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ABSTRACT 

 

Taeniid cestodes have a lifecycle involving two mammalian hosts. Some 

species such as Taenia solium and Echinococcus granulosus infect humans and cause 

morbidity and mortality. T. solium is the aetiological agent of neurocysticercosis, the 

cause of substantial neurological disease in the non-Islamic regions of the developing 

world, including Africa, Asia and Latin America. Recombinant vaccines, derived from 

the larval oncosphere stage, have been developed against T. solium and several cestode 

parasites for use in livestock animals to prevent parasite transmission to humans. This 

study investigated antigenic cross-reactivity between the host-protective, recombinant 

oncosphere proteins with the aim of identifying a surrogate species for T. solium and E. 

granulosus as the target in in vitro oncosphere killing assays.  

 

Investigations into antigenic cross-reactivity were undertaken by comparative 

analyses of the amino acid sequence of the recombinant host-protective oncosphere 

antigens. Immunological assays including Indirect ELISA, Inhibition ELISA and 

Western blot were used to determine immunological cross-reactivity between the 

recombinant oncosphere antigens. Antigenic cross-reactivity between oncosphere 

antigens and different Taeniid species was also examined via in vitro oncosphere 

killing assays. 

Analysis of amino acid sequences of twelve recombinant oncosphere antigens 

identified four homology groups, To16, To18, To45 (from Taenia ovis) and EG95 

(from E. granulosus) with the nomenclature based on the first recombinant antigen 

isolated for each group. Examination of the amino acid sequences determined high 

levels of sequence identity among oncosphere proteins within homology groupings, not 

with antigens from within a species. Limited immunological cross-reactivity was 

identified by Indirect ELISA and Inhibition ELISA as well as Western blot. This was in 

contrast to the close sequence relationship observed between several of the antigens.  

 

Detectable immunological cross-reaction was observed for the Taenia 

multiceps antigens TM16 and TM18 with all Taeniid proteins from within the To16 and 

To18 homology groups, with the exception of TSOL18 (from T. solium). Substantial 
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antigenic cross-reactivity was detected between TM16 and TM18 in both Indirect 

ELISA and Inhibition ELISA, while a weak reaction was detected in Western blot, 

despite amino acid sequence identity being 15%. In contrast, To18 and TSOL18 share 

60% amino acid sequence identity, yet no cross-reaction was detected in 

immunological assays or in vitro oncosphere killing assays. The lack of cross-reactivity 

with TSOL18 was unexpected given the high amino acid sequence identity it shares 

with other proteins of the To18 homology group.  

 

 These studies investigated the potential to identify a surrogate Taeniid species 

(more amenable to laboratory manipulation) from assessment of protective immune 

responses raised by TSOL18 in vaccinated pigs. Oncosphere killing assays were also 

utilised as an in vitro method to assess antigenic cross reactivity between proteins from 

different Taeniid species. Oncosphere killing assays determined that anti TSOL18 sera 

induced significant killing of T. saginata oncospheres. None of the cross-reactions 

observed in immunological assays or amino acid sequence analysis was reflected in 

oncosphere killing assays.  

 

These studies have revealed that detectable levels of antigenic cross-reactivity 

exist between some of the recombinant oncosphere antigens. The successful killing of a 

heterologous species indicated that the use of a surrogate target Taeniid species, to 

monitor immune responses in vaccinated animals, is feasible. The findings here limit 

the potential for development of in vitro methods for assessment of host-protective 

immune responses induced by the vaccines. Further investigation is required in order to 

identify a Taeniid species with significant cross-reactive capabilities and a lifecycle that 

is maintainable in a laboratory setting.    
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CHAPTER ONE 

 

GENERAL INTRODUCTION AND LITERATURE REVIEW 

 

 

1.1 INTRODUCTION 

Taeniid cestodes are of significant importance economically and are a 

substantial cause of human morbidity and mortality worldwide. The Taeniidae family 

comprises two genera, Taenia and Echinococcus. The species of greatest concern from a 

human health perspective are Taenia solium, Taenia multiceps, Echinococcus granulosus 

and Echinococcus multilocularis as they cause zoonotic disease in humans. Those species 

causing the greatest economic loss in livestock are Taenia saginata, Taenia ovis, Taenia 

multiceps and T. solium. Other Taeniid cestodes, including Taenia hydatigena, Taenia 

pisiformis and Taenia taeniaeformis, are not of major concern medically or economically, 

however they have proven useful as laboratory models. 

    

1.2  GENERAL BIOLOGY OF TAENIID CESTODES 

Taeniid parasites have a two host, herbivore-carnivore lifecycle. There are two 

morphological stages: an adult sexually reproducing tapeworm and the larval stage or 

metacestode.  Adult cestodes reside in the small intestine of the definitive host, attaching 

to the epithelium via a scolex. The scolex supports four suckers and, in most species a 

rostellum. The main body or strobila of the tapeworm is connected to the scolex via a 

short neck, and is divided into segments (proglottids). The strobila is dorso-ventrally 

flattened and, as acoelomates, cestodes lack a gut, with transfer of nutrients taking place 

through an absorptive layer or tegument, which covers the entire body. The parasite 
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grows by producing new proglottids originating in the neck region. The proglottids 

mature within the strobila and develop both male and female reproductive organs.  Sexual 

reproduction leads to the production of eggs that are stored in the uterus. The mature, 

gravid proglottids are the most posterior segments in the strobila and contain the mature 

eggs. These segments are released from the strobila and are expelled along with the eggs 

in the faeces of the definitive host. 

 

The eggs of Taeniid cestodes contain an oncosphere, surrounded by an 

oncospheral membrane and a three-layered shell. The strongest layer is called the 

embryophore and consists of hexagonal blocks made of keratin-type protein (Morseth, 

1966). Once ingested by the intermediate host, various digestive fluids degrade the 

embryophore and cause activation of the oncosphere. The oncosphere has six hooks, a 

developed musculature, gland cells and germinal cells that are thought to be important in 

invasion of the intermediate host and oncospheral development (Ogren, 1972; Freeman, 

1973). Once activated, the oncosphere becomes motile, penetrates the intestinal 

epithelium and travels via the blood or lymphatics, often to the liver where it may 

undergo post-oncospheral development. Some oncospheres may travel directly to the 

lungs by way of the lacteals (Heath, 1971). Typically the oncosphere exits the liver and 

forms a metacestode in the muscle or peritoneal cavity, with other locations varying 

depending on the species.  

 

For the majority of Taenia species, each oncosphere forms a metacestode 

containing a single larval stage. Exceptions include T. multiceps and Taenia serialis, the 

larval stages of which form a coenurus, containing many scoleces. Other variants include 

Taenia crassiceps, which develops a proliferative cysticercus. Species belonging to the 
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genus Echinococcus form metacestodes which typically proliferate, producing a large 

number of scoleces capable of developing into adult worms. E. granulosus forms a 

unilocular cyst whist E. multilocularis forms a multilocular cyst.  

 

Upon ingestion of the cysticercus by the definitive host, intestinal secretions, 

especially bile salts, stimulate the scolex to become active and evaginate and the 

juvenile tapeworm attaches to the epithelium of the small intestine. The tapeworm 

subsequently matures over several weeks until mature proglottids are released from the 

strobila and eggs are released with the faeces.  

 

1.3  MEDICALLY AND ECONOMICALLY IMPORTANT TAENIID 

CESTODE SPECIES 

 Several cestode species are important because they cause disease in humans, or 

they cause economic loss resulting from infection of livestock animals. In humans, E. 

granulosus develops as a unilocular cyst, often in the liver or lungs, causing the disease 

known as cystic echinococcosis. Cystic echinococcosis is a considerable health problem 

in many regions of the northern and southern hemispheres (Deplazes et al., 2017). It 

causes economic impact through loss of edible offal, however the greater impact occurs 

as a result of infection in humans due to morbidity, mortality and medical costs 

(Torgerson, 2003). E. multilocularis forms a multilocular cyst, most often in the liver, 

causing alveolar echinococcosis. Alveolar echinococcosis has a higher mortality rate than 

cystic echinococcosis (Torgerson, 2003).  E. multilocularis is restricted to the northern 

hemisphere regions of North America, Eurasia and China.  
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Other Echinococcus species cause polycystic infections in humans and other 

intermediate hosts. Echinococcus vogeli and Echinococcus oligarthrus have dog-

rodent/human and rodent/wild felid lifecycles, respectively. The polycystic metacestode 

commonly forms in the liver, but is also found in the lungs, mesentery, spleen and 

pancreas (Meneghelli et al., 1992).  E vogeli and E. oligarthrus are restricted to some 

areas of Central and South America 

 

The lifecycle of T. solium involves pigs and humans. Humans harbour the adult 

tapeworm in the small intestine. Eggs are released with the faeces. The natural 

intermediate hosts are pigs which are infected by eating items contaminated with T. 

solium eggs. The eggs hatch in the pig’s gut and the liberated oncosphere penetrates the 

intestinal wall and travels via the blood to the tissues. In pigs, the cysticercus larval stage 

occurs principally in striated muscle. The parasite eggs are not only infectious to pigs; 

humans that accidentally ingest eggs can also develop the cysticercus larval stage. In 

humans the cysticerci commonly encyst in the brain or other neural tissue, causing 

neurocysticercosis.  T. solium has a worldwide distribution and is the most common, 

preventable cause of seizure disorders in the developing world, being associated with 

29% of people with epilepsy (Ndimubanzi et al., 2010). It is estimated that in Latin 

America alone approximately 400,000 people have symptomatic neurocysticercosis (Bern 

et al., 1999).  

 

T. saginata has a lifecycle in which cattle act as intermediate hosts and humans 

being the obligate definitive host. In cattle, the cysticercus encysts in the striated muscle. 

In many parts of the world bovine cysticercosis causes significant economic loss to the 

beef meat industry, particularly in Africa. Detection of cysticerci in cattle carcases results 
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in the carcass being condemned, down-graded, or requiring special treatment to kill the 

parasite before sale for human consumption.  

 

The lifecycle of T. ovis involves sheep as intermediate hosts and dogs as 

definitive hosts. In sheep, a cysticercus forms in the striated muscle causing cysticercosis, 

also known as sheep measles. Cysticercosis is a source of significant economic loss to the 

sheep meat industries due to condemnation of the carcasses as unfit for consumption 

(DeWolf et al., 2014). During the 1970’s, the United States of America and Canada 

restricted import of Australian mutton, due in large part to T. ovis infections. The ban was 

subsequently lifted once control measures were put in place (Arundel, 1972). New 

Zealand was faced with similar threat to the sheep meat industry and created an education 

and monitoring program through Ovis Management Limited after the percentage of 

infected lambs detected at slaughter tripled in the early 1990’s (Simpson, 2009). The 

programme remains in place. 

 

T. pisiformis and T. taeniaeformis have rabbits and rodents as intermediate hosts, 

respectively. T. pisiformis forms a cysticercus which localizes in the omentum, greater 

mesentery and pelvic cavity. T. taeniaeformis differs from other Taenia in that it forms a 

strobilocercus larva. Whilst theses species do not cause significant medical or economic 

impacts, they are commonly used in laboratory studies due their lifecycle being able to be 

maintained in a laboratory setting.   

 

1.4 IMMUNITY TO TAENIID CESTODES IN THE INTERMEDIATE HOST 

A prominent feature of cestode infections in the intermediate host is that an 

infected host is immune to re-infection, which is termed concomitant immunity 
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(Lightowlers, 2010). Concomitant immunity appears to be associated with exposure to 

antigens on the surface of the oncosphere or the early developing metacestode.  

  

1.4.1 Early studies on immunity to re-infection and vaccination 

Concomitant immunity was first described by Vogel (1888) in rats to T. 

taeniaeformis, however it was experiments by Miller (1931a) that provided definitive 

evidence that rats infected with T. taeniaeformis were protected against re-infection for in 

excess of 155 days post initial infection. Miller (1931) demonstrated that whilst 

attempting to stimulate immunity to an experimental infection with T. taeniaeformis eggs 

in rats, some rats failed to become infected after being given T. taeniaeformis eggs orally. 

In these immune rats, post mortem examination found mature strobilocerci of T. 

taeniaeformis from a previous infection. Miller showed that the infected animals were 

immune to re-infection, before demonstrating that näive rats could be protected against 

infection by injection of serum from infected animals (Miller and Gardiner, 1932).  

Campbell (1936) then vaccinated rats with material from both adult and larval stages of 

T. taeniaeformis and found that there were two stages of immunity, early and late, which 

varied independently. Early immunity was capable of providing complete protection 

against infection with T. taeniaeformis however, late immunity was able to provide much 

lower levels of protection (<50%). It was these early studies that lead to subsequent 

studies of cestode immunity and vaccination (Gemmell, 1962; Gemmell, 1967; Heath and 

Pavloff, 1975; Mitchell et al., 1977). 

 

1.4.2 Concomitant immunity in other Taeniid species 

An experiment by Kerr (1935) showed that rabbits which were infected with T. 

pisiformis were relatively immune to superinfection. This work was then followed by 
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Penfold et al. (1936) who, in a series of experiments, showed that cattle exposed to large 

numbers of T. saginata eggs were immune to a subsequent challenge with T. saginata. 

Later, Urquhart (1961) found that young calves raised under conditions where natural 

exposure to T. saginata infection was common, were resistant to T. saginata challenge 

infection. Heath and Chevis (1978) then demonstrated the extent and duration of 

concomitant immunity with T. pisiformis in rabbits, whilst Sweatman (1957) 

demonstrated conclusively that sheep which had been given an initial infection with T. 

hydatigena were immune to challenge infection for up to 7 weeks post initial infection. 

Concomitant immunity is a prominent feature of cestode immunity in the intermediate 

host has also been described for E. granulosus (Sweatman et al., 1963; Heath et al., 1979) 

and T. ovis (Blundell et al., 1968; Heath et al., 1979). 

 

1.4.3 Role of antibodies in concomitant immunity 

It has been demonstrated that concomitant immunity results from exposure to 

antigen on the early developing metacestode (Miller, 1931; Miller and Gardiner, 1932; 

Miller and Kerr, 1932; Kerr, 1935; Campbell, 1938) and the role of antibodies in 

concomitant immunity has also been investigated. Miller and Gardiner (1932) determined 

the presence protective factors in concomitant immunity to T. taeniaeformis in rats. Naive 

rats were infected with T. taeniaeformis eggs via a stomach tube and two hours later, 

injected with serum from immune rats. At necropsy, these rats were shown to have 

significantly fewer developing metacestodes than control rats. This work was continued 

by Campbell (1938) who demonstrated the protective factors responsible for concomitant 

immunity were antibodies and that they worked via two mechanisms; “early immunity” 

that destroys the larva before it encysts and “late immunity”, which destroys the larvae 

after encystment occurs.  
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1.4.4 Potential use of oncosphere killing assay 

Oncosphere killing assays are an in vitro laboratory model, in which antigens 

and the immune response in vaccinated animals can be tested in a much faster and 

economical way as opposed to more traditional methods involving vaccination and 

parasite challenge in vivo. In vitro killing assays have been shown to correlate with 

protective immune response in vivo (Heath and Lawrence, 1981; Woollard et al., 2000b; 

Woollard et al., 2001). The in vitro killing assay requires the culture of activated 

oncospheres in the presence of heat-inactivated immune sera and a source of 

complement. To date, these assays have utilised E. granulosus (Heath and Lawrence, 

1981), T. pisiformis, T. ovis, T. saginata and T. solium (Kyngdon et al., 2006b). 

 

1.5 IMMUNISATION AGAINST INFECTION WITH TAENIID 

METACESTODES USING NATIVE ANTIGENS 

The first successful vaccination against a larval cestode was reported by Miller 

(1931b) against T. taeniaeformis in rats. A powdered preparation of adult worms, which 

contained eggs, was used to vaccinate rats and was shown to provide near complete 

protection against infection with T. taeniaeformis. Further studies by Miller (1931a) and 

Campbell (1936) demonstrated that it was possible to induce a very high level of 

immunity against T. taeniaeformis infection in the rat by vaccinating with different 

antigen preparations from the larval stage and adult parasite.  

 

1.5.1 Role of antibodies in immunity induced by vaccination 

Production of protective antibodies has been shown to be induced by vaccination 

with parasite extracts of the adult worm (Miller, 1931b) and oncosphere extracts 

containing host-protective antigens (Rickard et al., 1977; Rajasekariah et al., 1980; Heath 
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and Lawrence, 1996).  Passive transfer of immunity from infected hosts to näive animals 

has demonstrated that antibodies play a central role in acquired immunity against the 

establishment of larval Taeniid infection. Blundell et al. (1968) first demonstrated passive 

transfer of immunity to T. hydatigena. This was followed by colostral transmission of 

protection against T. hydatigena (Gemmell et al., 1969) and T. ovis (Rickard and 

Arundel, 1974). Lloyd and Soulsby (1976) also conclusively demonstrated that immunity 

to infection with T. saginata in cattle could be passively transferred to naive hosts. This 

was demonstrated by the feeding of antibodies from colostrum or serum, to neonate 

calves and then challenging with T. saginata eggs. These studies were reviewed by 

Williams (1979) who highlighted the central role of antibodies in the passive transfer of 

immunity  to the establishment of larval Taeniid infection.  

 

1.5.2 Oncosphere antigens 

Following on from the work of Miller and Campbell, Gemmell et al. (1969) 

demonstrated significant protection in sheep against infection with T. ovis by 

immunization with non-viable oncospheres. However, the level of protection provided 

was less than that induced by vaccinating with living oncospheres. Further studies by 

Rickard and colleagues showed that cattle and sheep exposed to excretory/secretory 

antigens from non-living oncospheres of T. saginata and T. ovis respectively were highly 

protective against challenge infection (Rickard and Bell, 1971b; Rickard et al., 1977; 

Rickard and Brumley, 1981). Rickard et al. (1977) and Rajasekariah et al. (1980) took it 

one step further and demonstrated that antigens derived from the oncospheres of T. 

saginata and T. taeniaeformis, were able to induce host-protective immune responses in 

cattle and mice, respectively, whilst Heath and Lawrence (1996) demonstrated the 

presence of highly protective oncosphere antigens in E. granulosus. The level of 
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protection that was achieved with oncosphere antigen was greater than the level achieved 

using antigen derived from other lifecycle stages.   

 

1.6 ANTIGENIC CROSS-REACTIVITY AMONG TAENIID CESTODES 

Cross protection has been well documented between different Taeniid cestodes 

and was reviewed by Lightowlers et al. (1993).  T. ovis and T. hydatigena have displayed 

significant levels of cross immunity (Gemmell, 1964; Rickard and Bell, 1971a), as has T. 

ovis and E. granulosus (Gemmell, 1966; Heath et al., 1979). T. taeniaeformis has 

displayed the widest ranging cross reactivity, with six Taeniid species, T. crassiceps, T. 

hydatigena, T. pisiformis, T. saginata, T. serialis and T. solium all capable of inducing at 

least 30% protection against a challenge infection with T. taeniaeformis (Table 1.1). 

There are several studies on cross protection between Taeniid species, with the highest 

level of cross reactivity resulting from vaccination with a preparation of adult T. 

pisiformis, resulting in 83.6% protection against infection with T. taeniaeformis (Miller, 

1932). Higher levels of cross protection were reported when oncosphere preparations 

were used as vaccines. The highest level of protection reported was T. hydatigena 

oncospheres inducing 98.8% protection against T. saginata challenge infection 

(Wikerhauser et al., 1971).  It was these early studies utilising native antigen 

preparations, particularly from oncospheres, that demonstrated it was highly likely that 

host protective antigens from different Taeniid species had antigenic determinants or 

epitopes in common.  
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Table 1.1 Summary of published data on cross protection between Taeniid parasites (adapted from 

Lightowlers et al. (1993)). 

Challenge 

Species 
Immunising Species Imm regime/antigen % Protect Reference 

Echinococcus 

granulosus 
Taenia hydatigena Onc (V) IM 31.3 Gemmell (1966) 

  
 

Eggs (V) IM 0 Gemmell (1966) 

  
 

Prior Infection 38.5 Heath et al. (1979) 

  Taenia ovis Onc (V) IM 38.9 Gemmell (1966) 

  
 

Eggs (V) IM 19.8 Gemmell (1966) 

  
 

Prior Infection & Eggs (V) 
IM 

66.7 Heath et al. (1979) 

  Taenia pisiformis Eggs (V) IM 0 Gemmell (1966) 

  
 

Onc (V) IM 0 Gemmell (1966) 

  
 

  
 

  

Taenia 
hydatigena 

Echinococcus granulosus Prior Infection 49.9 Heath et al. (1979) 

  Taenia ovis Prior Infection 31.3 Heath et al. (1979) 

  
 

  38.1 Varela-Diaz et al. (1972) 

  
 

  73.6 Gemmell (1969) 

  
 

Coinfection 66.3 Varela-Diaz et al. (1972) 

  
 

Eggs (NV) IM 23.9 Gemmell (1964) 

  
 

Eggs (V) IM 39.7 Gemmell (1964) 

  
 

  0 Gemmell (1970) 

  
 

Onc (V) IM 40.4 Gemmell (1964) 

  
 

  0 Gemmell (1970) 

  Taenia pisiformis Eggs (NV) IM 28.9 Gemmell (1964) 

  
 

Onc (V) IM 22.6 Gemmell (1964) 

  
 

Eggs (V) IM 23.0 Gemmell (1964) 

  
 

  35.4 Gemmell (1969) 

  
 

  
 

  

Taenia ovis Echinococcus granulosus Prior Infection 32.4 Heath et al. (1979) 

  Taenia hydatigena Prior Infection 63.8 Gemmell (1969) 

  
 

  47.4 Varela-Diaz et al. (1972) 

  
 

  65.7 Heath et al. (1979) 

  
 

Coinfection 46.1 Varela-Diaz et al. (1972) 

  
 

Eggs (V) IM 54.3 Gemmell (1965) 

  
 

  66.7 Gemmell (1970) 

  
 

Onc (V) IM 48.0 Gemmell (1965) 

  
 

  38.2 Gemmell (1970) 

  
 

Onc ES (NV)** IM 96.8 Rickard and Bell (1971a) 

  Taenia pisiformis Eggs (V) IM 21.5 Gemmell (1965) 

  
 

Onc (V) IM 11.7 Gemmell (1965) 

  
 

  72.5 Gemmell (1969) 

  
 

  
 

  

Taenia 

pisiformis 
Taenia hydatigena Eggs (V) oral 88.8 Rickard and Coman (1977) 

  
 

Eggs (V) IM 19.3 Gemmell (1965) 

  
 

Onc (V) IM 28.1 Gemmell (1965) 

  
 

  47.5 Gemmell (1969) 

  
 

  
 

  
Taenia 
pisiformis 

Taenia hydatigena Onc (V) DC 79.8 Rickard and Coman (1977) 

  Taenia ovis Eggs (V) Oral 22.9 Rickard and Coman (1977) 

  
 

Eggs (V) IM 0 Gemmell (1965) 

  
 

Onc (V) IM 40.6 Gemmell (1965) 

  
 

  46.3 Gemmell (1969) 

  
 

Onc (V) DC 0 Rickard and Coman (1977) 

    Onc ES (NV) IM 0 Rickard and Coman (1977) 
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Table 1.1 Cont. 

Challenge 

Species 
Immunising Species Imm regime/antigen % Protect Reference 

  
 

  
 

  

Taenia saginata Taenia crassiceps Metacestode (V) IP 28.3 Gallie and Sewell (1981) 

  
 

Metacestode (NV) IP 22.6 Gallie and Sewell (1981) 

  Taenia hydatigena Eggs (V) Oral 15.6 Gallie and Sewell (1981) 

  
 

Onc (V) IM 98.8 Wikerhauser et al. (1971) 

  
 

  25.7 Gallie and Sewell (1981) 

  
 

Onc (V) IV 26.8 Gallie and Sewell (1981) 

  
 

Onc ES (NV) IM 56.0 Rickard and Adolph (1976) 

  
 

  60.3 Rickard and Brumley (1981) 

  
 

  77.8 Rickard et al. (1982) 

  Taenia ovis Onc ES (NV) IM 64.9 Rickard and Adolph (1976) 

  
 

  21.1 Gallie and Sewell (1981) 

  Taenia taeniaeformis Onc ES (NV) IM 28.4 Lloyd (1979) 

  
 

  
 

  

Taenia 
taeniaeformis 

Taenia crassiceps Metacestode (V) IP 73.5 Lloyd (1979) 

  
 

Metacestode (NV) IM 54.3 Lloyd (1979) 

  Taenia hydatigena Eggs (V) Oral 88.4 Rickard et al. (1981) 

  
 

Onc (NV) Oral 12.6 Rickard et al. (1981) 

  
 

Onc (NV) SC 30.4 Rickard et al. (1981) 

  Taenia pisiformis  Eggs (V) Oral 41.3 Miller (1932) 

  
 

  94.5 Rickard et al. (1981) 

  
 

Onc (NV) Oral 45.9 Rickard et al. (1981) 

  
 

Onc (NV) SC 70.6 Rickard et al. (1981) 

  
 

Adult Worm (V) IP 83.6 Miller (1932) 

  
 

Metacestode (NV) SC 56.3 Kan (1934) 

  Taenia saginata Gravid Proglottid (NV) IM 35.3 Lloyd (1979) 

  
 

Adult Worm (NV) SC 0 Kan (1934) 

  
 

Adult Worm (V) SC 0 Kan (1934) 

  
 

Adult Worm (NV) IP 33.3 Miller (1932) 

  
 

Onc ES (NV) IM 95.9 Lloyd (1979) 

  
 

Onc ES (NV) Oral 96.3 Lloyd (1979) 

    Oncs (NV) IV 25.0 Ito et al. (1994) 

    
 

    
  Taenia asiatica Oncs (NV) IV 61.0 Ito et al. (1994) 

    Oncs (NV)SC 39.0 Ito et al. (1994) 

  Taenia serialis Metacestode (NV) SC 88.5 Kan (1934) 

  Taenia solium Adult Worm (V) SC 31.0 Kan (1934) 

  
 

  
 

  

Taenia 

crassiceps 
Taenia solium Onc OE SC F LI 63.0 Sciutto et al. (1990) 

  
 

Onc OE SC M LI 47.4 Sciutto et al. (1990) 

    Onc OE IP F LI 92.7 Sciutto et al. (1990) 

    Onc OE IPM LI 78.9 Sciutto et al. (1990) 

    
 

    
    Onc OE SC F EI 68.8 Sciutto et al. (1990) 

  
 

Onc OE SC M EI 89.5 Sciutto et al. (1990) 

    Onc OE IP F EI 89.8 Sciutto et al. (1990) 

  
 

Taenia solium 

  
 

Taenia ovis 

Onc OE IP M  EI 
 

Onc (V) IM 

100.0 
 

93 

Sciutto et al. (1990) 
 

Plancarte et al. (1999) 

 
Table 1.1 DC, diffusion chamber; ES, excretory signal; IM, intramuscular; IP, intraperitoneal; IV, intravenous; NV, nonviable; 
Onc, oncosphere; SC, subcutaneous; V, viable; OE, oncosphere extract; EI, early immunity; LI, late immunity; F, female; M, male. 

Unless otherwise stated, protection is assessed as a percentage reduction in the number of metacestodes detected following a challenge 

infection irrespective of the state of development or viability of the metacestodes.  
*Original data indicate that the immunization resulted in a decrease in viability of metacestodes established following the challenge 

infection compared to controls. + Prior infection via the normal route of infection as distinct from atypical infection which may occur 

as a result of other immunization protocols, e.g., development of cestodes intramuscularly, in draining lymph nodes, etc., following 
intramuscular injection of oncospheres. ‡ Percentage protection calculated on transformed data, see original references.ꬸ Egg infection 

with “challenge species” and “Immunizing species” given simultaneously. **Supernatant from in vitro culture of oncospheres.++ 

Activated oncospheres implanted intraperitoneally in diffusion chambers ‡‡ Immunized with culture supernatant plus freeze-thaw 
sonicate of cultured oncospheres. 
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1.7 IMMUNISATION AGAINST INFECTION WITH TAENIID 

METACESTODES USING RECOMBINANT ANTIGENS 

The advent of recombinant DNA technology during the 1980’s made it possible 

to produce host-protective parasite antigens in sufficient quantities to allow development 

of practical vaccines. As a consequence, many studies were undertaken to clone and 

express parasite antigens for use as vaccines. The greatest success was achieved with 

Taeniid cestode parasites and the vaccines which have been developed for this group of 

parasites and remain the benchmark in vaccinations against parasitic infection. 

 

Research on recombinant cestode antigens began in the 1980’s, initially with T. 

ovis. At the time, this parasite was causing substantial economic loss to the sheep meat 

industry in Australia and New Zealand and efforts to develop a vaccine received strong 

support from a commercial animal vaccine manufacturer. T. ovis was well suited to being 

the subject of studies on vaccine research because the parasite’s lifecycle can be 

maintained through dogs and sheep, and work with the parasite does not present any 

direct human health concerns.  The program was successful in developing the first highly 

effective recombinant antigen vaccine against a parasitic infection (Johnson et al., 1989). 

The strong similarity in the host-parasite relationships among the different species, and 

high level of cross-protection that had been demonstrated using native antigen extracts, 

suggests that other Taeniid species may have homologues of the host-protective antigens 

found in T. ovis. This provided the successful start that was used for development of 

recombinant antigens against other Taeniid species. 
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1.7.1 T. ovis 

Johnson et al. (1989) identified protective antigens from the oncosphere of T. 

ovis by screening a T. ovis oncosphere cDNA library. One recombinant antigen, 

designated To45W, was shown to be able to confer high levels of protection against 

challenge with T. ovis eggs in vaccinated sheep. Subsequently Harrison et al. (1996) 

identified two further recombinant antigens from T. ovis oncospheres designated 16K and 

18K (now referred to as To16 and To18 respectively).  

 

1.7.2 T. saginata 

Homologues to 18K and To45W were isolated from the oncospheres of T. 

saginata. Labelled cDNA of To18 and To45W were used to probe the cDNA library of 

T. saginata oncospheres to identify homologues. The antigenic proteins identified were 

termed TSA18 and TSA9 and were subsequently shown through vaccination trials in 

cattle to confer high levels of protection against T. saginata challenge infection 

(Lightowlers et al., 1996b). 

 

1.7.3 T. solium 

The T. ovis recombinant antigens were used as a heterologous vaccine by 

Plancarte et al. (1999) in a challenge trial to test the hypothesis that cross-protective 

homologues may also be present on T. solium oncospheres. To16, To18 and To45W 

were used to vaccinate against T. solium infection in pigs and conferred up to 93% 

protection when all three proteins were pooled into one vaccination. This lead to the 

homologues TSOL16, TSOL18 and TSOL45-1A being cloned from T. solium via the 

same methods used for the identification of the T. saginata antigens (Gauci et al., 1998; 

Gauci and Lightowlers, 2001; Gauci and Lightowlers, 2003). TSOL18 and TSOL45-1A 
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are the only T. solium derived antigens to be tested in challenge trials against T. solium.  

TSOL18 induced the highest level of protection (100%) (Gauci et al., 1998), whilst 

TSOL45-1A induced 97% protection against challenge infection (Gauci and 

Lightowlers, 2001). 

 

1.7.4 T. multiceps 

Homologues of the recombinant oncosphere antigens from T. ovis and T. solium 

were identified in T. multiceps by the same methods described previously for T. solium 

and T. saginata recombinant antigens. The T. multiceps recombinant oncosphere proteins, 

designated TM16 and TM18 were shown significant protection in a vaccine trial in sheep 

against T. multiceps challenge (Gauci et al., 2008). 

 

1.7.5 E. granulosus  

The same method of identifying host-protective antigens of T. ovis was applied 

to E. granulosus. Homologues of the three T. ovis antigens were unable to be identified. 

However, similar methods to those used to identify the native host-protective antigens 

in T. ovis were effective in E. granulosus in identifying and cloning the EG95 host-

protective antigen (Lightowlers et al., 1996a). EG95 was found to be able to induce 94-

100% protection against challenge infection with E. granulosus eggs in sheep 

(Lightowlers et al., 1996a; Lightowlers et al., 1999). 

 

1.7.6 E. multilocularis 

 Utilizing methods similar to those applied to screen for T. ovis homologues T. 

Saginata and T. solium, a homologue of EG95 was identified in E. multilocularis and 
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termed EM95. EM95 confers protection (83%) against challenge infection with E. 

multilocularis eggs in mice (Gauci et al., 2002). 

 

1.8 GENERAL CHARACTERISTICS OF PROTECTIVE RECOMBINANT 

ONCOSPHERE ANTIGENS 

A total of twelve recombinant host-protective proteins have been identified from 

six different cestode species. Analysis of the predicted amino acid sequences of the host-

protective recombinant proteins has identified three distinct and highly conserved 

regions; a secretory signal at the N- terminus, followed by one or two Fibronectin Type 

III (FnIII) domains and in some instances, a transmembrane glycophosphotase anchor at 

the C- terminus that acts as a lipid anchor (Figure 1.1). These characteristics are 

conserved although the proteins were identified and isolated independently and have an 

unclear immunological relatedness (Lightowlers et al., 2000). The FnIII domain is a motif 

common amongst eukaryotes and is seen in proteins associated with the extracellular 

matrix, immunoglobulins, cell surface receptors and adhesion and carbohydrate-binding 

proteins. FnIII domains belong to the immunoglobulin-like beta-sandwich fold group of 

proteins and are approximately 80 to 100 amino acids in length. FnIII domains are 

relatively common and appear in approximately 2% of all proteins. All twelve 

recombinant antigens contain at least one FnIII domain, with the exception of To45W, 

TSOL45-1A-1A and TSA9, which contain two FnIII domains. There is evidence that all 

twelve host-protective recombinant antigens are secreted by activated oncospheres 

(Rickard and Brumley, 1981; Osborn and Heath, 1982; Harrison et al., 1996; Jabbar et 

al., 2010) however further information regarding the function of these proteins has not yet 

been described.  
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Figure 1.1     Modular structure of host-protective oncosphere antigens. Schematic illustration showing the 

locations of secretory signals, Fibronectin type III domains and transmembrane/GPI anchor domains of 

Taeniid vaccine antigens. Numbers indicate amino acid position of predicted N-linked glycosylation sites 

and numbers in brackets represent length of the predicted full length protein from the initiator Methionine 

(from Lightowlers et al., 2003). 
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1.8.1 Homology between the protective recombinant antigens 

The twelve host-protective oncosphere proteins fall clearly into homology 

groups. For example, the antigens in T. saginata (TSA18) and T. solium (TSOL18) that 

were isolated by DNA hybridisation of the To18 cDNA cloned from T. saginata and T. 

solium show clear amino acid sequence homology with To18. In the case of TSA18, 

Lightowlers et al. (1996b) reported 93% homology in cDNA sequence and 79% for 

amino acid sequence with To18. The same can be seen between To45W and the 

homologue in T. saginata, TSA9, where 83% cDNA homology was observed and 72% 

homology in amino acid sequence. 

 

Among the different host-protective antigens that were isolated independently 

from the same species, for example, To45W, To16 and To18, a similarly high level of 

homology is not evident (Lightowlers et al., 2000).  Based on the known sequence 

homology, the recombinant antigens can be separated into one of four homology groups 

(Table 1.2).  These groups are the To16 group comprising To16, TSOL16 and TM16; the 

To18 group, To18, TSOL18, TM18 and TSA18; the To45 group, To45W, TSOL45-1A 

and TSA9 and the EG95 group consisting of EG95 and EM95 with the group 

nomenclature based on the initial antigen isolated in each group.  

 

1.9 MONITORING THE PRACTICAL USE OF CESTODE VACCINES 

Several of the anti-cestode vaccines are undergoing, or have undergone, 

commercial development. The To45W vaccine was registered and licensed for use in 

New Zealand although it was not released as a commercial product due to political and 

economic factors (Rickard et al., 1995). EG95 is under commercial development in both 

China 
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Table 1.2     Homology groupings of the host-protective recombinant antigens from Taeniid cestode 

parasites. Homology grouping; Protection (%), typical protective efficacy seen in experimental vaccination 

trial against a challenge infection. TSOL45-1A, 1B and 1C are different isoforms, encoded by the TSOL45 

gene. 

 

Homology 

Group 
Antigen Species 

Protection 

(%) 
Reference 

To16 To16 T. ovis 92 Harrison et al. (1996) 

  TSOL16 T. solium 99.8 Gauci and Lightowlers (2003) 

  TM16 T. multiceps 82 Gauci et al. (2008) 

To18 To18 T. ovis 99 Harrison et al. (1996) 

  TSA18 T. saginata 99 Lightowlers et al. (1996b) 

  TSOL18 T. solium 100 Gauci et al. (1998) 

  TM18 T. multiceps 67 Gauci et al. (2008) 

To45 To45W T. ovis 94 Johnson et al. (1989) 

  TSA9 T. saginata 99 Lightowlers et al. (1996b) 

  TSOL45 T. solium 97 Gauci and Lightowlers (2001) 

  TSO45-1A T. solium 98 Flisser et al. (2004) 

  TSO45-1B T. solium 19 Gauci et al. (2012)  

  TSO45-1C T. solium n/a Gauci and Lightowlers (2001)  

EG95 EG95 E. granulosus 100 Lightowlers et al. (1996a) 

  EM95 E. multilocularis 83 Gauci et al. (2002) 
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and Argentina. The TSOL18 vaccine has been developed by Indian Immunologicals 

Limited and licensed for use as Cysvax®.  

 

1.9.1 Difficulties experienced in monitoring protective responses induced by 

vaccination  

The protective efficacy of the anti-cestode vaccine was determined by 

experimental trails in animals against a challenge infection with parasite eggs. In 

optimising and commercial registration of the vaccines, many aspects need to be 

determined, for example, the dose of the antigen, number and timing of injections, 

duration of immunity, etc. It is impractical and overly expensive to determine all these 

things using challenge trials in animals. Two in vitro methods have been used as 

correlates of protection; oncosphere killing assays and specific IgG antibody level against 

the vaccine antigens. However these methods have found to have significant limitations. 

Whilst there is strong evidence that antibodies are involved in vaccine induced immunity 

(Lightowlers, 2006), there is not a clear correlation between specific antibody titre and 

the level of protection against infection (Rothel et al., 1996; Kyngdon et al., 2006a), 

although one study identified 50% of the variability in the percentage protection against 

E. granulosus could be explained by the anti-EG95 titre in sheep (Heath and Koolaard, 

2012). Oncospheres of E. granulosus and T. solium are difficult to obtain and present 

potential dangers because the eggs are infectious to humans.  

 

An option for monitoring the host-protective effects of vaccination against E. 

granulosus or T. solium that has not been explored is to use oncosphere killing assay, but 

using oncospheres of a different Taeniid species which are more readily obtained. Both 

the known immunological cross-reactivity between different Taeniid species and the 



21 

 

close amino acid sequence identity between some of the host protective antigens, 

suggests that it may be possible to utilise oncospheres of a heterologous species in 

oncosphere killing assays to monitor protective immune response following vaccination 

with recombinant oncosphere antigens. 

 

The immunological relationship between the different defined host-protective 

antigens of Taeniid cestodes has not been investigated comprehensively. Such an 

investigation may lay the foundation for application of oncosphere killing assays of 

heterologous species for monitoring the host-protective effects of vaccination. 

 

1.10 THESIS AIMS  

The aim of this study is to complete a comprehensive immunological study into 

antigenic cross-reactivity among the recombinant, host-protective antigens of Taeniid 

cestodes and to determine if a closely related Taeniid species can be used as a surrogate 

for T. solium and E. granulosus in in vitro killing assays.  

 

The study aims to: 

(i) Determine the level of amino acid sequence identity and similarity 

between the twelve host-protective recombinant antigenic proteins and 

their phylogenetic relationship. 

(ii) Measure antigenic cross-reactivity between recombinant antigenic 

proteins and homologous and heterologous immune sera via Indirect 

Enzyme Linked Immunosorbent Assays (ELISA). 
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(iii) Determine if heterologous immune sera are capable of inhibiting binding 

of antibodies to the homologous recombinant antigen via Inhibition 

ELISA. 

(iv) Investigate immunological cross-reactivity with an alternate method -  

Western Blot. 

(v) Utilise oncosphere killing assays as an in vitro method for determining 

antigenic cross-reactivity and to aid in the monitoring of the immune 

response in vaccinated animals. 

(vi) Ascertain if there is significant level of antigenic cross-reactivity so as to 

identify a surrogate species for T. solium and E. granulosus as the target 

in oncosphere killing assays. 
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CHAPTER TWO 

 

MATERIALS AND METHODS 

 

 

2.1  EXPERIMENTAL ANIMALS 

2.1.1  Sheep 

Sheep are the intermediate host of T. ovis and were required to maintain the 

lifecycle of the parasite. Sheep of Dorset/Merino mixed breed of approximately 8 to 9 

weeks of age were sourced through The University of Melbourne Rural Credits and were 

maintained at The University of Melbourne, Veterinary Clinical Centre, Werribee where 

they were housed in indoor pens, in accordance with The University of Melbourne 

Animal Ethics Committee guidelines. The sheep were fed a mix of lucerne chaff, oaten 

chaff and oats at a ratio of 4:4:1 and water ad libitum.  

 

2.1.2 Pigs 

Pigs were used to raise antisera against recombinant antigens for use in ELISA 

and oncosphere killing assays. Pigs of mixed breed were sourced at approximately 6 

weeks of age, through The University of Melbourne Rural Credits and were maintained at 

The University of Melbourne, Veterinary Clinical Centre, Werribee. The Pigs were 

housed in indoor pens in accordance with The University of Melbourne Animal Ethics 

Committee guidelines. Pigs were fed Powergrow 500 pellets (Barastoc) and water ad 

libitum. 
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2.1.3 Dogs 

Dogs are the definitive host of Taeniid tapeworms and were used to maintain the 

lifecycles of T. ovis and T. pisiformis. The dogs were of mixed breed (kelpie, border 

collie, kelpie cross and Australian cattle dog cross) and were approximately 1-6 years of 

age. The dogs were sourced through The University of Melbourne Veterinary Clinical 

Centre, Werribee and were housed at The University of Melbourne Dog Colony. Dogs 

were humanely penned and exercised in accordance with The University of Melbourne 

Animal Ethics Committee guidelines. Dogs were fed Bonnie Working Dog (Purina, 

Australia) dry food with water ad libitum. 

 

2.1.4 Rabbits 

Rabbits are the intermediate host of T. pisiformis and were required to maintain 

the larval stage of the parasite. Six week old New Zealand white rabbits were sourced 

through The University of Melbourne Rural Credits from a registered laboratory animal 

supplier. Rabbits were maintained at The University of Melbourne Veterinary Clinical 

Centre, Werribee and were housed in indoor pens in accordance with The University of 

Melbourne Animal Ethics Committee guidelines. Rabbits were fed a mix of lucerne, oats, 

sunflower seeds and corn in equal parts, plus grass hay and straw in equal parts at a ratio 

of 1:3, with water ad libitum. 

 

2.2 SOURCE OF PARASITE MATERIALS 

2.2.1 T. ovis 

T. ovis eggs and cysticerci were obtained by maintaining the parasite’s lifecycle 

through dogs and sheep. Sheep were infected with 5000 eggs in 20ml sterile de-ionized 

water (SDW) via intra-rumenal injection. After a minimum of 6 weeks post infection, 



25 

 

sheep were euthanised by captive bolt pistol and cervical dislocation. Sheep were then 

skinned and striated muscle, tongue and heart examined for cysts. Dogs were infected 

with between 4 and 6 cysts by feeding of cysticerci with a small amount of canned dog 

food. After a minimum of 8 weeks post infection and detection of gravid segments in 

faeces, mature tapeworms were recovered from dogs by administering 0.75mg/kg of 

Arecoline Hydrobromide (Sigma, St. Louis, Mo, USA), orally. Live parasites were 

expelled in the faeces, cleaned in tap water and stored overnight at ambient temperature 

(this allowed the worm to relax and segments became easier to differentiate). Parasites 

were then stored in SDW plus ampicillin at a concentration of 100µg/ml, at 4oC. Eggs 

were collected from mature parasites and stored in SDW plus ampicillin (100µg/ml) at 

4oC until required for experimental use or for re-infection of the sheep intermediate host. 

 

2.2.2 T. pisiformis 

T. pisiformis eggs and oncospheres were obtained by maintaining the parasites 

lifecycle through dogs and rabbits. In addition, supplies were supplemented from time to 

time by cysticerci that were obtained from naturally infected rabbits (collected by D. 

Jenkins in the Australian Capital Territory and transported to The University of 

Melbourne, Veterinary Clinical Centre, Werribee.) Rabbits were infected with between 

100 and 1000 mature eggs in 10ml SDW administered orally. After a minimum of 8 

weeks, rabbits were euthanised by intravenous injection of barbiturate (Lethabarb, Virbac 

Australia Pty Ltd, Peakhurst, New South Wales) and cysticerci removed from the 

omentum, greater mesentery and pelvic cavity. The dog definitive host was then infected 

by ingestion of the cysticerci. After a minimum of 6 weeks, the adult parasite was 

recovered as described for T. ovis and eggs collected and used either experimentally or to 

maintain the lifecycle of T. pisiformis. 
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2.2.3 T. saginata  

T. saginata tapeworms were collected from taeniasis patients in the local 

Melbourne population, who had acquired the infection whilst residing overseas, as 

described by Lightowlers et al. (1996b).   Mature eggs were collected from gravid 

segments, stored in antibiotic at 4°C and used for oncosphere killing assays. 

 

2.2.4 Taenia serialis  

T. serialis metacestodes were collected from naturally infected wild caught 

rabbits in Werribee, Victoria.  Dogs were infected with between 2 and 6 scoleces and 

adult worms collected and stored as described above for T. ovis. 

 

2.2.5 Taenia hydatigena 

Cysticerci were obtained from the peritoneal cavity of naturally infected sheep at 

MC Herds Abattoir (Corio, Victoria, Australia). Dogs were infected with between 2 and 4 

cysticerci each and parasites collected as described above for T. ovis.  

 

2.2.6 Collection of Taeniid Eggs  

Tapeworms were washed in tap water a minimum of 5 times to remove all 

faecal matter and tegument. Parasites were then transferred to a black bottom tray and 

the 5 most terminal proglottids containing mature (1o) eggs, were collected. Taeniid 

species was confirmed by scolex hook morphology or by genital morphology if no 

scolex was located (Beveridge and Gregory, 1976). In a 10ml glass beaker, segments 

were dissected into a fine paste using small surgical scissors. Scissors were washed and 

the washings collected into the beaker with SDW to ensure all eggs were collected. The 

beaker containing the eggs was emptied into a fine metal sieve over a glass beaker and 
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rinsed with SDW. Tapeworm paste was then gently macerated with a glass rod to push 

any remaining eggs through the sieve. Using a Pasteur pipette, 10ml of SDW containing 

Taeniid eggs was re-suspended and transferred to a glass centrifuge tube, sealed with 

Parafilm (Bemis Plastic Packaging, Wisconsin, U.S.A.) and centrifuged in an RC5C 

centrifuge with a HS-4 rotor for 5 min at 1000 revolutions per minute (rpm). The 

centrifuge brake was not used to ensure eggs remained in the pellet. Eggs were stored in 

SDW plus ampicillin (100µg/ml) in glass tubes sealed with Parafilm for up to 4 weeks at 

4°C if not required immediately. Water was removed and eggs re-suspended in 5ml 

SDW water and the total egg count per ml was determined, using a haemocytometer and 

microscopic inspection.  

 

2.3 PRODUCTION OF RECOMBINANT ANTIGENS 

2.3.1 Growth of Bacteria 

Escherichia coli strain JM109 containing pMAL-C2 vector into which cDNA 

encoding oncosphere antigens had been cloned, was spread on Super Optimal Broth 

(SOB) agar plates containing ampicillin (100g/ml) and allowed to grow overnight at 

37oC.  A single colony was selected and transferred to a flask of SOB media plus 

ampicillin (10g/ml) to create a starter culture and grown for approximately 16hr in a 

37oC shaking incubator at 210rpm.  The volume of SOB media was increased tenfold 

and the culture further incubated until an OD595nm of 1.0 was reached.  

 

2.3.2 Protein Expression 

Isopropyl -D-1-thiogalactopyranoside (IPTG, Astral Scientific P/L, San Diego, 

USA) was added to the culture at a final concentration of 0.2mM to induce expression of 
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the fusion protein. Induction lasted between 3 to 5 hr in a 37oC shaker incubator at 

210rpm.  

2.3.3 Collection of E. coli cells 

The cells were separated from solution in a RC5C centrifuge (Sorval) using a 

HS-4 rotor for 10 min at 5000rpm. Supernatant was carefully removed via suction, so as 

to not disturb the pellet and discarded. Separated cells were re-suspended in 15ml 

Phosphate Buffered Saline (PBS; 136mM Sodium Chloride, 1.46mM Potassium 

Dihydrogen Orthophosphate, 10mM Disodium Hydrogen Orthophosphate, 2.68mM 

Potassium Chloride, pH 7.4)  per litre of culture. After addition of 1ml of 10mg/ml 

Lysozyme (Roche Diagnostics GmbH, Manheim, Germany) for every 30ml of re-

suspended E. coli and Dithiothreitol (DTT, Astral Scientific P/L, San Diego, USA) to a 

final concentration of 5mM (to aid in the breakdown of cell walls and prevent protein 

precipitation respectively), the cell suspension was incubated at ambient temperature for 

30 min.  

 

2.3.4 Extraction of recombinant proteins from E. coli 

The bacterial cell suspension was chilled on ice and Triton X-100 (BDH 

Chemicals, Australia) added to a final concentration of 0.05% prior to lysis in 40ml 

aliquots using a Vibra Cell VCX750 Sonicator (Sonics, CT, USA) fitted with a 19mm 

probe. 50ml Falcon tubes containing the cells were supported in ice and the cells were 

disrupted at 39% amplitude for three 30 second periods each followed by a cooling 

period of 30 seconds.  The sonicate was centrifuged at 15,000rpm in a Sorval RC5C 

centrifuge and a SS-34 rotor (Sorvall, U.S.A.). The supernatant was collected and 

immediately affinity purified.  
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2.3.5 Affinity purification of Maltose Binding Protein (MBP) fusion proteins 

Amylose resin (New England BioLabs Inc., Beverly, U.S.A.), previously 

washed four times in phosphate buffered saline (PBS) by centrifugation at 5000rpm for 5 

min, was added to the supernatant from bacterial lysate and mixed gently on a rotating 

wheel for 2hr at ambient temperature. The resin beads were washed three times as above. 

The MBP fusion protein was eluted three times (1o, 2o and 3o elution’s) with 4ml 10mM 

maltose (BDH, U.K.) in PBS for each elution, aliquoted and stored at -70oC. 

 

2.3.6 Protein analysis 

The affinity purified antigens were electrophoresed using sodium dodecyl 

sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) under reducing conditions 

with a discontinuous buffer system (Laemmli, 1979). Proteins were separated using a 

Protean II vertical electrophoresis system (Bio-Rad Laboratories, U.S.A.)  Samples were 

diluted in an equal volume of 2x SDS reducing sample buffer (0.138M SDS, 27.3M 

glycerol, 0.2M Dithiothreitol, 0.2M Tris pH6.8, 0.3mM Bromophenol Blue) and 

denatured by boiling for 3 min prior to loading the gel. Low Molecular Weight markers 

(Amersham, GE Healthcare, Buckinghamshire, U.K.) were also loaded on the gel. The 

gel was run for 35 to 40 min at 150V and subsequently stained with Bio-SafeTM 

Coomassie Blue G-250 Stain (Bio-Rad, Hercules, U.S.A.) overnight on a rocking 

platform. The stained gel was rinsed in tap water and de-stained by submerging in tap 

water on a rocking platform for 1hr at ambient temperature.  

 

2.3.7 Protein purity  

SDS-PAGE gels were scanned using a densitometer (Personal Densitometer SI, 

Molecular Dynamics, Sunnyvale, U.S.A.) and the purity of fusion protein was determined 
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relative to contaminant E. coli proteins using ImageQuantTM software (Molecular 

Dynamics, Sunnyvale, U.S.A.)   

 

2.3.8 Protein assay   

The Bradford (1976) method was used to determine protein concentration by 

comparison with serial dilutions of bovine serum albumin (BSA) (Roche Diagnostics, 

Australia) at 1-20g/ml. A 200l volume of Protein Assay Dye Reagent Concentrate (Bio-

Rad, CA, U.S.A.) was mixed with 800l BSA standard or 800l diluted protein. 

Absorbance was read at 595nm and protein concentration determined by comparison with 

the BSA standard curve, plotted using SigmaPlot 2002 (Systat software Inc, San Jose, 

California, USA).   

 

2.3.9 E. coli Lysate 

 Non-recombinant E. coli JM109 were cultured, lysed and centrifuged as 

described in Section 2.3.1-2.3.4, except no ampicillin nor IPTG was added to the cultures. 

The resulting bacterial lysate was used to pre clear immune sera of anti E. coli antibodies 

prior to their use in ELISA, as described by Flisser et al. (2004). 

 

2.4 IMMUNIZATIONS AND PRODUCTION OF IMMUNE SERA 

2.4.1 Normal sera 

 Normal sera were primarily used as negative controls. Sera were obtained from 

pigs, sheep, cows and rabbits that had never been immunized with recombinant proteins 

and were not known to be infected with Taeniid cestode parasites. An 8 to 10 ml sample 

of whole blood was collected from the jugular vein of cattle, sheep and pigs and the 

central auricular artery of rabbits. Blood samples were typically collected using 10ml 
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Vacutainer PrecisionGlide System blood collection tubes (BD, Plymouth, U.K.) and 

centrifuged in a Sorvall HS-4 rotor at 1000rpm for 10 min. Serum samples were pooled 

and filter sterilized using 0.2m syringe filters (Sartorius Biotech, Goettingen, Germany) 

and stored in aliquots at -70oC. 

 

2.4.2 Pig immune sera 

Pigs were vaccinated via subcutaneous injection of 200g of recombinant 

TSOL18 or TSOL45 antigens plus 1mg Quil-A, as described by Gonzalez et al. (2005) in 

the right thigh on day 0 and 28. Whole blood was obtained from the animal by bleeding 

from the jugular vein two weeks after second vaccination, (2wp2v), as described in 2.4.1 

above, then centrifuged at 1000rpm for 10min and sera collected, aliquoted and stored at 

-70oC.  

 

2.4.3 Sheep immune sera 

Sheep antisera raised against TSOL16, TSOL18 and TSOL45 antigens, all 

expressed as GST fusions, were prepared as described above for pig antisera. Sheep 

antisera against To16, To18, To45W and T. ovis oncospheres (TOonc) were provided by 

Dr C. Kyngdon (Kyngdon, 2005). 200g of recombinant antigen or 1300 oncospheres 

plus 1mg Quil A (Superfos Biosector, DK – Vedbaek, Denmark) in 1ml volume were 

injected into the sheep, half intramuscularly and half subcutaneously. Whole blood was 

obtained from the animals by bleeding from the jugular vein two weeks after these 

immunisations (2wp2v). Blood samples were centrifuged at 1000rpm for 10min and sera 

collected, aliquoted and stored at -70oC.  
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2.4.4 Cattle immune sera 

Cattle antisera to TSA9 and TSA18 were obtained from Dr. M. Lightowlers and 

came from vaccination trials reported by Lightowlers et al. (1996b).  

 

2.4.5 Rabbit immune sera 

Rabbit antisera against T. pisiformis oncospheres (R  TpOnc) and from rabbits 

infected by T. pisiformis (R  TpInf) were provided by Dr. C. Kyngdon and were 

produced as described by Kyngdon et al. (2006b). 

 

2.5  BIOINFORMATICS; AMINO ACID SEQUENCE ANALYSIS 

2.5.1 Protein sequences 

All protein sequences were obtained from GenBank, see Table 2.1. 

 

2.5.2 Analyses of amino acid sequence identity and similarity 

The program Accelrys Gene v2.6 (Accelrys Software Inc. 2006, California, 

USA.) was used for amino acid sequence analysis of the Taeniid antigens. Clustal 

alignments were produced to determine sequence identity and Dayhoff Matrix analysis 

was used for amino acid sequence similarity (Rost et al., 2004).  

 

2.5.3       Phylogenetic analysis 

An amino acid sequence Clustal alignment of N- and C- truncated recombinant 

proteins was produced using Accelrys Gene v2.6. Truncated protein sequences  

 

 

 

 



33 

 

 

 

 

 

 

 

 

Table 2.1 Recombinant oncosphere proteins investigated in this thesis. GenBank No., GenBank accession 

number; aa, amino acid length; kDa, molecular weight of the protein; Source, original published description of 

antigen.   

 

Protein Genbank No. aa kDa Source 

To16 AAN74965 133 13.369 Harrison et al. (1996)  

To18 AAB49686 127 12.410 Harrison et al. (1996)  

To45W AAC46951 255 23.345 Johnson et al. (1989)  

TSOL16 AAN74964 134 13.818 Gauci and Lightowlers (2003)  

TSOL18 AAD09326 131 12.793 Gauci et al. (1998)  

TSOL45 AAK31943 254 25.548 Gauci and Lightowlers (2001)  

TM16 ABV25965 133 13.006 Gauci et al. (2008)  

TM18 ABV25963 131 12.724 Gauci et al. (2008)  

TSA9 AAN74966 253 25.982 Lightowlers et al. (1996b)  

TSA18 CAA65227 131 14.406 Lightowlers et al. (1996b)  

EG95 AAQ93497 157 13.331 Lightowlers et al. (1996a)  

EM95 AAL51153 135 17.145 Gauci et al. (2002)  
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(previously optimized for recombinant protein expression) were analysed rather than full 

length as these were the proteins used in all experiments and vaccinations that follow. 

The alignment was entered into PAUP* (Phylogenetic Analysis Using Parsimony, 

version 4.0b10 (2011) by D. L. Swifford) and a neighbor joining tree with bootstrap 

values produced. Glutamate dehydrogenase (Bothriocephalus acheilognathi, GenBank 

AAR27789) was included as an outlier. 

 

2.6 INDIRECT ENZYME LINKED IMMUNOSORBENT ASSAY (ELISA) 

 Indirect ELISA was used to determine the level of antigenic cross reactivity 

between the twelve different recombinant oncosphere antigens. All volumes and 

concentrations detailed below are per well. 96 well microtitre plates (Microlon 655061, 

Greiner Bio-One, Longwood, FL) were coated with 50 l of 35.8 pmol recombinant 

antigen per ml of Bicarbonate-carbonate buffer (BCB pH9.6) and incubated overnight at 

4oC.  Wells were washed with 200l PBS-5% Tween 20 (PBST), prior to being blocked 

with 50l 5% skim milk powder (SMP) (Diploma, Fonterra Brands, Mount Waverley, 

Victoria, Australia.) in PBS for 2 hr at 37oC. Antisera were pre-cleared to remove 

antibodies to MBP and E. coli by diluting in 20g per ml MBP and 20% E. coli lysate 

solution (prepared as described in Section 2.3.5 and in (Kyngdon et al., 2006a) 

respectively.  The blocking solution was discarded and wells washed with 200l PBST 

before 50l of immune sera were added at 1:1000 concentration and serially diluted 

across the plate in SMP-PBS. After 1 hr incubation at 37oC, wells were washed in PBST 

and 50l of a polyclonal anti-IgG antibody conjugated to horseradish peroxidase (HRP) 

was added at various dilutions: donkey anti sheep IgG (R&D, Minneapolis, MN) at 

1:2000; goat anti porcine IgG (Serotec, Oxford, UK) at 1:10,000; rabbit anti bovine IgG 

(Bethyl, Montgomery, TX) at 1:1500 dilution. After 1 hr incubation at 37oC, wells were 
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washed as above and tetramethylbenzidine – dimethyl sulfoxide (TMB-DMSO) substrate 

(5.1mM disodium hydrogen orthophosphate, 2.4mM citric acid, 2.0x 10-4 % H2O2 and 

0.416mM 3,3’,5,5’-tetramethylbenzidine in dimethyl sulphoxide) added. Plates were 

incubated at 37oC for 30 min, after which the reaction was stopped by the addition of 

50l 0.5M H2SO4 per well. Optical density, OD450nm was measured using a Thermo 

Multiscan Plate Reader (Thermo Fisher Scientific, Waltham, MA) and antibody titre was 

calculated where the OD was equal to 1.0. 

 

2.7 INHIBITION ENZYME LINKED IMMUNOSORBENT ASSAY (ELISA) 

Inhibition or competition ELISA was used to confirm the results obtained 

through indirect ELISA and to establish if antigenic cross-reactivity was significant 

enough to prevent antibodies binding to the antigen against which they were raised. All 

volumes and concentrations detailed below are given per well. 96 well microtitre plates 

were coated as described for indirect ELISA (Section 2.6). Each well of a second 

(transfer) plate was blocked with 50l 5% SMP-PBS and incubated overnight at 4oC. 

Both test and transfer plates were washed with 200l PBST. Test plates were blocked 

with 50l 5% SMP-PBS for 2 hr at 37oC. Inhibitory antigens were diluted to a 

concentration of 179 pmol per 50l in 5% SMP-PBS to standardize the number of protein 

molecules used to inhibit the antisera. On the transfer plate, inhibitory antigens were 

serially diluted across 11 wells from 179pmol to 0.175pmol in 5% SMP-PBS resulting in 

150l per well. The immune sera were pre-cleared as described for the indirect ELISA 

(Section 2.6, above), prior to 150l of a 1:5000 dilution in 5% SMP-PBS being added to 

the inhibitory proteins on the transfer plate, mixing by gentle pumping with a 

multichannel pipette and incubation for 2 hr at 37oC. The blocked test plate was then 

washed with PBST and 100l of the inhibitory antigen plus sera was pipetted from the 
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transfer plate to each corresponding well of the test plate. The transfer plate was then 

discarded. After 1 hr incubation at 37oC, test plates were washed in PBST, as above and 

100l of a secondary polyclonal anti-IgG antibody-HRP conjugate was added at a 

previously optimized dilution (as described in ELISA Section 2.6 above). After 1 hr 

incubation at 37oC, plates were washed as above and 100l per well of TMB-DMSO 

substrate was added. The plates were incubated at 37oC for 30 min at which time the 

reaction was stopped by the addition of 50l 0.5M H2SO4. OD450nm was measured using a 

Thermo Multiscan Plate Reader and the level of inhibition of serum binding to antigen 

was calculated as a percentage of overall reduction in OD, using the following formula; 

   

(M-F) – (M-C)     X    100 

(M-B) – (M-C)               1 

 

M = Mean no Inhibition OD 

F = Maximum Inhibition OD Test Protein 

C = Maximum Inhibition OD MBP (Negative Control) 

B = Maximum Inhibition OD Positive Control 

 

2.8 WESTERN BLOT 

Western blots were performed as an alternate membrane bound method of 

testing for antigenic cross-reactivity and to confirm results obtained in both indirect and 

inhibition ELISA. Proteins underwent electrophoresis in a 10% SDS-PAGE gel 

(Laemmli, 1979) as described in Section 2.3.6  and were electroblotted as described by 

Towbin et al. (1979) using a Trans-Blot® Semi-Dry Electrophoretic Cell (Bio-Rad Labs, 

CA, USA) to a nitrocellulose membrane (Hybond ECLTM, Amersham Biosciences, UK). 

The membrane was blocked by submersion in 10ml 5% SMP-PBST and placed on a 

rocking platform overnight at 4oC.  All subsequent incubations and washing was 
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performed on a rocking platform at ambient temperature. After washing in 10ml PBST 

for 10 min, membranes were incubated with 10ml immune sera (1:1000 dilutions in 5% 

SMP-PBST) at ambient temperature for 1hr. Normal or pre-immune sera were also used 

at a 1:1000 dilution in 5% SMP-PBST as a negative control. The membrane was washed 

and 10ml of a secondary polyclonal antiIgG antibody-HRP conjugate (dilutions as 

described in ELISA (Section 2.6 above) was applied for 1hr. After washing the 

membrane in 10ml PBST for 10 min, 300l of a chemiluminescent substrate was applied 

to the membrane (Amersham ECL Western Blotting Detection Reagent, GE Healthcare, 

Buckinghamshire, UK), the membrane sealed inside a plastic pouch and an image 

captured using a Biorad Molecular Imager Gel Doc XR System (Biorad Life Sciences, 

Gladesville, NSW, Australia) and the image processed using ImageLab Software 5.2.1 

(Biorad Laboratories, Hercules, California, USA).  

 

2.9 ONCOSPHERE KILLING ASSAY 

Oncosphere Killing Assays are an in vitro method for determining antigenic 

cross reactivity via complement mediated lysis of oncospheres in culture. 

 

2.9.1 Treatment of immune sera 

Immune sera were heat inactivated to denature complement and allow for 

standardization of complement levels within the assay. Immune sera were treated in a 

56oC water bath for 30 min, filter sterilized (Minisart syringe filter 0.2m, Sartorius 

Stedim Biotech, Goettingen, Germany) and stored at -70oC until required. 
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2.9.2 Complement collection and treatment 

Complement was obtained from sheep, pigs, cattle and rabbits that had never 

been immunized with recombinant proteins and were not known to be infected with 

Taeniid cestode parasites. An 8 to 10ml sample of whole blood was collected from the 

jugular of cattle, sheep and pigs or 3 to 5ml from the central auricular artery of rabbits 

using Vacutainer System as described in Section 2.4.1 above. Blood was immediately 

centrifuged for 10 min at 5000rpm and under sterile conditions, the individual serum 

samples were separated from the red blood cells, filter sterilized (as above) and stored in 

1ml aliquots at -70oC. 

 

2.9.3 Taeniid egg hatching  

Eggs previously stored in water and antibiotic were allowed to settle and the 

water was removed from the prepared eggs with a Pasteur pipette, 4ml of 10% Sodium 

Hypochlorite was added and eggs mixed gently with a Pasteur pipette until the solution 

changed from white to a brownish colour, approximately 3-5 min. The level of hatching 

was determined using a haemocytometer and microscope to observe embryophoric block 

release from the oncosphere surface. Once sufficient hatching was achieved, the volume 

was increased to 10ml with SDW, the tube sealed with Parafilm and centrifuged in a HS4 

rotor for 10 min at 1000rpm with no brake. Sodium Hypochlorite and water was removed 

and hatched oncospheres were re-suspended in 10ml DDW. Centrifugation was repeated 

to remove all Sodium Hypochlorite and embryophoric blocks. The remainder of the 

protocol was performed in a Class 2 Biological Safety Cabinet to ensure sterility. 

Oncospheres were re-suspended in 2ml SDW and divided between multiple 4.5ml 

Cryotubes (Nunc A/S, Roskilde, Denmark) to achieve a final concentration of 

approximately 100 oncospheres per 50l. Oncospheres not immediately required were 
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able to be stored in SDW at 4oC for up to 14 days prior to activation (unpublished 

observation). Oncospheres to be activated were suspended in 4.5ml SDW, in a cryotube 

sealed with Parafilm and centrifuged to wash as previously described. Washing of the 

oncospheres was repeated twice. 

 

2.9.4 Oncosphere activation  

Oncospheres of different Taeniid species require varying conditions to achieve 

activation in vitro. Activation was determined microscopically by observing oncosphere 

motility.  

 

2.9.4.1 T. hydatigena  

To pre-warmed artificial intestinal fluid (AIF; 1% sodium hydrogen carbonate 

and 1% pancreatin in SDW), sheep bile was added using sterile technique, to a final 

concentration of 5% and the AIF-bile was filter sterilized as above. All SDW was 

removed from oncospheres and 3ml AIF-bile was added per cryotube. Tubes were sealed 

with parafilm and the pellet gently re-suspended, prior to the oncospheres being 

incubated in a 37oC water bath for 60 min. Oncospheres were resuspended every 15 min 

by gently inverting the tube by hand. Incubation and mixing was continued, maintaining 

sterility wherever possible until a sufficient activation level was achieved. A 

haemocytometer and microscope was used to determine oncosphere activation. 

Oncospheres were centrifuged for 10min at 1000rpm with no brake, AIF- bile removed 

and 5ml pre-warmed, filter sterilized RPMI-1640 (with L-Glutamine, Invitrogen, Mount 

Waverley, Victoria, Australia) plus Antibiotic Antimycotic Solution (AAS) (Sigma, St. 

Louis, Mo, USA) (1:100 concentration) was added. The oncospheres were washed five 

times in RPMI-1640 maintained at 37oC, by centrifugation as above. After the fifth 
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wash, the oncospheres were resuspended in 2ml RPMI-1640-AAS and the number of 

activated oncospheres per ml determined microscopically. Oncospheres were diluted in 

RPMI-1640-AAS to obtain 100 activated oncospheres per 50l. To each of four replicate 

wells per sera on a 96 well culture plate (Nalge Nunc Int., Rochester, New York), 50l 

of activated oncospheres, 150l heat inactivated test sera, 50l complement and 50l 

RPMI-1640-AAS (1:33 concentration) was added. All solutions added to the culture 

wells were pre warmed to 37oC. The culture plate’s lid was secured and the oncospheres 

incubated at 37oC with 5% CO2 for 10 days. 

 

2.9.4.2 T. ovis  

Oncosphere activation methods for T. ovis were identical to that for T. 

hydatigena (Section 2.9.4.1), however Alternate Artificial Intestinal fluid (AAIF; AIF 

plus 0.4% each of Sodium Glycocholate, Sodium Taurocholate, Sodium 

Tauroglycocholate and cholesterol), was combined with sheep bile to a final 

concentration of 5%. This formula resulted in a much greater rate of oncosphere 

activation. 

 

2.9.4.3   T. saginata  

Oncosphere activation methods were identical to that for T. hydatigena (Section 

2.9.4.1), however bovine bile was used in place of sheep bile for oncosphere activation. 

The oncospheres required vigorous shaking for 1 min every 15 min during the 60 min 

incubation as opposed to the gentle treatment of T. hydatigena and T. ovis.   
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2.9.4.4 T. pisiformis and T. serialis  

Oncosphere activation methods were identical to that for T. hydatigena (Section 

2.9.4.1), however rabbit bile was used in place of sheep bile for oncosphere activation. 

Oncospheres required 30 min at 37oC with gentle shaking for 1 min every 15 min as for 

T. hydatigena and T. ovis.  

 

2.9.5 Oncosphere culture 

The day the culture was started is designated day zero. On day 5, 100l of 

culture media was aseptically removed from the top of each well and was replaced with 

50l each of pre-warmed RPMI-1640-AAS (1:33 concentration) and complement. This 

was done using a pipette with a filter tip and the media extracted with minimal 

disturbance to the oncospheres. New culture media was added using the same technique. 

The number of live and dead larvae was assessed on days 2, 5 and 10 by counting under a 

compound microscope with a pre-warmed chamber so as to maintain the temperature at 

37 oC. 

 

2.9.6 Staining and counting of oncospheres 

On day 10 of culture, all media reagents except for 50l was removed from the 

top of each culture well and discarded. The remaining 50l of oncosphere culture were 

placed on a microscope slide with 5l of 1% methylene blue (Heath and Lawrence, 1981) 

and mixed by gentle pipetting. A cover slip was applied and sealed using clear nail 

varnish. Slides were examined under a compound microscope and the number of live, 

stained oncospheres and dead non-stained oncospheres were counted. Photographs were 

taken using a top mounted camera (Diagnostic Instruments Model No 15.2 64MP 

Shifting Pixel, SciTech, West Perth, Western Australia, Australia). The number of live 
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larvae observed on day 10 was then divided by the number of live larvae on day 2 and 

multiplied by 100 to give the percentage of oncosphere killing per well. Each serum 

sample was tested in four replicate wells and the mean percentage and standard 

deviations were used for analysis of each serum. 

 

2.10 STATISTICAL ANALYSES 

2.10.1 Indirect ELISA 

 Optical density (OD450) was measured and antibody titre measured where OD450 

was equal to 1.0. Antigenic cross-reactivity was expressed as a percentage of the 

homologous antigen/sera reaction or positive control. A cross-reaction was deemed 

positive at OD450 equal to 1.0. Of those positive sera, the OD450 at a serum dilution of 

1:100 was compared against that of the positive control and the percentage cross-reaction 

calculated as it relates to the positive control. 

 

2.10.2 Inhibition ELISA 

 The percentage inhibition was calculated using the formula in Section 2.7.  

 

2.10.3 Oncosphere killing assay 

The percentage of oncosphere killing was calculated for replicate culture wells 

for each serum, with the mean and standard deviations determined for each replicate. The 

means of all sera were then compared using a Mann-Whitney test, where a two-tailed p-

value of <0.05 was deemed statistically significant. All calculations were performed 

using SPSS software (SPSS Inc., Version 13.0, Chicago, IL.). 
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CHAPTER THREE 

 

 BIOINFORMATIC ANALYSIS OF HOST-PROTECTIVE ONCOSPHERE 

ANTIGENS  

 

3.1 INTRODUCTION 

Vaccination studies in a variety of host species, involving several different 

species of Taeniid cestodes, have indicated that there is a significant degree of antigenic 

cross-reactivity between the parasite species (Table 1.1). After the initial identification 

and cloning of the recombinant oncosphere antigens To16, To18, To45W and EG95, 

DNA sequence homology was used to identify antigen homologues in different Taeniid 

species. Hence, it may be expected that there would be substantial amino acid sequence 

identity between members of the same homology group and, possibly, antigenic cross-

reactivity between different groups. 

 

Lightowlers et al. (2000, 1996b) undertook a limited analysis of the recombinant 

oncosphere antigens and identified sequence homologues, particularly within each 

homology group. Here, a more thorough investigation is undertaken into the relationships 

between the twelve recombinant oncosphere antigens. An understanding of these 

relationships, based on the amino acid sequence of the antigens (including evolutionary 

relationships) may identify features which could relate to potential antigenic cross-

reactivity between the host-protective recombinant antigens.   

 

As described in Section 1.7, twelve host-protective antigens from six different 

cestode species can be categorized into homology groups, with nomenclature based on 

the initial antigen isolated in each group. The To16 group comprises To16, TSOL16 and 
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TM16; the To18 group contains To18, TSOL18, TM18 and TSA18; the To45 group 

contains To45W, TSOL45 and TSA9; the EG95 group consists of EG95 and EM95.  

 

3.2 METHODS, RESULTS AND ANALYSIS  

The twelve host-protective oncosphere antigens examined here range in length 

from 131 amino acids (TSOL18, TM18 and TSA18) to 255 amino acids (To45W) (Table 

3.1). The genes that encode the recombinant oncosphere antigens comprise either a three 

exon-two intron (To16, To18 and EG95 groups) or a four exon-three intron structure 

(To45 group). Exon 1 encodes a predicted secretory signal, while exon two (To16, To18, 

EG95 groups), or both exons two and three (To45 group), encode Fibronectin Type III 

(FnIII) domains (Figure 1.1). All twelve host-protective antigenic proteins contain at least 

one predicted N-Linked glycosylation site. The To45 and EG95 groups of antigens also 

contain a predicted transmembrane region at the carboxy terminus. The modular structure 

of the oncosphere antigens is consistent with the majority of other proteins that make up 

the extracellular matrix, cell adhesion proteins and receptor proteins, pointing to a 

possible role of the antigens in the parasites.  

 

3.2.1  Analysis of the Fibronectin Type III domain in oncosphere antigens 

A prominent feature of all twelve recombinant oncosphere antigens is the 

presence of one or two FnIII domains. The predicted FnIII tertiary structure consists of -

sheets, separated by  chains and highly conserved amino acids (Figures 3.1, 3.2). Four 

particular conserved amino acids with defined separations between them are the principal 

identifying features of an FnIII domain: Proline (P), Leucine (L), Tryptophan (W) and 

Tyrosine (Y). These amino acid residues and their positions within the putative 
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Table 3.1    List of recombinant antigens from Taeniid oncospheres. GenBank No., GenBank accession 

number; aa, number of amino acids; kDa, molecular weight of the protein; FnIII, the number of Fibronectin 

type III domains within the protein; Source, original published description of the antigenic protein.   

 

 

Protein GenBank No. aa kDa FnIII Source 

To16 AAN74965 133 13.369 1 Harrison et al. (1996)  

To18 AAB49686 127 12.41 1 Harrison et al. (1996)  

To45W AAC46951 255 23.345 2 Johnson et al. (1989) 

TSOL16 AAN74964 134 13.818 1 Gauci and Lightowlers (2003) 

TSOL18 AAD09326 131 12.793 1 Gauci et al. (1998) 

TSOL45 AAK31943 254 25.548 2 Gauci and Lightowlers (2001) 

TM16 ABV25965 133 13.006 1 Gauci et al. (2008)  

TM18 ABV25963 131 12.724 1 Gauci et al. (2008)  

TSA18 CAA65227 131 14.406 1 Lightowlers et al. (1996b) 

TSA9 AAN74966 253 25.982 2 Lightowlers et al. (1996b)  

EG95 AAQ93497 157 13.331 1 Lightowlers et al. (1996a) 

EM95 AAL51153 135 17.145 1 Gauci et al. (2002) 
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Figure 3.1    Schematic diagram of the FnIII domain. (a) Greek key diagram of secondary structure and 

position of each of the seven β-strand and two  sheets that form the sandwich fold. (b) Tertiary structure 

based on the structure of the tenascin FnIII domain (from Kyngdon et al., 2006a).  
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TO16     29    DTSLRRYMHWHKGHNALLLSWIGSKLAERGVKHVSVFASPVSKPHHIVHKSASVAKGRILLRGLLANTEYVLTTQALGRFGPIFVYTLHAKT 
TO18     25    P----YIRCFALRNERIAVVWDTKDMAGYDVKKIEVTVEKAIDPHKTWNTTVSVDNGKVIMSGLKANTIYRVGVNGYRNDFMVFGSERFVTT 

TO45a    30    PSLRDIFAWEPPTSNSIGLTWQRHAFPGVEREVLTLKAVPTSEPNNTKTAYAKLGSGKVTLDGLKPNATYLVTATANISGDTILVLSNTFHT 

TO45b   126    TNINNIFHWGPVTNQSIQVRWDQIKPEETSALIVTLTAEMASDPGVERSESALFGKGKVTVDGLESDTLYIATVMVFRNGRQYFNSTRDIRT 

TSOL16   30    TSLRRYTYWSHKGHNALLLSWIGSKLAKKGVKYVSVFASPASKPHHIVHKSAGVAKGRILLQGLLANTEYVLTTQALGNFGPIFVYTLHAKT 

TSOL18   28    P----YLRCFALSATEIGVFWDAGEMVGHGVEEIKVKVEKAIHPYKIWNATVSANNGKVIIRDLKAKTIYRVDVDGYRNEIMVFGSQRFATT 

TSOL45a  30    P-LHSLFLWGPPFSTKIGLSWDRGAFSEDGDKVLTLKAALTSDPNNTKTTYQILGYGRATLKGLTPNTSYIVTATANLSGNTILVLRKHIHT 

TSOL45b 127    P-MENYFHWGPVTNQSIQVSWDQLDPEDARSMIVTLTAEMASNPSVERSESAIPSVGRITVDGLMPDTLYIATLTVLENGRQFLTSTRDIRT 

TM16     30    TSLRRYMHWSHKGRNALLLSWISSKLTEKGVKHVSVSASPVSKPHHFVHKSAGVAKGRILLRGLLANTEYVLTTQALGRSRPIFAYTIKLKT 

TM18     29    P----YIRCLALSAEKIAVVWDTKDMAGYDVKMVKVVVKRAIDPRKTWTSTVSVDNGKVIMSGLKANTTYRVDVDGYRNDFMVFGSQRFVTT 

TSA9a    30    QSLRDIFVSEPATSDSISLTWEPR-AFRPFYGVLTLKAELTSNRNKTMTAYANLGDGRAALKGLTPNATYLVTATANISENTVLVLSNTFHT 

TSA9b   127    P-MENIFHWGPVTNQSIQVSWDQLDLEVTRAMIVTLTAEMASRPSVERSESARFSRGEVTVDELKPDTLYIATVMVLKNGRQFFNFSRDIRT 

TSA18    29    P----YIRCFAISTDRIAVVWDPKDMAGYDVKMVKVMVEKAIEPRKTWTSTVSVDNGKVIMRDLKANTTYRVDVDGYRNDFMVFGSERFVKT 

EM95     31    P-LRKHFNLTPVGSQGIRLSWEVQHLSDLKGTDISLKAVNPSDPLVYKRQTAKFSDGQLTIGELKPSTLYKMTVEAVKAKKTILGFTVDIET 

EG95     31    P-LRKHFSLTLVGSQGIRLSWDVQHLPDLRGTNISLKALDPSDPLVYKRQTAQFSDGQLAIGRLKPSTLYQMTVEAVRGKNTTLKFTEDIKT 

Onc_b    11    P---QHFRWSQVGSQSIQLSWDDH—-7-—DQVHLFVIPRSSSLQ--RVEKQVAFSAKTVILEGLHGNTLYYVILTVSAGEEECSITSAQSEL 

Onc_a_1   6    P---QNVQIEAIDPHTARMTWDPP-AKSYGSIIGYTIQWSTDDL--WLVQVKVASDNSYDFKDLQSQQTIVASILAHHRPDTSVKFEYIGTR 

Onc_a_2 110    P---SFRATYCEDLEELDMLIHDP-EEVVGMFGGFEVLMRAGDA-09--VNLTAEERRYKLKGLVPSLPYAVTVRGVALPSRRFSELAEPVH 

1TEN      5    P---SQIEVKDVTDTTALITWFKPL---AEIDGIELTYGIKDVPGDRTTIDLTEDENQYSIGNLKPDTEYEVSLISRRGDMSSNPAKETFTT 

 

 

 Sheets            aaaaaaaa  bbbbbbb         cccccccc       c’c’c’c’   eeeeee    fffffffffff  gggggggggggg 
 

 

   (Rost et al., 2004)  (Bork and Doolittle, 1993)  (Leahy et al., 1992) 

 
Figure 3.2    Definition and location of Fibronectin Type III (FnIII) domains in oncosphere antigens. Numbers indicate the relative position compared to the full length 

protein. Proline (P) marks the start of the domain. The domain ends at the Threonine (T). Bold residues are the identifying residues of the FnIII domain, grey shaded residues 

are highly conserved yet do not define the FnIII domain. Onc_a_1; the first FnIII domain in a protein from T. taeniaeformis; Onc_a_2 the second FnIII domain in a protein 

from T. taeniaeformis; Onc_b is from Taenia taeniaeformis (Bork and Doolittle, 1993) Alignment is implied by the known three dimensional structure of the FnIII domain of 

Tenascin (1Ten; GenBank ref 443257) (Leahy et al., 1992). Locations of sheets have been determined via several methods; Rost et al. (2004), shaded blue; Bork and 

Doolittle (1993) shaded pink; Leahy et al. (1992) shaded yellow. 
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FnIII structure are all conserved in the oncosphere antigens (Figure 3.2). The structure of 

FnIII domains in proteins have been studied extensively (Leahy et al., 1992; Bork and 

Doolittle, 1993). It is a highly conserved structure of approximately 80 to 100 amino 

acids that consists of a  sandwich. This sandwich contains three  strands in one sheet 

and four  strands in a second sheet, with the  strands separated by chains (Figure 

3.1). Amino acid sequence identity within FnIII domains across a broad range of proteins 

and organisms is relatively low when the entire FnIII domain is compared. However the 

four conserved residues mentioned above are believed to maintain the tertiary structure of 

the domain (Leahy et al., 1992; Bork and Doolittle, 1993; Steward et al., 2002). 

 

Some proteins contain multiple repeats of the FnIII domain. For example, human 

tenascin-c protein contains seventeen FnIII domain repeats (Giblin and Midwood, 2015). 

The To16, To18 and EG95 group antigens all contain a single FnIII domain, encoded by 

exon 2; however the To45 group has two FnIII domains (Figure 3.2), encoded by exons 2 

and 3. For analysis purposes, these repeated FnIII domains in the To45 homology group 

have been designated as domains “a” and “b”. 

 

A Clustal alignment of amino acids in the FnIII domain of the oncosphere antigens was 

produced using Accelrys Gene v2.6 and the online tool, PredictProtein, employing the 

profile HeiDelberg network prediction method (PHD) (Rost et al., 2004), to predict the 

secondary structure of the FnIII domains and locations of helices, sheets and loops 

(Figure 3.2). The FnIII domain, defined by the four highly conserved amino acid 

residues, is evident in all of the oncosphere antigens (Figure 3.2). A proline residue 

generally marks the start of the FnIII domain (Steward et al., 2002) and is evident in most 

of the FnIII domains in oncosphere antigens (absent in To16, To45b, TSOL16, TM16 
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andTSA9a). A conserved tryptophan (W) residue is located near the carboxy end of the 

second -sheet and approximately 16 amino acids towards the carboxy terminus from the 

conserved proline. Separated from the conserved tryptophan by 42 other amino acid 

residues, a highly conserved leucine (L) is located in the -chain between sheets 5 and 

6. Six residues beyond the leucine, a tyrosine (Y) within the sixth -sheet, marks the end 

of the FnIII domain.  Figure 3.2 identifies several other amino acids that are highly 

conserved within the FnIII domains of the cestode antigens, however these do not appear 

to be critical to maintaining the FnIII tertiary structure (Leahy et al., 1992). It is evident 

that there is significant amino acid sequence identity between the FnIII domains of the 

host-protective recombinant antigens. It is also noteworthy that the amino acid sequence 

identity of FnIII domains in host-protective recombinant antigens compared to FnIII in 

Tenascin and proteins from other organisms is relatively low.  

 

3.2.2 Amino acid sequence identity and similarity among oncosphere antigens 

The percentage of amino acid sequence identity or similarity in the oncosphere 

antigens was determined by Clustal alignment using Accelrys Gene v2.6. The Dayhoff 

matrix was used to determine sequence similarity (Dayhoff et al., 1978).  Amino acid 

sequence identity and sequence similarity was determined for four different protein 

regions: full length proteins (Table 3.2), the truncated proteins which form the basis of 

the various vaccine antigens (Table 3.3 and Table 3.4); FnIII domains only (Table 3.5) 

and amino acid regions outside the FnIII domains (outFnIII) (Table 3.6). Analysis of the 

FnIII domain only is based on the domain definition in accordance with Figure 3.2.  

 

Comparisons of Clustal alignments of the amino acid sequence of all four 

subsets of the oncosphere antigens (full length, truncated, FnIII only and outFnIII)  show   
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Table 3.2    Amino acid sequence analysis of full length oncosphere antigens from Taeniid cestodes. Squares above the black diagonal (top) represent 

percentage sequence identity, whilst the bottom represent percentage sequence similarity based on Dayhoff Matrix. Colour shaded boxes represent amino 

acid identity <90% (dark grey), 75-90% (mid grey), 60-75% (light grey). Coloured boxes represent antigen homology groups. 

 

 

TO16 TSOL16 TM16 TO18 TSOL18 TM18 TSA18 TO45 TSOL45 TSA9 EG95 EM95 

TO16 x 90.2 88.0 18.5 17.2 18.0 19.5 27.1 18.8 15.8 26.3 22.3 

TSOL16 91.7 x 82.7 18.5 16.4 18.0 18.8 26.3 18.8 17.3 25.6 21.5 

TM16 89.5 85.7 x 16.9 14.6 15.6 17.2 13.8 19.5 16.5 25.6 21.5 

TO18 23.8 24.6 24.6 x 60.6 79.7 80.5 21.3 16.5 18.9 19.5 20.3 

TSOL18 27.8 27.1 22.1 64.6 x 61.8 60.3 11.5 13.1 15.4 20.6 17.0 

TM18 25.6 27.8 25.6 82.0 64.9 x 85.5 13.8 16.3 17.2 17.6 14.5 

TSA18 28.6 29.3 27.1 83.6 64.9 87.0 x 14.5 13.6 15.3 13.0 18.0 

TO45 33.8 36.1 36.4 30.2 29.8 31.3 27.5 x 61.4 75.2 30.6 22.2 

TSOL45 27.8 29.3 28.6 22.9 26.7 30.4 25.9 61.8 x 64.2 28.0 29.3 

TSA9 26.3 26.3 27.8 25.6 25.7 28.2 25.4 80.3 67.3 x 32.1 30.6 

EG95 42.1 42.1 37.6 29.3 33.1 25.0 24.4 34.4 34.4 38.8 x 75.5 

EM95 36.1 35.3 36.1 28.9 29.7 22.9 20.6 35.0 36.9 30.6 82.7 x 
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 Table 3.3    Amino acid sequence analysis of truncated oncosphere antigens from Taeniid cestodes. Squares above the black diagonal (top) represent 

percentage sequence identity, whilst the bottom represent percentage sequence similarity based on Dayhoff Matrix. Colour shaded boxes represent amino 

acid identity <90% (dark grey), 75-90% (mid grey), 55-75% (light grey). Coloured boxes represent antigen homology groups. 

 

 
To16 TSOL16 TM16 To18 TSOL18 TM18 TSA18 To45W TSOL45 TSA9 EG95 EM95 

To16 
x 88.8 85.5 19.3 17.4 19.1 20.7 18.3 20.0 17.5 21.4 19.8 

TSOL16 
90.6 x 81.2 20.2 17.4 20.0 19.6 16.4 21.4 19.6 20.5 18.8 

TM16 
88.0 84.6 x 16.5 12.9 15.5 16.2 21.4 20.5 18.0 20.5 18.8 

To18 
24.8 25.7 20.2 x 57.1 76.8 78.6 24.1 18.7 20.5 15.4 15.4 

TSOL18 
26.6 23.8 25.0 61.6 x 57.1 58.0 15.9 19.6 18.0 16.2 18.5 

TM18 
28.2 27.3 20.9 80.3 62.5 x 83.2 15.9 16.8 16.8 14.1 13.3 

TSA18 
28.1 27.3 24.8 82.1 63.4 86.7 x 19.6 15.7 18.1 12.5 13.4 

To45W 
25.6 30.8 25.6 31.2 26.5 30.1 29.9 x 60.3 72.1 25.4 23.9 

TSOL45 
29.7 31.6 29.9 25.9 26.3 26.0 20.5 65.7 x 64.7 27.0 29.3 

TSA9 
26.4 29.1 27.3 28.1 29.8 27.6 25.5 78.1 67.2 x 32.0 32.5 

EG95 
38.5 39.3 35.0 32.5 29.5 28.4 24.0 37.7 41.5 42.6 x 80.1 

EM95 
33.0 29.9 29.9 22.3 25.4 24.8 25.6 31.4 38.8 36.3 82.8 x 
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Table 3.4    Details of truncated antigens used throughout all experiments. GenBank, GenBank accession 

number; Full length, the number of amino acids in the native protein; aa Range, the section of amino acid 

sequence used in relation to the full length protein.  

 

Protein  GenBank Full Length aa Range 

To16 AAN74965 133 14-133 

To18 AAB49686 127 16-127 

To45W AAC46951 255 17-254 

TSOL16 AAN74964 134 17-134 

TSOL18 AAD09326 131 19-131 

TSOL45 AAK31943 254 17-254 

TM16 ABV25965 133 16-133 

TM18 ABV25963 131 18-131 

TSA9  AAN74966 253 17-253 

TSA18 CAA65227 131 5-131 

EG95 AAQ93497 157 17-138 

EM95 AAL51153 135 full length 

 
% Lightowlers et al 1996c used 3-157; * Full length sequence was used in publication. 
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Table 3.5    Amino acid sequence analysis of the FnIII domain from Taeniid antigens. Squares above the black diagonal (top) represent percentage sequence identity, whilst the 

bottom represent percentage sequence similarity based on Dayhoff Matrix. Colour shaded boxes represent amino acid identity <90% (dark grey), 75-90% (mid grey), 55-75% (light 

grey). In the To45 group proteins, a represents the first domain in the sequence, b the second. Coloured boxes represent antigen homology groups. 

 

 
To16 TSOL16 TM16 To18 TSOL18 TM18 TSA18 To45Wa TSOL45a TSA9a To45Wb TSOL45b TSA9b EG95 EM95 

To16 x 82.6 77.2 17.4 15.4 17.6 19.6 20.6 23.1 18.3 18.5 18.7 19.8 17.6 20.1 

TSOL16 83.7 x 80.4 19.3 18.5 21.3 19.3 22.8 25.3 19.6 21.7 25.3 20.9 22.0 22.0 

TM16 79.3 81.5 x 19.3 14.7 19.3 20.4 23.9 24.2 19.5 24.0 25.3 22.0 20.8 23.0 

To18 25.8 27.2 21.7 x 63.6 81.8 80.7 17.4 17.6 14.1 25.0 23.0 25.3 16.5 17.6 

TSOL18 26.1 25.0 21.7 68.2 x 63.6 61.3 18.5 17.6 15.2 21.7 18.7 20.0 17.6 19.8 

TM18 29.3 30.4 27.2 84.1 67.0 x 82.9 19.6 19.8 15.2 23.8 18.7 20.8 15.4 18.1 

TSA18 29.3 29.3 28.3 81.8 69.3 87.5 x 17.4 16.5 18.5 22.8 20.9 21.0 13.2 15.4 

To45Wa 26.9 32.6 26.1 28.3 27.2 31.5 28.3 x 58.2 68.5 28.3 28.3 27.1 32.6 27.2 

TSOL45a 34.8 34.8 34.8 29.7 26.4 31.9 27.5 66.3 x 53.8 28.6 33.0 27.5 33.0 29.6 

TSA9a 28.3 27.2 25.0 26.1 22.8 27.2 27.2 75.0 56.5 x 21.7 25.3 22.0 25.0 26.3 

To45Wb 31.2 32.6 32.6 32.6 29.3 31.5 29.3 36.9 36.9 31.5 x 68.1 72.5 26.4 27.5 

TSOL45b 30.4 34.8 34.8 28.6 26.4 26.4 24.2 40.2 42.8 39.1 71.7 x 76.9 32.0 31.8 

TSA9b 26.9 30.4 30.4 29.7 30.8 27.5 26.4 40.2 37.4 33.7 79.3 81.3 x 33.0 34.1 

EG95 39.1 38.0 35.9 27.2 30.8 27.2 25.3 41.3 47.2 36.9 36.9 43.9 48.3 x 81.1 

EM95 34.8 32.6 33.7 24.2 25.3 24.2 24.2 34.8 40.6 33.7 35.9 40.6 42.8 84.6 x 
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Table 3.6    Amino acid sequence analysis of amino acid regions outside the FnIII domains from Taeniid antigens. Squares above the black diagonal (top) represent 

percentage sequence identity, whilst the bottom represent percentage sequence similarity based on Dayhoff Matrix. Colour shaded boxes represent amino acid 

identity <90% (dark grey), 75-90% (mid grey), 55-75% (light grey). Coloured boxes represent antigen homology groups. 

 

 
To16 TSOL16 TM16 To18 TSOL18 TM18 TSA18 To45W TSOL45 TSA9 EG95 EM95 

To16 x 91.1 83.0 9.5 9.5 9.3 10.5 10.4 12.0 10.0 17.8 16.0 

TSOL16 95.6 x 73.9 11.9 14.3 11.6 8.3 17.4 15.2 15.2 17.0 13.0 

TM16 85.1 80.4 x 7.1 11.9 7.0 10.2 15.2 13.0 12.5 16.7 13.0 

To18 16.7 19.0 11.9 x 55.6 75.6 67.3 25.5 11.1 20.0 16.7 7.1 

TSOL18 21.4 21.4 21.4 60.0 x 62.2 57.8 8.9 8.9 18.2 11.9 8.5 

TM18 16.3 16.3 11.6 80.0 69.0 x 85.1 6.4 10.0 17.0 14.0 8.7 

TSA18 14.5 13.9 18.4 70.9 64.4 87.2 x 18.6 10.1 13.6 10.9 17.7 

To45W 16.7 28.3 21.7 31.9 22.2 21.3 30.5 x 61.0 65.4 20.9 21.2 

TSOL45 20.0 21.7 17.4 20.0 22.2 22.5 16.9 64.9 x 62.2 23.0 26.7 

TSA9 20.0 28.3 27.1 24.4 25.0 25.5 23.7 68.5 63.3 x 24.5 26.7 

EG95 35.4 44.7 33.3 31.2 28.6 24.0 23.6 32.8 36.5 35.8 x 70.6 

EM95 32.0 28.2 26.1 19.0 25.5 23.9 27.4 27.3 37.2 30.2 76.5 x 
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significant levels of sequence identity within the homology groupings (To16, To18, 

To45 and EG95 groups), but not between the homology groups, even within the same 

species. When comparing the To16 protein group to others of the To16 group, the 

average full length amino acid sequence identity is 87% (Table 3.7). However, when 

To16 is compared to the other T. ovis host-protective antigens, To18 and To45W, the 

percentage identity is only 18.5% for To16 and To18, and 27.1% for To16 and To45W 

(Table 3.2). A similar level of amino acid sequence identity is observed for the T. 

solium proteins: the full length amino acid sequences of TSOL16 and TSOL18 are only 

16.4% identical; TSOL16 and TSOL45 amino acids are only 18.8% identical, 

significantly lower than that observed between To16 and TSOL16 (90.2%, Table 3.2). 

 

Comparison of only the FnIII domains of the antigen groups showed a high 

level of amino acid sequence identity (Table 3.7). The highest percentage of amino acid 

sequence identity was observed within the To16 homology group in all protein subsets, 

except for the EG95 homology group, when the FnIII domain only was compared 

(81.1%, Table 3.7). The lowest sequence identity was observed between the To45 group 

proteins (60.2%), when only the FnIII domains were compared. 

 

Comparison of the amino acid sequences of the truncated proteins (Figure 3.3 

and Table 3.9) shows the percentage sequence identity is slightly lower than that 

observed for full length proteins, when comparing the To16, To18 and To45 homology 

groups. The EG95 group shows slightly higher amino acid sequence identity. This is 

likely to be due to there being a relatively high level of amino acid sequence homology 

in the predicted secretory signal sequence (Figure 3.3, Table 3.9). Table 3.9 also shows 

that there is high sequence homology within the secretory signal sequence when 
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Table 3.7    The average percentage amino acid sequence identity of oncosphere antigen groups based on 

Clustal alignments. 

 

Protein Subset To16 To18 To45W To45Wb* EG95 

Full Length 87.0 71.4 66.9   75.5 

Truncated 85.2 68.5 65.7   80.1 

FNIII Domain only 80.1 72.3 60.2 72.5 81.1 

Outside FNIII domain only 82.7 66.8 62.9   70.6 

Mean 83.7 69.7 63.9 72.5 76.8 

 
*To45Wb represents the second FnIII domain of the To45 antigen 

 

 

 

 

 
 

Table 3.8    The average percentage amino acid sequence similarity of oncosphere antigen groups based 

on Clustal alignments. 

 

Protein Subset To16 To18 To45W To45Wb* EG95 

Full Length 89.0 74.5 59.8 

 

82.7 

Truncated 87.7 72.8 70.3 

 

82.8 

FNIII Domain only 81.5 76.2 65.9 77.4 84.6 

Outside FNIII domain only 87.0 71.9 65.6   76.5 

Mean 86.3 73.8 65.4 77.4 81.6 
 

  

*To45Wb represents the second FnIII domain of the To45 antigen 
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TO16      MLLQVCLILLATSALS 

TSOL16    MLLQVCLILLATSALS 

TM16      MLLQVCLILLATFALS 

TO18      ---RFGLILLVA-VVLAS 

TSOL18    MVCRFALIFLVA-VVLAS 

TM18      MVCRFGLILLVAVVVLAS 

TSA18     MVCRFGLILLVAVVVLAS 

TO45W     MPTQLCLIVLATAVLA 

TSOL45    MASQFHLILLLTSILA 

TSA9      MPTQLCLIVLATAVLA 

EG95      MAFQLCLILFATSVLA 

EM95      MALQLCLILFATSILA 

 

 
Figure 3.3     Clustal alignment of amino acid sequence in secretory signals of host-protective oncosphere 

antigens. Conserved residues coloured red. Secretory signal module aligned here was defined using 

SignalP (Nielsen et al., 1997). 
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Table 3.9    Amino acid sequence analysis of secretory signal sequence from Taeniid oncosphere antigens. Numbers represent percentage sequence identity, Colour 

shaded boxes represent amino acid identity <90% (dark grey), 75-80% (mid grey), 50-75% (light grey). Coloured boxes represent antigen homology groups. 

 

 
To16 TSOL16 TM16 To18 TSOL18 TM18 TSA18 To45w TSOL45 TSA9 EG95 EM95 

To16 x 100.0 93.7 25.0 25.0 31.2 31.2 56.2 56.2 56.2 62.5 68.7 

TSOL16   x 93.7 25.0 25.0 31.2 31.2 56.2 56.2 56.2 62.5 68.7 

TM16     x 25.0 25.0 31.2 31.2 56.2 50.0 56.2 56.2 62.5 

To18       x 70.6 82.3 82.3 25.0 37.5 25.0 25.0 18.7 

TSOL18         x 88.2 88.2 31.2 31.2 31.2 25.0 18.7 

TM18           x 100.0 50.0 31.2 31.2 31.2 25.0 

TSA18             x 31.2 37.5 31.2 31.2 25.0 

To45W               x 50.0 100.0 68.7 62.5 

TSOL45                 x 50.0 62.5 68.7 

TSA9                   x 68.7 62.5 

EG95                     x 87.5 

EM95                       x 
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comparing proteins that belong to the To16 and EG95 homology groups (>60%). The 

secretory signal sequence homology between To16 and the To45W homology group 

proteins is also high (Table 3.9) and is greater than that observed between proteins of 

the To45 homology group, with the exception of TSA9 and To45W which have the 

same predicted secretory signal sequence. The average identity within the To45 group 

secretory signal is 56.4%, compared to 65.7% for truncated proteins and 66.9 when full 

length antigens were analysed. 

 

Analysis of only the FnIII domains (Table 3.7) indicates sequence identity is 

higher within the second domain (To45b) than that of the first FnIII domain of To45. 

The percentage identity (72.5%) between the second FnIII domain of To45 is 

marginally higher than that observed between the To18 group (72.3%) and substantially 

higher than the first FnIII domain of the To45 group of proteins (60.2%). Analysis of 

outFnIII domains showed slightly higher sequence identity within the To16 (82.7%) 

and EG95 (70.6%) homology groups, yet slightly lower percentages within the To18 

(66.8%) and To45 (62.9%) homology groups (Table 3.7). 

 

Amino acid sequence similarity of the oncosphere antigens appeared to be 

slightly higher than observed for sequence identity (Table 3.8). However, the 

differences were not statistically significant since the means were within one standard 

deviation of sequence identity values across all sequences. The trends observed for 

sequence similarity were similar to those observed for amino acid sequence identity, 

with similarity highest within the To16 group (89%) and lowest between the To45 

homology group members (65.4%), with the exception of To45b FnIII domain 

sequences (77.4%). 



60 

 

3.2.3 Phylogenetic analysis of oncosphere antigens 

 

The Clustal alignment of the amino acid sequence of the truncated Taeniid 

proteins was produced using Accelrys Gene v2.6 and phylogenetic analysis was 

undertaken. The alignment was entered into PAUP* (Phylogenetic Analysis Using 

Parsimony) and a neighbor joining tree with bootstrap values was produced. Glutamate 

dehydrogenase (Bothriocephalus acheilognathi, GenBank AAR27789) was included as 

an outlier. 

 

The neighbour joining tree with branch length and bootstrap values (Figure 3.4) 

shows that the To16, To18, To45 and EG95 homology groups all formed clades, and 

the proteins are not grouped by species.   

 

3.3 DISCUSSION 

Analysis of the amino acid sequences of the oncosphere antigens may provide 

insights into the likelihood of antigenic cross-reactivity. The twelve host-protective 

recombinant antigens have the same predicted structure: a secretory signal; FnIII 

domain and in some, a transmembrane region (Figure 1.1) with the FnIII domain 

determining the tertiary structure of the folded protein.  

 

Woollard et al. (2000a) and Assana et al. (2010) undertook studies using 

Inhibition ELISA with EG95 and TSOL18, respectively, using either full length vaccine 

antigens or antigens which had been expressed in E. coli as fragments. The fragments 

had overlapping sequences such that all linear antigenic epitopes could have been 

expected to have been presented within the fragments While the full length antigen. 
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Figure 3.4    Neighbour joining tree with branch length and bootstrap values for truncated host-protective 

recombinant antigens. Glu; Glutamate dehydrogenase (Bothriocephalus acheilognathi, GenBank AAR27789) 

was included as an outlier. 
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was able to fully inhibit the binding of specific antibodies, the overlapping protein 

fragments were unable to inhibit antibody binding even at much higher concentrations 

than those that caused 100% inhibition using the full length proteins. These findings 

were interpreted as indicating that the dominant antigenic epitopes in these antigens 

were conformational. As specific antibody induced by the vaccines is known to be an 

important component of the host-protective immune response induced by the vaccines 

(Lightowlers, 2006 and Section 1.5.1), it was considered that the host-protective 

epitope(s) were likely to be conformational. The predicted tertiary structure of the 

oncosphere antigens corresponds with that of the FnIII domain and hence 

conformational epitopes associated with this tertiary structure are believed to be the 

host-protective epitopes.   

 

Conformational epitopes are comprised of discreet amino acids that are present 

within the amino acid sequence or primary structure, but come together when the 

protein folds into its final tertiary shape (Benjamin and Perdue, 1996). Amino acid 

sequence identity/similarity between different antigens may result in the same or similar 

conformational epitopes that may be reflected in antigenic cross-reactivity. 

 

A high level of amino acid sequence identity was found among the twelve 

oncosphere proteins when comparing full length antigens from within homology 

groups. The greatest amino acid sequence identity was within the To16 group, followed 

by EG95, To18 and To45. As truncated proteins form the basis of the host-protective 

vaccines, and were used in all subsequent immunological experiments detailed in this 

thesis, amino acid sequence comparisons focussed on truncated oncosphere antigens. 

Amino acid sequence similarity was also calculated using the Dayhoff matrix, which 
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determines whether the aligned amino acids within the sequences conferred similar 

properties to the final folded protein. The Dayhoff matrix allows for the detection of 

distant relationships between proteins. This matrix, based on accepted point mutations 

can discriminate between significant relationships from random coincidences much 

better than a simple scoring system (Dayhoff et al., 1978). Assessing the similarity 

between amino acid sequences is useful as the residues in certain locations, while not 

identical to those they are aligned with, may still provide similar properties and result in 

the same conformational epitope being displayed on the final folded protein. Amino 

acid sequence similarity percentages were shown to be consistently higher than those 

determined for sequence identity and follow the same pattern. The highest level of 

amino acid similarity was observed within the To16 group, followed by EG95, To18 

and To45 groups (Table 3.8). Lower identity and similarity for the To45 group is likely 

to be a result of the proteins containing two FnIII domains. 

 

Amino acid sequence identity within the secretory signal, as seen in Table 3.9, 

may explain why sequence identity within the oncosphere antigens belonging to the 

EG95 homology group are higher than that observed in To18 and To45 homology 

groups. Sequence identity is high among members of the same homology group, as 

seen when examining other protein portions. Yet interestingly, there is high amino acid 

sequence homology observed when EG95 and EM95 are compared to members of the 

To16 and To45 homology groups (Table 3.9). This level of sequence homology is not 

observed for any of the other four protein subsections analysed. This high level of 

amino acid sequence conservation within the secretory signal module of the oncosphere 

antigens is contrary to published data, which has reported that secretory signal peptides 
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are highly variable structures where amino acid residue conservation is low (Kaiser et 

al., 1987; Gierasch, 1989; von Heijne, 1990).   

 

When considering identity and similarity of FnIII domains alone, TM18 and 

TSA18 have the highest percentage (87.5%) while EM95 and EG95 have the highest 

level of sequence similarity, 84.6% (Table 3.5). The level of sequence identity of the 

FnIII domain only is lower within the To16 (80.1%) and To45 (60.2%) groups when 

compared to truncated sequences, yet slightly higher in the To18 (72.3%) and EG95 

(81.1%) homology groups (Table 3.7). When examining the To16 homology group, the 

amino acid sequence identity and similarity outside the FnIII domains is slightly higher 

than that seen within the domains (Table 3.7). This is also observed for sequence 

identity within To45 homology group (Table 3.8). For all other homology groups, the 

level of sequence conservation within the FnIII domains is slightly higher than that 

outside the domain. The high level of sequence conservation observed within the FnIII 

domains of oncosphere antigens is in contrast to FnIII domains in other proteins where 

it has been found that sequence identity within the FnIII family is generally relatively 

low (Bork and Doolittle, 1993). These relationships amoung the oncosphere antigens 

suggests a possible evolutionary relationship and/or functional role. The high level of 

sequence identity observed within the cestode antigen homology groups suggests a 

strong potential for there being antigenic cross-reactivity between the host-protective 

recombinant antigens within homology groups.  

 

The relationship between the host-protective recombinant antigens was 

investigated using analyses of their phylogenetic relationship. The results (Figures 3.4, 

3.5) confirmed the relationships interpreted from direct sequence comparisons, with the 
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antigens belonging to individual homology groups forming clades and antigenic 

relationships not clustering according to parasite species. 

 

Based on the observed phylogenetic relationships and amino acid sequence 

identity being highest within oncosphere antigen homology groupings, it can be 

hypothesised that antigenic cross-reactivity may exist within certain antigen groups and 

with antigens from different cestode species. For example, anti To16 antibodies may be 

likely to cross react with other members of the To16 group (TSOL16, TM16). To test 

this hypothesis, antigenic cross-reactivity between the host-protective recombinant 

oncosphere antigens was investigated in the following chapters via antibody capture 

methods, ELISA, Inhibition ELISA and Western Blot. 
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CHAPTER FOUR  

 

ANTIGENIC CROSS-REACTIVITY BETWEEN RECOMBINANT 

ANTIGENIC PROTEINS AS DETERMINED BY ELISA AND WESTERN 

BLOT 

 

4.1 INTRODUCTION 

Comparison of the amino acid sequences of the recombinant, host-protective 

oncosphere antigens supported the contention that antigens from one species of Taeniid 

may cross-react immunologically with those of another species. In this chapter the 

results of experiments are described which sought to determine whether there is 

antigenic cross-reactivity between the host-protective recombinant antigens as 

determined by antibody capture enzyme linked immunosorbent assays (Indirect 

ELISA), antibody Inhibition ELISA and Western blot assays.  

 

4.2 METHODS, RESULTS AND ANALYSIS  

4.2.1 Establishing conditions for detection of antibodies specific for oncosphere 

antigens 

The twelve host-protective recombinant oncosphere antigens that have been 

used in vaccination studies have all been expressed as proteins fused with GST. The 

GST fusion partner was found to promote increased protein production in E. coli, 

solubility in aqueous solutions, and enabled purification via affinity chromatography 

(Smith and Johnson, 1988; Lightowlers, 1996; Lightowlers et al., 1996a). Most of the 

sera used in previous cestode vaccine studies were known to come from vaccinated and 



67 

 

protected hosts and were produced by vaccination of the intermediate hosts (sheep, pigs 

or cattle) with GST fusion proteins. 

 

Animals vaccinated with oncosphere antigens fused to GST have been found 

to make antibodies specific for the oncosphere antigen, as well as against GST (Rothel 

et al., 1996; Cartwright et al., 1995). An alternative fusion partner for expression of 

recombinant proteins is MBP. MBP confers all the same advantages as GST and it has 

been found that there is little or no cross-reactivity between the anti-GST antibodies 

raised in animals vaccinated with GST fusion proteins, and the MBP portion of a fusion 

protein when the oncosphere antigens expressed as MBP fusions are used in in vitro 

assays (Woollard et al., 2000c; Assana et al., 2010; Jayashi et al., 2012). For this 

reason, the recombinant proteins that were used in experiments described in this chapter 

to evaluate the extent of oncosphere antigen cross-reactivity were all expressed as MBP 

fusions.  

 

All recombinant antigens that are expressed in E. coli and affinity purified, are 

not 100% pure; there is inevitably some E. coli-derived contamination and these 

components can raise antibodies in vaccinated animals. In order to manage background 

caused by these factors, antisera were pre-cleared with an E. coli lysate (and MBP) to 

aid with the removal of antibodies to MBP and E. coli which had potential to raise 

“background” levels of activity, particularly in ELISA.  
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4.2.2 Immunological cross-reactivity as determined by Indirect ELISA - antibody 

titre 

All combinations of the twelve recombinant oncosphere antigens were tested 

against antisera raised against the homologous antigen, as well as antisera raised against 

heterologous oncosphere antigens. A cross-reaction was deemed significant if reactivity 

of a heterologous antigen/antibody at OD450 was greater than 1.0 at any of the serum 

dilutions tested. These reactions are shown in Figure 4.1, which illustrates the format in 

which all Indirect ELISA were undertaken and the antibody titre determined for cross-

reacting sera. Antibody titre of heterologous antigen/antibody combinations were 

compared to that of the homologous antigen/antibody reaction (Table 4.1). Antigenic 

cross-reactivity was difficult to quantify because the antibody titre in the positive 

control serum samples varied substantially. A positive antigenic cross-reaction was 

therefore assigned to one of three categories; detectable, more substantial and strong 

cross-reactivity. 

 

Of the 132 possible heterologous antigen/antibody combinations, sixteen 

yielded a detectable reaction when antibody titres were compared to that of the 

homologous antigen/antibody; 3 were categorized as strong cross-reactions; 9 were 

categorized as more substantial and 4 were deemed detectable (Table 4.1). All 

remaining combinations were designated as non-cross-reactive. The greatest level of 

cross reactivity was observed amongst the To16 group proteins (Table 4.1) and this 

correlates well with the high level of sequence homology within this group (Table 3.3). 

Within the To16 homology group, reactivity of To16-MBP with anti TSOL16-GST 

sera was strong. Yet TSOL16-MBP with anti To16-GST showed less cross reaction. 

The amino acid sequence identity between these two proteins is 88.8% (Table 3.3).  
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Figure 4.1   An example of the format and results of Indirect ELISA in which antigenic cross-reactivity 

was investigated between different recombinant oncosphere antigens. Antibody titre calculated where 

OD450 was equal to 1.0. 
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Table 4.1    Antigenic cross-reactivity as determined by Indirect ELISA, represented as comparison to the reactivity seen with the homologous antigen/antibody control. 

Antigens used to vaccinate were GST fusion proteins. Antigens used in Indirect ELISA were MBP fusion proteins. Cross-reactivity was assessed from antibody titre at OD450 

equal to 1.0. Shaded boxes represent antigenic cross-reactivity, detectable (light grey), more substantial (mid grey) and strong (dark grey). Coloured boxes represent antigen 

homology groups. 
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TM16-MBP displayed “more substantial” cross-reactivity with both To16 and TSOL16 

antisera, yet only a “detectable” reaction was observed for To16 and anti TM16 

antisera, while no cross-reaction was detected for TSOL16 with anti TM16 sera (Table 

4.1). 

 

 Cross-reactivity among the To18 homology group was less than that seen 

among the To16 group of proteins (Table 4.1). While almost all antigens in the To16 

group cross-reacted, only three combinations showed detectable cross-reactivity within 

the To18 homology group, namely To18-MBP reacting strongly with anti TM18-GST; 

TSA18-MBP reacting more substantially with anti TM18-GST and TM18-MBP having 

a detectable reaction with anti To18-GST (Table 4.1). The To45 homology group 

antigens showed limited antigenic cross-reactivity within the group. Anti To45W and 

TSOL45-MBP was the only combination to cross- react (Table 4.1). A single, 

substantial cross-reaction was detected within the EG95 homology group, EM95 with 

anti EG95 antisera. 

 

Although the majority of antigenic cross-reactivity was seen within homology 

groups, there are some combinations outside these groupings that showed substantial or 

detectable levels of cross-reactivity. All cross-reactions which occurred outside 

homology grouping involved To18 homology group antigens, predominantly TM18, 

which showed at least detectable cross-reactions with almost all To16 homology group 

antigens, in both combinations of antigen/antibody. The exception is To16 with anti 

TM18 antisera which did not cross-react (Table 4.1). No cross-reactions were detected 

for TSOL18 or anti TSOL18 sera.  
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4.2.3 Immunological cross-reactivity as determined by Indirect ELISA – OD450 

In this assessment of antigenic cross-reactivity, the assessment was based on 

OD450nm, as opposed to antibody titre above. A cross-reaction was deemed significant 

where reactivity with a heterologous antigen/antibody at a 1:100 serum dilution was 

equal to or greater than OD450 of 1.0 in the Indirect ELISA. In these cases, the OD450 at 

a serum dilution of 1:100 was compared against the OD450 at 1:100 of the reactivity 

with the homologous antigen/antibody combination, and the cross-reactivity grouped 

into three categories, as with antibody titre in Section 4.2.2 (Table 4.2). Typically the 

OD450 at 1:100 for the heterologous antigen/antibody was the plateau of substrate 

reactivity achievable in the ELISA methodology that was used. 

 

When examining the OD450 at 1:100 for all possible heterologous 

antigen/antibody combinations, twenty four yielded a detectable reaction when 

compared to the homologous antigen/antibody combinations; 8 were strong cross-

reactions; 14 were more substantial and 2 were deemed detectable (Table 4.2). All 

remaining combinations were designated as non-cross-reactive. As seen with antibody 

titre, the greatest level of cross-reactivity was observed amongst the To16 group 

proteins. Within the To16 homology group, reactivity detected was categorized as 

stronger compared to that observed through antibody titre measurements. For example, 

TM16 displayed strong cross-reactivity with both To16 and TSOL16, in both 

combinations of sera and antigen (Table 4.2), less was detected via antibody titre and 

no cross-reaction was detected for TSOL16 with anti TM16 antibodies (Table 4.1). 

TM16-MBP displayed cross-reactivity with anti To16-GST antisera to approximately 

the same level as that of To16-MBP with anti TM16-GST serum. This was also 

observed for TM16 and TSOL16 (Table 4.2). 
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Table 4.2    Antigenic cross-reactivity as determined by Indirect ELISA, represented as a comparison to the reactivity seen with the homologous antigen/antibody control. 

Antigens used to vaccinate were GST fusion proteins. Antigens used in Indirect ELISA were MBP fusion proteins. Cross-reactivity was assessed from OD450 at serum dilution 

of 1:100. Shaded boxes represent antigenic cross-reactivity, detectable (light grey), more substantial (mid grey) and strong (dark grey). Coloured boxes represent antigen 

homology groups. 
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Cross-reactivity among the To18 homology group was less than that seen 

among the To16 group of proteins (Table 4.2) which is consistent with assessments 

made using antibody titre. While all antigens in the To16 group cross-reacted, only 

three combinations showed detectable cross-reactivity within the To18 homology 

group, namely; To18-MBP cross-reacted strongly with anti TM18-GST, TSOL18-MBP 

reacting more substantially with anti TM18-GST and TM18-MBP more substantially 

with anti To18-GST (Table 4.2).  

 

Comparisons of the OD450 of the To45 homology group antigens showed 

limited antigenic cross-reactivity within the homology group. To45W and TSOL45 

were the only combination to cross-react. Yet To45W antisera cross-reacted with a 

protein from outside the To45 homology group, To18 (Table 4.2). This cross-reaction 

outside the homology group was not detected when antibody titres were compared.  

 

A further five cross-reactions were detected outside the homology groupings 

which showed detectable levels of cross-reactivity compared to what was detected with 

antibody titre analysis. To18 can bind To45W antibodies resulting in strong cross-

reactivity. EG95 protein showed a detectable cross-reaction with sera raised against 

TSOL16 in sheep, which was categorized as more substantial. To18 cross-reacted with 

all sera raised against members of the To16 homology group. Similarly, TM16 cross-

reacted more substantially with anti To18 sera even though sequence homology 

between the antigens is relatively low (16.5%). 

 

Considering cross-reactions between antigens that lie outside homology 

groupings, the majority of cross-reactions were seen with TM18 or To18. Anti TM18-
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GST exhibited strong cross-reactivity with TM16, more substantial cross-reactivity 

with TSOL16 and a detectable cross-reaction with To16. TM18 protein also showed 

cross-reactivity categorised as more substantial with sera raised against all To16 group 

antigens and To18 antisera, but not anti TSOL18 sera (Table 4.2). TSOL18 was able to 

bind anti TM18 antibodies, yet TM18 was unable to bind anti TSOL18 antibodies. 

This was the only positive cross-reaction observed for TSOL18 in any combination of 

sera and antigen. Anti TSOL18 antibodies did not show any level of cross-reaction with 

any of the ten other host-protective recombinant antigens (Table 4.2). 

 

4.2.4 Immunological cross-reactivity as determined by Inhibition ELISA  

The Inhibition ELISA method allows for the reaction between specific 

antibodies and epitopes on antigen which is not restricted in ways that may occur when 

the antigen is bound to a substrate, such as in Indirect ELISA. Inhibition ELISA was 

performed for all host-protective recombinant antigen and serum combinations that 

showed any level of antigenic cross-reactivity greater than that of the negative controls 

in Indirect ELISA. Immune sera were used from different intermediate host species that 

had been involved in vaccination and protection trials, including sheep, pigs and cattle. 

The percentage inhibition was calculated using the formula in Section 2.7.  

 

The data shown in Table 4.3 represents Inhibition ELISA results which 

investigated the potential for a heterologous antigen (for example, To18-MBP) to 

inhibit binding of an antiserum (for example, sheep anti To16-GST) against the antigen 

used to raise it (To16-GST). Few combinations of antigen and antisera achieved a 

substantial level of inhibition of antibody binding (Table 4.3). The higher levels of 

inhibition were observed among the To16 and To18 homology groups. Antisera raised  
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Table 4.3    Percentage antigenic cross-reactivity between different recombinant oncosphere antigens as determined by Inhibition ELISA. Percentage calculated as per formula 

detailed in Section 2.7. Sera raised in different intermediate host species (sheep, pig and cattle) were tested. Shaded boxes represent antigenic cross-reactivity, 10-24% (light 

grey), 25-74% (mid grey) and >75% (dark grey). Coloured boxes represent antigen homology groups. 
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Figure 4.2   An example of the format and results of determining antigenic cross-reactivity between 

different recombinant oncosphere antigens in Inhibition ELISA.  
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in pigs against TSOL18-GST was not inhibited for binding to TSOL18-MBP by any of 

the eleven heterologous antigens tested (Table 4.3). The reactivity of pig antisera 

against TSOL16-GST was inhibited 42.1% by TO16-MBP, 27.1% by TM16-MBP and 

51.7% by TM18-MBP. These reactions are shown in Figure 4.2 which illustrates the 

format in which all Inhibition ELISA were undertaken. When Sheep anti TSOL16-GST 

was tested, no inhibition above 10% was detected (Table 4.3).  Sheep anti TO18-GST 

was inhibited by TM16-MBP and TM18-MBP, similar to what was observed in 

Indirect ELISA, yet this sera only showed 18% cross-reactivity with TM18-MBP in 

Indirect ELISA and 28% inhibition (Table 4.3), whilst TM16-MBP was observed to 

have no detectable Indirect (antibody titre) cross-reactivity, yet was detectable in 

Indirect (OD450) ELISA and 21.5% inhibition was detected. 

 

TM16-MBP achieved the highest level of inhibition, inhibiting sheep anti 

TM18-GST by 76.2% (Table 4.3). When comparing the reverse combination, sheep 

anti TM16-GST and TM18-MBP, less inhibition was evident (14.4%). Sheep anti 

TM18-GST antibodies were inhibited 21.4% by TSA18-MBP and a similar level of 

cross-reactivity (25%) was detected in Indirect ELISA (Table 4.2). 

 

Antisera raised in cattle against TSA18-GST showed little inhibition (8.6%) by 

TM18-MBP; similarly, cross-reactivity was not detected by Indirect ELISA with anti 

TSA18-GST sera raised in sheep. Cattle anti TSA18-GST was however inhibited by 

TO18-MBP by almost 25%. 
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4.2.5 Immunological cross- reactivity as determined by Western blot 

Detection of antigen/antibody reactions in Western blots from reduced SDS-

PAGE gels provides an alternate method to both Indirect and Inhibition ELISA. While 

it is often considered that epitopes recognised in Western blots are linear rather than 

conformational (Reynolds and Tanford, 1970; Waehneldt, 1975), there are many 

instances where it has been shown that conformational epitopes can be detected in 

Western blots (Zhou et al., 2007). In these latter circumstances, it is believed that some  

conformational epitopes may reform due to partial or complete refolding of the proteins 

attached to the transfer membrane. 

 

All combinations of recombinant antigen and immune sera were examined in 

Western blots, with the exception of anti EM95-GST due to the unavailability of 

immune sera. Five or six test proteins, as well as a positive and a negative control 

(MBP) were run on each SDS-PAGE gel under reducing conditions. An example of an 

SDS-PAGE gel and the corresponding Western blot is shown in Figure 4.3. As 

observed with ELISA, antigenic cross-reactivity primarily occurred within the 

homology groupings (Table 4.4), yet unlike ELISA, the To18 homology group 

displayed the most cross reactions, followed by the To45 and To16 homology groups. 

The one cross-reaction that was similar in intensity to that of the positive control was 

sheep anti To45W-GST with TSOL45 (Table 4.4, dark grey shaded box).  

 

Weak bands and thus low levels of antigenic cross-reactivity were able to be 

detected by Western blot for several other sera/recombinant antigen combinations. 

Three of the thirteen positive cross-reactions observed occurred outside the homology 

groupings. 
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Figure 4.3    Example of a Western blot investigating reactivity between sheep anti To45W-GST and a 

selection of recombinant oncosphere antigens. Coomassie stained SDS-PAGE (A) and corresponding 

chemiluminescent nitrocellulose membrane (B). Lane 1, low molecular weight marker (A); Lane 2, 

To16-MBP; Lane 3, To18-MBP; Lane 4, To45-MBP (positive control); Lane 5, TSOL16-MBP; Lane 6, 

TSOL18-MBP; Lane 7, TSOL45-MBP; Lane 8, MBP (negative control). Lines visible on 

chemiluminescent membrane (B) are bands detected by ImageLab Software as described in Section 2.8. 

 

  



81 

 

  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  

  
A

n
ti

g
en

 

 

 

Table 4.4    Antigenic cross-reactivity between recombinant oncosphere antigens as determined by Western blot. Antigens used to vaccinate were GST fusion proteins, 

antigens run on SDS-PAGE were MBP fusion proteins. Mid grey shaded boxes indicate a faint band was observed in comparison to positive control; dark grey shaded box 

indicates a band was detected of similar intensity to that of the positive control. Sheep anti EM95-GST is not included as sera was not available for testing. Coloured boxes 

represent antigen homology groups. 
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4.3 DISCUSSION 

Antigenic cross-reactivity was determined by three different methods; Indirect 

ELISA, Inhibition ELISA and Western blot. Indirect ELISA detected high levels of 

cross-reactivity within the homology groups, but not within species. This is consistent 

with high levels of amino acid sequence identity being observed within these groups 

(Table 3.3).  

 

Significant antigenic cross-reactivity was detected by Indirect ELISA where 

both combinations of antigen/sera cross-react and amino acid sequence identity is high. 

As might be predicted, there appears to be a link between sequence identity and cross-

reaction (Figure 4.4; Figure 4.5) yet amino acid sequence homology alone does not 

explain all aspects of the antigenic cross-reactivity that was observed. Interestingly, 

there are combinations that do not cross-react when the combination of antigen and 

antisera are reversed. For example, sheep anti To45-GST cross-reacted with To18-MBP 

and was categorized as more substantial (Table 4.2), yet when this pairing was reversed, 

sheep anti To18-GST did not cross-react with To45-MBP. It must be noted however 

that the ability of an antigen to bind an antibody, even in a limited capacity, does not 

always result in that antigen being capable of inducing the production of that specific 

antibody. Similar amino acid sequences can result in the presence of similar or identical 

epitopes which can facilitate binding of specific antibody, even at low levels, but that 

antigen may not induce production of the antibody of the same specificity due, possibly, 

to there being differences in the Th cell epitopes associated with the antibody responses 

generated by the different antigens.   
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Figure 4.4     Correlation between antigenic cross-reactivity as determined by Indirect ELISA and 

percentage amino acid sequence identity (homology).  
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Figure 4.5    Correlation between percentage cross-reactivity as determined by Inhibition ELISA and 

percentage amino acid sequence identity (homology). 
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It is known from previous studies that the binding of antibody raised against 

recombinant oncosphere proteins are predominantly recognising conformational 

determinants (Woollard et al., 2001; Assana et al., 2010). Considering the high levels of 

sequence identity seen within the homology groupings, it would be anticipated that the 

tertiary structure of the antigenic proteins would be similar and hence be reflected in 

antigenic cross-reactivity within the homology groups. This was the case for the To16 

homology group, however the same cannot be said for To18, To45 and EG95 homology 

groups, indicating that epitope specificity is influenced by relatively minor changes in 

the primary amino acid sequence. 

 

As well as there being antigenic cross-reactivity between some closely related 

antigens, there were also examples of significant reactions being seen when sequence 

homology was low. For example, TM16 and TM18 have an amino acid sequence 

identity of 15.5% (Table 3.3) yet sheep anti TM18-GST and TM16-MBP showed 

substantial cross-reactivity (Tables 4.1, 4.2 and 4.3). TSOL18 also did not cross-react 

with any sera except for antibodies against TM18-GST and antisera against TSOL18 

did not cross-react with any other oncosphere protein. The average amino acid sequence 

identity within the To18 homology group is 69% yet this was not reflected in detectable 

antigenic cross-reactivity. 

 

One reason why there may be a lack of antigenic cross-reactivity detected in 

Indirect ELISA is the way in which antigens bind to the plastic plate which may block 

some antibody binding epitopes, reducing the ability of certain antibody specificities to 

bind. An example of the influence of epitope masking by the binding of antigen to 

ELISA plates is the masking of GST epitopes, detected by Cartwright et al. (1995). In 
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order to overcome this possibility and to confirm antigenic cross-reactivity, Inhibition 

ELISA was performed. This method allowed for conformational epitopes to be 

available for binding antibody in solution and it was considered that antigenic cross-

reactivity observed in this way would be likely to be greater than that detected with 

Indirect ELISA.  

 

In contrast to expectations, the level of antigenic cross-reactivity observed in 

Inhibition ELISA was not higher than that seen in Indirect ELISA. Indeed there were 

fewer combinations that displayed high levels of cross-reaction and they were generally 

at a lower level than what was observed with Indirect ELISA (Table 4.5). Table 4.5 also 

shows that there are only three antigenic cross-reactions detected by all three methods, 

To16 can bind anti TSOL16 antibodies; TM18 binds anti TM16 antibodies and the 

strongest cross-reactions were detected when To45W bound anti TSOL45 antibodies in 

Indirect ELISA, Inhibition ELISA and Western blot.  

 

The cross-reactions detected occurred both within and outside homology 

groupings. This was consistent with Indirect and Inhibition ELISA, yet not with amino 

acid sequence identity data. Examination of Figures 4.4 and 4.5 demonstrates that high 

amino acid sequence identity between some antigens has not correlated with high levels 

of antigenic cross-reactivity seen in Indirect or Inhibition ELISA.  

 

The intermediate host species in which the antisera were raised appears to 

influence the outcome of Inhibition ELISA reactions. The levels of cross reactivity 

observed differed when antisera raised in pigs was used, as compared to antiserum 

raised 
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Table 4.5    Summary of antigenic cross-reactivity as determined by Indirect ELISA, Inhibition ELISA 

and Western blot. For ELISA: shaded boxes represent antigenic cross-reactivity, detectable (light grey), 

more substantial (mid grey) and strong (dark grey). For Inhibition ELISA: 10-24% (light grey), 25-74% 

(mid grey) and >75% (dark grey). Western blot: . Mid grey shaded boxes indicate a weak band was 

observed in comparison to positive control; dark grey shaded box indicates a band was detected of similar 

intensity to that of the positive control 
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in sheep. Pig anti TSOL16-GST cross-reacted significantly with To16-MBP, TM16-

MBP and TM18-MBP (Table 4.3), in contrast to the level of cross-reaction observed for 

anti TSOL16-GST sera when they were raised in sheep. Antisera raised in cattle also 

exhibited different levels of cross-reactivity to that observed for antisera raised in 

sheep. In Indirect ELISA, no cross-reactions were detected for anti TSA9 and anti 

TSA18 sera when the antiserum was raised in sheep (Table 4.2). However anti TSA18-

GST and anti TSA9-GST antisera raised in cattle cross-reacted with other members of 

their same homology group (Table 4.3). 

 

The lack of cross-reactivity with TSOL18 was surprising and disappointing 

given one of the aims of these investigations was to identify antigenic cross-reactivity 

that would allow for a heterologous cestode species to act as a surrogate for assessment 

of host-protective responses raised by TSOL18 in vaccinated pigs. As the most 

functional in vitro assay for assessment of immunity to T. solium, the possibility 

remains that sufficient cross-reaction may make it feasible for oncospheres of a 

surrogate target species to be used. For this reason, oncospheres of T. pisiformis, T. 

serialis, T. hydatigena, T. ovis and T. saginata, which are more readily available than T. 

solium, were assessed as possible heterologous immune targets for anti TSOL18 

antibodies in in vitro oncosphere killing assays in the following chapter. 
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CHAPTER FIVE 

 

IN VITRO ONCOSPHERE KILLING ASSAYS TO DETERMINE ANTIGENIC 

CROSS-REACTIVITY USING THE LARVAE OF TAENIA OVIS, TAENIA 

HYDATIGENA, TAENIA SERIALIS, TAENIA PISIFORMIS AND TAENIA 

SAGINATA. 

 
 

5.1 INTRODUCTION 

Oncosphere killing assays are an in vitro laboratory model in which the 

immune response in vaccinated animals can be tested in a faster and more economical 

way than vaccination and parasite challenge trials in vivo. Oncosphere killing assays 

have been developed for T. pisiformis (Heath, 1973a), E. granulosus (Heath and 

Lawrence, 1981) and T. ovis and T. solium (Kyngdon et al., 2006b). All the assays of 

this type that have been undertaken to date have all utilised combinations of anti-sera 

raised against the same species as the oncospheres used in the assays. This chapter 

describes the use of oncosphere killing assays to determine whether there is antigenic 

cross-reactivity between oncosphere antigens of different Taeniid species and, if so, 

whether it may be possible to identify a surrogate Taeniid species for T. solium as the 

target in in vitro oncosphere killing assays, which could be used to monitor protective 

immune responses in pigs involved in vaccine field trials against T. solium. 

 

5.2 METHODS, RESULTS AND ANALYSIS 

Each oncosphere killing assay was performed in microtitre plates as described 

in Section 2.9, with four replicate wells for each serum tested. Normal serum and anti 

GST sera from sheep (for T. ovis, T. serialis and T. hydatigena culture), rabbit (T. 
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pisiformis culture) or cattle (T. saginata culture) were used as negative controls. 

Positive control wells contained anti oncosphere sera, produced by vaccination of the 

intermediate hosts with 10,000 oncospheres (T. pisiformis, T. ovis or T. hydatigena) via 

intramuscular injection or with 200 g of combined recombinant T. saginata antigens 

(TSA18 and TSA9), as described by Kyngdon et al. (2006b).  

 

5.2.1 Development of oncospheres in the presence of normal or negative control 

serum  

After 24h in culture with normal serum or anti GST serum, oncospheres of T. 

ovis, T. hydatigena, T. saginata, T. serialis and T. pisiformis were all very similar in 

appearance. Activated oncospheres were smaller in size than non activated oncospheres, 

were rounded in shape, had internalised hooks and a well defined membrane was 

present, very similar to the characteristics described by Kyngdon et al. (2006b). By Day 

10 of culture in normal or anti GST serum, T. ovis, T. hydatigena, T. saginata and T. 

serialis were all similar in size, approximately 80-100m in diameter, had smooth 

tegument, definable cavities with internal organisation and were motile (Figure 5.1). T. 

pisiformis however appeared elongated and larger after 10 days in culture, being 200m 

in length, and was observed shifting its internal contents between the lobes. T. serialis 

oncospheres had a lobed appearance as opposed to the smooth, rounded shape of T. 

ovis, T. hydatigena and T. saginata (Figure 5.1). 
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Figure 5.1    The appearance of Taeniid oncospheres at 10 days post activation. (1) T. serialis cultured in normal 

Rabbit sera. (2) T. hydatigena cultured in normal sheep sera. (3) T. ovis cultured in normal sheep sera. (4) T. 

pisiformis cultured in normal rabbit sera. (5) T. saginata cultured in normal cattle sera. All oncospheres, with the 

exception of T. pisiformis, are stained with the vital dye, methylene blue. Scale bars = 40m.   
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5.2.2 Development of oncospheres in the presence of immune serum 

 Oncospheres of T. ovis, T. hydatigena, T. serialis, T. pisiformis and T. saginata 

were cultured in homologous immune sera (sheep anti To oncosphere, sheep anti Th 

oncosphere, rabbit anti Tp oncosphere and cattle anti TSA9/TSA18-GST respectively) 

as positive controls. A positive control serum for T. serialis was not available. After 

approximately 24h culture in immune serum, the activated oncospheres had the 

beginnings of precipitate, comprised of serum proteins, surrounding the membrane. By 

Day 3 in culture, the oncospheres appeared to be completely surrounded by precipitate 

and had not increased in size (Figure 5.2). At Day 5, the oncospheres were surrounded 

and/or obscured by precipitate, margins and hooks were often still visible, indicating 

that they had developed past the post-oncospheral organisation stage. By Day 10 of 

culture, the oncospheral membrane of many parasites had been lysed, the internal 

contents spilled and the hooks were visible within the precipitate (Figure 5.2). 

 

The oncospheres of T. ovis, T. hydatigena, T. serialis T. pisiformis and T. 

saginata followed this same sequence when cultured in immune sera (Figure 5.2). The 

majority of oncospheres had been lysed by Day 10 of culture (Table 5.1), however there 

was a small proportion of oncospheres that were surrounded by precipitate at the 

conclusion of the assay. Oncospheres surrounded by precipitate were alive yet had not 

increased in size or developed past what had been observed approximately Day 5 to 6 

of culture.  

 

5.2.3 Antigenic cross-reactivity as determined by oncosphere killing assay 

Antigenic cross-reactivity was investigated by culturing oncospheres in 

immune serum from the intermediate hosts that had been vaccinated with heterologous  
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Figure 5.2    The appearance of T. ovis oncospheres in culture with immune sera from egg to day 10 of 

culture. (1) An egg with embryophoric blocks intact. (2) An activated oncosphere in vitro, hooks are 

motile and secretory body can be observed (Kyngdon et al, 2006b). (3) Activated oncosphere 24h post 

activation in sheep anti To Onc serum. (4) Activated oncosphere 3 days post activation in sheep anti To 

Onc serum. Precipitate is visible and surrounding the activated oncosphere. Other oncospheres within the 

frame are non-activated and oval in shape, as opposed to rounded, activated and viable oncospheres. (5) 

A live T. ovis oncosphere at 5 days post activation. Precipitate comprising of complement and specific 

antibodies completely surround the oncosphere and the margins are becoming less defined. (6) A non-

viable oncosphere stained with vital dye, methylene blue, after 10 days in culture with sheep anti To16-

GST serum. There is only light staining and the hooks are visible (arrow). Scale bars = 30m. 
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Table 5.1    Antigenic cross-reactivity as determined by oncosphere killing assay. Complement used was 

sourced from the same intermediate host species in which the antiserum was produced. Four replicates for each 

serum were tested. Onc Target Spp: Taenia species cultured as target for immune sera; Serum Type: negative 

control, positive control or test serum; Alive Day 1: the total number of activated oncospheres alive and 

developing; ppt Day 5: the number of activated oncospheres surrounded by precipitate at Day 5 of culture; dead 

Day 10: the number of oncospheres that had been killed at Day 10 of culture; ppt Day 10: number of 

oncospheres surrounded or obscured by precipitate but not yet killed; % killed: percentage of oncospheres killed 

calculated as per Section 2.9.6; p-value: two-tailed p-value calculated via Mann-Whitney test. Only p-values 

<0.05 are included.  
Onc Target 

Spp 
Challenge Serum 

Serum 

Type 

Alive 

Day 1 

ppt 

Day 5 

dead 

Day 10 

ppt 

Day 10 

% 

Killed 

p-

value 

Taenia ovis  Normal Sheep Sera negative 161 6 3 3 1.86   

  Normal Pig Sera negative 499 14 9 5 1.80   

  Sheep  GST negative 328 0 0 0 0.00   

  Sheep To Onc positive 239 213 146 67 61.08 <0.05 

  Pig  TSOL18-GST test 430 40 30 10 6.97   

  Sheep  To16-GST test 192 69 53 16 27.60   

  Sheep  To18-GST test 405 114 87 27 21.40   

  Sheep To45W-GST test 201 4 4 0 0.02   

Taenia  

hydatigena 
Normal Sheep Sera negative 311 0 0 0 0.00   

  Normal Pig Sera negative 340 7 0 0 0.00   

  Sheep  GST negative 362 3 3 0 0.82   

  Sheep  TH Onc positive 510 310 281 29 55.10 <0.05 

  Sheep To16-GST test 730 104 105 0 14.38   

  Sheep To18-GST test 312 75 31 44 9.94   

  Sheep To45W-GST test 474 72 72 0 15.19   

  Sheep  TSOL16-GST test 193 16 16 0 8.29   

  Pig TSOL18-GST test 338 58 11 47 3.25   

  Sheep  TSOL45-GST test 619 155 123 32 19.87   

Taenia 

 serialis 
Normal Rabbit sera negative 191 0 0 0 0.00   

  Normal pig sera negative 289 0 0 0 0.00   

  Pig TSOL18-GST test 581 0 0 0 0.00   

Taenia 

saginata 
Normal Cattle Sera  negative 597 4 3 1 0.50   

  Normal Pig Sera negative 489 2 0 2 0.00   

  Cattle TSA9/18-GST positive 151 151 110 41 72.84 <0.05 

  Pig  TSOL16-GST test 233 51 41 10 17.59   

  Pig  TSOL18-GST test 296 107 81 26 27.36 <0.05 

  PigTSOL16/18-GST  test 167 55 54 5 32.33 <0.05 

Taenia 

pisiformis 
Normal Rabbit  negative 209 1 1 0 0.47   

  Normal Pig  negative 189 0 0 0 0.00   

  Rabbit  GST negative 156 2 0 2 0.90   

  Rabbit Tp Onc  positive 223 145 140 5 62.78 <0.05 

  Pig  TSOL16-GST  test 319 17 16 1 5.01   

  Pig  TSOL18-GST test 154 8 7 1 4.54   

  Pig  TSOL45-GST test 199 12 12 0 6.03   
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host-protective recombinant oncosphere antigens. The percentage of oncospheres killed 

was calculated by the formula detailed in Section 2.9.6. Percentage oncosphere killing 

data was then subjected to a two-tailed Mann-Whitney test, where p < 0.05 was 

considered significant. 

 

 T. ovis, T. hydatigena, T. serialis and T. pisiformis were cultured in several 

different heterologous antisera (Table 5.1) and no statistically significant level of 

killing  

was observed. Oncospheres from all five Taeniid species, mentioned here, were 

cultured in pig anti TSOL18-GST serum with pig complement to determine the 

presence of antigenic cross-reactivity.  

 

T. saginata oncospheres were also cultured in positive control sera (Figure 5.3) 

and in pig anti TSOL18-GST serum (Figure 5.4). T. saginata was the only Taeniid 

species to show a statistically significant level of killing when cultured with 

heterologous antisera. When T. saginata oncospheres were exposed to pig anti 

TSOL18-GST sera, 27.3% of the activated oncospheres were killed and a further 9% 

were surrounded or obscured by precipitate (Figure 5.5). The level of oncosphere 

killing observed increased, but not significantly, when the oncospheres were cultured 

with sera from pigs vaccinated with both TSOL16 and TSOL18 (T. solium) host-

protective recombinant antigens in combination (Table 5.1).  

 

The percentage of oncospheres affected (dead and/or formation of precipitate) 

by pig anti TSOL18-GST serum is approximately the same as that observed when 

TSOL16/TSOL18 antiserum was used (Figure 5.5). The highest percentage of T.  
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Figure 5.3    The appearance of T. saginata oncospheres in in vitro culture in cattle anti TSA9/TSA18-GST 

serum. (1) Activated oncosphere 24h post activation, oncosphere is rounded with a defined membrane. (2) 

Activated oncosphere 3 days post activation in cattle anti TSA9/TSA18-GST serum. Precipitate is visible and 

surrounding the activated oncosphere. The membrane is less defined and secretory bodies are still visible. (3) A 

non-viable T. saginata oncosphere at 6 days post activation. The oncospheral membrane is no longer intact, 

there is only light staining and the hooks are visible (arrow). Scale bars = 40m. 

 

 

 

 
Figure 5.4    The appearance of T. saginata oncospheres in in vitro culture in pig anti TSOL18-GST serum. (1) 

Activated oncosphere 48h post activation, oncosphere is rounded with a defined membrane and precipitate is 

visible. (2) Activated oncosphere 3 days post activation in pig anti TSOL18-GST serum. Precipitate now 

surrounds the activated oncosphere and the membrane is less defined. (3) A non-viable T. saginata oncosphere 

after 6 days culture in pig anti TSOL18-GST. The oncospheral membrane is no longer intact, there is only light 

staining and the hooks are visible (arrow). Scale bars = 40m. 
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Figure 5.5    The total effect of serum on the oncospheres of T. saginata in oncosphere killing assays. 

Black bars represent the total percentage of dead oncospheres killed by immune complexes via 

complement mediated lysis. Red bars represent the total percentage of oncospheres that were surrounded 

by precipitate (PPT) but oncosphere lysis had not yet occurred and the membrane was still intact. 
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saginata oncospheres killed was in culture with pig anti TSOL16/TSOL18-GST (32%) 

and a further 10% were surrounded by precipitate. In comparison, 27% were killed by 

pig anti TSOL18-GST and 6% were surrounded by precipitate (Figure 5.5).  

 

5.3  DISCUSSION 

T. saginata was the only species to be killed at a statistically significant level 

by any heterologous immune serum, specifically, pig anti TSOL18-GST sera. There 

was no cross-reactivity (observed in oncosphere killing assays) between any other 

species of oncospheres and immune serum, which was contrary to what was expected 

given the cross-reactivity observed in Indirect and Inhibition ELISA’s. Although no 

defined, protective antigens have been isolated from T. hydatigena, T. serialis or T. 

pisiformis, and hence these species had not been used in the previous studies of cross-

reactivity in vitro, they were assessed here in the oncosphere killing assays but showed 

no cross-reactivity with any of the heterologous antisera tested. 

 

The level of oncosphere killing observed here for oncospheres cultured in 

positive control serum was less than that observed by Kyngdon et al. (2006b), however 

Kyngdon et al. also found that some oncospheres survive over 10 days in culture with 

immune serum.  Heath and Lawrence (1981) reported that on some occasions as little as 

52% of E. granulosus oncospheres are killed when cultured with serum from lambs that 

were resistant to infection with E. granulosus. It is unclear why the level of killing in 

the in vitro assay is lower than the level of protection seen in vivo against a challenge 

infection, which is typically >90%. Possibly there are quantitative aspects of the contact 

between antibody, complement and specific antibody that occur in vivo that are difficult 

to replicate in vitro. While the methods used in the assays specified a dilution of the 
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oncosphere preparation that was expected to contain 100 parasites, at time there were 

larger numbers observed in the cultures, up to 499 in one instance. It is unclear the 

effect that this may have had on these particular cultures, particularly the possibility 

that those cultures may have been overloaded. The quantity of specific antibody in 

some cases may have been overloaded by the excess quantity of oncospheres in those 

cultures.  

 

The development of T. ovis, T. pisiformis, T. saginata and T. hydatigena from 

activated oncosphere to 10 day cultured larvae is consistent with several previous 

reports (Heath and Smyth, 1970; Rickard and Bell, 1971b; Heath and Elsdon Dew, 

1972; Lawrence et al., 1980). T. ovis, T. pisiformis, T. serialis and T. hydatigena did not 

display significant levels of killing when cultured with antisera against TSOL18 under 

these assay conditions. All oncospheres of these species exposed to pig anti TSOL18-

GST immune serum resulted in less than 7% of the oncospheres being non-viable after 

10 days in culture. This is not statistically different from the decrease in viability seen 

with negative control sera over the 10 day period of culture.  

 

Oncosphere killing assays using T. ovis, T. pisiformis, T. hydatigena, T. 

serialis and T. saginata described here were utilised to determine antigenic cross- 

reactivity with the aim of identifying a Taeniid species that could be used as a surrogate 

for T. solium in oncosphere killing assays. These Taeniid species were specifically 

selected due to their close relationship to T. solium and their lifecycles are more readily 

maintained in a laboratory setting, providing the potential for a supply of eggs for use 

in assays, should they be suitable targets for assessment of anti-TSOL18 responses in 

vaccinated pigs. These species are also non-infectious to humans, reducing the risk that 
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would otherwise be involved in using T. solium eggs. T. saginata was included in the 

testing because host-protective recombinant oncosphere antigens which are 

homologues of those isolated and cloned from T. solium were available from T. 

saginata. T. multiceps also possesses homologues of these recombinant oncosphere 

antigens and would be of interest as a surrogate target species for the assay, however 

this species was not included in this investigation as parasite material was unavailable. 

 

The oncosphere killing assay method utilised here follows those developed for 

T. taeniaeformis, T. pisiformis and E. granulosus (Heath and Smyth, 1970; Heath, 

1973b; Heath and Pavloff, 1975; Heath and Lawrence, 1981; Heath and Lawrence, 

1996; Woollard et al., 2000b; Woollard et al., 2000c; Woollard et al., 2001; Kyngdon et 

al., 2006b). These assays have shown to be an effective in vitro method for detecting 

vaccine induced antibodies and are a rapid and relatively inexpensive method for 

assessing protection, as opposed to experimental challenge trials. The assays were run 

for 10 days; antibody and complement-mediated killing occurs only after 6 or more 

days in culture (Heath and Pavloff, 1975; Heath and Lawrence, 1981; Heath and 

Lawrence, 1996; Woollard et al., 2000b; Woollard et al., 2000c; Woollard et al., 2001; 

Kyngdon et al., 2006b). The level of killing observed in cultures containing immune 

serum was 55-72%, which is slightly less on average, but within the range of previous 

studies (Heath and Pavloff, 1975; Kyngdon et al. 2006).  Complete killing in vitro has 

been achieved only rarely in previous studies. A proportion of the oncospheres in 

culture at Day 10 was still surrounded by precipitate and had not been lysed. This is 

consistent with the data reported by Kyngdon et al. (2006b). Other apparently immune-

related effects can be seen in these cultures, other than killing per se. Heath and 

Lawrence (1981) reported that serum from lambs infected with E. granulosus was not 
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lethal to E. granulosus oncospheres in culture but did slow their growth and 

development. Heath and Lawrence also noted that precipitate surrounding activated 

oncospheres was only observed when oncospheres were cultured with immune serum. 

Oncosphere killing has only been observed when precipitate is present around the 

oncosphere. (Rickard and Outteridge, 1974; Heath and Lawrence, 1981; Heath et al., 

1994; Kyngdon et al., 2006b).  

 

The precipitate that forms around the activated oncospheres cultured in the 

presence of immune serum contains specific, vaccine-induced antibodies (Heath and 

Lawrence, 1981) and appears at approximately Day 3 of culture. Although precipitate 

was always present when oncospheres were lysed, the presence of precipitate did not 

always result in the death of the oncosphere in the assays reported here. It is uncertain 

whether these oncospheres that were surrounded by precipitate and had stunted 

development would have lysed had the assay continued past 10 days.  

 

While killing of T. saginata occurred at significant levels, this species is not an 

ideal candidate for use as a surrogate for T. solium in oncosphere killing assays due to 

its bovine/human lifecycle. However, the antigenic cross-reactivity observed between 

TSOL18 antiserum and T. saginata oncospheres has confirmed that the use of a 

surrogate Taeniid species in oncosphere killing assays is possible. Other as yet untested 

Taeniid species, such as T. multiceps, are also worthy of future assessment when 

possible.  
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CHAPTER SIX 

 

 GENERAL DISCUSSION  

 
 

The findings of the in vitro assays of antigenic cross-reactivity were surprising 

because many of the cross-reactions that might have been predicted following 

examination of amino acid sequence homology were not reflected in significant 

immunological cross-reactivity. For example, the amino acid sequences of TSA18 and 

To18 are 83.6% identical (Table 3.2) yet no cross-reactivity was detected by Indirect 

ELISA, Inhibition ELISA or Western blot (Tables 4.1, 4.2, 4.3 and 4.4). Previously 

unrecognised sequence homology was found between EG95 homology group antigens 

and those of the To45 homology group. For example, TSA9 and EG95 share 32% 

amino acid sequence identity and an average identity between the EG95 and To45 

homology groups of 29%. The amino acid sequence relationship was not, however, 

reflected in cross-reactivity between the EG95 and To45 homology groups in 

immunological assays.  

 

High levels of amino acid sequence identity did not completely explain the 

levels of antigenic cross-reactivity that were detected. While the strongest cross-

reactivity was detected within the To16 homology group, and between TSOL45 and 

To45, recombinant oncosphere antigens derived from T. multiceps showed the greatest 

and most wide ranging cross-reactivity. TM16 and TM18 cross-reacted with all 

members of the To16 and To18 homology groups, with the exception of TSOL18. 

Amino acid sequence identity between these oncosphere antigens ranges widely from 

as low as 15% (TM16 and TM18) to as high as 89.5% (TM16 and To16), yet TM16 
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and TM18 yielded detectable cross-reactions with To16 and To18 homology group 

antigens.  

 

The in vitro assays would not necessarily have determined only cross-reactive 

host protective epitopes. Antibodies against any antigenic epitopes that raise specific 

antibodies would have been expected to have contributed to cross-reactivities seen in 

these assays. The identity of the host protective epitope(s) is not known with certainty, 

however general features were elucidated by Woollard et al. (2001) and Assana et al. 

(2010). Woollard et al. utilised truncated, overlapping fragments of the EG95 

recombinant oncosphere antigen (Figure 6.1) and demonstrated in a vaccination trial 

that none of the truncated regions elicited a protective response against a challenge 

infection with E. granulosus. Remarkably, the truncated EG95 antigens were unable to 

inhibit any detectable level of binding of anti EG95 antibody to EG95 in Inhibition 

ELISA, or inhibit oncosphere killing by anti-EG95 antibodies in in vitro assays. Assana 

et al. (2010) used similar overlapping truncated antigen fragments of TSOL18 in 

Inhibition ELISA with anti-TSOL18 antisera and found they were unable to inhibit 

reactivity of anti TSOL18 antibodies with TSOL18 (Figure 6.2). In both cases, it was 

concluded that the great majority of the antibodies raised against TSOL18 and EG95, 

and the protective antibodies, were raised against conformational epitopes. 

 

It is believed that the principal immune mechanism raised in animals 

vaccinated with oncosphere antigens is antibody and complement mediated lysis of 

oncospheres or early developing metacestodes. Strong evidence for this comes from the 

passive transfer of very high levels of protection, sometimes complete protection, 
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EG95 QLCLILFATSVLAQEYKGMGVETRTTETPLRKHFNLTPVGSQGIRLSWEVQHLSDLKGTDISLKAVNPSDPLVYKRQTAKFSDGQLTIGELKPSTLYKMTVEAVKAKKTILGFTVDIETPRAGKKESTVMTSGSALTSAIAGFVFSCIVVVLT 

EG95-1 QLCLILFATSVLAQEYKGMGVETRTTETPLRKHFNLTPVGSQGIRLSWEVQHLSDLKGTDISLKAVNPSD 

EG95-2                                                   QHLSDLKGTDISLKAVNPSDPLVYKRQTAKFSDGQLTIGELKPSTLYKMTVEAVKA 

EG95-3                                                                                         GELKPSTLYKMTVEAVKAKKTILGFTVDIETPRAGKKESTVMTSGSALTSAIAGFVFSCIVVVLT 

 

 

 

 

Figure 6.1    Amino acid sequence of the E. granulosus cDNA encoded proteins expressed as EG95, EG95-1, EG95-2 and EG95-3. Figure reproduced from Woollard et al. 

(2001). 
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(a)          TSOL18N- DRTFGDDIFVPYLRCFALSATEIGVFWDAGEMVGHGVEEIKVKVEKAIHPYKIWNATVSANNGKVIIRDLKAKTIYRVDVDGYRNEIMVFGSQRFATTLPKKQIKHKKVRRS 

               TSOL18N-1 DRTFGDDIFVPYLRCFALSATEIGVFWDAGEMVGHGVEEIKVKVEKAIHPYKIWNATVSANNGKVIIRDLK 

               TSOL18N-2                                                     AIHPYKIWNATVSANNGKVIIRDLKAKTIYRVDVDGYRNEIMVFGSQRFATTLPKKQIKHKKVRRS  

 

 

 

                            (b)                                                                                                (c) 

                                                        
 

 

 

Figure 6.2    (a) Amino acid sequence of T. solium TSOL18N and truncated proteins TSOL18N-1 and TSOL18N-2. (b) Inhibition ELISA where serial dilutions of TSOL18N- 

1 and TSOL18N-2 were incubated with pig anti TSOL18N--GST antisera prior to testing in ELISA against TSOL18N--MBP as antigen. The TSOL18N-1 and TSOL18 N-2 

proteins were used either individually or in combination. Neither truncated form of the TSOL18 protein was able to inhibit any detectable amount of reactivity between pig 

anti TSOL18N--GST and TSOL18N-. (c) Inhibition ELISA where serial dilutions of TSOL18N--GST, TSOL18N--MBP or MBP proteins were used to inhibit the binding of 

pig anti- TSOL18 N--GST antisera reacting against TSOL18 N--MBP as antigen. Both TSOL18 N--GST and TSOL18 N--MBP were effective inhibitors on the assay whereas 

the control protein (MBP) cause no inhibition. Figure reproduced from Assana et al. (2010). 
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experimentally by transfer of immune serum from vaccinated animals to näive 

hosts (Mitchell et al., 1977; Heath et al., 2012; Heath et al., 2003). In addition, sera 

from hosts vaccinated with recombinant oncosphere antigens are lethal for oncospheres 

in in vitro culture (Woollard et al., 2000c; Kyngdon et al., 2006b).  

 

While most antibody raised by the EG95 and TSOL18 vaccines is against 

conformational epitopes, and protection is associated with conformational epitopes, 

there is clear evidence that antibodies are raised against linear epitopes of the 

recombinant oncosphere antigens, including EG95. Prior to the work being undertaken 

by Woollard and Assana which revealed the prominent role for conformational 

epitopes, the discovery of the relatively small, protective vaccine proteins from 

oncospheres encouraged efforts to identify immunogenic peptides from the antigens 

with the hope that these could be used as an entirely synthetic vaccine. Lightowlers et 

al. (1996c) and Woollard et al. (1998) used a series of overlapping short synthetic 

peptides in ELISA to map antibody binding epitopes (see Figure 6.3).  Those peptides 

recognised by animals that had been vaccinated using the recombinant proteins were 

synthesised and used in vaccine trials in sheep, either as free peptides or as peptides 

conjugated to a carrier protein. While the sheep vaccinated with these peptides 

developed specific antibodies against the peptides, and the associated native oncosphere 

antigen (in Western blots), they afforded no protection to the sheep vaccinated with the 

peptides.  

 

As the studies referred to above showed clearly that there are specific 

antibodies raised against linear epitopes in animals vaccinated with the recombinant 

oncosphere proteins, it is unclear then why the truncated fragmented proteins failed to  
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Figure 6.3    Identification of host-protective epitopes of recombinant oncosphere antigens. (A) Antibody 

activity measured in ELISA with 106 overlapping 9 amino acid peptides spanning the To45WB/X 

protein sequence. Each panel represents the reactivity of an individual serum sample taken two weeks 

after a second immunization with antigen. Panels (A)-(E) sheep vaccinated with To45WB/X; Panel (F) 

sheep vaccinated with GST. Results displayed in panels (A)-(C) are with sera from sheep completely 

protected against challenge infection with T. ovis; panels (D)-(F), sera from sheep not protected against 

T. ovis infection. Figure reproduced from Lightowlers et al. (1996c). (B) Identification of host-protective 

epitopes of recombinant oncosphere antigens. Antibody titres of sheep immunized with EG95-GST two 

weeks post second vaccination. Mean antibody titres are shown for 27 sheep, of which 23 were 

immunized with antigen and Quil A as an adjuvant and four sheep were immunised with antigen and 

saponin. Solid bars show titre for IgG1 antibody and shaded bars show IgG2 titres. Titres were measured 

for reactivity to the EG95-GST fusion protein as well as the EG95 and GST components separately. 

Figure reproduced from Woollard et al. (1998). 
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demonstrate any inhibitory effect in inhibition ELISA.  Possibly this related to the 

relative quantity of antibody raised against linear vs conformational determinants.  It is 

difficult to estimate the quantum of antibody that would be sufficient to give a positive  

signal in the peptide ELISAs described by Lightowlers et al. (1996c) and Woollard et 

al. (1998).  It is possible that very small quantities of specific antibody are raised 

against linear epitopes, and that while these are inhibited in Inhibition ELISA with 

truncated proteins, the reduction in inhibition seen in the test would be insufficient for it 

to be recognised against well-to-well variation in comparison to the no-inhibitor control 

wells. 

 

The reactivity seen here in Indirect ELISA and Inhibition ELISA, and possibly 

also in Western blot, is at a level which reflects reactivity potentially involving 

antibody binding to linear as well as conformational determinants. Strongly reactive 

linear epitopes were identified for the To45W oncosphere antigen (Lightowlers et al., 

1996c) and also EG95 (Woollard et al., 1998). Comparisons of the amino acid sequence 

of these reactive epitopes with other recombinant oncosphere antigens identifies four of 

these regions in TSA9 and TSOL45 that are in common with To45W, whilst EG95 and 

EM95 share all four epitopes, one with 100% sequence identity (Figure 6.4).  

 

Although the amino acid sequence homology is not high when some 

oncosphere antigens are compared, they are all predicted to have the tertiary structure 

of a FnIII domain. Remarkably, some FnIII domains that have been shown to fold to 

provide almost identical structures have very little overall sequence homology (Figure 

6.5). Plaxco et al. (1997) obtained the crystal structures for two FnIII domains human 

Fibronectin. The amino acid sequence identity of the modules, 9FnIII and 10FnIII, is 
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TO16            MLLQVCLILLATSALSERYVEFGESTLSGDTSLRRYMHW------SHKGHNALLLSWIGSKLAERGVKHVSVFASPVSKPHHIVHKSASVAKGRILLRGLLANTEYVLTTQALGRFGPIFVYTLHAKTWQTDANHPQQS------------------------ 

TSOL16          MLLQVCLILLATSALSDGFGEFGESTLSGDTSLRRYTYW------SHKGHNALLLSWIGSKLAKKGVKYVSVFASPASKPHHIVHKSAGVAKGRILLQGLLANTEYVLTTQALGNFGPIFVYTLHAKTWQTDANHPQQS------------------------ 

TM16            MLLQVCLILLATFALSEGYVEFGESTLAGDTSLRRYMHW------SHKGRNALLLSWISSKLTEKGVKHVSVSASPVSKPHHFVHKSAGVAKGRILLRGLLANTEYVLTTQALGRSRPIFAYTIHLKTWQTDANHPHQS------------------------ 

TO45            MPTQLCLIVLATAVLASDYEQPIERTVVEYPSLRDIF 

                                              PSLRDIFAW--91--GPVTNQSIQVRWDQIKPEETSALIVTLTAEMASDPGVERSESALFGKGKVTVDGLESDTLYIATVMVFRNGRQYFNSTRDIRTLKSGHK 

                                                                                                                                                   GHKEVTVVT 

                                                                                                                                                     KEVTVVTTSGSGIASTILGLLLTCVALVLA 

TSA9            MPTQLCLIVLATAVLASDYEQPIERTVVGHQSLRDIFVS--91--GPVTNQSIQVSWDQLDLEVTRAMIVTLTAEMASRPSVERSESARFSRGEVTVDELKPDTLYIATVMVLKNGRQFFNFSRDIRTLETGHKEVTVATTSGSAIASAILGLLLTCMALVLA 

TSOL45          MASQFHLILLLTSILAGN-HKATSREVGREQPLHSLFLW--91--GPVTNQSIQVSWDQLDPEDARSMIVTLTAEMASNPSVERSESAIPSVGRITVDGLMPDTLYIATLTVLENGRQFLTSTRDIRTLKTGHGGVTVVTTSGSGIASAILGLLFTCTVLVLA 

EG95            MAFQLCLILFATSVLAQEYKGMGVETRTTETPLRKHFNLTPV------GSQGIRLSWEVQHLSDLKGTDISLKAVNPSDPLVYKRQTAKFSDGQLTIGELKPSTLYKMTVEAVKAKKTILGFTVDIETPRAGKKESTVMTS-GSA 

                                                                                                                                                               SALTSAIAGFVFSCIVVVLT 

EM95            MALQLCLILFATSILAQEYRGRGIEIKTTESPLRKHFSLTLV------GSQGIRLSWDVQHLPDLRGTNISLKALDPSDPLVYKRQTAQFSDGQLAIGRLKPSTLYQMTVEAVRGKNTTLKFTEDIKTLRIGEKESTVMTS-GSALTSAIAGFVFSCIVIVLT 

TM18            MVCRFGLILLVAVVVLASGGQDSNKRSIVPYIRCLALSAEKI-----------AVVWDTKDMAGYDVKMVKVVVKRAIDPRKTWTSTVSVDNGKVIMSGLKANTTYRVDVDGYRNDFMVFGSQRFVTTPLKKKTKSKKVRRL--------------------- 

TSA18           MVCRFGLILLVAVVVLASDGQNSGKRSIVPYIRCFAISTDRI-----------AVVWDPKDMAGYDVKMVKVMVEKAIEPRKTWTSTVSVDNGKVIMRDLKANTTYRVDVDGYRNDFMVFGSERFVKTPSKKKTKSRKVRRL--------------------- 

TO18            ---RFGLILLVAVVLAS-GGRNPGKRSIVPYIRCFALRNERI-----------AVVWDTKDMAGYDVKKIEVTVEKAIDPHKTWNTTVSVDNGKVIMSGLKANTIYRVGVNGYRNDFMVFGSERFVTTLSKKKTKSRKARGL--------------------- 

TSOL18          MVCRFALIFLVAVVLAS-GDRTFGDDIFVPYLRCFALSATEI-----------GVFWDAGEMVGHGVEEIKVKVEKAIHPYKIWNATVSANNGKVIIRDLKAKTIYRVDVDGYRNEIMVFGSQRFATTLPKKQIKHKKVRRS--------------------- 

 

 
 

Figure 6.4     Clustal alignment of recombinant oncosphere antigens. Red underlined regions indicate strongly reactive epitopes of To45W, as determined by Lightowlers et 

al. (1996c). Green underlined regions indicate strongly reactive epitopes of EG95, as determined by Woollard et al. (1998). Blue residues indicate amino acids in common 

with the reactive epitopes of To45W and orange residues indicate amino acids in common with EG95 reactive epitopes.  
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Figure 6.5    A comparison of the sequence and structure of the ninth and tenth FnIII domains of human 

Fibronectin. (A) The sequence alignment shows only 28% sequence identity but overall sequence 

similarity is high and key elements of the hydrophobic core are either identical (vertical bars) or 

conservatively replaced (*); (B) An overlay of the backbone conformations of the ninth and tenth FnIII 

domains (Leahy et al., 1996). The side chains of identical core residues are indicated. These share, to 

within experimental error, identical conformations in the two structures. Figure reproduced from Plaxco 

et al. (1997)  
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only 28% and yet, as shown in Figure 6.5, the crystal structures were virtually identical. 

This tendency in some FnIII domains to be able to assume very similar tertiary 

structures, even though sequence identity is low, seems to provide ample opportunity 

for there to be cross-reactive epitopes created by the juxtaposition of distantly placed 

portions of protein within very similar FnIII tertiary structures, such as in oncosphere 

antigens.   

 

The majority of antigenic cross-reactivities that were detected here were 

between oncosphere antigens within the same homology grouping. There are, however, 

some reactions that occurred between antigens of different homology groups, for 

example, TM18 strongly cross-reacted with TM16 when assessed by Indirect ELISA 

and TM18 cross-reacted with all members of the To16 and To18 homology groups, 

with the exception of TSOL18. TSOL18 was only observed cross-reacting with anti 

TM18 sera in Indirect ELISA (when OD450 was used to assess cross-reactivity). The 

amino acid sequence identity between TM18 and the To16 group antigens averages just 

17.2%, yet TM18 and the remainder of the To18 homology group average 75.6% 

sequence identity. Even higher sequence homology is observed when amino acid 

sequence within the FnIII domains is examined; 19.4% between TM18 and the To16 

group antigens and 76.1% for the To18 group oncosphere antigens. As a sequence 

identity of less than 30% has been shown to result in identical tertiary structure of the 

FnIII domains (Figure 6.5), any sequence identity level greater than this may not 

completely explain the strong cross-reactions observed for TM18 with To16 group 

proteins, or why there was a similar level of cross-reaction detected between TM18 and 

the To18 group proteins and that of TM18 with To16 group proteins.  
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There is clearly immunological cross-reactivity between the T. ovis 

recombinant antigens and T. solium. This is evident from the vaccination studies 

undertaken by Plancarte et al. (1999). Pigs vaccinated with To16, To18 and To45W as 

a pool of recombinant proteins developed 93% protection against a challenge infection 

with T. solium eggs (Plancarte et al., 1999). The oncosphere killing assays detailed here 

found an insignificant level of T. ovis oncospheres killed by pig antisera raised against 

TSOL18. TSOL18 antiserum was not able to induce any significant level of killing of 

oncospheres of T. ovis, T. serialis, T. hydatigena or T. pisiformis, however T. saginata 

was significantly affected by TSOL18 antisera, yet the only detectable cross-reaction 

observed between T. solium and T. saginata oncosphere antigens was anti TSA18 sera 

reacting with TSOL18 in Western blot.  

 

As immune responses to T. ovis recombinant antigens induced protection 

against T. solium infection in vivo (Plancarte et al., 1999), and cross-reactivity was not 

identified with TSOL18 in the studies described here, the protection seen by Plancarte 

et al. may have been due to the cross-reactions between the To16 and To45 group 

proteins. In the case of cross-reactivity between T. saginata oncospheres and anti 

TSOL18 sera, anti TSOL18 sera and anti TSOL16/18 sera both killed to significant 

levels, yet anti TSOL16 did not. In this case it seems likely that it is the anti TSOL18 

antibodies that are facilitating complement mediated lysis and not anti TSOL16 

antibodies.  

 

Understanding of the evolutionary relationship between Taeniid cestodes can 

aid in determining potential surrogate species for oncosphere killing assays. Gasser et 

al. (1999) used the mitochondrial cytochrome c oxidase subunit 1 (COI) to analyse the 
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relationship between nine Taeniid species. T. solium and T. ovis were found to have the 

closest phylogenetic relationship, followed by T. multiceps and then T. saginata. T. 

hydatigena, T. pisiformis and T. taeniaeformis. Also utilising COI, de Queiroz and 

Alkire (1998) reported similar groupings. These phylogenetic relationships closely 

resemble the level of sequence homology observed in the host-protective recombinant 

antigens (Tables 3.2, 3.4, 3.5 and 3.6). A neighbour joining tree with bootstrap values 

for FnIII domains only was created (Figure 6.6) to further understand the relationships 

of the host-protective recombinant antigens and the importance of the FnIII domain in 

the formation of conformational determinants that are essential for induction of host-

protection. The first FnIII domains within the antigens (To45a, TSOL45a and TSA9a) 

are grouped together, as are the second FnIII domains (To45b, TSOL45b and TSA9b). 

The phylogenetic analysis confirms that a close relationship exists between antigens 

from within homology groups, but not between oncosphere antigens from the same 

parasite species. This was expected given the high levels of amino acid sequence 

identity and similarity already determined and could help explain antigenic cross-

reactivity observed between Taeniid cestode parasites. TSOL18 is also seen to be less 

closely related to the other To18 homology group proteins [Figure 6.6 (C)], which is 

reflected in the lack of antigenic cross-reactivity detected.    

 

Oncosphere killing assays determined that anti TSOL18 sera induced 

statistically significant killing of T. saginata oncospheres. This was not predicted by the 

other immunological assays or amino acid sequence analysis. None of the cross-

reactions seen in ELISA and Western blot were reflected in oncosphere killing assays. 

The successful killing of a heterologous species in oncosphere killing assay indicated  
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Figure 6.6    Phylogenetic analysis of Taeniid cestodes. (A) The single most parsimonious tree resulting from analysis of COI sequence. Numbers above branches are 

bootstrap values. "E." refers to Echinococcus. Names without a generic designation refer to species of Taenia.(de Queiroz and Alkire, 1998); (B) Phylogenetic analysis of the 

genetic relationship between nine different Taeniid species based on COI sequence data (Gasser et al., 1999); (C) Neighbour joining tree with bootstrap values for FnIII 

domains only of recombinant oncosphere antigens. a and b designate the position of the two domains within the amino acid sequence of the To45 group of antigens. Glu; 

Glutamate dehydrogenase (Bothriocephalus acheilognathi, Genbank AAR27789) was included as an outlier. The alignment was compared with Tenascin (1Ten, GenBank 

443275) due to its known FnIII tertiary structure (Leahy et al., 1992) 
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that use of a surrogate target Taeniid species, to monitor immune response in vaccinated 

intermediate hosts, is feasible. For T. saginata, whilst not the ideal target species due to 

humans being the obligate definitive host, it is however possible to obtain eggs from 

patients with T. saginata taeniasis substantially more readily than it is to obtain T. solium. 

It is surprising that significant levels of killing of T. saginata was observed which would 

not have been predicted by the level of amino acid sequence identity between TSA18 and 

TSA9 and their homologues TSOL18 and TSOL45, and the lack of cross reactivity seen 

in Indirect and Inhibition ELISA or Western blot. 

 

Cross-reactivity between T. solium and T. multiceps was interesting. A high 

level of antigenic cross-reactivity was found between TM18 and all other members of the 

To16 and To18 homology groups, although this was not the case for TSOL18, which 

failed to cross-react with any other protein and antibodies raised against it. Since the lead 

antigen in current efforts to implement a vaccine against T. solium is TSOL18, the lack of 

cross-reactivity between TM18 and TSOL18 would suggest that T. multiceps would be 

unlikely to be useful as a surrogate target spp in oncosphere killing assays. 

 

Antigenic cross-reactivity between recombinant oncosphere antigens was not 

detected between many antigens despite high amino acid sequence identity, although 

some cross-reactivities were detected for some antigen combinations. However the cross-

reactivities seen in in vitro immunological assays were not reflected in oncosphere killing 

assays. Nevertheless, the significant killing of T. saginata with antisera raised against 

TSOL18 indicates that the use of T. saginata as a surrogate target species for T. solium is 

feasible. This discovery has the potential to change the method by which immunity 

induced by the TSOL18 vaccine to T. solium is monitored in pigs, and could assist with 
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the further development and implementation of the TSOL18 vaccine to reduce 

transmission of T. solium and, hopefully, reduce the incidence of human 

neurocysticercosis. 
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