an immune response that lethally harms the worms. Other blood-dwelling flukes have similar tegumental structures, while it is absent in intestinal worms or free-living worms. This suggests that the tegument consisting of a double membrane is specially adapted for worm survival in the blood circulation of their host (113,199).
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Hemostasis



Hemostasis is the process of stopping bleeds. It consists of both clot formation and wound healing. In the intact circulation, clotting is prevented by secretion of thrombomodulin, nitric oxide (NO) and prostaglandin by intact endothelial cells. In the case of vascular injury, blood loss is prevented by vasoconstriction and formation of a platelet plug followed by coagulation.



Platelet plug formation - primary hemostasis



Primary hemostasis involves the formation of a platelet plug at the site of injury in order to reduce blood loss through the injured blood vessel. It requires platelet activation, adhesion to the vessel wall and release of platelet granule content resulting in platelet aggregation. Platelets, by their receptor glycoprotein (GP) Ia/IIa adhere to collagen exposed through the damaged endothelium.  This occurs within a few seconds of the injury. The process is stabilized by von Willebrand factor (VWF) which bridges GPIb and subendothelial collagen. Bound platelets get activated and degranulate. They release adenosine diphosphate and thromboxane A2, which promote platelet aggregation. In addition, platelets release serotonin and thromboplastin, which induces vasoconstriction and stimulates secondary coagulation respectively. Platelets aggregate using fibrinogen and VWF as connecting proteins.



The structure and the role of VWF in hemostasis



VWF is a 250 kDa protein that forms large multimers. It is made by endothelial cells and by megakaryocytes. In megakaryocytes, VWF is stored in α-granules that are later partitioned into platelets. In endothelial cells, VWF is stored in cytoplasmic granules called Weibel-Palade bodies. VWF is released upon platelet activation and endothelial damage and in response to stimuli including histamine, thrombin, fibrin, vasopressing, epinephrine, dopamine and nitric oxide (NO) (105,159).


Each VWF monomer contains a number of specific domains in the following order: D1-D2-D'-D3-A1-A2-A3-D4-B1-B2-B3-C1-C2-CK. The A1 domain binds GPIb, the only receptor for VWF on non-activated platelets. After binding to VWF, platelets get activated. On activated platelets, the GPIIb/IIIa (integrin IIb3) becomes surface exposed. This enables the platelets to also bind the C1 domain of VWF. The A1 domain further binds heparin and collagen. The A3 domain also binds collagen. Hence VWF can serve as a bridging agent between the platelet plug and the extracellular tissue matrix exposed by the damaged vessel wall (105,159).



The role of endothelium in hemostasis



Intact endothelium inhibits platelet aggregation and coagulation by release of thrombomodulin, NO and prostaglandin I2. Upon injury, subendothelial collagen gets exposed to the intravascular lumen and passing platelets bind to the collagen with their GPIa/IIa receptor and get activated. Damaged endothelium secretes VWF, which also binds and activates platelets. Hence, when primary hemostasis is initiated, it triggers secundary hemostasis, which comprises the proteolytic clotting factor cascade and results in fibrin fibers and thrombus formation. Tissue Factor (TF) is another initiater of secundary hemostasis. TF is stored in subendothelial cells annd released upon damage of the endothelium. Shear stress is also an other activator of endothelial cells and thereby an activator of clot formation (177).



Schistosomes and the hemostatic system



Although schistosomes live in the blood circulation, they rarely give hemostatic complications. This is remarkable for an object sizing 0.5 mm in diameter and 5 mm long (sizes of an adult worm pair) in the mesenteric veins, which have a diameter of 1 to 4 mm. Such an obstruction causes turbulence and shear stress, conditions that normally predispose the development of thrombotic events as a result of endothelial damage, activation of platelets and blood coagulation (103,177). Also the attachment of the adults to the vessel wall is expected to activate or damage the endothelium (58,130). Furthermore, schistosomes provide a foreign surface to blood, an event that is also commonly associated with platelet activation and thrombus formation. However, platelets do minimally adhere to adult schistosome or isolated tegument (203). In contrast, platelets adhere massively to eggshell. The adhered platelets showed extensive spreading (203). It is likely that the binding of platelets to eggshell is essential for egg extravasation from the circulation.
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Thesis outline/scope



The protein composition of different developmental stages of S. mansoni has been subject of investigation of many other researchers (15,16,17,30,40,77,110,184). So far, detailed information on the protein composition of the eggshell was missing, while this structure is a long lasting site of direct interaction between the parasite and the host immune system. We analyzed the protein composition of the S. mansoni eggshell. Due to its close contact with the miracidium and host plasma and due to the rigid structure of the eggshell, several technical challenges needed to be dealt with in order to retrieve a clean and analytic fraction of the S. mansoni eggshell. The results are presented in chapter 2. In addition to the proteome, eggshell glycans were analyzed.


Chapter 3 describes the formation and composition of the eggshell with the new insights acquired from the study described in chapter 2. In this chapter, possible consequences of the eggshell structure and composition for its interaction with the host are discussed.


One of the interactions between the eggshell and the host is further investigated in chapter 4. As was previously described, platelets bind to eggshell and get activated (203). We here analyzed the direct binding of host plasma proteins and in particular of VWF to the eggshell of S. mansoni. We demonstrated that multiple plasma proteins bind eggshell and that VWF binds eggshell directly through the A1 domain. This led to our hypothesis binding of platelets, VWF and other plasma proteins is essential for the adhesion of eggs to the endothelium, which is the first step in extravasation from the circulation.


Chapter 5 reports the use of an immunologic assay to diagnose neuroschistosomiasis. As neuroschistosomiasis can rapidly progress into full paralysis with permanent nerve damage, it is of great importance to rapidly diagnose this condition. The therapy for neuroschistosomiasis with immunosuppressive corticosteroids can be detrimental in case of viral or bacterial causes of transverse myelitis. Therefore, it is important to exclude any other infectious cause of myelopathy and to be certain of the diagnosis neuroschistosomiasis. The described method is based on differential humoral immune responses to eggs and worms in plasma and in cerebralspinal fuid (CSF). Several other possible molecular and immunologic methods were also evaluated for their usefulness in the diagnosis of neuroschistosomiasis.


The phospholipid composition of the tegumental membranes were analyzed and compared to whole worm and to mammalian cellular membranes. The results are described in chapter 6. In addition, culture supernatants and blood plasma of infected hamsters were analyzed for schistosome lipid secretion products. These analyses showed that tegument contain tegument-specific phospholipids of which species composition is considerably different from whole worm or host cells. These tegument-specific phospholipids could not be detected in serum of infected hamsters nor in culture supernatant. However, this does not necessarily imply that they are not secreted by schistosomes in situ in the host.


Chapter 7 summarises the conclusions of the work described in this thesis and possible implications of the results are discussed.
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Chapter 2
The proteome of the insoluble Schistosoma mansoni eggshell skeleton
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Abstract:



In schistosomiasis, the majority of symptoms of the disease is caused by the eggs that are trapped in the liver. These eggs elicit an immune reaction that leads to the formation of granulomas. The eggshell, which is a rigid insoluble structure built from cross-linked proteins, is the site of direct interaction between the egg and the immune system. However, the exact protein composition of the insoluble eggshell was previously unknown. To identify the proteins of the eggshell of Schistosoma mansoni we performed LC-MS/MS analysis, immunostaining and amino acid analysis on eggshell fragments. For this, eggshell protein skeleton was prepared by thoroughly cleaning eggshells in a four-step stripping procedure of increasing strength including urea and SDS to remove all material that is not covalently linked to the eggshell itself, but is part of the inside of the egg, such as Reynolds' layer, von Lichtenberg's envelope and the miracidium. We identified 45 proteins of which the majority are non-structural proteins and non-specific for eggs, but are house-keeping proteins that are present in large quantities in worms and miracidia. Some of these proteins are known to be immunogenic, such as HSP70, GST and enolase. In addition, a number of schistosome-specific proteins with unknown function and no homology to any known annotated protein were found to be incorporated in the eggshell. Schistosome-specific glycoconjugates were also shown to be present on the eggshell protein skeleton. This study also confirmed that the putative eggshell protein p14 contributes largely to the eggshell. Together, these results give new insights into eggshell composition as well as eggshell formation. Those proteins that are present at the site and time of eggshell formation are incorporated in the cross-linked eggshell and this cross-linking does no longer occur when the miracidium starts secreting proteins.
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Introduction



Schistosomiasis is a tropical disease affecting an estimated 200 million people worldwide, mainly in sub-saharan Africa (75). The disease is caused by a parasitic flatworm of the Schistosoma genus which can reside in the veins of its host for many years. Apparently, the host fails to elicit an adequate immune response to the adult worms. In contrast, the eggs provoke a strong immune response and are the main cause of pathology in schistosomiasis. To complete the life cycle and be excreted with the faeces, the Schistosoma mansoni eggs have to extravasate from the vessel and penetrate through the intestinal wall, thereby damaging the tissues they pass. This process is dependent on an immune reaction which is elicited by the eggs (49). Furthermore, the eggshells appear to be potent inducers of platelet activation, which may facilitate extravasation (203). Although the eggs have to be excreted with the faeces to propagate the life cycle, many of the eggs do not reach the intestines. Instead, they follow the blood flow and are trapped in the liver, where they are responsible for granuloma formation which can lead to fibrosis and portal hypertension with all its complications in chronic disease. The granulomas are a result of massive inflammation around the eggs, due to the strong immune response that they induce. This immune response is skewed towards a T-helper 2 response, which is characteristic for helminth infections.


The Schistosoma eggshell is a porous protein structure with microspines on the outer surface (123). The proteins that form the eggshell are cross-linked by quinone tanning, making the eggshell a very rigid structure (194). This quinone tanning is a result of tyrosinase activity, which converts tyrosine residues into o-quinones. These o-quinones react with nucleophiles such as lysine and histidine, resulting in a series of cross-links within a single protein as well as between distinct proteins. Tyrosinase activity has been shown to be essential in eggshell formation (65).


Although the eggs play an important role in development of the disease, the protein composition of their shell, which is the site of direct interaction between the eggs and the immune system, has not yet been reported, even though female-specific proteins, as determined by mRNA expression or by labeled amino acid uptake, have been postulated to be putative eggshell proteins (14,33,88,144).


Recently, a study was published where several protein fractions of the Schistosoma egg were analysed by two-dimensional (2-D) gel electrophoresis and mass spectrometry (MS) (110). These five different fractions consisted of mature and immature eggs, miracidia, hatch fluid and egg secreted proteins (ESPs). In all of the fractions except ESP, the list of identified proteins was similar, containing a range of proteins from different functional categories. The ESP fraction appeared to contain just a small and unique subset of the total egg proteome, in strong contrast with a previous study where the list of proteins secreted by the eggs was similar to those from the other fractions (30). The only fraction of the S. mansoni egg of which the proteome has not been characterised is the insoluble shell of the egg, which is the actual site of direct interaction with the host.


A published proteomic analysis of eggshell of the closely related Schistosoma japonicum  identified 520 proteins. The list of proteins of S. japonicum eggshell included a wide range of proteins such as putative eggshell proteins, previously characterised egg proteins, motor proteins, chaperones and enzymes (100). However, this list is probably too extensive as in these samples the eggshells were not purified from all attached material from the inside of the eggs. Proteins from the structures underlying the eggshell are not cross-linked and may be over-represented in the MS analysis as they are easier to detect and identify than the cross-linked eggshell proteins.


Despite its importance in pathogenicity and host-parasite interactions, the composition of the S. mansoni eggshell has not been determined. In this study we performed LC-MS/MS on purified eggshell fragments to identify the proteins of which the shell is composed. The results showed that the Schistosoma eggshell is not only made from known putative eggshell proteins, but from a range of proteins, some of which are known to be immunogenic. Identification of the eggshell proteins showed that apparently eggshell formation is completed before maturation of the egg.
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Materials and methods




Isolation of eggs



A Puerto Rican strain of S. mansoni was maintained in Golden hamsters for which animal ethics was approved (licence EUR1860-11709). Animal care and maintenance was in accordance with institution and governmental guidelines. Eggs were isolated by overnight digestion of livers from infected hamsters in 500 ml 1.8% NaCl with 5 ml collagenase buffer (6.8 mM NaCl, 0.7 mM KCl, 9.2 mM HEPES, 0.8 mM CaCl2 and 745 U/ml collagenase Type A1 (Sigma, St Louis, MO, USA) pH 7.8) (166). Subsequently, for the isolation of eggs, the digested liver suspension was passed over sieves. Undigested liver material was removed by the first two sieves (425 and 180 μm mesh), after which the eggs were collected on the third (45 μm mesh). The eggs were then washed in Dutch spring water (Bar-le-Duc, Utrecht, The Netherlands) and allowed to hatch for at least 3 h. Eggshells were collected, frozen in liquid nitrogen and crushed in a micro-dismembrator S (Braun Biotech Int., Melsungen, Germany) by shaking at 2000 rpm for 2 min. Finally, the eggshell fragments were layered on a 60% (w/v) sucrose cushion and centrifuged at 650g for 2 min. Subsequently, the eggshell pellets were washed three times with MilliQ water to remove remaining sucrose.
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Purification of eggshells



In order to remove all attached cellular material from the eggshells, the eggshell fragments were further purified in four sequential steps. First, the eggshell fragments were incubated in 2 M NaCl in PBS at room temperature for 30 min. Next, the eggshell fragments were incubated in 1% (v/v) Triton X-100 in PBS at room temperature for 30 min followed by incubation in 8 M urea with 0.6% β-mercaptoethanol in PBS at room temperature for 30 min. Finally, the eggshell fragments were incubated in 1% (w/v) SDS at 95 °C for 30 min. Eggshell fragments were washed three times after each of the first three purifications steps and five times after the final step.


After each purification step, eggshell fragments were collected for protein identification by LC-MS/MS after trypsin treatment.
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Trypsin digestion



Laemmli buffer was added to the eggshell fragments and proteins were incubated at 37 °C for 30 min before loading on a 12% SDS-PAGE. The samples were run until the loading front reached the stacking/running gel interface. The gel was then fixed in 5% acetic acid 30% methanol and subsequently proteins were stained using GelCode Blue reagent (Pierce, Rockford, IL, USA). After destaining in MilliQ water, a single gel piece surrounding the loaded well (containing all proteins and eggshell fragments) was excised and subjected to in-gel trypsin digestion. For this, the gel piece was cut into small pieces, which were rinsed with MilliQ water and treated as described previously (184).
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HPLC and MS



Peptides generated by in-gel digestion were analysed by nanoflow liquid chromatography using an Agilent 1100 HPLC system (Agilent Technologies, Waldbronn, Germany) coupled on-line to a 7-tesla LTQ-FT mass spectrometer (Thermo Electron, Bremen, Germany). The system was operated in a set-up essentially as previously described (116). ReproSil-Pur C18-AQ, 3 μm (Dr. Maisch, GmbH, Ammerbuch, Germany) was used as a resin for capillary reversed phase chromatography. Peptides were trapped at 5 μl/min on a 1 cm column (100-μm internal diameter, packed in-house) and eluted to a 15 cm column (50-μm internal diameter, packed in-house) at 150 nl/min on a 60 min gradient from 0% to 50% acetonitrile in 0.1 M acetic acid. The eluent was sprayed via emitter tips (made in-house) butt-connected to the analytical column. The mass spectrometer was operated in data-dependent mode, automatically switching between MS and MS/MS acquisition. Full scan MS spectra were acquired in Fourier-transform ion cyclotron resonance (FT-ICR) MS with a resolution of 20,000 at a target value of 2,000,000. The three most intense ions were then isolated for accurate mass measurements by a selected ion monitoring scan in FT-ICR with a resolution of 50,000 at a target accumulation value of 50,000. These ions were then fragmented in the linear ion trap using collision-induced dissociation at a target value of 15,000.
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Database searching



Tandem MS were extracted, charge state deconvoluted and deisotoped by BioWorks version 2.0. All MS/MS samples were analysed using Mascot (Matrix Science, London, UK; version 2.2.1). Mascot was set up to search the GeneDB_Smansoni_Proteins.v4.0h, assuming the digestion enzyme trypsin and allowing for two missed cleavages. Mascot was searched with a fragment ion mass tolerance of 0.80 Da and a parent ion tolerance of 50 parts per million (PPM). Iodoacetamide derivative of cysteine was specified in Mascot as a fixed modification. Oxidation of histidine, methionine and tryptophan was specified in Mascot as a variable modification.
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Criteria for protein identification



Scaffold (version 3.0, Proteome Software Inc., Portland, OR, USA) was used to validate MS/MS based peptide and protein identifications. Peptide identifications were accepted if they could be established at greater than 95.0% probability as specified by the Peptide Prophet algorithm (92). Protein identifications were filtered using a false discovery rate of <5% and were accepted if they could be established at greater than 99.0% probability and contained at least two identified peptides. Protein probabilities were assigned by the Protein Prophet algorithm (124). Proteins that contained similar peptides and could not be differentiated based on MS/MS analysis alone were grouped to one family to satisfy the principles of parsimony. Proteins that were identified in at least two out of three independent experiments were considered as true hits.
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Scanning electron micrography with immunogold nanoparticle labeling



Egg or eggshell fragment samples were fixed in 2% glutaraldehyde (Merck, Germany)/HEPES prior to incubation with primary antibody against mouse heat shock protein 70 (HSP70); control samples were mock treated. Then, a second antibody goat anti-mouse 30 nm IgG-Gold nanoparticle (DGMGL-B001, BioAssay Works, LLC, Ijamsville, MD, USA) was used for recognition of the primary antibody. Samples were fixed for a second time with 3% glutaraldehyde/HEPES and subsequently dehydrated in a 80%, 90% and 100% graded series of ethanol and 1,1,1,3,3,3-Hexamethyldisilazane (MP Biomedicals Inc., Solon, Ohio, USA). The samples were sputter-coated with a thin layer of 6.5 nm platinum (spurt density:21.45) in a sputter coater and viewed in a scanning electron microscope (Philips XL30, Philips, Netherlands) with backscatter electron detector and secondary electron detector, Bias (volt) -216 V, Acc V 5.00 kV, work distance 2.9 and magnification 100,000×.
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Western blots



Soluble egg antigens (SEA), adult worm antigens (AWA) and approximately 1 μg of schistosome GST and rabbit muscle enolase (Sigma) were run through a 12% SDS-PAGE. SEA and AWA were prepared by homogenisation in PBS followed by centrifugation. Purified protein standards (Fermentas, St. Leon-Rot, Germany) were loaded onto the gel. After separation, proteins were transferred to Polyvinylidene Fluoride (PVDF). Pooled sera from three infected hamsters were used in 1:100 dilutions as the primary antibody. Horseradish peroxidase (HRP) conjugated anti-hamster IgG (Abcam, Cambridge, UK) was used as a secondary antibody. Blots were developed using Enhanced Chemiluminescence (ECL) detection reagents (Pierce) on hyperfilm ECL (Amersham, GE healthcare, Diegem, Belgium) according to the manufacturers' instructions.


Glycan-specific monoclonal antibodies (mAbs) generated from schistosome-infected or immunized mice were obtained and characterised as previously described. The following mAbs were used to detect eggshell-associated glycans in dot blots: 114-5B1 (IgG1; binds to GalNAcβ1-4(Fucα1-2Fucα1-3)GlcNAc (LDN-DF) (192)); 128-1E7-C (IgM; binds to Fucα1-3GalNAcβ1-4(Fucα1-3)GlcNAc (F-LDN-F) and Fucα1-3GalNAcα1-4GlcNAc (F-LDN) (41,149)); 100-4G11 (IgM; binds to Man3GlcNAc2(41,191)); 120-1B10 (IgG1; binds to Circulating Anodic Antigen (CAA) (46)); 291-4D10 (IgM; binds to Galβ1-4(Fucα1-3)GlcNAc (Lewis X) (149,192)).


Rabbit antibodies against p14 were kindly provided by Prof. Dr. P.T. LoVerde (University of Texas Health Science Center, San Antonio, Texas, USA). Eggshell fragments were incubated with antibodies, washed three times and subsequently incubated with HRP conjugated anti-mouse or anti-rabbit immunoglobulin antibodies (Dako, Glostrup, Denmark). After washing, the eggshell fragments were incubated in ECL detection reagent and dotted on Whatman paper. Chemiluminescent signal was captured on hyperfilm ECL.
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Monosaccharide composition analysis



A 35 μl aliquot of eggshell suspension was dried under a flow of nitrogen in a glass vial with insert. Dried eggshells were dissolved in 50 μl 4 M trifluoroacetic acid, hydrolysed by incubation at 100 °C for 4 h and subsequently dried under a flow of nitrogen. Fluorescent labeling of reducing monosaccharides generated by hydrolysis was performed following the method of Ruhaak et al. (2010)(157) with some slight modifications. Briefly, a solution of 23% acetic acid in DMSO was used to dissolve anthranilic acid (Sigma, Germany) to a concentration of 48 mg/ml and subsequently 2-picoline borane complex (Sigma, Germany) was added to a concentration of 107 mg/ml. The monosaccharides were dissolved in 10 μl of this labeling mix and reacted at 65 °C for 2 h. Labeled monosaccharides were diluted in 190 μl 0.6% sodium acetate.


Labeled monosaccharides were separated by reverse phase (RP)-HPLC on a Superspher 100 RP-18 endcapped column (250 × 4 mm; Grom, Germany). Solvent A consisted of 0.1% butylamine, 0.5% phosphoric acid and 1% tetrahydrofuran. Solvent B consisted of solvent A/acetonitrile 50/50.The following gradient conditions were applied: at time t = 0 min, 8% solvent B; at t = 5 min, 8% solvent B; at t = 30 min, 23% solvent B; at t = 32 min, 100% solvent B; at t = 42 min, 100% solvent B; at t = 43 min, 8% solvent B; at t = 60 min, 8% solvent B. The flow rate was 500 μl/min. Samples were injected in a 10× dilution with 0.6% sodium acetate. Fluorescence was detected at 360/420 nm. Monosaccharides were identified on the basis of their retention time compared with a reference monosaccharide mixture. The relative monosaccharide composition was calculated on the basis of fluorescence.
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Amino acid analysis of eggshell fragments



The analysis of amino acid composition of purified eggshell fragments was performed by Ansynth service BV, Roosendaal, the Netherlands. Prior to analysis, the purified eggshell fragments were hydrolysed overnight in 6 M HCl at 110 °C. Analyses were performed using a Biochrom amino acid analyser equipped with a Ninhydrin detection system. The amounts of alanine, arginine, aspartate plus asparagine, glutamate plus glutamine, glycine, histidine, isoleucine, leucine, lysine, phenylalanine, proline, serine, threonine, tyrosine and valine were determined.
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Results




Purification of the eggshells



The Schistosoma eggshell is a porous protein structure with microspines on the outer surface (123). The proteins that form the eggshell are cross-linked by quinone tanning, making the eggshell a very rigid structure (194). By light microscopy, the eggshells collected directly after digestion of livers appeared clean (Fig. 2.1A). However, those were expected to contain attached material from the underlying Reynolds' layer, von Lichtenberg's envelope and Lehman's lacuna (123). To ensure that all of this attached material would be removed, we purified the fragments of the eggshells in four consecutive steps with reagents of increasing strength. After crushing the eggshells, the eggshell fragments were treated consecutively with (i) 2 M NaCl to remove proteins attached exclusively by ionic strength, (ii) 1% (v/v) Triton X-100 to remove proteins attached by hydrophobic interactions, (iii) 8 M urea containing 0.6% β-mercaptoethanol and (iv) 1% SDS at 95 °C to remove all proteins that were linked non-covalently or by disulfide bonds. As the Schistosoma eggshell is a rigid structure of which the proteins are extensively cross-linked by quinone tanning, the eggshells were not dissolved after the final purification step by treatment with SDS and therefore eggshell fragments were still visible (Fig. 2.1B). We refer to these purified eggshell fragments as the protein skeleton of S. mansoni eggshells. Electron scanning microscopy showed that the structure of the eggshell appeared different after each purification step (Fig. 2.2). The eggshell surface directly after isolation is a three-dimensional (3-D) structure with spines and pores similar to previous descriptions (140,160). The surface became smooth after NaCl and Triton X-100 treatment of the eggshell fragments. After treatment with 8 M urea, the denatured proteins had swollen. This swelling was reduced after SDS treatment, where the eggshell skeleton was left as a wrinkled and more flattened structure.








  Figure 2.1: Light microscopy of eggshells of Schistosoma mansoni. Isolated eggshells before purification (A), eggshell fragments after crushing and purification (B). Bars represent 100 μm and 200 μm in A and B, respectively.










  Figure 2.2: Scanning electron
microscopy of eggshells of Schistosoma mansoni. The surface of eggshell fragments as
visualised by scanning electron microscopy directly after crushing (A), after treatment with 2 M NaCl (B), 1% (v/v) Triton X-100 (C), 8 M urea containing 0.6% β-mercaptoethanol (D) and 1% SDS at 95 °C (E). Bars represent 500 nm.
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Analysis of the eggshell proteome



After each purification step, trypsin digests of the eggshell fragments were used for protein identification by LC-MS/MS. The number of identified proteins declined from 118 directly after eggshell isolation to a final total of 45 proteins in the protein skeleton (Fig. 2.3). The supernatant of the final wash step, after the SDS incubation, did not contain any proteins. The extensive washes after each purification step to remove the liberated proteins thus ensured that all of the identified proteins originated from the eggshell protein skeleton itself and are therefore part of the proteome of the cross-linked eggshell.








Figure 2.3: The number of proteins identified by MS after each purification step of the
eggshell of Schistosoma mansoni.





Among the identified eggshell proteins, we found some known schistosome antigens, such as major egg antigen p40 and HSP70 (38,121,176). In addition, multiple structural proteins that are normally part of the cytoskeleton of a cell were identified, such as actin and β-tubulin. Extracellular structural proteins, such as fibrin or collagen, were not identified. Furthermore, in this MS analysis we did not identify any of the putative eggshell proteins (see below in Sections Analysis of the eggshell amino acid composition and Discussion however).enough, the majority of the identified proteins were non-structural proteins. We identified membrane proteins, cytosolic proteins and nuclear proteins. A collection of enzymes was identified, of which many were glycolytic enzymes (Table 2.1). It is yet unknown whether the enzymes present in the eggshell protein skeleton are still catalytically active in situ. However, residual catalytic activity of enzymatic proteins in the eggshell is highly unlikely as these proteins are tightly cross-linked to other proteins and incorporated into the eggshell.


Protein identifications by MS were verified by localising one of the identified eggshell proteins on purified eggshell fragments by immunoscanning electron microscopy. Fig. 2.4 shows HSP70 on the eggshell fragments before and after purification. Its presence validates the protein identifications by MS.







Figure 2.4: Immunoscanning electron microscopy for heat shock protein 70 (HSP70) on eggshell fragments of Schistosoma mansoni. HSP70 immunolabeling on unpurified (A) and purified (B) eggshell fragments. Bars represent 500 nm.
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Analysis of eggshell glycoconjugates



Schistosome eggs are known to contain and secrete glycoproteins that carry immunogenic glycans (85). We investigated whether glycan antigens were still present on the eggshell protein skeleton. Blotting of eggshells with a set of schistosome glycan reactive mAbs showed that mAb 128-1E7-C (weak) and 291-4D10 (strong) generate a positive signal, indicating that the glycan epitopes F-LDN(-F) and Lewis X are expressed on eggshell glycans, whereas the other epitopes tested are not expressed or not detectable (Fig. 2.5).







Figure 2.5: Analysis of glycoconjugates on the eggshell of Schistosoma mansoni. Dot blots of eggshell protein skeleton were blotted for schistosome-specific glycoconjugates with monoclonal antibodies 114-5B1 (GalNAcβ1-4(Fucα1-2Fucα1-3)GlcNAc, (LDN-DF)), 128-1E7-C (Fucα1-3GalNAcβ1-4(Fucα1-3)GlcNAc (F-LDN-F)), 100-4G11 (Man3GlcNAc2), 120-1B10 (Circulating Anodic Antigen (CAA)), 291-4D10 (Galβ1-4(Fucα1-3)GlcNAc, (Lewis X)) and binding was detected with Horseradish peroxidase (HRP) conjugated anti-hamster IgG (Abcam, Cambridge, UK) as secondary antibody (Ab). The dotted eggshell fragments are shown in panel A, chemiluminescent signal was captured on hyperfilm (panel B).









Table 2.1: List of identified proteins in purified eggshell fragments of Schistosoma mansoni in three independent experiments. Listed are the number of unique peptides per protein in each of the three experiments. MWs are approximated molecular weights for complete proteins. The percent coverage is the maximum coverage found in the three experiments.
	Accession
number	Protein name	Protein
MW (kDa)	Number of unique peptides
	Protein
coverage (%)


	Exp 1	Exp 2	Exp 3



	Energy metabolism



	Smp_002880.1	ATP synthase alpha subunit mitochondrial
	60
	5
	13
	2
	30



	Smp_038100	ATP synthase beta subunit
	56
	6
	9
	4
	25



	Smp_194770	ATP:guanidino kinase (Smc74)
	95
	2
	13
	0
	21



	Smp_024110	Enolasea
	47
	3
	5
	2
	10



	Smp_042160.2	Fructose 1,6-bisphosphate aldolase
	40
	0
	4
	2
	15



	Smp_056970.1	Glyceraldehyde-3-phosphate dehydrogenase (phosphorylating)
	36
	3
	9
	1
	32



	Smp_143840	Glycogen phosphorylase
	80
	2
	8
	0
	14



	Smp_038950	Lactate dehydrogenase
	36
	2
	7
	1
	23



	Smp_035270.2	Malate dehydrogenase
	31
	2
	7
	0
	22



	Smp_047370	Malate dehydrogenase
	36
	2
	7
	4
	23



	Smp_130300	Na+/k+ atpase alpha subunit
	93
	2
	5
	1
	7



	Smp_005880	Phosphoenolpyruvate carboxykinase
	70
	4
	13
	2
	30



	Smp_187370	Phosphoglycerate kinase
	18
	2
	5
	1
	30



	Smp_059790.2	Transketolase
	63
	2
	4
	0
	9



	Protein folding and stress response



	Smp_073880.1	40S ribosomal protein S3A
	29
	2
	4
	0
	17



	Smp_054160	Glutathione S-transferase 28 kDa (GST 28) (GST class-mu)
	24
	2
	4
	0
	18



	Smp_072330.2	Heat shock protein
	81
	6
	25
	9
	38



	Smp_106930.2	Heat shock protein 70
	69
	17
	30
	5
	46



	Smp_069130.2	Heat shock protein 70 (hsp70)-4
	94
	2
	11
	1
	17



	Smp_062420.1	Heat shock protein 70 (hsp70)-interacting protein
	31
	0
	3
	2
	13



	Smp_008545	Heat shock protein HSP60
	61
	3
	10
	1
	20



	Smp_049250	Major egg antigen p40
	40
	4
	11
	4
	44



	Smp_079770.1	Protein disulfide-isomerase er-60 precursor (erp60)
	54
	2 4
	0
	10



	Smp_095980	Superoxide dismutase precursor (EC 1.15.1.1)
	20
	9
	3
	3
	44



	Smp_059480	Thioredoxin peroxidase
	21
	3
	4
	1
	25



	Cytoskeleton



	Smp_161920	Actin
	42
	5
	16
	5
	51



	Smp_090120.1	Alpha tubulin
	50
	7
	13
	2
	30



	Smp_085540.6	Myosin heavy chain
	211
	2
	9
	0
	6



	Smp_035760	Tubulin beta chain
	50
	13
	23
	7
	51



	Membrane proteins



	Smp_020550	Low-density lipoprotein receptor (ldl)
	87
	7
	9
	4
	12



	Smp_159420	Low-density lipoprotein receptor (ldl)
	103
	4
	4
	0
	5



	Smp_179370	Low-density lipoprotein receptor (ldl)
	94
	3
	3
	1
	6



	Smp_091240.1	Voltage-dependent anion-selective channel
	31
	2
	3
	0
	12



	Protein synthesis



	Smp_099870	Elongation factor 1-alpha (ef-1-alpha)
	51
	13
	14
	2
	37



	Smp_030690	Elongation factor 1-beta
	24
	2
	2
	0
	11



	Smp_143140	Eukaryotic translation elongation factor
	22
	1
	2
	2
	15



	Smp_143150	Eukaryotic translation elongation factor
	61
	2
	7
	0
	17



	Nuclear proteins



	Smp_053290	Histone H4
	11
	3
	8
	0
	52



	Other and unknown functions



	Smp_179260	Alpha-galactosidase/alpha-n-acetylgalactosaminidase
	109
	5
	10
	0
	13



	Smp_174530	Aminopeptidase PILS (M01 family)
	111
	0
	2
	2
	2



	Smp_147890	Rootletin (Ciliary rootlet coiled-coil protein)
	234
	31
	70
	8
	36



	Smp_005860.1	Expressed proteind
	47
	4
	7
	4
	21



	Smp_148160	Expressed proteine
	35
	2
	4
	0
	14



	Smp_160560	Expressed proteinf
	79
	8
	8
	2
	13



	Smp_000270	Hypothetical proteing
	26
	2
	0
	3
	21	



	
a Annotated as phosphopyruvate hydratase.
 
b Annotated as malate dehydrogenase.

c Annotated as heat shock protein.

d Similar to heterogenous nuclear ribonucleoprotein k.

e Similar to spermatogenesis-associated protein 6 precursor (SPATA6).

f Similar to TyrA protein.

g Similar to FS800, a female-specific protein.








To confirm the occurrence of glycans on eggshells, a monosaccharide composition analysis on hydrolysed eggshells was performed (Table 2.2). The composition analysis indicates the presence of a number of different constituent monosaccharides associated with the eggshells. The occurrence of mannose residues (three in every N-linked glycan core) suggests that N-linked glycans are present, but in addition O-linked glycans or other glycan classes would be in agreement with this overall composition. We have not been able to discriminate between xylose and fucose. In an N-linked glycan from schistosome eggs, up to one xylose residue in each N-glycan may be present. This suggests that at least fucose residues are also present, which is in line with the dot blot results showing staining for fucosylated glycan epitopes. At this stage it is not possible to derive any details about eggshell glycosylation, or which proteins are carrying the putative glycans.










Table 2.2:
Monosaccharide composition analysis of purified eggshell fragments of Schistosoma  mansoni.
	Monosaccharide
	Relative ratios
(Man set to 3)


	Man
	3


	GlcNAc
	10


	Gal
	3


	GalNAc
	3


	Fuc/Xyla
	4


	Glc
	3


	a Not discriminated due to overlapping peaks.
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Analysis of the eggshell amino acid composition



Putative eggshell proteins were identified in the late 1980s by searching for specific cDNAs that are only expressed in mature females and not in males, immature female worms, miracidia or cercariae. Examples of female-specific proteins that fulfill these criteria are p14 (14) and p48 (33). These putative eggshell proteins appeared to have a characteristic amino acid composition, containing either high glycine and tyrosine levels (p14) or high lysine and tyrosine levels (p48). Although these proteins are expected to be abundantly present in the protein skeleton of the eggshells, we did not identify these proteins in our proteomic analysis. Since p14 and p48 both contain high amounts of tyrosine residues, which are modified and cross-linked during the process of quinone tanning, identification of these proteins by peptide fingerprinting using MS is hampered by the post-translational modifications. Therefore, we performed amino acid analysis on the purified eggshell fragments (Fig. 2.6) to see whether it is likely that p14 and p48 were present in our sample, and hence are part of the insoluble protein skeleton of the eggshell. The amino acid composition of the purified eggshell skeleton was very similar to previous reports (24,150,195). High glycine levels (36%) suggest that p14 is indeed present in the purified eggshell fragments and is a highly abundant eggshell protein. In female worms, p14 mRNA, which is known as the F10 gene, is the most abundant transcript (128). Using immunostaining we were indeed able to confirm the presence of p14 in our samples of purified eggshells (Fig. 2.7).


Although p48 was expected to be part of the eggshell protein skeleton, our amino acid analysis did not reveal its presence. Lysine, an abundant amino acid of p48, was average in eggshell (6.8%) and tyrosine, another important amino acid of p48 could hardly be detected. Both of these amino acids are involved in quinone tanning and this process renders them unrecognizable as lysine and tyrosine.







Figure 2.6: Amino acid composition of the purified eggshell skeleton of Schistosoma mansoni. The contribution of the various amino acids to the proteins p14 (black Bobek et al. (1988)(14)), p48 (gray Chen et al. (1992)(33)), hydrolysed eggshell protein skeleton (white, this study) and the average of the eggshell proteins that we identified by MS (dashed bars, listed in Table 2.1).








Figure 2.7: Immunoblot of eggshell of Schistosoma mansoni with anti-p14. Dot blot of eggshell protein skeleton. The dotted eggshell fragments are shown in A, the chemiluminescent signal for p14 or from Horseradish peroxidase (HRP) conjugated anti-hamster IgG (Abcam, Cambridge, UK) as secondary antibody (Ab) only was captured on hyperfilm (B).
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Immune reactivity of the eggshell proteins



A number of the identified eggshell proteins such as GST, enolase and glyceralderhyde-3-phosphate dehydrogenase (GAPDH), are known to elicit an antibody response upon infection (122). Fig. 2.8 shows how GST and enolase, two of the identified eggshell proteins, stained positive on Western blots when incubated with sera from infected hamsters. Sera were taken from infected hamsters at 2, 4 and 6 weeks of infection. A positive stain for enolase was detected at 4 weeks of infection, which increased at 6 weeks of infection, when GST was also detected. In addition, antibody reactivity against SEA and AWA was tested. Like enolase, SEA started to stain positive at 4 weeks of infection and the signal increased at 6 weeks of infection. Antibody reactivity against AWA started earlier, at 2 weeks of infection and also increased during the course of the infection. Note that at 4 weeks of infection, worms do not produce eggs yet but enolase, a protein we demonstrated to also be present in eggshells, is already recognised by the serum. This demonstrates that enolase is exposed or secreted by developing worms before this protein is presented to the host via incorporation in the Schistosoma eggshell.







Figure 2.8: Antibody reactivity in hamsters during infection with Schistosoma mansoni. Adult worm antigens (AWA), soluble egg antigens (SEA) or protein solutions of Schistosoma GST (28 kDa) or rabbit enolase (47 kDa)were run through a SDS-PAGE and transferred to polyvinylidene fluoride (PVDF) membranes. Membranes were incubated with sera from infected hamsters at different time points (2, 4 and 6 weeks) during infection as indicated above the blots.
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Discussion



The eggshell is the site of direct interaction between the highly immunogenic eggs of S. mansoni and the immune system of its host. Eggs are known to excrete immunogenic proteins (30,110), but it is likely that the proteins that form the eggshell also cause an immunological reaction. The exact protein composition of this rigid cross-linked structure was unknown. The aim of the current study was to identify the proteins that make up the cross-linked eggshell, the outer surface of the egg that interacts with the immune system.


In samples of the purified protein skeleton of eggshells we identified a collection of proteins, similar to those found in other proteome studies of S. mansoni (16,40,30,110,184). The variety of proteins we detected seems rather random (Table 2.1). Included are many enzymes involved in various metabolic processes, but for instance enzymes involved in crosslinking of the eggshell were not detected. Surprisingly, we also could not identify by MS either one of the putative eggshell proteins p14 and p48. We have two explanations for this. First, p14 and p48 are tyrosine-rich proteins, which means that it is likely that most of the peptides that are obtained after trypsin digestion will contain one or more tyrosines that have been modified to form cross-links in the quinone tanning process. Thus, tyrosines will not be detected and different side chains will add unknown and variable masses to the peptides which then cannot be identified by peptide mass fingerprinting. Second, in silico trypsin digestion of these putative eggshell proteins reveals that trypsin digestion leads to many very short peptides, which are very similar to each other (not shown). This is especially the case for p48, where trypsin digestion results in many pentapeptides of which peptide masses are under the detection limit of the mass spectrometer. Even when detected, such small peptides will not reach a 99.0% probability score for protein identification as they are too short to be specific and thus these peptides will not identify a protein using our criteria for protein identification. It will therefore be impossible to identify these putative eggshell proteins by LC-MS/MS, even if they are abundantly present in the eggshell.


Although p14 could not be identified in our MS analysis, using immunostaining we demonstrated the presence of this bona fide eggshell protein in purified eggshell fragments (Fig. 2.7). It is not just only present, but the extremely high glycine content (36%) of purified eggshell fragments detected by amino acid analysis indicates that p14 contributes largely to total eggshell. The glycine content of eggshell, of the identified proteins and of p14 enabled us to make a general estimation of this contribution of p14 to total eggshell. In the proteins that we identified by MS, average glycine levels were 8.2% of the 17 analysed amino acids, ranging from 4 to 25%. In p14, 47% of the amino acids were glycine. This leads to the following equation: [p14] × 47 + [rest] × 8.2 = 36, where [rest] = 1 - [p14], which demonstrates that p14 contributes to total eggshell for approximately 70%.


The set of proteins that contribute to the eggshell for the other 30% seems to be rather random. However, its average glycine level is significantly higher (7.7%) than the average of all 13,529 S. mansoni proteins available on Uniprot (4.8%) (P <0.001), while tyrosine (3.1% versus 3.4%) and lysine levels (6.8% versus 6.0%) are similar. Although glycine levels in identified eggshell proteins do by no means approach that of total eggshell or p14, its elevated levels in the identified eggshell proteins are remarkable. Apparently, there is a preference for proteins with higher glycine levels during cross-linking, although glycine does not contribute to quinone tanning.


While our analysis of the amino acid composition of eggshell indicated that p14 is present in the eggshell, such an analysis could not be used to estimate the presence of p48. Although p48 is rich in tyrosine, lysine and aspartic acid, none of these amino acids was abundant in our samples. As the amount of p48 in eggshell is known to be much less than p14 (33,93,102), tyrosine, lysine and aspartic acid levels of p48 are not abundant enough to feature in a mixed sample of total eggshell proteins. Furthermore, lysine and tyrosine that have been modulated to form cross-links by quinone tanning could not be traced back in the amino acid analysis after hydrolysation, resulting in very low detection of these amino acids.


The majority of the eggshell proteins identified by MS were non-structural proteins. Although these proteins were unexpected, immunoscanning microscopy of HSP70 validated our results. The identified proteins are not specific for the eggshells. Many identified proteins such as actin, tubulin, p40, HSP70 and glycolytic enzymes have also been identified by Cass et al. (2007)(30) as proteins secreted by S. mansoni eggs. In contrast, Mathieson and Wilson (110) found that these proteins are not present in secretions of eggs. Secreted or not, it is not likely that our samples were contaminated with proteins secreted by eggs because our eggshell fragments were cleaned extensively before proteomic analysis. The absence in our samples of proteins secreted by eggs is confirmed by the absence of IPSE/alpha-1 and omega-1, the two major proteins secreted by eggs. Similarly, contamination of our purified samples with other proteins originating from Von Lichtenbergs envelope, Lehman's lacuna or Reynolds' layer is just as unlikely due to the extensive pre-treatment.


The proteins identified in our purified fraction (Table 2.1; Fig. 2.7) are largely comparable with those of other egg fractions and even with those of other developmental stages of the parasite (16,40). The best explanation for the presence of these abundant cellular proteins, originating from surrounding vitelline cells, is that they happened to be around at the site and time of eggshell synthesis and were cross-linked to the major eggshell proteins. The absence of the two most abundant proteins secreted by eggs, IPSE/alpha-1 and omega-1, gives an indication of the timing of the cross-linking process. After production of the egg further maturation occurs, as the egg excreted by the female worm is still undeveloped and consists of an ovum and vitelline cells surrounded by the eggshell. Our results thus indicate that the actual formation of the eggshell including cross-linking of the proteins is most likely finished before the miracidium starts secreting proteins.


Although the observed incorporation of proteins originating from neighbouring vitelline cells may seem to be an unintended feature of eggshell production, the presence of these proteins may have immunological consequences. Many of the proteins we identified as part of the eggshell protein skeleton are known schistosome antigens such as p40, phosphoenolpyruvate carboxykinase (PEPCK) and thioredoxin peroxidase. These proteins induce cellular responses (3,200) or antibody responses (122). The immunogenicity of these usually intracellular proteins can now be explained as these proteins are part of the eggshell. As a consequence of these immunogenic properties, some of the eggshell proteins identified, such as GST and GAPDH, were proposed as vaccine candidates. However, the success of these vaccines in preventing infection was limited (133). This might now be explained by the fact that the vaccines target the eggs where the proteins are exposed and not the actual infection by the adult worms. In fact, vaccination with such antigens might even induce pathology as it enhances the immune response against the eggs, thereby enhancing granuloma formation and disease symptoms.


Altogether, our results demonstrate that the eggshell is not only composed of the specific eggshell proteins p14 and p48, but also includes proteins available at the site of eggshell production. Therefore we propose a new model of the Schistosoma eggshell. The main component of the eggshell is the putative eggshell protein p14. It makes up the majority of the eggshell. However, at the same time other proteins, whichever are available at the place and time of eggshell production, are also incorporated, albeit to a much lesser extent. Cross-linked together, all of these proteins make up a very rigid structure to protect the developing miracidium.
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Abstract:



The schistosome eggshell is a hardened and tanned structure made from cross-linked proteins. It is synthesized within the female worm from many different kinds of proteins and glycoproteins. Once the egg is released in the circulation, the outer surface of the eggshell is exposed and hence a direct site of interaction between the parasite and the host. The major eggshell protein is p14, but about one third of the eggshell is made from common cellular proteins, some of which are known to be immunogenic. This has many consequences for parasite-host interactions. However, so far, the eggshell has gained little attention from researchers. We will discuss the structure of the eggshell and its role in granuloma formation, host factor binding and egg excretion.
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Introduction




Production of the Schistosoma egg



Schistosomes are digenetic parasitic flatworms. The female Schistosoma mansoni excretes around 350 eggs daily which equals to approximately one egg every 5 min (32). The oocyte is produced in the ovary and released in the oviduct (Fig. 3.1). Here it is fertilized by sperm that comes from the sperm reservoir, a dilated region in the oviduct. The fertilized oocyte moves further along the oviduct, which joins the vitelline duct. Here, 30-40 vitelline cells originating from the vitelline gland surround the fertilized oocyte (175). Together, the fertilized oocyte and its surrounding vitelline cells move to the ootype (Fig. 3.2a), thereby passing Mehlis' gland. The actual function of this structure remains elusive. Several functions of the Mehlis' gland have been suggested. It is proposed to lubricate the uterus for the passage of the egg or to activate spermatozoa. Other suggested functions of Mehlis' gland are involved in eggshell formation: release of eggshell granules, control or initiate cross-linking of the eggshell or provide a membrane which serves as a template on which the proteins accumulate to form the eggshell (174). Once in the ootype, contractions of the ootype make the vitelline cells release their granules which contain eggshell precursor proteins (Fig. 3.2b). The eggshell formation starts here. The eggshell is shaped by the ootype and strengthened through tyrosinase activity that causes cross-linking of the released eggshell precursor proteins (Fig. 3.2c and d). The egg is now ready to pass the uterus and to be released in the circulation, where the miracidium further matures within the eggshell (Fig. 3.2e).







  Figure 3.1: Schematic drawing of the female reproductive tract of Schistosoma mansoni. After Gönnert(1955) (72) and Smyth(1966) (173).










  Figure 3.2: Formation of the eggshell in the ootype. Scheme of eggshell formation in Schistosoma mansoni. In pink the ootype, yellow the fertilized oocyte, light blue circles are vitelline cells with vitelline droplets (orange) containing eggshell precursor proteins, green triangles are tyrosinases. In the mature egg (f) the miracidium (yellow) is surrounded by Von Lichtenberg's envelope and Reynolds' layer (blue layers) and the eggshell (brown).




Maturation of this newly produced egg of S. mansoni, that simply consists of the cross-linked eggshell surrounding the ovum and vitelline cells, takes about a week. In this period the vitelline cells provide nutrients for the developing miracidium, which also obtains nutrients from the host (6). Newly deposited eggs lack complex subshell structures between the eggshell and the embryo, but these appear during the development of the egg (6,123). First, in an early stage, a few cells detach from the embryo and form a thin syncytial layer, known as "von Lichtenberg's envelope", between the eggshell and the developing miracidium (6,123). As development proceeds, this envelope becomes thicker, completely encloses the egg contents, the embryo and vitelline cells and separating them from the shell of the egg. This nucleated envelope contains extensive rough endoplasmic reticulum indicating that this is a place of active protein synthesis (6). During the further development a new layer of extra cellular material is formed between von Lichtenberg's envelope and the eggshell, called Reynolds' layer, which mainly consists of granulated material most likely originating from the envelope (6,123). The envelope and not the miracidium produces the proteins secreted by the egg, including IPSE/alpha-1 (109,162).


Eggs are produced one by one by female S. mansoni and the next egg will be produced once the previous one has been released. With an egg production of 350 per day, female schistosomes can be considered as true egg factories. This is reflected in the fact that about 10% of total worm mRNA encodes for one eggshell protein, p14 (128,170).
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Structure of the eggshell




Cross-linking and tyrosinase activity



The eggshell is a hardened and tanned structure made from cross-linked proteins. The cross-linking process is known as quinone tanning and occurs by formation of quinone bonds. It is dependent on tyrosinase activity. Tyrosinases are copper-containing glycoenzymes that can catalyze both the hydroxylation of mono-phenols (tyrosine residues) to ortho-diphenols (L-dihydroxyphenylalanine, L-DOPA) and the subsequent oxidation of this L-DOPA to ortho-quinone (Fig. 3.3). In this way, accessible tyrosine residues of proteins are converted to o-quinones. These o-quinones are very reactive compounds and can form adducts by reaction with nucleophilic compounds, such as free amino or sulfhydryl groups on adjacent proteins. These reactions are known to occur in processes as diverse as the browning of foods and plant leaves, and the sclerotization and tanning of insect cuticles (11). Nowadays it is known that in plants and insects the formation of these quinone adducts occurs via two different reactions of free amino groups with the o-quinones: the formation of N-quinonyl derivatives (Michael-type adducts) and of Schiff bases (Fig. 3.3). Although it was originally suggested that in S. mansoni the cross-linking of the eggshell occurs via formation of the N-quinolyl adducts only (174), it is in our opinion more likely that also in helminths, the eggshell tanning occurs via both processes (Fig. 3.3).







  Figure 3.3:
Quinone tanning. Tyrosinase converts tyrosine residues (a) into L-DOPA (b) and subsequently L-DOPA residues into o-quinones (c). These very reactive o-quinones can form adducts by reaction with nucleophilic compounds, such as free amino groups of lysine residues on adjacent proteins by the formation of either N-quinonyl derivatives (Michael-type adduct) (d) or Schiff bases (e).




This cross-linking within a single protein and between neighboring proteins, results in an extensively cross-linked protein matrix. The appearance of the o-quinones leads to a rapid change in color and hardening of the proteins, rendering them intractable to all protease activity and only hydrolytic treatments can dissolve the cross-linked eggshell (194). The cross-linked eggshells are highly fluorescent. Their excitation/emission spectra are similar to the spectra of products formed by mushroom tyrosinase in a mixture of lysine with L-DOPA, indicating that in the eggshell lysine is the most probable amino acid that forms quinone bonds with tyrosine (see below) (165).


Tyrosinase activity appears to be developmentally regulated with peak transcription in mature female worms. Enzymatic activity is specifically located in the vitelline cells (56,65). Eggshell formation by tyrosinase activity is pH dependent and triggered by alkaline environment (195).
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Specific eggshell proteins



Putative eggshell proteins have been identified in the late 80s by searching for specific mRNAs that are only expressed in mature females and not in males, nor in immature female worms, miracidia or cercariae. The corresponding genes could either encode eggshell precursors or proteins involved in the synthesis of the eggs and eggshell. Interestingly, tyrosinases, which are known to be developmentally regulated and involved in eggshell synthesis, have not been identified this way. This suggests that the catalytic enzymes required for eggshell formation are not abundantly expressed when compared to structural proteins. In addition, eggshell proteins that are not exclusively produced in mature females can not be detected this way.


The first putative eggshell protein to be described was p14 (13,14,93,94,150,169). There are several copies of the p14 gene in the genome of S. mansoni. They do not rearrange, and they are not sex linked (14,169). The p14 gene is developmentally regulated and only expressed in mature female worms. The p14 gene is only expressed in mature vitelline cells in the vitelline duct and within the egg enclosed by the eggshell in the ootype. Transcripts of p14 are undetectable in RNA obtained from eggs from the liver (33). The p14 gene is the most abundant mRNA transcript in female worms and accounts for 10% of the mRNA of the entire organism. Even in samples of mixed sex, this mRNA is by far the most abundant transcript (128). The p14 protein is present in all the vitelline droplets of vitelline cells in mature female worms (93). Immunoblots confirmed the presence of p14 in eggshell (47).


Although less abundant, p48, another putative eggshell protein, shows a similar expression pattern when compared to p14. However, the amount of p48 mRNA in worm is 10-30-fold less abundant than that of p14 (33). In vitro translation of the cDNA with [3H]tyrosine produces a 48 kDa protein. A protein of the same size is also present in translation products of mRNA from mature female worms, but not in that of male or immature female worm (88). Antibodies raised against recombinant p48 proteins recognize a 48 kDa protein on Western blot in homogenates of mature female worms, whereas no signal can be detected in homogenates of male worms or immature female worms. In addition, antisera raised against mature female worm extract recognize recombinant p48 proteins, while antisera raised against male or immature female worm extracts do not (33).


Reis et al. (1989)(144) described another female specific mRNA (FS800), that is only expressed in vitelline cells of mature female worms. The mRNA sequence was described to comprise two Open Reading Frames (ORFs) in two distinct reading frames. The longest ORF with the starting codon upstream of the alternative ORF is currently annotated as the translated protein sequence in the S. mansoni genome (9). However, to our knowledge, there are no data available yet on the translation of this female-specific mRNA into protein(s).


Finally, one other female specific protein has been described by Menrath et al. (1995)(117) and was described as mucin-like. Later, it was renamed p19 (119) but it has now been annotated as eggshell protein (Q26570_SCHMA) in the UniProt database. However, expression of the gene can be found in the epithelium surrounding the female oviduct close to its entrance into the ootype, but not along the vitelline duct and neither in ovary, vitellarium or ootype (117). Although this protein is female specific, this is apparently not an eggshell protein.
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Non-specific eggshell proteins in the eggshell



Recently, the protein composition of purified eggshell fragments was investigated by a proteomic approach (47). This study showed that the eggshell is not only composed of the above mentioned specific eggshell proteins. About one third of the proteins in the eggshell are common cellular proteins. Among them are known schistosome antigens such as major egg antigen p40 and HSP 70, but also structural cellular proteins (actin and tubulin) and non-structural proteins of which many are glycolytic enzymes (47). Many of these non-specific proteins in the eggshell have also been identified inside the egg (110), in adult worm tegument (17,184) and in schistosomula and cercariae (40).


The list of non-specific eggshell proteins may not be complete, as proteins that are cross-linked are not always detectable by mass spectrometry (47). Although the incorporation of these non-specific eggshell proteins may be an unintended feature of eggshell production, the presence of these proteins, even in small amounts, may have immunological consequences. Many of them elicit a cellular or humoral immune response in the host upon a schistosome infection. Some of the incorporated proteins, such as glutathione-S-transferase (GST) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH), were proposed and tested as vaccine candidates, albeit with little success in preventing infection (133). Vaccination with such antigens might actually induce pathology as it enhances the immune response against antigens in the eggshell, thereby enhancing granuloma formation and disease symptoms.


It should be noted that IPSE/alpha-1 and Omega-1, the two major egg secretion proteins (ESP), have not been found among the proteins of the eggshell (47). This indicates that the proteins excreted by eggs are not incorporated into the shell of the egg, which suggests that cross-linking of the eggshell proteins is finished before excretion of proteins by the egg begins.
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Amino acid composition of the eggshell and eggshell proteins



In p14, 44% of the amino acids are glycine. This protein has some homology with the carboxyl terminal of mouse cytoskeleton keratin and with silk moth chorion proteins (13). The other major eggshell protein, p48, has only slightly elevated glycine levels, but contains high levels of lysine and aspartate, and its most abundant amino acid is tyrosine. The other proteins we identified as part of the eggshell do not have extreme levels of glycine, although their average glycine content is significant higher than the average glycine content of S. mansoni proteins (47).


The amino acid composition of fluorescent granules in the vitelline cells is highly similar to that of hydrolyzed eggshells, suggesting that all the reagents for eggshell formation are present in the vitelline cells (195). Hydrolyzed total eggshells revealed that 36% of the amino acids are glycine, which hereby largely attributes to the eggshell (24,47,150). The high glycine levels in the analysed eggshell hydrolysates suggest that p14 widely contributes to the eggshell. This contribution was estimated to be 70%. Immunoblots with anti-p14 antibodies showed that p14 is indeed present in eggshell (47). The role of the high glycine content of p14 and total eggshell remains elusive, but a high glycine content is associated with coiled coils. Rodrigues et al. (1989)(150) proposed a structure model of p14 based on its amino acid sequence and the high glycine content. In this structure, the protein is composed of short anti-parallel beta strands in which glycines and other residues with small side chains lie within the strands and tyrosines are arranged at the bends. This way, tyrosine residues are still available for cross-linking.


As tyrosine is essential in quinone tanning, eggshells are expected to contain high levels of this amino acid too. This is indeed the case for the two main eggshell proteins p14 (11.3%) and p48 (26.1%). However, little tyrosine can be measured in hydrolyzed eggshells or granules. This is probably not because of the absence of tyrosine, but due to the changes of the tyrosine molecule upon cross-linkage during eggshell formation, which makes them no longer recognizable as tyrosine (Fig. 3.3). Although little tyrosine could be detected in eggshell hydrolysates or fluorescent granules, radiolabeled tyrosine was efficiently incorporated in eggshell when injected in infected mice, indicating that eggshell does contain significant amounts of tyrosine (24).


A third amino acid that is expected to be abundant in eggshell is lysine, as this amino acid is likely to be the residue that forms the cross-link with the o-quinones (165). Indeed, the eggshell proteins p14 and p48 contains high levels of lysine (5.6% and 17.1%). However, no abundant levels of lysine could be detected in total eggshell. As with tyrosine, this may be due to cross-linking of the lysine residues to the o-quinones.
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Glycans



The eggshell does not only consist of cross-linked proteins, but on these proteins, schistosome specific glycans are present. Composition analysis of glycans was suggestive for mannose and fucose residues and the presence of N-linked glycans, but additional O-linked glycans and other glycan classes may also be present. The glycan epitopes F-LDN(-F) and Lewis X are present on eggshell, as demonstrated by immunoblots (47). These glycans are known to be immunogenic, but little is known about the molecular basis of glycan-mediated host-parasite interactions (186).
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Interaction with the host




Egg secretion proteins (ESP)



Although the eggshell is a direct site of interaction between the parasite and the host, little research has focused on this tightly cross-linked and hard to analyze structure. Rather, much research has focused on ESP. Secretion of ESP by the miracidia starts a few days after the eggs have left the female worm (6). There have been some contradictory papers reporting that ESP contains either a wide range of proteins (30) or only a few (6,110). There is, however, consensus that the major ESP are IPSE/alpha-1 and Omega-1. The total ESP and isolated or recombinant IPSE/alpha-1 or Omega-1 have widely been investigated for their capacity to drive a strong Th2 response. This immune response protects the host from fatal disease. However, this Th2 response is a strong inducer of granuloma formation (134). Furthermore, T-cell responses are essential for excretion of eggs. Experiments in mice have shown that in the absence of T-cells, egg excretion from the body is greatly hampered (49). In humans, HIV patients with low CD4+ T-cell count have reduced numbers of egg excretion (90).
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Granuloma formation and the eggshell



While many investigators have focused on ESP, much less research has been done regarding the eggshell. It has recently been shown that the eggshell contains numerous other proteins and glycoproteins besides the major eggshell proteins. Many of these other proteins and glycoproteins are known schistosome antigens, such as p40, phosphoenolpyruvate carboxykinase (PEPCK) and thioredoxin peroxidase. These antigenic proteins induce cellular responses (4, 200) or antibody responses (122). Serum of patients infected with schistosomes contains antibodies that recognize purified eggshells, from which all not covalently bound compounds were removed (47) (Fig. 3.4a), whereas these were not present in control serum (Fig. 3.4b). It is thus evident that not only ESP interact with the immune system, but also the eggshell itself is recognized by antibodies. Furthermore, eggs isolated from livers of infected hamsters are covered by host antibodies (Fig. 3.4c).







  Figure 3.4: Antigenicity of eggshells. Purified eggshell skeletons (47) were incubated with serum from a human schistosomiasis patient (a) or control serum (b) and subsequently with an HRP conjugated anti-human IgG secondary antibody. Eggs freshly isolated from livers of infected hamsters were incubated with an HRP conjugated anti-hamster IgG antibody (c). Eggs were subsequently dotted on a Whatman paper (top panel) and the chemiluminescent signal of these dots was captured on light sensitive film (bottom panel).





It is known that Th2-cells play a role in granuloma formation. Likewise, antibodies bound to the eggshell may enhance pathology. Since the eggshell is resistant to protease activity, and because the incorporated antigenic proteins in the eggshell bind host antibodies, the eggshell surface will form an indigestible antigen-antibody complex. These structures are known to induce chronic inflammatory responses that can lead to granuloma formation by a complex interaction between CD4+ T-cells, macrophages and cytokines (201). Also ESP are involved in granuloma formation around the egg (110,134).


Activation of T-cells and binding to antibodies may also play a role in the process of extravasation through the endothelium and the gut wall. Ex vivo, antibodies bind to ESP that exit the egg through pores in the eggshell. This is known as the circumoval precipitin (COP) reaction. At the point of secretion, a precipitate will form. Globular blebs or septate precipitates appear on the wall of the schistosome eggs after incubation with the serum of infected individuals (66).
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How to get out of the host?



The egg is not capable of moving by itself. Thus, all movement has to be induced by external forces. First it is released into the circulation by the female worm; next the circulating blood will take hold of the egg. However, the intended pathway for the S. mansoni egg is not to follow the blood stream, but to extravasate the vessel wall and penetrate the gut wall in order to get out with the feces. This process takes at least six days, but may also take weeks (89). It is unlikely that the female worm can push such an enormous egg through the host structures. Therefore, the egg probably attracts host proteins and host cells in order to hold onto the vessel wall and help passage through the endothelium and the gut wall, allowing escaping the host and continuing the life cycle.


In addition to the widely studied schistosome-specific glycoproteins IPSE/alpha-1 and Omega-1, some house-keeping enzymes have been described to be virulence factors. Enolase and GAPDH, proteins that have also been identified as part of the eggshell, are such house-keeping enzymes which are also virulence factors in Schistosoma and other organisms. They both act as surface associated receptors that bind plasminogen, thereby capturing fibrinolytic activity of the host on the eggshell surface (206). This activity represents a mechanism to enhance virulence possibly required for tissue invasion and may thereby facilitate the escape of the eggs (132). Enolase in other pathogens has also been shown to bind actin and fibronectin. Fibronectin is a main component of extracellular matrix surrounding epithelial and endothelial cells. Blocking enolase decreased adhesion of other pathogens to endothelial cells (10,57). By binding to and activation of host factors, the eggshell may thus play an important role in getting out of the host. Thrombocytopenia significantly reduces egg excretion (125). Platelets massively adhere to eggshells of S. mansoni, resulting in activation of platelets (203). Activated platelets generally activate endothelial cells and may thereby facilitate passage through the endothelium. The eggshell may thus play an important role in getting out of the host by binding to and activation of host factors like plasminogen and platelets. Additionally, escape from the host may be facilitated by proteolytic activity of eggs and miracidia or from other (host) proteins and cells attracted by the egg (138,172).
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Abstract:



Schistosoma mansoni eggs have to cross the endothelium and intestinal wall to leave the host and continue the life cycle. Mechanisms involved in this essential step are largely unknown. Here we describe direct binding to the S. mansoni eggshell of von Willebrand factor and other plasma proteins involved in haemostasis. Using deletion-mutants, we demonstrated that it is the A1 domain of von Willebrand factor that binds to the eggshell. Our results suggest that binding of plasma proteins to the eggshell promotes binding to the endothelium, initiating the passage of the egg through the blood-vessel wall to be excreted in the end.
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Main article




Schistosoma spp. are helminths causing the tropical disease schistosomiasis. An estimated 200 million people are affected, most of them living in sub-Saharan Africa (74). These parasites penetrate their human host through the skin after which the cercariae transform into schistosomula that subsequently enter the circulation. In the case of Schistosoma mansoni, male and female worms meet in the portal vein, where they pair and mature before moving to the mesenteric veins, their final habitat (74). Mature female worms excrete approximately 300 eggs per day, which is about one every 5 minutes (32). In order to complete the schistosome life-cycle, the eggs have to be excreted with the faeces. Therefore, eggs have to cross the blood-vessel wall as well as the intestinal wall. Many eggs fail to extravasate and are transported by the blood flow to the liver where they get stuck and induce granuloma formation, fibrosis of the liver and portal hypertension. These non-excreted eggs are the major cause of morbidity in schistosomiasis.


Eggs have a rigid shell structure of cross-linked proteins and thus cannot propel themselves (48). Therefore, eggs depend on external forces in order to cross the host tissues. Mechanisms involved in excretion of eggs are largely unknown, even though this is an essential step in the life-cycle of schistosomes. Eggs of several schistosome species have a sharp spine and it could be imagined that the presence of this spine aids in passing through the obstructing structures of the host (89). However, eggs of Schistosoma japonicum and Schistosoma mekongi lack a sharp spine, which makes this theory unrealistic. It is known that the process of excretion is partly dependent on the host immune reaction directed towards eggs (49), but additional mechanisms are likely to be involved.


It has been demonstrated that eggs attach to endothelium and that endothelial cells actively migrate over the eggs (64). The endothelial surface-adhesion molecules, ICAM-1, E-selectin and VCAM-1, and surface exposed Lewis X glycans on S. mansoni eggs play an important role in egg adhesion to the vascular endothelium (98). In addition, plasma factors enhance egg attachment to endothelial cells in vitro and platelets have a role in extravasation and excretion in vivo (64,125,126). Furthermore, schistosome eggs were also shown to be a potent and direct activator of platelets and platelets were shown to adhere en masse to eggs in vitro (125,203). Activated platelets aggregate and stimulate secondary coagulation (the plasma clotting factor cascade) which results in fibrin fibre formation to stabilise the platelet plug. Apparently, there is an interaction of the schistosome eggshell with the host haemostatic system, but the molecular structures involved in the activation of the haemostatic system are unknown.


We hypothesised that the egg probably attracts host proteins and host cells in order to hold onto the vessel wall and help passage through the endothelium and the gut wall, allowing excretion from the host and continuation of the life cycle. Therefore, we analysed the interaction of S. mansoni eggshells with von Willebrand factor (VWF), as this clotting factor is crucial for anchoring clotting material to damaged or activated surfaces of the blood vessel, and VWF could thus play an essential role in egg extravasation. VWF is an adhesive glycoprotein of 250 kD which forms multimers that can be extremely large and consist of over 80 subunits, resulting in a multimer of over 20 mega-Dalton. VWF contains many binding domains that can connect platelets to clotting factors and injured surfaces of the endothelium (105,159). VWF binds platelet glycoprotein Ib (GPIb) on platelets which are thereby activated and initiate clot formation.


The presence of VWF on S. mansoni eggs isolated from collagenase digested livers of infected hamsters was demonstrated by immunofluorescence (Fig. 4.1A). As these eggs were directly obtained from perfused livers, this demonstrates that VWF binding occurred in vivo in the blood vessel.


Schistosome eggs were also incubated in vitro with purified human VWF. We used both untreated eggs and stripped eggs. From stripped eggs, all non-covalently bound proteins were removed by a procedure which includes multiple washes with high salt conditions, detergents, urea and even boiling in SDS, in order to be entirely sure that no host factors remained on the surface of the schistosome egg (47). Both untreated (Fig. 4.1C) and stripped eggs (Fig. 4.1D) bound purified human VWF in vitro, demonstrating the direct interaction between VWF and the eggshell. The binding of VWF to eggs could also be demonstrated at a more quantitative level using stripped eggshell fragments and enhanced chemiluminescence (ECL) measurements (Fig. 4.1H).


We also incubated stripped schistosome eggs for 1 min with citrate plasma from healthy adult human volunteers, obtained after informed consent. Binding of VWF to eggs was then demonstrated by immune fluorescence (Fig. 4.1F and G). This result demonstrated that VWF in the presence of all other plasma proteins still binds to the schistosome eggs, although the punctuated fluorescence pattern suggests that other plasma proteins compete for egg binding, or that other plasma proteins shield bound VWF prohibiting its detection by immune fluorescence. Altogether these results demonstrate that there is a direct interaction between schistosome eggshells and VWF. To determine which VWF domain is involved in eggshell binding, we incubated eggs with recombinant human VWF of which either the A1 (97), A2 (95) or A3 domain (96) was deleted. Reduced VWF binding was only observed with the A1 domain-deleted VWF, but not with VWF lacking the A2 or A3 domain (Fig. 4.1I). This indicates that VWF binds eggshells with its A1 domain. Domain A1 of VWF is a relatively small part of VWF as it comprises circa 250 amino acids, which is approximately 15% of the entire VWF protein (97). In addition, deletion of the A1 domain does not affect the structure and function of the other domains in VWF (95,96,97). Hence, the dependence on a small domain of VWF for its binding to schistosome eggs suggests a specific interaction.


The A1 domain of VWF also binds GPIb, a glycosylated receptor on platelets. Since the eggshell contains glycan structures as well (47), we hypothesised that eggshell glycans may play a role in the binding of VWF. However, we could not find indications for glycan-mediated VWF binding to eggshells. Treatment of eggshells with glycosidases did not reduce VWF binding (data not shown), but these treatments did not remove all glycan structures either and therefore these experiments were inconclusive. Blocking of glycan access with monoclonal antibodies against schistosome glycans (291-2G3-A, 114-3A5, 128-4F9-A (which bind to Galβ1-4(Fucα1-3)GlcNAc (Lewis X)), 273-3F2 (which binds to GalNAcβ1-4GlcNAc (LDN)) (192) and 114-4D12 (which binds to Fucα1-2Fucα1-3 (DF) termini) (148)) had no effect on the binding of VWF to eggshells (data not shown). Furthermore, treatment of eggshells with periodate, which disrupts glycan structures, did not reduce VWF binding (data not shown). In conclusion, VWF binds directly to eggshells through its A1 domain, most likely in a non-glycan-mediated manner.







  Figure 4.1: von Willebrand factor binding to Schistosoma mansoni eggshells. Eggs of a Puerto Rican strain of S. mansoni maintained in Golden hamsters for which animal ethics was ap-
proved (licence EUR1860-11709), were isolated 49 days p.i. as described previously (47). Eggshell fragments were prepared by crushing eggshells in a micro-dismembrator S (Braun Biotech Int., Melsungen, Germany). "Stripped eggs" and "stripped eggshell fragments" were prepared by removal of non-covalently attached host material from isolated eggs or eggshell fragments by consecutive
washes with 2 M NaCl in PBS, 1% (v/v) Triton X-100 in PBS, 8 M urea with 0.6% β-mercaptoethanol
in PBS, and finally with 1% (w/v) SDS at 95 °C for 30 min (47). Untreated schistosome eggs isolated from livers were incubated with polyclonal anti-von Willebrand factor rabbit antibody (Dako) (A) or PBS (B) for 1 h. Subsequently, for immune fluorescence microscopy these eggshells were washed with PBS and stained with Alexa 633 conjugated anti-rabbit IgG antibody (Invitrogen, USA). Fluorescence microscope images were taken using Cell F software (Olympus, Germany). Untreated eggs (C) or stripped eggs (D-G) were incubated with 500 μl of PBS/BSA/Tween (E, G), or PBS/BSA/Tween
with purified human von Willebrand factor (0.2 μg/ml) (C and D), or plasma using citrate as anticoagulant (F). After incubation, the eggshells were washed three times with PBS and then stained for von Willebrand factor binding as described above using a polyclonal anti-von Willebrand factor rabbit antibody (Abcam, UK). Representative pictures from at least two independent experiments show the immune staining for von Willebrand factor (C-G). To quantify bound von Willebrand factor (H and I), stripped eggshell fragments were incubated with or without purified human von Willebrand factor (H) or with recombinant deletion mutants of von Willebrand factor (I), after which the eggshell fragments were washed with PBS, incubated with anti-von Willebrand factor antibody (Abcam) for
1 h and subsequently incubated with horseradish peroxidase conjugated anti-rabbit immunoglobulin antibodies (Dako, Glostrup, Denmark). The eggshell fragments were then incubated in enhanced chemiluminescence detection reagents (Pierce, USA) and dotted on transparent sheets. Chemiluminescence was captured with Alliance 2.7 (Uvitec, UK) and intensity was determined using Image J software. The amount of eggshell material was quantified by measuring scattering at 655 nm (OD 655). von Willebrand factor binding was normalised for the amount of eggshells by expression in arbitrary units ECL/OD655. The fluorescence signal in the presence of added von Willebrand factor
was set to 100%; data from 12 experiments (mean + S.D.) (H). Eggshells were also incubated with
recombinant deletion mutants of human von Willebrand factor lacking the A1, A2 or the A3 domain,
respectively (I). enhanced chemiluminescence signal of full-length von Willebrand factor was set
to 100%, data from three independent experiments (mean + S.D.). Magnification in A-E is identical
(bar represents 100 μm) and higher than in F and G (bar represents 50 μm).









When eggs are laid by the female schistosome in the circulation of the host, they immediately come into contact with circulating plasma proteins. We hypothesised that, next to VWF, other plasma proteins involved in fibrin formation, platelet activation and aggregation, bind to eggshells. To test this, we incubated stripped eggshell fragments with plasma and subsequently washed those six times with PBS. Thereafter, bound plasma proteins were released by boiling the eggshells in Laemmli buffer. Released proteins were analysed by SDS-PAGE together with a lane of diluted plasma (Fig. 4.2). A clear difference in protein band pattern was observed between plasma and plasma proteins bound to schistosome eggshell fragments, especially in the high molecular weight range, demonstrating selective binding of certain plasma proteins to eggshells. Following trypsin digestion and LC-MS/MS analysis, the identified proteins in both samples were compared (Table 4.1 and Supplementary Table S1). The high molecular weight plasma protein which specifically bound to eggshells (gel slices 1 and 2) was identified as fibronectin. Although the pattern of protein bands between approx. 50-75 kDa in plasma was similar to the pattern of proteins bound to eggshells, the major proteins in these gel slices were different. In this respect it is noteworthy that albumin, the major plasma protein, could hardly be detected among the proteins bound to eggshells. This validates the selectivity of the binding. The plasma proteins specifically bound to eggshells in the molecular weight region of albumin consisted mainly of fibrinogen (gel slices 5-7). Fibrinogen is a haemostatic protein and is the precursor of fibrin. When cross-linked, fibrin networks reinforce a platelet plug. Similar to fibrin, fibronectin plays an essential role in wound healing and blood clot formation.






  Figure 4.2: Specific human plasma protein binding to Schistosoma mansoni eggshells. Blood was freshly drawn from human volunteers in containers containing citrate as anti-coagulant and spun for 10 min at 1200g to obtain platelet-poor plasma. Stripped S. mansoni eggshell fragments were incubated for 1 h with 1 ml of this platelet-poor plasma. After incubation, the eggshell fragments were washed six times with PBS, boiled in Laemmli buffer and run through 12% SDS-PAGE (lanes eggs + plasma), with a control lane containing 10 µl of the used plasma diluted 1:200 in PBS (lane plasma 1:200). Molecular weight marker is shown. Slices were cut from the gel as indicated and numbers correspond to the proteomics data provided in Table 4.1 and Supplementary Table  S1.














Table 4.1: List of main proteins in human plasma versus proteins of human plasma bound to Schistosoma mansoni eggshells. The numbers refer to the gel slices cut from SDS-PAGE as shown in Fig. 4.2. Proteins were in-gel digested with trypsin and subsequently analysed by LC-ion trap MS/MS as described previously (208). Spectra were searched against the human (UniProt) and schistosome (Schistosoma mansoni, release 4.0 h at www.genedb.org) database using the Mascot search algorithm (version 2.2.07). To examine the major differences between protein hits in corresponding bands, only proteins with at least four unique peptides with a peptide score >30 were considered. For each gel slice the most abundant proteins identified are listed, with a maximum of three, ranked by the number of peptides detected for each protein. For a comprehensive overview of the protein identification data, see Supplementary Table S1.
	
	 Total plasma proteins 
	 Eggshell-bound plasma proteins


	 Gel slice
number 
	 Protein name 
	 Peptides
detected 
	 Protein name
	 Peptides
detecteda


	

1 
	 Albumin 
	 19 
	 Fibronectin 1 
	 80


	
2 
	 Albumin 
	 22 
	 Fibronectin 1 
	 139


	
	 Fibronectin 1 
	 13 
	 Talin 1 
	 7


	
	 Alpha-2-macroglobulin 
	 11 
	 - 
	 


	
3 
	 Albumin 
	 36 
	 Fibronectin 1 
	 34


	
	 Alpha-2-macroglobulin 
	 25 
	 Collagen, type II, alpha 1 
	 5


	
	 Ceruloplasmin (ferroxidase) 
	 11 
	 - 
	 


	
4 
	 - 
	  
	 Fibronectin 1 
	 9


	
5 
	 Albumin 
	 64 
	 - 
	 


	
	 Serotransferrin 
	 26 
	 - 
	 


	
6 
	 Albumin 
	 132 
	 Fibrinogen alpha chain 
	 57


	
	 Fibrinogen alpha chain 
	 15 
	 Vitronectin 
	 14


	
	 Uncharacterised protein 
	 8 
	 Albumin 
	 14


	
7 
	 Albumin 
	 42 
	 Fibrinogen beta chain 
	 30


	
	 Alpha-1-antitrypsin 
	 28 
	 Fibrinogen alpha chain 
	 23


	
	 Ig gamma-1 chain C region 
	 14 
	 Uncharacterised protein 
	 13


	
8 
	 - 
	  
	 Fibrinogen gamma chain 
	 32


	
	 - 
	  
	 Fibrinogen alpha chain 
	 18


	
	 - 
	  
	 Actin, beta 
	 7


	
9 
	 Albumin 
	 19 
	 Actin, beta 
	 27


	
	 - 
	  
	 Apolipoprotein A-IV 
	 12


	
	 - 
	  
	 Fibronectin 1 
	 12


	
10 
	 Albumin 
	 25 
	 Fibrinogen alpha chain 
	 10


	
	 Haptoglobin 
	 16 
	 - 
	 


	

	 Apolipoprotein A-IV 
	 4 
	 - 
	 


	
11 
	 Albumin 
	 8 
	 Clusterin 
	 15


	
	 - 
	  
	 Apolipoprotein E 
	 10


	
	 - 
	  
	 Fibrinogen alpha chain 
	 9


	
12 
	 Albumin 
	 9 
	 Apolipoprotein E 
	 34


	
	 Apolipoprotein E 
	 6 
	 Fibrinogen alpha chain 
	 10


	
	 Fibrinogen alpha chain 
	 6 
	 Fibrinogen gamma chain 
	 10


	
13 
	 Uncharacterised protein 
	 12 
	 - 
	 


	
14 
	 Albumin 
	 11 
	 - 
	 


	
15 
	 Apolipoprotein A-I 
	 11 
	 - 
	 


	

a Average of two independent experiments.










The set of proteins bound to eggshell was also enriched in actin and talin. These cytoskeleton proteins probably originate from the remaining platelets in the platelet-poor plasma. This is in accordance with previous reports which show that platelets bind very well to eggshells (203). We also observed an enrichment of apolipoproteins E and A-IV in the set of proteins that bound to eggshells (Table 1). In plasma, Apo-IV is present on chylomicrons, whereas Apo E is present on chylomicrons and on intermediate-density lipoproteins (IDLs). Their presence in the set of proteins bound to eggshells could be a result of binding of lipoproteins to eggshells. It is known that adult worms have a low-density lipoprotein (LDL)-receptor-like protein on their tegument (158) and that the worms bind LDL (34). The binding of LDL probably helps the adult worms to mask their antigens and hence hide from the immune system. However, on eggshells no LDL-receptor-like protein is known to be present.


In contrast to the immune fluorescence experiments, the proteome analysis of bound plasma proteins did not reveal VWF as a protein bound to schistosome eggs. Fluorescence is a highly sensitive detection method compared with our proteomic workflow. Mass spectrometry detects the most abundant peptides of a trypsin digest of a protein sample, and thus this technique will only show the proteins mostly present in the analysed material. Therefore, absence of detection by this method cannot be interpreted as an indication that the protein in question is not present. Of note, the plasma concentration of VWF (approximately 10 µg/ml) is very low compared with that of fibrinogen and fibronectin (2-4 mg/ml, 0.3-0.4 mg/ml, respectively). These plasma components each bound to the eggshell and were extremely enriched from plasma compared with albumin and other plasma proteins, but the unfavorable concentration ratio of VWF to fibrinogen and fibronectin on the eggshell seems to have left VWF undetectable by proteomics. The near absence of albumin in the proteins bound to eggshells further demonstrates the specificity of the binding of other plasma proteins to S. mansoni eggshells. Moreover, the binding efficiencies and kinetics of VWF compared with the other possibly competing eggshell binding proteins identified in our proteomics experiments may also have played a role.


To check whether all eggshell bound proteins were from the host and not from the parasite itself, the mass spectrometric data were also searched against the schistosome database. The only schistosome protein found in this analysis was actin, but all identified peptides showed complete homology to human actin. As no schistosome-specific peptides derived from actin were observed, it is likely that the human plasma and not the schistosome itself is the source of the actin found. Altogether, the set of eggshell-binding plasma proteins is indicative of fibrin formation and platelet binding to eggshell.


Our results demonstrate that the schistosome eggshell binds the plasma proteins, VWF, fibrinogen and fibronectin, which play an essential role in clot formation. The main function of VWF is binding to other proteins by protein-protein interaction, for which VWF comprises many binding domains. Upon injury VWF plays an important role in platelet-vessel wall adhesion by binding both platelets (via GPIb and GPIIb-IIIa) and the extracellular matrix of the damaged endothelium exposing collagen and fibrin. Binding of VWF to the GPIIb-IIIa complex, which is exposed on activated platelets only, also plays a role in platelet cross-linking and platelet plug expansion (105). Direct binding of VWF to the eggshell by the A1 domain may thus have two effects. VWF may be directly involved in the binding of eggs to the endothelium by forming a bridge between the eggshell and the extracellular matrix. Indirectly, binding of VWF in combination with the binding of platelets (203) may induce platelet adhesion, platelet activation and secondary haemostasis, allowing the formation of a stable clot. In turn, this should facilitate a firm binding of the egg to the endothelium. Next to induction of clot formation, the schistosome egg also contains fibrinolytic capacity, as it has been shown that soluble extracts of eggs contain a plasmin-like fibrinolytic enzyme activity that could counteract uncontrolled thrombogenesis (51).


Coagulation normally occurs in the case of bleeding, when endothelium is damaged and extracellular matrix is exposed to which VWF can bind. Damage to the endothelium is in itself an activator of platelets and blood coagulation, as are shear stress and turbulence (177). In case of schistosomiasis, shear stress can be caused by the presence of the relatively large worms and eggs. Attachment of adult worms to the endothelium may cause endothelial damage that leads to activation of endothelial cells (168). As coagulation is initiated on eggshells in the near presence of damaged and activated endothelium, VWF bound to the egg may anchor the eggshell to the endothelium, after which platelet aggregation and fibrin clot formation can stabilise the binding.


Extravasation is the first step of excretion and is likely to occur rapidly, before eggs have fully matured and start secreting enzymes and other material. In vitro adhesion of eggs to endothelium takes place within 2 h (98,126). Within 4 h after adhesion to the vascular endothelium, endothelial cells actively migrate over the eggs (64). This way the eggs are removed from the blood vessel.
The binding site by which VWF binds to S. mansoni eggs is not easy to resolve experimentally, as this target cannot be isolated because the eggshell is composed of a heavily cross-linked protein structure (48). Furthermore, VWF is a very large protein that has no catalytic activity and its primary function is binding to other proteins via protein-protein interactions. These interactions do not resemble classical receptor-ligand interactions, but are rather complex protein-protein interactions with induced conformational changes. In addition, VWF comprises many different domains for protein-protein interactions and even domain A1, which is crucial for binding to schistosome eggs, binds to a large variety of structures, such as glycoprotein Ib (GPIb), Staphylococcus protein A, Snake Venom Metalloproteinase, collagen and heparin (156). For these reasons, the molecular mechanisms by which VWF binds to most other well-known interacting partners has not yet been resolved, and this prohibits the identification of potential VWF binding sites in the schistosome eggshell on the basis of structural homology to a known target.


In conclusion, our data demonstrated that eggshells of S. mansoni bind a specific set of plasma proteins, including VWF. We suggest that binding of plasma proteins to eggshells is physiologically relevant and a crucial step in extravasation as it promotes binding to damaged or activated endothelium. It thereby prevents eggs being swept into the circulation and it facilitates egg extravasation from the blood vessel, which is the first step in excretion of the egg.
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Supplementary data






Table S1: List of proteins identified in human plasma versus proteins of human plasma bound to Schistosoma mansoni eggshells. The band numbers (BN) refer to the gel slices cut from SDS-PAGE as shown in Fig. 4.2. For each gel slice all protein identifications with at least four unique peptides are listed. PC, protein coverage; TP, total number of peptides; UP, number of unique peptides.

  	Band
number
  	Plasma
  	Eggs1
  	Eggs2



  	Protein name
  	PC	TP	UP
  	Protein name
  	PC	TP	UP
  	Protein name
  	PC	TP	UP



  	1
  	Albumin	21.8	19	14
  	Fibronectin 1	20.5	47	29
  	Fibronectin 1	32.0	112	56



  	1
  	Inter-alpha (Globulin) inhibitor H2	4.3	5	4
  	
  	Fibrinogen alpha chain	6.9	6	6



  	1	
  	Collagen, type II, alpha 1	4.8	6	5



  	2
  	Serum albumin	25.3	22	14
  	Fibronectin 1	38.4	160	66
  	Fibronectin 1	30.9	117	51



  	2
  	Alpha-2-macroglobulin	8.0	11	11
  	Talin 1 	5.5	9	8
  	Talin 1 	3.4	5 5


	
2	Fibronectin 1	7.1	13	11



	
3	Serum albumin	36.5	36	21	Fibronectin 1	11.8	26	20	Fibronectin 1	15.2	42	30



	
3	Alpha-2-macroglobulin	15.8	25	22	Collagen, type II, alpha 1	2.9	6	4	Collagen, type II, alpha 1	2.9	4	4


	
3	Ceruloplasmin (ferroxidase)	11.5	11	10		Talin 1	1.5	4	4



	
3	Pregnancy zone protein	8.4	6	6


	
3	Complement C3	3.7	5	4


	
4		Fibronectin	1 2.8	7	5	Fibronectin 1	4.9	11	8


	
4		Fibrinogen alpha chain	4.7	4	4


	
5	Serum albumin	49.6	64	29


	
5	Serotransferrin	33.4	26	21


	
5	Ig mu chain C region	18.1	8	7


	
5	Complement C3	4.9	5	5


	
6	Serum albumin	75.9	132	46	Fibrinogen alpha chain	30.6	49	28	Serum albumin	32.8	21	16


	
6	Fibrinogen alpha chain	22.5	15	14	Albumin (Fragment)	22.7	6	5	Fibrinogen alpha chain	30.9	65	31


	
6	Uncharacterized protein	12.8	8	7	Vitronectin	19.7	14	9	Vitronectin	16.7	14	8


	
6	Fibronectin 1	3.9	5	5	Fibronectin 1	4.9	9	8


	
6		Collagen, type II, alpha 1	3.5	5	4


	
7	Alpha-1-antitrypsin	51.2	28	17	Fibrinogen beta chain	41.1	33	22	Fibrinogen beta chain	35.6	27	19


	
7	Serum albumin	40.1	42	21	Fibrinogen gamma chain	30.2	17	12	Uncharacterized protein	19.5	8	7


	
7	Ig gamma-1 chain C region	36.1	14	10 	Fibrinogen alpha chain	27.0	27	22	Fibrinogen alpha chain	19.2	19	16


	
7	Fibrinogen beta chain	22.8	14	10	Albumin	20.7	14	9	Fibrinogen gamma chain	16.5	8	6


	
7	Ig alpha-1 chain C region	15.6	6	4	Vitronectin	16.7	7	6	Fibronectin 1	5.1	6	6


	
7		Fibronectin 1	5.8	9	9


	
8		Fibrinogen gamma chain	42.7	34	17	Fibrinogen gamma chain	34.7	30	13


	
8		Fibrinogen alpha chain	23.2	20	16	Actin, beta	19.1	7	7


	
8		Actin, beta	19.1	6	6	Fibrinogen alpha chain	16.7	16	12


	
8		Fibrinogen beta chain	13.2	4	4	Fibrinogen beta chain	16.5	6	6


	
8		Albumin	12.5	9	7	Uncharacterized protein	10.0	7	6



	
8		Fibronectin 1	9.7	18	16


	
9	Serum albumin	25.1	19	13	Actin, beta	37.0	31	19	Fibronectin 1	7.0	12	9


	
9		Apolipoprotein A-IV	21.7	10	8	Actin, beta	32.2	22	17


	
9		Fibrinogen alpha chain	21.7	14	12	Apolipoprotein A-IV	22.7	13	9


	
9		Fibronectin 1	6.5	12	10	Fibrinogen alpha chain	9.8	5	5


	
9		Fibronectin 1	2.9	7	6


	
10	Serum albumin	26.6	25	14	Fibrinogen alpha chain	4.2	8	4	Fibrinogen gamma chain	10.2	11	6


	
10	Haptoglobin	19.4	16	8		Clusterin	9.8	13	7


	
10	Apolipoprotein A-IV	10.1	4	4		Fibrinogen alpha chain	8.5	11	6


	
10	Fibrinogen alpha chain	5.5	7	5		Fibronectin 1	2.8	6	6


	
10	Complement C3	2.3	4	4


	
11	Albumin	10.2	8	5	Apolipoprotein E	24.3	10	7	Apolipoprotein E	26.8	9	8


	
11		Clusterin	15.4	17	8	Clusterin	16.7	12	9


	
11		Fibrinogen alpha chain	9.7	10	7	Fibrinogen alpha chain	11.0	8	6


	
11		Fibronectin 1	3.0	7	6	Fibrinogen gamma chain	10.2	8	5


	
12	Apolipoprotein E	19.9	6	6	Apolipoprotein E	42.3	36	15	Apolipoprotein E	34.7	31	13


	
12	Serum albumin	18.7	9	8	Fibrinogen alpha chain	11.9	7	5	Fibrinogen alpha chain	10.7	12	8


	
12	Fibrinogen alpha chain	6.1	6	4	Fibrinogen gamma chain	10.2	9	6	Fibrinogen gamma chain	10.6	10	6


	
12		Fibronectin 1	3.4	12	8


	
13	Uncharacterized protein	17.2	12	8		Fibronectin 1	3.0	5	5


	
14	Albumin	19.9	11	10	Actin, beta	12.3	4	4	Tyrosine 3-monooxygenase/

tryptophan 5-monooxygenase
activation protein, zeta
polypeptide (Fragment)	
22.8	5	4


	
15	Apolipoprotein A-I	24.1	11	4







  
    Evaluation of molecular and serological methods for diagnosing two cases of neuroschistosomiasis
    
    
    
    
    
    
    

    

    

    

    
  




  

Chapter 5
Evaluation of molecular and serological methods for diagnosing two cases of neuroschistosomiasis



Saskia deWalickE1,
Rob KoelewijnE2,
Aloysius G.M. TielensE1,
Jaap J. van HellemondE1,E2




Manuscript in preparation






Affiliations


	E1

	Department of Medical Microbiology and Infectious Diseases, Erasmus MC, Rotterdam, The Netherlands



	E2

	Laboratory of Parasitology, Harbour Hospital and Institute for Tropical Diseases, Rotterdam, The Netherlands








Abstract:



Neuroschistosomiasis is the most severe ectopic form of schistosomiasis. To prevent severe neurological damage and permanent disability, rapid diagnosis and treatment are crucial. However, diagnostic tools for rapid diagnosis of neuroschistosomiasis are currently lacking. Here we present two cases of confirmed schistosome myelopathy and compared molecular as well as distinct serological methods for their usefulness to diagnose neuroschistosomiasis. Real-time quantitative PCR and Western blots did not provide positive test results for our patients, but quantification of specific antibody levels against adult worm antigens and egg antigens in serum and cerebrospinal fluid was indicative for intrathecal antibody production directed against schistosome eggs. Hence the proposed egg/worm antibody index can be a valuable tool to distinguish between on the one hand patients with true neuroschistosomiasis and on the other hand patients that have systemic schistosomiasis but no eggs in the spinal cord, where the transverse myelitis is caused by a different disorder.
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Introduction



Schistosomiasis is a tropical disease affecting an estimated 200 million people worldwide, mainly in sub-Saharan Africa (74). The disease is caused by a parasitic flatworm of the Schistosoma genus. Eggs laid by the female parasite that are not excreted accumulate in host tissue and cause the vast majority of the disease symptoms. Adult worms usually reside in the mesenteric veins or in the blood vessels surrounding the urine bladder. Sometimes, however, worm pairs reside in ectopic locations.
The most severe ectopic form of schistosomiasis is transverse myelitis. Transverse myelitis is an inflammation of the spinal cord causing neurological dysfunction such as muscle weakness, sensory loss, bladder dysfunction and finally paraplegia. In case of neuroschistosomiasis, it is caused by the inflammatory response of the host to the schistosome eggs that are trapped in the spinal cord. The eggs are deposited in situ after aberrant migration of adult worms to the central nervous system (CNS), or by egg dissemination via the bloodstream through retrograde venous flow into the Batson vertebral epidural plexus, which connects the deep iliac veins and inferior vena cava with veins of the spinal cord (26,27,154). The inflammatory lesions around the eggs suppress the spinal cord causing neurological dysfunction. Neuroschistosomiasis has an acute or subacute onset and may then progress to full paralysis within 15 days if untreated (63). Diagnosis of neuroschistosomiasis is difficult and the disorder is often not recognized and therefore probably underdiagnosed (62). True prevalence is unknown, but a study in Brazil showed that 5.6% of non-traumatic and non-tumoural myelopathies were caused by neuroschistosomiasis (29).


Normally, the cerebrospinal fluid (CSF) contains little protein and few cells. During inflammatory diseases of the CNS, the blood-brain-barrier is usually damaged at least to some extent. Therefore, leakage of antibodies from blood plasma into the CSF is likely to occur. Hence, the presence of anti-schistosome antibodies in the CSF could either be the result of intrathecal antibody production due to neuroschistosomiasis or it could be the result of leakage of antibodies from the plasma into the CSF due to damage to the blood-brain-barrier caused by a distinct neurological disorder. Leakage of plasma antibodies into the CSF is a-specific and the profile of the antibodies leaking will resemble that of plasma antibodies. Intrathecal antibody production on the other hand is specific and the antibodies produced are directed against the antigens of the pathogen in the central nervous system. As the number of (migrated) B-cells in the CSF is limited, the different antibodies that are produced intrathecally are also limited. In case of neuroschistosomiasis, where the immune response is directed against the schistosome eggs that have crossed the blood brain barrier, intrathecal antibody production is expected to be differentially directed to eggs more than to worms. However, it should be realized that the egg and the adult worm share many of their antigenic proteins (40).


As therapeutic delay may quickly lead to severe neurological damage and permanent disability, rapid diagnostic tools are needed (28). Diagnosis of spinal cord neuroschistosomiasis usually relies on the clinical diagnosis of transverse myelitis by imaging techniques (such as MRI) to show edema and swelling of the spinal cord, in combination with diagnosis of an active infection with Schistosoma spp. and exclusion of other causes of myelitis. Current methods cannot properly discriminate between neuroschistosomiasis as the cause of the transverse myelitis and transverse myelitis with other causes in patients with systemic schistosomiasis. The gold standard for diagnosis of neuroschistosomiasis is retrieval of eggs from the spinal cord (28). However, this invasive method is rarely used, because of the risk for serious complications. Therefore, all current methods of diagnosis are non-specific for neuroschistosomiasis and are based on exclusion of other causes of the myelopathy. It is important to exclude any other infectious cause of myelopathy and to be certain of the diagnosis neuroschistosomiasis because the therapy for neuroschistosomiasis includes a high dose of corticosteroids that will have adverse effects in patients with transverse myelitis caused by viral or bacterial pathogens (183).


Here we report two cases of schistosome myelopathy and examined the usefulness of three methods to diagnose neuroschistosomiasis. These methods have proven to be useful in the diagnosis of other infections in the CNS such as neurosyphilis, toxoplasmosis, and varicella zoster virus infection. The following tests were examined: (1) detection of schistosome DNA in CSF by real-time semi-quantitative PCR in order to demonstrate the presence of the parasite in the CNS, (2) Western blot analysis to demonstrate a qualitatively different anti-schistosome antibody composition in CSF compared to serum, and (3) indirect hemagglutination assay (IHA) and ELISA to demonstrate a quantitatively different anti-schistosome antibody composition in CSF compared to serum, a method previously described (42). 
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Materials and Methods




Case descriptions



Two patients (A and B) presented at the Erasmus University Medical Center with the clinical symptoms of progressive transverse myelitis. Paired serum and CSF samples from each patient were taken at presentation and once thereafter.


Patient A was a 35 year-old male who in May 2008 presented to the emergency department with progressive pain and muscle weakness in the upper legs (42). Two months prior to presentation, he suffered from diarrhea during a visit to Brazil. The pain in his legs started four days prior to hospital presentation and was accompanied by dysuria and a feeling of incomplete voiding. During the next few days, muscle weakness, sensory disturbances and bladder dysfunction increased. An MRI scan showed swelling and edema of the low-thoracic and lumbar spinal cord without abnormalities in the brain. Antibodies against schistosome antigens were found in serum and CSF and levels were increased after 11 days (Table 5.1). In a rectal biopsy one dead S. mansoni egg embedded in a granuloma was found. Based on these results and the negative test results for other infectious causes of transverse myelitis, the diagnosis neuroschistosomiasis was made and treatment was started. The patient received praziquantel (2 daily doses of 30 mg/kg for 3 days) and high dose of intravenous (i.v.) methylprednisolone (2 daily doses of 500 mg for 5 days) followed by oral prednisone (3 daily doses of 0.5 mg/kg) tapered gradually over the next several months. Within a week the patient's condition improved dramatically and he was discharged from the hospital. During the next months, muscle strength and sensibility improved, and bladder function normalized.


Patient B was a 59-year old male who presented in September 2010 at our neurology department. The patient was born in Suriname, a country to which he traveled regularly and his last visit was in 2009. In January 2010 he developed progressive lumbar pain irradiating to the lower limbs, with asymmetric loss of sensibility and progressive muscle weakness in the legs. The patient was able to walk for 15 to 30 minutes, but fell regularly. He had problems walking stairs and needed to pull himself on the handrail. The patient was incontinent for urine when in high need. Otherwise miction and defecation were not affected. MRI showed a lesion in the spinal cord at the low-thoracic and lumbar typical for myelitis transversa. The protein level (1.12 g/L) and the numbers of leukocytes (19×106/L) and monocytes (13×106/L) were elevated in CSF. Furthermore, antibodies against schistosomes were found in paired serum and CSF samples, collected at presentation and 8 days later (Table 5.1). No eggs of schistosomes could be demonstrated by microscopic methods in feces or urine. Since no other cause for the transverse myelitis was found, the patient was treated with praziquantel (2 daily doses of 30 mg/kg for 3 days) and methylprednisolone (once daily 500 mg i.v. for 5 days) followed by oral prednisone (2 daily doses of 0.5 mg/kg tapered gradually over the next several months). The physical condition of this chronic patient improved significantly within a week, but the patient did not fully recover probably due to irreversible nerve damage caused in preceding nine months of disease.
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DNA isolation and real-time PCR



A real-time PCR was performed on DNA extracted from 0.2 ml CSF using easyMag (bioMérieux, France) according to the manufacturer's instructions. Phocine Herpes Virus (PhHV) was added to the lysis buffer as an internal control. The used primers and probes have been designed based on sequences from S. haematobium (GenBank accession DQ677661), S. mansoni (AF503487) and S. intercalatum (U22166) (127). We used the following PCR cycle conditions: a denaturation step of 15 min at 95 °C, followed by 50 cycles of 15s denaturation at 95 °C, 30s annealing at 60 °C and 30s elongation at 72 °C. Fluorescence was measured at each annealing step.
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Western blot analysis



Worms and eggs were retrieved from experimentally infected hamsters. Worms and eggs were homogenized by sonification for 3  30 sec in phosphate buffered saline (PBS). The homogenate was spun down for 10 min at 18000 g. The obtained supernatant was used to load SDS-PAGE gels (5 μg adult worm protein or 10 μg egg protein, as measured by a Lowry protein assay using bovine serum albumin as a standard). Gels were blotted on PVDF membranes, blocked for 1 hr in low fat milk powder in TBS-tween and subsequently incubated with either serum (1:1000) or CSF (1:100). The secondary antibody was HRP conjugated anti-human IgG (1:10000) (Dako, Glostrup, Denmark). Bands were visualized using ECL (Pierce, Rockford, IL, USA) on Hyperfilm (Amersham, GE healthcare, Diegem, Belgium).
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Serological methods



Total albumin and total IgG were determined in serum and CSF by routine clinical chemistry methods. Antibody titers to schistosome worm-antigens were determined using a commercial IHA (Fumouze Diagnostics, Levallois-Perret, France) and agglutination at serum titers of 1:80 and over are positive for schistosomiasis (189). Schistosome egg-specific antibodies were determined by ELISA of soluble worm antigen (SEA) as described before (189). Anti-egg antibody levels were expressed as Arbitrary Units (AU) calculated as Optical Density (OD)  dilution/10 and AU values 88 in serum are positive test results for schistosomiasis.
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Theory and calculation of serological indices



The albumin index is a measure for the integrity of the blood-brain barrier and values ≥0.0090 indicate an impaired function of the blood-brain barrier (181).






Albumin index = AC / AS







	

	AC = albumin concentration in CSF (g/L)


	AS = albumin concentration in serum (g/L)





The total IgG index is a measure for increased concentrations of total IgG in CSF and values ≥0.70 are already suggestive for intrathecal antibody production, since albumin leaks more easily through the blood-brain barrier when compared to antibodies (104,60,142).






Total IgG index=(IC/AC) / (IS/AS)








	IC = total IgG CSF (g/L)


	

	IS = total IgG serum (g/L)





Intrathecal antibody production will occur upon any inflammatory response in the CNS, and therefore, the total IgG index is not specific for schistosomiasis. Demonstration of schistosome-specific antibodies in CSF is thus more informative and this has indeed been shown to be an indication for neuroschistosomiasis (61,131). However, the presence of schistosomes-specific antibodies in CSF does not discriminate intrathecal production of these antibodies from antibody leakage from the plasma into the CSF. Two methods have been developed to correct for leakage of antibodies from plasma into the CSF. Antibody titers can be corrected for albumin concentrations in CSF, which is not commonly used, or corrected for total IgG in CSF, which is known as the specific antibody index. The cut-off value for specific antibody indices is 1.5, with higher levels indicative for intrathecal production of specific antibodies (143).






Schistosome-specific antibody index = (EC/IC) / (ES/IS)







	EC = anti-egg IgG in CSF (OD × dilution)


	

	ES = anti-egg IgG in serum (OD × dilution)





Transverse myelitis in neuroschistosomiasis is caused by the immune response directed to schistosome eggs. To differentiate between leakage of plasma antibodies and intrathecal antibody production, we also used an index which calculates whether the anti-schistosome IgG response in CSF is more egg-directed than in serum. We used the egg-worm antibody index as a measure for the relative enrichment of anti-egg IgG over anti-worm IgG in CSF when compared to serum.






Egg-worm antibody index = (EC/WC) / (ES/WS)







	WC = anti-worm IgG in CSF (titer)


	

	WS = anti-worm IgG in serum (titer)





This is the most specific antibody index which will only show increased values when antibodies directed against eggs of schistosomes are produced intrathecally, which only occurs when neuroschistosomiasis is the cause of the transverse myelitis. Following Luger et al. (2000)(104), we suggest a cut-off value of 2 for this egg-worm antibody index, representing a two-fold increase in egg-specific antibodies in CSF. This means that values ≥2 indicate intrathecal production of IgG specific for schistosome eggs, and thus indicate neuroschistosomiasis.







Table 5.1: Serological data of paired serum-CSF samples. The results are shown of serological analysis of the two paired serum and CSF samples collected from two patients (A and B) at presentation (day 0) and at day 11 and 8 after presentation respectively. Total albumin and total IgG were determined by routine clinical chemistry methods. Antibody titers to schistosome worm antigen were determined by a commercial indirect hemagglutination assay (IHA) and antibody levels of schistosome egg-specific antibodies were determined by ELISA and expressed as Arbitrary Units (AU) calculated as Optical Density (OD) × dilution / 10.
	Sample
	Type
	Albumin
(g/L)
	Total IgG
(g/L)
	Worm IHA
titer
	SEA ELISA
AU


	A1
	serum
	43.3
	12.4
	2560
	229.6



	CSF
	0.859
	0.128
	16
	3.95


	A11
	serum
	41.2
	9.8
	5120
	286.8



	CSF
	0.771
	0.228
	32
	7.73


	B1
	serum
	44.0
	13.3
	5120
	136.0



	CSF
	0.803
	0.169
	4
	1.88


	B8
	serum
	46.7
	13.7
	5120
	185.2



	CSF
	o.438
	0.070
	4
	1.63
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Results




Real-time semi-quantitative PCR



Real-time semi-quantitative PCR is a very sensitive method to detect specific DNA and it has been used to detect schistosome infections in blood (36,198,204). We hypothesized that if the transverse myelitis was caused by eggs of Schistosoma species, some of their DNA might leak into the CSF and this schistosome DNA can then be detected by a sensitive PCR method. Hence, for our two patient cases we examined the usefulness of real-time semi-quantitative PCR on CSF for the diagnosis of neuroschistosomiasis. The used PCR method targets the internal-transcribed-spacer-2 (ITS2), a multi-copy sequence in schistosomes. This assay had a detection limit of 0.1 pg of schistosome DNA per assay as determined in our laboratory by the use of dilution series of purified chromosomal DNA of adult schistosomes (not shown). Thus, the detection limit is less than the amount of DNA present in one single schistosome cell. Despite the high sensitivity of the PCR, schistosome DNA could not be amplified in any of the CSF samples of our two neuroschistosomiasis patients while internal controls were amplified properly. Therefore, detection of schistosomal DNA by a sensitive PCR method does not seem to be useful for diagnosing neuroschistosomiasis.
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Serology



When intrathecal antibody production against schistosome antigens can be demonstrated, neuroschistosomiasis is confirmed. Therefore, it is important to distinguish between leakage of antibodies from blood plasma into the CSF and intrathecal antibody production. In the case of leakage of antibodies against schistosomes from the plasma into the CSF, the cause of the transverse myelitis is not necessarily neuroschistosomiasis but could be anything that causes damage to the blood-brain-barrier in patients that are coincidently infected with Schistosoma species. Intrathecal antibody production is characterized by a raised total IgG index and/or oligoclonal bands in the CSF. Serological diagnosis of neuroschistosomiasis can only be made when intrathecal production of specific antibodies against schistosomes can be demonstrated. We performed Western blots, IHA and ELISA to qualify and quantify the anti-schistosome response in both serum and CSF of two patients with neuroschistosomiasis to examine their usefulness for the diagnosis of neuroschistosomiasis. 
Western blots using worm and egg fractions were performed with both serum and CSF to detect intrathecal production of schistosome-specific antibody production as prove for neuroschistosomiasis (Fig. 5.1). Many protein bands were detected by Western blot using serum and CSF of neuroschistosomiasis patients (Fig. 5.1A and B). However, protein bands were also detected when blots were incubated with serum and CSF from patients infected with other pathogens (Fig. 5.1C and 1D), demonstrating that not all reacting protein bands are the result of schistosomes-specific antibodies. Furthermore, the banding pattern to worm and egg fractions was similar in CSF and serum from the same neuroschistosomiasis patient (Fig. 5.1A and B). In CSF of patient B the Western blot with egg antigens, shows a band at 35 kD that seems to be absent in serum, but interpretation is difficult due to the reduced staining reactivity of the serum blot compared to the CSF blot (Fig. 5.1B). Therefore, the Western blots could not reveal an obvious differential schistosome-specific antibody response in CSF versus serum in our neuroschistosomiasis patients. Hence, no schistosome-specific intrathecal antibody production could be demonstrated. These results are consistent with the findings of Pammenter et al. (1991)(131), and therefore, our results support their conclusion that there is no additional diagnostic value for Western blot over conventional ELISA in the diagnosis of neuroschistosomiasis.







 Figure 5.1: Western blots on worm and egg antigen of paired serum and CSF samples. Soluble worm and egg fractions were blotted on PVDF membranes and incubated with serum (1:1000) or CSF (1:100) of patient A (A) and patient B (B), a patient with bacterial meningitis (C) and a patient with cerebral toxoplasmosis (D).




We used an anti-egg ELISA and a worm IHA to quantify the antibody responses in both CSF and serum to native schistosome antigens. Albumin and total IgG were also measured (Table 1). With these measurements we were able to calculate different indices as mentioned above which are informative about the amount of damage to the blood-brain barrier, the amount of intrathecal antibody production and whether the intrathecal IgG response directed against schistosomes is egg-skewed or adult worm-skewed.
In all our samples the albumin index was elevated, indicating a damaged blood brain barrier (Table 5.2). This further supports the clinical picture of transverse myelitis but does not give any clues towards the cause of the transverse myelitis.
Where the albumin index is a measure for blood-brain damage, the total IgG index can indicate intrathecal antibody production. An elevated total IgG index in schistosome-infected patients is indicative for neuroschistosomiasis (60), but is not specific for neuroschistosomiasis and may occur in any infectious cause of transverse myelopathy. Only one of each of our paired serum/CSF samples of the two patients had an increased total IgG index indicating an infectious cause of the transverse myelitis (Table 5.2). Hence, this index does not seem to be a sensitive method for the diagnosis of transverse myelitis caused by infectious agents.


Pammenter et al. (1991)(131) and Ferrari et al. (1995)(61) showed that the presence of schistosome-specific IgG in CSF is indicative for neuroschistosomiasis. However, this test has a low negative predictive value (131) or lacks sensitivity at the suggested cut off of 1.4 μg/ml (61). Furthermore, this test does not discriminate between antibody leakage form plasma and intrathecal antibody production. A schistosome-specific antibody index or the egg-worm antibody index can confirm intrathecal egg-specific antibody production more specifically than a total IgG index or the absolute levels of anti-worm or anti-egg IgG in the CSF. Magalhães-Santos et al. (2003)(107) noted that the IgG1 isotype levels were higher in the CSF than in serum of patients with neuroschistosomiasis. This suggests local synthesis of IgG1. However, they did not calculate the specific IgG1 antibody index to test for specific intrathecal antibody production. Two of our four samples tested had a positive schistosome-specific antibody index - one from each patient - showing that this antibody index is more sensitive than the total IgG index, but still not sensitive enough for the diagnosis of neuroschistosomiasis. Thus, in our patients, the schistosome-specific antibody index (not divided by subclasses) was not sensitive enough to diagnose neuroschistosomiasis as the cause of transverse myelitis.
 However, the egg-worm antibody index did indicate intrathecal antibody production in all paired serum-CSF samples (Table 5.2), thereby confirming neuroschistosomiasis. Both our patients had increased indices. Patient A had a slightly positive index for the first paired serum/CSF sample which had increased to 4.31 after 11 days. Patient B had highly elevated indices at both time points.








Table 5.2: Calculated indices of paired serum-CSF samples. The four calculated indices for the paired serum-CSF samples. The albumin index [albumin CSF (g/L))/albumin blood (g/L)] as a measure for the integrity of the blood-brain barrier, the total IgG index [(total IgG CSF (mg/L)/albumin CSF (g/L))/(total IgG serum (mg/L)/albumin serum (g/L))] as a measure for concentrations of total IgG in CSF, the schistosome-specific antibody index [(anti-egg IgG in CSF (OD × dilution)/total IgG in CSF)/(anti-egg IgG in serum (OD × dilution)/total IgG in serum)] as a measure for enrichment of egg-specific IgG compared to total IgG  and the egg-worm antibody index [(anti-egg IgG in CSF (OD ×s; dilution)/anti-worm IgG in CSF (titer))/(anti-egg IgG in serum (OD × dilution)/anti-worm IgG in serum (titer))] as a measure for the relative enrichment of anti-egg IgG over anti-worm IgG in CSF when compared to serum.

	Sample
	Albumin
index
	Total IgG
index
	Schistosome
specific
antibody index
	Egg-worm
antibody index



  	A0
  	0.020
  	0.52
  	1.7
  	2.75



  	A11
  	0.019
  	1.24
  	1.2
  	4.31



  	B0
  	0.018
  	0.70
  	1.1
  	17.65



  	B8
  	0.009
  	0.55
  	1.7
  	11.27
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Discussion



Although PCR detection of viral and bacterial pathogens can be used to diagnose several infectious diseases in the CNS, this technique was not capable of detecting schistosome DNA in the CSF of confirmed neuroschistosomiasis patients. Apparently, insufficient amounts of DNA of the eggs are present in the CSF. Viral and bacterial pathogens infecting the CNS replicate and in general disseminate, thereby multiplying their amount of DNA in spreading areas of the CNS. These living micro-organisms or DNA fragments of them can thus be retrieved in the CSF sample collected by puncture. However, schistosomes nor their eggs multiply within the host. Thus, the amount of schistosome DNA from the eggs in the CSF is relatively restricted. Furthermore, the eggs will be encapsulated in granulomas formed by the inflammatory immune response that is elicited upon protein excretion by the developing miracidium inside the egg, prohibiting extensive diffusion of DNA into the CSF. We conclude that real-time semi-quantitative PCR has no additional value in the diagnosis of neuroschistosomiasis, although PCR on stool samples can be useful for confirmation of an active schistosome infection in addition to serology and traditional microscopy (180).


In addition to DNA amplification methods, we examined various serological methods for the usefulness to diagnose neuroschistosomiasis. Intrathecal antibody production against schistosomal eggs could not be demonstrated by Western blot techniques, but the schistosome-specific antibody index and especially the egg-worm antibody index were indicative for neuroschistosomiasis in our patient cases. A further advantage of the egg-worm antibody index is that the outcome is independent of the diagnostic method used. It can be calculated with the results of any two serological tests for the diagnosis of schistosomiasis based on egg and worm antigens. Therefore, this concept could also be useful to diagnose neuroschistosomiasis caused by S. japonicum and S. mekongi, the schistosome species present in Asia, by using serological methods detecting egg and worm antigens of these species (99,101). Every laboratory can implement a ratio with the diagnostic methods that are currently in use in that laboratory. In addition, the test is not biased by the presence of cross reacting antibodies in serum from previous infections, as a positive egg-worm antibody index can only be achieved by increased levels of antibodies in CSF due to intrathecal production. On the other hand, all four test results need to be positive in order to calculate the index, which might limit the sensitivity of this test in endemic areas as antibody titers against schistosomes tend to decrease in time during chronic schistosomiasis due to immune suppression induced by the schistosomes (193).


In conclusion, quantification of antibody levels against worm and egg antigens in CSF and serum to determine the egg-worm antibody index is a simple and relatively rapid method that seems to be useful in the diagnosis of neuroschistosomiasis. However, confirmation on a larger set of neuroschistosomiasis patients is required for the ultimate validation of this method.
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Abstract:



The complex outer-surface structure of adult Schistosoma mansoni, the tegument, is essential for survival of the parasite and consists of a syncytium of fused cells covered by two closely-apposed lipid bilayers that form the interactive surface with the host. In order to identify parasite-specific phospholipids present in the tegument, the species compositions of the major glycerophospholipid classes, phosphatidylcholine (PC), phosphatidylserine (PS), phosphatidylethanolamine (PE) and phosphatidylinositol (PI), including lysophospholipid species were analysed in adult S. mansoni worms, in isolated tegumental membranes and in hamster blood cells. It was shown that there are large differences in species composition in all four phospholipid classes between the membranes of S. mansoni and those of the host blood cells. The species compositions of PS and PC were strikingly different in the tegument compared to the whole worm. The tegumental membranes are especially enriched in lysophospholipids, predominantly eicosenoic acid (20:1)-containing lyso-PS and lyso-PE species. Furthermore, the tegument was strongly enriched in PC that contained 5-octadecenoic acid, an unusual fatty acid that is not present in the host. As we showed earlier that lysophospholipids from schistosomes affect the host-parasite interaction, excretion of these tegument-specific phospholipid species was examined in vitro and in vivo. Our experiments demonstrated that these lysophospholipids are not significantly secreted during in vitro incubations and are not detectable in peripheral blood of infected hosts. However, these analyses demonstrated a substantial decrease in PI content in blood plasma of schistosome infected hamsters, which might indicate that schistosomes influence exosome formation by the host.
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Introduction



Schistosoma mansoni is a parasitic worm that causes schistosomiasis, a disease that afflicts over 200 million people and numerous animals in many rural areas in tropical countries (74). Adult S. mansoni worms are able to maintain themselves for many years in the blood vessels of their mammalian hosts (75). Despite their relatively large size (1 cm long with a diameter of 0.5 mm) compared to veins, and their abundant exposure to immune cells present in the blood of the host, the parasite apparently prevents clot formation and an adequate immune response of its host (108,115,137). Although the underlying molecular mechanisms involved in long-term parasite survival are not yet completely understood, the tegument outer-surface structure of schistosomes is of crucial importance for parasite survival and modulation of the host response (79,171).


The tegument of flatworms is a unique structure in nature that forms the interactive surface with the host. The tegument of schistosomes consists of a syncytium of fused cells covered by two closely-apposed lipid bilayers, constituting an inner plasma membrane and an outer membranocalyx (23,113,171). Multiple studies characterized the protein composition of these tegumental outer-surface membranes, which demonstrated that these membranes contain a specific set of proteins comprising nutrient transporters, structural membrane proteins, several proteins derived from the host and many proteins with a yet unknown function (15,31,184). The tegument of S. mansoni is also enriched in proteins that share no sequence similarity to any sequence present in databases of species other than schistosomes, demonstrating that the unique tegument structures comprise multiple unique proteins that are likely to fulfil schistosome-specific functions involved in parasite survival (15,171,184).


Next to proteins, the membranes of the tegument contain many distinct lipids and it was shown that eicosenoic acid (20:1), a rare species in the mammalian host, is a major component of the phospholipids of the tegumental membrane (2). The few early studies on the lipid compositions of the tegumental membranes provided little information on species compositions and were restricted by the limited technical possibilities of those days (2,151). More recent studies on tegumental membranes of schistosomes using MS techniques showed that the species composition of the phospholipids in the tegumental membranes differ not only substantially from those of blood cells of the host but also from those of whole adult worms (21,190). So far, the diacyl-phospholipid species composition of the tegument has been characterized of the two most abundant phospholipid classes in membranes of schistosomes, PC and PE (21). However, the species compositions of the less abundant phospholipid classes, such as phosphatidylserine (PS) and phosphatidylinositol (PI) have not yet been characterized in the tegument. These phospholipids are of interest as they are known to function as precursors for the production of several potent signalling molecules. Furthermore, schistosome lyso-PS (monoacylphosphatidylserine) species have been shown to activate Toll-Like Receptor 2 (TLR2) and affect dendritic cells of the host in such a manner that mature dendritic cells induce the development of IL-10 producing regulatory T cells, a process known to result in down regulation of the immune response (187). The present study provides a comprehensive analysis of the species compositions of all major glycerophospholipid classes, including PS, PI and lysophospholipids in isolated membranes of whole adult S. mansoni worms, in isolated tegumental membranes, and in membranes of host blood cells. In order to identify parasite-specific lipids the phospholipid species compositions in whole adult worms were compared to those of host blood cells. Furthermore, to identify phospholipid species enriched in the tegumental membranes, the phospholipid species compositions of tegumental membranes were compared to those of whole adult worms. Finally, the possible excretion into the environment of schistosome-specific phospholipids enriched in the tegumental membranes was investigated both in vitro and in infected hamsters.
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Materials and Methods




Chemicals and materials



All solvents used were from Lab-Scan (Dublin, Ireland) and were of HPLC grade. Ammonium acetate, serine and Silica-60 for column chromatography were purchased from Merck (Darmstadt, Germany). Hydrochloric acid was purchased from Baker (St. Louis, MO, USA) and CM-52 was obtained from Serva (Heidelberg, Germany).
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Isolation of tegument, membranes of host blood cells and lipids in host blood



Adult S. mansoni parasites were obtained by perfusion via the heart with 0.9% [w/v] NaCl of ether- or isofluorane-anesthetized hamsters at 45-49 days after infection. Isolated adult S. mansoni worms were washed in Hanks Balanced Salt Solution (HBSS) (161) before tegumental membranes were isolated by a freeze-thaw method according to Roberts et al. (1983)(147) as described by Brouwers et al. (1999)(19). Briefly, adult worms in HBSS were plunged drop by drop into liquid nitrogen. After thawing on ice, worms were extensively washed with ice-cold Tris-buffered saline (20 mM Tris-HCl, pH 7.4, 0.9% [w/v] NaCl, 1 mM of the protease inhibitor phenylmethylsulfonyl fluoride). The tegument membrane complex was removed from the worms by applying 10 vortex pulses of 1 sec. The supernatant, containing the tegumental membranes, was passed over a fine stainless-steel mesh and the filtrate was centrifuged at 5000g for 30 min at 4 °C. The isolated tegument membrane pellets were frozen at -20 °C until further use.


Blood was drawn from anesthetized hamsters by heart punctures. To determine the phospholipid composition of host blood cells, blood from non-infected hamsters was diluted (1:5, v/v) in water in order to lyse the red blood cells by hypotonic shock, shortly before lipid extraction. To analyse the phospholipids possibly excreted by schistosomes while living in the blood of the host, blood plasma from infected hamsters was prepared by centrifugation for 10 min at 1200g of citrated blood collected 45-49 days after infection with S. mansoni. As a control, plasma of non-infected hamsters was obtained by the same procedure. 
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Incubation of adult worms and lipid extraction from culture supernatant and from hamster blood



Adult S. mansoni worms were isolated by perfusion with warm (37 °C) 0.9% [w/v] NaCl and were then incubated for 2 h in S100 medium, which contained 20 mM Hepes (pH 7.4), 85 mM NaCl, 5.4 mM KCl, 0.7 Na2HPO4, 1 mM MgSO4, 1.5 mM CaCl2, 25 mM NaHCO3, 100mM glucose and 20% heat-inactivated human serum. After incubation the adult worms were removed from the medium and ice-cold tri-chloric acid (TCA) was added to the culture supernatant after which the proteins were allowed to precipitate on ice for 30 min. The culture supernatant was subsequently spun down at 18000g for 10 min. Lipids were extracted according to the method of Bligh and Dyer (1959) (12).
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Lipid extraction



Lipids were extracted from the biological samples according to the method of Bligh and Dyer (1959) (12), with the minor modification that 6M HCl (0.1% v/v) was added at the second chloroform wash to increase recovery of acidic phospholipids. Neutral lipids were removed from the extracted lipids by fractionation on a 3 ml silica column prepared from 0.063-0.200 mm Silica 60. Lipid extracts were dissolved in chloroform and loaded on top of the silica column. Subsequently, neutral lipids were eluted with acetone (4 volumes) after which phospholipids and free fatty acids were eluted with methanol (4 volumes). This latter fraction was dried under nitrogen and stored at -20 °C until HPLC-MS analysis of the phospholipids.
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Quantification and identification of phospholipid species composition



Isolated phospholipid samples were analyzed by an HPLC-MS method as previously described (145). In short, phospholipids were separated by HPLC, using a Synergi 4 μm MAX-RP 18A column (250 × 3 mm) (Phenomenex, CA, USA). Elution was performed within 55 minutes with a decreasing linear gradient of water in methanol/acetonitrile, with serine and ammonium acetate used as additives. Mass spectrometry was performed using electrospray ionization on a Sciex 4000QTRAP (Applied Biosystems, Nieuwerkerk aan de IJssel, the Netherlands). Samples were analyzed in a multiple reaction mode (MRM) or by neutral loss scanning or precursor scanning. Data analysis was performed according to the manufacturers' protocols with Markerview version 1.0 software (Sciex, Toronto, Canada).
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Results



This study aimed to provide a comprehensive characterization of the glycerophospholipid and lysophospholipid species compositions of the tegumental membranes of adult S. mansoni worms, in order to identify parasite and tegument-specific phospholipids that might be involved in host-parasite interactions. We used a universal HPLC-mass spectrometry method for the identification of the molecular species of the four most abundant phospholipid classes (PC, PE, PS and PI) in homogenates of whole adult schistosomes, in isolated tegumental membranes of adult schistosomes and in blood cells of the host. The applied method separates isobaric species of all phospholipid classes prior to identification and quantification by mass spectrometry and therefore, allows detection and relative quantification of phospholipid species including lysophospholipids (145).


Tegumental membranes were isolated by a well-established freeze-thaw method originally developed by Roberts et al. (1983) (147). A modified version of this method has been used in our laboratory to characterize the proteome and the species compositions of the phospholipids PE and PC in the tegumental membranes of adult schistosomes (18,19,22,184).


Results of the current analysis of the species compositions of the analysed phospholipids in membranes of whole schistosomes (Table 6.1 and Tables S1-S3), are in general in agreement with our earlier study and the most abundant species of PS, PE, PC and PI in schistosomes were again found to be PS 18:0/22:4, PE 18:0/22:4, PC 16:0/20:1 and PI 18:0/22:4 (145). The present study did not focus on ether-linked PE species, because the positive ion mode now used is less suitable for detection of these PE phospholipids (23). Therefore, this study could not confirm the previously observed abundant presence of ether-linked PE species in schistosome membranes nor the specific enrichment of ether-linked PE species in tegumental membranes, such as 16:0/20:1 plasmalogen-PE (21). 
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PS species analysis



The HPLC-elution pattern of PS species derived from tegumental membranes differed drastically from that of membranes of whole worms and from that of membranes from blood cells, as the tegumental membranes clearly contain much more lyso-PS and etherlipid-PS (Fig. 6.1). Identification and quantification of the PS species demonstrated that schistosome membranes comprise many distinct PS species hardly present in the membranes of blood cells, such as PS 18:0/22:4, PS 18:0/20:1 and several etherlipids (Table 6.1). PS species containing a fatty acid of 22 or more carbon atoms were abundantly present in schistosomal membranes when compared to membranes of blood cells, 57% versus 9% respectively (Table 6.1). On the other hand, species with 22 or more carbon atoms are much less present in the tegument when compared to membranes of whole worms and comprise only 28% of the PS species in the tegument (Table 6.1).


In order to identify the PS species most different in abundance between membranes of adult worms, the tegument and blood cells, a discriminant analysis was performed. This statistical method identifies the components that differ most between groups of samples and thus contribute most to the distinction between these samples. This discriminant analysis identified lyso-PS 20:1 (m/z = 550), lyso-PS 22:4 (m/z = 572) and the PS species with an m/z ratio of 772, 800, 804, 830 and 832 as the PS species most abundant in the tegumental membranes (Fig. S1). At least 4 of th	ese 5 PS species contain ether-linked acyl chains (Table 6.1). Therefore, the PS species composition in the tegumental membranes is specifically enriched in ether-linked PS species (Fig. 6.1), which is similar to the already reported enrichment of ether-linked PE species in the tegument (21).








 Figure 6.1: Analysis of the phosphatidylserine (PS) species composition by HPLC-mass spectrometry. Molecular species were determined in lipid extracts of homogenates of whole S. mansoni worms (panel A), of isolated tegument membranes from adult S. mansoni worms (panel B) and of hamster blood cells (panel C). Phosphatidylserine (PS) species were detected and quantified by multiple reaction monitoring using [M-H]- for MS1 and [M-H-87]- for MS2. Shown is the total ion intensity in arbitrary units during elution. Peak labels correspond to those in Table 6.1













Table 6.1: Molecular species of diacylphosphatidylserine (PS). Molecular species were determined in homogenates of whole adult S. mansoni worms, in isolated tegument membranes from adult S. mansoni worms and in hamster blood cells. PS species were quantified by MRM with [M-H]- for MS1 and [M-H-87]- for MS2. Percentages shown are the average percentages of the total PS species ± standard deviation, of species comprising more than 1% of the total PS. The three most abundant species in each membrane preparation are printed bold and species that comprise more than 2% of the total PS and are enriched at least twofold in tegument compared to lipids in whole worms are underlined. Species marked by an * comprise less than 1% of the total PS in that membrane preparation. Rt, retention time in minutes; #, not identified; , tentative identification based on m/z, retention time and head group fragmentation as full product spectra could not be obtained. 
	
	 
	 
	 
	Whole worm
(n=5)
	Tegument
(n=3)
	Hamster blood cells
(n=5)


	
m/z 
	Rt
	Acyl chains
	Component
	%
	 ± 	S.D.
	%
	 ± 	S.D.
	%
	 ± 	S.D.


	

760 
	 24.7 
	 16:0/18:1 
	 diacyl PS 
	 * 
	 * 
	 1.0 	 ± 	 0.1


	
772 
	 29.7 
	 16:0/20:1 
	 plasmalogen PS 
	 1.9 
	 ± 	 0.2 
	 5.2 
	 ± 	 1.4 
	 *


	
782 
	 21.7 
	 16:0/20:4 
	 diacyl PS 
	 * 
	 * 
	 1.8 	 ± 
	 0.2


	
784 
	 22.7 
	 18:1/18:2 
	 diacyl PS 
	 * 
	 * 
	 1.3 	 ± 	 0.1


	
786 
	 25.1 
	 18:0/18:2 
	 diacyl PS 
	 2.6 
	 ± 	 0.2 
	 1.5 
	 ± 	 0.1 
	 2.5 
	 ± 	 0.1


	
788 
	 28.5 
	 18:0/18:1 
	 diacyl PS 
	 5.3 
	 ± 	 0.5 
	 3.2 
	 ± 	 0.5 
	 2.4 
	 ± 	 0.3


	
796 
	 22.8 
	 17:0/20:4 
	 diacyl PS 
	 * 
	 * 
	 1.9 	 ± 
	 0.1


	
798 
	 31.4 
	 # 
	 
	 1.6 
	 ± 	 0.2 
	 3.8 
	 ± 	 1.2 
	 *


	
800 
	 35.8 
	 18:0/20:1 
	 plasmalogen PS 
	 3.6 
	 ± 	 0.6 
	 10.1 
	 ± 	 2.9 
	 *


	
802 
	 27.6 
	 # 
	 
	 * 
	 2.0 	 ± 	 0.7 
	 *


	
804 
	 29.6 
	 38:0 
	 alkyl,acyl PS 
	 * 
	 7.1 	 ± 	 0.7 
	 *


	
806 
	 19.9 
	 18:2/20:4 
	 diacyl PS 
	 * 
	 * 
	 2.4 	 ± 	 0.2 


	
808 
	 22.0 
	 18:1/20:4 
	 diacyl PS 
	 * 
	 * 
	 14.8 	 ± 	 0.6


	
810 
	 24.1 
	 18:0/20:4 
	 diacyl PS 
	 5.4 
	 ± 	 0.3 
	 2.3 
	 ± 	 0.3 
	 36.0 
	 ± 	 2.7


	
812 
	 25.6 
	 18:0/20:3 
	 diacyl PS 
	 2.0 
	 ± 	 0.1 
	 * 
	 4.8 	 ± 
	 0.3


	
814 
	 28.1 
	 18:0/20:2 
	 diacyl PS 
	 1.9 
	 ± 	 0.1 
	 1.3 
	 ± 	 0.2 
	 *


	
816 
	 32.1 
	 18:0/20:1 
	 diacyl PS 
	 3.5 
	 ± 	 0.4 
	 5.4 
	 ± 	 0.3 
	 *


	
818 
	 32.1 
	 18:0/20:0 
	 diacyl PS 
	 * 
	 1.8 	 ± 
	 0.1 
	 *


	
822 
	 29.0 
	 # 
	 
	 1.3 
	 ± 	 0.2 
	 1.4 
	 ± 	 0.2 
	 *


	
824 
	 25.3 
	 19:0/20:4 
	 diacyl PS 
	 * 
	 * 
	 1.1 	 ± 
	 0.1


	
830 
	 19.2 
	 20:4/20:4 
	 diacyl PS 
	 * 
	 * 
	 4.4 	 ± 
	 0.5


	
830 
	 29.8 
	 # 
	 
	 * 
	 4.1 	 ± 
	 0.5 
	 *


	
832 
	 22.0 
	 40:7 
	 diacyl PS 
	 * 
	 * 
	 3.0 	 ± 
	 0.1

	
832 
	 35.0 
	 40:0 
	 alkyl,acyl PS 
	 * 
	 9.7 	 ± 
	 1.4 
	 *


	
834 
	 22.0 
	 18:1/20:5 
	 diacyl PS 
	 * 
	 * 
	 1.9 	 ± 	 0.1


	
834 
	 23.2 
	 18:0/22:6 
	 diacyl PS 
	 7.6 
	 ± 	 1.3 
	 4.2 
	 ± 	 0.2 
	 3.5 
	 ± 	 0.3


	
836 
	 24.1 
	 18:1/22:4 
	 diacyl PS 
	 * 
	 * 
	 1.9 	 ± 	 0.1


	
836 
	 25.2 
	 18:0/22:5 
	 diacyl PS 
	 5.2 
	 ± 	 0.5 
	 3.0 
	 ± 	 0.9 
	 1.2 
	 ± 	 0.1


	
838 
	 26.1 
	 18:0/22:4 
	 diacyl PS 
	 34.3 
	 ± 	 1.8 
	 16.5 
	 ± 	 2.2 
	 2.8 
	 ± 	 0.2


	
840 
	 28.9 
	 # 
	 
	 5.3 
	 ± 	 0.2 
	 2.6 
	 ± 	 0.4 
	 *
	


	
854 
	 27.9 
	 # 
	 
	 * 
	 1.6 	 ± 
	 0.5 
	 *


	
864 
	 27.0 
	 # 
	 
	 1.7 
	 ± 	 0.2 
	 * 
	 *


	
866 
	 29.4 
	 20:0/22:4 
	 diacyl PS 
	 1.1 
	 ± 	 0.1 
	 * 
	 *


	
866 
	 30.0 
	 18:0/24:4 
	 diacyl PS 
	 1.4 
	 ± 	 0.1 
	 * 
	 *
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PE species analysis



Analysis of the species compositions of PE showed striking differences between PE in blood cells and in lipids of schistosomes (Table S1). The three most abundant species in PE of hamster blood cells (18:1/20:4, 18:1/18:2 and 16:0/18:1) are not even among the top 10 of the most abundant PE species in worms. The reverse is also true: the most abundant PE species in schistosomes (18:0/22:4, 18%) ranks as number 15 in PE species of hamster blood cells and is only present in trace amounts (1.2%).


In contrast to the large difference in PS species composition between whole worms and the tegument, there were no significant differences observed in PE species of the tegument compared to the whole worm (Table S1). 
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PC species analysis



The species composition of PC in schistosomes was clearly different from that of hamster blood cells (Table S2). For example, the number one in PC of the worms with 14% was 16:0/20:1, while that species represented less than 1% of the total PC in hamster blood cells. The most abundant PC species in hamster blood cells was 16:0/18:2 (20%), while this species ranked 5th and represented only 5% of the total PC species in the worms.


Striking, however, are also the differences in PC species composition between worms and their tegumental membranes. The tegument is twofold enriched in 16:0/16:0 diacyl PC, the most abundant PC species in these membranes (Table S2). The most remarkable difference between tegument and worms is the gross enrichment in 16:0/18:1 PC, where the 18:1 fatty acid is very unusual as we showed earlier that it contains the double bond at C5, instead of the common C9 position (22). In tegumental membranes this 16:0/18:1 5 PC represented 12% of the total PC, while worm PC contained only 2%. This is in agreement with our earlier study where we showed that this rare PC species is not detectable in blood of the host and is, apart from dipalmitoyl PC, the most abundant PC species in the tegument of schistosomes (22). 
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PI species analysis



Analysis of the species composition of PI revealed that also large differences existed between the PI species composition of blood cells and that of the schistosome membranes (Table S3). Blood cells contain predominantly PI 18:0/20:4 and PI 18:0/18:2, representing together half of the PI species in hamster blood cells. On the other hand, membranes of whole worms as well as tegumental membranes contained in addition to PI 18:0/20:4, a large amount of PI 18:0/18:1 (21 and 27% in worms and tegument respectively), which represents in hamster blood cells only 2% of the total PI species (Table S3).


When compared to the differences in species compositions of PC and PS, the differences we observed in PI species composition are remarkably small between whole worms and tegumental membranes. PI species are well known to generate potent signaling molecules, but the absence of specific enrichment of certain PI species in the tegument, suggests that specific PI species are not involved in tegument-specific functions.
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Analysis of lysophospholipids



Next to analysis of the diacyl-phospholipid species, we also investigated the presence of monoacyl-phospholipid (lyso-PL) species of the four above mentioned phospholipid classes, as it had been reported that lyso-PC as well as lyso-PS species are important in host-parasite interactions in schistosomiasis (69,106,187). Lysophospholipids and diacyl-phospholipids do not ionize with the same efficiency, and therefore, these phospholipids are not detected with the same efficiency by mass spectrometry. For this reason, the molar ratio between lysophospholipids and diacyl-phospholipids cannot be estimated by mass spectrometry unless careful calibration is performed with a large array of standards, which are not commercially available. However, in order to determine whether one of the three investigated membrane fractions contains a relatively large proportion of lysophospholipid species, the ratio of the detected signals of lysophospholipid species over that of diacyl-phospholipid species can be compared between these fractions. Table 6.2 shows the ratio of detected signals derived from lysophospholipid species over that of diacyl-phospholipids for each phospholipid class in the three analyzed membrane preparations. These results are in line with earlier observations that the schistosomula of S. mansoni can produce lyso-PC (71), and we now show that in adult schistosomes the tegumental membranes, when compared to whole worms, are enriched in lyso-phospholipid species, especially lyso-PS and lyso-PE.










Table 6.2: Ratio of lysophospholipids over diacylphospholipids. Molecular species were determined and quantified as described in the materials and methods in homogenates of adult S. mansoni worms, in isolated tegument membranes from adult S. mansoni worms and in hamster blood cells. Ratios shown are the average ratios of all detected lysophospholipid species over that of all diacylphospholipids species ± standard deviation of each phospholipid class in arbitrary units where the ratio in whole worms was set at 1.0.
	
	 Whole worms
(n=5) 
	 Tegument
(n=4) 
	 Hamster blood cells
(n=4)


	
	 ratio 
	 ± 	 S.D. 
	 ratio 
	 ± 	 S.D. 
	 ratio 
	 ± 	 S.D.


	
lyso-PS/diacyl-PS 
	 1.0 
	 ± 	 0.2 
	 15.8 
	 ± 	 4.0 
	 2.3 
	 ± 	 2.9


	
lyso-PE/diacyl-PE 
	 1.0 
	 ± 	 0.3 
	 7.2 
	 ± 	 7.1 
	 1.3 
	 ± 	 0.4


	
lyso-PC/diacyl-PC 
	 1.0 
	 ± 	 0.4 
	 1.6 
	 ± 	 0.9 
	 1.4 
	 ± 	 0.5


	
lyso-PI/diacyl-PI 
	 1.0 
	 ± 	 0.1 
	 3.4 
	 ± 	 0.2 
	 0.2 
	 ± 	 0.1










Analysis of the lysophospholipid species of the distinct phospholipid classes demonstrated that in blood cells the total acyl-chain length and number of desaturations of the minor amounts of lyso-PC, lyso-PE and lyso-PS were very similar to each other, because over 75% of the lysophospholipid species in these classes comprised acyl chains with 16 or 18 carbon atoms and none or a single desaturation (not shown). The lyso-PI species composition in blood cells also contained a large amount of lyso-PI 20:4 in addition to the lyso-PI species with acyl chains of 16 and 18 carbon atoms (not shown). On the other hand, membranes of adult S. mansoni worms had a lyso-phospholipid species composition with species containing unsaturated acyl chains of 16 or 18 carbon atoms and substantial amounts (over 20%) of lyso-PS 20:1 and lyso-PE 20:1 (Table 6.3). Interestingly, these two lysophospholipid species were drastically enriched in the tegumental membranes when compared to whole worms, and these species were by far the most abundant lyso-PS and lyso-PE species present in the tegumental membranes (Table 6.3). Eicosenoic acid (20:1) is synthesized by the parasite by chain elongation of oleic acid (18:1) and it is an abundantly present fatty acid in schistosomes while virtually absent in the host (18,20,68). The enrichment in the tegument of eicosenoic acid containing lyso-PS and lyso-PE is not observed in lyso-PC and lyso-PI, and the species composition of these lysophospholipid classes is dominated by species containing unsaturated acyl chains of 16 or 18 carbon atoms in lyso-PC and lyso-PI, respectively (Table 6.3). Therefore, no major differences exist in the lysophopholipid species composition of lyso-PC and lyso-PI between tegumental membranes and those whole worms, whereas the tegumental membranes are drastically enriched in lyso-PE and lyso-PS species containing eicosenoic acid (20:1).







Table 6.3: Molecular species of lyso-phospholipids. Molecular species were determined in lipid extracts of homogenates of whole S. mansoni worms and isolated tegument membranes from S. mansoni worms. Lyso-PS species were quantified by MRM with [M-H]- for MS1 and [M-H-87]- for MS2.Lyso-PE species are quantified by MRM with [M+H]+ for MS1 and [M+H-141]+ for MS2. Lyso-PC species are quantified by MRM with [M+H]+ for MS1 and m/z 184 for MS2. Lyso-PI species are quantified by MRM with [M-H]- for MS1 and m/z 241 for MS2. Percentages shown are the average percentages of the total detection of lysophospholipid species ± standard deviation, of species comprising more than 1% of the total lysophospholipids. Species marked by an * comprise less than 1.0% of the total lysophospholipids in that membrane preparation. Species containing an ether-linkage are indicated by the addition alk and the most abundant lysophospholipid species in each fraction is printed bold. Species that are enriched at least twofold in tegument compared to whole worms are underlined.

	Fatty acyl	Lyso PS (% ± S.D.)	Lyso PE (% ± S.D.)	Lyso PC (% ± S.D.)	Lyso PI (% ± S.D.)

	m/z	Worms
(n=5)	Teguments
(n=5)	m/z	Worms
(n=5)	Teguments
(n=5)	m/z	Worms
(n=5)	Teguments
(n=5)	m/z	Worms
(n=5)	Teguments
(n=5)



	 16:0 	 496 
	1.5	 ± 	 0.3 
	 2.5 	 ± 	 1.1 
	 454 
	7.1 	 ± 	 4.7 
	 7.7 	 ± 	 3.3 
	 496 
	 38.4 	 ± 	 4.0 
	 47.8 	 ± 	 3.1 
	 571 
	1.8 	 ± 	 0.9 
	 5.6 	 ± 	 1.1 



	 18:1 alk 	508
	 7.6 	 ± 	 2.3
	 4.1 	 ± 	 3.8
	 466 
	 *	 *
	 508 
	 *	 * 
	 583 
	 *	 *



	 18:0 alk 	 510
	 2.1 	 ± 	 0.6 	 *
	 468 
	 *	 * 
	 510 
	 *	 * 
	 585 
	 5.3 	 ± 	 0.6 
	 2.6 	 ± 	 1.1 



	 18:2 	 520 
	 * 	 * 
	 478 
	 * 	 * 
	 520 
	 2.4 	 ± 	 1.0
	 2.6 	 ± 	 1.8
	 595 
	 *	 4.5 	 ± 	 0.8 



	 18:1 	522 
	 1.3 	 ± 	 0.7 
	 1.5 	 ± 	 0.4 
	 480 
	 8.3 	 ± 	 4.2 
	 11.5 	 ± 	 2.2 
	 522 
	 9.1 	 ± 	 1.7 
	 11.4 	 ± 	 3.1 
	 597 
	 3.2 	 ± 	 2.0 
	 11.7 	 ± 	 3.6 



	 18:0 	524 
	 46.2 	 ± 	 4.4 
	 9.3 	 ± 	 4.2 
	 482 
	 63.1 	 ± 	 8.5 
	 19.8 	 ± 	 9.5 
	 524 
	 27.5 	 ± 	 2.2 
	 23.9 	 ± 	 5.9 
	 599 
	 80.2 	 ± 	 4.3 
	 62.8 	 ± 	 4.8 



	 20:4 	544 
	 *	 * 
	 502 
	 *	 * 
	 544 
	 2.6 	 ± 	 0.3 	 * 
	 619 
	 1.3 	 ± 	 0.4 
	 3.1 	 ± 	 1.0 



	 20:2 	548 
	 * 	 * 
	 506 
	 * 	 * 
	 548 
	 3.6 	 ± 	 1.2 
	 3.1 	 ± 	 1.3 
	 623 
	 *	 1.5 	 ± 	 0.9 



	 20:1 	 550 
	 24.0 	 ± 	 4.5 
	 62.6 	 ± 	 7.2 
	 508 
	 21.6 	 ± 	 10.4 
	 57.1 	 ± 	 8.1 
	 550 
	 9.0 	 ± 	 1.1 
	8.0 	 ± 	 3.6 
	 625 
	 *	 2.0 	 ± 	 0.9 



	 20:0 	 552 
	 2.1 	 ± 	 0.4 
	 2.6 	 ± 	 0.4 
	 510 
	 *	 1.4 	 ± 	 2.2 
	 552 
	 2.3 	 ± 	 0.3 	 * 
	 627 
	 * 	 *



	 22:4 	 572 
	 8.1 	 ± 	 1.4 
	 10.1 	 ± 	 0.7 
	 530 
	 * 	 * 
	 572 
	 1.3 	 ± 	 0.7 	 *
	 647 
	 * 	 *



	 22:1 	 578 
	 *	 1.3 	 ± 	 0.7 
	 536 
	 * 	 *
	 578 
	 * 	 * 
	 653 
	 * 	 *



	 24:1 	 606 
	 1.3 	 ± 	 0.2 	 *
	 564 
	 * 	 *
	 606 
	 * 	 * 
	 681 
	 5.2 	 ± 	 1.4 
	 4.4 	 ± 	 1.2 
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Analysis of possible excretion of lysophospholipids by schistosomes



Because of the increased watersolubility of lysophospholidpids compared to diacyl phospholipids, the specific enrichment of lysophospholipids in the tegumental membranes that form the outer-surface of the parasite, and because of the suggested function of lysophospholipids in host-parasite interactions (106,146,187), we investigated whether these lysophospholipids are excreted into their environment. Lysophospholipid secretion by schistosomes was examined in vitro by total phospholipid analysis of medium incubated with or without adult schistosomes. None of the schistosome-specific lysophospholipid or phospholipid species appeared to be present in the medium incubated with schistosomes, and no significant differences in species composition of PC, PE, PS and PI were detected between medium incubated with schistosomes and control medium (not shown).


The possible excretion of tegument specific lysophospholipids was also investigated in vivo by analysis of total phospholipids present in blood plasma of infected and non-infected hamsters. Again none of the schistosome-specific or tegument-specific lysophospholipids or diacylphospholipid species was increased in plasma derived from schistosome infected hamsters when compared to non-infected hamsters. These results demonstrate that the tegument-specific lyso-phospholipids are not significantly secreted into aqueous solutions with albumin and do not circulate in blood of infected hosts. However, a substantial decrease in total PI content was detected in plasma from infected hamsters compared to non-infected hamsters (Table 6.4). All these 5 PI species are common and abundant diacyl PI species in host blood cells (Table S3). 








Table 6.4: Phospholipid species with a significantly different abundance in blood plasma of Schistosoma mansoni infected versus non-infected control hamsters. Molecular species of PC, PE, PS and PI were determined in blood plasma of hamsters infected with S. mansoni or non-infected control hamsters. Species were quantified by MRM as described in material and methods and the legends of Table 6.1 and Tables S1-S3.The five phospholipid species are shown that differ most significantly, at least twofold in abundance in blood plasma of infected hamsters compared to non-infected control hamsters and represent at least 0.4% of the total phospholipid signal.
	
m/z 
	 PL class 
	 Acyl chains 
	 Ratio infected/control 
	 P-value


	

833 
	 PI 
	 34:2 
	 0.35 
	 1.17 10-7


	
861 
	 PI 
	 36:2 
	 0.37 
	 5.46 10-6


	
857 
	 PI 
	 36:4 
	 0.38 
	 1.21 10-6


	
887 
	 PI 
	 38:3 
	 0.40 
	 4.96 10-5


	
885 
	 PI 
	 38:4 
	 0.42 
	 2.61 10-6
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Discussion



The tegument outer-surface membranes of adult schistosomes, a unique biological structure which forms the site of interaction with the host (113), comprises many schistosome-specific and tegument-specific lipids. In addition to the already reported tegument-specific enrichment of several PC and ether-linked PE species compared to whole worms (18,22), our results showed that also multiple PS species are specifically enriched in the tegument. On the other hand, no tegument-specific PI species could be detected. The species composition of the most abundant phospholipid classes (PC and PS) in tegumental membranes differs drastically from that of whole worms. However, this phenomenon is not true for all phospholipid classes, as the species compositions of PI and PE in tegumental membranes did not differ from those of whole worms. Furthermore, the enrichment in the tegument of eicosenoic acid (20:1) containing lysophospholipids was only observed for PS and PE and not for PC and PI. These results, therefore, suggest that the tegument comprises mechanisms that facilitate the enrichment of certain phospholipids in the membranes of the tegument. The function of most of the identified tegument-specific phospholipids and lysophospholipids is not yet known, but the lyso-PS and lyso-PC species of schistosomes have been shown to activate TLR-2 on host immune cells, resulting in a down-regulation of the host immune response and eosinophil activation and recruitment, respectively (106,146,187).


Interestingly, the various phospholipid species enriched in the tegument of the distinct phospholipids classes do not contain a similar set of acyl chains, as different species for PC and PS are enriched in the tegument (Table 6.1 and supplementary data). Hence, the tegumental membranes are enriched in specific phospholipid species that differ between the distinct phospholipid classes.


Earlier observations on a different life cycle stage, schistosomula, clearly demonstrated that this stage exports home made lyso-phospholipids (69). It is unknown yet whether adult schistosomes excrete the schistosome-specific and/or tegument-specific phospholipids. Detection of the possible excretion of these lipids is hampered by the biophysical properties of the lipids in question, as they contain relatively hydrophobic long-chain fatty acids and lysophospholipids that can be expected to partition quickly into nearby phospholipid membranes. In vivo, the tegument-specific lysophospholipids might spread quickly to nearby membrane structures, which would then allow receptor activation of host immune cells as reported in in vitro studies (106,146,187). Knowing this, we nevertheless searched specifically for excretions of those schistosome-specific lipids by adult schistosomes. We could, however, not detect any significant secretion of these lipids by schistosomes, not during our in vitro incubations, nor in the blood of infected hamsters. Therefore, the in vivo mechanism by which these lysophospholipids might fulfil the in vitro observed effects on host immune cells remains to be resolved and probably requires sophisticated co-culture studies that are beyond the scope of this study.


However, analysis of the phospholipid composition in blood plasma of infected and non-infected hamsters demonstrated another interesting difference, as a substantial decrease in PI content was observed in blood plasma of schistosome infected hamsters. As phospholipids are not bound to albumin, because this protein binds predominantly fatty acids, these phospholipids probably constitute small vesicular structures, such as exosomes. The substantial decrease in PI is peculiar as this phospholipid is well known for its precursor function in signal transduction. Therefore, these results might indicate that the schistosome infection alters exosome formation by endothelial cells or by circulating immune cells, which is under current investigation.
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Supplementary data









 Figure S6.1: Discriminant analysis of the phosphatidylserine (PS) species composition. Molecular species were determined in lipid extracts of homogenates of whole S. mansoni worms,
of isolated tegumental membranes from S. mansoni worms and of hamster blood cells. Panel A
shows the score plot of the discriminant analysis, in which the differences in PS species composition
between hamster blood cells and schistosome membranes (from both whole worms and tegumental
membranes) become visible on the X-axis (discriminant 1, D1), whereas the differences in PS species
composition in tegumental membranes compared to those of whole worms are visible on the Y-axis
(D2, discriminant 2). Panel B shows the loading plot, in which the detected PS species are plotted
at the location corresponding with their value in discriminant 1 and 2. The PS species that differ
most between the three membrane preparations are labeled with their m/z ratio @ retention time,
as listed in Table 6.1.

This discriminant analysis revealed that the differences among the independent replicates of the
three investigated membrane preparations (whole worms, tegument and host blood cells), were
much smaller than the differences between the three distinct membrane preparations (Fig. S1A).
Discriminant 1 (represented by the X-axis in panel A) indicates the differences in PS species between
blood cells and those of schistosomes, whereas discriminant 2 (represented by the Y-axis in panel
A) indicates the differences in PS between tegumental membranes and those of whole adult worms.
In the corresponding loading plot (panel B) all PS species are represented by a dot and those PS
species that do not vary in abundance between the distinct membrane preparations are plotted
close to the origin of the X-axis and Y-axis, as they hardly contribute to the distinction between the
three membrane preparations. On the other hand, the PS species that vary in abundance between
blood cells and those of schistosomes are plotted far from the origin of the X-axis. For instance, PS
18:0/20:4 and PS 18:1/20:4 with a m/z ratio of 810 and 808, respectively, are the two most abundant
PS species in blood cells and present in very low amounts in both schistosome samples (Table 6.1).
Hence, these species are major discriminating PS species between blood cells and schistosome
samples, and therefore, these PS species are located in the loading plot of the discriminant analysis
at a position with a high loading on discriminant 1 (Fig. S1B, on the X-axis, far right in bottom
corner). Similarly, PS 18:0/22:4 (m/z = 838), which is abundantly present in lipid samples of whole
adult schistosomes, less present in tegumental membranes and far less present in blood cells (Table
6.1), is plotted at with a high loading on both discriminant 1, representing the differences between
blood cells and schistosome lipids (Fig. S1B, X-axis, far left), as well as with a high loading on
discriminant 2, representing the differences between the PS species in tegumental membranes and
those of whole adult worms (Fig. S1B, Y-axis, far to the bottom).











Table S1: Molecular species of phosphatidylethanolamine (PE). Molecular species were determined in homogenates of adult S. mansoni worms, in isolated tegumental membranes from adult S. mansoni worms and in hamster blood cells. Species are quantified by MRM with [M+H]+ for MS1 and [M+H-141]+ for MS2. Percentages shown are the average percentages of the total PE species ± standard deviation. Species are shown if these were among the 10 most abundant species in one of the three examined membrane preparations. The three most abundant species in each fraction are printed in bold and species marked by an * comprise less than 1% of the total PE of that membrane preparation.
	
	 
	 Whole worm
(n=5) 
	 Tegument
(n=3) 
	 Hamster blood cells
(n=5)


	
m/z 
	 Acyls 
	 % 
	 ± 	 S.D.
	 % 
	 ± 	 S.D.
	 % 
	 ± 	 S.D.



	
718 
	 16:0/18:1 
	 2.8 
	 ± 	 0.3 
	 5.3 
	 ± 	 0.5 
	 7.5 
	 ± 	 0.5


	
740 
	 16:0/20:4 
	 1.2 
	 ± 	 0.2 
	 1.5 
	 ± 	 0.2 
	 6.4 
	 ± 	 0.2


	
742 
	 18:1/18:2 
	 2.1 
	 ± 	 0.3 
	 2.5 
	 ± 	 0.2 
	 7.4 
	 ± 	 0.4


	
744 
	 18:1/18:1 
	 7.1 
	 ± 	 0.6 
	 8.4 
	 ± 	 0.3 
	 6.6 
	 ± 	 0.2


	
746 
	 18:0/18:1 
	 8.2 
	 ± 	 0.3 
	 9.5 
	 ± 	 1.0 
	 3.9 
	 ± 	 0.2


	
764 
	 18:2/20:4 
	 1.2 
	 ± 	 0.1 
	 1.1 
	 ± 	 0.2 
	 6.4 
	 ± 	 0.1


	
766 
	 18:1/20:4 
	 2.8 
	 ± 	 0.1 
	 2.9 
	 ± 	 0.2 
	 10.1 
	 ± 	 0.1


	
768 
	 16:0/22:4 
	 4.6 
	 ± 	 0.2 
	 6.1 
	 ± 	 0.8 
	 3.3 
	 ± 	 0.1


	
768 
	 18:0/20:4 
	 4.1 
	 ± 	 0.2 
	 2.3 
	 ± 	 0.3 
	 4.8 
	 ± 	 0.1


	
770 
	 18:2/20:1 
	 5.5 
	 ± 	 0.1 
	 6.4 
	 ± 	 0.4 
	 1.8 
	 ± 	 0.1


	
772 
	 18:1/20:1 
	 3.9 
	 ± 	 0.1 
	 5.5 
	 ± 	 0.4 
	 *
	


	
788 
	 20:4/20:4? 
	 * 
	 * 
	 5.1 	 ± 
	 0.3


	
790 
	 18:1/22:6? 
	 2.7 
	 ± 	 0.1 
	 2.0 
	 ± 	 0.0 
	 6.6 
	 ± 	 0.2


	
792 
	 18:1/22:4 
	 4.8 
	 ± 	 0.4 
	 3.1 
	 ± 	 0.5 
	 4.0 
	 ± 	 0.1


	
794 
	 18:0/22:5 
	 6.3 
	 ± 	 0.5 
	 5.5 
	 ± 	 0.8 
	 3.8 
	 ± 	 0.3


	
796 
	 18:0/22:4 
	 17.9 
	 ± 	 1.0 
	 15.0 
	 ± 	 2.1 
	 1.2 
	 ± 	 0.1


	
798 
	 18:0/20:3 
	 4.3 
	 ± 	 0.4 
	 4.7 
	 ± 	 0.3 
	 *
	


	
818 
	 20:1/22:6 
	 4.5 
	 ± 	 0.5 
	 3.2 
	 ± 	 0.2 
	 *
	













Table S2: Molecular species of phosphatidylcholine (PC). Molecular species were determined in homogenates of adult S. mansoni worms, in isolated tegumental membranes from adult S. mansoni worms and in hamster blood cells. Species are quantified by MRM with [M+H]+ for MS1 and m/z 184 for MS2. Percentages shown are the average percentages of the total PC species ± standard deviation. Species are shown if these were among the 10 most abundant species in one of the three examined membrane preparations. The three most abundant species in each fraction are printed in bold and species that are enriched at least twofold in tegument compared to lipids in whole worms are underlined. Species marked by an * comprise less than 1.0% of the total PC in that sample. Of unidentified species the attached acyl-chains are given in total number of carbon atoms and unsaturations. Species containing an ether-linkage are indicated by the addition alk.
	
	 
	 Whole worm
(n=5) 
	 Tegument
(n=3) 
	 Hamster blood cells
(n=5)


	
m/z 
	 Acyls 
	 % 
	 ± 	 S.D. 
	 % 
	 ± 	 S.D. 
	 % 
	 ± 	 S.D.


	

720 
	 16:0/16:0 alk 
	 1.5 
	 ± 	 0.1 
	 5.8 
	 ± 	 1.3 
	 *


	
734 
	 16:0/16:0 
	 11.5 
	 ± 	 0.7 
	 23.1 
	 ± 	 2.2 
	 6.3 
	 ± 	 0.2


	
746 
	 34:1 alk 
	 1.8 
	 ± 	 0.1 
	 2.2 
	 ± 	 0.3 
	 *


	
758 
	 16:0/18:2 
	 4.8 
	 ± 	 0.4 
	 5.1 
	 ± 	 0.2 
	 19.8 
	 ± 	 1.1


	
760 
	 16:0/18:1 Δ9 
	 11.7 
	 ± 	 0.6 
	 8.2 
	 ± 	 0.2 
	 14.4 
	 ± 	 0.7


	
760 
	 16:0/18:1 Δ5 
	 2.2 
	 ± 	 0.1 
	 12.4 
	 ± 	 0.3 
	 *
	


	
762 
	 16:0/18:0 
	 4.6 
	 ± 	 0.2 
	 3.9 
	 ± 	 0.1 
	 2.5 
	 ± 	 0.1


	
782 
	 16:0/20:4 
	 3.5 
	 ± 	 0.4 
	 2.2 
	 ± 	 0.7 
	 6.6 
	 ± 	 0.3


	
784 
	 18:1/18:2 
	 2.4 
	 ± 	 0.1 
	 2.3 
	 ± 	 0.1 
	 3.8 
	 ± 	 0.2


	
786 
	 18:0/18:2 
	 10.1 
	 ± 	 0.3 
	 7.0 
	 ± 	 0.5 
	 11.9 
	 ± 	 0.6


	
788 
	 16:0/20:1 
	 13.8 
	 ± 	 0.4 
	 5.7 
	 ± 	 0.5 
	 *


	
788 
	 18:0/18:1 
	 * 
	 * 
	 3.7 	 ± 
	 0.3


	
806 
	 16:0/22:6 
	 2.0 
	 ± 	 0.2 
	 1.4 
	 ± 	 0.3 
	 6.9 
	 ± 	 0.6


	
808 
	 18:1/20:4 
	 1.5 
	 ± 	 0.1 
	 * 
	 3.0 	 ± 
	 0.2



	
810 
	 18:0/20:4 
	 2.4 
	 ± 	 0.2 
	 1.3 
	 ± 	 0.2 
	 4.1 
	 ± 	 0.3















Table S3: Molecular species of diacylphosphatidylinositol (PI). Molecular species were determined in homogenates of adult S. mansoni worms, in isolated tegumental membranes from adult S. mansoni worms and in hamster blood cells. Species are quantified by MRM with [M-H]- for MS1 and m/z 241 for MS2. Percentages shown are the average percentages of the total PI species ± standard deviation. Species are shown if these were among the 10 most abundant species in one of the three examined membrane preparations. The three most abundant species in each sample are shown in bold and species that are enriched at least twofold in tegument compared to lipids in whole worms are underlined. Species marked by an * comprise less than 1.0% of the total PI. Of unidentified species the attached acyl-chains are given in total number of carbon atoms and unsaturations.
	
	 
	 Whole worm
(n=5) 
	 Tegument
(n=3) 
	 Hamster blood cells
(n=5)


	
m/z 
	 Acyls 
	 % 
	 ± 	 S.D. 
	 % 
	 ± 	 S.D. 
	 % 
	 ± 	 S.D.


	

833 
	 16:0/18:2 
	 4.0 
	 ± 	 1.6 
	 2.2 
	 ± 	 0.2 
	 7.1 
	 ± 	 0.7


	
835 
	 16:0/18:1 
	 3.1 
	 ± 	 0.6 
	 3.7 
	 ± 	 0.6 
	 2.4 
	 ± 	 0.4


	
837 
	 16:0/18:0 
	 2.3 
	 ± 	 0.6 
	 6.3 
	 ± 	 0.9 
	 *


	
857 
	 16:0/20:4 
	 1.1 
	 ± 	 0.1 
	 * 
	 6.6 	 ± 
	 0.6


	
859 
	 18:1/18:2 
	 1.3 
	 ± 	 0.0 
	 1.2 
	 ± 	 0.2 
	 3.4 
	 ± 	 0.2


	
861 
	 18:0/18:2 
	 15.7 
	 ± 	 1.3 
	 13.2 
	 ± 	 1.3 
	 13.0 
	 ± 	 0.7


	
863 
	 18:0/18:1 
	 21.0 
	 ± 	 2.5 
	 27.3 
	 ± 	 1.9 
	 2.3 
	 ± 	 0.1


	
865 
	 18:0/18:0 
	 2.3 
	 ± 	 0.3 
	 2.7 
	 ± 	 0.1 
	 *


	
883 
	 18:1/20:4 
	 * 
	 * 
	 5.2 	 ± 
	 0.1


	
885 
	 18:0/20:4 
	 25.0 
	 ± 	 1.9 
	 9.9 
	 ± 	 0.8 
	 36.8 
	 ± 	 2.1


	
887 
	 18:0/20:3 
	 3.4 
	 ± 	 0.4 
	 3.9 
	 ± 	 0.6 
	 5.7 
	 ± 	 0.3


	
889 
	 38:2 
	 2.2 
	 ± 	 0.2 
	 4.3 
	 ± 	 0.6 
	 1.2 
	 ± 	 0.2


	
891 
	 18:0/20:1 
	 1.4 
	 ± 	 0.1 
	 3.3 
	 ± 	 0.5 
	 *
	


	
911 
	 40:5 
	 * 
	 * 
	 2.8 	 ± 
	 0.3


	
945 
	 42:2 
	 * 
	 2.3 	 ± 
	 0.2 
	 *
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Summarizing discussion




Development of parasitism



Parasitism is a relationship between two organisms in which one of them (the parasite) lives in or on the other (the host) and lives at the expense of that host. Life as a parasite offers advantages that surpass its inconveniences. The main advantage is the excess of nutrients. In addition, parasitism offers the possibility to lose genes encoding proteins that are essential under free-living conditions, but of which the function is taken over by the host. A parasite also benefits from the homeostasis of the host, giving the parasite a very constant environment to live in. However, living in or on a host organism also means living in constant threat of the host immune system. Another disadvantage is the more challenging way of reproduction, which is reflected in the numerous complex life cycles of parasites.


Parasitism has evolved independently many times during the history of life. Almost all free-living organisms are host to various parasitic taxa (139). There are parasites in nearly all ecosystems and there is substantial evidence that parasites shape host population dynamics, alter interspecific competition, influence energy flow and appear to be important drivers of biodiversity (86).


A parasite's way of living inevitably causes damage to its host, if not physical, than by taking up nutrients that would otherwise be for the host itself. Parasites generally die when their host does. Hence, parasites have evolved in such a way that the damage they cause will not kill their host, at least not before the parasites have reproduced. The harm caused by schistosomes is usually mild. They can cause anemia because they feed on blood, but also as a result of blood loss through the wounds made by the eggs when they pass the endothelium and gut wall. Schistosome infections can also lead to malnutrition. The eggs that do not exit the body, elicit an immune response that initially is not very harmful to the host but can be detrimental when it is at a critical location, e.g. the central nervous system (CNS), or after long lasting accumulation causing portal hypertension and which may lead to liver failure. Also, prolonged inflammation may contribute to the development of malignancies.


Parasites adapted to nearly every kind of tissue of the (human) body exist. Each parasite has evolved for optimal fitness within its niche. Schistosomes are blood-dwelling parasites. The worms have to overcome many challenges in order to get into the circulation, maintain themselves, reproduce and to excrete the eggs for survival of their species. They have developed a large armoury of interventions with their host to protect themselves and sometimes even to turn potential harmful host reactions in highly useful assistance for example in excretion of the eggs.
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Parasitic helminths




Infection and migration



Penetration of the skin is a fairly common mode of entrance for parasitic worms. This can be achieved either by a vector injecting worm larvae or by skin penetration of the larval parasites themselves. Filaria worms are injected through the skin by flies or mosquitoes. Hookworm and Strongyloides larvae penetrate the skin by themselves, as do schistosome cercariae.


Tissue migration is a common feature in the life cycles of parasitic worms. Similar to schistosomula, both hookworm and Strongyloides larvae migrate to the lungs. However, while schistosomula further migrate via the liver to the portal vein to mate and mature, hookworm and Strongyloides larvae enter the alveoli, are coughed up and subsequently swallowed to reach their final location, which is the intestinal lumen where they mature and reproduce. And even Ascaris larvae, which enter the human host when eggs are ingested, need to penetrate the mucosa of the gut and migrate through the body in order to fully mature before homing in the intestinal lumen - where they have been before as eggs. Thus, although tissue invasion and migration appears as a redundantly complicated step in the life cycle of parasitic worms, it is so widespread that it seems to provide essential developmental needs.


Tissue migration is referred to as larva migrans when it causes disease symptoms. As can be deduced from the life cycles of the helminths that cause larva migrans, symptoms are temporally and disappear once the adult worms have reached their niche. Only upon recurrent reinfection or in the case of Strongyloides, where auto-infection can occur, larva migrans can last for longer periods. Tissue migration of schistosomes doesn't usually cause symptoms, even though it elicits a remarkable immune response.


Although very common, not all parasitic worms migrate through tissues. Enterobius and Trichuris are both ingested as eggs and hatch and develop to adult worms within the gut. And also for the flatworms Opisthorchis viverrini, Clonorchis sinensis and Dicrocoelium dendriticum the only organ system they encounter from their host, is the intestinal tract and the bile duct.


On the other hand, not all ingested parasitic worms home in the intestinal tract. Some are ingested as eggs or as larvae and migrate to other tissues to mature and reproduce. Dracunculus are ingested with their intermediate hosts, copepods, in drinking water. Larvae, released from the copepods which die in the stomach, penetrate the host stomach and intestinal wall to mature and copulate in the abdominal cavity and retroperitoneal space. The female worms then migrate to the subcutaneous tissues towards the skin surface where larvae are released through a skin blister. Also Trichinella and Echinococcus are parasitic worms that infect humans through ingestion. They then migrate throughout the body where cysts are formed, which only infect the next host through carnivorism, when ingested with the current host as a meal for the new host.
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Exit of progeny



In order to replicate, the progeny of parasitic worms needs a way to exit the host and infect another host. The majority of human parasitic worms spreads through eggs or larval stages that leave their host. For intestinal parasites, the route of exit is obvious. No complex mechanisms need to be adopted as eggs or larvae, which do not attach to the gut wall, will automatically be excreted following peristaltic bowel movements and defecation. Schistosoma mansoni also uses this mechanism, but first has to overcome some barriers to get their progeny into the gut. As oviposition occurs in the veins, eggs have to pass the endothelial wall and the gut wall. As for intestinal worms, the exit of eggs is with the feces. Miracidia, schistosome larvae, hatch from the eggs immediately when they come into fresh water. Time to infect the intermediate host, an aquatic snail, is then limited. Some parasitic worms, such as Fasciola, Ascaris and Echinococcus have very resistant eggs or cysts which can stay viable in the environment for a long time. Hatching occurs when favourable conditions are met, followed by infection of the next (intermediate) host.


Free-living stages of parasitic worms are usually non-feeding and thus are either encysted such as the metacercariae of Fasciola spp., or have a restricted time frame to infect the next host. The latter is the case for schistosomes, where both the miracidia infecting the snail and the cercariae infecting the mammalian host have a glycogen reserve for about 12-24 hours (89,182,202). Hookworm and Strongyloides have free-living stages that feed on soil bacteria (rhabditiform larvae). When transformed into non-feeding, infective filariform larvae they encounter the same time challenge of finding a suitable host as do schistosomes. Strongyloides eggs hatch within the uterus of the female worm. As transformation into infectious filariform larvae takes less then two days, this can occur within the host, before the larvae are excreted. The larvae can reinfect the host, which is referred to as auto-infection. In severely immunocompromized hosts, aberrant auto-infection may lead to hyperinfection syndrome. Strongyloides also have a free-living cycle, where rhabditiform larvae mature into reproductive male and female worms.


As mentioned above, intestinal parasites have an easy exit. Tissue-dwelling parasitic worms on the other hand need to be more inventive to exit and spread. Carnivorism is a well proven concept for life cycle continuation, used for example by some tapeworms (Taenia solium, Echinococcus) and Trichinella. Filaria larvae, microfilaria, circulate within the bloodstream and are aspirated and further spread to their new host by the fly or mosquito vector upon feeding. Microfilariae from tissue-dwelling filariae generally hatch in the uterus of female worms, while for blood-dwelling species microfilariae remain sheathed in the envelope of the egg and will exsheath within the intermediate host. Dracunculus worms do not lay eggs, but produce live larvae. These leave the host through a sore blister in the skin, usually the foot, which is immersed in water to ease the pain.


Toxocara is an intestinal parasitic worm in dogs and cats. Similar to many intestinal parasites, eggs leave with the feces. Worms can mature and reproduce in young dogs. However, in infected adult dogs, Toxocara development is hampered. But the infection can be transferred transplacental, which means that an infected pregnant dog can infect her unborn pups in utero. In addition, an infected bitch can infect her newborns though milk. Toxocara development is then resumed in young dogs.
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Feeding habits



Most parasitic worms that infect humans feed on tissue, blood or other body fluids, even when residing in the intestinal tract. In that respect, schistosome worms have chosen a very pleasant location where food literally drifts by. All they need to do in order to get fed, is sit and open their mouth or absorb through their tegument. And that is exactly what they do. Female schistosome worms feed largely on circulating red blood cells. Males mainly absorb nutrients through their tegument. Tissue-dwelling worms generally feed on the tissue and body fluids they live in. Some of them eventually encyst and go into dormant stages and spread through carnivorism. Hookworms and Strongyloides, both intestinal worms, hook themselves to the mucosa to feed on blood and epithelial cells. Where hookworms just hook themselves in the mucosa, Trichuris worms dig in half their body, while the other half of their body hangs freely in the gut lumen.


Some intestinal worms do not feed on human tissue but feed on the predigested intestinal liquid content. Among them are Ascaris, Toxocara and tapeworms. The latter have no mouth and absorb all the nutrients through their tegument, which is covered by microvilli to increase surface area.


Whichever locations parasitic worms chose, they generally have plenty of food surrounding them as they typically feed on the host. This allows them to use an inefficient energy metabolism in which substrates are not fully oxidized. 
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Host defence



The components of the immune system of the host are a continuous threat to the parasites living in the host. In that respect, the choice for the circulation as a habitat of schistosomes is remarkable, as this is the body compartment where all immune components are constantly present: immune cells, including T-cells, eosinophils and macrophages and other immune components such as complement, cytokines and chemokines. The presence of the immune effectors is much lower in the tissues and even lower in the gut. However, as parasitic worms are large compared to the immune cells, there is not much these immune cells can do to them even with help of other components of the immune system. Besides, many tissue-dwelling parasitic worms have developed effective immune evading strategies. Sometimes the immune activation results in encapsulation of the parasite (larvae), as is the case with larvae of species that infect through carnivorism such as the cyst stage of Echinococcus and Taenia solium and  with schistosome eggs that are trapped in the body.
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On schistosome eggs and worms



Eggs and worms of schistosomes have opposite interests, namely get out of the host versus stay in the host. Thus egg-host interactions and worm-host interactions have to be different.


Schistosome worms have evolved to produce a large progeny in order to maximize the probability of species survival. The adult worms do not look after their offspring once the eggs are laid. Eggs have to get out of the host on their own, even though they are incapable of moving by themselves and the way out is a difficult one. Eggs have to penetrate tissues in order to get to the gut lumen (urine bladder in the case of S. haematobium) where they are subsequently released in the environment together with the feces (or urine).
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Egg-host interactions



An egg is defined as an animal reproductive body consisting of an ovum/female gamete together with its nutrient material and a protective covering and, when fertilized, having the capacity to develop into a new individual capable of independent existence.


Schistosome eggs are build of a fertilized oocyte surrounded by vitelline cells containing nutrients and material for the eggshell (175). By the time the egg leaves the mammalian host, the fertilized oocyte has developed into a fully matured miracidium covered by a tanned protein eggshell. Once the egg is released in the water, osmotic changes result in swelling of the internal material thereby increasing the internal pressure on the eggshell. This leads to hatching of the miracidium from the egg.



Formation of the eggshell



A major function of the eggshell is to restrict the permeability of the egg and maintain a certain environment within the egg for embryonic development and survival (196). Eggshells of trematodes are made of proteins which are cross-linked by tyrosinase activity forming quinone bonds. This eggshell of tanned proteins has underlying layers and envelopes. The subshell cellular layer of schistosome eggs is named von Lichtenberg's envelope. A non-cellular layer, Reynolds' layer, is situated between von Lichtenberg's envelope and the eggshell (6,123). Schistosome eggshell formation starts in the ootype within the female, where ootype contraction leads to release of eggshell precursor proteins from the vitelline droplets. These form the eggshell upon quinone tanning. Specific eggshell precursor proteins have first been described in the late 80s and early 90s (13,14,33,93,94,150,169). As the eggshell is a direct site of interaction between the egg and the host, its composition is of major importance in host-parasite interaction. Results of mass spectrometry, immunohistochemical and amino acid analysis of the protein composition of the eggshell are described in chapter 2. The experiments revealed that the major component of the eggshell is the putative eggshell protein p14. This protein has characteristic short repeat sequences of which nearly half of the amino acid residues are glycines. High glycine content is a general feature of trematode eggshell proteins and has also been described for Fasciola hepatica, Opisthorchis viverrini and Paragonimus westermani. Mass spectrometry analysis did not reveal the presence of p14 in eggshell, probably due to its high tyrosine content transformed in quinone bonds and due to high lysine levels leading to very short peptides after trypsin digestion. However, the presence of p14 was shown by immunoblot. In addition, amino acid analysis showed a glycine content of 36% in total hydrolyzed eggshell. This high glycine content is readily explained by a high contribution of p14 to total eggshell.


A wide range of schistosome proteins was detected by mass spectrometry in purified eggshell samples. This indicates that a variety of non-eggshell specific proteins is also incorporated in the eggshell. The majority of these proteins are generally abundant cellular proteins such as the major egg antigen p40, HSP70 and many glycolytic enzymes. These proteins are suggested to originate from surrounding vitelline cells and happened to be around at the site and time of eggshell synthesis. Hence, these non-eggshell specific proteins were coincidently cross-linked to the major eggshell proteins. The absence of the major egg secretion proteins IPSE/alpha-1 and omega-1 indicates that cross-linking is finished before the egg has fully matured and starts secreting. The absense of host plasma proteins in eggshell indicates that eggshell formation is finished even before oviposition.



Eggshell contribution to the journey of the S. mansoni egg



Most eggs of parasitic helminths are deposited in the gut. Their way out is straightforward and does not need exploited assistance of the host. In contrast, schistosome eggs exit the female body in the mesenteric capillary venules, close to the bowel. It takes at least a few days for a schistosome egg to exit the host, but it may take up to several weeks. The eggs need to get into the gut in order to get out of the host. However, blood flowing through the venules can easily carry the egg along, away from the bowel and heading towards the liver. To prevent this, eggs have to quickly adhere to the vessel wall. Previous experiments reported vast adhesion of platelets to eggshell (203). In addition, the experiments in chapter 4 showed that VWF also adheres to eggshell directly. Unfolded VWF can connect platelets to clotting factors and injured surfaces of the endothelium through many binding domains (105159) and plays an important role in platelet-vessel wall adhesion by binding both platelets and the extracellular matrix of the vessel wall containing collagen and fibrin. Furthermore, VWF plays a role in platelet cross-linking and platelet plug expansion (105). By bridging between the eggshell and the extracellular matrix, VWF may attach the eggshell to the endothelium. In addition, VWF can contribute to eggshell adhesion to endothelium indirectly as VWF in combination with platelets can induce platelet adhesion, platelet activation and secondary hemostasis, allowing the formation of a stable clot. This is in accordance with the findings of Ngaiza and Doenhoff (1990) (125) who previously demonstrated that platelets play a role in egg extravasation.


Binding of fibrinogen and fibronectin to eggshell was also demonstrated. Where fibrin, the cleaved product of fibrinogen, is the main component of a blood clot, fibronectin plays an essential role in cell adhesion and wound healing. Thus, both can play an important role in egg adhesion to the endothelium. Enolase was previously identified in eggshell. Its presence there seems accidental. Enolase has been described to bind host fibronectin in bacterial pathogens (57). This could also be the case in S. mansoni eggshell, where enolase-binding fibronectin can further enhance endothelium binding of eggshell. Chapter 4 reports that fibronectin was one of the main plasma proteins that bound to eggshell and the major one in the high molecular weight range. No tests were performed to determine whether enolase was the major fibronectin-binding eggshell protein.


Next to fibronectin, enolase can bind plasminogen (8,43,141,206). Plasminogen is the precursor of plasmin, a serine protease that cleaves fibrin and VWF. Small amounts of plasminogen may facilitate fibrinolysis of the clot surrounding the eggs after extravasation. However, in the mass spectrometry experiments plasminogen was not elevated in plasma proteins that bound to eggshell compared to full plasma. This does not exclude that plasminogen is bound to eggshell. In fact, small amounts of plasmin are probably needed to prevent the excessive expansion of the clot leading to occlusion of the vessel.


Platelet activation and blood coagulation around schistosome eggs can further be enhanced by shear stress and turbulence within the vessel (177). Both can be caused by mechanical obstruction by worms and eggs. By their presence and as a result of their adherence to the vessel wall, schistosome worms also cause damage to the endothelium, which in itself is another strong activator of platelets and blood coagulation and of endothelial cells (168). Eggs of both S. mansoni and S. haematobium can induce endothelial cell proliferation in vitro (55,67). In vitro, endothelial cells overgrow schistosome eggs within a few hours after oviposition (64). Thus, eggs can passively cross the endothelium by the non-specific response of endothelial cells. File (1995) (64) also showed that eggs deposited directly by adult worms elicited a more rapid and complete response than embryonated eggs isolated from the liver tissues.


In short, schistosome eggs can probably passively pass the endothelium after binding it. Binding of the eggshell is facilitated by the composition of the eggshell (chapter 2 and 3) which binds platelets and plasma proteins involved in coagulation (chapter 4).


The next step is to cross the tissue of the gut wall and get excreted with the feces. The mechanism of this process are largely unknown, but it is likely to depend on the host immune system (see below). 



Eggshell interaction with the immune system



Most eggs of parasitic helminths are deposited in the gut and have little interaction with the immune system. In contrast, schistosome eggs are in constant interaction with the host from the moment of oviposition until they have reached the intestinal lumen. Half of the eggs does not succeed to exit the blood vessel. They are dragged along with the blood stream and get stuck in small vessels. Eggs elicit a strong immune response and those stuck in the host tissues hence induce granuloma formation.


While schistosome adult worms must prevent an effective immune response, eggs need the immune system in order to be excreted (49). The schistosome eggshell and egg secretions contain many immunogenic proteins and glycans (30,40,110,149) (chapter 2). These immunogenic components of eggshell and egg secretions may be of major interest in the scope of immune mediated egg excretion. 
Eggshells and egg secretions induce a Th2 response via IL-4 activated macrophages and CD4+ T-lymphocytes. Fecal excretion of eggs is immune mediated and egg excretion rate and CD4+ T-cell percentage are positively correlated  (49,90). Both major egg secretion products IPSE/alpha-1 and Omega-1 alone are capable of Th2 skewing (59,163,164,178), but secretion of these glycoproteins only starts a few days after oviposition when the egg has matured. Because maturation takes about a week, T-cells are likely to play a role during penetration through the gut wall, when the eggs have already adhered to and passed through the endothelium.


The schistosome eggshell contains more than specific eggshell proteins alone. The observed incorporation of these other proteins as reported in chapter 2, probably originate from neighbouring vitelline cells. This may appear as an unspecific feature of eggshell production. But many of the proteins identified to be part of the eggshell are known schistosome antigens, such as p40, phosphoenolpyruvate carboxykinase (PEPCK) and thioredoxin peroxidase. These proteins induce cellular immune responses (3,200) or antibody responses (122). They may hence prime the immune system and contribute to the penetration of the eggs through host tissues.


However useful the immune response may be for extravasation, immune activation has a hindside. The main cause of pathology in schistosomiasis are the non-excreted eggs which are trapped in the host tissue, generally the liver. Trapped eggs are enveloped in granulomas which are composed of eosinophils, CD4+ T-lymphocytes, macrophages and collagen fibres. It is the Th2 response generated by the host against antigens secreted by the parasite eggs that is responsible for the granuloma formation (137). In absence of the Th2 response, granulomas are not formed and continuous production of egg secretion products leads to severe immunopathology and hepatotoxic liver damage. In experimentally infected mice, this rapidly leads to death of the mice. Granulomas isolate the eggs and prevent the further spread of egg secretions. As the eggs die, the granulomas resolve, leaving fibrotic plaques. Accumulation of eggs and hence granulomas can eventually lead to permanent fibrotic changes in the liver, liver damage and portal hypertension.


In addition to the findings that eggshell contains a range of proteins known to be immunogenic, chapter 3 shows that immune sera contain antibodies which react with the eggshell. The formed antigen-antibody complex can induce chronic inflammatory responses where the interaction between CD4+ T-cells, macrophages and cytokines can cause granulomas to form (201).


Next to proteins, eggshell contains glycans. Schistosome glycans are the major inducers of the immune response (188) and the synthetic glycans GalNAc-4GlcNAc (LacdiNAc, LDN) and Gal1-4GlcNAc (LacNAc, LN) alone can induce granulomas (185).


Both eggshells and egg secretions induce antibody responses, as do adult worms. There is some overlap between worm and egg antigens, but there are enough differences to employ them usefully for diagnostics. That is described in chapter 5, where the differences in antibody responses to eggs and worms are used to differentiate between neuroschistosomiasis and other causes of transverse myelitis. It is essential to be certain of the diagnosis neuroschistosomiasis, before the start of therapy that includes immunosuppressive corticosteroids. These are contra-indicated in case of viral or bacterial causes of transverse myelitis. The key feature of the proposed test is to discriminate between antibodies in the cerebrospinal fluid (CSF) produced in situ and leakage of antibodies from blood plasma into the CSF due to damage to the blood-brain-barrier. The former indicates the presence of schistosome antigens in the CNS, while the latter points to another cause of the transverse myelitis. As neuroschistosomiasis is a result of nerve compression due to inflammation around schistosome eggs deposited near the nerves, the hypothesis is that anti-egg IgG, when normalized to anti-worm IgG, would be enriched in the CSF compared to the blood. Two schistosome-positive patients with transverse myelitis with an infectious cause for which no other pathogen was identified, had a positive test result, i.e. had a ratio ≥2. The egg-worm antibody index appears to be a valuable tool in the confirmation of neuroschistosomiasis. Further validation of this ratio is required in a larger group of patients, both travelers and patients in schistosome-endemic areas. It is important to distinguish these two groups of patients, as in endemic regions antibody levels may drop below cut-off values in chronic or recurrent infections.
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Worm-host interactions



Many parasitic worms travel through host tissues at some point in their life cycle. They are then in constant interaction with the host immune system and have to prevent a damaging immune response. The outer surface of the worms is a major site of host-parasite interaction. It protects the worms and has other functions involved in immune invasion, excretion of proteins and uptake of nutrients.


The surface of blood-dwelling trematodes is the tegument. It consists of two lipid bilayers that overlay the syncytium. It forms a large surface made of lipids, glycans and proteins which can be detected by the immune system. In addition, (immunomodulatory) schistosome proteins are secreted through the tegument.


The protein composition of the tegument has been studied extensively (15,16,17,184). These tegumental proteins consist of membrane proteins, cytoskeleton proteins, proteins and secreted proteins. There is also a number of proteins unique to schistosomes that were specifically detected in the tegument (184).


Lipids form a major component in tegument, which contains high amounts of cholesterol, sphingomyelin and saturated (ether-linked) phospholipid species (2,151). The most abundant phospholipid classes in membranes of schistosomes are phosphatidylcholine (PC) and phosphatidylethanolamine (PE). The diacyl-phospholipid species composition has been characterized for these phospholipid classes and this revealed that the species composition of these phospholipids is tegument-specific and differs from that of whole worm (21). In chapter 6 an analysis of the species composition of all major phospholipid classes is given, including phosphatidylinositol (PI), phosphatidylserine (PS) and lysophosphopolipids in isolated tegumental membranes. For most phospholipid classes, the species composition is substantially different in the tegument compared to whole worms. This is true for the PC and PS species. In contrast, diacyl-phospholipid species composition is strikingly similar for PI species. Furthermore, the tegument membranes were specifically enriched in lysophospholipids, especially lysophosphatidylserine (lyso-PS) and lysophosphatidylethanolamine (lyso-PE). In addition, the tegument was enriched in eicosaenoic acid (20:1) containing lysophospholipids in the phospholipid classes PS and PE, but not in PC and PI.


Lysophospholipids are minor compounds in membranes, but they play an important role in signal transduction. They also play a role in host-parasite interactions. It has been described that schistosome lysophosphatidylcholine (lyso-PC) can lead to lysis of red blood cells and cause immobilization of membrane components of red blood cells (71). Lyso-PS species have been shown to activate TLR2 on host immune cells and induce the development of IL-10 producing regulatory T-cells (187). Hence schistosome lyso-PS from the tegument may down regulate the immune response. Althought tegument appeared to be specifically enriched in lyso-PS, no lyso-PS could be detected as a secreted phospholipid in incubation medium or in host plasma (chapter 6). Circulating amounts are thus below detection level. This may be because lysophospholipids do not bind to albumin. Due to their amphipathic nature, lysophospholipids readily incorporate into membranes. This is especially true for schistosome lysophospholipids with long chain fatty acids that are relatively hydrophobic. In vitro, no acceptor membrane is available for excreted lysophospholipids. Hence, lysophospholipids possibly reincorporate into the tegumental membranes as the only available phospholipid membranes. In vivo, the acceptor membranes could be those of endothelial cells or those from circulating cells. While no free circulating (tegument specific) lyso-PS could be detected in plasma, it may still be excreted and immediately come in contact with the effector cells of the immune system and activate them to induce a regulatory immune response. Furthermore, incorporation of schistosome (lyso)phospholipids into membranes of host immune effector cells or endothelial cells may alter the biophysical properties of the membranes because of the structure of these unusual long and unsaturated fatty acids.


Phospholipid analysis in blood plasma revealed an interesting difference between phospholipid composition in blood plasma of infected hamsters and that of non-infected hamsters. Blood plasma of hamsters infected with schistosomes had substantially lower PI content. These host phospholipids have precursor functions in lipid signalling, cell signalling and membrane trafficking. Reduction of PI by schistosomes seems peculiar and there are no mechanisms known to contribute to this.


Unlike fatty acids, phospholipids do not bind albumin. PI in blood plasma are likely to constitute exosomes or microvesicles. Exosomes are released by activated cells of the immune system and are involved in intercellular communication to mediate the activation of the immune response (179). Reduction in PI may indicate that schistosomes alter the release of exosomes, which may affect the immune response.
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Concluding remarks/future directives



Both schistosome worms and schistosome eggs are in constant interaction with their host. Worms and eggs have defined interactive surfaces which are highly unusual and specific in nature and composition. Further analysis of these structures could provide valuable information about the biology of schistosomes. Because these structures are so specific, they could serve as targets for vaccine and anti-schistosomal drug development.
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Samenvatting


Schistosomen zijn parasitaire wormen die leven in bloedvaten van zoogdieren. Wereldwijd zijn meer dan 200 miljoen mensen geïnfecteerd met een van de 5 schistosomensoorten die infectieus zijn voor de mens. Bovendien zijn er nog vele soorten die dieren (waaronder vee) infecteren. Naast medische problemen leiden infecties bij mens en dier ook tot sociale en economische schade.


Dit proefschrift gaat over Schistosoma mansoni. Besmetting van de mens vindt plaats bij zoetwatercontact. Schistosoma larven (cercariae) die in het water zwemmen dringen de huid binnen. Via de bloedbaan vinden de parasieten hun weg naar de lever, waar de inmiddels volwassen geworden wormen paren en van waaruit zij naar de bloedvaten rond de darm migreren. In de bloedvaten leven mannelijke en vrouwelijke wormen gepaard samen. Zij kunnen daar meerdere jaren en soms decennia lang overleven. Intussen legt het vrouwtje zo'n 300 eieren per dag. Een deel van de eieren passeert de bloedvatwand en de darmwand en wordt met de ontlasting uitgescheiden. De overige eieren worden door de bloedstroom meegevoerd en komen uiteindelijk in de lever vast te zitten. 
Wanneer uitgescheiden eieren in het water belanden en uitkomen, kunnen de larven (miracidia) de tussengastheer, een zoetwaterslak, infecteren. In de slakken vermenigvuldigen de larven zich en ontwikkelen ze zich tot voor de mens infectieuze cercariae. De zoetwaterslakken die gevoelig zijn voor Schistosoma infecties komen alleen voor in tropische wateren. Vandaar dat schistosomiasis, de naam van de ziekte veroorzaakt door Schistosoma wormen, een tropische ziekte is.


Schistosoma eieren zijn erg immunogeen, hetgeen betekent dat ze een sterke afweerreactie uitlokken. Deze afweerreactie kan ernstige schade aan de omliggende weefsels veroorzaken. De eischalen, de buitenkant van de eieren, zijn continu in interactie met de componenten van het afweersysteem in de bloedstroom en in de weefsels. Daarom is het van belang de samenstelling van deze eischaal goed in kaart te brengen. De eischaal bestaat uit gecrosslinkte eiwitten. Deze vormen een ijzersterke constructie die door geen enkele protease kan worden afgebroken. De crosslinking die hiervoor zorgt heet "quinone tanning" en vindt plaats bij tyrosine-residuen in eiwitten. Onder de eischaal bevinden zich nog enkele cellulaire en non-cellulaire lagen. Midden in het ei zit het miracidium.


In hoofdstuk 2 staan de resultaten beschreven van de eiwit-analyse van de eischalen. Er moest een zuiver product verkregen worden alvorens de eischalen geanalyseerd konden worden. De eischalen zijn in 4 stappen van oplopende agressiviteit behandeld om ze vrij te maken van aanhangende eiwitten afkomstig van andere ei-componenten of van de gastheer.Het resulterende materiaal bestond uitsluitend uit gecrosslinkte eiwitten en kreeg de naam gezuiverde eischaalfragmenten.


Na elke zuiveringsstap zijn eischalen geanalyseerd met de massaspectrometer (MS). Het aantal geïdentificeerde eiwitten loopt af van 118 eiwitten direct na ei-isolatie uit levers tot 45 eiwitten in de gezuiverde eischaalfragmenten. De lijst van 45 eiwitten bestaat grotendeels uit niet-structurele eiwitten, waaronder een aantal bekende Schistosoma antigenen.


In de jaren '80 en '90 zijn vrouwspecifieke eiwitten geïdentificeerd. Zij kregen de naam "putative eggshell proteins" p14 en p48. Deze eiwitten zijn echter niet teruggevonden bij de MS-analyse van de gezuiverde eischaalfragmenten. Ze bevatten veel tyrosines en zijn daardoor waarschijnlijk sterk gecrosslinkt en als gevolg daarvan onherkenbaar veranderd. Opvallend is het hoge percentage glycine in p14: 44%. Aminozuur-analyse van de gezuiverde eischaalfragmenten toonde aan dat deze voor 36% uit glycine bestaan. Dit is een sterke aanwijzing dat p14 inderdaad in de eischalen zit en daarmee ook de grootste component van de eischaal vormt. Door middel van antilichamen tegen p14 is dit eiwit daadwerkelijk aangetoond in de gezuiverde eischaalfragmenten.


Al met al tonen deze resultaten aan dat eischalen weliswaar grotendeels bestaan uit eischaal-specifieke eiwitten, maar ook allerlei andere eiwitten bevatten. Waarschijnlijk waren die andere eiwitten min of meer toevallig ter plekke aanwezig ten tijde van eischaalformatie.


Hoofdstuk 3 beschrijft de structuur van de eischalen. Wanneer een ei door een vrouwtje wordt uitgescheiden, bestaat dit slechts uit een eischaal, een embryo en een klompje vitellinecellen. Gedurende tenminste een week ontwikkelen zich het miracidium en de cellulaire en acellulaire lagen die het miracidium omringen. Een deel van de eiwitten die in hoofdstuk 2 zijn geïndentificeerd als onderdeel van de eischaal zijn bekende Schistosoma antigenen. In dit hoofdstuk wordt aangetoond dat eischalen zelf immunogeen zijn en zowel in vitro als in vivo door antilichamen herkend worden. De aanwezigheid van niet-afbreekbare antigen-antilichaam complexen leidt tot chronische ontstekingen en zorgt voor het ontstaan van granulomen.


Verder is bekend dat het afweersysteem bijdraagt aan de uitscheiding van eieren in de ontlasting. Het is waarschijnlijk dat naast de door het ei uitgescheiden eiwitten, de eischaal zelf hierin een rol speelt door antilichamen te binden en T-cellen te activeren.


Het is bekend dat naast antilichamen en afweercellen ook bloedplaatjes aan eischalen binden. In hoofdstuk 4 wordt aangetoond dat von Willebrand factor (VWF), een belangrijke factor voor stolling en een activator van bloedplaatjes, rechtstreeks bindt aan eischalen. Ook fibronectine en fibrinogeen, andere factoren die betrokken zijn bij de stolling, blijken aan eischalen te binden. Stolling is een proces dat snel wordt bewerkstelligd. De stollingsfactoren die aan eischalen binden kunnen een brug vormen tussen de eischaal en de bloedvatwand. Zonder een dergelijke, snel aangelegde, verbinding zou het ei nadat het door het vrouwtje gelegd is snel door het bloedvat stromen en geen gelegenheid hebben door de wand van het bloedvat te dringen en zo de bloedsomloop te verlaten.


Wanneer eieren op een afwijkende plaats in het lichaam terecht komen, spreken we van ectopische schistosomiasis. Dit kan tot klachten leiden door de afweerreactie die rond de eieren ontstaat waardoor omliggende structuren samengedrukt of beschadigd worden. Een van de ernstigste vormen van ectopische schistosomiasis is neuroschistosomiasis, waar de aanwezigheid van eieren in het centrale zenuwstelsel binnen enkele weken kan leiden tot ernstige, soms onomkeerbare neurologische schade. Snelle diagnostiek is daarom van groot belang. Naast neuroschistosomiasis zijn er nog tal van mogelijke (infectieuze) oorzaken van neurologische uitval. Omdat de behandeling van neuroschistosomiasis onder andere bestaat uit een hoge dosis corticosteroïden, die een afweeronderdrukkende werking hebben, is het belangrijk neuroschistosomiasis met zekerheid aan te tonen of eventuele andere infectieuze oorzaken van de neuologische uitval uit te sluiten. De gouden standaard voor diagnose van neuroschistosomiasis is het aantonen van eieren in het centrale zenuwstelsel. Dit is een risicovolle procedure en wordt daarom zelden toegepast.


Bij schade aan de bloed-hersenbarriëre zullen eiwitten vanuit het bloed in de liquor (het hersenvocht) lekken. De liquor zal dan meer eiwitten bevatten dan gewoonlijk. Als de neurologische aandoening veroorzaakt wordt door een infectieuze verwekker in het centrale zenuwstelsel, dan zullen bovendien binnen in het centrale zenuwstelsel (intrathecaal) antilichamen worden aangemaakt tegen de betreffende verwekker. Wanneer alle plasma-eiwitten in ongeveer dezelfde verhoudingen aanwezig zijn in de liquor als in het plasma, is intrathecale antilichaamproductie niet waarschijnlijk. Maar als in de liquor antilichamen sterker vertegenwoordigd zijn dan andere plasma-eiwitten wijst dit op een infectieuze oorzaak van de neurologische aandoening. Bij neuroschistosomiasis zijn de eieren de veroorzakers van de schade en niet de wormen. In dat geval is het te verwachten dat er relatief meer anti-ei-antilichamen dan anti-worm-antilichamen in de liquor. Een index waarbij deze ei-worm antilichamenratio genormaliseerd werd met de verhouding anti-ei/anti-worm antilichamen in het serum, leverde sterke aanwijzingen voor intrathecale antilichaamproductie tegen Schistosoma eieren in patiënten met neuroschistosomiasis. Dit staat beschreven in hoofdstuk 5 van dit proefschrift.


Niet alleen de eieren bevinden zich in constante interactie met de gastheer. De volwassen wormen die in de bloedvaten leven worden ook continu blootgesteld aan het afweersysteem. Toch weten de wormen een ernstige afweerreactie te onderdrukken of te vermijden. De buitenkant van de wormen, het tegument, bestaat uit een laagje gefuseerde cellen bedekt door een dubbele bilaag van fosfolipiden. In hoofdstuk 6 wordt een analyse gegeven van de fosfolipidensamenstelling van geïsoleerd tegument. Deze wordt vergeleken met de fosfolipidensamenstelling van de gehele wormen en die van de membranen van bloedcellen van de gastheer. 
De fosfolipidensamenstelling van schistosomen blijkt sterk af te wijken van die van membranen van de gastheercellen. Daarbij valt op dat het tegument extra verrijkt is aan bepaalde parasiet-specifieke fosfolipiden ten opzichte van de gehele worm. Hieronder vallen fosfolipiden met langere vetzuurstaarten en met meer dubbele bindingen. Daarnaast zijn ook de lysofosfolipiden sterk verrijkt in het tegument. Dit geldt met name voor  lysofosfatidylserine (lysoPS) en lysofosfatidylethanolamine (lysoPE) met een vetzuurstaart van eicosaanzuur (20:1). Deze lysofosfolipiden werden niet meetbaar uitgescheiden in in vitro incubaties en zijn ook niet gevonden in bloed plasma van Schistosoma-geïnfecteerde hamsters.


Zowel Schistosoma eieren als Schistosoma wormen zijn continu in interactie met de gastheer. De eischaal en het tegument zijn hele specifieke structuren wat betreft bouw en samenstelling. Verdere analyse van deze structuren kan waardevolle informatie verschaffen over de biologie van schistosomen. Bovendien zijn deze structuren, vanwege hun bijzondere samenstellingen, voor de hand liggende aangrijpingspunten voor de ontwikkeling van vaccins of nieuwe anti-Schistosoma therapieën.
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