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Abstract 

Haemonchus contortus is a highly pathogenic nematode parasite of small 

ruminants, especially sheep. In the ovine host, the blood-feeding habit of the adult 

parasite can induce symptoms such as anaemia, inappetence, weight loss, poor wool 

quality and, in severe cases, death. As such, haemonchosis is of considerable 

worldwide economic and animal welfare importance. Control of infection is largely 

dependent on the use of anthelmintic drugs. However, the rapid and widespread 

emergence of anthelmintic resistant strains of H. contortus has focused attention on 

the development of alternative control strategies, such as vaccination. 

Parasite enzymes have been postulated to be involved in host tissue 

penetration and niche establishment, evasion/modulation of the host immune system 

and, in the case of H. contortus, degradation of the host blood meal and, as such, may 

be considered crucial for parasite survival. Therefore, these enzymes may represent 

pertinent candidate vaccine antigens. 

The first paper presented in this thesis characterises the substrate specificity, 

inhibitor sensitivity and molecular size of the proteinases present in extracts of adult 

H. contortus. Subsequent work focused on the molecular characterisation of two 

integral membrane protein antigen complexes isolated from the gut of adult 

H. contortus, namely Haemonchus galactose-containing glycoprotein (H-gal-GP) and 

thiol sepharose-binding proteins (TSBP), which confer a high degree of host 

protection against homologous challenge. Both complexes possess marked proteinase 

activity with H-gal-GP exhibiting both aspartyl- and metalloproteinase activity 

together with a sometimes detectable cysteine proteinase component, whilst the 

TSBP fraction is greatly enriched for cysteine proteinase activity. Protection tends to 

correlate with proteinase-containing fractions of these complexes. The isolation and 

characterisation of frill-length complementary DNAs encoding the enzyme 

components of these antigen complexes is described. 

The cDNAs were cloned into appropriate bacterial expression vectors 

although recombinant proteins were expressed typically as insoluble, enzymatically 

inactive inclusion bodies which afforded no protection in sheep vaccination trials. 

Sequential denaturation and reduction of H-gal-GP resulted in loss of its protective 



capacity, indicating that conformational epitopes and/or enzyme activity are 

important for protection. Therefore, expression in a eukaryotic system will probably 

be required in order to obtain appropriate post-translational modifications of 

recombinant proteins. Because it is closely related in evolutionary terms to 

H. conlortus, the free-living nematode Caenorhabditis elegans was evaluated as a 

potential vector for expression of recombinant H. contortus antigens. The pepsinogen 

component of H-gal-GP was successfully expressed in the gut of transgenic 

C. elegans, albeit at low levels. In addition, isolation of the promoter sequence of the 

H. contortus pepsinogen gene was facilitated by the development of a two-step 

polymerase chain reaction allowing amplification of unknown flanking DNA 

sequences. This promoter sequence was shown to be capable of directing correct 

spatial expression of a reporter gene in transgenic C. elegans, further emphasising 

the degree of evolutionary conservation between these two nematodes. 

Detailed analysis of the H. contortus pepsinogen gene showed low level 

trans-splicing to a 22 bp SL2 sequence. Typically, trans-splicing of an SL2 sequence 

is reserved for splicing to downstream genes in poly-cistronic pre-mRNAs derived 

from operons and its presence is, therefore, considered as evidence of an operon. 

This is the first observed case of SL2 trans-splicing in H. contortus. 

In conclusion, the work presented in this thesis characterises the enzymes 

present in extracts of adult H. contortus with particular attention to the molecular 

isolation and characterisation of the enzyme components of two protective integral 

gut membrane protein complexes, together with attempts to produce enzymatically 

active recombinant proteins for evaluation in sheep protection trials. 
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Chapter 1: General introduction 

1. Gastrointestinal nematodes 

Gastrointestinal nematode infections of grazing ruminants are of considerable 

economic importance to the farming industry worldwide through their major effects 

on the efficiency of livestock production (Sykes, 1994). Infection is associated with 

parasitic gastroenteritis, clinical symptoms of which are inappetence, impaired 

weight gain, reduced body condition and diarrhoea. If left untreated, these symptoms 

can cause unacceptable animal welfare problems. 

The overall cost of gastrointestinal nematode infections on livestock 

production is difficult to assess as the impact of subclinical infections and 

fluctuations in farm animal market values must also be taken into account. However, 

it has been estimated that somewhere in the region of £71 million is spent on 

anthelmintic treatment of gastrointestinal nematode infections by the farming 

community in the UK and that subclinical infections in sheep alone account for a 

further £65 million (R.L. Coop, personal communication). 

In sheep, gastrointestinal nematode infections are caused by worms of the 

superfamily Trichostrongylidae. In general, these worms are small and slender, with 

the adult stages being parasitic in the abomasum and small intestine. The most 

common species in the abomasum are Haemonchus contortus, Teladorsagia 

circumcincta and Trichostrongylus axei and in the small intestine, Trichostrongylus 

colubrformis, Trichostrongylus vitrinus, Nematodirus battus and Cooperia punctata. 

In the UK, the predominant intestinal nematode is T vitrinus whilst T circumcincta 

is the most prevalent of the abomasal nematodes. Haemonchus contortus infections 

are confined mainly to the southern parts of the country. However, on a worldwide 

scale, H. contortus is prevalent in tropical and subtropical regions and because of its 

high pathogenicity due to its blood-feeding habits, is economically the most 

important of the gastrointestinal nematodes. 
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2. Haemonchus contortus 

2.1 Life cycle 

The life cycle of H. contortus is typical of the Trichostrongylidae in general 

and is direct, involving no intermediate host, as outlined in Figure 1. 

Under favourable conditions (i.e. temperature and humidity), eggs passed out 

in the faeces of an infected host will hatch to release the first larval stage (Li) which, 

after a period of growth, will moult to become the second larval stage (L2). Both the 

LI and L2 feed on bacteria present in the host faeces. On breakdown of the faeces, 

the L2 moults to the infective third larval stage (L3), which retains the L2 cuticle as a 

loose protective sheath (Urquhart et al, 1991). This sheath imparts resistance to 

environmental extremes (Levine, 1978) but also prevents the L3 from feeding, its 

survival being dependent on nutrients stored in the earlier developmental stages. 

Development to the L3 stage can occur within 5 days although may be delayed for 

months in cooler conditions. The L3 migrate up blades of grass where they are 

ingested by the host grazing on pasture. Once swallowed by the host, exsheathment 

of the L3 occurs in the forestomach before passing into the abomasum (true stomach) 

where the parasitic phase of the life cycle occurs. The L3 burrow into the mucosa 

and moult to become the fourth larval stage (L4). The L4 feed on blood from the 

mucosal vessels which forms a clot around the anterior end of the worm. One final 

moult forms the fifth larval stage (L5), or early adult stage, which emerges onto the 

mucosal surface and matures into the adult worm. In the ovine host, patency is 

reached 2-3 weeks after ingestion of the infective L3. H. contortus is a highly fecund y 

nematode, the female worms producing 5,000 to 10,000 eggs per day, with egg 

production beginning some 15 days or so after the final moult. 

The adult worms are typically 10-30mm in length, the blood that they suck 

giving the transparent worms a reddish-brown colour. The white ovaries of the 

female worms wrapped around the red intestine give it the characteristic appearance 

of its common name, the "barber-pole worm". As an apparent adaptation to the blood 

feeding habit of the late larval and adult stages, H. con/onus has a unique buccal 

tooth which is thought to function in penetration of host blood vessels. 
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Figure 1. The life cycle of H. confortus. 

1. H. contortus eggs: 2. water droplet containing infective L3 on a blade of grass: 

3. adult female worm 

(photographs 1 and 2, Moredun Research Institute; photograph 3, EA Munn). 
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2.2 Epidemiology 

Environmental conditions are the principal factors that influence the 

development and survival of the non-parasitic, free-living stages of H. contorlus. 

Larval development occurs optimally at relatively high temperatures although high 

levels of humidity in the microclimate of the faeces are also essential for 

development and survival of larvae. Because H. contortus eggs are intolerant to 

desiccation (Wailer and Donald, 1970) and to low temperatures Donald, 1968), very 

little development will occur below 9 0C. As such, haemonchosis is primarily a 

disease of sheep in warm climates, with the frequency and severity of outbreaks 

being largely dependent on the rainfall in any particular area. H. contortus is a 

highly fecund parasite and under optimal climatic conditions, the large numbers of 

eggs deposited on pasture can lead to the rapid accumulation of infective L3 resulting 

in the sudden occurrence of acute clinical haemonchosis. 

As already mentioned, the sheathed infective L3 are relatively resistant to 

environmental extremes and in tropical regions, can survive for up to 3 months on 

pasture depending on the climate and degree of shade (Urquhart et al, 1991). In 

addition, survival of the parasite in some tropical and subtropical areas is associated 

with an evolved ability of H. contortus larvae to undergo inhibited larval 

development, or hypobiosis, within the host. Although the exact trigger for 

hypobiosis is, as yet, unknown, the onset of a prolonged dry season provides an 

environmental stimulus to the free-living infective larvae. Following ingestion by the 

host, they survive as arrested L4, before development is resumed just before the 

onset of seasonal rains. Hypobiosis, which ensures that parasite eggs are not being 

produced and deposited on dry pasture where they would fail to develop, has been 

found to occur in counties such as Australia, Brazil, Nigeria and the Middle East 

(Urquhart et al, 1991). In contrast, hypobiosis is not observed in parts of the tropics 

which are subject to more frequent rainfall and where free-living larval development 

is possible all the year round. 

The epidemiology of H. contortus in temperate regions is different from that 

observed in tropical and subtropical climates. Temperate regions provide the most 

unfavourable climatic conditions for survival and most commonly, a single annual 

cycle is observed. Eggs deposited on pasture by ewes in early spring develop to 
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infective L3 and are ingested by lambs in late summer. Most of these larvae are 

arrested as early L4 in the host and do not complete their development until the 

following spring. The onset of maturation of these hypobiotic larvae may induce 

clinical signs of acute haemonchosis which often coincides with lambing in the ewes. 

That clinical haemonchosis is sometimes seen in grazing lambs in late summer may 

be due to pasture contamination attributable to a proportion of ingested larvae which 

have not undergone hypobiosis (Urquhart et al, 1991). 

2.3 Pathogenesis 

The highly pathogenic nature of H. contortus is due to the blood-feeding 

habit of the late larval and adult stages following their emergence from the gastric 

glands (Holmes, 1985). H. contortus primarily affects sheep and goats, causing the 

typical symptoms associated with parasitic gastroenteritis, although diarrhoea is 

normally lacking. Animal productivity is impaired through reductions in voluntary 

food intake and/or reductions in the efficiency of food use (Coop and Kyriazakis, 

2001), the magnitude of these effects being influenced by the size of larval challenge 

and the number and species of worms present (Parkins and Holmes, 1989). 

Reductions in live weight gain of up to 60% have been recorded in lambs 

experimentally infected with H. contortus (Holmes, 1985). 

In acute haemonchosis, where 2,000-20,000 worms may be present on the 

abomasal mucosa, anaemia due to abomasal blood loss becomes apparent 

approximately two weeks after infection and is characterised by a progressive and 

dramatic fall in packed red cell volume which will stabilise at a low level due to a 

compensatory expansion of erythropoiesis (Urquhart et al, 1991). However, this 

cannot be sustained, with the continual loss of iron and protein into the 

gastrointestinal tract and continued inappetence resulting in exhaustion of the bone 

marrow and a further fall in packed red cell volume before death occurs. In tropical 

areas, chronic haemonchosis can develop during prolonged dry periods. Although 

reinfection is negligible, the pasture becomes deficient in nutrients and the continual 

blood loss from small worm burdens is sufficient to cause weight loss, weakness and 

inappetence rather than the marked anaemia seen in acute haemonchosis (Urquhart et 

al, 1991). Lethargy results from the decreased oxygen carrying capacity of blood due 
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to loss of haemoglobin along with red blood cells and a resulting reduction in oxygen 

perfusion of tissues such as muscle. 

Abomasal parasitism in general compromises abomasal function causing 

changes in endocrine and enzyme secretion and increasing the pH of its contents. 

The physical damage to the gastric glands caused by the parasitic stages of 

H. contorlus results in leakage of the gastric contents giving a diagnostic rise in host 

serum pepsinogen levels (Holmes, 1985) and reduction in the efficiency of nutrient 

absorption. In addition, there is a net loss of endogenous protein into the 

gastrointestinal tract which is attributable in part to increased leakage of plasma 

protein, increased sloughing of epithelial cells and increased secretion of 

mucoproteins (MacRae, 1993) which ultimately impairs animal productivity. Loss of 

plasma protein will also result in oedema, which is normally seen in live sheep as a 

gathering of fluid in the submandibular space. 

The problems associated with haemonchosis are most marked in naïve 

animals, lambs that have not yet developed natural immunity and also in ewes where 

there is a characteristic periparturient rise in worm egg output. This periparturient 

rise is attributed to a temporary relaxation in immunity related to the high nutritional 

demands of late pregnancy and early lactation (Coop and Kyriazakis, 2001). 

2.4 Immunity to gastrointestinal nematodes 

Protective immunity to gastrointestinal nematodes is most marked in animals 

greater than 6 months of age and is acquired as a result of continuous infection 

encountered under normal field conditions. The lower resistance to infectious disease 

of young ruminants appears to be due largely to immunological hyporesponsiveness 

rather than to lack of exposure to parasites. The stress associated with weaning has 

been shown to contribute to the delayed development of protective immune 

responses to H. contortus and T colubrformis (Watson and Gill, 1991). Importantly, 

young sheep, aged 4-8 months old, have significantly lower proportions of CD4 (T 

helper ) and CD8 (T cytotoxic) lymphocytes in comparison with mature sheep. In 

addition, cultured blood lymphocytes from immature sheep produce significantly 

lower levels of interferon gamma (IFN'y) than those from mature animals (Watson et 

al, 1994). These relative deficiencies in the immune mechanisms of young sheep are 
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reflected in the size of the humoral and cell-mediated responses to nematode 

infection. Vaccination of lambs up to 5 months of age with irradiated H. contortus 

larvae afforded no protection against subsequent challenge and was associated with 

significantly lower levels of abomasal mucus immunoglobulin (Ig)A and serum IgG 

antibodies as compared with adult, immune sheep (Duncan et al, 1978). Similarly, 

Smith et al (1985) reported that, although an increase in basophil and IgA containing 

cell numbers was detected post infection, 4V2 month old lambs infected with 

T circumcincta were not as efficient at mounting an immune response as 10 month 

old lambs, and exhibited a lower degree of resistance. 

The host immune response to an invading parasite is complex involving 

cellular, humoral and inflammatory components. The effector responses of the 

immune system can be directed against: 

incoming infective larvae which are subject to immune exclusion (Miller et al, 

1983) where they are prevented from reaching their niche, 

emerging L4s and young adult worms which are subject to immune attack and 

elimination (Emery et al, 1993) or to arrested development (Smith, 1988) 

an established adult worm population. 

The host is capable of mounting both T helper (Th) 1 and Th2-type immune 

responses against invading parasites. In general, a Thi-polarised response is 

characterised by the production of the cytokines IFN1 and interleukin (IL) 2 which 

stimulate IgG2 antibody isotype production and cell-mediated effector responses. 

The induction of a Thi response is required to elicit host protection to a range of 

intracellular parasites and pathogens. In contrast, Th2 cells secrete the cytokines 

fL-4, -5, -6, -9 and -10 which promote mastocytosis, eosinophilia and the production 

of IgE and IgGI antibodies (reviewed by Abbas et al, 1996). An increase in host 

mast cells, eosinophils, IgA and IgE antibodies are characteristic of nematode 

infections and strongly suggest a Th2 dominated host immune response. These 

effector responses are discussed below. 

2.4.1 T helper cells and cytokines 

Th cells play a central role in eliciting specific antibody responses, in 

generating cell mediated immune responses and in the recruitment and activation of 
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macrophages and granulocytes. The overall importance of Th cells in resistance to 

nematode infection has been demonstrated by treatment of H. contortus-primed 

sheep with monoclonal antibodies to ovine CD4 (expressed on the surface of Th 

cells). These sheep were rendered susceptible to challenge infection demonstrating 

that Tb-cells play a continuing essential role in the manifestation of resistance even 

in previously immunised sheep (Gill et al, 1993). 

Th-cells can be segregated into functional Thi and Th2 categories on the 

basis of the cytokines that they secrete (Miller, 1996). Th2-cells secrete IL-4 and 

IL-5, which are important in the stimulation of the eosinophil, mucosal mast cell and 

IgE immune responses typically seen in helminth infections (Finkelman and Urban, 

1992). IL-13 has also been shown to be critical for host defence against 

gastrointestinal nematode parasites (Finkelman et al, 1997 & 1999) increasing gut 

permeability and mucus secretion, (Shea-Donohue et al, 2001: McKenzie et al, 1998) 

and exhibits functional overlap with IL-4 (Zurawski et al, 1993). Studies on the role 

of cytokines in Trichuris muris infections showed that IL-2, 11-3 and IFN'y production 

by Tb 1-cells was increased in mice susceptible to infection, whereas a Th2 response 

(IL-4, IL-5, 11L-9 and IL-lU) was present in resistant mice (Else et al, 1994). In 

addition, it was found that resistance to T muris infection could be induced in 

susceptible mice by the administration of IL-4, whereas, conversely, normally 

resistant mice became persistently infected if treated with WNy (Else et al, 1994). 

T muris expulsion is inhibited in mice deficient in either IL-4 or IL-13 (Finkelman et 

al, 1999: Urban et al, 2000: Bancroft et al, 2000), demonstrating that both these 

cytokines are required for the development of protective immunity. However, that 

IL-13 can mediate IL-4 independent expulsion of T muris in the absence IFN'y 

(Urban et al, 2000) suggests that other cytokines may also play important regulatory 

roles. Recently, EL-10 has been shown to be important in protection to T muris 

through suppression of the counter-regulatory type 1 cytokine response (Schopf et al, 

2002). In addition, IL-9 has been shown to enhance intestinal muscle contraction and 

is associated with accelerated worm clearance in T muris infected mice (Khan et al, 

2003). Enhanced levels of IL-9 in vivo have also been identified as important in 

expulsion of Trichinella spiralis, increasing parasite-specific IgGI levels and 

intestinal mastocytosis (Faulkner et al, 1997). 
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The immune response to Nippostrongylus brasiliensis infection in mice and 

rats has been extensively studied and is considered a model system for 

gastrointestinal nematode infections in general. Both mice and rats infected with 

N. brasiliensis develop strong Th2-type responses associated with enhanced 

production of IL-4 and IL-5 (Urban et al, 1993; Matsuda et al, 1995). Treatment of 

mice with recombinant WNy increased egg production and delayed expulsion of 

adult N. brasiliensis from the intestine (Urban et a!, 1993). Repetitive administration 

of IL- 12 to BALB/c mice induced T cell WN7 secretion, suppressing the 

Th2-associated intestinal mucosal mast cell hyperplasia, blood eosinophilia and IgE 

responses and promoting survival of N. brasiliensis (Finkelman et a!, 1994). This 

effect could be blocked by administration of anti-JFNy antibody (Finkelman et al, 

1994). The importance of Th2-type responses in resistance to nematode infection 

was further demonstrated using IL-S transgenic mice with varying degrees of 

eosinophilia, all of which displayed enhanced resistance to N. brasiliensis relative to 

non-transgenic hosts as determined by worm numbers, increase in worm size over 

the course of infection and fecundity (Dent et al, 1999). 

Although IL-4 is considered critical in the control of intestinal helminth 

infections (Else et al, 1994), IL-4 knockout mice are still able to expel N. brasiliensis 

normally (Lawrence et al, 1996). A critical role for IL-13 in mediating resistance, 

functioning through interaction with an IL-4 receptor, has been demonstrated using 

IL-13 knockout mice which failed to clear N brasiliensis infections efficiently, 

despite the production of a robust Th2-like cytokine response (McKenzie et al, 

1998). However, mice doubly deficient in IL-4 and IL-13 display more severely 

impaired hóstresistance than mice deficient in IL-13 alone (McKenzie et a!, 1999), 

suggesting that IL-4 can play at least a partial role in host protection to 

N brasiliensis infection. 

Very few studies have examined cytokine responses in ruminant 

gastrointestinal infections. However, in keeping with findings from murine studies 

indicating a role for Th2-type responses in protection, depletion of IFNy with 

monoclonal antibodies has been shown to enhance the acquired immune response to 

T colubrformis infection in sheep (McClure et al, 1995). More recently, Gill et al 

(2000) demonstrated increased IL-5 production in sheep in response to Haemonchus 
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infection, this strong Th2-type immune response being greater in genetically resistant 

as compared to random-bred animals. 

2.4.2 Antibodies 

Studies to determine the mechanisms of expulsion of gastrointestinal 

nematodes in ruminants indicate that IgA is the main local immunoglobulin 

involved. As described earlier, resistance to H contortus infection in 9 month old - 

sheep was associated with elevated levels of IgA antibodies in the abomasal mucosa 

and increased parasite-specific antibodies in the serum (Duncan et al, 1978). Gill et 

al (1992) demonstrated that infection of sheep with H. contortus resulted in an 

increase in the numbers of IgA-, IgGi- and 1gM-containing cells in the submucosa of 

the abomasum compared to uninfected controls, of which IgA-containing cells (68-

84%) were the most frequent. Interestingly, IgA is generally increased in sheep 

selectively bred for resistance (Gill et al, 1994). 

A positive correlation in human populations has been observed between IgE 

levels and resistance to schistosome reinfection (reviewed by Hagan, 1993) where it 

is thought to be involved in antibody-dependent, cell-mediated cytotoxic killing of 

the parasites (Capron and Capron, 1994). More recently, a pronounced IgE antibody 

response directed specifically to L3 antigens was detected when previously infected 

sheep were challenged with T. circumcincta (Huntley et al, 1998). During a helminth 

infection, IgE levels in serum can increase 100-fold (Jarrett and Bazin, 1974) 

although only a small proportion of this is parasite specific (Turner et al, 1979). 

However, the results of Huntley et al (1998) suggest that the proportion of total 

specific IgE may alter during the development of immunity. Since mast cells and IgE 

have been implicated in the expression of immunity to gastrointestinal parasites 

(Miller, 1996), the generation of relatively high levels of specific IgE may be of 

particular relevance in the activation of a mast cell-mediated hypersensitivity 

response. 

2.4.3 Mast cells and globule leucocytes 

Mucosal mast cell hyperplasia and the appearance of globule leucocytes, 

which are derived from mast cells (Huntley et al, 1984), is a well recognised 
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phenomenon in ruminant gastrointestinal nematode infections (Rothwell, 1989). 

However, observations that a high degree of resistance in sheep to H. contortus can 

be expressed without any obvious increase in mast cell numbers (Huntley et at, 

1992), and that mast cell deficiency has little or no effect on the expulsion of 

N. brasiliensis in rats (Rothwell, 1989), indicate that different effector mechanisms 

may be important in different infections. Degranulation of mucosal mast cells may 

have a direct detrimental effect on worm survival (Rothwell, 1989; Emery et al, 

1993) although they may also function indirectly, with the release of granule 

enzymes increasing mucosal permeability thereby facilitating the translocation of 

plasma proteins, including humoral antibodies, into the gut lumen (Barth et a!, 1966). 

In addition, mast cells are a major source of cytokines and may be able to influence 

the Th response profile through production of IL-4 and EL-5 and may also 

upregulate IgA production (Ramsay et a!, 1994). The presence of mucosal mast cells 

and globule leucocytes has been associated with the rapid expulsion of H. contortus 

challenge larvae seen in a proportion of immune sheep (Huntley et al, 1992). 

2.4.4 Eosinophils 

Eosinophilia is a common feature of helminth infections, occurring both in 

the blood and at local sites of infection (Butterworth and Thorne, 1993). In vitro 

studies have shown that eosinophils can adhere to and kill a number of helminth 

parasites, including Fasciola hepatica (Duffus and Franks, 1980) and T spiralis 

(Venturiello et al, 1993). Eosinophils also play a role in antibody-dependent cell-

mediated cytotoxic killing of schistosomes through the binding of IgE (Capron and 

Capron, 1994). More recently, Rainbird et al (1998) showed that eosinophils were 

able to immobilise and kill H. contortus larvae in vitro in the presence of antibody to 

a defined L3 surface antigen. Degranulation of adhering eosinophils onto the surface 

of the larvae was observed after 6 hours, with many larvae showing signs of damage 

after 24 hours. However, the in vivo role of eosinophils remains uncertain. For 

example, larval stages of Ostertagia spp. and Teladorsagia spp. develop in modified 

gastric pits which exclude eosinophils (Balic et al, 2000) and offer protection from 

eosinophil-mediated attack. 
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2.4.5 Mucus 

Increased numbers of mucus-secreting goblet cells and qualitative changes in 

mucus secretion follow infection with a number of nematode parasites. In sheep, 

increased goblet cell numbers are related to the development of resistance to 

T vitrinus (Jackson et al, 1983). In primed rats, a substantial proportion of a 

challenge infection with either T spiralis or N brasiliensis becomes physically 

entrapped in the intestinal mucus and is rapidly expelled (Miller, 1987). 

Studies have suggested that many of the changes which occur in immune rats, 

such as increased smooth muscle motility and IgE-mediated chloride secretion by 

epithelial cells, which contributes to intestinal fluidity, also occur in parasitised sheep 

(Emery et al, 1993; McClure et al, 1992). It therefore seems likely that mucus and 

gut motility are important components of the rejection response. 

In conclusion, the host immune response and development of immunity to 

gastrointestinal nematode infections is complex with different effector mechanisms 

working in concert to control parasite infections. However, prototypic type 2 

responses composed of peripheral and tissue eosinophilia, elevated IgE levels and 

intestinal mastocytosis are common responses in all intestinal helminth infections of 

livestock. 

3. Control 

Current control of haemonchosis, and of gastrointestinal nematode infections 

in general, relies principally on prophylactic chemotherapy combined, where 

feasible, with pasture management. 

3.1 Pasture management 

The aim of pasture management is to provide "clean grazing" where animals 

are moved to a rested pasture which will harbour few infective larvae, thereby 

preventing infection of the most susceptible animals (Boag and Thomas, 1973), i.e. 

pasture must be kept free of sheep for sufficient time for the ensheathed L3 to die. 

This strategy is effective in reducing the loss of productivity due to larval challenge 
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and is particularly successful where animals are moved to fields from which hay or 

silage have been harvested. A grazing policy where pasture is rotationally grazed 

with other species such as cattle or horses can also be adopted, although the fact that 

a number of gastrointestinal nematodes can infect other hosts needs to be taken into 

consideration (Morley and Donald, 1980). However, pasture management is not 

compatible with the adoption of intensive farming strategies where there are 

consequential restrictions on land availability. 

3.2 Anthelmintics 

Drug treatment is, currently, the control method of choice. Three classes of 

anthelmintics are currently used for controlling gastrointestinal nematode infections, 

namely the benzimidazoles, levamisoles and related compounds and the macrocyclic 

lactones. The biochemical basis of the anthelmintic action of each of these chemicals 

has been recently reviewed (Kohler, 2001). In brief, the benzimidazole compounds 

are the most widely used and cause ultrastructural alterations in the intestinal cells of 

nematodes by binding with high affinity to tubulin, thereby disrupting microtubule 

structure and function (Köhler and Bachmann, 1981; Lacey, 1988). In H. contortus, 

the effect of fenbendazole has been shown to be associated with the inhibition of 

microtubule-mediated secretory vesicle transport in the intestine followed by 

dispersal of the vesicle contents throughout the intestinal cytoplasm resulting in gross 

disintegration of the anterior intestine (Jasmer et al, 2000). 

The levamisole family of drugs are nicotinic agonists which open nicotinic 

acetylcholine receptors on the surface of somatic muscle resulting in depolarisation 

and spastic paralysis. The unique properties of the nematode nicotinic acetycholine 

receptors appear pharmacologically distinct from homologous receptors in higher 

animals which imparts the selective toxicity of these compounds (KOhier, 2001). 

The macrocyclic lactones comprise the avermectins and milbemycins which 

act by binding to glutamate-gated chloride channels resulting in irreversible 

hyperpolarisation of the cell membrane and flaccid muscle paralysis. The muscles of 

the pharynx are particularly sensitive and inhibition of nematode feeding results from 

inhibition of pharyngeal pumping (Geary et al, 1993; Kotze, 1998). 
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3.3 Anthelmintic resistance 

Although they have been used successfully in controlling gastrointestinal 

nematode infections over the last 40 years, there are growing concerns over the long 

term application of anthelmintic drugs resulting from the rapid and widespread 

appearance of resistant strains of worms. The first case of anthelmintic resistance 

reported in the UK was in 1982 where a benzimidazole resistant strain of 

T circumcincta was detected in sheep in Cheshire (Britt, 1982). A recent study 

(Jackson and Coop, 2000) has reported that anthelmintic resistance is now a global 

phenomenon. A high prevalence of nematodes exhibiting multiple resistance has 

been reported in South Africa and South America (Echevarria et at, 1996; Eddi et al, 

1996; Nari et al, 1996). In the UK, resistance is predominantly to the benzimidazoles, 

with the main species implicated being T circumcincta although some cases of 

resistance in H. contortus have been reported, mainly in southern regions (Jackson 

and Coop, 2000). A recent survey showed that more than 60% of Scottish farms 

harbour benzimidazole resistant nematodes and that, worryingly, multiple resistance 

has been detected in several lowland farms (F. Jackson, personal communication). In 

south east England, 30% of farms have been reported to harbour nematodes resistant 

to both benzimidazoles and levamisole (Coles, 2002). In the UK, the prevalence of 

benzimidazole resistance has been shown to be higher in goats than in sheep 

(Jackson et al, 1992) due partly to their more rapid metabolism of anthelmintics 

which can lead to the equivalent of underdosing. Therefore, in areas where sheep and 

goats are grazed together, the potential for the more rapid evolution of anthelmintic 

resistance exists. 

Benzimidazole resistance in helminths results from changes in the fl-tubulin 

isotype pattern leading to the loss of high affinity receptors (Lacey and Gill, 1994). A 

common point mutation which results in a phenylalanine to tyrosine change at amino 

acid 200 in isotype 1 fl-tubulin has been shown to correlate with benzimidazole 

resistance in H. contortus, T colubqformis and T circumcincta (Kwa et al, 1994; 

Elard and Humbert, 1999). Further selection results in the elimination of isotype 2 

fl-tubulin genes from highly resistant individuals (Condor and Campbell, 1995). 

Little is known of the biochemical mechanisms of resistance to the nicotinic 

antagonists. However, radio-ligand binding assays have demonstrated alterations in 
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drug pharmokinetics at the acetylcholine receptor, with levamisole resistant 

H. contortus binding the drug less tightly at low affinity sites as compared with 

susceptible worms (Sangster et al, 1998). 

Resistance to the macrocyclic lactones appears complex and able to manifest 

itself in different ways depending on the selection processes involved in its 

development. Molecular genetic work on the free-living nematode Caenorhabditis 

elegans has demonstrated that mutations of two members of the multigene family 

encoding glutamate chloride a-type subunits can result in a 7 to 10 fold increase in 

resistance to ivermectin, a value close to that seen for resistant H. contortus, although 

simultaneous mutations of at least 3 genes is required before high-level resistance is 

achieved (Dent et al, 2000). More recently, clear differences in response to 

ivermectin inhibition of pharyngeal pumping between ivermectin selected and 

susceptible H contortus have been observed, indicating that resistance may be 

associated with changes in the pharyngeal muscle (Kotze, 1998; Sangster and Gill, 

1999). P-glycoproteins, which mediate the ATP-dependent export of potentially toxic 

chemicals from cells (Sangster, 1994), have also been implicated in resistance to the 

macrocyclic lactones with resistance appearing to be determined by a number of 

genes that are variably expressed or overexpressed (Kohler, 2001). The fact that 

nematodes may have to acquire multiple mutations to develop high level resistance 

may explain why, so far, only isolated cases of ivermectin resistance have been 

reported in the field. 

The fact that the gene/genes that confer resistance may already be present 

within the range of a nematode species has been accepted as a pre-adaptive 

phenomenon as has the concept that the continued use of an anthelmintic confers a 

survival advantage to individuals carrying the resistant gene/genes thereby increasing 

the selection pressure on that phenotype. Once the population is comprised of 

predominantly homozygous resistant worms, then little, or no reversion to the 

susceptible phenotype will occur (Le Jambre et al, 1981). 

Management practices which can be employed to delay the development of 

resistance include reduction in the frequency of anthelmintic treatment, avoidance of 

underdosing and rotation between drug families. Development of resistance can also 

be effectively delayed by maintaining the number of worms in refugia, i.e that are 
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not exposed to anthelmintics and which therefore provide a reservoir of worms able 

to escape selection for resistance to produce the next generation (Martin et a!, 1981). 

However, this would require increased investment in farm management to diagnose 

and treat animals only as necessary. In addition, the idea of maintaining pasture 

contaminated with susceptible larvae to effectively dilute out the number of resistant 

worms available to infect a new host is contrary to the established "clean pasture" 

management policies adopted by many farmers (Coles, 2002). 

4. Alternative control strategies 

The likelihood of a new generation of anthelmintic drugs being available on 

market in the near future appears remote (Geary et al, 1999) and the problems of 

anthelmintic resistance, combined with increasing concerns over drug residues in the 

food chain and the environment, mean that there is a very real need to develop 

alternative, sustainable strategies for the control of gastrointestinal nematode 

infections. 

4.1 Genetic resistance 

Considerable variation in resistance to parasitism exists both within and 

between breeds of sheep (Gray, 1991; Eady et al, 1996). Because many of these 

differences are heritable, breeding animals resistant to parasitic nematode infection is 

a possibility and long term selection experiments have established lines of sheep 

which are considered more resistant to challenge infection with T colubrformis or 

H. contorlus as compared to control animals, based on reduced faecal egg count 

(FEC) (Windon, 1996). FEC is the primary phenotypic trait which can reliably 

estimate resistance (Eady, 1995) and is the resistance marker used in the active 

commercial breeding programs of Australia (Nemesis, Anon, 1994) and New 

Zealand (WormFEC, McEwan et al, 1995). However, identification of physiological 

traits which will allow the prediction of resistance in non-parasitised animals has 

proved elusive. Genetic markers linked to parasite resistance are therefore being 

developed and include ovine Major Histocompatibilty Complex genes (Outteridge et 

a!, 1986 and 1988; Schwaiger et al, 1995) and microsatellite markers (Beh and 

Maddox, 1996). Recently, Coltman et a! (2001) reported that resistance to 
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T. circumcincta in a naturally parasitised population of Soay sheep was associated 

with an allele at a microsatellite marker locus located in an intron of the gamma 

interferon gene. 

4.2 Host nutrition 

The nutritional state of the host will affect its resilience (i.e. ability to cope 

with the adverse effects of parasitism) and resistance to infection (reviewed by Coop 

and Kyriazakis, 2001). The loss of productivity attributable to parasitic 

gastroenteritis is a direct result of reduction in voluntary food intake and/or reduction 

in the efficiency of food use, especially protein. Evidence from both experimental 

(van Houtert and Sykes, 1996; Abbot et al, 1988; van Houtert et al, 1995a) and 

natural grazing trials (van Houtert, 1995b) have shown that feeding with a dietary 

protein supplement can increase both host resilience and improve production 

responses such as weight gain, wool growth and carcass quality. Similar, but less 

pronounced, improvements in resilience can also be obtained by supplementation of 

the basal diet with urea, a source of degradable nitrogen (Knox and Steel, 1999), and 

this provides a cheaper alternative for use in tropical and subtropical areas where 

forage quality is generally poor and the cost of high-quality protein supplements 

prohibitive. 

4.3 Tannins 

Tannins are naturally occurring plant polyphenols which play a role in 

protecting plants from microbial and parasitic infestations and which are found in 

many of the plants in the diet of herbivores. Because condensed tannins are relatively 

stable in the digestive tract of animals, rarely with toxic effects, several plants with 

high tannin concentrations have been tested for their potential to control 

gastrointestinal nematode infections. Results have been promising with lambs 

naturally exposed to gastrointestinal nematodes performing better and with lower 

worm burdens when grazing on sulla or great trefoil compared to lambs grazing on 

tannin-free forage (Niezen et al, 1998). Sheep trickle infected with T colubrformis 

larvae showed a 25-40% reduction in FEC when offered food containing condensed 

tannins from Quebracho extract for 10 weeks as compared to sheep offered a tannin- 
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free diet (Athanasiadou et al, 2000). However, a subsequent study showed that there 

was no effect on worm burden and that advantages on the performance of parasitised 

sheep were seen only when condensed tannins were used to supplement high-protein 

food (Athanasiadou et al, 2001). Because of their negative effect in inhibiting 

microbial and enzyme activity, thus reducing food intake and digestibility, the 

anthelmintic effect of condensed tannins may be best exploited by allowing sheep to 

feed only occassionally on tanniferous plants. 

4.4 Copper oxide wire particles 

Copper oxide wire particles have been developed for the treatment of copper 

deficiency in grazing livestock (Dewey, 1977). After ingestion, they are rapidly 

transferred to the rumen where the acidic environment induces the release of soluble 

copper which was shown by Bang et al (1990) to have anthelmintic effects, in sheep, 

on the abomasal parasites H. contortus and T circumcincta reducing worm burdens 

by 96% and 56%, respectively. No effect was observed on the establishment of 

T colubrformis  which is parasitic in the small intestine. A further study carried out 

under Australian grazing conditions showed that, when used at the dose 

recommended for treatment of copper deficiency, copper oxide wire particles had the 

potential to reduce the establishment and worm fecundity of Haemonchus over a 10 

week period, although the high efficacy achieved by Bang et al was not repeated and 

there was a variable response between experiments (Knox, 2002). However, copper 

oxide wire treatment has previously been observed to have negative effects on wool 

tensile strength (Masters and Mata, 1997) and the copper status of a flock, including 

the availability of copper accumulating plants in the forage, would need to be 

determined prior to use in order to avoid the risk of copper toxicity. 

4.5 Nematophagous fungi 

This heterogeneous group of microfungi utilise nematodes either as their 

main source of nutrients or supplementary to a saprophytic existence (Barron, 1977), 

producing nematode-trapping structures on the growing mycelium. By virtue of their 

unique, thick-walled resting spores (chlamydospores) produced inside the growing 

hyphae, Duddingloniaflagrans can survive passage through the gastrointestinal tract 
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of livestock and has been identified by workers in Denmark (Larsen et al 1991), 

France (Peloille, 1991) and Australia (Larsen et al, 1994) as a potential biological 

control agent. D. flagrans has been tested in full-scale field trials in Denmark against 

many of the important nematodes of cattle, sheep, horses and pigs where daily 

feeding of chlamydospores over the initial 2-3 months of the grazing season was 

found to prevent the build up of dangerous levels of infective larvae on pasture 

(reviewed by Larsen, 2000). Similar results in sheep in Australia have also been 

reported with a tendency for improved liveweight gain (Knox and Faedo, 2001). 

Although showing promise, further work to determine the impact of continuous use 

of nematode-trapping fungi on the environment will need to be carried out and the 

problem of how to deliver chlamydospores to livestock resolved. 

It is unlikely that any of the control methods mentioned above will by 

themselves provide a realistic, alternative method of control, but rather they will 

form part of an integrated strategy towards the sustainable control of gastrointestinal 

nematode infections. 

4.6 Vaccines 

That host immunity can develop against nematode infections indicates that 

immunological-based control is a feasible method of controlling parasitic infections. 

Although much effort has been directed at vaccine development, the only marketed 

vaccine against gastrointestinal nematodes remains DictolTM,  based on the 

attenuated, irradiated infective larvae of the cattle lungworm, Dictyocaulus vivzparus. 

However, the economic and ethical issues involved with producing sufficient 

parasites to allow isolation of native antigens for use in vaccine preparations is a 

common and prohibitive factor when dealing with gastrointestinal nematodes. For 

this reason, attention has turned to the development of recombinant protein-based 

vaccines. However, the production of useful recombinant antigens is a complex 

process which must take into consideration several important factors. For instance, as 

discussed earlier, the host immune response to an invading parasite is multifaceted 

involving cellular, humoral and inflammatory components. Understanding the 

relevant host-protective responses will allow an informed decision on both the route 
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of immunisation and choice of adjuvant used in vaccine formulation. For example, 

immunisation of sheep with a purified native H. contortus L3 surface antigen gave 

significant reductions in FEC using aluminium hydroxide, which induces a 

predominantly Th2-type host immune response, as adjuvant whereas no reductions 

were observed when the same antigen was formulated in Quil A, which induces a 

predominantly Thi-type response (Jacobs et al, 1999). In addition, better levels of 

protection were obtained by rectal mucosal immunisation as compared with the 

intradermal route of delivery. These considerations are most pertinent to vaccination 

with natural antigens based on induction of effector mechanisms that are involved in 

the development of natural protective immunity. In addition, the possibile 

detrimental effects to the host of eliciting hypersensitivity-type immune reactions 

associated with increased levels of IgE, mast cells and eosinophils needs to be taken 

into account. 

An alternative vaccination strategy is the use of "hidden" or covert antigens 

which relies on the induction of a neutralising humoral immunity against critical 

parasite proteins not seen by the host during the course of a normal infection. This 

approach has been adopted successfully in the development of a vaccine against the 

cattle tick, Boophilus microplus (Willadsen et al, 1995), and subsequently used to 

identify possible candidate vaccine antigens from the gut of H. contortus (reviewed 

in Munn, 1997). However, because specific host immune responses will not be 

boosted by subsequent natural infection, repeat vaccination may be required to 

maintain a protective antibody titre until natural immunity is acquired. The 

possibility of using recombinant cytokines to modulate the immune response 

(Lofthouse et al, 1996) may help to overcome this potential problem. 

There are a number of systems in which recombinant proteins can be 

expressed. Bacteria are, in most cases, the system of choice due to ease of growth 

and the typically high yield of recombinant protein. However, if conformational 

epitopes or functional activity is deemed important for protection, then more 

complicated eukaryotic systems such as yeast, mammalian cell lines or insect cells 

may need to be considered in order to obtain pertinent post-translational 

modifications of recombinant antigens. These considerations will be discussed in 

more detail later. 
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However, the recent development of recombinant protein-based vaccines 

against the cattle tick B. microplus (Willadsen et al, 1995) and the sheep cestode 

Taenia ovis (Rickard et al, 1995), which elicit an effective host-protective antibody 

response sustainable over a significant period of time, has served to highlight the 

effectiveness of this approach in field conditions. 

5. Parasite enzymes 

Parasites contain and secrete a variety of enzymes which have evolved to 

accomplish some of the tasks imposed by a parasitic life style, including tissue 

penetration, digestion of host tissue for nutrition and evasion of the host immune 

response. Amongst these, proteolytic enzymes (proteinases) have been the most 

extensively studied. All the four major groups of proteinases, namely serine, aspartic, 

cysteine and metalloproteinases, have been identified in parasitic helminths, although 

by far the largest number reported up to now belong to the papain superfamily of 

cysteine proteinases (Tort et al, 1999). 

5.1 Tissue penetration and niche establishment 

Proteinases have long been implicated in skin penetration by the infective 

larvae of Sirongyloides species (Lewert and Lee, 1954) and the rapid migration of 

Strongyloides stercoralis through the dermal extracellular matrix is mediated by a 

neutral metalloproteinase secreted by L3 larvae (McKerrow et al, 1990). The free-

living cercariae of schistosome parasites secrete a serine proteinase from the 

acetabular glands which facilitates invasion of the skin and connective tissue 

(McKerrow et al, 1983; Newport et al, 1988). More recently, secreted cysteine 

proteinases of L4 and adult H. contortus were shown to degrade the major 

components of connective tissue (glycoprotein, elastin and collagen) in vitro, 

suggesting that these enzymes may be involved in breakdown of host tissue (Rhoads 

and Fetterer, 1995a). Two cathepsin L-like proteinases are secreted by F. hepatica 

which cleave intracellular matrix proteins such as collagen, laminin and fibronectin, 

indicating a possible role in the degradation of host tissue barriers (Berasain et al, 

1997). Serine and metalloproteinases released by L4 and adult T vitrinus can 
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degrade a number of macromolecules, including fibrinogen, plasminogen and 

fibronectin, which may indicate a role in the disruption of mucosal tissue allied to a 

role in parasite feeding (MacLennan et al, 1997). A cathepsin L-like cysteine 

proteinase present in adult Ostertagia ostertagi excretory/secretory (ES) extracts 

shows high proteolytic activity against mucin and may be important for penetrating 

the host and feeding in the abomasal mucus (Geldhof et al, 2000). 

5.2 Evasion of the host immune system 

Because of their long co-evolutionary interaction with the host immune 

system, long-lived helminth parasites are well adapted to immune evasion and 

manipulation, inducing forms of immune tolerance to permit their survival (Maizels 

and Lawrence, 1991). 

Enzymes released by parasites can interfere with the host immune response in 

a number of ways, the best documented being immunoglobulin cleavage. For 

example, secreted cysteine proteinases from adult H. contortus can hydrolyse IgG 

within the hinge region (Rhoads and Fetterer, 1995b). Cathepsin Li secreted by 

F. hepatica also cleaves immunoglobulin at the hinge region and can prevent the 

antibody-mediated attachment 'of eosinophils to juvenile flukes (Carmona et a!,1994; 

Smith et al, 1993a). The ES proteinases of the hookworm Necator americanus 

infective L3 larvae have been shown to cleave IgG , 1gM and IgA, the latter being 

the principal immunoglobulin in the gastrointestinal tract (Kumar and Pritchard, 

1992). Secreted proteinases of Schistosoma mansoni cleave the Fab portion of IgG 

after it has bound to the surface of schistosomula (Auriault et al, 1981) and an 

elastase-like serine proteinase of both cercarial and schistosomular extracts has been 

shown to cleave IgE and to render it non-functional (Pleass et al, 2000). The products 

of proteolytic cleavage of host immunoglobulin can have secondary effects on the 

host immune response. For example, peptides produced by IgG cleavage by 

S. mansoni schistosomula can modulate macrophage activity, including decreased 

IgE-dependent cytotoxicity against schistosomula (Aurialt et al, 1985). 

A metalloproteinase present in the ES products of adult N. americanus 

degrades eotaxin, a potent eosinophil chemoattractant, and may be a strategy 
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employed by helminths to prevent recruitment and activation of eosinophils at the 

site of infection (Culley et a!, 2000). 

Some parasites, mainly those of the alimentary tract, although there are a few 

exceptions (such as the cattle lungworm D. viviparus), release acetyicholinesterases 

(AChE) into their immediate environment and this enzyme may impair a number of 

immune responses by hydrolysing acetylcholine which is involved in, for example, 

antibody dependent cytotoxicity, lysosomal enzyme secretion and neutrophil 

chemotaxis (reviewed by Knox, 1994). Establishment of N brasiliensis in the rat 

jejunum results in a dramatic increase in the overall amount of AChE produced 

accompanied by a switch in isoform expression (Edwards et al, 1971). The amount of 

AChE produced appears to be regulated in part by the immune status of the host with 

a reduction in the level of nematode AChE occurring if parasites are transferred to an 

immunologically naïve host (Sanderson et al, 1972) and conversely, up-regulation of 

enzyme expression following passive transfer of immune serum (Jones and Ogilvie, 

1972). This suggests that expression of parasite AChEs may contribute to 

maintenance of their position in the gastrointestinal tract. However, most of the 

hypotheses concerning the physiological function of parasite-derived AChE have not 

yet been systematically investigated. 

In addition to their normal functions in detoxifying oxidants produced during 

aerobic metabolism, antioxidant enzymes may be required for parasites to defend 

themselves against reactive oxygen species (e.g. superoxide anion, hydrogen 

peroxide, hydoxyl radical) generated by host macrophages, neutrophils and 

eosinophils (Callahan et al, 1988; Brophy and Pritchard, 1992). Activated oxygen 

species have been shown to be toxic to various parasites in vitro, including T spiralis 

(Bass and Szejda, 1979), S. mansoni (Mkoji et al, 1988), Onchocerca cervicalis 

(Callahan et al, 1990) and Brugia malayi (Ou et al, 1995). The anthelmintic agent 

endoperoxide may act as a free-radical generator and has been shown to kill 

H. contortus L3 in vitro (Bennet-Jenkins and Bryant, 1996). Increased reactive 

oxygen species production by peritoneal leukocytes has been correlated with the 

rejection of N. brasiliensis and F. hepatica (Smith and Bryant 1989a; Smith et al, 

1992). Elevated levels of key antioxidant enzymes, such as superoxide dismutase, 

catalase and glutathione peroxidase have been correlated with N brasiliensis 
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persistence in rats (Smith and Bryant, 1986; Batra et at 1993). Superoxide dismutase 

enzyme activity has been shown to be elevated in N. brasiliensis capable of surviving 

in primed hosts as compared to worms harvested after a primary infection of naïve 

rats (Knox and Jones, 1992). Furthermore, N. brasiliensis rejection can be inhibited 

by the administration of anti-oxidants (Smith and Bryant, 1989b). Peroxiredoxins are 

an emerging family of multifunctional enzymes abundant in parasitic nematodes and 

which catalyse the reduction of hydrogen peroxide to water without the requirement 

of co-factors (Henkle-Duhrsen and Kampkotter, 2001). These enzymes are present 

throughout the life cycle of parasitic nematodes and localisation profiles indicate that 

they are active in dealing with both internal and external oxidative stress. 

Localisation of peroxiredoxins in Onchocerca volvulus is predominantly in the 

hypodermis and cuticle, indicating a role at the host-parasite interface (Zipfel et al, 

1998). 

Parasites may also evade host immune responses by producing different 

isoforms of key enzymes as the host immune response develops. H. contortus 

retrieved from lambs immunised with parasite gut antigen extracts were shown to 

have modified proteinase expression, both in terms of total enzyme content and 

expression of different molecular forms (Chapter 2; Knox et al, 1993). Similar 

responses have been noted in acetyicholinesterase secreted from N. brasiliensis 

(Jones and Ogilvie, 1972) and D. viviparus (McKeand et al, 1994) and in superoxide 

dismutase expression in N. brasiliensis capable of surviving in primed hosts (Knox 

and Jones, 1992). 

5.3 Nutrition 

The enzymatic degradation of host tissue that occurs during parasite tissue 

penetration and niche establishment, discussed above, will release peptides that can 

be utilised as nutrients by the invading parasite. 

Considerable research has focused on the role of proteinases in the 

maintenance of blood-feeding parasitic helminths. In schistosomes, haemoglobin 

digestion is attributable to cysteine proteinases, with both cathepsin Li and cathepsin 

D localising to the parasite gastrodermis and being able to cleave human 

haemoglobin at low pH (Brady et al, 1999; Brindley et al, 2001). A role for 
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exopeptidases, such as dipeptidyl peptidase I (Hola-Jamriska et al, 1998) and papain-

like cysteine proteinases in the terminal stages of digestion to release dipeptides or 

amino acids, has been suggested (Brindley et al, 1997). The cathepsin Ls of 

F. hepatica are released by the gastrodermis of the parasite and are also likely to 

perform a role in the digestion of ingested host proteins (Smith et al, 1993b). Hotez 

and Cerami (1983) described the presence of a metal loproteinase in extracts of adult 

Ancylostoma caninum hookworms. The proteinase had elastinolytic activity which 

inhibited fibrin clot formation, a function which may prevent the coagulation of 

blood during feeding (Hotez and Cerami, 1983; Hotez et al 1985). Recently, gut-

derived, cathepsin D-like aspartic proteinases from N americanus and A. caninum 

were shown to cleave haemoglobin in a host-specific fashion (Williamson et al, 

2002). The anticoagulant activity of H. contortus ES is attributable to a cathepsin L-

like proteinase (Rhoads and Fetterer, 1995b). In adult H. con/onus, the majority of 

proteinases capable of degrading the blood proteins haemoglobin, albumin and 

fibrinogen were active at acidic pH and could be ascribed to the cysteine proteinase 

class (Chapter 2; Knox et al, 1993). In addition, a gut-expressed putative aspartyl 

proteinase was shown to have affinity for haemoglobin as substrate (Chapter 6; 

Longbottom et al, 1997) and may have a co-ordinated function with gut-expressed 

metalloproteinases (Chapter 5; Redmond et al, 1997) in digestion of the host blood 

meal. 

Clearly, many of the roles suggested for parasite-derived enzymes are crucial 

for establishment and survival in the host and, as such, enzymes may be considered 

as pertinent candidate vaccine antigens. 

6. Nematode vaccines - progress to 1993 

In order to put the work presented in this thesis into context, the following 

section describes briefly the progress of vaccine antigen research up to 1993, with 

particular respect to gastrointestinal nematode parasites of livestock, which is 

summarised in Table 1. 
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Worm 	Stage 	Antigen 	Protective* Host tested 	Reference 

H. contortus 	L3 gamma-irradiated 
7 tropomyosin 

L3/L4 collagen 
adult GST 
adult fibrinogen-degrading 

extract 
adult gut homogenate 
adult gut homogenate 
adult contortin 
adult Hil 

y 	sheep 
y 	sheep 
n 	sheep 
nt 	- 

y 	sheep 
y 	sheep 
y 	goats 
y 	sheep 
y 	sheep 

Smith and Angus, 1980 
Cobon et at, 1989 
Boisvenue et at, 1991 
Sharp et al, 1991 

Boisvenue et at, 1992 
Smith, 1993 
Jasmer & McGuire, 1991 
Munn et at, 1977 
Munn et at, 1993a 

T. circumcincta L3 
	

ES 31 kDa 	y 	sheep 	McGitlivery et at, 1992 

T. colubriformis L3 
L3 
L3 
L3 
L4 
L4 
L4 

L4/adult 

L4/adult 
L4/adult 
L4/adult 

0. radiatum 	L4 
adult 
adult 

gamma-irradiated y sheep Gregg et a], 1978 
tropomyosin y guinea pig O'Donnell et at, 1989a 

ES y guinea pig O'Donnell et at, 1989b 
ES 94 kDa n guinea pig O'Donnell et at, 1989b 

homogenate y guinea pig Rothwell, 1978 
SDS-gel fractions y guinea pig O'Donnell et at, 1985 

AChE n guinea pig Rothwell & Merritt, 1975 
ES lectin-binding 
(30 kDa, 37 kDa) y guinea pig Savin et at, 1990 

ES lectin unbound y guinea pig Savin et at, 1990 
ES 11 kDa y guinea pig Dopheide et al, 1991 
ES 18 kDa y guinea pig Frenkel et at, 1992 

homogenate y calves Keith & Bremner, 1973 
homogenate y calves Keith & Bremner, 1973 

high Mwt filtrate y calves East etal. 1989 

Table 1. Gastrointestinal nematode worm antigens identified up to 1993. 

* y, produced significant level of protection in vaccine trials: n, not protective: nt, not 

tested. 
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6.1 Irradiated larvae 

Vaccination is considered feasible for those host-parasite interactions where 

acquired immunity has been shown to develop. Radiation-induced attenuation of 

infective L3 has been used to provide self-limiting infections which stimulate 

protective immunity in the host. This approach resulted in the development of an 

anti-nematode vaccine for the control of the lungworm D. viviparus in cattle, (Jarrett 

et al, 1958) where two doses of 102103  gamma-irradiated L3 were shown to provide 

solid immunity (Poynter, 1963). A similar vaccine was developed against D. fl/aria 

in sheep (Sharma et al, 1981) and A. caninum in dogs (Miller, 1978). Large numbers 

(-.-10) of gamma-irradiated L3 of T co/ubrformis or H. conlortus can generate 

protective immunity in sheep more than 6 months old, but, as in natural infection, 

immature animals which are most at risk from nematode infection are not protected 

(Gregg et a!, 1978; Smith and Angus, 1980). 

Subsequent work focused on the fractionation of larval and worm extracts to 

specifically identify parasite antigens which stimulate protective immunity. 

6.2 Somatic antigens 

Whole homogenates of both L4 and adult Oesophagostomum radiatum, a 

pathogenic parasite of cattle which inhabits the large intestine, induced protective 

immunity in calves (Keith and Bremner, 1973). Further fractionation of adult 

homogenates by gel filtration yielded a high molecular weight fraction which caused 

significant reductions in both worm burden and FEC of 57% and 55%, respectively 

(East et al, 1989). Similarly, whole L4 homogenates of T. colubrformis, and SDS-

gel isolated subfractions of these homogenates, caused accelerated expulsion of 

worms from outbred guinea pigs, used as a laboratory model for sheep (Rothwell 

1978; O'Donnell et al, 1985). Sodium deoxycholate extracts of T co/ubrformis L3 

were shown to contain a much simpler set of antigens with only 4 major protein 

bands (O'Donnell et al, 1989a). Of these proteins, only the 41 kDa band proved 

protective, resulting in a 45-51% reduction in worms when used to vaccinate guinea 

pigs. Partial amino acid sequencing identified this 41 kDa protein as tropomyosin 

(O'Donnell et al 1989a) and allowed the design of an oligomer to facilitate the 

isolation of full-length cDNA by library screening (Frenkel et al, 1989). A 27 kDa 
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subunit, expressed in bacteria as a 3-galactosidase ([3-gal) fusion protein, elicited 

accelerated worm expulsion in guinea pigs following challenge infection (Cobon et 

al, 1989). DNA hybridisation isolated a H. contortus tropomyosin homologue. A 

significant level of protection was achieved in sheep by vaccinating with 

recombinant H. contortus tropomyosin and was comparable to the protection 

achieved with native protein (Cobon et al, 1989). 

Native collagen and an 18 aa cuticle collagen peptide isolated from L3 and 

L4 H. contortus were tested in sheep, but neither induced reproducible levels of 

protection, possibly because antibody or host immune cells were not able to reach the 

collagen epitopes in the nematode cuticle without prior removal of the surface coat 

(Boisvenue et al, 1991). 

6.3 Soluble antigens 

By culturing infective T. circumcincta L3 in vitro in medium supplemented 

with 35S-methionine, a 31 kDa glycoprotein was shown to be one of the major 

components of the ES complex (McGillivery et al, 1990). Gel purified, stage-specific 

31 kDa antigen significantly reduced FEC in immunised sheep (McGillivery et al, 

1992), demonstrating that this protein conferred partial protection against L3 

T circuincincta larvae. 

Antisera raised against glutathione S-transferase (GST) purified from adult 

H. contortus, although found to inhibit enzyme activity, had no effect on parasite 

survival in vitro, even though a specific GST inhibitor reduced parasite survival in a 

parallel experiment (Sharp et al, 1991). The efficacy of the purified H. contorlus 

GST protein was not tested directly in a protection trial. Significant protection 

against H. contortus in sheep has been obtained using a soluble, fibrinogen-

degrading extract from the intestinal tract of adult parasites (Boisvenue et al, 1992). 

Chromatographic fractionation of this extract identified a predominant 35 k.Da 

cysteine proteinase, as determined by active site labelling (Cox at al, 1990). This 

protein was shown to be a member of a developmentally regulated cysteine 

proteinase gene family of which cDNAs encoding five members have been isolated 

and their nucleotide sequences determined (Pratt et al, 1990; 1992). 
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Guinea pigs vaccinated with a soluble, fractionated extract from 

T. colubrformis L4 enriched for AChE were protected against homologous challenge 

(Rothwell and Merritt, 1975). However, this fraction was contaminated with an 

undefined low molecular weight allergen. Purified T colubrformis AChE, free from 

this allergen, did not stimulate protective immunity (Rothwell and Merritt, 1975). 

Several antigens purified from ES of larval and adult T colubrformis have 

shown considerable potential in vaccination trials. The ES products of exsheathed L3 

conferred some protection (46% in terms of worm counts) to guinea pigs against 

homologous challenge (O'Donnell et al, 1989b). The dominant component of the L3 

ES was a strongly antigenic 94 kDa glycoprotein. Sephacryl column fractions 

enriched in the 94 kDa antigen were not correspondingly enriched in their protective 

capacity. Similarly, preparations in which the 94 kDa antigen had been removed by 

immunoaffinity absorption retained their capacity to induce host-protection, 

indicating the presence of more than one host protective antigen in T colubrformis 

L3 ES (O'Donnell et al, 1989b). ES material from L4 and adult T. colubrformis has 

been fractionated by passage through a lentil lectin column and, although results of 

protection trials are unpublished, Savin et al (1990) amongst others, have reported 

that both the lectin-bound and unbound fractions display host-protective activity. 

Complimentary DNA corresponding to two of the lectin-binding proteins has been 

cloned and characterised. The major secreted glycoprotein in T. coiubrformis L4 and 

adult ES is a 30 kDa protein which shares limited sequence similarity with porcine 

valosin, suggesting an influence on host gut physiology (Savin et al, 1990). A 

second 37 kDa protein is the major ES product recognised by lymph from naturally 

infected sheep, although nucleotide sequence database searches failed to find a match 

which could point to a functional role for this molecule (Verkuylen et al, 1993). Two 

components of the non-glycosylated, lectin unbound fraction of L4 and adult 

T colubrformis  ES have also been isolated. The major component of this fraction is 

an 11 kDa protein found to be highly protective (50-100%) in guinea pigs (Dopheide 

et al, 1991). An oligomer based on partial amino acid sequence analysis of this 11 

kDa protein was used to isolated a frill-length encoding cDNA, which showed 

homology with a human IFN7-induced protein. This cDNA was expressed as a 

recombinant protein in Escherichia coil (Dopheide et a!, 1991). An 18 kDa protein 
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was also isolated and induced 60-84% protection of guinea pigs from challenge 

infection following a single intraperitoneal injection (Frenkel et al, 1992). Although 

nucleotide sequence analysis of isolated cDNA encoding the 18 kDa protein showed 

only low overall identity with human and insect globin, conservation between 

invariant globin residues suggests that the parasite component may encode a globin 

and that it may play a role in oxygen transport. 

6.4 Hidden antigens 

The concept of using hidden, or covert antigens to stimulate a protective 

humoral immune response was successfully demonstrated against the cattle tick 

B. microplus (Rand et al, 1989) and this approach was employed by Munn et a! 

(1987) to isolate an integral gut membrane fraction from adult H. contortus enriched 

for contortin, a helical, polymeric protein located between the microvilli of the 

parasite gut (Munn, 1977). Vaccination with a contortin-rich fraction of adult 

H. contortus yielded a mean reduction in worm burdens of 78% (Munn et al, 1987). 

Subsequently, a second integral gut membrane extract enriched for a 110 kDa 

protein, termed Hi 1, was obtained from adult H. contortus and shown to reduce 

worm burdens by up to 89% and FEC by up to 92% in sheep vaccination trials, 

protection correlating with host serum antibody titre (Munn et al, 1993a & 1993b). 

This represents the best level of protection achieved with a native nematode antigen. 

At the same time, the ability of gut antigens to induce a protective immune response 

against blood-feeding nematodes in goats (Jasmer and McGuire, 1991) and sheep 

(Smith, 1993), was determined by vaccinating with a detergent extract of dissected-

out guts of H contortus. Serum from sheep hyperimmune to H. contortus did not 

react with the gut membrane extract (Smith, 1993), suggesting that these antigens are 

normally hidden from the host during the course of a natural infection. 

Clearly, up to 1993, considerable progress had been made in the fractionation 

of parasite extracts and identification of the protective antigen(s) within them. 

However, only limited progress had been made in the molecular cloning and 

characterisation of the genes encoding these proteins and in the expression of 
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recombinant parasitic antigens, with a view to evaluating their efficacy in host 

protection trials. 

7. Aims of project 

The aims of the work presented in this thesis are: 

to characterise the proteinases present in extracts of adult H. contortus in terms of 

their substrate specificity, inhibitor sensitivity and molecular size with a view to 

identifying potential vaccine antigen candidates; 

to clone and characterise full-length cDNAs encoding these proteinases and to 

express them in appropriate bacterial vectors to allow evaluation of recombinant 

proteins in sheep vaccination trials and; 

to evaluate the potential of the free-living nematode C. elegans as a vector for 

expression of recombinant nematode antigens. 
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8. Overview 

The work presented in this thesis forms a coherent body of work which 

contributes significantly toward the overall aim of developing a recombinant vaccine 

against H contortus through the identification of potential vaccine candidate 

antigens, their molecular cloning, characterisation and expression in recombinant 

form for evaluation in vaccine trials. In addition, the work described with the free-

living nematode C. elegans, highlights its potential both as a vector for expression of 

candidate vaccine antigens from parasitic nematodes and as a model system for 

studying parasite gene expression and control. 

As discussed previously (5.1-5.3), parasite enzymes have evolved to 

accomplish some of the tasks imposed by a parasitic life style, many of which are 

considered crucial for establishment and survival in the host. If accessible to the host 

immune system, then parasite enzymes are potential candidate vaccine antigens. 

Chapter 2 describes the initial characterisation of the proteinases present in extracts 

of adult H contortus in terms of their substrate and inhibitor sensitivities, pH optima 

and molecular size. Serum inhibition studies were used to define parasite enzymes of 

potential importance at the parasite/host interface. 

Subsequently, an enzymatically active integral gut membrane glycoprotein 

complex, namely thiol sepharose-binding proteins (TSBP), was isolated from adult 

H. conhortus and shown to confer significant levels of protection against 

homologous challenge in sheep. The TSBP fraction was greatly enriched for cysteine 

proteinases. Following fractionation of TSBP by anion-exchange chromatography, 

only subfractions containing cysteine proteinase activity afforded protection in a 

subsequent sheep vaccination trial. H. contorlus cysteine proteinases were shown to 

be encoded by a multigene family and Chapter 3 describes the isolation and 

molecular characterisation of cDNAs encoding several members of this gene family 

using a combination of cDNA library immunoscreening and the polymerase chain 

reaction (PCR). 

A second host-protective protein complex isolated from adult H. contortus, 

Haemonchus galactose-containing glycoprotein (H-gal-GP), also shows marked 

proteinase activity. Inhibitor sensitivity studies showed that aspartyl-, metallo- and 
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cysteine proteinase activity could be ascribed to this complex, Chapter 4. Chapter 4 

also describes analysis of the polypeptide composition of H-gal-GP using a 

combination of polyacrylamide gel electrophoresis (PAGE) and N-terminal amino 

acid sequencing. As with TSBP, protection tends to correlate with proteinase-

containing fractions of H-gal-GP. Full-length cDNAs encoding both the metallo- and 

aspartyl-proteinase (pepsinogen) components of H-gal-GP were isolated using a 

combination of cDNA library immunoscreening and PCR, described in Chapters 5 

and 6, respectively. Both cDNAs were cloned into appropriate bacterial vectors to 

allow expression of recombinant proteins. 

Expression of cDNAs encoding the enzyme components of TSBP and 

H-gal-GP in bacterial systems resulted, typically, in good yields of recombinant 

proteins. However, they were expressed as insoluble, enzymatically inactive 

inclusion bodies. Sequential denaturation and reduction of H-gal-GP resulted in loss 

of its protective capacity, indicating that conformational epitopes and/or enzyme 

activity may be important for protection. Therefore, in order to obtain appropriate 

protein folding and post-translational modification of recombinant proteins, 

expression in a eukaryotic system is probably required. The type of N-glycans 

present in H. contortus is similar to that seen in other invertebrates, and occurs 

also in the free-living nematode C. elegans. Together with the fact that C. elegans is 

closely related to H. contortus in evolutionary terms, this suggests that C. elegans 

would be an appropriate system for expression of functionally active H. contortus 

candidate vaccine antigens. Chapter 7 describes the isolation and structure of the 

gene encoding the pepsinogen component of H-gal-GP and its expression in C. 

elegans under the control of a C. elegans promoter. 

The potential of using C. elegans as a heterologous transformation system to 

examine activity and specificity of parasitic nematode gene promoters is addressed in 

Chapter 8. The H. contortus pepsinogen promoter was isolated using a two-step PCR 

technique which was developed to allow amplification of unknown DNA sequences. 

The pepsinogen promoter, together with two other parasite promoters, was tested for 

the ability to drive correct spatial and temporal expression of a reporter gene in 

C. elegans. This transformation system was also used to analyse deletion constructs 

of the H. contortus aspartyl proteinase promoter with the aim of identifying 
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regulatory motifs which direct protein expression to the parasite gut. Such motifs, if 

present, could be used in the construction of gut-specific cDNA libraries, or as the 

basis for gene-specific PCR. As part of the detailed analysis of the H. contortus 

pepsinogen promoter, primer-extension analysis of mRNA was carried out and 

showed low-level splicing to a 22 nucleotide SL2-like sequence, the first observed 

case of SL2 trans-splicing in H. contortus. The PCR isolation of the H. contortus 

SL2 gene and its nucleotide sequence analysis are described in Chapter 9. 

Unresolved questions arising from this body of work are discussed in Chapter 

10. 
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Chapter 2: Characterization of proteinases in extracts of adult 

Haemonchus contortus, the ovine abomasal nematode. 

Knox DP, Redmond DL and Jones DG. 1993. Parasitology, 106: 395-404. 

A previous study examined proteinase activities in gastrointestinal nematodes 

of ruminants and demonstrated the release of elastolytic and chymotryptic activities 

from L3 and adult H. contortus (Knox and Jones, 1990). However, non-specific 

protein substrates were used and no conclusions could be drawn regarding the 

number and specificity of these proteinases, nor was evidence of their antigenicity 

sought. Fibrinogen-degrading activity in a PBS/glycerol soluble extract from adult 

H. conlortus was associated with a predominant 35 kDa cysteine proteinase (Cox et 

al, 1990), strong evidence for a potential role of proteinases in the blood feeding 

habit of adult parasites. Furthermore, significant protection against H. contortus in 

sheep was achieved by immunising with this fibrinogen-degrading extract 

(Boisvenue et al, 1992), highlighting the potential of parasite-derived enzymes as 

candidate vaccine antigens. 

The aim of the work presented in this paper was to characterise the 

proteinases in extracts of adult H. contortus in terms of their substrate specificities 

(particularly in relation to feeding and digestion of the host blood meal), pH optima, 

inhibitor sensitivities, molecular size and immunogenic potential. 

Triton X-100 extracts of adult H. contortus, comprising the water soluble, 

membrane-associated and membrane-bound proteins, were evaluated for enzyme 

activity over a broad pH range against the general protein substrate azocasein and the 

blood proteins fibrinogen, albumin and haemoglobin. Peak enzyme activities were 

detected at pH 5 (vs albumin, fibrinogen and haemoglobin), pH 7 (vs albumin) and 

pH 9 (vs fibrinogen, haemoglobin and azocasein). These enzyme activities were 

further characterised using low molecular weight substrates in analyses which 

demonstrated tryptic and aminopeptidase activities at pH 5 and elastase activity at 

pH 9. At pH 7, activity could not be clearly ascribed to any particular proteinase 

type. 
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Incubation of H. contortus Triton X-100 extracts with specific proteinase 

inhibitors prior to azocasein degradation analysis showed that proteolysis at pH 5 

was almost completely due to cysteine proteinase activity and at pH 9 to serine and, 

to a lesser extent, metal loproteinase activity. 

Gelatin-substrate gels were used to determine the molecular size of the 

proteinase activities at the 3 different pH optima described above. Zones of substrate 

proteolysis are visualised as clear bands against a blue background following 

Coomassie Blue staining. At pH 5, activity was evident at 55 kDa and >200 kDa 

while at pH 9, a smear of activity >100 kDa was observed. Again, proteolysis at 

pH 5 was almost completely abolished by incubation of the gel with the cysteine 

protease inhibitor, L-trans-epoxysuccinyl-L-leucylamide-(4-guamdino)-butane (E64), 

prior to staining. Proteolysis at pH 9 was highly sensitive to the serine proteinase 

inhibitor phenyl-methylsulphonylfluoride (PmsF), and to the metalloproteinase 

inhibitor ethylenediaminotetra-acetic acid (EDTA), with slight sensitivity to cysteine 

and aspartyl proteinase inhibitors indicating the presence of multiple enzyme classes. 

Proteinases eluted from polyacrylamide gel slices following fractionation on 

the basis of molecular size were also analysed for their ability to hydrolyse blood 

proteins. This analysis was conducted in an attempt to identify proteinases involved 

in blood meal digestion. Haemoglobin degradation occurred almost exclusively at 

acidic pH and was sensitive to the cysteine proteinase inhibitor E64. A dominant 

peak of fibrinogen degradation at pH 5 associated with cysteine proteinase activity 

was noted in the molecular size range 48.5-58.5 kDa. Further analysis of breakdown 

products by polyacrylamide gel fractionation showed that degradation was restricted 

to the fibrinogen a-chain peptide. This activity is in contrast to the dominant 

H. contortus 35 kDa fibrinogen-degrading cysteine proteinase previously described 

by Cox et al (1990) which is active at neutral pH. This anomaly may reflect strain 

divergence and is an important point to consider as it may have implications for 

the production of a globally effective H. contortus vaccine. 

In an attempt to define parasite enzymes of potential importance at the 

parasite/host interface, parasite extracts or gel-eluted protein fractions were 

incubated with serum harvested from lambs demonstrably refractory to H. contortus 

challenge following either hyperimmunisation by repeat infection, or by 
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immunisation with a H. contorlus gut antigen extract, prior to determination of the 

degree of inhibition of proteolysis. Sera from lambs immunised with gut-antigen 

extracts were shown to inhibit the predominant 55 kDa cysteine proteinase activity at 

pH 5 in gelatin-substrate gels, whereas serum from hyperimmune lambs had no 

effect in this system. Fibrinogen degrading proteinase activity was also inhibited by 

both types of sera, in particular low molecular weight enzyme activity (<58.5 kDa) at 

acidic pH. Enzyme activity between 58.5 and 84 kDa was inhibited only by 

hyperimmune serum and, contrastingly, activity <26.5 kDa only by antisera against 

gut-antigen extracts. These observed inhibition profiles may reflect the different 

proteinases accessible to host immune attack during the course of a natural infection 

as compared to those contained in a gut antigen extract. The total proteinase activity 

in Triton X-100 extracts of worms recovered from H. contortus gut-antigen 

immunised lambs was found to be 2-3 fold higher than that of worms recovered from 

control animals, with a marked increase in expression of proteinases >60 kDa, as 

determined by azocasein degradation and gelatin-substrate gel analysis. This 

observation may indicate that parasites are able to modify their proteinase expression 

in response to host immune attack. 

In conclusion, the work presented here expands the information available on 

the proteolytic enzymes expressed by adult H. contortus, demonstrating the 

expression of multiple enzymes with differing substrate specificities and pH optima, 

some of which are likely to play a role in the degradation of the host blood meal. 

Cysteine proteinases were found to be dominant at acidic pH and to catalyse the 

degradation of the blood proteins haemoglobin and fibrinogen. Evidence of immune 

inhibition provides preliminary information on those enzymes which may be 

important at the parasite/host interface and may, therefore, be appropriate candidate 

vaccine antigens. 

Contribution to work 

Having just joined the research group, my input was in a technical capacity, 

contributing to enzyme assays and gelatin-substrate gel analysis of protein extracts. 
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SUMMARY 

The degradation of several protein substrates, including the blood proteins haemoglobin, albumin and fibrinogen, by 

proteinases present in extracts of adult Haemonchus contorlus was examined over a broad pH range. These proteinases were 

further characterized on the basis of substrate specificity, inhibitor sensitivity and molecular size by spectrophotometric 

and substrate gel analysis. The majority of the proteinases capable of degrading the blood proteins tested were active at 

acidic pH and could be ascribed to the cysteine proteinase class. In addition, evidence is presented that these proteinases 

are differentially recognized and inhibited by immune sera and that parasites capable of withstanding protective host 

immune responses exhibit modified expression of proteinases. 

Key words: Haenwnchus contortus, proteinases, biochemical characterization. 

INTRODUCTION 

Haemonchus contortus is a highly pathogenic nema-

tode parasite infecting the abomasal glands primarily 

of sheep and other small ruminants, although it also 

affects cattle. The blood-feeding habits of the adult 

parasite. can induce severe anaemia, weight loss and, 

occasionally, death. Following the description of a 

secreted proteolytic anticoagulant with flbrino-

genolytic properties by Ancytostoma bookworms 

(Hotez & Cerami, 1983) there has been considerable 

interest in the role of proteinases in the maintenance 

of blood-feeding parasitic helminths. 'Haemo-

globinase' activity has been demonstrated in the 

hookworms Necator americanus and Ancylostoma 
spp. (Pritchard et at. 1992) and in the trematode 

Schistosoma mansoni (Chappell & Dresden, 1986). 
Digestive proteases have been characterized ex-

tensively in schistosomes (reviewed by McKerrow & 

Doenhoff, 1988), in particular those proteases in-

volved in haemoglobin digestion by the adult 

parasite. The major proteinase responsible for 

haemoglobin digestion has been classified as a 

cysteine proteinase (Chappell & Dresden, 1986) 

although several other peptidases have been identi-

fied in the schistosorne gut using histochemical 

assays (e.g. Bogitsch & Dresden, 1983). After initial 

degradation by the haemoglobinase further pro-

cessing is assumed to be carried out by other 

peptidases in a way similar to that seen in vertebrates 

(Bogitsch & Kirschner, 1986). 
Until recently, evidence for the involvement of 

proteinases in the blood feeding of adult H. contortus 
has been limited. Gross histological evidence sug-

gests that bleeding continues from damaged mucosal 

capillaries for extended periods of time following 
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detachment of the adult parasite, possibly indicative 

of anticoagulant release by the parasite. Recently, we 

provided evidence that products of adult H. contortus 
released in vitro contained elastinolytic activity, and. 

we postulated that the activity could act as an 

anticoagulant to facilitate blood feeding (Knox & 

Jones, 1990). A recent series of reports has described 

the molecular cloning and sequencing of a 35 kDa 

cysteine proteinase with putative fibrinogen' de-

grading properties from adult H. contortus (Cox, 
Milhausen & Hageman, 1990a, b) as well as the 

structure and organization of, the coding gene (Pratt 

et al. 1990). Further experiments indicated that 

adult H. contortus express mRNAs for several 

distinct cysteine proteinases (Pratt et at. 1992) 
although there is, as yet, no information on the 

substrate specificity or physiological roles of these 

enzymes. Moreover, it was claimed that lambs could 

be protected against challenge infection with H. 

contortus by immunization with extracts of the adult 

parasite enriched on the basis of fibrinogen-

degrading activity (Cox et at. 1990 a). 
In the present study the degradation of several 

protein substrates by extracts of the adult parasite 

has been examined over a broad pH range. Protein-

ases detected have been further characterized on the 

basis of substrate specificity and inhibitor sensitivity 

and their molecular size determined. In addition, the 

effects of serum, harvested from lambs demonstrably 

immune to challenge H. contortus infection, on 

proteinases in extracts of the adult parasite have been 

evaluated as an indication of their immunogenic 

potential. 
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Table 1. Hydrolysis of a variety of peptide substrates by proteinases in 

Triton X-100 extracts of adult Haemonchus contortus 

(Each figure represents the mean of at least 3 separate determinations. The 
maximum coefficient of variation observed was 5-2%. All readings were per-
formed at 405 nm except for elastin—orcein, the insoluble elastase substrate, which 
was read at 520 nm. CBZ, carbobenzoxy; Bz, berizoyl; NPE, nitrophenol ester; 
NA, nitroanilide; Arg, arginine; Leu, leucine; Lys, lysine; Phe, phenylalanine; 
Succ, succinyl; Try, tryptophan; Tyr, tyrosine.) 

Change in absorbancejh 

Specificity 	Substrate 	 pH 5 	pH 9 

Trypsin 	CBZ-L-Lys-4NPE 043 002 
CBZ-L-Arg-4NPE 022 003 
Bz-DL--Arg-4NA 0-13 0-01 

Chymotrypsin 	CBZ-L-Tyr-4NPE - 0-14 
CBZ-L-Try-4NPE - 065 
CBZ-L-Phe-4NPE 0-13 0-11 
Bz-Tyr-4NA 0-18 012 
Succ-Phe-4NA 014 004 

Elastase 	 CBZ-L-Ala-4NPE 021 1-28 
Elastin—orcein 005 016 

Aminopeptidase 	Leu-4NA 	 116 	0-34 

MATERIALS AND METHODS 

Preparation of parasite extracts 

Adult H. contortus were harvested from worm-free 
lambs which had been infected individually with 
10000-30000 infective L3 as described previously 
(Knox & Jones, 1990). For routine enzyme analyses, 
adult pacasites (500 mg wet weight) were homogen-
ized in 2 ml of I % aqueous Triton X-100 in water at 

4 ° C using a 1 ml glass/glass homogenizer (Jencon's 
Scientific, UK). Homogenates were briefly centri-
fuged at 3000 g to pellet particulate material and 
supernatant fractions either used immediately for 
proteinase determinations or stored at —70 °C prior 

to analysis. 

Enzyme activity 

The protein substrates azocasein, bovine fibrinogen 
and bovine serum albumin, as well as the peptide 
substrates and inhibitors used in this study, were 
purchased from the Sigma Chemical Company, 
Poole, Dorset, UK. Ovine haemoglobin was pre-
pared from sheep red blood cells which had been 
washed 3 times in 10 volumes of ice-cold phosphate-
buffered saline before lysis with an equal volume of 
distilled water. The haemoglobin content of the 
lysate was adjusted to approximately 5 mg/ml on the 
basis of an estimated whole blood haemoglobin 
concentration of 10 mg/ml. All buffers used con-
tained penicillin (500 U/ml) and streptomycin 
(5 mg/ml). Proteinase activity with azocasein as 
substrate was determined as previously described 
(Knox & Jones, 1990). Proteolysis of fibrinogen, 

albumin and haemoglobin was monitored by measur-
ing the release of a-amino nitrogen using the 
ninhydrin reaction essentially as described by 
Matthews (1977). Usually, 10 Id of homogenate (or 
H 2O for blanks) was incubated with 100#1 of 
substrate (1 mg/ml in buffer) for 16 h, after which 
undigested protein was precipitated by addition of 
an equal volume (110 tel) of 5% trichloroacetic acid 
and the supernatant fraction harvested by centri-
fugation for ninhydrin analysis. Low molecular 
weight substrate solutions (1 mg/ml) were prepared 
in dimethyl suiphoxide (Me 2SO). Substrates used 
and the proteinase specificities indicated are listed in 
Table 1. Reaction mixtures routinely comprised 
100 of homogenate (or H 2 0 for blanks), 150 al of 
buffer, 25 el Me 2 SO and 5 4u1 of substrate solution. 
Initial (0 mm) and final (60 mm) absorbance 
readings were determined using an 1. L. Multistat 
III microcentrifugal analyser (Instrumentation Lab-
oratory, Warrington, Cheshire, UK) as described 
previously (Knox & Kennedy, 1988). All activities 
were corrected for non-enzymic hydrolysis by sub-
traction of the appropriate reagent blanks. 

pH optima of proteinase activities 

The effect of pH on the hydrolysis of fibrinogen, 
haemoglobin and albumin was monitored over the 
range 30 to 110 using the following buffers, all at 
01 i'i: pH 353, acetate; pH 5-5-7-5, phosphate; 
pH 75-9-0, Tris and pH 90-11-0, carbonate—
bicarbonate. All activities were corrected for non-
enzymic hydrolysis by subtraction of the appropriate 
buffer blank. In addition, the effect of pH on 
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hydrolysis of the general protein substrate, azo-
casein, was determined for use in routine analyses. 

Inhibitor sensitivity of pro teinase activity 

Proteinase inhibitors, purchased from Sigma, were 
tested for their effects on the hydrolysis of azocasein 
at pH 5, 7 and 9. Routinely, 10 4u1 of homogenate (or 
H20 for blanks) were pre-incubated with 150 al of 
inhibitor/buffer solution, at the final concentrations 
listed in Table 2, for 15 min before determining the 
remaining enzyme activity by addition of 20 jcl of 
substrate solution (5 mg/ml). Following incubation 
of the reaction mixture for 16 h at 37 ° C, undigested 
protein was precipitated by addition of 180 Al of 10 M 

perchloric acid and the supernatant fraction har-
vested following centrifugation at 13000g for 5 mm 
using a microfuge. The absorbance (405 nm) of the 
supernatant fraction was determined and corrected 
for non-enzymic hydrolysis by subtraction of the 
appropriate inhibitor blank. Inhibition was ex-
pressed as the percentage activity remaining com-
pared to a control incubated in the absence of the 
inhibitor. Proteinase activity was not significantly in-
hibited by the solvent/buffer proportions used in the 
final reaction mixes. In addition, the proteolytically 
active fractions prepared by gel elution, described 
below, were tested for their sensitivity to phenyl-
methylsulphonylfluoride, (PmsF), 4-hydroxymer-
curibenzoate (4HMB) L- trans- epoxysuccinyl-leucyl-
amido-(4-guanidino)butane (E64), ethylenediamino-
tetra-acetic acid (EDTA) and pepstatin. 

Gelatin—substrate gel analyses 

Extracted H. contortus proteins (usually 20 ,ug/track) 
were fractionated in discontinuous sodium dodecyl 
sulphate—polyacrylamide gel slabs (SDS—PAGE) 
under non-reducing conditions. Gelatin (01 % w/v) 
was incorporated into the 75 % separating gel and 
electrophoresis performed using a BioRad Mini-
Protean system (BioRad Ltd, UK) with buffer 
formulations as recommended by the manufacturers. 
Samples (20 ,ul) were mixed with 20 ul of SDS-
PAGE sample buffer (005 M Tris, pH 75 con-
taining 5% SDS, 20% glycerol and 001 % bromo-
phenol blue) and applied to the gel without boiling. 
Following electrophoresis at 200 V, constant voltage, 
for 45 min at 4'C gels were washed in 3 changes of 
25 % Triton X-100 over a 30 min period to remove 
SIDS before being sliced and the gel slices incubated 
in buffer alone or in the presence of inhibitor for 24 h 
at 37 ° C. Zones of proteolysis were visualized as clear 
bands against a blue background by Coomassie Blue 
staining. 

Serum inhibition of H. contortus extract proteinases 

Parasite extracts (20 ttg protein in 20 ,al of Triton 
X-100) or gel eluted proteins (see below) were pre- 

incubated with 2 zl of various sera for 1 h at 37 ° C 
before determination of proteolysis, either spectro-
photometrically with azocasein as substrate or by 
gelatin—substrate analysis. Sera used were obtained 
either from worm-free lambs, lambs which had been 
immunized with an adult H. contortus gut antigen 
preparation and were highly refractory to challenge 
infection with the homologous parasite (kindly 
provided by Dr W. D. Smith) or from animals 
demonstrably immune to challenge infection fol-
lowing repeated infection with the parasite. Spectro-
photometric determinations of serum inhibition 
were calculated after subtraction of the appropriate 
blank containing serum, substrate and buffer alone. 
For substrate gel analyses, parasite extracts were 
pre-incubated with serum as described above and 
then mixed with an equal volume of sample buffer 
prior to electrophoresis and visualization of enzyme 
activity. 

Gel elution of pro teinases 

Triton X-100 extracts of adult H. contortus (500#g 
protein) were fractionated by 75 % non-reducing 
SDS—PAGE using the Mini-Protean gel system and 
a preparative gel comb with a capacity for 500 itl of 
sample and flanked with separate sample wells for 
molecular weight markers. Following electro-
phoresis for 45 min at 200 V at 4 00,  the marker 
tracks were excised and briefly stained using 05 % 
Coomassie Blue in 10% methanol to visualize the 
molecular weight markers. SDS was eluted from the 
remainder of the gel by washing in 3 changes of 
25 % Triton X-1 00 for a total of 30 min and the gel 
was sliced following alignment with the marker 
tracks. Protein was eluted by homogenization of gel 
slices in ice-cold I % Triton X—lOO using a glass/ 
glass homogenizer. Gel material was pelleted by 
brief centrifugation in a microfuge and the super-
natant fraction (usually 500 ,al) was retained for 
determination of proteolytic activity using the blood 
proteins fibrinogen, haemoglobin or albumin as 
substrates. 

Aliquots (usually 10-50ul) of the gel-eluted 
proteins were mixed with 1 % solutions of fibrino-
gen, haemoglobin or albumin (100 uI) prepared in 
buffers over the pH range 30 to 100 as described 
above. Following overnight incubation at 37 ° C 
protein degradation was determined using the nm-
hydrin assay. Inhibition of proteolysis by PmsF, 
E64, EDTA and pepstatin was subsequently evalu-
ated at the pH optima determined in these experi-
ments. Further aliquots (50 sal)  of these gel eluates 
were mixed with 50 1al of 1% bovine fibrinogen 
solution in buffers at pH 5 or 7, formulated as 
described above. Following incubation for 2 h at 
37 0  samples were mixed with an equal volume of 
SDS sample buffer, boiled for 5 mm, and 3O pi 
aliquots fractionated on 75% SIDS—PAGE slabs 

29 	 PAR 106 
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Table 2. The effect of various inhibitors on the hydrolysis of azocasein 
by proteinases in Triton X-100 extracts of adult Haemonchus contortus 

(The degree of inhibition is expressed as the percentage activity remaining in 
comparison to a control in the absence of inhibitor. The maximum coefficient of 
variation observed was 87%. PmsF, phenylmethylsuiphonyifluoride; Tos-Phe, 
tosyl-phenylalanine halomethylketone; Tos-Lys, tosyl-lysine halomethylketone. 
NEM, N-ethylmaleimide; 4-HMB, 4-hydroxymercuribenzoate; E64, L-trans-
epoxysuccinyl-L-leucylamide-(4-guaflidiflO)-bUtafle DTT, dithiothreitol; 
EDTA, ethylenediaminotetra-acetic acid; 1,10 Phe, 1,10 phenanthroline.) 

Final reaction Proteinase 	Activity remaining (%) 
concentration class 

Inhibitor 	(MM) 	 indicated 	pH 5 	pH 7 	pH 9 

PmsF 10 Serine 99 80 12 
Tos-Phe 10 Serine* 89 ND 31 
Tos-lys 10 Serine/* 45 ND 78 

cysteine 
NEM 10 Cysteine* 31 0 63 
4HMB 02 Cysteine* 19 68 86 
E64 02 Cysteine 17 57 92 
DTT 20 Cysteine/* 157 100 88 

metallo- 
EDTA 	20 	 Metallo- 	106 	64 	42 
1,10 Phe 	10 	 Metallo- 	83 	72 	51 
Pepstatin 	02 	 Aspartate 	62 	78 	86 

	

(n=5 	3 	4) 

* Inhibition was not class-specific. 

under reducing conditions. Degradation products 
were visualized by Coomassie Blue staining. 

RESULTS 

PH optima 

Proteolysis of the general protein substrate, azo-
casein (data not shown) and the blood proteins 
fibrinogen, haemoglobin and albumin by Triton 
X-100 extracted proteinases of adult H. contortus 
over a broad pH range is shown in Fig. 1. The pH 
profiles were determined on 4 occasions from freshly 
prepared parasite extracts and the same peaks of 
activity were detected on each occasion. At acidic pH 
conditions albumin and fibrinogen both showed 
relatively sharp activity peaks at pH 5 in comparison 
to haemoglobin which showed a slightly lower, more 
diffuse profile. All three blood proteins and azocasein 
exhibited biphasic pH responses but, in contrast to 
the others, albumin had a second strong peak of 
activity at pH 7. Fibrinogen, haemoglobin and 
azocasein had much weaker biphasic responses with 
alkaline pH optima of 8-9. 

Substrate specificity 

To obtain further information on the variety of 
proteinases present in Triton X-100 extracts of the 
adult parasite, hydrolysis of a variety of low 
molecular weight peptide substrates was examined at 
pH 5, 7 and 9. While tryptic and aminopeptidase 
activities were dominant at pH 5 there was a clear 
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Fig. 1. The effect of pH on the degradation of the blood 
protein substrates haemoglobin (•), albumin  (0) and 
fibrinogen (S)  by proteinases in Triton X-100 extracts 
of adult Haemonchus contortus. 

shift in substrate specificity at pH 9 (Table 1). At 
that pH elastase activity, indicated by a combination 
of degradation of insoluble elastin-orcein and cleav-
age of the low molecular weight peptide substrate 
CBZ-L-Ala-4NPE, and chymotryptic activity pre-
dominated. Activity at pH 7 (not shown) could not 
be clearly ascribed to a particular proteinase type. 

Inhibitor sensitivity 

The sensitivity of azocasein degradation to a variety 
of proteinase inhibitors was examined at pH 5, 7 or 
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9 (Table 2). At pH 5 proteolysis was almost com-
pletely eliminated in the presence of the class-
specific cysteine proteinase inhibitor, E64, as well as 
the less specific 4 HMB, and markedly reduced by 
the alkvlating agent, NEI\/I. In addition, proteolysis 
at this pH was markedly enhanced by the thiol-
protecting agent, DTT. Activity was diminished in 
the presence of the halomethylketone, TOs-Lys, but 
unaffected by the serine proteinase inhibitor, PmsF, 
and the metallo-proteinase inhibitors, EDTA and 
1,10 phenanthroline, although significantly reduced 
in the presence of the carboxyl protemase inhibitor, 
pepstatin. In contrast, proteolysis at pH 9 was 
relatively unaffected by cysteine proteinase in-
hibitors but was notably reduced by PmsF and, to a 
lesser extent, by Tos-Phe, EDTA and 1,10 phenan-
throline. The inhibition profile obtained at pH 7 
was not conclusive although enzyme activity was 
reduced in the presence of the EDTA and 
1,10 phenanthroline and NEM to a greater extent 
than was evident at either pH 5 or pH 9. 

Gelatin—substrate gel analysis 

The molecular size of proteinases active in extracts 
of adult H. contortus was estimated by gelatin—
substrate gel analysis (Fig. 2). At pH 5, a sharply 
defined zone of proteolysis was evident at 55 kDa 
and a smear of activity was observed above 200 kDa 
when gel slices were incubated in buffer alone (Fig. 
2, Track C, pH 5). In the presence of the cysteine 
proteinase inhibitor, E64 (0-1 mi), activity at 55 kDa 
was completely abolished (Fig. 2, Track EM, pH 5) 
and reduced in the presence of EDTA (Track 
EDTA, pH 5, Fig. 2) and pepstatin (Track pepstatin, 

Fig. 2). The high molecular weight activity was 
diminished in the presence of EM, EDTA and 
pepstatin indicating the presence of more than one 
proteinase activity in this region. By contrast, at 
pH 9, a dominant smear of proteolsis was evident 
above 100 kDa with individual banding faintly 
discernible (Fig. 2, Track C, pH 9). This activity 
was highly sensitive to the serine proteinase in-
hibitor, PmsF (10 m, Fig. 2, Track PmsF) but 
only slightly reduced by EM and pepstatin. In 
addition, activity at this pH was markedly reduced in 
the presence of EDTA (Track EDTA, pH 9, Fig. 2). 
Activity at pH 7 could not be consistently demon-
strated in this gel system. 

pH optima and inhibitor sensitivity of gel-eluted 
proteinases 

The sensitivity of proteolysis of fibrinogen, albumin 
and haemoglobin by gel-eluted proteins (subse-
quently referred to as gel-eluted proteinases) to pH 
change and to class-differentiating proteinase in-
hibitors was evaluated (Fig. 3), 

Extracts of the adult parasite contained a variety of 
proteinases with differing specificity for the natural 
potential protein substrates tested and these enzymes 
had differing pH optima (Fig. 3). Haemoglobin 
degradation was generally observed at more acidic 
pH than that determined for either fibrinogen or 
albumin. High molecular weight (>84 kDa) pro-
teolysis of fibrinogen and albumin was detected at 
alkaline pH. A dominant peak of fibrinogenolysis 
was noted in the molecular size range 485 to 
585 kDa. Albumin degradation was detected only in 
reaction mixtures containing proteinases with mol- 

29.2 
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Fig. 3. pH optima and inhibitor sensitivity of gel-eluted 
proteinases. The ability of proreinases, eluted from 
polvacrylamide gels following fractionation on the basis 
of molecular size, to hydrolyse the protein substrates 
fibrinogen (0), albumin () and haemoglobin (5111) was 
assessed over a broad pH range. All activities were 
sensitive to the cvsteine proteinase inhibitor, E64, except 
for those indicated, a, aspartate; s, serine. The Y-axis 
shows the size range of the eluted proteins in kDa. 

ecular weights between 84 and 180 kDa. Material 
above 205 kDa was not evaluated in this assay system 
because of the poor gel resolution of proteins in this 

region. 
Most of the eluted proteinase activities were 

Sensitive to the cvsteine proteinase inhibitor, E64, 
although serine and aspartate proteirsases were also 
evident in the high molecular weight components 
with specificity for both fibrinogen and haemoglobin. 
Albumin degradation was partially inhibited by 

EDTA. 

Fibrinogen degradation studies 

Fibrinogenolysis by proteins present in adult H. 

contortus, which had been fractionated by SDS-
PAGE and subsequently eluted from the gel on the 
basis of molecular size, was evaluated by further gel 

electrophoresis. 
Following fractionation of reaction mixtures by 

SDS-PAGE under reducing conditions degradation 
products were visualized by Coomassie Blue staining 
(Fig. 4). Under these conditions undegraded fibrino-
gen (Fig. 4A, Track C) is resolved into three peptides 
which, in descending order of size, represent the a, fi 
and y peptide chains. Fibrinogeriolysis was observed 
by eluted proteins in the range 365 to 84 kDa (Fig. 
4A, Tracks 3-5) at pH 5 with maximal activity 

pH 5 
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Fig. 4. Degradation of bovine fibrinogen by gel-eluted 
proteinases. Degradation products were fractionated 
using SDS-PAGE and were most eident when 
fibrinogen was incubated with eluted proteinases in the 
size range 485 to 84 kDa. Only the upper i-chain 
appeared to be degraded (compare to Control Q. 

between 58 and 84 kDa (Fig. 4A, Track 5). Degra-
dation appeared to be restricted to the i-chain 
peptide. No degradation was detected at pH 7 using 
these methods (Fig. 4B). 

Serum inhibition experiments 

In the first experiment gel-eluted proteinases were 
pre-incubated with sera from lambs of defined 
immune status (see Materials and Methods section). 
Inhibition (Table 3) was calculated as the percentage 
enzyme activity remaining in comparison to the pre-
immunization lamb sera, these lambs having been 
maintained worm-free before use. Assays were 
performed at the optimum pH previously estimated 
for gel-eluted proteinases (Fig. 3) with fibrinogen as 
substrate. Apparently preferential inhibition of H. 

contortus proteinases was evident with both types of 
immune sera tested. Enzyme activity in the size 
ranges 26-3 to 36-5 kDa and 48-5 to 58-3 kDa was 
particularly susceptible to inhibition by both im-
mune sera. Of interest was the marked inhibition of 
activity between 585 and 84 kDa by the hyper-
immune serum but not by the gut antigen antiserum. 
In contrast, activity in the range 0 to 26-3 kDa was 
inhibited only by the gut antigen antiserum. Activity 
above 116 kDa was not significantly inhibited by 
either immune serum type. 

Sera from lambs immunized with a gut antigen 
preparation from adult H. contortus inhibited pro- 

116 - 
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Table 3. Inhibition of Haemonchus contorsus 
proteinases by sera from lambs immune to 
challenge infection with the homologous parasite 

(Proteinases in extracts of H. contortus were eluted from 
polvacrvlamide gels on the basis of molecular size. Elutec 
proteinases were incubated with sera from lambs whic 
had been repeatedly infected with the parasite (hyper-
immune) or had been immunized with a gut antigt 
extract (Gut Ag). Following this incubation proteolvti 
activity remaining was monitored using fibrinogen as 
substrate. All data were corrected using pre-immunization 
serum from the Gut Ag lamb as blank. Data presented are 
from 2 separate experiments.) 

Proteinase size 	Activity remaining (°) 
range (kDa) 
and assay (pH) 	Gut Ag 	Hy perimmune 

0-265 (5) 29, 35 62, 76 
265-36-5 (6) 0, 11 35, 53 
36-5---48-5 (5) 82, 75 31, 47 
485-585 (5) 26, 19 0, 9 
585-84-0 (5) 100, 96 30, 28 
840-116(5) 77, 82 35, 54 
840-116(9) 65, 88 100, 101 

116-180 (5) 72,76 110,93 
116-180 (9) 85,74 69,71 

205- 

116- 
97- 

66- 

45-1 11 !!1 
I;iL 5. 1nhbin>n of protenase in 'friton X- Diu 
extracts of adult Haemonchus cuntortus by immune Iamb 
sera. Following incubation of extract proteins with 
either pre-(P) or post-(I) Immunization sera from two 
separate lambs, proteolysis was only inhibited by sera 
harvested from immune lambs. 

teolysis in gelatin-substrate gels (Fig. 5). Sera from 
two lambs were tested and both post-immunization 
sera abolished activity in the 55 kDa region while 
pre- immunization sera from the same lambs had no 
effect. The hyperirnmune serum described above 
had no discernible effect in this assay system. 

Total proteinase activity, assessed by azocaseiri 
degradation and expressed as a function of total pro-
tein (0. D. 405/mg) in extracts of adult H. contortus, 
was 2-3 times higher (219-37-3 O.D. 405/mg) in 
parasites harvested from lambs which had been 
immunized with gut antigen extracts and rendered 
refractory to challenge infection compared with 
activity in worms from control lambs (9-5-14-2 
O.D. 405/mg). This trend was confirmed by 

M. 

(kDa 

205 -  

116-- 

-- 

Hae,nonchus cout,,r(us harested trom immune lambs. 
The figure shows the proteinase activity present in H. 
contortus harvested from control (C) lambs compared 
with those from immune (II, 12, 13, 14) lambs following 
gelatin-substrate gel analysis. 

gelatin-substrate gel analysis (Fig. 6). It was 
notable that expression of higher molecular weight 
(> 60 kDa) proteinases was more marked in parasites 
harvested from immune lambs than was observed in 
controls (compare in particular lanes 12 and 13 with 
lane C, Fig. 6). 

I) ISCU5S ION 

The present study expands the information available 
ni proteolytic enzymes (proteinases) present in 

rnatic extracts of the adult H. contortus and 
cvidence is provided that these enzymes were 
differentially recognized by sera from lambs immune 
to H. contortus infection either following repeated 
natural infection or by immunization with parasite 
txtracts. 

The differing pH optima observed for proteolysis 
of fibrinogen (pH 5) and haemoglobin (pH 4) as well 
as the biphasic profile observed with albumin as 
substrate (optima pH 5 and 7), when these substrates 
were degraded by Triton X-1 00 extracts of the adult 
parasite, suggested the presence of multiple protein-
ases, perhaps with selective specificity for the 
potential native substrates tested here. This im-
pression was confirmed by gelatin-substrate gel 
analysis and the characterization of gel-eluted 
proteinases. Both analyses indicated the presence of 
a number of proteinases of differing molecular size, 
inhibitor sensitivity and substrate preference in 
extracts of the adult parasite and, in agreement with 
the general pH profiles, the majority of enzymes 
were active at acidic pH. 

Acidic haemoglobinase activity is in accord with 
the cysteinvl haemoglobinase described in 
Schistosoma mansoni (Chappell & Dresden, 1986) 
and acidic haemoglobinases in the hookworms 
Necator americanus and Ancylostoma caninum 
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(Pritchard et al. 1991). It was notable that the 

optimal pH of fibrinogenolysis (pH 5) observed here 
contrasts with the pH (7) used in defining the 
putative 35 kDa fibrinogen -degrading proteinase 

previously described in extracts of adult H. contortus 

(Cox et al. 1990b). In addition, when fibrinogenolysis 

by gel-eluted proteinases was assessed at pH 5 or 7 

using SDS—PAGE degradation products were evi-
dent only at pH S and were associated with protein-

ases eluted in the size range 485 to 84 kDa. These 

discrepancies could be due to methodological differ-
ences or, alternatively, the difference could be due to 
strain divergence as evidenced by the inability to 
amplify any of the gene sequences encoding cysteine 

proteinases from adult H. contortus described by 

Pratt et al. (1992) from the strain of the parasite used 
at Moredun (D. L. Redmond and D. P. Knox, 
manuscript in preparation). In particular, attempts 
to isolate the published AC1 sequence (Cox et al. 

1990a) by polymerase chain reaction amplification 
(PCR) using specific primers based on that sequence 
have been unsuccessful. Thus, although a PCR 
amplification product of the correct predicted size 
was obtained its sequence showed only 70 1, hom-

ology with ACI. A third possibility for differences in 
expressed enzymes might be parasite adaptive 
responses to the host environment as discussed 

below. 
Because the pH of the ingested host blood would, 

presumably, be essentially neutral it appears, at first 
sight, anomalous that the dominant proteiriases 

present in adult Haemonchus, with the capability to 

degrade host blood proteins, should have acidic pH 
optima. However, between blood meals the adult 
parasite moves freely on the abomasal mucosal 
surface and, therefore, is in a highly acidic en-
vironment. Because of this the gut lumen of the 
parasite might also be acidic and, hence, the 
proteinases involved in digesting the blood meal 
would be required to be active at acidic pH. 
Moreover, the gut luminal pH of the blood-feeding 

trematode Schistosoma mansoni is reportedly acidic 

(Senft, 1976). 
The present results indicate that proteolysis at 

acidic pH values was primarily attributable to the 
action of cysteine proteinases, proteolysis at this pH 
being almost totally inhibited by the class-specific 
cysteine proteinase inhibitor, E64. With the limited 
panel of synthetic peptide substrates used it is not 
possible to define, precisely, the type of cvsteine 
proteinase(s) responsible for this activity although a 
clear preference for peptides featuring basic amino 
acids was indicated. This substrate preference would 
be in accord with cathepsin B-type cysteine pro-

teinase action (Barrett, 1977) and is in agreement 

with recent DNA sequence analyses which showed 

that adult H. contortus express a number of cysteine 

proteinases with homology to cathepsin B (Cox et al. 

1990a; Pratt et al. 1990, 1992). Elastinolytic activity, 

demonstrated by the hydrolysis of insoluble elastin-
orcein and the low molecular weight peptide sub-
strate CBZ-L-Ala-4NPE, observed at alkaline pH, is 
in agreement with the pH optima reported for 

purified elastases (e.g. Barrett, 1977; Hotez et al. 

1985). Also, proteolysis at this pH was sensitive to 
PmsF, an inhibitor of serine proteinases. In addition 
the anticoagulant properties of excretory/secretory 

proteins from Ancylostoma caninum were related to 

elastolytic activity capable of degrading plasminogen 

(Hotez & Cerami, 1983; Hotez etal. 1985). Previous 

studies provided evidence for the release of elastase 

activity by adult H. contortus during in vitro culture 

(Knox & Jones, 1990) and it is possible that the 

elastase activity detected in somatic extracts of the 
adult parasite, in part, reflects a secretory type 

anticoagulant. 
The proteinases present in Triton X-100 extracts 

of the adult parasite were further defined by 
gelatin—substrate gel analysis. Parasites harvested 
from lambs, which were maintained worm-free prior 
to infection, exhibited a relatively simple profile in 
this gel system. At pH 5, proteolysis observed at 

50 kDa and above 180 kDa was almost completely 

inhibited by EM, confirming the predominance of 
cysteinyl proteinases at this pH which had been 
indicated by the inhibitor data described above and 

Table 2. Moreover, proteinases active at pH 9 were 
resolved into a relatively high molecular weight 
(> 150 kDa) zone of proteolysis which was, as 
expected from the data in Table 2, markedly 

inhibited by PmsF and EDTA indicating the action 
of both serine and metallo-proteinases. 

The characterization of parasite proteinases by a 
procedure involving gel fractionation, elution and 

the subsequent detection of proteolysis using the 
nirihydrin technique, although more tedious than 
substrate-gel analysis, was very sensitive and enabled 
the rapid definition of individual proteinases within 
a complex mixture. Here this approach was used to 
examine the specificity of Haemonchus proteinases 

for potential natural blood protein substrates over a 
broad pH range. This analysis revealed a greater 
variety of proteinases active at acidic pH than had 
been indicated by substrate-gel analyses. Haemo-
globin degradation occurred, almost exclusively, at 
acidic pH and was primarily catalysed by cysteine 
proteinases, observations which are consistent with 
current hypotheses concerning haemoglobin diges-
tion in schistosomes (McKerrow & Doenhoff, 1988). 

Moreover, the sensitivity of this technique provided 
more information on parasite proteinases targeted by 
the host immune response than was attainable using 

substrate gel analysis. 
Recent reports have shown that the gut of blood-

feeding parasites can be a source of potential 
protective antigens (Smith & Munn, 1990; Jasmer & 

McGuire, 1991). Lambs immunized with gut anti-
gen extracts, which included a proteinase component 
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(D. P. Knox, unpublished observations), of adult 
H. contortus were demonstrably refractory (90%) to 
challenge infection with the homologous parasite 
(Smith, 1992). In view of the protective response 
described in lambs immunized with anticoagulant 
extracts prepared from adult H. contortus (Cox et al. 
1990b) and the previous observations that Nippo-
strongylus brasiliensis harvested from primed rats 
show modified acetylcholinesterase (Jones & Ogilvie, 
1972) and superoxide dismutase (Knox & Jones, 
1992) expression in response to host immune attack, 
it was pertinent to compare the proteinase content of 
the parasites harvested from gut antigen-immunized 
lambs with that of parasites harvested from naive 
lambs. The data indicated that the parasites retrieved 
from immunized lambs had modified proteinase 
expression, both in terms of total enzyme content 
and expression of differing molecular forms. These 
observations may reflect heterogeneity in the nor-
mally expressed proteinases within the parasite 
population. Alternatively, they might indicate that 
the parasite is able to modify proteinase gene 
expression in response to alterations in the local gut 
environment generated by the host immune response 
or to specific, possibly antibody-mediated, immune 
inhibition of normally expressed proteinases. In a 
recent experiment (Suttle et al. 1992) dietary molyb-
denum supplementation enhanced rejection of H. 
contortus from lambs. Proteinase activity, as judged 
by azocasein degradation, in and secreted by adult 
parasites retrieved from molybdenum-supplemented 
lambs was increased in comparison to the controls. 
The ,mechanism(s) underlying these changes were 
unclear but they, and the observations described 
above,- indicate that modifications• in proteinase 
expression may have a central role to play in parasite 
survival of host immune attack. Pratt et al. (1992) 
suggested that mRNA transcripts of some members 
of the cysteine proteinase gene family encoding 
fibrinogenase activity might be present in the adult 
parasite but not translated. The trigger for trans-
lation may be provided by elements of the host 
immune response. 

The variable proteinase profiles observed in adult 
Haemonchus might, in part, be a survival response by 
the parasite to host immune, possibly antibody-
mediated, inhibition of normally expressed activities. 
Sera from lambs which had been immunized with 
gut-antigen extracts completely inhibited the promi-
nent 55 kDa enzyme active at pH 5 as judged by 
gelatin—substrate gel analysis, while the effect was 
less marked with sera from hyperimmune lambs (not 
shown). Using the more sensitive gel elution method 
there was apparently selective inhibition of extracted 
proteinases by both types of sera tested. However, 
there were differences in inhibition profiles obtained 
and these could reflect the differing proteinases 
accessible to host immune attack during the course 
of natural infection compared to those contained in 

the gut antigen preparation. For example, activity in 
the size range 58-5 to 84 kDa was markedly inhibited 
by hyperimmune sera yet relatively, unaffected by 
sera from lambs immunized with gut antigen 
extracts. It is possible that this activity is secreted by 
the parasite, or in some way exposed on the parasite 
surface, during the course of a natural infection but 
is not present in the parasite gut. 

The observed differential inhibition of Haemon-
chus proteinases may have been mediated by anti-
body but the presence of proteinase inhibitors in the 
sera used cannot be discounted. However, 
fibrinogen-degrading proteinases in the size range 
(up to 116 kDa) susceptible to inhibition were all 
apparently members of the cysteine proteinase class. 
If the inhibition observed was due to non-specific 
circulatory proteinase inhibitors such as alpha-2-
macroglobulin then a more general non-specific 
inhibition of parasite proteinases would have been 
anticipated. Antibody-mediated inhibition of para-
site proteinases has previously been described in the 
rabbit-Ascaris suum model (Knox & Kennedy, 1988) 
and, of more relevance to natural infections, calves 
immune to challenge infection with the lung worm, 
Dictyocaulus viviparus, either from natural infection 
or following vaccination with the commercial 
vaccine, Dictol- (Britton et al. 1992). 

In conclusion, the present report expands- the 
information available to date on the proteinases. 
expressed by the blood-feeding nematode, 
Haemonchus contortus. Using. a,, combination - of - 
techniques for characterizing these enzymes - it' has 
been possible to provide some insight into the 
variety of these expressed proteinases and to present:' 
evidence for their immune inhibition.- This type. of 
approach enables the rapid definition of parasite 
enzymes of potential importance at the host/parasite 
interface, information which can enable the designof 
specific purification techniques and the direct iso-
lation of the genes encoding these enzymes, for 
example by PCR amplification (Sakanari et al. 1989). 
Finally, the suggestion that parasitic nematodes 
might modify proteinase expression in response to 
host immune attack has considerable potential for 
the development of helminth control strategies based 
on immunologically mediated inhibition of parasite 
enzyme systems. 
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A vaccine against the haematophagous cattle tick B. microplus has been 

developed successfully using an antigen which is not normally seen by the host 

during the course of a natural infection and which is therefore termed a "hidden" or 

covert antigen (Willadsen et al, 1995). The success of this approach is reliant on: 

the generation of a specific, systemic host antibody response and 

exposure of the parasite target antigen to host antibody ingested with the blood 

meal. 

Although they may be exposed to host blood or lymph, hidden antigens are 

only accessible to natural host immune responses if the worm becomes disrupted 

(Munn, 1997). Therefore, the value of hidden antigens in 'terms of vaccine 

development, is that there is no selection pressure for their evolution to facilitate 

parasite evasion of the host immune response. 

Detergent extracts of dissected-out guts of adult H. contortus were capable of 

inducing a host protective response against homologous challenge in both goats 

(Jasmer and McGuire, 1991) and sheep (Smith, 1993), ' demonstrating the 

applicability of the hidden antigen approach to the development of a H. contortus 

vaccine. Furthermore, lectin and affinity chromatography were used to purify a 110 

kDa integral membrane protein, termed Hi 1, from gut extracts of adult H. contortus 

(Munn and Smith, 1990; Smith et al 1993c), subsequently identified as a microsomal 

aminopeptidase (Smith et al, 1997). This hidden antigen afforded high levels of 

protection (—.92% reduction in FEC and up to 89% reduction in worm burdens) 

against homologous challenge in sheep vaccination trials, protection correlating both 

with host serum antibody titre (Munn et al 1993a & 1993b) and the degree of 
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inhibition of Hi I aminopeptidase activity by immunoglobulin from vaccinated lambs 

(Munn et al, 1997). 

The work presented in Chapter 2 showed that cysteine proteinases 

predominate in somatic extracts of adult H. contortus and that these enzymes could 

degrade fibrinogen and haemoglobin, indicating a possible role in digestion of the 

host blood meal. Sera from lambs immunised with a gut membrane antigen extract 

from adult H. contortus (Smith, 1993), and protected against a single homologous 

challenge infection, were shown to inhibit cysteine proteinase activity as determined 

by gelatin-substrate gel analysis. This suggests that antibody-mediated inhibition of 

cysteine proteinases expressed in the parasite gut may contribute to the protection 

stimulated by vaccination with H. contortus gut membrane extracts. 

Passage of H. contortus membrane-bound protein extracts over a thiol 

sepharose affinity chromatography column resulted in a 24 fold enrichment of 

cysteine proteinase activity, this fraction being termed TSBP. TSBP provided 

significant protection (70% reduction in FEC, 50% reduction in worm burden) 

against H contortus challenge infection in sheep vaccination trials (Knox et al, 1995 

& 1999). 

The aim of this study was to clone and characterise the cysteine proteinases 

associated with the host-protective TSBP extract of adult H. contortus. 

Immunoscreening of a cDNA library with pooled sera from sheep immunised 

with TSBP and which were refractory to homologous challenge, identified several 

immunopositive clones. PCR amplification of these clones, nucleotide sequence 

analysis and GenBank database searching revealed that three clones represented full-

length cathepsin B-like homologues, designated hmcpl, 4 and 6. Further analysis of 

the gene sequences showed that they would be expected to encode soluble enzymes, 

with no evidence of a membrane anchor or regions of significant hydrophobicity. 

Antibodies eluted from lawns of plaque purified clones of hmcpl, 4 and 6 

were used to probe cryostat sections of adult H. contortus and, in all cases, showed 

intense immuno local i sation to the microvillar surface of the parasite intestine, 

demonstrating their accessibility to antibody ingested with the host blood meal. In 
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addition, the intestines of worms harvested from TSBP-vaccinated animals, but not 

controls, were coated in sheep immunoglobulin. 

The developmental expression of the H. contortus cysteine proteinase mRNA 

was investigated by Reverse Transcriptase-PCR (RT-PCR) and provided further 

evidence for their potential role in parasite feeding with all three enzymes being 

expressed only in the blood feeding L4 and adult stages. 

In order to identify the predominant cysteine proteinases expressed in the 

Moredun strain of H. contortus, a generic PCR approach was adopted using primers 

directed to the consensus sequences flanking the active site cysteine (aa 29), histidine 

(aa 199) and asparagine (aa 219) residues. This resulted in the reamplification of 

hmcpl and 4 sequences, but also amplification of three novel, partial cDNA 

sequences designated hmcp2, 3 and 5. High stringency PCR,, using a freeze-thaw 

lysate of the cDNA library as template and primers specific to the vector arms, was 

employed to extend these fragments to full-length sequences. Amino acid similarities 

between the six hmcp cathepsin B-like proteinases ranged from -44%-71% identity. 

Although the predicted amino acid sequences of the cysteine proteinases isolated 

from the Moredun strain could be readily aligned with members of the AC gene 

family identified in the USDA BPL1 strain of H. conlortus (Pratt et a!, 1990), no 

members or homologues of the AC gene family of cysteine proteinases were 

specifically identified. Furthermore, a specific attempt to PCR-amplify the AC-1 

gene proved unsuccessful. These results are in keeping with the cysteine proteinase 

profile of extracts of the Moredun strain of adult H. contorlus described in Chapter 2, 

which showed a different pH optimum and molecular size to that previously 

described for the USDA BPL1 strain of H. contortus. 

Southern blots of H. contortus genomic DNA using hmcp-encoding DNA 

fragments as probes were indicative of multi-copy genes with the exception of 

hmcp4 which produced a simple banding profile more consistent with that expected 

for a single copy gene. Northern blot analysis showed that, in all cases, the cysteine 

proteinase genes were encoded by a 1.3 kb transcript. 

Three developmentally regulated cysteine proteinases, associated with a host-

protective H. contortus integral gut-membrane fraction, TSBP, and postulated to play 

a role in degradation of the host blood meal, have been identified and shown to 
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localise specifically to the parasite gut. These proteinases represent potential 

candidate vaccine antigens. Three further homologues were isolated using a generic 

PCR approach. However, all six Moredun H. contortus cysteine proteinase 

homologues were distinct from those previously reported in the USDA BPL1 strain 

of the parasite highlighting stain differences and potential implications for the 

development of a generic H contortus vaccine. 

Contribution to work 

Experimental design. All steps involved in the generic PCR amplification of 

H. contortus cysteine proteinases, their cloning, sequence analysis and identification 

through homology database searching. Northern and Southern blot analysis and 

preparation of cDNA extracts used in analysis of developmental expression. Analysis 

and interpretation of results and their communication at relevant scientific meetings. 

I prepared this work for publication in 1992, but the manuscript was not submitted 

due its commercial sensitivity. Subsequent cDNA library immunoscreening and 

immunolocalisation was carried out by P Skuce, with whom I am equal co-author of 

this manuscript. 

In addition to the data presented here, two recent sheep vaccination trials 

have provided further evidence that the cysteine proteinase activity is the protective 

component of adult H. contortus TSBP. In the first trial, TSBP was fractionated by 

anion-exchange chromatography on MonoQ. Only subfractions containing cysteine 

proteinase activity, as determined by gelatin-substrate gel analysis, afforded 

protection against homologous challenge infection (unpublished results). In a second 

trial, the TSBP cysteine proteinases were further purified by affinity chromatography 

using purified recombinant H. contortus cystatin (Newlands et al, 2001), a potent 

inhibitor of cysteine proteinases, coupled to cyanogen bromide-activated sepharose. 

Although representing only 1-1.5% of total TSBP proteins, the cystatin-binding 

fraction contained 100% of the cysteine proteinase activity. When used in a sheep 

vaccination trial, immunisation with <3g of this cystatin-binding fraction conferred 

a degree of protection against challenge infection similar to that attained with 

unfractionated TSBP (unpublished results). 
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SUMMARY 

Cysteine proteinases have been implicated in the protection conferred by vaccination with detergent-soluble extracts of 
Haemonchu-s contortus. In the present study, antisera from sheep refractory to Haemonchus challenge following vaccination 
with a 'proteinase-enriched' Haernonchus gut membrane extract, were employed to screen a cDNA expression library of 
the adult parasite. This resulted in the isolation of 3 cDNAs (designated hmcpl, 4 and 6) encoding cathepsin B-like 
cysteine proteinases. Immunocytochemical studies specifically localized the products of these genes to the microvillar 
surface of the parasite's gut and RT-PCR experiments revealed that these were developmentally regulated, being expressed 
exclusively during the blood-feeding parasitic stages. In addition, a generic PCR approach was adopted in order to identify 
the predominant cysteine proteinases in a UK strain of Haemonchus. A panel of 5 cDNAs, including hmcpl and 4, was 
amplified in this way. Genomic Southern blot analysis indicated that some of these enzymes were encoded by single-copy 
genes, whereas others were encoded by multi-copy genes. Subsequent sequence analysis revealed that the proteases 
identified in this study were distinct from those previously reported in USA strains of the parasite. 

Key words: Haemonchus contort us, cysteine proteinase, cathepsin B, cDNA cloning, polymerase chain reaction. 

INTRODUCTION 

Haemonchus contortus is an economically important 
and highly pathogenic nematode parasite of small 
ruminants, especially sheep.f The symptoms of 
ovine haemonchosis are a direct result of the blood-
feeding habit of the adult parasite. At present, 
Haeinonchus infections are controlled by the strategic 
use of anthelmintic drugs, however, the emergence 
of resistant strains of the parasite and increasing 
concern about drug residues in the food chain and 
the environment have highlighted the need for 
alternative control strategies (Coles, 1998; Newton & 
Munn, 1999). Much effort has been directed recently 
towards the development of a vaccine against 
Haernonchus and a number of promising candidate 
vaccine antigens have been identified (Smith, 1998). 
Significant amongst these are the so-called 'hidden' 
antigens, such as Hi 1 (Smith et al. 1997) and H-gal-
GP (Smith, Smith & Murray, 1994). These are 
typically located on the surface of the parasite's gut 
and are hidden from the immune system of the host 
during the course of a natural infection. However, 

* Corresponding author. Tel: +44 0131 4455111. Fax: 
+44 0131 4456111. E-mail: knoxd@mri.sari.ac.uk  
t Nucleotide sequence data reported in this paper are 
available in the GenBank data base under the accession 
numbers Z69342, Z69343, Z69344, Z69345, Z69346 and 
Z81327. 

they are accessible to host antibodies ingested by the 
parasite. Thus, gut antigen-based vaccination takes 
advantage of the fact that Haemonchus is an obligate 
blood feeder. 

Classically, hidden antigens have been purified 
from detergent-soluble integral membrane protein 
extracts of adult worms or dissected Haemonchus 
guts (Smith, 1993). Such extracts possess marked 
proteinase activities, for example, HI! is an amino-
peptidase (Smith et al. 1997) and H-gal-GP exhibits 
both aspartyl- and metal top roteinase activities 
(Longbottom et al. 1997; Redmond et al. 1997). 
Possibly the most intense proteinase activity associ-
ated with crude Haemonchus gut membrane extracts 
is attributable to cysteine proteinases (Knox, 
Redmond & Jones, 1993). In a previous study in our 
laboratory, a membrane-bound thiol-binding pro-
tein fraction of H. contortus, enriched for cysteine 
proteinase activity (designated S3 TSBP), proved to 
be highly host protective, capable of reducing faecal 
egg output by up to 95 % and adult worm burdens 

by up to 50% in a number of vaccination trials in 
sheep (Knox et al. 1995; Knox, Smith & Smith, 
1999). As such, the cysteine proteinases associated 
with this membrane-bound fraction of H. contortus 
represent candidate vaccine antigens. 

In the present study, we have employed antisera 
from lambs protected against Haemonc/zus challenge 
following vaccination with S3 TSBP material to 
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screen a cDNA expression library of the adult 
parasite. The cysteine proteinases identified in this 
way were subsequently characterized in terms of 
their localization within the parasite, the temporal 
pattern of their expression and their possible role in 
protection against Haemonchus. A number of 
cysteine proteinase genes have previously been 
isolated from USA strains of H. contortus using a 
combination of library screening and PCR. These 
comprise the AC-family [ACI-5] (Cox et al. 1990; 
Pratt et al. 1990) and the recently discovered gcp7 
(Rehman & Jasmer, 1998). We have, therefore, also 
employed a generic PCR approach to amplify the 
predominant cysteine proteinases in UK Haemon-
chus (Moredun strain) to aid comparison with 
those previously identified in a USA strain of the 
parasite. 

MATERIALS AND METHODS 

cDNA library screening 

The construction of an adult (28 day) H. contortus 
cDNA library in Agtl I has been described elsewhere 
(Longbottom et al. 1997; Redmond et al. 1997). In 
addition, an 11 day Haemonchus cDNA library was 
constructed in UniZAP-XR according to the manu-
facturer's instructions (Stratagene). The primary 
titre of the 11 day library was ca I x 101i  plaque-
forming units (pfu)/ml with > 98% recombinants. 
An aliquot (ca 50 000 pfu) of the unamplified Agtl I 
library in the first instance was screened with pooled 
sera from lambs which had been protected from 
Haemonchus challenge following immunization with 
S3 TSBP material. Immunopositive clones were re-
screened to plaque purity. Insert DNA was PCR 
amplified using primers specific for the vector arms 
and cloned into the plasmid pCRII (TA Cloning 
System, Invitrogen) for sequencing. Plasmid DNA 
was isolated by alkaline lysis as outlined by Maniatis, 
Fritsch & Sambrook (1982), and sequenced using 
the Pharmacia T7 Sequenase sequencing kit. 
Nucleotide and deduced amino acid sequences were 
analysed and compared to existing sequences in the 
GenBank and SwissProt databases using the Uni-
versity of Wisconsin Genetics Computer Group 
(GCG) Sequence Analysis Software Package version 
8.0-UNIX, 1994. 

Immunolocalization studies 

Cryostat sections of adult H. contortus were prepared 
as previously described (Smith & Smith, 1993) 
and probed with (undiluted) monospecific antibody 
fractions affinity purified on lawns of plaque-
pure cysteine proteinase-encoding immunopositive 
clones, essentially as described by Cox et al. (1990). 
Antibodies were eluted from sera taken from lambs 

that had been vaccinated with S3 TSBP and that 
were demonstrably protected against Haemonchus 
challenge. Antibody fractions eluted from the same 
source sera on non-recombinants were used as con-
trols, as were pre-immunization sera. Fluorescein-
conjugated anti-sheep/goat IgG (Scottish Antibody 
Production Unit, SAPU) was used as secondary 
antibody. 

Developmental expression of H. contortus cysteine 
proteinases 

The developmental expression of hrncpl, 4 and 6 
mRNA was evaluated by reverse transcriptase (RT)-
PCR. Single stranded cDNA (sscDNA) was pre-
pared from representative life-cycle stages using 
Superscript II reverse transcriptase (Gibco—BRL) 
and the oligo(dT) primer supplied. Gene-specific 
primers were designed on the basis of a GCG 
PILEUP alignment of the full-length sequences. Fifty 
ng sscDNA from the respective life-cycle stages was 
used as template in PCR under the following con-
ditions. Initial denaturation at 94 °C for 5 mm, 30 
cycles of 94°C for I mm, 55-60 °C for 2 min and 
72 °C for 3 mm, followed by a final extension at 
72 °C for 7 mm. A reaction containing 100 ng H. 
contortus genomic DNA as template was included as 
a negative control to verify that PCR products were 
not the result of contamination of sscDNA pre-
parations with genomic DNA. Plasmid DNA, pre-
pared from the respective cysteine proteinase-enco-
ding clones, was used as a positive control. The 
integrity of the respective transcripts was evaluated 
by PCR amplification of the constitutively expressed 
H. Co ntort us extracellular superoxide dismutase 
(SODe) gene (Liddell & Knox, 1997). In order to 
confirm identity, amplified PCR products were 
separated on 08 % (w/v) agarose gels, alkali-blotted 
onto Hybond N nylon membrane (Amersham) and 
probed with the relevant cysteine proteinase, which 
had been DIG-labelled by random priming using 
the Boehringer—Mannheim DIG Labelling Kit, 
under conditions of high stringency (overnight at 
42 °C in DIG Easy Hyb buffer and washed to 
01 x SSC/0i % SDS) [1 x SSC: 150 mi'a sodium 
chloride, 15 mm sodium citrate, pH 70]. 

Generic PCR amplification of H. contortus cysteine 
proteinases 

In order to identify the predominant cysteine 
proteinases in a UK strain of Haemonchus, a panel of 
degenerate PCR primers [508G (5' sense) 5'-
ACAGAATTCCAGGGICAGTGCGGITCITG 
GTGG-3', 303H (3' antisense) 5'-TTAAAGCTT 
CCAIGAGTTCTTIACGATCCAGTA-3' and 
509G (3' antisense) 5'-ACAAAGCTTGTAICCIC 
CGTTGCAICCCTC-3', respectively], were de- 
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signed to target the consensus sequences flanking the 
active site residues, namely Cys-29, His-199 and 
Asn-219, on the basis of previously published 
sequences (Cox et al. 1990; Eakin et al. 1990). An 
additional pair of primers [550J (3' antisense) 5'-
TGTTCCACGGCATTCCCCGTA-3' and 699N 
(5'sense) 5'-ATGAAATACTTGGTICTIGCICT 
ITGC-39 were designed to target AC-I, part of the 
protective 'fibrinogenase' complex identified in a 
USA strain of H. contortus (Cox et al. 1990). Finally, 
a poly(T) primer (5'-GAGTCGAGTCGACATC 
GATTTTTTTTTTTTTTTTT-3) was designed 
to exploit the polyadenylation of eukaryotic mRNA 
and allow amplification of the extreme 3' end of gene 
sequences. In order to reduce degeneracy, inosine 
was incorporated at positions where any of the 4 
bases could encode a given amino acid, and re-
striction sites were introduced at the 5' end of 
primers (except 550J)  to facilitate subsequent cloning 
of PCR products. 

Single-stranded cDNA (sscDNA) was prepared as 
template from adult H. contortus using the Amer-
sham cDNA synthesis Plus kit with an oligo(dT) 
primer according to the manufacturer's instructions. 
Fifty ng sscDNA was used as template in each 
reaction under the following conditions. Initial 
denaturation at 94°C for 5 min followed by 30 cycles 
of denaturation at 94 °C for 1 mm, primer annealing 
at 25 °C for 2 min and extension at 72 °C for 3 mm 
with a final extension at 72 °C for 7 mm. Products of 
the predicted size were excised from I % agarose gels 
and purified using a GeneClean kit as instructed by 
the manufacturer (Bio 101, Inc.). Following di-
gestion with EcoRI and HindIII/XhoI, fragments 
were cloned into the pBluescript vector (Stratagene 
Ltd) and sequenced as described previously. High 
stringency PCR was employed in order to extend the 
resultant fragments to full-length sequences. Briefly, 
an aliquot (100 /Ll at ca 45 x 10°  pfu/ml) of the 
1 x amplified 11 day AZAP library was diluted 1:1 
with distilled H20 and subjected to a series of 
freeze—thaw cycles to lyse the phage particles. The 
lysate was then used as template in PCR using 
primers specific for the vector arms (T3, T7, m-13 
Forward and m-13 Reverse) in combination with 
gene-specific primers based on the sequences 
obtained above. After further sequence analysis, 
full-length coding sequences were isolated using 
gene-specific 5' and 3' primer combinations under 
conditions of high stringency (primer annealing at 
55-60 °C). Identity was confirmed by subsequent 
amplification and sequence analysis of full-length 
cDNAs. 

Southern and Northern blot analysis 

Nucleic acids were extracted from adult H. contortus 
exactly as described previously (Longbottom et al. 
1997; Redmond et al. 1997). For Southern blotting, 

genomic DNA (2 ,ug) was digested with either EcoRI, 
HindIII or HaeIII for 5 h at 37 °C and the digestion 
products separated on a 08 % agarose gel. DNA was 
blotted onto Hybond N nylon membrane (Amer-
sham) using standard conditions (Maniatis et al. 
1982). Hybridizations were performed at 42 °C in 
2 x SSC, 05 % (w/v) SDS, 5 x Denhardt's solution 
[5x: 1% (w/v) Ficoll, I % (w/v) polyvinyl-
pyrrolidone, 1% (w/v) BSA, 01 mg/ml salmon 
sperm DNA, 50% (v/v) formamide) using the 
above-mentioned PCR products, which had been 
labelled with [- 2P]dATP by random priming, as 
probes. Membranes were washed in 1 x SSC/01 % 
(w/v)SDS for 10 min at room temperature with 1 
change of buffer, followed by 2 x 15 min washes in 
01 x SSC/01 % (w/v) SDS at 68 °C. Membranes 
were autoradiographed for 48-72 h at —70 °C. For 
Northern blotting, adult worm total RNA (4 /sg) or 
mRNA (2 fIg) were fractionated on a I % (w/v) 
denaturing formaldehyde gel as described by Mani-
atis et al. (1982), and blotted onto Hybond N nylon 
membrane (Amersham) according to the manu-
facturer's recommendations. Hybridizations were 
carried out as described above. 

RESULTS 

cDNA library screening and characterization of 
clones 

Three weakly immunopositive clones were isolated 
by screening the AgtIl library with sera from lambs 
protected following vaccination with S3 TSBP 
material. Nucleotide sequencing, combined with a 
C,CG FastA search of the GenBank database, 
revealed that all 3 clones (designated hmcpl, 4 and 6) 
represented full-length cathepsin B-like cysteine 
proteinase homologues. All possessed potential stop 
codons and complete 3' ends including putative 
polyadenylation signals (AATAAA) and ca 18-20 bp 
of the poly(A) tail. Table I displays the homologies 
at the amino acid level for the full-length versions 
of hmcpl, 4 and 6 identified by immunoscreening, 
together with hmcp2, 3 and 5 subsequently identified 
by generic PCR, ACI -5 and gcp7 from a USA strain 
of Haemonchus, and human cathepsin B. 

Immunolocalization 

Cysteine proteinase-specific antibody fractions were 
affinity purified from sera taken from S3 TSBP 
vaccinates on lawns of A clones (hmcp 1, 4 and 6) and 
used to probe cryostat sections of adult H. contortus. 
Representative sections are shown in Fig. 1. In all 
cases, intense immunofluorescence was only evident 
along the microvillar surface of the parasite's gut 
(Fig. 1 A), with no evidence of staining in any other 
tissues. The cytoplasm of the parasite's gut displayed 
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an element of autofluorescence. No immunostaining 
05 CP q,  7119 In 

i..,0 was evident in sections probed with control sera 
(Fig. IB). 

'C) — 
* * * * * * 

Developmental expression of H. contortus cysteine N 
CC C.- — Q 0' C.) proteinases 

— b . 4 ó' The RT—PCR profiles observed for hmcpl, 4 and 6 

were identical and representative results are shown 
in Fig. 2. Specific PCR products, as judged by 

C' 	— Southern blotting, were evident exclusively in L4, N N N 'C 
--. - - - 

N p 	N 'p 11 day, 22 day and 28 day worms. PCR product 
* * " intensities 	appeared 	to 	be 	relatively 	constant 

throughout. The integrity of the respective sscDNA 
demonstrated by the successful amplifica- pools was 

10 'C N N '0 '0 tion of the H. contortus SODe transcript in all life- 
10  
cc t- 	o b o cycle stages, essentially as described by Liddell & 
* * . 	'C ') 

Knox (1997). 

' 	'- Generic PCR amplification of H. contortus cysteine 
proteinases 

A series of 5 PCR products (designated hmcpl-5), 
CN 01 CD- Ô N ranging in size from 114 bp to 742 bp, were generated 
' from adult H. contortus sscDNA using different 
NOCCCC.) 
* * combinations of 5' and 3' consensus cysteine pro- 

teinase primers and low stringency primer annealing 
N 	) - U) CC ' (25 °C). Two of these cysteine proteinases, namely 

hmcpl and 4, had previously been identified by - 	.-.- ..- - - 
N N CC _t 'C 
C... immunoscreening. PCR performed at high strin- 
* * U) U) U) U) 

gency 	was 	successful 	in 	amplifying 	full-length 
versions of each eDNA. By analysis of their open 

—  cc 	'C 'C 
o o re-. + reading frames, the predicted amino acid sequences 
N C.) C11 'C N of the H. contortus cysteine proteinase- encoding 

I cDNA fragments could be readily aligned with each 
other, with members of the AC-family of cysteine 

- * CC 0' proteinases 	and gcp7 	from 	a 	USA 	strain 	of 
'C U) N CC Haemonchus (Cox et al. 1990; Pratt et al. 1990; 

4I NLn 	N Rehman & Jasmer, 1998) and with cathepsin B 
homologues from a range of other species. No 
members of the AC-family or gcp7 were specifically 

In It 
_ , ô identified in this experiment. 
'C 'C CC 
-.. - - 

., 	C.., Southern and Northern blot analysis 
'C '0 

The cysteine proteinase-encoding cDNA fragments U) N 

(hmcpl-5) described above, were used as 	on probes 
Southern blots of adult H. contortus genomic DNA. 

- All produced distinct hybridization profiles, a rep- 
cc resentative example of which is shown in Fig. 3A. 

While hmcp2 hybridized strongly at ca 3Kb in 
N I EcoRI and Hind III digests, other bands were evident 

in a ladder pattern, indicative of a multi-copy gene. 

I 
In contrast, the banding observed with hmcp4 was 
relatively simple and more consistent with that 

-C..)  
0. C. C. C. C. C. expected for a single copy gene. The size of the 
U UU U U U 

transcripts encoding the respective cysteine pro- 
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Fig. 2. 	 :;ei.;, I\ 	 r.i 1It ,tziiii 
contorlus cvsteine protelnase (htiicpb). R'F-P(:R 
products obtained following amplification of ssci)\.-\ 

from respective life-cycle stages. PCR was carried out 
from eggs, L3, XL3, L4, 11, 22 and 28 day H. contortus 
and the results shown in lanes 1-7, respectively. 
Amplifications from genomic DNA (lane 8) and hmcpb 
plasmid DNA (lane 9) are included as negative and 
positive controls, respectively. Molecular weight markers 
migrated as indicated. 

teinase homologues was assessed by Northern blot 
analysis. All fragments produced a hybridization 
signal at ca 13 kb as illustrated in Fig. 3B. 

DISCUSSION 

The long-term aim of our current research pro-
gramme is the development of a subunit vaccine 
against the blood-feeding nematode, H. contortu.s. 

Previous research has identified a fraction (S3 
TSBP), derived from a parasite gut membrane 
extract and enriched for cysteine proteinase activity, 
that is highly host protective and represents a strong 
candidate vaccine antigen (Knox et al. 1995, 1999). 
In the present study, we have identified 3 cysteine 
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Fig. 3. (A) Representative Southern blot of Huemonchus 
contortus genomic DNA digested with Hoe!!! (lanes I 
and 4), Hind!!! (lanes 2 and 5) and EcoRI (lanes 3 and 
6) and probed with the respective radio-isotope labelled 
cysteine proteinase homologue (hmcp2 and hmcp4). 
Molecular weight markers migrated as indicated. (B) 
Representative Northern blot of total RNA (lane 1) and 
messenger RNA (lane 2) probed with radio-isotope 
labelled cysteine proteinase homologue hmcp4. 
Molecular weight markers migrated as indicated. 

proteinases (hrncpl, 4 and 6) that are specifically 
localized to the gut of the parasite and are associated 
with this protective fraction having been identified 
through immunoscreening with antisera from S3 
TSBP vaccinates. 

Analysis of nucleotide and deduced amino acid 
sequences for hmcpl, 4 and 6, the gut-associated 
cysteine proteinases identified by imniunoscreening, 
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clearly shows that these are not simply UK homo-
logues of the AC- and gcp7 genes found in USA 
strains of the parasite, sharing at best ca 60% 
identity at the amino acid level. It is possible that 
AC- and gcp-homologues do exist in UK strains and 
have simply not been detected by our immunoscreen. 
Therefore, a generic PCR approach (Sakanari et al. 
1989) was adopted in an effort to clone the pre-
dominant cvsteine proteinases in a UK strain of 
Haernonchus and aid comparison with those de-
scribed from USA strains. This approach failed to 
amplify any of the AC- or gcp-genes from a UK 
strain of Haemonchus. Instead, a panel of 4 cysteine 
proteinase homologues (designated hmcpl-4), in-
cluding hmcpl and 4 previously identified by 
immunoscreening, was amplified. Indeed, a con-
certed attempt to clone the putative UK homologue 
of AC-I, associated with the protective 
'fibrinogenase' complex described in USA strains of 
Haemonchus (Cox et al. 1990), only succeeded in the 
amplification of a novel cathepsin B homologue, 
designated hmcp5. This molecule shared most 
homology with hmcp3 and 4 (ca 68%), yet was more 
similar to ACI-5 (ca 58%) than to hmcpl or 2. In 
fact, hmcpl and 2 shared, on average, only ca 45% 
identity with the rest of the hmcp series and were 
more similar at the protein level to gcp7 (Ca 54%). It 
is unlikely that the cysteine proteinase genes from 
the respective UK and USA strains have diverged to 
such an extent that their protein products occupy 
distinct families. Rather, they represent distinct, yet 
related groups of cysteine proteinases. Indeed, 
phylogenetic analyses indicate that the AC- and 
hmcp-proteases are sufficiently related to occupy a 
single dade (Tort et al. 1998). Diversity among 
Haernonchus cysteine proteinases has been observed 
between USA and Kenyan isolates of the parasite 
and is even reflected in differences in the apparent 
molecular mass of the predominant enzyme activity 
(Karanu et al. 1993). 

All the cysteine proteinase-encoding cDNAs iso-
lated from H. contortus, both in this and previous 
studies (Cox etal. 1990; Pratt etal. 1990; Rehman & 
Jasmer, 1998), encoded homologues of the vertebrate 
lysosomal cysteine proteinase, cathepsin B. Residues 
Cvs-29, His-199 and Asn-219 (mammalian 
numbering) form the catalytic triad and are com-
pletely conserved in hmcpl-6. They typically pos-
sess an insertion in their primary sequence that 
encodes a structural element known as the occluding 
loop, which is peculiar to cathepsin B-like cysteine 
proteinases (Illy et al. 1997). The mature forms of 
vertebrate cathepsin Bs possess 14 cysteine residues, 
which form at least 6 disulphide bridges and 
contribute to the 3-dimensional structure of the 
enzyme. All 14 cysteines are completely conserved 
throughout the sequences of hrncpl-6. In addition, 
a significant number of the proline residues in the 
vertebrate homologues are completely conserved in  

the Haemonchus sequences, suggesting that these 
molecules share a similar tertiary structure despite 
sharing only ca 40% homology at the amino acid 
level. This is borne out by theoretical 3-dimensional 
modelling of the respective homologues based on 
known mammalian cathepsin B crystal structures 
(data not shown). All 6 homologues possess at least 2 
potential N-linked glycosylation sites (designated N-
X-S/T), which are often in register with those of 
their vertebrate counterparts. The fact that the S3 
TSBP proteins are capable of binding a variety of 
lectins, particularly concanavalin A (Knox et al. 
1995, 1999), is evidence that these proteins may be 
glycosylated in their native form. 

Despite the fact that all the Haernonchus cysteine 
proteinase sequences identified to date are cathepsin 
B-like, excretory-secretory (E-S) and gut-derived 
proteinases of adult Haemonchus have the potential 
to cleave synthetic cathepsin L -specific substrates 
(Rhoads & Fetterer, 1995; Torte et al. 1998). The 
same is true for the S3 TSBP cysteine proteinases 
(D. P. Knox, unpublished observations). Similarly, 
the cathepsin B-like proteinases secreted by the dog 
hookworm, A. caninuin, cleave the cathepsin L-
specific substrate, Z-Phe-Arg-AMC, in preference 
to the cathepsin B-specific substrate, Z-Arg-Arg-
AMC (Han-op et al. 1995). This observation has 
been explained by closer examination of the residues 
around the active site of one such homologue (AcCP-
I) (Brinkworth, Brindley & Harrop, 1996). Key 
residues involved in determining substrate specifi-
city have been replaced, thereby promoting a more 
cathepsin L-like substrate specificity. A similar 
analysis of the active sites of the Haeinonchus 
homologues (hmcpl-6) revealed that the same key 
residues were retained in some, yet replaced in 
others. Therefore, hmcpl-6 probably represent a 
panel of essentially cathepsin B-like cysteine protein-
ases with broad substrate specificities that cover the 
spectrum from cathepsin B to cathepsin L. Con-
versely, a cysteine proteinase isolated recently from 
Toxocara canis shows cathepsin B-like residues in 
the active site cleft despite being essentially cathepsin 
L-like in sequence (Loukas, Selzer & Maizels, 1998). 
This paradoxical substrate specificity may actually 
be a feature of nematode cvsteine proteinases. 

Structural analysis of the cDNAs for the gut-
expressed cysteine proteinase homologues (hmcp 1, 4 
and 6) reveals that they would be expected to encode 
essentially soluble enzymes, yet strong detergent is 
required to solubilize the cysteine proteinases 
associated with S3 TSBP material (Knox et al. 
1999). There is no evidence of a membrane anchor or 
any significant regions of hydrophobicity which 
could account for their retention in the detergent-
soluble phase. It is interesting to note that the 
predicted molecular masses of the mature enzyme 
forms of the respective cysteine proteinase homo-
logues are in the order of 28 kDa, whereas the 
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predominant cysteine proteinase activity demon-
strable in gelatin substrate gels of Haemonchus 
membranes or S3 TSBP material is in the order of 
38-52kDa (Knox et al. 1993, 1995, 1999). It is 
possible that these molecules are complexed to a 
genuine integral membrane protein(s) and are 
thereby retained in the membrane fraction. 

Immunolocalization studies have revealed that the 
protein products of the hmcpl, 4 and 6 genes (at 
least) are expressed on the lurninal surface of the 
parasite's gut. Only I of the cysteine proteinases 
isolated thus far from a USA strain of Haemonchus, 
namely gcp7, has been definitively associated with 
the gut, although its precise localization has not been 
determined (Rehman & Jasmer, 1998). The ex-
pression of the hmcpl, 4 and 6 genes, as revealed by 
RT—PCR, coincides with the onset of blood-feeding 
during the parasitic phase of the life-cycle, that is, 
exclusively from 4th-stage larvae (L4) onwards. 
Cysteine proteinases have been implicated in the 
feeding of a number of parasitic species, most notably 
the haemoglobinase activity of the human blood 
fluke, S. mansoni (Dalton etal. 1995).Taken together, 
these observations would suggest a similar role for 
the cathepsin B homologues on the gut surface of 
Haemonchus, in digestion of the bloodmeal. The fact 
that Haemonchus possesses a battery of gut-derived 
cysteine proteinases may reflect subtle differences in 
their respective pH optima and/or substrate speci-
ficities. It is perhaps noteworthy that, in contrast to 
the membrane-bound thiol Sepharose-binding 
proteins of H. contortus (S3 TSBP), the soluble thiol 
Sepharose-binding proteins (designated S1/S2 
TSBP) proved not to be protective in vaccination 
trials in sheep (Knox et al. 1995, 1999). This 
observation could imply that the cysteine proteinases 
associated with the parasite gut membranes and 
retained in the detergent-soluble phase are different 
from those released by the parasite. 

Therefore, in conclusion, we have identified and 
characterized a number of developmentally regu-
lated, gut-derived H. contortus cysteine proteinase 
homologues that have potential as candidate vaccine 
antigens. Moreover, using a generic PCR approach, 
we have identified a further 3 homologues in a UK 
strain of Haemonchus. This brings the total number 
of individual cysteine proteinase homologues de-
scribed in Hae,nonchus thus far to 12. All 6 UK 
homologues were distinct from those previously 
reported in USA strains of the parasite. Indeed, the 
strain differences highlighted in the present study 
may have implications for the development of a 
generic vaccine against Haemonchus. However, much 
work still remains in order to completely characterize 
the protective fractions from which these cysteine 
proteinase homologues were isolated and to optimize 
expression and routes of administration if any of 
these molecules is to find utility as a subunit vaccine 
against this important blood-feeding parasite. 
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Chapter 4: Further immunization and biochemical studies 

with a protective antigen complex from the microvillar 

membrane of the intestine of Haemonchus contortus. 

Smith SK, Pettit D, Newlands GFJ, Redmond DL, Skuce PJ, Knox DP and 

Smith WD. 1999. Parasite Immunology, 21: 187-199. 

In addition to the TSBP fraction, a second host-protective, hidden integral 

membrane protein antigen complex, H-gal-GP, was isolated from adult parasites 

(Smith et al, 1994a). Following differential extraction of whole worm adult 

H. contortus homogenates to remove both water soluble and membrane associated 

proteins, H-gal-GP was subsequently purified from an integral membrane Triton 

X-100 extract by peanut lectin affinity chromatography which shows specificity for 

intestinal brush border glycoproteins as determined by lectin probing of H. contortus 

cryostat sections (Smith et a!, 1994a). Over the course of several sheep vaccination 

trials, H-gal-GP proved to give solid protection against homologous challenge, 

reducing FEC by up to 93% and worm burdens by 72%. Passive transfer of immune 

serum to infected lambs resulted in a decline in FEC in recipients, indicating that 

immunoglobulin was the effector mechanism (Smith, 1993). Furthermore, 

immunostaining of periodate-treated cryostat sections of surviving worms showed 

the luminal surface of the parasite gut was coated in sheep immunoglobulin. It was 

suggested that sheep antibody may act by either neutralising functional proteins such 

as enzymes, or as a physical barrier to nutrient absorption (Smith, 1993). The 

survival of some worms may indicate that a critical amount of worm gut antibody 

coating is necessary to be effective. 

A wide variety of techniques has been employed in attempts to further 

fractionate the host protective component(s) of the H-gal-GP complex (Smith et a!, 

1993d). However, to date, these techniques have proved unsuccessful. Taken 

together with the fact that individual protein components of H-gal-GP are present in 

consistent, reproducible proportions in different antigen preparations (unpublished 

results), this indicates that H-gal-GP does exists as a complex in adult worms rather 

than being an artefact of the purification methodology. 
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The aim of this paper was threefold: 

to investigate the relationship between antibody titre and degree of protection in 

sheep immunised with H-gal-GP 

to identify the constituent H-gal-OP polypeptides 

to describe the biochemical properties of the H-gal-GP complex 

Immunisation of sheep with H-gal-OP was shown not only to reduce the 

overall FEC and worm burden, but to be significantly more effective against female 

rather than male worms, as determined by the sex ratio from vaccinated compared to 

adjuvant control groups. The application of an enzyme-linked immunosorbent assay 

demonstrated a significant, positive correlation between total IgG titre and the level 

of protection in vaccinated animals, again suggesting that antibody is a main effector 

mechanism in protection with regards to immunisation with H-gal-GP. 

The polypeptide composition of H-gal-GP was analysed under different 

electrophoretic conditions. Using native PAGE, the mass of H-gal-OP was estimated 

to be in the region of 1000 kDa. With non-reducing SDS-PAGE, H-gal-GP could be 

readily dissociated, indicating that the complex is held together electrostatically, and 

resolved as four main protein zones A-D (A -230 kDa, B -170 k.Da, C -.40 kDa, 

D --.31 kDa). Following electroelution from gel slices, each of these protein zones 

resolved further into between 2 and 5 disulphide linked components under reducing 

SDS-PAGE conditions. N-terminal amino acid sequence data was obtained for all 

but 2 of these protein subunits. Results of sequence database homology searches 

identified several metallopeptidases (MEP) associated with zones A (MEP 1, 2 and 4) 

and B (MEP 3), an aspartyl proteinase associated with zone C and a prominent 

cysteine proteinase component in zone D, which was similar to the H. contortus 

cysteine proteinase gene family described previously in Chapter 3. Western blots of 

H-gal-OP were probed with affinity purified antibodies raised to bacterially 

expressed H. contortus recombinant MEP1 (see Chapter 5) and pepsin (see Chapter 

6). MEP1 antibodies recognised both zones A and B while pepsin antibodies 

recognised only zone C, confirming the N-terminal amino acid sequence results, 

above. 

Western blots of H-gal-OP separated under reducing SDS-PAGE conditions 

and probed with biotinylated lectins showed all but one subunit to be glycosylated. 
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Evidence for N-linked glycosylation was obtained from the shift in electrophoretic 

mobility of some of the protein subunits associated with zones B and C following 

incubation with N-glycosidase F prior to electrophoresis. 

Sequential extraction of water soluble (PBS), membrane associated (Tween 

20) and integral membrane proteins (Triton X-100) from intestines of adult 

H. contorlus showed the four protein zones A-D to be concentrated in the Triton 

X-100 extract, confirming that all components of the H-gal-GP complex are present 

in the parasite gut. Phase-separation experiments with Triton X-1 14 separated 

H-gal-GP into the aqueous phase, which would not be expected of integral 

membrane proteins with a hydrophobic transmembrane region. Incubation of 

H. contortus membranes for up to 24 hours in phosphatidylinositol-specific 

phospholipase C or D did not release any components of H-gal-GP into the 

supernatant, suggesting that the complex is not connected to the membrane by a 

phosphatidylinositol phospholipase anchor. 

The pH optima of the proteinase activity of H-gal-GP were determined 

against the general substrate azocasein and the blood protein haemoglobin using 

methods described previously, (see Chapter 2). Proteolysis of azocasein was 

maximal at pH 6 and was identified as a neutral endopeptidase through its marked 

inhibition by chelating agents and phosphoramidon. Haemoglobin degradation 

peaked at pH 4 and was almost completely inhibited by incubation with the aspartyl 

proteinase inhibitor pepstatin. In addition, hydrolysis of a specific aspartyl proteinase 

peptide substrate was measured spectrophotometrically showing a pH optimum of 5. 

That hydrolysis of haemoglobin at pH 4 was approximately seven-fold more efficient 

than hydrolysis of azocasein, or the blood proteins fibrinogen and albumin, 

demonstrates a specificity of the H-gal-GP aspartyl proteinase for haemoglobin as 

substrate. Gelatin-substrate gel analysis of H-gal-GP identified cysteine proteinase 

proteolysis associated with zone D. These biochemical characteristics of H-gal-GP 

further confirm the N-terminal amino acid sequencing results, above. 

This work has shown that the protection afforded by immunisation of sheep 

with the H. contortus antigen H-gal-GP correlates with the production of a systemic 

IgG antibody response. The H-gal-GP complex is located in the parasite gut and 

consists of a number of disulphide and electrostatically linked subunits. How the 
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complex attaches to the parasite membrane is still unknown because it lacks an 

anchoring transmembrane hydrophobic region or a phosphatidylinositol 

phospholipase anchor. N-terminal amino acid sequence analysis of the protein 

components, together with specific antibody probing and biochemical analysis of the 

proteinase activity of H-gal-GP have shown that the complex comprises principally 

metallopeptidase, aspartyl and cysteine proteinases. The aspartyl proteinase shows 

affinity for haemoglobin as substrate at acidic pH and may, therefore, play a role in 

degradation of the host blood meal. 

Contribution to work 

The identification and isolation of full-length cDNAs encoding 

components of the H-gal-GP complex through cDNA library immunoscreening, 

sequence homology database searching and matching to N-terminal sequence data 

obtained from individual protein components of the complex. Active participation in 

group discussions regarding results and future direction of work. 
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SUMMARY 

Immunization of sheep with a protective antigen complex 
from the intestinal cells of Haemonchus contortus in 
Freund 's adjuvant stimulated individually variable antibody 
responses but still conferred significant protection against 
parasite infection. Correlation between antibody concen-
tration and degree ofprotection was suggestive of antibody 
being the effector mechanism. The antigen is known as 
Haemonchus galactose-containing glycoprotein complex 
('H-gal-GP) because it binds to lectins with a specificity 
for N-acetyl-galactosamine. Polypeptide composition ana-
lysis by polyactylamide gel electrophoresis indicated an 
apparent molecular weight of about 1000 kDa and SDS gels 
revealedfour major polypeptides, containing between 2 and 
5 disulphide linked subunits, nearly all being glycosylated. 
N-terminal amino acid sequence was obtained from 12 
subunits, ten showing homologies with cDNAs from Hae-
monchus encoding either pepsin, metalloprotease or 
cysteine protease-like enzymes. pH optima, inhibitor and 
various substrate studies confirmed that the native complex 
possessed proteolytic activities in agreement with the 
sequence data. Although the cDNAs predicted water soluble 
enzymes, little of the complex was soluhilized from worm 
membranes without the use of a detergent, such as Triton 
X-100. It is hypothesized that H-gal-GP is a gut membrane 
associated multiprotease complex which is involved in the 
digestion of the blood meal and which can he neutralized 
by specific antibodies with drastic consequences for the 
parasite. 
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INTRODUCTION 

Substantial protection against the economically important 
nematode Haemonchus contortus has been achieved by 
immunising sheep with a glycoprotein fraction isolated 
from the intestinal membranes of this parasite (Smith et al. 
1994). This fraction has been termed Haemonchus galac-
tose-containing glycoprotein (H-gal-UP) complex since it 
binds selectively to lectins with a specificity for N-acetyl-
galactosamine. Lambs immunized with H-gal-UP complex 
and challenged with Haemonchus were protected relative to 
controls by up to 93% as measured by faecal egg counts and 
up to 72% in terms of worm numbers (Smith etal. 1994). 

H-gal-OP complex can be extracted from membrane 
preparations of whole Haemonchus or isolated worm intes-
tines by nonionic detergents such as Triton X-100. How-
ever, although H-gal-OP can readily be separated from other 
components of such extracts under native conditions, 
including for example the aminopeptidase complex known 
as Hi i (Smith etal. 1994), attempts to fractionate it further 
in its native state have not been successful. Techniques tried 
have included affinity chromatography with a wide variety 
of lectins, gel filtration, ion-exchange, hydrophobic inter-
action and hydroxylapatite chromatography as well as pre-
paratory free-flow isoelectrophoresis (Smith etal. 1993). 
Similarly, extraction of Haemonchus membranes with dif-
ferent nonionic detergents (e.g. Triton X-lOO, octylgluco-
side, CHAPS) or under variable ionic strength or pH did not 
lead to differential solubilization of components (unpub-
lished data). For this reason H-gal-UP is thought to exist as a 
complex. Encouragingly, however, the complex did retain 
its protective capacity when dissociated with SDS, espe-
cially under nonreducing conditions, although the results of 
an experiment designed to fractionate the protective com-
ponent by SDS-PAGE were not clear cut (Smith & Smith 
1996). 
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The aim of the present paper was to investigate the 
relationship between antibody litre and degree of protection 
in sheep immunized with H-gal-GP and to describe some of 
the biochemical properties of this protective antigen com-
plex and its constituent polypeptides in more detail. 

MATERIALS AND METHODS 

Sheep 

These were Suffolk-Greyface crosses reared and housed 
indoors in conditions designed to exclude accidental infec-
tion with nematode parasites. 

Parasites 

Infective larvae were from a strain of H. contortus which has 
been maintained at Moredun for several years. 

Parasitological techniques 

The methods for faecal egg counting, enumeration of worm 
burdens and for obtaining clean adult parasites for fractio-
nation have been described before (Smith & Smith 1993). 

Preparation of H-gal-GP 

H-gal-OP complex was isolated from Triton X-100 extracts 
of adult (21 day) H. contortus membranes by affinity chro-
matography with peanut lectin as detailed elsewhere (Smith 
etal. 1994). The complex was buffer exchanged to 10 m 
Tris, 0- 1% CHAPS, pH 74, by passage through a Sephadex 
0-25 column and then concentrated by filtration (Centriprep 
10 - Amicon). 

ELISA for antibodies to H-gal-GP 

Microtitre plate wells were filled with 50,u] H-gal-OP (1 g/ 
ml in 50mM bicarbonate buffer, pH96) and incubated 
overnight at 4°C. The plates were emptied, given a standard 
wash (filled and emptied four times with the wash buffer 
used for immunoblotting) and incubated with 10% w/v 
skimmed milk powder overnight at 4 °C. After re-washing, 
the wells were filled (50 Ml)  with serum from the immunized 
sheep (diluted 1/4000 in wash buffer) and incubated for 
two h at room temperature. After another wash, 50141 of 
peroxidase conjugated antisheep IgG (1/500 in wash buffer/ 
10% milk powder) was added for one h at room temperature. 
The plates were washed again, 501d OPD substrate was 
added to each well and after 30 min in the dark, the colour 
reaction was stopped by the addition of 50 11 sulphuric acid. 
The plates were read at 492 nm. 

Each test sample was assayed in triplicate. Duplicate 
serial dilutions of a standard serum from a sheep protected 
by immunization with H-gal-OP were included on each 
plate and the test samples were expressed as a percentage 
of this. 

Design of protection experiments 

Two immunization-challenge trials were conducted, each 
consisting of a group of 14 sheep immunized with H-gal-OP 
and a group of seven controls which were injected with 
adjuvant alone. The groups were balanced for sex and 
weight. At the time of first immunization the sheep were 
aged five and six months in expts 1 and 2, respectively. 

The dose of H-gal-OP antigen was 10014g protein per 
immunization. Primary injections were given in Complete 
Freund's Adjuvant at four subcutaneous sites per sheep each 
of 05 ml. Two booster immunizations were made subse-
quently three and six weeks later. These injections were with 
Incomplete Freund's and were administered intramuscularly 
as two 1 ml doses into each hind leg. 

All sheep were bled at weekly intervals and challenged 
with 5000 Haemonchus larvae two weeks after the third 
injection. Faecal egg counts were monitored three times a 
week from day 16 after challenge and the animals were 
killed on day 34 or 35 and the worms counted. 

Preparation of extracts of Haemonchus intestines 

Intestines were dissected from 35-day-old worms, homo-
genized in phosphate buffered saline, pH 74 (PBS) contain-
ing 1 mm EDTA and 1 mm PMSF as protease inhibitors and 
the membrane pellet was sequentially extracted with PBS 
containing Tween 20 and Triton X-100 as described before 
(Smith 1993). 

Phase separation of Triton X-114 extracts of 
Haemonchus membranes 

One gram of adult (21 day) H. contortus was homogenized 
in ice-cold PBS with protease inhibitors (Smith etal. 1994). 
The homogenate was centrifuged and the resulting pellet 
washed three more times in homogenising buffer by cen-
trifugation. The pellet was then mixed with an excess of 2% 
Triton X-1 14 (Pierce) in homogenising buffer for one h and 
then centrifuged (100000g for oneh), all at 4 °C. The 
supernate was layered over 1 ml of 025 M sucrose in a 
conical bottomed centrifuge tube and the detergent and 
aqueous phases separated by warming to 23 °C for 10mm 
followed by centrifugation at 2000 g for five min (Pryde 
1986). The process was repeated twice more by adding 
further cold Triton X-114 and PBS to the aqueous and 
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detergent phases, respectively, then mixing, cooling and re-
warming. 

Phosphotidylinositol specific-phospholipase (PIPL C) 
digestion of Haemonchus whole worm membranes. 

Suspensions of washed Haemonchus membranes were 
divided in to equal aliquots. Different aliquots were incu-
bated at 37°C for two, four, six or 24h with 120 mU PIPLC 
(Boehringer) in 70 mm triethanolamine, 5 m EDTA, 
pH 7'5. Controls were incubated in buffer alone. The sam-
ples were then spun for five min in a microfuge and analysed 
by SDS-PAGE and/or immunoblotting. As a positive con-
trol, the same batch of enzyme was used to cleave acet-
ylcholinesterase from bovine red cell membranes as 
described by Taguchi & Ikezawa (1981). 

Polyacrylamide gel electrophoresis (PAGE). Proteins 
were separated on continuous or gradient (5-15%) minigels 
(Biorad) for analytical purposes or on gradient preparative 
gels (1'5mmx 14cmx12cm). 

Blue Native PAGE with Serva Blue G was conducted 
according to the method of Von Jagow & Schägger (1994) 
using horse spleen ferritin, urease and bovine serum albu-
min (Sigma Chemical Co.) or bovine heart mitochondria 
membrane proteins (gift from Dr David Apps of Edinburgh 
University) as molecular weight markers. 

For SDS-PAGE (Laemmli 1970) samples were heated at 
100°C for five miii in an equal volume of sample buffer 
(63 mm Tris-HCI pH 68 containing 5% SDS and bromo-
phenol blue) and 50 mm dithiothreitol (DTT) was included if 
reduction was desired. Molecular weight markers (Sigma 
Chemical Co.) were run on each gel and the relative 
molecular weights and molar ratios of the unknown poly-
peptides were estimated on dried, Coomassie Blue-stained 
gels with an imaging densitometer equipped with 
appropriate software (BioRad model GS 670). 

Gelatin-substrate gel analysis was conducted under non-
reducing conditions as described previously (Knox etal. 
1993). After electrophoresis, the gels were washed exten-
sively in several changes of 2'5% Triton X-100 over a one-h 
period and then incubated overnight at 37 °C in 0- 1 M acetate 
buffer, pH  or 50 mm Tris-HCI pH 75, with or without the 
addition of 5 mm DTF. Zones of proteolysis were visualized 
by Coomassie blue counterstaining. 

Electroelution 

For recovery of individual polypeptides from acrylamide 
gels, nonreduced H-gal-GP was fractionated by SDS-PAGE 
with Coomassie blue in the cathode buffer, then gel slices 
containing each band were excised and electroeluted 
according to Von Jagow & Schagger (1994). 

N-terminal amino acid sequencing 

Proteins were electrophoresed from gels to ProB lot mem-
branes (Applied Biosystems) and stained with Coomassie 
blue. The bands were excised from the membrane and their 
N-terminal amino acid sequence was determined on an 
Applied Biosystems Model 477 A Peptide sequencer. The 
sequences were compared with existing sequences in the 
GenBank and EMBL databases. 

Antibodies and antisera 

The preparation of biotinylated, affinity purified sheep 
antibodies specific for either recombinant Haemonchus 
metallopeptidase 1 fused to glutathione-S-transferase 
(GST) from Schistosoma japonicum (anti-MEP1) or for 
recombinant Haemonchus aspartyl protease (anti-Pepsin) 

Table 1 Protective effects stimulated against a Haemonchus challenge by vaccination with H-gal-GP in expts I and 2. Group mean (± standard 
error) parasitology and protection data 

Experiment 	Antigen 
	

Eggs 
	

Worms 

Protection 	 Protection 
Epg 	 (%) 	 Total 	%male 	 (%) 

H-gal.GP 14 	1384 697 	 1523 68 	 400 
(367) (230) (23) 

control 7 	4215 2359 54 
(384) (177) (2) 

H-gal.GP 14 	1367 565 	 1195 72 	 535 
(321) (207) (39) 

control 7 	3030 2255 53 
(404) (140) (22) 

* Group mean of egg counts averaged for each sheep over days 18-34 after challenge. Within each experiment all parameters were significantly 
different (P<00l) between vaccinated and control sheep. 

0 1999 Blackwell Science Ltd, Parasite Immunology, 21, 187-199 	 189 



E 
I- 
a, 
(I, 

a, 

M 
(a 
0 

a, 

a, 
> 

Cl) 
-J 
w 
CM 
0 
-J 

S.K.Smilh et at. 	 Parasite Immunology 

25 

15 

05 

	

ØN 	•I 

	

0 	20 	40 	60 	80 	100 

25 

15 

05 

0 	S 
0 	20 	40 	60 	80 	100 

Protection (%) 

Figure 1 Correlation between anti-H-gal-GP antibody titre and 
degree of protection, measured against final worm count (upper 
panel) or egg output averaged over day 18-34 after challenge. 

has already been described (Longbottom et al. 1997; Red-
mond et al. 1997). 

Antiserum raised in sheep to E. co/i-expressed recombi-
nant H 11, an intestinal microvillar aminopeptidase from 
Haemonchus (Smith etal. 1997), was gifted by Dr E. Munn 
of the Babraham Institute. Antibodies isolated from this 
serum by affinity chromatography using a native H 11-
sepharose column were biotinylated (Goding 1983). 

Whole sheep antiserum was used to probe blots for the 
presence of either recombinant GST alone, native H-gal-GP, 
or Zone D, one of the components of H-gal-GP (Table 1). 
The latter was excised following SDS-PAGE of H-gal-GP 
under nonreducing conditions. Sheep were injected sub-
cutaneously with 50-100ig of protein three times at 
three week intervals. The first inoculation was an 
emulsion with Freund's complete adjuvant but subsequent  

injections were in incomplete Freund's. Serum separated 
from blood collected two weeks after the final injection was 
used to probe blots. 

Blotting with antisera and lectins 

Proteins were electrophoresed from gels onto Immobilon P 
membranes (Millipore). 

Membranes to be probed with antisera were optionally 
treated with 50 mm Na104  to disrupt carbohydrate epitopes 
(Woodward et al. 1985) and blocked for one It with 10% 
skimmed milk powder in wash buffer (10 mm Tns, 05 M Na 
Cl, 005% Tween 20, 001% thiomersal). Membranes to be 
reacted with biotinylated lectin (Vector Laboratories) were 
blocked with 2% globin-free bovine serum albumin (Sigma 
Chemical Co.) in wash buffer. 

The membranes were then cut into strips and incubated 
individually with an excess of sheep antiserum (1/200), 
biotinylated antibody (1-2 eg/ml) or biotinylated lectin 
(10 eg/m1) for two h. The strips were re-washed and incu-
bated with an excess of peroxidase-conjugated horse anti-
sheep immunoglobulin or streptavidin-peroxidase (Pierce) 
for those first treated with antiserum or biotinylated ligand, 
respectively. After further washing all blots were developed 
with 1 mm 3,3 diaminobenzidene. 

Protein concentrations. These were estimated by the 
bicinchoninic protein assay reagent according to the manu-
facturer's (Pierce) instructions. 

Proteolytic activity of H-gal-GP 

This was assessed, initially, with azocasein or haemoglobin 
as substrates, over a broad pH range using previously 
described methods (Knox et al. 1993), haemoglobin being 
prepared directly from sheep red blood cell lysates. The 
protein substrate preference of H-gal-GP was assessed using 
additional blood proteins fibrinogen and albumin and buffer 
at pH 50. Reaction mixtures comprised H-gal-GP (25 jig in 
25 jAl elution buffer), substrate (25 jg in 25 1AI water), 25 jl 
buffer and 10 jil penicillin/streptomycin. Buffers used, all 
0-1m, were acetate pH 35-50 and phosphate pH 5-0-7-0. 
After overnight incubation at 37 °C, undigested protein was 
precipitated by the addition of 85 jAl of ice-cold irichloro-
acetic acid (5%w/v), incubation on ice for 30 rain and 
subsequent centrifugation at 10000 g for ten rain using a 
microfuge. The supernatants were retained for further ana-
lysis. Proteolysis was monitored indirectly using the ninhy-
drin protocol (Knox etal. 1993) with the final absorbance 
(562 nra) being determined using a Beckman DU650 spec-
trophotometer. Blanks, containing water in place of sample 
were included for each observation. 

190 	 0 1999 Blackwell Science Ltd, Parasite Immunology, 21, 187-199 



V.-

III 

lv.-  
II 

t~:  
I
t  

t'olume 21, Number 4, April 1999 
	

Protective antigen camp/er oft!. Contortus 

Inhibitor sensitivity of H-gal-GP proteolytic activity 

The sensitivity of H-gal-GP proteolysis to a panel of class-
differentiating proteinase inhibitors was tested at pH 40 
using haemoglobin as substrate and at pH 60 using azoca-
sein as substrate according to the protocol outlined above. 
The reaction was stopped by acid precipitation, the super -
natant retained for ninhydrin development and the 0D 562  
determined. 

Hydrolysis of a peptide substrate with specificity for 
aspartyl proteinases 

The ability of H-gal-CliP to hydrolyse H-Pro-Thr-Glu-Phe-
Phe(NO2 )-Arg-Leu-OH, a synthetic peptide substrate with 
specificity for pepsin and other aspartyl proteinases (Dunn 
et al. 1984), was assessed over the pH range 25-60 using 
0 ,  1 M acetate buffer and pH 60-70 using 0 - 1 M phosphate 
buffer. H-gal-GP (lOgeg) was mixed with 100 tel of buffer 
and the reaction started by addition of substrate (1 mg/mi in 

10% acetic acid) and the change in absorbance, 310nm, 
monitored over a five-min period at room temperature using 
a Beckman DU650 spectrophotometer. 

Statistical methods 

Arithmetic group means are shown with standard errors. 

Blue native  

Individual percentage protection (% P) values were calcu-
lated as percentage P = I - (individual vaccinate count' 
mean control count) x 100, where count was either the 
total number of worms recovered post mortem or the egg 
count averaged over the sampling period. Negative protec-
tion values were assigned the value 0. Data from both trials 
were pooled and a regression analysis was conducted 
between the antibody titre of vaccinated sheep measured 
at the time of challenge and percentage P, for both eggs and 
worms, using Minitab, a statistics program. 

RESULTS 

Immunization experiments 

In each experiment immunization with H-gal-GP signifi-
cantly reduced the number of eggs and worms recovered 
from the vaccinated sheep compared to the controls 
(Table 1). Immunization was also significantly more effec-
tive against female than male worms as shown by the 
abnormal sex ratio of the populations recovered from each 
vaccinated group (Table 1). Examination of the individual 
data showed that there was considerable individual variation 
in the degree of protection conferred on the vaccinates 
(Figure 1). 

When the degree of protection, measured either by egg 
counts or worm numbers, was plotted against prechallenge 

SDS 

H MEMB 	H 	S 

I A  

NR 	R 	S 

Figure 2 Blue Native and SDS PAGE analysis of H-gal-GP. Blue Native gel: H=H-gal-GP; MEMB = three tracks loaded from leti to right with 
increasing amounts of a tauryl maltoside extract of Haemonchux membranes. Roman numerals show the relative mobility of bovine mitochondrial 
complex components which were used as molecular weight markers. I=88OkDa: V=600kDa; III =485kDa; IV=200kDa; 1I=30kDa.SDS gel: 
S = molecular weight standards; NR = H-gal-GP under non reducing conditions, the main protein zones are labelled A to D; R = H-gal-GP under 
reducing conditions. 
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Table 2. Estimated molecular weights (kDa) and relative quantities of the major proteins of dissociated, nonreduced H-gal-GP 

Protein zone 

Mean mol wt (SD) of main band in zone 	 233 (239) 

Mean OD of zone as % of total OD (SD) 	 16-2(0.94) 

serum antibody concentrations significant correlations were 
observed (Figure 1). Regression analysis yielded the follow-
ing relationships: Log elisa = 0287 + 018%P for eggs 
(R'= 65 - 5%, P<0001) and Log elisa= 0629 + 0017%P 
for worms (R2 =439%, P<0001). 

Biochemical analysis of H-gal-UP 

A. Po/ypeplide analysis 
Native PAGE. 

Under Blue Native PAGE purified H-gal-GP was visualized 
as a single diffusely staining band (H, Figure 2) with a 
relative mobility somewhat slower than bovine rnito-
chondial Complex 1, which has an estimated molecular 
mass of 880kDa (Von Jagow & Schägger 1994). A band 
of identical relative mass and appearance was observed in 
the polypeptide profile of Haemonchus membranes 
extracted with lauryl maltoside as recommended by Von 
Jagow & Schägger (1994) (MEMB, Figure 2). 

Non reducing SDS-PAGE. 
SDS-PAGE under non-reducing conditions resolved H-gal-
UP into four main protein zones (Figure 2, lane NR) which 
were termed Zones A to D. Zone A appeared as a single 
band. Zone B was a diffusely staining region with a 
prominent band apparent at its anodic margin. Zone C 
contained two, sometimes three, relatively sharp bands, 
the smallest of which was the most abundant. Zone D 
stained rather diffusely, although two bands could be 
detected, the smaller of which was the more prominent. 
Five different preparations of H-gal-GP were electro-
phoresed and scanned, each revealing five peaks which 
corresponded to the three prominent bands within Zones 
A, B and D plus the two bands within Zone C. The 
respective molecular masses and percentage of total OD 
of each peak were calculated (Table 2). The coefficient of 
variation for these parameters was less than 10%, indicating 
that the composition of H-gal-UP complex was consistent 
between preparations. 

Reducing SDS-PAGE and identification of bands by 
sequence homology. 
When subjected to SDS-PAGE under reducing conditions  

C 

	

172(12-9) 	 40(2-7) 	 31 (28) 

	

38-2(2-51) 	 14 ,0(1-14) 	 141 (093) 

most of the H-gal-GP proteins migrated as a zone of 
unresolved bands between 40 and 55 kDa, although distinct 
polypeptides with calculated molecular masses of 130, 90, 
60, 33, 31 and 29kDa could also be seen (Figure 1, lane R 
and Figure 3). To further analyse the composition of the 
complex, protein Zones A to D were individually electro-
eluted from nonreducing Coomassie-blue SDS-PAGE gels, 
then re-subjected to SDS-PAGE under reducing conditions 
(Figure 3). The profiles of two preparations of H-gal-GP 
treated in this way were scanned and the mean molecular 
masses of the bands detected in Zones A to D were 
calculated. For convenience these bands are subsequently 
referred to by the letter of their zone of origin and their 
estimated relative kDa (e.g. A. 130). N-terminal amino acid 
sequences were determined for all bands except B.62 and 
C.52. 

Zone A separated into five main bands designated A. 130, 
A.91, A.45, A.41 and A.29 according to their calculated 
molecular weights (Figure 3, lane A reduced). Sixteen of the 
20 predominant amino acids in the N-terminal data obtained 
for band A. 130 matched those predicted from a eDNA 
recently isolated from a Haemonchus expression library 

• 0  205 

116 
97 

66 

45 I 11 
I 	,I( 29  
H A B C D A B C D H S 
Non-reduced 	Reduced 

Figure 3 SOS PAGE analysis of H-gal-OP and its major polypeptide 

components under non reducing and reducing conditions, 

H = H-gal-OP. Tracks A to D contain protein zones A to D, the 

major components of the complex, excised and electroeluted from 

nonreduced gels. S = molecular weight standards. 
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Table 3 N-terminal amino acid sequences of Zone A bands which showed homology with Haemonchus metal loprotease-like cDNAs 

Band 	I 	2 	3 	4 5 	6 	7 	8 	9 	10 11 12 13 14 15 16 17 18 19 20 eDNA 	Genbauk 
A. 130 	 P 	P 	P 	0 	 accession 

	

S P N L 	 P I H I W 	 A 	L 	V 	 number 
H P 	 (or ref.) 

H 	I 	I 	M 	 MEP-4 Skuce et I. 
(unpublished) 

1 	2 	3 	4 	5 	6 	7 	8 	9 	10 11 	12 	13 14 	15 	16 	17 18 	19 20 
A.91 	 S 	 D 	 N A 	 0 F 

P 	S D 	 P 	 E 	 T 
A.41 	 S S 0 Y I PSUQNA L NU P  

H A E 	E F 	A UN Y A E 1 A TV QU 
PD I P 

46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 

	

V N 	 C ________ 0 	 F • MEP-1 Z75054 or 
AF047416 

106 107 108 109 110 111 112 113 114 115 116 117 118 119 120 121 122 123 124 125 

	

N 	 M C ________ 0 	 N • MEP-2 AF080117 

1 	2 	3 	4 5 	6 	7 	8 	9 	10 11 	12 	13 14 	15 	16 	17 18 	19 20 
A.29 DX U A 	 A Y 0 D E N R ED 

0 	E 	 MEP-4 Skuce etal. 
0 0 U F 	 (unpublished) 

Zones of identity between derived and predicted amino acid sequences are highlighted in grey. Derived N-terminal amino acid sequences are 
numbered in bold. Predicted amino acid sequences are numbered in italics from the start of the open reading frame of the eDNA. 
* Predicted pre/proen.zyme cleavage site. 

by screening with antisera to H-gal-GP (Table 3). This 
eDNA, termed MEP4, showed 59% identity at the DNA 
level with a previously described putative metalloprotease 
cDNA from Jlaemonchus (MEP-1, Redmond etal. 1997). 
Although sequencing of MEP-4 has not yet been completed, 
si2nificant homology was also detected between the N- 

imnus of band A.29 and that deduced from MEP-4 
tble 3) in a region of the cDNA calculated to be the 
sivalent of 651 amino acids C terminal from the start of 
130. 
v-terminal amino acid sequence analysis also showed 
nificant homology between A.91 and A.41 (Table 3), 
n though the data from A.41 indicated the presence of 
re than one component. These sequences also partially 
Tesponded to those predicted from two other closely 
ated (more than 70% identical) putative metallopepti-
;es termed ME?-] and MEP-2. The N-terminus data from 
5 indicated the presence of more than one component, 
so far a corresponding cDNA has not been isolated. 

The size of the MEP-1 and MEP-2 cDNAs suggested 
A.91 was the full length product of either or both 

1 that A.41 was a fragment of A.91. Similar reasoning 
gested that A.29 represented a fragment of A.130 
oded by MEP4. 
eduction resolved Zone B into four major bands, B.90, 

B.62, B.47 and B.41, although B.47 and B.41 were much 
more abundant than the others (Figure 3, lane B reduced). 
Sequence analysis revealed that the N-terminus for B.41 
matched almost exactly that deduced from a Haemonchus 
cDNA clone encoding a further metalloprotease homologue 
designated MEP-3 (Table 4). The data from band B.47 
suggested the presence of more than one component, but, 
by selecting the appropriate alternative and inserting a gap 
of 2 after number 15, it was possible to match 17 out of the 
20 amino acids predicted from a section of the MEP-3 
cDNA starting 386 amino acids C-terminal from the B.41 
N terminus (Table 4). So far a eDNA with sequence 
corresponding to B.90 has not been isolated. 

When the major band in Zone B was excised, electro-
eluted and electrophoresed nonreduced, a minor proportion 
of it ran as an additional pair of bands of about 100 and 
91 kDa (Figure 3 lane B non reduced). These bands 
increased in intensity if the protein was run partially reduced 
by incubation with reducing buffer at 25 CC for 30 mm (not 
shown). Moreover, if these 100 and 91 kDa bands were 
excised and electroeluted then analysed fully reduced, 
components identical in size to B.47 and B.41 were revealed 
(not shown), suggesting that the 100 and 91 kDa bands were 
intermediate forms. 

Zone C was usually observed as a pair of bands of 42 and 

999 Blackwell Science Ltd, Parasite Immunology, 21, 187-199 	 193 



S.K Smith et al. 
	 Parasite Immunology 

Table 4 N-terminal amino acid sequences of Zone B bands which showed homology with Haem,nchus metal loprotease-like cDNAs 

Band 1 	2 3 	4 5 6 	7 8 	9 10 11 12 13 14 15 16 17 18 19 20 21 22 cDNA Genbank 
accession 

B41 	 C? 	 X 	 D 	 no. 

71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86 87 88 89 90 	 MEP-3 AF080172 

N 	 K 	 N 

1 	2 	3 	4 	5 	6 	7 	8 	9 10 ii 12 	13 14 15 	 16 17 	18 19 20 

B.47 0 N 	 P 	 E I M K H 	 P 

DR 	I N 	L 	L 	 Y 

457 458 459 460 461 462 463 464 465 466 467 468 469 470 471 472 473 474 475 476 477 478 MEP-3 AF080172 

• E 	 C 	 T Y 	 T 

Zones of identity between derived and predicted amino acid sequences are highlighted in grey. Derived N-terminal amino acid sequences are 

numbered in bold. Predicted amino acid sequences are numbered in italics from the start of the open reading from of the eDNA. 

40 kDa when analysed without reduction (Figure 3, lane C 

nonreduced) although sometimes an intermediate band was 

also detected (Figure 2, lane NR). Sequence analysis revealed 

that the N-termini of the 42 and 40 kDa bands were identical 

except that C.42 had an extra four amino acids at the N-

terminus as well as an additional tyrosine and aspartic acid 

(Table 5). These sequences showed very close homology to 

that predicted for the product of an aspartyl protease gene 

recently isolated from a Haemonchus eDNA expression 

library by means of antiserum specific for H-gal-GP (Long-

bottom et al. 1997). Reduction increased the apparent mole-

cular weight of most of Zone C doublet from 40/42 to 52 kDa, 

although about half of it resolved at 31 kDa (Figure 3, 

compare lanes C, reduced and nonreduced). This increase 

in apparent molecular weight following reduction may have 

been caused by the disruption of internal disulphide bonds 

leading to expanded polypeptides with reduced mobility 

through the gel matrix. A database search did not reveal any 

significant homology with the N-terminal data derived for C.3 I. 

The prominent band in Zone D had an apparent molecular 

weight of 31 kDa but resolved into a 33 and 31 kDa doublet 

after reduction (Figure 3, compare lanes D reduced and 

nonreduced). All 3 bands had the same N-terminal amino 

acid sequence which showed some homology with the 

predicted protein sequences of a family of Haemonchus 

cysteine proteinase genes (Table 5). 

Table  N-terminal amino acid sequences of Zone C and D bands which showed homology with Hoemonchus pepsin or cysteine protease-like 

cDNAs 

Band 	12345678 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25cDNA Cenbank 
accession 

C.42 	• E P 	D Y 	 no. 

C.40 
55 56 57 58 59 60 61 62 63 64 65 66 67 	 68 69 70 71 72 73 74 75 76 77 

• N Q 	 Pepi 

12345678 	9 	10 11 12 13 14 15 

D.31 or 	D P 	 N V N P • L I  

D.33 	93 94 95 96 97 98 99 100 101 102 103 104 105 106 107 

N E S F 	S 	E V 	K 	 RMCPI Z69342 

N E 	 S F 	S 	I V 	K 	 HMCP2 Z69343 

G D __________ S F 	A 	I H 	 HMCP3 Z69344 

G D 	 S F 	A 	T H 	 I-IMCP5 Z69346 

• D 	 S F I A I T H I A 	 HMCP6 

Zones of identity between derived and predicted amino acid sequences are highlighted in grey. Derived N-terminal amino acid sequences are 

numbered in italics from the start of the open reading frame of the cDNA. 

Predicted pre/proenzyme cleavage Site. 

The data for band C has already been published by Longbottom el al. 1997. It is shown here for completeness. 
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Figure 4 Reaction of H-gal-GP and protein zones A to D separated 
by SDS-PAGE under reducing conditions with Con-A (left panel) and 
wheatgerm (right panel) lectins.Fl = H-gal-GP. Tracks A to D contain 
protein zones A to D. the major components of the complex, excised 
and electroeluted from non-reduced gels. 

4. Glycosylation of H-gal-OP polypeptides. 
(i) Lectin binding. Blots of H-gal-OP and protein Zones A to 
D separated by reducing SDS-PAGE were reacted with a 
panel of biotinylated lectins. Some, like Con-A, bound 
almost all the bands, albeit at varying levels of intensity, 
whereas the reaction of others was restricted to relatively 
few components (Figure4). For example the reaction of 
wheatgerm was largely confined to bands in Zones A and B 
(Figure 4). 

(ii) Treatment with de-glycosylating en3ymes. The 
appearance and relative mobility on SDS-PAGE of Zones 
A, B and C following incubation with either N-glycosidase 
I, 0-glycosidase or neuraminidase was compared with 
ontrol samples incubated under the same conditions with-

out enzyme. Treatment with 0-glycosidase had no effect. 
However, incubation with N-glycosidase F increased the 
clectrophoretic mobility of B.62, B47, B.41, C.52 and C.31 
by about 2 kDa each, although those from band A were 
unaffected (not shown). Sub-components B.47 and B.41 
appeared to be the only ones affected by neuraminidase 
treatment which reduced their intensity and gave rise to 
additional bands of about 32 and 24 kDa. 

5. Antigenic relationship between H-gal-OP polypeptides. 
When H-gal-OP was probed with anti recombinant Hae-

monchus pepsin antibody, only Zone C bands were detected 
(Figure 5). Similarly, when the complex was incubated with 
anti Zone D serum, it was clear that the reaction was mainly 
directed at that zone, even though faint cross reactions could 
also be detected (Figure 5). In contrast, anti recombinant 
Haemonchus metallopeptidasel-OST did not discriminate 
between Zone A and B proteins (Figure 5). This reaction 
was specific because Zones C and D were not stained and 
because control anti-OST serum did not react with any 
component of H-gal-OP (Figure 5). 

non-reduced reduced 

M I reduced 	non-reduced 

205 205 

116 . 	116 

I-.". 
97  

66 66 

1.5 45 

29 1 /29 \. 

SH I— SH&.t S 	H 	 H 	S 
Cl) 

CO CQV) 	CD —wO 

< 
—V C < 	< 

Figure 5 Blots of H-gal-GP following SDS PAGE under reducing or non-reducing conditions probed with antiserum to natise ll-gal-GP or Zone 
D proteins or with affinity purified antibodies specific for recombinant Haemonchus pepsin, recombinant Haemonchus metallopeplidase-GST 
fusion protein or GST alone. S and H = Coomassie stained molecular weight standard markers and 11-gal-GP, respectively. 
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B. Association of H-gal-GP with intestinal cell membranes 
Experiments with dissected out Haemonchus intestines. 

SDS-PAGE analysis of the PBS soluble fraction of 
homogenized Haemonchus intestines and subsequent, 
consecutive Tween and Triton X-100 extractions of the 
membrane pellet showed that protein Zones A to D were 
all present and most concentrated in the Triton extract 
(not shown). High speed centrifugation (100000g for 
one h) deposited most, though not all, of the H-gal-GP 
from the PBS and Tween extracts, but not from the Triton 
one. 

Phase separation experiments with Triton X-1 14. 
H-gal-GP partitioned mainly into the aqueous fraction when 
Haemonchus membranes were extracted and subsequently 
phase-separated with Triton X-1 14 (Figure 6). In contrast, 
H 11, the intestinal microvillar aniinopeptidase with a known 
hydrophobic transmembrane region (Smith et al. 1997), 
showed relatively more affinity for the detergent fraction. 
However, prolonged dialysis of the aqueous phase against 
Tris buffer resulted in precipitation of most of the H-gal-GP 
(not shown). 

Probing with anti-rPepsin confirmed that the aspartyl 
protease was more concentrated in the aqueous than the 
detergent phase (Figure 6). Interestingly, anti-rMEPI showed 
that whereas Zone A proteins were almost entirely confined 
to the aqueous phase, a proportion of Zone B separated with 
the detergent. An unknown avidin peroxidase-reacting band 
of about 60 kDa was also detected in the aqueous fraction of 
the membrane extract (Figure 6). 

Comparison and relative yields of H-gal-GP recovered 
from PBS or Triton extracts of Haemonchus. 

The PBS extract of a 20-g batch of Haemonchus was spun 
at 100000g, the supernate was passed through a peanut 
lectin column and the bound fraction was analysed by SDS-
PAGE. H-gal-GP protein Zones A to D were all identified, 
together with some additional unknown components. 
Attempts to separate protein Zones A to D of PBS soluble 
H-gal-GP either by Blue Native PAGE or by gel filtration 
chromatography were unsuccessful. 

H-gal-GP was also prepared following Triton X-100 
extraction of the PBS insoluble fraction of the same batch 
of worms by the standard method. It was estimated that the 
yield of PBS soluble H-gal-GP was less than 5% of that from 

the Triton extract. 

Experiments with PIPL anchor cleaving enzymes. 
Incubation of Hoemonchus membranes with PIPL C or D for 
between two and 24 h did not release any components of H-
gal-GP into the supernate (not shown). 

C. Proteolytic activity of H-gal-GP 
The objective was to determine whether native H-gal-GP 
possessed proteolytic properties and if so to characterize it 
by measuring the pH optimum, the sensitivity to a panel of 
inhibitors, the activity on gelatin substrate gels and the 
effect on selected substrates. 

1. pH optima. 
The results are shown in Figure 7 where each data point 

anti-H11 anti-H-qa-GP anti-rPepsin 	anti-rMEP 	avidin-PO 

205- 
— — 

	

116- 	 -205 r 	1 	 -116 

	

66-P 	
-97 

-66 
45- 

	

29- 	 A 	 .45 

I 	 -29 

e a d 	e a d 	e a d 	e a d 	e a d 

Figure 6 Triton X-1 14 extracts of adult Hoemonchus membranes were prepared and separated Into aqueous and detergent phases. Following SDS 

PAGE under non-reducing conditions, samples were blotted and probed with peroxidase conjugated anti-HI I or anti-H-gal-GP sera, with 
biotinytated antibodies specific for recombinant pepsin or metal lopept idase or with avidin peroxidase alone. The six most left hand tracks were 
derived from the same gel which had electrophoresed less distance than the remaining nine tracks which were run together on a different gel. e = 
extract of whole worm membranes; a = aqueous phase fraction; d = detergent phase fraction. Note the presence of an avidin peroxidase binding 

protein in the aqueous phase. 
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Figure 7 The pH optima of the proteinase activity of H-gal-GP with 
three substrates. 

represents the mean of three separate observations on the 
same batch of H-gal-GP and the maximum coefficient of 
variation observed was 73%. Similar profiles were observed 
when different batches of H-gal-GP were tested. 

Proteolysis of azocasein and haemoglobin was maximal 
at pH 60 and 4-0, respectively. In comparison hydrolysis of 
the specific aspartyl proteinase peptide substrate H-Pro-
Thr-Glu-Phe-Phe(NO2)-Arg-Leu-OH occurred between pH 
3-5-6-5 with a peak at 50 as previously described (Long-
bottom etal. 1997). 

2. Inhibitor sensitivity. 
The sensitivity of H-gal-GP proteinase activity to a panel of 
proteinase inhibitors is shown in Table 6. 

Table 6 Mean (± SD) protease activity remaining after treating repli-
cates of H-gal-GP with various inhibitors 

pH 
4.0 

% activity 
remaining 

pH 
6.0 

Inhibitor Mean (SD) Mean (SD) 

Control 100 100 
PmsF 100 191 101 350 
EM 88 1-26 99 3-59 
Dithiothreitol 88 5-38 47 238 
Cysteine 94 216 2 236 
Glutathione tOO 265 86 1-50 
4-hydroxymercuribenzoate 95 2-22 90 141 
N-ethyimaleimide 105 3-30 77 208 
EDTA 94 457 13 822 
1,10 phenanthroline 100 129 23 171 
Pepstatin 12 350 85 714 
Phosphoramidon 100 206 10 265 

Proteolysis of haemoglobin at pH 40 was almost com-
pletely inhibited by pepstatin and relatively unaffected by 
the other inhibitors tested. By contrast, proteolysis of 
azocasein at pH 60 was markedly inhibited by the suiphy-
dryl reagents D'fl' and cysteine, by the chelating agents 
EDTA and 1,10 phenanthroline and by phosphoramidon, but 
was relatively unaffected by pepstatin. 

Gelatin substrate gel analysis. 
Proteolysis was consistently associated with Zone D. This 
effect was more pronouced at pH 7-5 than 5 and was 
enhanced by the presence of DTF (not shown). 

Protein substrate specificity. 
The affinity of H-gal-GP for the natural blood proteins 
haemoglobin, fibrinogen and albumin, as well as the general 
protein substrate azocasein, was evaluated at pH 40 and 70 
and the results are shown in Table 7. 

At pH 4-0, haemoglobin was hydrolysed at least seven-
fold more efficiently than the other substrates tested, but at 
pH 7-0 azocasein hydrolysis predominated. 

These findings suggested that native H-gal-GP possessed 
proteolytic activity consistent with the presence of more 
than one type of enzyme. The activity with the pH optimum 
of 4-5, which hydrolysed the substrate H-Pro-Thr-Glu-Phe-
Phe(NO2)-Arg-Leu-OH and which was inhibited by pep-
statin, clearly indicated the presence of an aspartyl protease. 
The finding that Zone C proteins showed sequence homol-
ogy with mammalian pepsins endorsed these results. Simi-
larly, that part of the activity with a pH optimum of 60 
which was sensitive to EDTA and phosphoramidon was 
consistent with metal dependent neutral endopeptidases and 
was confirmed by the sequence homologies detected 
between Zone A and B proteins and mammalian metallo-
peptidases. Equally, the remaining part of this activity was 
inhibited by cysteine and dithiothreitol indicative of 
cysteine proteases also subsequently identified by substrate 
gels and sequence homology to be present in Zone D. 

Table 7 Relative proteolytic activity of H-gal-GP with different 
substrates 

Substrate 	 pH40 	 pH 7-0 

Fibrinogen 0* 064 
Haemoglobin 5-12 0-27 
Albumin 077 132 
Azocasein 055 563 

SAbsorbance at 562 run. 
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DISCUSSION 

Mean levels of protection observed in each of the present 
sheep experiments were lower than those from two previous 
trials with native H-gal-GP, where values of greater than 
90% for eggs were recorded (Smith etal. 1994). The most 
obvious difference between the two sets of experiments was 
in the adjuvant regime. Freund's Complete Adjuvant was 
used for all three immunizations in the earlier trials but, in 
order to comply with changes in British Home Office animal 
licence regulations, this powerful but toxic adjuvant was 
used only for the first injection in the present experiments 
and in smaller, more widely dispersed amounts. Although 
the resulting immunization regime stimulated antibody 
concentrations which varied considerably between indivi-
dual sheep, the titres correlated with the degree of protection 
observed against challenge, a result which suggested that 
antibody was the protective mechanism. This notion is 
supported by previous vaccine studies with different gut 
membrane antigens of Haemonchus which have shown that 
protection correlates with antibody titre (Munn etal. 1997) 
and can be passively transferred between sheep by immune 
serum (Smith 1993) or colostrum (Andrews et al. 1995). 
Subsequent immunization trials with H-gal-GP in our 
laboratory, using QuilA as adjuvant have resulted in con-
sistent, high concentrations of antibody and have restored 
the levels of protection to those originally obtained with 
Complete Freunds (Smith et al. submitted for publication). 

Native PAGE showed that H-gal-GP complex was large 
with an apparent relative molecular weight of about 
1000kDa. The finding that a component of similar size 
and appearance was present in extracts of worm membranes 
suggested that the size of the complex was not an artefact of 
the purification procedure. The observation that H-gal-GP 
migrated as a single band on native gels was consistent with 
its failure to separate by a variety of chromatography 
techniques under native conditions. The complex readily 
dissociated in the presence of SDS either by PAGE or by gel 
filtration chromatography (unpublished observations) into 
four main protein zones, indicating that its major polypep-
tide components were held together electrostatically. The 
finding that the ratio of these components was consistent 
between preparations argues for a genuine complex rather 
than for a random mixture of molecules, which would have 
been expected to yield a more variable profile. Three of the 
four protein zones resolved by nonreducing SDS-PAGE 
contained between two to five disulphide linked subunits 
each. With one exception, all of these subunits were glyco-
sylated as detected by lectin binding, the glycan being 
sensitive to PNGase F in 5 cases, and therefore N-linked. 
There was no evidence for any 0-linked carbohydrate. A 
much more detailed analysis of the glycan architecture of 

Haemonchus integral membrane proteins (Haslam etal. 
1997) showed that not all the N-linked oligosaccharides 
were actually susceptible to PNGase F and revealed the 
presence of several novel core structures. 

Initial experiments showed that H-gal-GP possessed pro-
teolytic properties. Inhibitor and pH optima studies indi-
cated the presence of aspartyl and neutral endopeptidase-
like activities and substrate gels suggested the presence of 
cysteine proteases. These observations were confirmed 
when N-terminal amino acid sequence data from subunits 
of all the 4 major protein zones showed clear homology with 
the deduced products of pepsin, metallopeptidase or 
cysteine protease-like cDNAs recently isolated from 
Haemonchus (Tables 3, 4 and 5, Longbottom etal. 1997; 
Redmond etal. 1997). 

As expected, antibodies specific for the recombinant 
product of the pepsin-like gene reacted only with both 
Zone C bands, the N-termini of which had the corresponding 
sequence. Similarily, a polyclonal antiserum raised against 
polypeptides in Zone D was by and large specific for that 
zone. Conversely, antibodies raised against a recombinant 
metallopeptidase (MEP1) which had sequence that matched 
two bands from Zone A recognized most of the bands in 
Zones A and B. Since these antibodies were raised against 
bacterially expressed recombinant proteins, the cross-
reaction could not have been caused by common carbo-
hydrate epitopes. This was explained when it was found that 
4 of the 5 subcomponents of Zone A and the two most 
abundant subcomponents of Zone B could be identified by 
their N-terminal sequences as being members of a closely 
related family of four Haemonchus metallopeptidases which 
show at least 60% similarity to each other. A more detailed 
description of the molecular architecture of this gene family 
is being prepared. 

Since all the components of H-gal-GP were found in 
extracts of dissected out Haemonchus intestines, it was clear 
that the complex was present in the gut. This finding 
endorsed previous histological studies where N-acetyl-
galactosamine specific lectins or antibodies specific for 
recombinant MEPs or pepsin specifically illuminated the 
worm intestinal membrane or its lumen. (Smith etal. 1994; 
Longbottom etal. 1997; Redmond etal. 1997). The mechan-
ism of the association of H-gal-GP with the intestinal 
membrane is not clear, however. On the one hand the 
complex behaved like an integral membrane protein in 
that it was much more readily extracted by nonionic deter-
gents than by saline; on the other, H-gal-GP separated into 
the aqueous phase with Triton X-1 14 and the pepsin, 
metallopeptidase and cysteine protease gene sequences all 
predict water soluble molecules. The possibility that the 
complex was connected to the membrane by a phos-
photidylinositol phospholipase anchor (Jasmer etal. 1996) 
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seemed to be have been ruled out, although it is just possible 

that the anchor cleaving enzyme might have been inhibited 

by some unknown substance in the parasite membrane 

preparation. Further analysis of the composition of the 

individual components should provide additional insight 

on the matter, but our working hypothesis is that H-gal-

GP is a gut membrane associated multiprotease complex 

which is involved in the digestion of the blood meal and 

which can be neutralized by specific antibodies with drastic 

consequences for the parasite. 
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As already discussed in Chapter 4, the integral gut membrane glycoprotein 

complex H-gal-GP, isolated from adult H. contortus, affords a high degree of 

protection against homologous challenge when used to immunise sheep. Under non-

reducing SDS-PAGE conditions, the H-gal-GP complex can be dissociated into 

major protein zones. In an attempt to identify the protective component(s) of the 

H-gal-GP complex, gel slices representing these zones were used in a sheep 

vaccination trial (Smith and Smith, 1996). Although protection was variable, the 

190-200 Wa protein zone protected four of six sheep, and the dyefront proteins (<55 

kDa) three of six sheep. From the detailed H-gal-GP protein analysis described in 

Chapter 4, the higher molecular weight zone would be expected to comprise 

metallopeptidases and the dyefront zone, the aspartyl and cysteine proteinase 

components of H-gal-GP. That neither of these individual zones gave a level of 

protection equivalent to unfractionated H-gal-GP may indicate that more than one 

sub-component is necessary to obtain a consistent effect, or that protective epitopes 

were damaged by gel fractionation and elution. It has been shown that the protective 

efficacy of H-gal-OP diminished with dissociation and reduction (Smith and Smith, 

1996). 

The aim of the work presented in this chapter and in Chapter 6 was to clone 

and characterise the potentially protective metallopeptidase and aspartyl proteinase 

components of H-gal-OP. 

An adult H. contortus cDNA library was immunoscreened with pooled sera 

from lambs which had been immunised with H-gal-OP, and which were 

demonstrably refractory to subsequent challenge with H. contortus. Six 

immunoreactive clones were identified. Insert cDNAs were amplified by PCR using 

oligonucleotide primers directed to the vector arms, subcloned into a plasmid vector, 
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and their nucleotide sequences determined. Two clones proved to be identical and 

were termed metallopeptidasel (MIEP1) after database searching with their 

nucleotide and deduced amino acid sequence showed them to share similarity with 

mammalian neutral endopeptidases. Full-length MEPI sequence was obtained by 

extending the 5' and 3' sequences by PCR using generic spliced leader (SL1) and 

oligo(dT) primers, respectively, in combination with MEP1 gene-specific primers. 

Alignment of the deduced full-length MEP 1 amino acid sequence with rabbit neutral 

endopeptidase showed conservation of critical amino acids and the active site region, 

even though the overall sequence similarity was very low showing only 25% 

identity. Six potential N-linked glycosylation sites were identified, at least one of 

which is utilised as the MEP components of H-gal-GP have been shown previously 

to bind lectins (see Chapter 4). 

As predicted from the nucleotide sequence, Northern blot analysis showed 

MEP1 to be encoded by a 2.6 kb transcript. The complex profile of hybridising bands 

seen by Southern blot analysis is indicative of a multi-copy gene family and is 

consistent with the identification of 4 different MEP-encoding N-terminal amino acid 

sequences in H-gal-GP described in Chapter 4, and with the identification of a 

second MEP-encoding clone isolated from the cDNA library immunoscreen 

described above. 

The full-length MEP1 coding sequence was subcloned into the pGEX-2T 

bacterial expression vector to form an in-frame fusion with GST and to allow 

inducible expression of recombinant protein. Enzymatic lysis of induced bacterial 

cultures and SDS-PAGE analysis of soluble and insoluble fractions showed good 

levels of expression of recombinant GST-MIEP1 fusion protein, although it proved to 

be highly insoluble. Following separation of insoluble bacterial extracts by SDS-

PAGE, recombinant GST-MEP1 was purified from excised gel slices by 

electroelution and was injected into a single sheep to raise an antiserum. Specific 

sheep GST-MEP 1 antibody was purified by affinity-chromatography. Paraffin wax 

sections of adult H. contortus probed with biotinylated MEP1 affinity-purified 

antibodies showed strong staining of the microvillar surface of the gut, 

demonstrating the probable accessibility in vivo of the H. contortus 
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metallopeptidases to antibody ingested with the host blood meal, and was consistent 

with the localisation of the H-gal-GP complex (see Chapter 4). 

Developmental expression of H. contortus M1EP1 steady state mRNA levels 

was investigated by RT-PCP, expression being detected only in the blood-feeding L4 

and adult stages. The pattern of MEP 1 protein expression was determined by probing 

Western blots of worm membrane extracts with affinity-purified GST-MEP1 

antibodies. The temporal pattern of MEP1 protein expression was also found to be 

restricted to the L4 and adult stages of H. contorlus. 

The IVIEP1 sequence identified and cloned here represents one member of a 

family of metallopeptidases identified as being part of the host protective H-gal-GP 

antigen complex. Localisation of MIEP 1 to the parasite gut and its expression only in 

the blood-feeding and adult stages may be indicative of a critical role in parasite 

feeding and/or survival. H. contortus MEPs may function in a co-ordinated role with 

other parasite gut enzymes in the digestion of the host blood meal. Conversely, and 

by analogy to mammalian neutral endopeptidase function (Menozzi et al, 1991), the 

H. contortus MEPs may act to maintain parasite gut homeostasis through the active 

degradation of host-derived neuropeptides which may otherwise activate parasite 

opioid receptors leading to a reduction in parasite gut motility. 

Contribution to work 

I carried out all the work presented in this paper with the exception of raising 

antibody to recombinant protein in sheep (WD Smith) and subsequent affinity-

purification and biotin-labelling of specific antibody (GFJ Newlands). I was 

responsible for experimental design, interpretation of results and their 

communication at relevant scientific meetings, and preparation of the manuscript for 

publication. 
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Abstract 

Antisera from lambs immunised with the Haemonchus contortus integral membrane protein complex, Haemonchus 
galactose-containing glycoprotein (H-gal-GP), the lambs being refractory to subsequent challenge, were used to 
identify several clones from an adult H. contorlus Agtl 1 eDNA library. Using gene-specific oligonucleotide primers in 
conjunction with primers directed to a conserved nematode Spliced Leader (SL) sequence and to the polyA tail of 
mRNA, the remaining 5' and 3' sequences of one of these clones, metallopeptidase-1 (MEP1), were amplified. The 2.4 
kb full-length coding sequence was subsequently amplified in a single reaction. Sequence analysis identified MEPI as 
encoding a putative zinc metallopeptidase, which shared limited homology with the mammalian type II integral 
membrane protein neutral endopeptidase (NEP). Southern blotting indicated that MEPI belonged to a multigene 
family. MEP1 was expressed in bacteria as a glutathione-S-transferase (GST) fusion protein, and a specific antiserum 
raised in sheep. This antiserum recognised several polypeptide components of H-gal-GP. Immunolocalisation studies 
showed that MEPI encoded a protein located on the luminal surface of the nematode gut. Both MEPI mRNA and 
protein are developmentally regulated with expression being limited to the blood-feeding stages of H. conlortus. © 
1997 Elsevier Science B.V. 

Keywords: Haemonchus con tortus; Metallopeptidase; Neutral endopeptidase; Polymerase chain reaction 

Abbreviations: GST, glutathione-S-transferase; H-gal-GP, 
Haemonchus galactose-containing glycoprotein; NEP, neutral 
endopeptidase; RT-PCR, reverse transcribed polymerase chain 
reaction; SL, spliced leader. 

* Corresponding author. Tel: + 44 131 6643262; fax: + 44 
131 6648001; e-mail: knoxd@dmri.sari.ac.uk  

'Note: Nucleotide sequence data reported in this paper is 
available in the GenBank data base under the accession num-
ber Z75054.  

1. Introduction 

Haemonchus contorlus is a highly pathogenic 
blood-feeding nematode which resides in the abo-
masum of sheep, goats and other small ruminants. 
In the ovine host, infection can induce anaemia, 

0166-6851/97/$17.00 © 1997 Elsevier Science B.V. All rights reserved. 
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weight loss and, in severe cases, death [1] and is, 
consequently, of considerable worldwide economic 
importance. 

Current control of haemonchosis is dependent 
on the use of anthelmintic drugs. However, the 
rapid and widespread emergence of anthelmintic 
resistant strains of H. conlortus [2] has resulted in 
increased pressure to develop alternative means of 
control. 

Substantial protection against H. contortus in-
fection in both sheep and goats has been achieved 
by immunisation with either crude extracts of 
intestines dissected from the adult parasites [3,4] or 
by using individual antigens or antigen complexes 
purified from such extracts [5,6]. As these proteins 
are not recognised serologically by sheep which 
have acquired immunity following natural infection 
[4], they are often termed 'hidden' antigens. 

Recently, Smith et al. [7] described the isolation 
of a galactose-containing glycoprotein complex 
(H-gal-GP), from integral membrane protein ex-
tracts of adult H. contortus. The complex was 
shown to be highly protective against homologous 
challenge in sheep protection trials, reducing mean 
challenge worm burdens by up to 72% and mean 
faecal egg counts by up to 93% [7]. The glycosylated 
H-gal-OP complex is located on the luminal surface 
of the parasite's intestinal cells and can be fraction-
ated by SDS-polyacrylamide gel electrophoresis 
(SDS-PAGE) into four or eight major bands under 
non-reducing and reducing conditions, respectively 
[7]. In addition, enzyme analysis of H-gal-OP 
showed it to contain both aspartyl proteinase and 
neutral endopeptidase (NEP) activity [8]. 

Here we report the isolation, characterisation 
and expression of a full-length cDNA encoding a 
protein which exhibits limited homology with 
mammalian NEP and which is a component of the 
protective H-gal-OP protein complex. 

2. Materials and methods 

2.1. Parasites 

Clean H. contortus were harvested from the 
abomasa of donor lambs 7 to 28 days post-infection 
as described previously [9]. Parasites were stored in  

liquid nitrogen until required. 

2.2. Isolation of nucleic acids 

RNA was isolated from adult H. contortus using 
guanidinium thiocyanate and phenol-chloroform 
extraction [10]. Polyadenylated mRNA was iso-
lated as described by Sambrook et al. [11] except 
that SDS was omitted from the buffers. Oenomic 
DNA for Southern blot analysis was extracted 
from adult parasites according to standard proto-
cols [11]. 

2.3. construction and screening of cDNA library 

Single (ss cDNA) or double stranded cDNA (ds 
cDNA) was synthesised according to the manufac-
turer's instructions using the Amersham 'cDNA 
synthesis plus' kit and an oligo dT primer. An adult 
H. contortus Agtl 1 library was constructed as per 
manufacturer's instructions (Stratagene) and sub-
sequently screened using pooled sera from lambs 
which had been immunised with H-gal-OP and 
which were demonstrably protected against chal-
lenge infection with H. conlorlus. 

2.4. DNA sequencing 

Insert DNA from 2gt 11 immunopositive clones 
was amplified from plaque pure DNA stocks using 
the polymerase chain reaction (PCR) essentially as 
described in [12], digested with EcoRI and ligated 
into the Bluescript SK + (Stratagene) plasmid vec-
tor. Plasmid DNA was isolated using the alkaline 
lysis method [11] and sequencing performed using 
the Pharmacia T7 sequenase sequencing kit. Nucle-
otide and deduced amino acid sequences were 
compared to existing sequences in the GenBank 
and SwissProt databases respectively using the 
University of Wisconsin Genetics Computer, Se-
quence Analysis Software Package Version 8.0-
UNIX, 1994. 

2.5. PCR amplification and cloning of full-length 
cDNA 

The PCR strategy and primer sequences are 
summarised in Fig. 1. Fifty ng adult H. contortus 
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ss cDNA were used as target under the following 
reaction conditions: after initial denaturation at 
94°C for 1 nun, DNA was amplified in 30 cycles 
of 94°C, 1 mm; 45°C, 1 mm; 72°C, 3 mm, with a 
final 8 min extension at 72°C, with the exception 
of reaction P2 to dT where annealing was 
performed at 25°C. The Spliced Leader-1 (SL1) 
primer [13] and gene-specific P1 primer were used 
to obtain the 5' end of cDNA corresponding to 
clone MEP 1. The gene-specific primer P2 and an 
primer directed to the PolyA + tail were used to 
obtain the 3' end of the transcript. Sequence 
analysis allowed the translational start and stop 
signals to be determined. Oligonucleotide primers 
P3 and P4 were designed to these regions and 
Barn HI and SmaI restriction enzyme recognition 
sites added to the 5' ends of the primers 
respectively to facilitate in-frame cloning of the 
full-length P3/P4 amplified product. Following 
digestion with BamHI and SmaI, the PCR 
product was ligated into Barn HI/Smal digested 
pGEX-2T (Pharmacia) bacterial expression vector 
and the construct transformed into competent 
JM109 E. coil cells using standard methods. 

2.6 Southern and Northern blotting 

For Southern blot analysis EcoRI, Hindill or 
Barn HI digested genomic DNA was fractionated 

non-coding 	 cofing 	 non-coding 

5 	I 	 N'..'JJ 	3' 

Sun 	 Stop 

SLI —+ 	 4-• P1 

P2—+ 

P3-3 	 +—P4 

Fig. 1. Location of PCR primers used in amplification of the 
5', 3' and full-length coding region of the H. coniortus gene 
MEP1. Arrows indicate the direction in which DNA amplifica-
tion was initiated from each primer. The boxed region corre-
sponds to the relative position of the insert cDNA from 
immunopositive clone MEP1. Primer sequences (5'-3) were as 
follows: P1, GTCCTCCTATGTCAGCAACG; P2, 
GCTCGCCTGTGGTCCTGATA; P3, GTCGGATCCAT-
GCGTTACCTGGATGAC; P4, GTCCCGGGCTAGfl'-
GTCGACCCAGACC; dT, ACAGAA1TC T 15; SL1, 
GGTITAATFACCCAAG1T7GAG. 

on a 0.8% (w/v) agarose gel and transferred onto 
a Hybond-N nylon membrane (Amersham) under 
standard conditions [14]. For Northern blot anal-
ysis, adult H. conlortus mRNA was fractionated 
on a 1.3% denaturing formaldehyde gel as de-
scribed [15] and blotted as above. P3/P4 PCR 
amplification product was used as probe and was 
labelled according to the manufacturer's instruc-
tions using the 'DIG-labelling' kit (Boehringer 
Mannheim). Hybridisations were performed un-
der conditions of high stringency (at 42°C 
overnight in DIG Easy Hyb buffer [Boehringer 
Mannheim]). The membranes were washed in 1 x 
SSC (150 mM NaCl, 15 mM sodium citrate, 
pH7)/0. 1% (w/v) SDS for 30 min at room temper-
ature with one change of buffer followed by 2 x 
15 min washes in 0.2 x SSC/0. 1% (w/v) SDS at 
65°C and developed according to the manufactur-
er's instructions using the Boehringer Mannheim 
'DIG Nucleic Acid Detection' kit. 

2.7. Expression and Purification of Recombinant 
Protein 

Expression of the recombinant protein was in-
duced with IPTG (1 mM final concentration) for 
3 h at 37°C. Cells were pelleted by centrifugation 
at 1200 x g for 10 mm, the supernatant removed 
and the cells lysed by resuspending in 1/10 vol. 10 
mM Tris—HC1 pH 7.4, 1 mM EDTA pH 8.0 
(T.E.) containing 100 pg ml — ' lysozyme and 0.1% 
(v/v) Triton X-100. After incubation at 30°C for 
15 nun, samples were held on ice for 30 min and 
nucleic acids degraded by the addition of DNase 
and RNase A to a final concentration of 10 ,ug 
ml 'in the presence of 8 mM MgCl,. Soluble 
and insoluble fractions were separated by recen-
trifugation and analysed in 7.5% discontinuous 
SDS-PAGE gels [16] under reducing conditions. 
Proteins were visualised by coomassie blue stain-
ing. 

2.8. Antibody production and purification 

Using the method of Shagger and von Jagow 
[17], insoluble fractions containing the recombi-
nant GST-MEP1 fusion protein were run on 6-
12% preparative gradient gels (BioRad Protean 11 
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vertical slab gel apparatus), a gel slice containing 
the recombinant protein excised and the protein 
electro-eluted (Atto AE3590). A single sheep was 
given an initial injection of 10 pg of purified 
recombinant protein followed by two injections of 
30 pg in QuilA (Superfos) intramuscularly at 
three weekly intervals. Serum was collected one 
week after the final injection. Electro-eluted 
recombinant H. contortus GST-MEP1 fusion 
protein (1 mg) was coupled to NBr-activated 
Sepharose 4B (Pharmacia) according to manufac-
turer's instructions. Sheep antiserum (1 nil) was 
applied to the column and bound immunoglobu-
lin eluted with 6 M urea in 0.1 M citrate buffer 
containing 0.5 M NaCl, pH 2.2. Eluted material 
was dialysed overnight against phosphate buffer 
saline (PBS) containing 0.01% (w/v) NaN 3 . 

Affinity-purified sheep antibody was then labelled 
with biotin using the method of Goding [18] and 
dialysed overnight against PBS containing 0.01% 
(w/v) NaN3 . 

2.9. Immunolocalisalion 

Twenty one day old H. contortus were 
chopped into small segments on ice cold PBS, 
embedded in 3% (w/v) agar, fixed overnight in 
Modified Bouins fluid (4.9% (v/v) 40% formalde-
hyde, 92.7% (v/v) saturated aqueous picric acid, 
2.4% (v/v) glacial acetic acid) overnight and sub-
sequently processed and embedded in paraffin 
wax. Sections 5 pm thick were probed with bi-
otinylated antibody for 1 h at room temperature 
followed by optimally diluted streptavidin-horse 
radish peroxidase (HRPO [Sigma]). Immunore-
activity was revealed using 3,3'-diaminobenzidine 
tetrahydrochloride (DAB) and hydrogen perox-
ide as substrate. 

2.10. Western blotting 

Integral membrane proteins were prepared 
from 0.25-0.5 g (wet weight) adult H. contortus 
by successive extractions with PBS, Tween 20 
and TritonX-100 [7], the supernatant from the 
latter being used for Western blots. H. contortus 
membrane protein extracts were separated on a  

10% discontinuous SDS-PAGE gel under reduc-
ing conditions and electrophoretically transferred 
onto Immobilon P membrane (Millipore). After 
periodate treatment to block carbohydrate epi-
topes [19], blots were probed with affinity-
purified GST-MEP1 antibody (1 jzg ml) 
overnight at room temperature. Following exten-
sive washing in 25 mM Tris, 137 mM NaCl, 2.7 
mM KC1 pH 7.4, 0.05% (v/v) Tween 20 (TBST), 
the membrane was incubated in HRPO-conju-
gated donkey anti-sheep IgG (Scottish Antibody 
Production Unit) at a 1/500 dilution in TBST 
for 1 h, re-washed and developed with DAB 
and hydrogen peroxide. 

2.11. Developmental PCRs 

H. contortus genomic DNA or ss cDNA was 
amplified in a PCR reaction using the MEP1 
sequence specific primers P1 and PS (5'-GAAT-
GCTCAAACGATT7GCC-3') and reaction con-
ditions as described above. Amplification from 
the pGEX-2T GST-MEP1 construct was in-
cluded as a positive control. Amplified products 
were separated on a 0.8% (w/v) agarose gel and 
blotted onto Hybond-N + nylon membrane 
(Amersham) in 0.4 M sodium hydroxide accord-
ing to the manufacturer's recommendations. The 
membrane was probed with DIG-labelled full-
length MEP1 under high stringency conditions 
as described above. 

3. Results 

3.1. eDNA library screening and analysis of 
immunopositive clones 

Screening with anti-H-gal-GP serum and sub-
sequent antibody elution experiments identified 
six clones encoding components of H-gal-GP. 
Subsequent sequence analysis showed that two 
of these clones were identical and that their de-
duced amino acid sequence shared 42% identity 
with human, rabbit and rat NEP. One of these 
clones, MEP1, was used in the subsequent PCR 
cloning strategy. 
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:1.1. 	1:1.1 	 .1 	..I.: 	1117:117.7.7:1 
Rabbit 	599 OGDLV. . . 08810 ...... QSANNFKEQSQCIIVYQCG1IFSWDLAGG. .00 637 

HEel 	877 AUCVTTOGENVADIGGLQPAYOATVKLMGDRVEKRLPGLEQYTPKQIFWH 726 
117.1 	111:11 	lI:..lI.Il 	...... 1.71. 

Rabbit 	638 LOGI NTLGENIA006CIGQAYRAYQHYVKKNGEEKLLPGI OLNIII7QLFPL 687 

MEP1 	727 STAYS CENKGQDSLTrQLLTNPHSPASCRV009VODIPEFSAOFGC MC 776 
:1 	II ............ :17.1117.17.71:. 111.1.1 

Rabbit 	688 NIAQVWCGTYRPEYRVNSIKTDVHSPGNP0110SLQUSVEPSEAFQC 	P 735 

NEPI 	777 OKMFPTPOVRCKVWVDN 	793 
1:11 

Rabbit 	736 KNSYHNPEKI7C yR.... 749 

Fig. 2. Alignment of the predicted amino acid sequence of the full-length coding region of gene MEP1 with rabbit NEP (Genebank 
accession No. P08049). The SIX potential Winked glycosylation sites (N-X-T/S) present in MEP1 are highlighted with asterisks. 
Eight cysteine residues conserved between the two sequences are boxed as is the putative neutral zinc metallopeptidase active Site 
consensus sequence (VxxHExxH). The 24-aa transmembrane region of rabbit NEP is underlined. Conserved aa identified as critical 
for mammalian NEP.substrate binding and /or catalytic activity (Vat 580, His 583, 587, Glu 584, 646, Arg 102, 747) are noted (). 
The four amino acid residues thought to act as hydrogen bond donors during NEP-substrate catalysis are double underlined. 
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3.2. Amplification and cloning of full-length 
cDNA encoding MEPI 

The relative positions of the PCR primers used 
to amplify the 5' and 3' sequences of the selected 
recombinant and the subsequent amplification of 
the full-length coding region are shown in Fig. 1. 
The products of SL1 to P1(2.17 Kb) and P2 to 
dT (0.68 Kb) were sequenced and a single base 
pair change noted in the 191 bp region where 
these sequences overlapped. To ensure that the 
products from the separate 5' and 3' PCR reac-
tions were encoded by the same cDNA, primers 
P3 and P4 were designed to the consensus coding 
sequences at the predicted translational start and 
stop codons, respectively, to allow the full-length 
coding region to be amplified in a single reaction. 
As predicted from the sequences already obtained, 
a specific product of 2.4 Kb was amplified. 

3.3. DNA sequence analysis 

The deduced amino acid sequence of the 2.4 Kb 
PCR amplification product (designated MEN) 
and its alignment with rabbit NEP is shown in 
Fig. 2. Amino acids 624-728 were found to be 
identical to the cDNA insert of the original se-
lected immunopositive clone. The sequence en-
coded an open reading frame of 793 amino acids 
and contained six potential N-linked glycosylation 
sites. A database search showed that the predicted 
amino acid sequence of MEP1 shared 50% simi-
larity and 25% identity with human, rabbit and 
rat NEP sequences. Amino acid differences were 
distributed along the gene length although several 
residues required for enzyme activity (marked in 
Fig. 2) were conserved between MEP1 and the 
mammalian NEP sequences including a putative 
neutral zinc metallopeptidase active site consensus 
sequence (VxxHExxH) encoded by amino acids 
608-615. In addition, the relative positions of 
eight cysteine residues was common to both the 
MEP1 and mammalian NEP sequences. 

3.4. Northern and Southern blot analysis 

A random primed probe corresponding to the 
full-length coding region of MEP1 hybridised to a 

single niRNA transcript of approximately 2.6 Kb 
under high stringency conditions (data not 
shown). Southern blotting revealed a complex 
profile of hybridising bands with each restriction 
enzyme (Fig. 3). 

3.5. Expression of recombinant MEF1 

Following induction of the recombinant GST-
MEP1 fusion protein, soluble and insoluble frac-
tions were analysed by SDS-PAGE. A prominent 
band of approximately 105 kDa was evident in 
the insoluble preparation (data not shown). 
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3.6 Immunolocalisagion 

The recombinant GST-MEPI protein was 
purified, specific antiserum raised in sheep and 
affinity purified as described in Section 2. The 
affinity-purified antibodies reacted strongly with 
four polypeptides of reduced H-gal-GP by West-
ern blotting (Fig. 4) and, on Haemonchus sections 
stained the microvillar surface of the gut strongly, 
with fainter staining being observed in the gut 
lumen (Fig. 5). 

3.7. Developmental expression of MEPI 

The developmental pattern of MEPI expression 
was determined using gene-specific internal 
oligonucleotide primers and RT-PCR. The results 

123 

210- 

116- 
97- 

kDa 66-

45-. 

29- 

Fig. 4. Western blot of reduced 11-gal-GP with the coomassie 
blue-stained profile of the protein complex shown in lane 2. A 
Western blot strip probed with affinity purified anti-recombi-
nant GST-MEP1 is shown in lane 3. Molecular weight mark-
ers are shown in lane 1. 

are shown in Fig. 6A. A specific 1.3 Kb product 
was obtained from L4, II day, 22 day and 28 day 
H. con/onus only. The pattern of protein expres-
sion within these stages was determined by prob-
ing Western blotting extracts of worm membranes 
with affinity-purified sheep anti-recombinant 
GST-MEPI (Fig. 6B). The temporal pattern of 
protein expression was identical to mRNA expres-
sion in that reactivity was observed in the L4, 11, 
22 and 28 day worms only. This reactivity was 
similar to that observed with H-gal-GP with 
bands at approximately 130, 91, 47 and 41 kDa, 
except that an additional component of 115 kDa 
was also recognised. 

4. Discussion 

We report here the isolation of a cDNA encod-
ing a putative metallopeptidase (MEP1) expressed 
by H. conlorlus which is a component of the 
protective gut glycoprotein complex H-gal-GP. 

The 2.4 kb coding region of MEN predicted a 
793 amino acid protein with a polypeptide core of 
approximately 80 kDa. MEN showed maximal 
homology (50% similarity, 25% identity) to rabbit 
(Fig. 2), human and rat NEP. The metallopepti-
dase NEP is a type II integral membrane protein 
which exhibits a diverse tissue distribution and 
which is present in microvillar structures such as 
the brush border of kidney [20] and intestine [21]. 
NEP is responsible for the degradation of a vari-
ety of pharmacologically active peptides both in 
nervous and peripheral tissues, with enzyme activ-
ity being zinc-dependent. The zinc metallopepti-
dase family of proteinases also includes 
carboxypeptidase, angiotensin converting enzyme, 
collagenases and bacterial thermolysin. Although 
individual sequences are comparatively divergent, 
they all show conservation in the region which is 
involved in the binding of zinc and in catalysis 
[22]. This consensus active site sequence 
VxxHEx.xH is encoded by amino acids 608-615 in 
MEP1 as VVGHELVH. By analogy to bacterial 
thermolysin [23], the two histidine residues are 
zinc-coordinating ligands while the glutamine 
plays a role in catalysis through polarising a water 
molecule. 



D. L. Re(linmd et al. Sb/ecu/ar and BhJ lin/c a! FartLt ttu/ogt 85 (1 997) 77-87 

Fig. 5. Immuno local isation of the gene product of the 11. contorno gene MLF. MICIOgFaphs lphCtsC conhlast microscopy, 	200 
magnification) of transverse sections through adult H. conlortus probed with either pre-immune control serum (A), or with 
affinity-purified anti-recombinant GST-MEPI serum (B). lmmunostaining is evident on the microvilar surface of the gut (M) and 
in the gut lumen (L). Diameter of sections is approximately 300 pm. 

Although showing only weak homology with 
other zinc metallopeptidases, the mammalian 
NEP sequences share greater than 90% primary 
amino acid sequence identity and I00% conserva-
tion of critical amino acids and functional motifs 
[24]. A best-fit alignment with rabbit NEP (Fig. 
2) indicates that, in addition to the conserved 
active site consensus sequence, some of these 
residues are present in MEPI. For example, of 
four NEP residues thought to act as hydrogen 
bond donors stabilising the intermediate enzyme-
substrate complex [24], two, Asn 550 and Lys 
683, aligned with Asn 578 and Lys 721 in the 
MEPI sequence. Glu 646, which functions as a 
zinc coordinating residue in mammalian NEP 
[24], aligned with Glu 685 in MEPI. The active 
site Arg 747 in mammalian NEP, which interacts 
with the carbonyl amide group of the hydropho-
bic residue of the substrate where cleavage oc-
curs [25], aligned with a lysine residue (789) in 
MEPI, although it is interesting to note that  

there is an Arg at position 786 in MEP1 which 
may be functional in the active site. A second 
active site Arg residue at position 102 in mam-
malian NEP was replaced by Thr in the MEP1 
sequence. This Arg is thought to function in 
substrate binding although its contribution is 
very dependent on the nature of the substrate 
and has been shown not to be essential in mam-
malian NEP [26]. MEPI contains sixteen cysteine 
residues, eight of which aligned with cysteine 
residues in NEP and which may form the four 
disulphide bridges necessary to maintain enzyme 
structure and activity [27). Six potential N-linked 
glycosylation sites were identified in MEPI, con-
sistent with the mature enzyme being a glyco-
protein. MEP1 does not contain the short 
NH,-terminal cytoplasmic and 23 amino acid hy-
drophobic transmembrane domains found in 
mammalian NEPs [24]. No regions of particular 
hydrophobicity were identified in MEPI, suggest-
ing that the protein is not anchored into the 
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Fig. 6. Developmental expression of the H. conwrlu,s MEPI gene. (A) cDNA from different developmental stages was used as 
template in a PCR amplification using MEP1 gene-specific primers to determine the pattern of mRNA expression. PCR products 
were blotted and probed with DIG-labelled probe corresponding to the full length coding region of MEPI. A PCR reaction using 
H. con janus genomic DNA as template (lane 2) was included as a control to confirm that the PCR products obtained from the 
developmental cDNA preparations were not derived front contamination with genomic DNA. Amplification from vector containing 
MEPI was included as a positive control (lane 1). PCR was carried out from eggs, L3. LA, 11, 22 and 28 day H. contorlus and the 
results shown in lanes 3-8, respectively. Migration of I kb DNA markers was as indicated. (B) The pattern of protein expression 
was determined by Western blotting. Membrane extracts of eggs, L3, LA, 11, 22, and 28 day H. contorlus were probed using 
affinity-purified anti-recombinant GST-MEP1 serum and the results shown in lanes 1-6. respectively. Molecular weight markers 
migrated as indicated. 

membrane itself but may form a complex with 	human physiological fluids including plasma, 
another membrane-anchored protein, as has been 	cerebral spinal fluid and seminal plasma [22). 
reported for proteins of the general secretory 	Southern blot analysis of 1-/aernonchus genomic 
pathway in E. coil [28]. Immunolocalisation stud- 	DNA probed with DIG-labelled MEPI (Fig. 3) 
ies using affinity-purified antibody to the GST- 	showed multiple hybridising bands, indicating 
MEP1 fusion protein showed the native protein to 	that the peptide is probably encoded by a member 
be located principally on the surface of the gut 	of a multi-gene family. Using the same initial 
with specific staining of the microvilli, although 	immunoscreening procedure, we have recently iso- 
some fainter staining was also observed in the gut 	lated a second cDNA fragment (MEP2) which 
lumen (Fig. 5). The latter might indicate a soluble 	encodes an open reading frame of 218 amino 
form of the enzyme such as has been detected in 	acids and which shares 71% homology with 
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MEPI and 25% identity with mammalian NEPs. 
This eDNA hybridised to a mRNA transcript of 
3.0 kb in size under Northern blot analysis (data 
not shown). When Western blot strips of H-gal-
GP, fractionated under reducing conditions, were 
probed with an affinity purified antibody to the 
recombinant GST-MEPI construct, several bands 
were recognised including bands of 91 kDa and 
130 kDa (Fig. 4). These proteins may correspond 
to the glycosylated forms of the proteins encoded 
by the 2.6 and 3.0 kb mRNA transcripts described 
above. In addition, two bands at 41 and 47 kDa 
were strongly recognised. Presumably these were 
degradation products as antiserum raised to GST 
alone did not recognise any peptide components 
of H-gal-GP (data not shown), demonstrating 
that the reactivity was specific. However, the posi-
bility that they are themselves distinct NEP-like 
sequences cannot be excluded. Shorter NEP 
mRNA transcripts, probably derived by alterna-
tive splicing, have been detected in brain tissue 
[29], human lung [30] and in B- and T-cells [31]. 
Their location, whether or not these proteins are 
expressed and if they are enzymatically active is, 
however, unclear. 

MEP1 expression was shown to be developmen-
tally regulated, mRNA transcript production and 
translation being restricted to the L4 and adult 
stages of the parasite (Fig. 6A,B). The appearance 
of a faintly reacting band of 115 kDa, which is 
not seen in H-gal-GP, may indicate expression of 
other MEP gene products in the parasite. This 
pattern of expression may indicate that the en-
coded protein is necessary for blood-feeding, the 
enzyme possibly being involved in proteolytic di-
gestion of the blood meal. 

However, in the mammalian gastro-intestinal 
tract, neuropeptide activation of opioid receptors 
can lead to a reduction in gut motility, especially 
through changes in ion and fluid transport across 
the mucosal cell membrane [32]. Opioid receptors 
are located in close proximity to NEP and 
aniinopeptidases in the mammalian gut suggesting 
that all three may be required for neuropeptide 
degradation [33]. It is worthy of note that another 
highly protective gut membrane protein isolated 
from Haen1onchus is an aminopeptidase (Munn et 
al., 1994, ICOPA VIII abstract S26.3 (1404), pp.  

98). The enzyme encoded by MEP1, its potential 
homologues, as well as the Hl 1 aminopeptidase, 
may have a co-ordinated function to digest the 
blood meal and/or to degrade ingested biologi-
cally active host-derived peptides in order to 
maintain gut homeostasis in the parasite. 

The similarities noted to mammalian NEP, as 
well as the fact that the H-gal-GP protein com-
plex has been shown to contain NEP-like enzyme 
activity as judged by the inhibition of azocasein 
hydrolysis at neutral pH by phosphoramidon, 
chelating agents and sulphydryl reagents [7], sug-
gests that the sequence described here encodes an 
NEP homologue expressed on the surface of the 
nematode gut. However, there are sufficient fun-
damental differences between MEP1 and the 
mammalian equivalents for the enzyme to merit 
detailed analysis to assess its function in the gut 
and to determine if gut localisation is unique to 
Haernonchus and to other blood-feeding 
helminths. The results presented in this paper 
clearly demonstrate that MEP1 has potential as a 
sub-unit vaccine component or as a novel target 
for chemotherapeutic inhibition. 
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Chapter 6: Molecular cloning and characterisation of a 

putative aspartate proteinase associated with a gut 

membrane protein complex from adult Haemonchus 

con tortus. 
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As discussed previously (see Chapter 4; Smith et al, 1999), H-gal-GP 

possesses marked proteinase activity, exhibiting metallo-, aspartyl and a sometimes 

detectable cysteine proteinase activity. A sheep vaccination trial using gel-eluted 

subfractions of H-gal-GP, separated on the basis of molecular size, showed that a 

degree of protection could be achieved by immunising with either a high molecular 

weight fraction (190-200 kDa) containing metallopeptidases, or a dyefront fraction 

(<55 kDa) expected to contain the aspartyl proteinase component of H-gal-GP 

(Smith and Smith, 1996). The H-gal-GP aspartyl proteinase has been identified as 

having a molecular size of —40-42 kDa (under non-reducing conditions), as 

determined by N-terminal amino acid sequence analysis of the H-gal-GP subunit 

components (see Chapter 4; Smith et al, 1999). The molecular cloning and 

characterisation of an immunogenic metallopeptidase (MIEP1) component of 

H-gal-GP was described in Chapter 5. 

The aim of this paper was to clone and characterise the potentially protective 

aspartyl proteinase component associated with the dyefront fraction of H-gal-GP. 

Biochemical analysis of H-gal-GP, as reported in Chapter 4, identified 

optimal aspartyl proteinase-associated haemoglobinase activity at pH 4. Here, that 

>90% inhibition of H-gal-GP haemoglobin hydrolysis was obtained by pre-

incubation with the specific inhibitor pepstatin, demonstrated that the aspartyl 

proteinase component of H-gal-GP was primarily responsible for this activity. 

H-gal-GP was also shown to hydrolyse a specific aspartyl proteinase peptide 

substrate in a dose-dependent manner. 

Immunoscreening of an adult H. contortus cDNA library with pooled sera 

from lambs immunised with H-gal-GP, and which were demonstrably protected from 
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challenge infection, identified six immunopositive clones. Nucleotide sequence 

analysis of insert cDNA identified two clones encoding MEP1 (see Chapter 5) and a 

third encoding a related MEP sequence. Nucleotide sequence analysis of a further 

clone showed it to contain a full-length sequence with homology to the mammalian 

aspartyl proteinase precursor, pepsinogen. Alignment of the deduced amino acid 

sequence of the H. contortus pepsinogen (PEP1) with mammalian sequences 

revealed conservation of critical elements, including the two active site regions. 

H. contortus PEP1 contains three potential N-linked glycosylation sites. The aspartyl 

proteinase components of H-gal-GP bind both wheatgerm and lentil lectin (Smith et 

al, 1994b) indicating that at least one of these sites is utilised. N-terminal amino acid 

sequence data obtained from the 40 kDa component of H-gal-GP (see Chapter 4) 

corresponded to the PEP1 sequence commencing at the predicted signal cleavage 

site, providing confirmation that PEP I encodes the aspartyl proteinase component of 

H-gal-GP. 

PEP  hybridised to a transcript of 1.5 kb on Northern blots and gave a simple 

banding profile, consistent with a single copy gene, by Southern blot analysis. 

Oligonucleotide primers were designed to PCR amplify cDNA encoding both 

full-length pepsinogen precursor and the predicted mature enzyme, and to facilitate 

in-frame cloning into the pET22b bacterial expression vector. Both recombinant 

proteins were expressed as insoluble inclusion bodies, as determined by SDS-PAGE 

analysis of bacterial fractions. When used individually in a sheep protection trial, 

neither recombinant protein afforded any protection against subsequent H. contortus 

challenge (unpublished results). Recombinant mature H. contortus pepsin was 

solubilised in urea and used to raise antibodies in both rabbits and sheep. Specific 

antibodies were purified from sheep serum by affinity chromatography and used to 

probe paraffin wax sections of adult H. contortus. Immunostaining was localised to 

the surface of the adult gut but was also evident in the gut lumen, suggesting 

liberation of a soluble form of the enzyme which is not complexed to H-gal-GP. 

When used to probe a Western blot profile of H-gal-GP after non-reducing 

SDS-PAGE, antibodies to recombinant PEP1 recognised two bands of 40 and 42 

kDa. As mentioned above, N-terminal amino acid sequence analysis of the 40 kDa 

band corresponded to the PEP 1 amino acid sequence commencing at the predicted 
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signal peptide cleavage site. Sequence data for the 42 kDa band was very similar, but 

possessed an additional 4 amino acids at the N-terminus, and an additional internal 

DY, perhaps indicating alternative processing or the presence of minor variants 

within the worm population. 

The temporal pattern of H. contortus pepsinogen steady-state mRNA levels 

and protein expression was analysed by RT-PCR, and by probing Western blots of 

membrane-bound extracts of the different developmental stages of H. contorlus with 

rabbit anti-PEP 1 serum. In both cases, expression was restricted to the blood-feeding 

L4 and adult stages. 

In conclusion, a full-length cDNA sequence (PEP!) encoding a H. con/onus 

protein with homology to the mammalian aspartyl proteinase precursor, pepsinogen, 

has been isolated. That the PEP1 sequence contains N-terminal amino acid sequence 

obtained from a peptide subunit of H-gal-GP and that antiserum raised to bacterially 

expressed recombinant PEP 1 binds strongly to two bands of —40 Wa on Western 

blots of H-gal-GP, previously identified as the aspartyl proteinase component of this 

complex by virtue of their binding to pepstatin-agarose, is evidence that PEP1 

encodes the potentially protective aspartyl proteinase component of the H-gal-GP 

complex. The H. con/or/us pepsinogen shows high affinity for haemoglobin as 

substrate, localises to the parasite gut and is expressed only in the blood-feeding L4 

and adult stages, strongly suggesting that this enzyme plays a critical role in 

digestion of the host blood meal and is, therefore, a pertinent candidate vaccine 

antigen. 

Contribution to work 

Library construction, immunoscreening and preliminary sequencing of the 

pepsinogen clone were carried out by D Longbottom, M Russell and S Liddell. All 

other work presented in this paper was initiated and carried out by myself. 
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Methods" and "Figures" for publication. 
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Abstract 

A cDNA was isolated from an adult Haeinonchus contortus cDNA expression library the deduced amino acid 
sequence of which showed significant homology to mammalian pepsinogen sequences. The library was screened with 
antisera raised against Haemonchus galactose-containing glycoprotein complex, a gut membrane protein complex with 
aspartyl proteinase activity which has shown considerable potential as a protective antigen. The amino acid sequence 
obtained corresponded very closely in part to the N-terminal amino acid sequences of two polypetides within the 
complex. The enzyme was shown to be almost exclusively expressed by the blood-feeding parasite stages. The cDNA 
was expressed in E. co/i, and antibody produced to the recombinant protein bound to the luminal surface of the gut 
in the adult parasite. The proteinase may play a central role in digesting the blood meal and is considered a potential 
sub-unit vaccine candidate. C 1997 Elsevier Science B.V. 

Keywords: Haesnonchus coruorlus; Aspartyl proteinase; Pepsinogen; H-gal-GP; Gut expression 

1. Introduction 
Abbreviations: H-gal-OP. Haemonchus galactose-containing 

glycoprotein; Pep, pepsinogen; RT-PCR, reverse transcribed 
polymerase chain reaction; SL, spliced leader; IPTG, isopropy-
lthio-/1-i>galactoside. 

* Corresponding author. Tel.: + 44 131 6643262; fan: +44 
131 6648001; e-mail: Knoxd@mri.sari.ac.uk  

Note: Nucleotide sequence data reported in this paper are 
available in the EMBL and GengankTM  databases under the 
accession number Z72490. 

A recent report [1] described the isolation of a 
galactose-containing glycoprotein complex, 
termed H-gal-GP, from integral membrane 
protein extracts of the adult Haemonchus con toT-
tees. Sheep immunisation trials showed that the 
complex was highly protective against ho-
mologous challenge, reducing mean worm bur- 

0166-6851/97/517.00 0 1997 Elsevier Science B.V. All rights reserved. 
P11 S0166-6851(97)00074-1 



64 	 D. Lwzgbouom 01 al./ Molecular and Biochemical Parasitology 88 (1997) 63-72 

dens by up to 72% and mean faecal egg counts by 
up to 93% [1]. This complex is glycosylated, selec-
tively binding to lectins with specificity for N-
acetylgalactosamine, and is located on the luminal 
surface of the intestinal cells of the parasite. It can 
be fractionated into four or eight major bands 
using SDS-polyacrylamide gel electrophoresis 
(SDS-PAGE) under non-reducing or reducing 
conditions respectively [1]. In addition, H-gal-GP 
was shown to contain weak proteinase activity 
towards the general protein substrates azocasein 
and gelatin and strong activity towards 
haemoglobin [2]. Furthermore, it was found that 
two components of H-gal-GP, each with an ap-
parent molecular mass under non-reducing condi-
tions of approximately 40 kDa, bound very avidly 
to the pepstatin-agarose. The present report de-
scribes the isolation of a cDNA from Haemonchus 
which encodes these components of H-gal-GP and 
the deduced protein sequence shows homology to 
mammalian pepsinogens. 

2. Materials and methods 

2.1. Purification of Hoemonchus 
galactose-containing glycoprorein and pro teinase 
activity determinations 

H-gal-GP was purified from integral membrane 
protein extracts of adult H. con wrtus using lectin-
affinity chromatography [1]. Haemoglobin degra-
dation was monitored from pH 3.5-7.0 [3] and 
aspartyl proteinase activity sought using the pep-
tide substrate, H-Pro-Thr-Glu-Phe-Phe(NO 2)-
Arg-Leu-OH (Novabiochem; [4]). 

2.2, Isolation of nucleic acids 

RNA was extracted from 11-day old H. contor-
tus using guanidinium isothiocyanate and phenol-
chloroform extraction [5]. Polyadenylated mRNA 
was isolated by chromatography on oligo(dT)-cel-
lulose (6] except that SDS was omitted from all 
the buffers. Genomic DNA for Southern blot 
analysis was extracted from 28 day parasites ac-
cording to standard protocols [6].  

2.3. eDNA synthesis and Ag:!) library screening 

eDNA synthesis and Agtl 1 library construction 
were performed as described previously [7]. A 
portion (50 000 plaque forming units) of the resul-
tant library was immuno-screened using pooled 
sera from lambs which had been immunised with 
H-gal-GP [I] and which were demonstrably pro-
tected against challenge infection with H. contor-
(us. 

The H-gal-OP peptide component encoded by 
selected recombinant phage was identified using 
affinity purified antibody selected on a lawn of 
plaque-pure recombinant phage [8]. The antibody 
solutions were used to probe Western blot strips 
of H-gal-GP, fractionated using reducing SDS-
PAGE. 

2.4. DNA sequencing 

Insert DNA from a selected recombinant, des-
ignated Pepi, was amplified by polymerase chain 
reaction (PCR) [9] and sub-cloned into the plas-
mid vector pCRII (TA cloning system, Invitro-
gen). The DNA sequence was determined using 
the M13 forward and reverse primers and specific 
primers directed to internal sequences of the insert 
using the Pharmacia T7 sequenase sequencing kit. 
The nucleotide and deduced amino acid sequences 
were compared to existing sequences in the Gen-
Bank and EMBL databases using the University 
of Wisconsin Genetics Computer Group, Se-
quence Analysis Software Package Version 8.0-
UNIX, 1994. 

2.5. Northern and Southern blotting 

Nucleic acids were prepared by standard meth-
ods and transferred to a Hybond-N nylon mem-
branes under standard conditions (Amersham, 
UK; [61) and the blots hybridised with denatured 
Pep! labelled using the T7 QuickPrime kit (27-

9252-01, Pharmacia, UK) with [32P]dCTP (Amer-
sham, UK). Hybridisation was carried out 
overnight at 65°C [6] with two high stringency 
washes in 0.1 x SSC/0.1% SDS at 65°C, each for 
15 mm. Blots were analysed by autoradiography 
at - 70°C using a Cronex lightening plus intensi-
fying screen. 
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2.6 N-terminal amino acid sequencing 

H-gal-GP (5 pg) was fractionated under non-
reducing conditions by SDS-PAGE and trans-
ferred to ProBlot membranes (Applied 
Biosystems). After Coomassie blue staining, two 
distinct bands of about 40 and 42 kDa were 
excised from the membrane and the N-terminal 
amino-acid composition of each was determined 
on an Applied Biosystems Model 477A peptide 
sequencer. 

2.7. Sub -cloning into pET plasniid expression 
vector 

cDNAs encoding both the full-length pepsino-
gen precursor and the predicted mature enzyme 
were amplified using the primer pairings PI/P3 
and P2/P3 respectively with primer annealing at 
45°C. The primer positions are indicated in Fig. 2 
and their sequences given in the figure legend. The 
sense primers, P1 and P2, contained Pstl and 
Nde I restriction enzyme recognition sites while 
the antisense primer, P3, included a BamHl site 
to facilitate in-frame sub-cloning into the vector. 

The amplification products were purified from a 
0.8% agarose gel and, following digestion with 
BwnHl and Ndel, the 1.1 kb (mature enzyme) 
and 1.3 kb (proenzyme) fragments were ligated 
into the plasmid pET 22b (+) and used to trans-
form competent BL2 I E. co/i (Novagen). 

2.8. Induction of recombinant protein expression 
in pET 

Liquid bacterial cultures (50 ml in L-broth/ 
ampicillin; OD,,, =0.5) were induced by the addi-
tion of IPTG to 1 mM final concentration and 
incubated for a further 3 h. Recombinant protein 
expression was confirmed by SDS-PAGE analysis 
as described previously [7]. Bacterial cell pellets 
were suspended in 3 M deionised urea to solu-
bilise contaminating bacterial proteins and, after 
centrifugation at 11 000 x g, the recombinant 
protein pellet was solubilised in 5 M urea/50 mM 
/J-mercaptoethanol, denatured and rapidly diluted 
in 50 mM Tris pH 8.5 [10]. The recombinant 
protein was concentrated using Centricon-10  

devices (Amicon) to give final pooled protein con-
centrations of about 840 pg ml. Aliquots of 
this solution were diluted 1-4 with 50 mM Tris, 
pH 8. 

2.9. Anti-pET 1.1 pep sera and affinity 
purification of antibodies 

Recombinant pET 1.1 pep (50-100 jig) in Fre-
und's complete adjuvant was administered subcu-
taneously to two rabbits and six sheep in 0.25 ml 
doses at two sites. The animals were boosted with 
antigen in Freund's incomplete adjuvant 3 and 6 
(sheep) or 4 and 7 weeks after primary immunisa-
tion and blood samples were removed 14 days 
after each boost. 

Insoluble fractions containing recombinant 
pET 1.1 pep protein were solubilised in SDS-
PAGE sample buffer and subjected to blue SDS-
PAGE [11]. Recombinant protein was harvested 
by electroelution and then coupled to CNBr-acti-
vated Sepharose 4B (Pharmacia) according to the 
manufacturer's instructions. Sheep antiserum (1 
ml) was applied to the column and bound anti-
body was eluted with 6 M urea in 0.1 M citrate 
buffer, pH 2.2, containing 0.5 M NaCl. After 
dialysis against PBS, the antibody was biotiny-
lated [12]. 

2.10. itnrnunohistology 

Adult H. contorlus sections were prepared as 
described previously [7] and probed with biotiny-
lated antibody for 1 h at room temperature fol-
lowed by optimally diluted streptavidin-HRPO 
(Sigma). Immunoreactivity was revealed using 
3,3'-diaminobenzidine tetrahydrochioride and hy-
drogen peroxide as substrate. The sections were 
then counterstained with haematoxylin. 

2.11. Developmental reverse transcribed 
polymerase chain reactions and Western blots 

Single-stranded cDNA (ssDNA, 50 ng) was 
prepared from each parasite stage and used as 
template for a PCR reaction with PepI sequence-
specific primers P2 and P3 and the reaction condi-
tions described above. Amplified products were 
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Fig. I. Aspartyl proteinase activity of H-gal-OP. Haemoglobin degradation by F1-gal.QP was monitored using 0.1 NI acetate buffer 
(pH 2-5) and 0.1 M phosphate buffer (p11 5-7). The effect of adding increasing amounts of H-gal-OP on the rate (change in 
absorbance /min.) of hydrolysis of the pepsin substrate H-Pro.Thr-Glu-Phe-Phe(NO 2)-Arg-Leu-OH at pH 4 is shown in the inset 
panel. 

separated on a 0.8% agarose gel (w/v), blotted 
onto Hybond N + nylon membrane (Aniersham) 
and the blot probed under high stringency condi-
tions with DIG-labelled Pep) probe prepared 
from the portion encoding the putative mature 
enzyme. 

Membrane-bound extracts of the different de-
velopmental stages of H. con lortus were prepared 
and electrophoretically transferred to Immobilon-
P membrane (Millipore) as described previously 
[7]. The blot was probed with rabbit anti-pET1 
recombinant protein. 

3. Results 

3.1. Haernonchus galactose-containing 
glycoprolein proleinase activity 

H-gal-GP hydrolysed haemoglobin over a rela-
tively narrow acidic pH range with optimal activ-
ity being evident at pH 4 (Fig. I). This activity  

was reduced by 91% (range 88-95%, n = 5) by the 
specific aspartyl proteinase inhibitor, pepstatin (I 
MM). H-gal-OP hydrolysed a peptide substrate 
with specificity for aspartyl proteinases in a dose 
dependent manner (Fig. 1, inset). 

3.2. Sequence analysis 

A number of the selected recombinants con-
tained the same sized insert (1500 bp), and anti-
body eluted from all these recombinants 
recognised a 40-42 kDa doublet in H-gal-OP 
fractionated under non-reducing conditions (not 
shown). 

One of the selected recombinants, Pepi, con-
tained a 1287 base pair open reading frame en-
coding a predicted 428 amino acid peptide. The 
deduced amino acid sequence showed highly sig-
nificant homology to human (57.7Yo similarity, 
33.5% identity) and porcine (56.6% similarity, 
33.8% identity) pepsinogen A precursors. The 
alignment of the Pep I deduced amino acid Se- 
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1? 	 lOP 
i 	

20? 	 30? 	 40? 

Pepi 	Mt.YLLLLVSY VVAGS.?QT PLVKIESMRM EMIRKGTWAE FVKKXNAMRA 
Porcine MKWLLLLSLV VLSECLV.KV ?LVKKSLRQ NL.II(tIGKLKD FLKTHKHNPA 49? Human 	MXWLLLLGLV ALSCCZM?KV ?LIRKKSLRR TLSERGLLKD FLKKHNL.NPA 

50? 	
ii 	

1.0 	 20 	 30 

Pepi 	S.. . t.VSNANQVF?HPiD YQDTELAKI TIGA?GQSFHVftISANL 
hpi 	 &c vfpyd yqdtey1 	e 

Porcine SKYF?. . EAAAL IGDE?LEN YLDTEYFGTI GIGTPAQDFT 	FDT SNL 38 Human 	RK?FPQWEA?TL '/DSQPLEN L0MEYFGTI GIGTPAQDFT 	FDT SML 

40 	 50 	 60 	 70 	 30 * * Pepi 	WI?DNICVNG R?.GACRITTC DRGLVCEVLC HDKSCCEDDV DNPDEDNPCX 
Porcine 	WV? ....... .......... ...... SVYC SSLACSOHNQ FN?DD .....60 
Human 	WV? ....... .......... ...... SV?C SSLACTNHNR FNPED ..... 

90 	 1.00 	 110 	 120 	 130 

Pepl 	GKSGFDSTQS TS?AKTPKK YFEIVY
OTGE

AK FL DTV RFGE.EGMNI( 
Porcine 	.SSTFEATSQ . ..........ISTYMT IL DTV QVc-ISDTNQ 99 
Human 	.SSTYQSTSE 1.. ....... VSZTYMT IL DTV QVGGISDTNQ 

1.40 	 18 	 160 	 1.70 	 130 

?epl 	TLVVPGTVFG QAVQIGO?FA NNPING:LGL GFRGLAQAGV T??LQP.AIOL 
Porcine EFGLSET ... ... E?GSFLY YAPFDGILGL AY?SISASA T?VFDNLWDQ 143 
Human 	IFGLSET ... ... CPGSFLY YAPTDGILGL AYPS:SASGA T?'/FDNIWNQ 

190 	 200 	 210 	 220 	 230 

Pepi 	KLV.D?FTV YMKQI.GAKAK CQDGGAFrYG GLDSVNCGQE IAYVDLTRPL 
Porcine GLVSQDLFSV YL .....SSbI DDSCSVVLLG GIDSSYYTGS LNWVPVSVEG 188 
Human 	GLVSQDLESV IL .....SAD DQSGSVVIFG GIOSSYYTGS LNWVPVTVEG 

240 	 250 	 260 	 270 	 279 

Pepi 	YWQFKMEAFS . . AGYLSIRK GWEVIjT SFMGVPTA .....IADLVAD 
Porcine YWQITLDSIT 1IDGCTIACSG GCQP4IVDTT SLLTGPTSAI AINIQSOtGA 238 
Human 	YWQTVDSIT MNGCAIACAS GCQAJVDTT SLLTGPTSPI A.NIQSDIGA 

280 	 290 	 300 	 310 	 320 * 
Pepi 	SYGGQYDEtIF EIYTVDCNAT VTFGMTIGGK QYKISP.KNLV LZEDKDSCMI 
Porcine SZNSDGZMVI SCSStDSLPD I'/F. .TINGV QY?LSPSAYI LQDD.DSCTS 288 
Human 	SENSDGDMVV SCSAISSLPD IVF. .TINGV OYPVP?SAYI LQSZ.GSC:S 

330 	 340 	 350 	 360 	 370 

Pepi 	AMTPLS.SVG FGPQ L P FIRQYCNIHD MRIGFAE PK 
Porcine GFEGMDVPTS SCEL IL V FIRQYYTVFD RANNKVGLAP VA 327 
Human - GFQGMNLPTE SGEL IL DV FIRQYFTVFD RANNQVGLAP VA 

Fig. 2. Amino arid sequence alignment of Pep] with human and porcine pepsinogen. Amino acid numbering above the presented 
sequences are according to Pepi with the putative prepro segment of the sequence being followed by the suffix P. Numbering to the 
right of the porcine sequence is the numbering conventionally used for this sequence. The two active site X-X-D-T-G domains as 
well as other residues which may be involved in catalysis are boxed. Conserved cysteines (') and potential Winked glycosylasion 
sites (=) are indicated. The N-terminal amino acid sequence of the 40 kDa component of l-l-gal-GP is shown in italics below amino 
acids 1-19. The positions of the primers used to amplify products corresponding to the preproenryme (RI -P3) and the mature 
enzyme (P2-P3) are underlined. The full primer sequences including the restriction enzyme sites to facilitate subcloning were 
Pt -g:cctgcagcalalgclatamartgcrc, P2-grcclgcagcata:ggmuccgcaiccaa:c and P3-glcggarcca:giiaiiicggc,ccgc 
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quence with human and porcine pepsinogen A 
precursor sequences is shown in Fig. 2. The amino 
acid residues comprising the predicted pre-proen-
zyme are numbered IP, 2P etc. and the numbering 
for the putative mature enzyme commences from 
Vail. The Pepi sequence contained several fea-
tures consistent with a pepsinogen precursor in-
cluding two putative active site regions (VLDTG, 
aa 30-34; ISDTG, aa 259-263), two potential 
peptidase cleavage sites (indicated by arrows in 
Fig. 2) and two cysteine residues (aa 68-73) in-
volved in conformational disulphide bonding. It 
also contained 3 potential N-linked glycosylation 
sites. 

Further confirmation that Pepl encoded a 
pepsinogen-like component of H-gal-OP was ob-
tained from the N-terminal amino acid sequence 
of the two major peptide components of the com-
plex which migrate at 40 and 42 kDa using non-
reducing SDS-PAGE (Fig. 3, lane 3) and were 
strongly recognised by affinity purified antibody 

Fig. 3. Western blot identification of the peptide components 
of l-l-gal-GP. The El-gal-GP peptide profile obtained after non 
reducing SOS-PAGE and visualised by Coomassie staining is 
shown in lane 2. Lane 3 was probed with a sheep antiserum 
raised to H-gal-GP while Lane 4 was probed with affinity 
purified sheep antibody to the Pepi recombinant protein. 
Molecular mass markers are shown in lane I. 

to recombinant Pepi (Fig. 3, lane 4). Analysis of 
the 40 kDa band gave a sequence which com-
menced at the predicted signal peptide cleavage 
site and totally corresponded to the amino acid 
sequence predicted for Pepl (Fig. 2). The se-
quence data for the 42 kDa band was very simi-
lar, but possessed an additional 4 amino acids 
(ANQT) at the N terminus and an additional DY 
after position 8 (Fig. 2). 

3.3. Northern and Southern blot analysis 

Radiolabelled probe DNA prepared from Pepi 
hybridised to ntRNA at approximately 1.5 kb on 
Northern blots under high stringency conditions 
(not shown). 

Using H. contorlus genomic DNA which had 
been digested with Hindu!, Ba,nHl or EcoRl as 
target DNA, the Pep I probe gave a simple profile 
of no more than two bands with only a single 2.1 
kb signal in EcoRl digests (not shown). 

3.4. Expression of recombinant pepsinogen 

Abundant peptides at approximately 43 and 45 
kDa, strongly recognised by sheep anti-H-gal-OP 
serum, were evident in induced insoluble prepara-
tions from pET 22(b) + carrying the 1.1 and 1.3 
kb cDNA inserts respectively but were not ob-
served in either the soluble extracts or the unin-
duced preparations from either recombinant, or in 
any of the vector control preparations (not 
shown). 

3.5. Immunohistochemical localisation 

Affinity-purified antibody to pET 1.1 pep re-
combinant protein recognised, evident as brown 
staining, components on the microvillar surface 
and in the lumen of the gut in transverse sections 
of the adult parasite (Fig. 4, panel A). No reactiv-
ity was observed in other tissues such as the 
reproductive tract, body wall musculature and the 
cuticle (Fig. 4, panel B). No specific staining was 
evident in parasite sections probed with a pre-im-
munisation serum (Fig. 4, panel Q. 
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Fig 4. Localisation of the peptide encoded by pETI in adult H. con/onus. A transverse section of the gut of adult H co,uor!us 
(panel A) and of the whole worm (panels B and C) were probed with either affinity purified biotinylated sheep antiserum to 

recombinant PepI (panels A and B) or with pre-Immunisation serum from the same sheep (panel C) and then counterstained with 

haematoxylin. Strong brown staining was evident in the gut lumen and in the gut microvillar surface (panel A). Other worm 
structures were not immunostained (panel B), Each section is approximately 300 pm in diameter. 

3.6 Developmental regulation of expression 

Production of the mRNA transcript for Pepi 
and the protein encoded was restricted largely to 
the late larval and adult stages (Fig. 5B), the 
quantitative production of both being relatively 
even from L4 through to 28 day adult parasites. 
The mRNA transcript was detectable faintly in 
eggs (Fig. 5B) and a very faint protein band of the 
correct size was also detected on a Western blot 
(Fig. 5A). By contrast, the transcript was not 
detected in L3 although a number of protein 
bands of the incorrect size were detected in L3 
alter Western blotting. 

4. Discussion 

A Full-length cDNA (Pep!) is described encod- 
tie it pepsinogen-like aspartyl proteinase ex- 

pressed almost exclusively by the blood-feeding 
'aages of H. comorrus. N-terminal peptide se- 
quence analysis as well as Western blotting 
licrsved that the pepsinogen was a precursor of 

polypeptide components of H-gal-GP. the gut 

antigen complex previously identified on the lumi-
nal surface of the adult parasite gut [1]. Biochem-
ical analyses of H-gal-OP indicated that it 
contained a haemoglobinase with aspartyl 
proteinase properties (Fig. 1). 

Pepl encodes a pre-proenzyme with, by analogy 
to porcine pepsinogen processing [13], cleavage of 
the first 15 amino acids to give the proenzyme 
followed by cleavage between Thr 58P and Vail 
to yield the mature enzyme (See Fig. 2). That the 
latter cleavage can occur during enzyme process-
ing is indicated by the identity observed between 
the N-terminal peptide sequence obtained for the 
40 kDa (shown in Fig. 2) antibody-positive com-
ponent of H-gal-OP (Fig. 3, lane 4) and the 
predicted start point of the mature protein de-
scribed above. The N-terminal sequence for the 42 
kDa peptide contained four additional residues at 
the N-terminus which may indicate alternative 
processing. The internal DY addition is more 
difficult to explain but may be due to the presence 
of minor variants within the worm population or 
be an artifact of the N-terminal sequence analysis. 

Two putative active site domains comprising 
hYdrophOhiC-hdrphcrhjcA\ n-Thr-G1v 	imirto 
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acid residues were identified at Asp 32 and Asp 
261 (boxed in Fig. 2) by alignment to human and 
porcine sequences (Fig. 2). Other residues which 
have been implicated in substrate binding and 
peptide folding [13-15] are conserved in Pepl and 
are indicated in Fig. 2. 

In general terms, the predicted amino acid se-
quence of the mature enzyme encoded by Pepl 
contains a number of cysteine residues which do 
not align with equivalent residues in the human 
and porcine sequences. It was proposed [13] that a 
SH group contributed by Cys 210 in a Plas,nod-
sum fa/ciparum aspartyl proteinase may exist in a 
free form or may result in di.merisaiion of two 
enzyme molecules in the same way as has been 
demonstrated with human Cathepsin E. 

The digestive proteinases identified to date in 
H. conorrus have mainly acidic pH optima [3] 
and are similar to those reported for schistosomes 
in which the gut luminal pH is reportedly acidic 
[16]. By analogy with pepsinogen [151, the preen-
zyme encoded by Pepi may be activated by a 
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Fig. 5. Developrneiitat regulation ul expressio; 	he 1ep 

encoded protein. In panel A, extracts from cggn, 13, 14, 

immature (II days) and mature (22 and 28 days) H. can janus 
(lanes 1-6 respectively) were fractionated using reducing 10 1/6 

SDS-PAGE and Western blots then probed with antiserum to 
recombinant Pept. in panel 13, Pep] specific RT-PCR products 
from each parasite stage were probed with DIG-labelled Pep I. 
Amplification from vector containing Pepi was included as a 

positive control (lane I) and from H. conwrlus' genointe DNA 

(lane 2) to confirm the specificity of the amplification products. 
Amplification products obttined from eggs. L3. IA, I Id, 22 
and 28 day worms are shown in lanes 3-8 respectively. 

combination of low pH, to expose the active site 
and other substrate binding sites, and proteolysis 
by a second activated pepsinogen or, possibly, by 
autoproteolysis. 

The peptide components of H-gal-GP recog-
nised by antibody to Pepl migrated at about 50 
kDa under reducing conditions (Fig. 5) and at 45 
kDa under non-reducing conditions (Fig. 3). Re-
duction will break internal disulphide bonds and 
this may 'unfold' the peptide retarding migration 
in the gel. The native Pepl gene product is glyco-
sylated as judged by the observation that the 50 
kDa components of H-gal-OP evident after reduc-
tion bound wheatgerm and lentil lectin quite 
strongly [2]. Taken together, these observations 
indicate that the Pept gene product is a glyco-
protein expressed on the surface of the intestinal 
cells as demonstrated by immunolocalisation (Fig. 
4). 

Southern blot analysis indicated that Pepi was 
encoded by a single copy gene and the gene is 
expressed, almost exclusively, by the fourth larval 
and adult stages of the parasite as judged by 
probing Western blots of parasite extracts from a 
variety of time points in the life-cycle (Fig. 5A) 
and RT-PCR from the same parasite stages (Fig. 
5B). This pattern of expression could indicate that 
the Pepi gene is required for blood digestion, a 
suggestion supported by the affinity for 
haemoglobin as substrate of H-gal-GP proteinase 
activity 121 and the observation that the Pepl gene 
product was localised exclusively to the surface of 
the gut in the adult parasite (Fig. 4). Immunos-
taming was evident in the gut lumen also indicat-
ing that the enzyme was released into the lumen 
and it was weakly evident in the in vitro excre-
tions/secretions (ES) as judged by Western blot-
ting (not shown). Aspartyl proteinase activity has 
been detected in adult Haernonchus ES [17] and in 
extracts of the adult parasite [3] and it is possible 
that this activity is due to the PepI gene product. 

As well as the pepsinogen-like aspartyl 
proteinase described here, adult H. contortus re-
leased cathepsin L-like cysteine proteases during 
in vitro maintenance [18] which degraded 
haemoglobin amongst other protein substrates 
tested. Haemonc#sus contains a multigene family 
encoding cathepsin B-like cysteine proteases [19], 
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one member of which (AC!, [20]) is possibly 
functional in fibrinogen degradation.. Moreover, 
cysteine proteinases in somatic extracts of the 
adult parasite degraded blood proteins and these 
proteinases differed from ACI as judged by size 
differences [3]. It is clear that, like schistosomes, 
digestion of the blood meal is likely to be a 
complex process involving a number of different 
steps catalysed by different proteases [21]. Re-
cently, an aspartic proteinase was cloned from 
Schi.sgosoma japonicum and this enzyme was also 
encoded by a single copy gene. The authors sug-
gested that it may play a pivotal role in 
haemoglobin digestion in this parasite [21]. The 
proteinase showed closest identity with mam-
malian cathepsin Ds and less identity to renins, 
pepsinogens and cathepsin E [22]. There is some 
debate concerning the proteases involved and se-
quence of events which lead to the digestion of the 
blood meal in schistosomes [21,23] but it is be-
coming clear that H. conlortus contains an equiv-
alent array of potential digestive proteases. 

Acknowledgements 

This work was supported by funding from the 
Scottish Office, Agriculture, Environment and 
Fisheries Department and by Mallinckrodt Vet-
erinary, Uxbridge, UK. 

References 

[I] Smith WD, Smith SK, Murray J. Protection studies with 
integral membrane fractions of !laenwnchus eontorlu.n. 
Parasite Inimunol 1994;16:231-41. 

[2] Smith WD, Smith S. Murray J. Knox DP. Aspartyl 
proteinases as vaccines. European Patent Application 
93916110.5-2116,1994. 

13] Knox DP, Redmond DL, Jones DG. Characterisation of 
proteinases in extracts of adult Haensonchus contortus, the 
ovine abomasal nematode. Parasitology l993;106:395-
404. 

(4] Dunn BM, Kammermann B, McCurry KR. The synthe-
sis, purification and evaluation of a chromophoric sub-
strate for pepsin and other aspartyl proteases: design of a 
substrate based on subsite preferences. Anal Biochem 
1984; 138:68-73. 

[5] Chomoczynsik P, Sacchi N. Single-step method of RNA 
isolation by acid guanidinium thiocyanate phenol/chloro-

form extraction. Anal Biochern 1987:162:156-9. 

[61 Sambrook J, Fritsh EF, Maniatis T. Molecular cloning: A 

laboratory manual, 2nd ed. Cold Spring Harbour, New 
York: Cold Spring Harbour Laboratory Press, 1989. 

[7] Redmond DL. Knox DP, Newlands 0, Smith WD. 

Molecular cloning and characterisation of a developmen-
tally regulated putative metal lopeptidase present in a host 
protective extract of Ffaemonchus congorgus. Mol Biochem 
Parasitol 1997;85:77-.87. 

181 Beall JA, Mitchell CF. Identification of a particular anti-

gen from a parasite cDNA library using antibodies 
affinity purified from Western blots. J Immunol Methods 
1986;86:217-23. 

(9 1 Saiki It K, Gelifand DH, Stoffel S, Scharf SJ, Higuchi R, 
Horn CT, Mullis KB, Erlich HA. Primer directed enzy-

matic amplification of DNA with a thermostable poly-

merase. Science 1988:239:487-91. 

(101 Marston FAO. The purification of eukaryotic polypep-
tides expressed in E. co/I. In: Glover DM, editor, DNA 
cloning—A Practical Approach. Oxford: IRL Press, 
1987:59-73, 

[Ill Shagger H, von Jagow C. Blue native electrophoresis for 
the isolation of membrane protein complexes in enzymat-
ically active form. Anal Biochem 1991:119:223-31. 

Goding JW. In: Monoclonal antibodies; principles and 
practice. New York, London: Academic Press, 1983:203. 
Dame JB, Reddy CR, Yowell ChA, Dunn BM, Berry C. 

Sequence, expression and modeled structure of an aspar. 
tic proteinase from the human malarial parasite Plasniod-
turn fa/ciparum. Mol Biochem Parasitol 1994:64:177-358. 

[141 Pearl L. Blundell T. The active site of aspartic 
proteinases. FEBS Lett 1984;174:96-101. 

[151 James MNG, Sielecki AR. Molecular structure of an 
aspartic proteinase zymogen, porcine pepsinogen, at 1.8 A 
resolution. Nature 1986:319:33-8. 

(161 Senft AW. Observations on the physiology of the gut of 
Schisiosorna ,nansoni. In: H. Van den Bossche, editor. 
Biochemistry of Parasites and Host-Parasite Relation-

ships. Amsterdam: Elsevier, 1976:43-57. 

[17] Karanu FN, Rurangirwa FR, McGuire TC, Jasmer DP. 
llaenionchus conzorrus: Identification of proteinase with 
diverse characteristics in adult worm excretory-secretory 
products. Exp Parasitol 1993:77:362-71. 

(181 Rhoads ML, Fetterer RH. Developmentally regulated 

secretion of cathepsin-L like cysteine proteinases by 
Haenionchus contorlus. J Parasitol 1995;81:505--12. 

(191 Pratt 0, Cox GN, Milhausen MJ, Boisvenue RJ. A 
developmentally regulated cysteine proteinase gene family 
in Hoernonchus con tonus. Mol Biochem Parasitol 
1990;43:181-92. 

[201 Cox ON, Milhausen M, Hageman R. Molecular cloning 
and primary sequence of a cysteine proteinase expressed 
by Hoernonchus conlortus adult worms. Mol Biochem 

Parasitol 1990:41:25-34. 



	

72 	 D. Longbo!tom et al. / Molecular and 	Biochemical Parasitology 88 (199 7) 63-72 

	

1211 Dalton J, dough KA, Jones MK, Brindley PJ. Charac- 	 the SchLitosoma japonicum aspartic proteinase involved in 

	

terisation of the Cathepsin-like cysteine protelnases of 	 haemoglobin degradation. J Biol Chem 1995;240:24496- 

Schistosoma mansoni. Infect Irnmun 1996;64:1329-34. 	 501. 

	

[22] Becker MM. 1-larrop SA, Dalton JP, Kalinna BH, Mc- 	[23] Klinkert M, Kunz W. Digestion of haemoglobin by schis- 

	

Manus DP. Brindley PJ. Cloning and characterisation of 	 tosomes. Parasitol Today 1996;12:165. 



Chapter 7: Expression of Haemonchus contorlus pepsinogen 

in Caenorhabditis elegans. 

Redmond DL, Clucas C, Johnstone IL and Knox DP. 2001. 

Molecular and Biochemical .Parasitology, 112: 125-131. 

The isolation of full-length cDNAs encoding the potentially protective 

enzyme components of the adult H. contortus integral gut membrane complexes, 

TSBP and H-gal-GP, has been described previously (see Chapters 3, 5 and 6). 

Expression of these cDNAs in bacterial systems resulted, typically, in good yields of 

recombinant proteins expressed as insoluble, enzymatically inactive inclusion 

bodies. When assessed individually in sheep vaccination trials, these recombinant 

proteins afforded no protection against H. contortus challenge infection (unpublished 

results). 

Increasing denaturation of the H. contortus hidden antigen Hi i, led to a 

progressive loss of its protective capacity (Munn et al, 1997). Similarly, sequential 

dissociation and reduction of the H-gal-GP complex resulted in less consistent levels 

of protection (Smith and Smith, 1996), suggesting that conformational epitopes 

and/or enzymatic activity are important for protection. For this reason, it is 

considered that expression of potentially protective components of H-gal-GP in a 

eukaryotic system will be necessary in order to obtain appropriate protein folding 

and post-translational modifications. 

Several eukaryotic expression systems are available commercially, such as 

yeast (Saccharomyces, Pichia), mammalian cell lines and insect cells. However, 

because of its short life cycle, ease of growth in the laboratory, well defined genetic 

manipulation techniques, and close evolutionary relationship to H. contortus - the 

Strongylida and Rhabditida comprising the same dade in nematode classification 

(Blaxter et al, 2000) - C. elegans is a tractable option for potential exploitation as a 

vector for the expression of candidate H. contortus vaccine antigens. C. elegans has 

already been used successfully as a model system for the elucidation of anthelmintic 

drug resistance in veterinary parasites (Driscoll et al, 1989; Dent et al, 2000), and as 

a host for the analysis of parasite gene function through the microinjection and 
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expression of H. contortus -tubulin alleles in the study of benzimidazole resistance 

(Kwa et a!, 1995). 

A detailed study of adult H. contortus glycosylation (Haslam et al, 1996) 

revealed high mannose content and complex N-glycans, both of which have been 

shown to occur in C. elegans (Cipollo et al, 2002). In addition, in H. contortus, major 

N-linked glycans with up to three fucose residues attached to the chitobiose core 

were detected. Difucosylation of the 3 and 6 positions of the distal reducing 

N-acetylg!ucosamine (GIcNAc) can occur in invertebrates and was shown also to be 

present in H. contortus. Fucosy!ation at the 3 position of the distal GlcNAc has been 

shown to be a highly antigenic epitope in both insect (Prenner et al, 1992) and plant 

glycoproteins (Wilson et al, 1998). However, unique stage-specific fucosylation of 

the proximal G1cNAc was detected in adult H. contortus (Haslam et al, 1996 and 

1998). Whether or not this high degree of N-glycan fucosylation occurs in H-gal-

GP proteins, or in C. elegans, remains to be determined. However, the demonstration 

of conservation of some types of N-glycans between the two nematodes, together 

with their close evolutionary relationship, would suggest that more relevant 

glycosylation of recombinant H. contortus proteins is likely to occur in C. elegans as 

opposed to other eukaryotic expression systems. 

The aim of the work presented here was to evaluate the potential of the free-

living nematode C. elegans as a vector for expression of H. contortus candidate 

vaccine antigens. 

Its potential critical role in blood feeding identifies the H-gal-GP aspartyl 

proteinase, pepsinogen, as a prime candidate vaccine antigen. A specific, high 

affinity antibody to recombinant H. contortus PEP 1 exists (see Chapter 6), which can 

be used to analyse its expression in transgenic C. elegans. That there is no close 

homologue of PEP 1 in C. elegans circumvents the need to produce either a knockout 

line of C. elegans, or to evaluate recombinant protein expression against an 

endogenous background level. These facts make H. contortus PEP  an ideal gene for 

evaluation of expression in C. elegans. 

The presence of intronic sequences has been shown to enhance the expression 

of some heterologous genes in C. elegans (Fire et al, 1990). Therefore, a genomic 
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copy of H. contortus pepsinogen was isolated by PCR using primers targeting the 

coding sequences surrounding the translational start and stop codons based on the 

previously determined cDNA sequence (see Chapter 6). Nucleotide sequence 

analysis of genomic pepsinogen and alignment with its corresponding PEP1 cDNA 

sequence allowed identification of intron/exon slice donor and acceptor sites. Eight 

introns, 54 to 1475 bp in size, were identified, the consensus splice donor and 

acceptor sequences being similar to those of eukaryotes in general, with the 

exception of intron 7, which started with the rare GC nucleotide pairing. 

Conservation of G at position 5 in all introns, considered a stringent requirement for 

correct splicing (Esumi et al, 1983), was observed. 

Expression of a gene in C. elegans is achieved through microinjection of 

DNA containing all the elements necessary for its own expression, i.e. a functional 

promoter, sequences necessary for mRNA formation and a polyadenylation signal 

sequence. Because little is known regarding the mechanisms regulating gene 

expression in parasitic nematodes, it was decided to express the H. contortus 

pepsinogen under the control of a C. elegans cysteine proteinase promoter, cpr-5, 

shown previously to direct expression to the gut. Separate PCR reactions were used 

to amplify the C. elegans cpr-5 cysteine proteinase promoter and a genomic copy of 

the H. contortus pepsinogen gene using oligonucleotide primers containing 

restriction enzyme recognition sites to facilitate their sequential, directional cloning. 

The 3' non-coding region of the pepsinogen gene was also PCR amplified with the 

introduction of a consensus polyadenylation signal sequence achieved through the 

use of a specially designed antisense primer. These three amplification products were 

cloned in order (promoter, gene, 3' untranslated sequence) into the pBluescript 

plasmid. This construct was microinjected into an unc-76 mutant strain of C. elegans 

together with a rescue plasmid, and transgenic worms identified through rescue back 

to the wild type phenotype. The unc-76 mutation affects the locomotory nervous 

system resulting in a slow growing mutant strain. Phenotypic rescue back to the wild 

type phenotype means that rapid accumulation of transgenic worm material can be 

achieved. Two transgenic lines of C. elegans, which demonstrated semi-stable 

transmission rates of —60%, were established. 
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PCR analysis of single transgenic worms using pepsinogen-specific primers 

verified the presence of the injected construct. RT-PCR using mRNA extracted from 

cultures of transgenic C. elegans as template, and again using H. contorlus 

pepsinogen-specific primers, was used to demonstrate transcription of the 

H. contortus gene. A specific product of the predicted size, as determined from 

cDNA nucleotide sequence data, was amplified. Sequence analysis of this amplified 

product verified correct splicing of intronic sequences. 

Antibodies to bacterially expressed recombinant PEP1 (see Chapter 6) were 

used to probe freeze-fractured whole worm preparations. Strong, specific 

immunostaining was evident in the gut of transgenic worms only. Reactivity was 

evident in the larval and adult stages, correlating with the temporal pattern of 

expression of the C. elegans cpr-5 cysteine proteinase gene, whose promoter was 

used here to drive expression of the H. contortus pepsinogen protein. 

Although only low level expression of the H. contortus pepsinogen gene was 

detected in transgenic lines of C. elegans, this work demonstrates the potential of 

C. elegans as a vector for the expression of candidate vaccine antigens from 

H. contortus and other related parasitic nematodes. In addition, it serves to indicate a 

degree of conservation regarding the mechanisms regulating gene expression 

between C. elegans and H. con/onus, further emphasising the potential role of 

C. elegans as a model system for parasitic nematodes. 

Contribution to work 

With the exception of transformation of C. elegans by microinjection and the 

initial establishment of transgenic lines (C Clucas), all work detailed in this paper, its 

design and interpretation, was carried out by myself. Communication of results at 

scientific meetings. Preparation of the manuscript for publication. 
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Abstract 

A genomic copy of a gut-expressed Ifaemonchus conlortus candidate vaccine antigen, pepsinogen, was isolated using the 
polymerase chain reaction (PCR). The isolated sequence was 4 kb in length and contained eight introns ranging in size from 54 
to 1475 base pairs. This sequence, together with its 3' non-coding DNA region containing a polyadenylation signal sequence, was 
cloned into the Bluescript SK vector immediately downstream of the Caenorhabditis elegans cpr-5 gene promoter. This promoter 
has been shown previously to direct protein expression to the gut of C. elegans. The construct was micro-injected into DR96 
unc-76(e911) mutant C. elegans together with a rescue plasmid and transgenic worms identified by reversion back to wild-type 
phenotype. Two transgenic lines of C. elegans were established. The presence of the injected construct and of the Haemonchus 
pepsinogen transcript in transgenic worms was confirmed by PCR analysis. Correct splicing of intronic sequences was observed. 
Immunohistochemistry showed expression of the Haemonchus pepsinogen protein in the gut of transgenic C. elegans, with 
reactivity evident in the larval and adult stages. Expression of the Haemonchus pepsinogen in C. elegans affirms the role of C. 
elegans as a model for parasitic nematodes and demonstrates its potential as a vector for expression of candidate vaccine antigens 
from parasitic nematodes. © 2001 Elsevier Science B.V. All rights reserved. 

Keyworde: Haemonchu.s contortus; Vaccine antigens; Caenorhahditis elegans; Expression; Pepsinogen 

1. Introduction 

The rapid and widespread emergence of anthelmintic 
resistant strains of the highly pathogenic blood-feeding 
ovine parasitic nematode Haemonchus con tortus and 
other economically important parasites [I] has high-
lighted the need to develop alternative control strate-
gies, such as vaccination. Recombinant protein-based 

Abbreviations: PCR, polymerase chain reaction; gDNA, genomic 
DNA; wt, wild type; H.gal-GP, Haemonchus galactose-containing 
glycoprotein; RT-PCR, reverse transcriptase polymerase chain reac-
tion; PBST, phosphate-buffered saline containing Tween-20. 

' Note: Nucleotide sequence data reported in this paper have been 
submitted to the GenBank, EMBL and DDJB databases with the 
accession number AF076608. 

* Corresponding author. Tel.: +44-131-4455111; fax: +44-131-
4456111. 

E-mail address: knoxd@mri.sari.ac.uk  (D.P. Knox).  

vaccines have recently been developed against the cattle 
tick Boophilus microplus [2] and the sheep cestode Tae-
n/a avis [3], highlighting the effectiveness of this ap-
proach in field conditions. 

In the case of H. contortus, attention has focused on 
the fractionation of protein extracts in an attempt to 
identify antigens that induce protective immunity. This 
has resulted in the identification of a number of promis-
ing candidates [4,5] including the so-called 'hidden' 
antigens expressed on the microvillar surface of the gut 
in the blood-feeding fourth larval stage and adult 
worms, not normally seen by the host immune system 
during the course of a natural infection. These include 
H 11 [6], Haemonchus galactose-containing glycoprotein 
(H-gal-GP) [7] and a thiol-Sepharose binding protein 
fraction [8]. These antigens are purified from detergent-
soluble membrane protein extracts of adult worms, are 
typically glycosylated and show marked proteinase ac-
tivity, H11 being an aminopeptidase [6], H-gal-GP ex- 

0166-6851/01/S - see front matter © 2001 Elsevier Science B.V. All rights reserved. 
P11: S0166-6851(00)00357-1 
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hibiting both aspartyl- and metalloproteinase activities 
[9,10], and the thiol-Sepharose binding proteins being 
enriched for cysteine proteinases [8]. 

Increasing denaturation of H 11 led to a progressive 
loss of its protective capacity [11] while dissociation and 
reduction of H-gal-OP resulted in less consistent levels 
of protection [12], results that suggest that conforma-
tional epitopes, glycosylation and/or enzyme activity 
may be involved in protection. For this reason, expres-
sion of these potential vaccine antigens in a eukaryotic 
system will probably be required in order to obtain 
appropriate post-translational modifications of recom-
binant proteins. 

For several years, the free-living nematode 
Caenorhahditic elegans has been advocated as a model 
for parasitic nematodes [13] and has been used to study 
the biology of the cuticle and surface antigens of para-
sitic nematodes [14,15]. More recently, C. elegans has 
been used as an expression host to study the mechanism 
of benzimidazole resistance in H. contortus [16]. The 
fact that injected H. con tortus genes were expressed in a 
biologically active form demonstrates the potential use 
of C. elegans as an expression host. 

The potential advantages of using C. elegans as a 
vector for expression of Haemonchus proteins as com-
pared with other eukaryotic expression systems, such as 
yeast, baculovirus or mammalian cell lines, are numer-
ous: it is a higher eukaryote closely related in evolution-
ary terms to H. contortus [13]; trans-splicing is 
performed using the same spliced leader (SL1) as H. 
contort us [17,18]; gene expression and function can be 
studied through transformation by micro-injection 
[19,20]; it has a rapid life-cycle; it can be easily main-
tained in vitro on agar plates or in liquid culture, an 
alternative that allows for the rapid accumulation of 
large quantities of worm material. 

In the present study, we describe the structure of the 
Haemonchus pepsinogen gene, the aspartyl proteinase 
component of the host protective H-gal-OP complex 
[9], and its expression in C. elegans in an attempt to 
evaluate its potential as a vector for expression of 
I-Iaemonchus candidate vaccine antigens. 

2. Materials and methods 

2.1. Isolation of genomic DNA 

Clean H. contortus was has-vested from the abomasa 
of experimentally infected donor lambs 28 days post-in-
fection as described previously [21] and stored in liquid 
nitrogen. Approximately 0.5 g (wet weight) worms were 
ground in a pestle and mortar, and genomic DNA 
(gDNA) prepared using the method described by Her-
rmann and Frischauf [22].  

2.2. Isolation of the H. con tortus pepsinogen gene 

The sequence of a full-length pepsinogen cDNA has 
been previously determined [9]. Primers P3 and P4 (Fig. 
1), corresponding to the coding sequences surrounding 
the translational start and stop signals, and containing 
EagI and EcoRV restriction enzyme recognition sites, 
respectively, were used in a polymerase chain reaction 
(PCR) with I j.tg adult H. contortus gDNA as target 
and the following reaction conditions. After initial de-
naturation at 94°C for 5 mm, DNA was amplified in 30 
cycles of 94°C for 1 mm, 54°C for 1 mm, and 72°C for 
3 mm, with a final 7 min extension at 72°C. The 
amplified product was purified from a 0.8% (w/v) 
agarose gel using a Geneclean kit according to the 
manufacturer's instructions (Bio 101, Inc.), cloned into 
the pCRII vector (TA Cloning System; Invitrogen) and 
sequenced (Advanced Biotechnology Center, Imperial 
College, London). 

2.3. C. elegans strains and media 

Wild-type (wt) C. elegans strain N2 and the mutant 
strain DR96 unc76(e911) were obtained from the 
Caenorhahditis Genetics Centre. Nematodes were main-
tained and harvested according to standard methods 
[23]. 

gP,p.164,3 	 ,NC 

9*33 in 449 	194 	176 	94 	6* 	0. 

A 	• PI- 	 -P2 	 .' < 
XXM 

Fig. I. Cloning strategy and location of PCR primers used in 
construction of the Haemonchus pepsinogen construct for micro-in-
jection into C. elegans and organisation of the H. contortu.s pepsino-
gen gene. White shading, the C. elegans cpr-5 promoter; dotted 
shading, the 1284 bp coding region of the H. conioriu.s pepsinogen 
gene, with the relative size and position of intronic sequences shown 
above. The position of a putative signal peptide and precursor 
cleavage site is arrowed. Five potential N-linked glycosylation sites 
(•) and the two active site domains (XXDTG) are also shown. Black 
shading, the non-coding 3' flanking region of the Haemonc/iu.s pepsi-
nogen gene. Arrows indicate the direction in which DNA amplifica-
tion was initiated from each primer. Primer sequences (5'-3') were as 
follows: P1, TFAAGTCGACGTGGAA1TGACATGCACFCC; P2, 
GTCCGGCCGTATGAGAGAAGTGTCTGCGAAG; P3, GTCCG-
GCCGATGCTATATITATFGCTCTTG; P4, GTCGATATCTTA-
1TFCGGCICCGCAAAG; P5, GTCCCGGGCATI'TFGAATGCT-
CTGArFAGAA; P6, GTCGAGCTC1TTATFCAGGGCTCfl'G-
TACTC. Compatible restriction enzyme recognition Sites were in-
cluded in the primer sequences to facilitate directional, sequential 
cloning of amplification products. 
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2.4. Haemonchus pepsinogen construct 

The general cloning strategy and location of PCR 
primers are summarised in Fig. 1. The 1 kb C. elegan.s 
cysteine protease promoter, cpr-5, was amplified from 
an existing clone [24] using primers P1 and P2, which 
contained Sail and EagI restriction enzyme recognition 
sites, respectively. Fifty nanograms of plasmid DNA 
was used as template under the following PCR condi-
tions: initial denaturation at 94°C for 5 min followed by 
30 cycles at 94°C for 1 mm, 62°C for I mm, and 72°C 
for 1 mm, with a final extension of 7 min at 72°C. A 
genomic copy of the H. con tortus pepsinogen gene was 
amplified as already described (Section 2.2). In order to 
ensure correct processing of the mRNA, a polyadenyla-
tion signal sequence was incorporated by PCR amplifi-
cation of the 3' non-coding region of the Haemonchus 
pepsinogen from the previously isolated full-length 
cDNA. DNA was amplified using primers P5 and P6, 
which contained Smal and Sacl restriction enzyme 
recognition sites, respectively. Primer P6 was directed 
to the PolyA tail and was modified to contain the 
consensus AATAAA polyadenylation signal sequence. 
Fifty nanograms of target plasmid DNA was amplified 
essentially as already described except that annealing 
was carried out at 60°C. Amplification products were 
purified from agarose gels using a Geneclean kit (Bio 
101, Inc.). Following digestion of each of the purified 
products with the appropriate restriction enzymes, they 
were ligated to each other and into SalIlSacl digested 
pBluescript SK (Stratagene) in a single ligation 
reaction. 

2.5. DNA transformation of C. elegans 

Transformation of C. elegans was performed by mi-
croinjection of plasmid DNA into the distal arm of the 
DR96 unc76(e911) hermaphrodite gonad as described 
previously [20]. All plasmid DNA for microinjection 
was prepared using the Quiagen method. The 
Haemonchus pepsinogen construct at a final concentra-
tion of 50 jig ml `  was co-injected with the repair 
plasmid p76-16B at a final concentration of 100 jig 
ml — '. This plasmid contains a 10.7 kb XbaI genomic 
fragment that rescues the unc 76 phenotype [25], and 
that therefore allows transformants to be identified 
through reversion back to the wt phenotype. Lines in 
which the F2 and subsequent generations showed the 
wt phenotype were maintained for further analysis. 

2.6. PcR analysis of transgenic C. elegans 

The presence of the injected construct in transgenic 
worms was verified by PCR analysis of single worms as 
described by Kwa et al. [16] using the I-Iaemonchus 
pepsinogen-specific internal primer pairing 5'-GAATG- 

GTCGAAGAGGGGCTFGCAG-3' (sense) and 5'-CT-
GCACTGCCTGACCAATACC-3' (antisense), com-
plementary to nucleotides 1980-2003 and 2907-2928, 
respectively, under the following reaction conditions: 
initial denaturation at 94°C for 5 mm, followed by 30 
cycles of 94°C for 1 mm, 68°C for 30 s, and 72°C for 1 
mm, with a final 7 min extension at 72°C. PCR analysis 
of wt C. elegans was included as a control. Amplifica-
tion products were separated on a 0.8% (w/v) agarose 
gel and visualised by ethidium bromide staining. 

2.7. Analysis of expression of injected DNA 

Evidence of transcription of the injected construct 
was sought by reverse transcriptase PCR (RT-PCR) 
using rnRNA prepared from approximately 200 jig wet 
weight of worms and a commercial kit (Stratagene). 
Approximately 300 ng mRNA was reverse transcribed 
with SuperscriptTM II reverse transcriptase (Gibco BRL) 
using an oligo(dT) primer and reaction conditions as 
outlined in the SmartTM  RACE cDNA Amplification 
kit (Clontech). The resultant cDNA was used as the 
target in a PCR reaction using the Haemonchus pepsi-
nogen-specific primer pairing P3 and P4, described in 
Section 2.2, and the following reaction conditions. Ini-
tial denaturation at 94°C for 5 min followed by 30 
cycles at 94°C for 30 s, 55°C for 30 s, and 72°C for 3 
mm, with a final extension at 72°C for 7 mm. Amplifi-
cations from the micro-injected construct and from a 
clone of the full-length Haemonchus pepsinogen cDNA 
were included as controls. 

Integrity of the cDNA preparations was established 
by amplification of a C. eiegans cathepsin L protease 
(gene T03E6.7) fragment using the internal primer pair-
ing 5'-GTCTCCGTGCTCTGGGTCGGTFCCGTAT-
C-3' (sense) and 5'-CCATGGTGTCGACACCcJAQ-
GAGTCATAC-3' (antisense), and the PCR conditions 
of 94°C for 5 min followed by 30 cycles of 94°C for 30 
s, and 72°C for I mm, with a final 7 min extension at 
72°C. Amplification products were separated on 
agarose gels and visualised by staining with ethidium 
bromide. 

2.8. Immunohistochemistry 

Worms were washed from agar plates with water and 
concentrated in the bottom of a Falcon tube by placing 
on ice for ' 5-10 mm. Worms were then transferred 
onto microscope slides coated with Poly- L-lysine ac-
cording to the manufacturer's instructions (Sigma), 
covered with a coverslip and excess liquid removed. 
Slides were immediately placed on a metal block stand-
ing in dry ice for a few minutes until frozen. Worms 
were fractured by simply flicking off the coverslip and 
fixed by immediate immersion in methanol at - 20°C 
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2.4. Haemonchus pepsinogen con.strucz 

The general cloning strategy and location of PCR 
primers are summarised in Fig. 1. The I kb C. elegan.s 
cysteine protease promoter, cpr-5, was amplified from 
an existing clone [24] using primers P1 and P2, which 
contained Sal! and EagI restriction enzyme recognition 
sites, respectively. Fifty nanograms of plasmid DNA 
was used as template under the following PCR condi-
tions: initial denaturation at 94°C for 5 min followed by 
30 cycles at 94°C for 1 mm, 62°C for I mm, and 72°C 
for 1 mm, with a final extension of 7 min at 72°C. A 
genomic copy of the H. contortus pepsinogen gene was 
amplified as already described (Section 2.2). In order to 
ensure correct processing of the mRNA, a polyadenyla-
tion signal sequence was incorporated by PCR amplifi-
cation of the 3' non-coding region of the Haemonchus 
pepsinogen from the previously isolated full-length 
cDNA. DNA was amplified using primers P5 and P6, 
which contained Smal and Sacl restriction enzyme 
recognition sites, respectively. Primer P6 was directed 
to the PolyA + tail and was modified to contain the 
consensus AATAAA polyadenylation signal sequence. 
Fifty nanograms of target plasmid DNA was amplified 
essentially as already described except that annealing 
was carried out at 60°C. Amplification products were 
purified from agarose gels using a Geneclean kit (Bio 
101, Inc.). Following digestion of each of the purified 
products with the appropriate restriction enzymes, they 
were ligated to each other and into So/I/Sac I digested 
pBluescript SK (Stratagene) in a single ligation 
reaction. 

2.5. DNA transformation of C. elegans 

Transformation of C. elegans was performed by mi-
croinjection of plasmid DNA into the distal arm of the 
DR96 unc76(e911) hermaphrodite gonad as described 
previously [20]. All plasmid DNA for microinjection 
was prepared using the Quiagen method. The 
Huemonchus pepsinogen construct at a final concentra-
tion of 50 pg in] — ' was co-injected with the repair 
plasmid p76-16B at a final concentration of 100 pg 
ml'. This plasmid contains a 10.7 kb XbaI genomic 
fragment that rescues the unc76 phenotype [25], and 
that therefore allows transformants to be identified 
through reversion back to the wt phenotype. Lines in 
which the F2 and subsequent generations showed the 
wt phenotype were maintained for further analysis. 

2.6. PCR analysis of transgenic C. elegans 

The presence of the injected construct in transgenic 
worms was verified by PCR analysis of single worms as 
described by Kwa et al. 1161 using the Haemonchus 
pp noen-speciic ntcrna] primer pairing 5'-GAATG- 

GTCGAAGAQGGGCTTGCAG-3' (sense) and 5'-CT-
GCACTGCCTGACCAAATACC-3' (antisense), com-
plementary to nucleotides 1980-2003 and 2907-2928, 
respectively, under the following reaction conditions: 
initial denaturation at 94°C for 5 mm, followed by 30 
cycles of 94°C for 1 mm, 68°C for 30 s, and 72°C for I 
mm, with a final 7 min extension at 72°C. PCR analysis 
of wt C. eiegan.s was included as a control. Amplifica-
tion products were separated on a 0.8% (w/v) agarose 
gel and visualised by ethidium bromide staining. 

2.7. AnalysLi of expression of injected DNA 

Evidence of transcription of the injected construct 
was sought by reverse transcriptase PCR (RT-PCR) 
using tnRNA prepared from approximately 200 Vg wet 
weight of worms and a commercial kit (Stratagene). 
Approximately 300 ng mRNA was reverse transcribed 
with SuperscriptTM II reverse transcriptase (Gibco BRL) 
using an oligo(dT) primer and reaction conditions as 
outlined in the SmartTm RACE cDNA Amplification 
kit (Clontech). The resultant cDNA was used as the 
target in a PCR reaction using the Haemonchus pepsi-
nogen-specific primer pairing P3 and P4, described in 
Section 2.2, and the following reaction conditions. Ini-
tial denaturation at 94°C for 5 min followed by 30 
cycles at 94°C for 30 s, 55°C for 30 s, and 72°C for 3 
mm, with a final extension at 72°C for 7 mm. Amplifi-
cations from the micro-injected construct and from a 
clone of the full-length Haemonchus pepsinogen cDNA 
were included as controls. 

Integrity of the eDNA preparations was established 
by amplification of a C. elegans cathepsin L protease 
(gene T03E6.7) fragment using the internal primer pair-
ing 5'-GTCTCCGTGCTCTGGGTCQGTrCCGTAT-
C-3' (sense) and 5'-CCATGGTGTCGACACCGAG-
GAGTCATAC-3' (antisense), and the PCR conditions 
of 94°C for 5 min followed by 30 cycles of 94°C for 30 
s, and 72°C for I mm, with a final 7 min extension at 
72°C. Amplification products were separated on 
agarose gels and visualised by staining with ethidium 
bromide. 

2.8. Immunohistochemis try 

Worms were washed from agar plates with water and 
concentrated in the bottom of a Falcon tube by placing 
on ice for ' 5-10 mm. Worms were then transferred 
onto microscope slides coated with Poly- L-lysine ac-
cording to the manufacturer's instructions (Sigma), 
covered with a coverslip and excess liquid removed. 
Slides were immediately placed on a metal block stand-
ing in dry ice for a few minutes until frozen. Worms 
were fractured by simply flicking off the coverslip and 
fixed by immediate immersion in methanol at - 20°C 
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for 10 mm followed by 10 min in acetone at -20°C. 
Slides were blocked in phosphate-buffered saline (0.1 M 
Na2HPO4, 0.1 M KH,P041  0.9% (w/v) NaCl; pH 
7.4) + 0.2% (v/v) Tween-20 (PBST) + 1% (w/v) dry milk 
at room temperature for 20 min before washing for 
several minutes in PBST to remove excess milk. Slides 
were incubated with affinity-purified antibodies to 
Haemonchus pepsinogen [9], diluted to a final concen-
tration of 0.5 pg ml - ' in PBST, overnight at +4°C in 
a humid chamber. After 2 x 15 min washes in PBST, 
slides were incubated in Fluorescein-conjugated anti-
rabbit IgG (Sigma) for 1 h at room temperature, 
washed as already described and mounted in a 50 0/. 
(v/v) glycerol solution in phosphate-buffered saline con-
taining 2.5% (w/v) I ,4-diazabicycol[2.2.2]octane 
(DABCO; Sigma). 

3. Results 

3.1. Isolation and analysis of the H. contortus 
pepsinogen gene 

A 3986 base pair (bp) band was amplified from 
Haemonchus gDNA using primers to the coding se-
quences surrounding the translational start and stop 
codons of the pepsinogen eDNA sequence reported 
previously [9]. The pepsinogen gene contained eight 
introns ranging in size from 54 to 1475 bp, the relative 
positions of which are shown in Fig. I. The splice 
donor sequences of all introns have GT as the first two 
nucleotides, with the exception of intron 7, which has 
GC. All of the introns terminate with an AG nucleotide 
pair. 

3.2. Transformation of C. elegan.s with a Huemonchus 
pepsinogen construct 

In H. contortus, the pepsinogen protein is expressed 
as part of the integral gut-membrane glycoprotein com-
plex H-gal-OP. Because no information was available 
regarding the Haemonchus pepsinogen promoter se-
quence itself, the PCR-amplified genomic copy of the 
I-Iae,nonchus pepsinogen gene was fused immediately 
downstream of a C. elegans cysteine protease promoter, 
(pr-5, which has been shown previously to direct ex-
pression to the gut of C. elegans [24]. A polyadenyla-
tion signal sequence was added by ligation of a PCR 
generated copy of the 3' non-coding region of the 
Huemonchus pepsinogen eDNA downstream of the ge-
nomic copy of the gene. Sequence analysis of this 3 
non-coding region showed it to contain the variant 
AATGAA polyadenylation signal sequence. This se-
quence is rare and has been associated with defective 3' 
processing in other eukaryotes [26]. For this reason, a 
consensus polyadenylation signal sequence, AATAAA, 

Fig. 2. PCR 	 - 	 s 	 .ud Lidfl,geiliC iiiic 
A1286 (lane 4) and A1288 (lane 5) for presence of the micro-injected 
construct using a Haemonehu.s pepsinogen-speciuIc internal primer 
pairing. A negative control reaction with no template DNA was also 
included (lane 2). Migration of molecular weight markers is shown in 
lane I. 

was also included through design of the antisense 
primer, P6. 

The slow growing DR96 unc76((,, 911) mutant strain 
of C. elegans was used for microinjection experiments. 
Co-injection of the rescue plasmid p76-1613 resulted in 
phenotypic rescue of transgenic worms back to the wt 
phenotype that grow more quickly than the DR96 
unc76(e9lI) worms, therefore allowing rapid accumula-
tion of transgenic worm material. Two transgenic lines, 
A1286 and A1288, were established, both of which 
demonstrated semi-stable transmission rates of 50-
60%. 

3.3. PCR analysis of transgenic lines 

Single worms were picked and analysed for the pres-
ence of the injected construct by PCR under stringent 
conditions and using internal primers specific to the H. 
con tortus pepsinogen gene. Representative PCR reac-
tions are shown in Fig. 2. As predicted from nucleotide 
sequence analysis of the H. con tortus pepsinogen gene, 
a product of 0.9 kb was amplified from all of the 
transgenic C. elegans analysed, whereas no product was 
amplified from wt control animals. 

3.4. RT-PCR analysis of expression of the injected 
construct 

Evidence of transcription of the H. con tort us pepsi-
nogen gene was sought in an RT-PCR reaction as 
described in Section 2.7. Control amplifications using 
either a cloned copy of the Haemonchus pepsinogen 
gene or eDNA as target gave products of 4 and 1.3 kb. 
respectively (Fig. 3A), consistent with the predicted size 
as determined from nucleotide sequence data. No am-
plification product was obtained from wt worms, 
whereas a band of 1.3 kb was amplified from both 
transgenic lines of C. elegans. The integrity of the 
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cDNA preparations was checked by amplification of an 
internal fragment of a C. elegans cathepsin L protea 
(Fig. 3B). A band of the predicted size. 280 bp, oas 

amplified from all three cD'..\ preparations. 

3.5. lmmunohistoche,nistr 

The affinity purified anub,dics 	ncd strunL'k 	oh 
the gut of transgenic C. e'iegans (Fig. 4), with reacti\ 0. 

being evident in all the larval and adult stages. \ 
staining was evident in wt worms (data not shown. 

4. Discussion 

In this paper. e report the isolation and molecular 
organisation of a genomic copy of the H. contortus 
aspartyl proteinase gene, pepsinogen, and its expression 
in the free-living nematode C. elegans, so demonstrat-
ing the potential of C. elegans as a vector for the 
expression of parasitic nematode vaccine antigens. The 
gene was expressed under the control of a C. elegans 
gut-expressed cysteine protease gene promoter that di-
rected expression to the gut of transgenic worms. This 
expression did not induce any apparent adverse pheno-
typic effects affecting worm survival. 

Fig. 3. (,A,)  RT-P(iR ',' _leie 	0,,il-.uLpt-. 	'i the Inic ra ,iiieci,j II 
conforms pepsillogert gene using primers itirected to the najistutionul 

start and stop codons. Positive control amplification reactions using 

the injected construct and a clone of the full-length !laemanchus 
pepsinogen cDNA as target are shown in lanes I and 2. respectively. 

Amplification of cDNA derived from Wi C. e/egans and the irons-
genic lines A1286 and A1288 is shown in lanes 3-5. Migration of 

molecular weight markers was as indicated. (B) RT-PCR amplifica-
tion of a C. e/egan.c cathepsin L protease fragment using wt (lane I) 

and transgentc lines A1286 (lane 2) and A1288 (lane 3) cDNA as 

target. Migration of molecular weight markers is indicated. 

Fig. 4. .-iiilis oi i;.liisgeIli 	lilies .0 	 'lil.IOi) 	Ii 

H. rwuorius pepsinogen protein. The wt controls (not shown) or 

transgenic lines were probed with affinity-purified anti-Hae,nonchu,c 
recombinant pepsinogen serum. immunofluorescence was observed 
only in the gut of iransgenic worms. 

H. con/or/us pepsinogen/pepsin is a component of the 
highly host-protective integral membrane protein com-
plex H-gal-OF, isolated from the guts of adult worms 
[7]. The enzyme shows a high affinity for haemoglobin 
as a substrate and is expressed almost exclusively in the 
parasitic, blood-feeding stages of H. contort us, suggest-
rig that it may function in digestion of the host blood-
neal and may be essential for parasite survival [9]. 

I/eeenionchus pepsinogen is, therefore, a potential vac-
cine antigen candidate. Pepsinogen is encoded by a 
-angle copy gene in Hae,nonchus [9] and has no close 
homologue in C. elegans as determined by nucleotide 
sequence database searching (data not shown), making 
it an ideal target for evaluating the potential of C. 
elegans to express candidate vaccine antigens of para-
sitic nematodes. 

Expression of a gene in C. elegans is achieved 
through micro-injection of DNA containing all the 
sequences necessary for its own expression [27], i.e. a 
functional promoter, sequences necessary for mRNA 
lormation and a polyadenylation signal sequence. The 
presence of intronic sequences has been shown to 
greatly enhance the expression of some heterologous 
genes in C. elegans [28]. 

The Haenionchus pepsinogen gene was isolated by 
MR. It contains eight introns (Fig. I), which is higher 
than average when compared with C. elegans [29] but 
not unprecedented in H. conto,'tus, the cysteine 
proteinase AC-2 gene having previously been found to 
contain II introns [30]. The consensus splice donor and 
acceptor sequences were found to be similar to those of 
C. elegans [31] and of other eukaryotes in general [32], 
The splice donor sequence of the introns start with the 
nucleotides GT, with the exception of intron 7, which 
starts with GC. Point mutation analysis of a 0-g1obin 
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gene has shown that the GC pairing does not signifi-
cantly impair splicing [33] and, although rare, a cy-
tosine at the second position does occur naturally in 
eukaryotic introns [30,34,35]. It was previously sug-
gested that there may be a stringent requirement for G 
at position 5 [36], and there is conservation of this 
nucleotide in all introns of the Haemuncltus pepsinogen 
gene. All of the introns terminate with the strictly 
conserved AG sequence. Three-quarters of the 
Huemunchus introns are less than 200 bp in length, 
which is considerably smaller than introns of higher 
eukaryotes. Conversely, intron 1 is unusually long for a 
nematode intron [31], although large introns have been 
previously reported in Haemunc/zus cysteine proteinase 
genes [30,37]. 

In the two transformed lines of C. elegans, the in-
jected construct was not integrated into the genome but 
maintained as extrachromosomal arrays. Both IL con-
tortus (-tubulin genes [16] and a Trichostrongylus co/u - 
hrzformu.s collagen gene [27] have been expressed 
successfully in C. ak'gan.s in this manner. RT-PCR 
analysis using Haernonchus pepsinogen-specific primers 
confirmed that the injected gene was being transcribed 
(Fig. 3A). A product of 1.3 kb was amplified from 
transgenic worm populations. which corresponds in size 
with the cDNA control, suggesting that correct splicing 
of intronic sequences is occurring. This was confirmed 
by sequence analysis of the amplified products (data 
not shown). 

Expression of the Haemonchus pepsinogen protein 
was detected in the gut of transgenic worms (Fig. 4). 
With the exception of eggs, expression was observed in 
all stages of the nematode. This correlates with the 
temporal expression pattern of the C. elegans cysteine 
protease cpr-5, which shows an increase in abundance 
post-hatch and remains high throughout the larval 
stages with a slight decline in adults [38]. The cpr-5 
promoter was used here to drive expression of the 
Huemonchus pepsinogen. The Haemonchus protein was 
occasionally detected by Western blotting as a weak, 
additional band in extracts of some, but not all, batches 
of transgenic worms tested (results not shown), indicat-
ing that expression levels were low. This result may be 
attributable to a dilution' of the Haemonc/ius protein 
on preparation of worm protein extracts, although it is 
also possible that expression of the Hoernonchus protein 
has a deleterious effect on transgenic worms. 

The results presented in this paper demonstrate the 
potential of C. elegwis as a vector for expression of 
candidate vaccine antigens from parasitic nematodes 
further emphasising the degree of conservation between 
it and H. contortu.s, and affirming the role of C. elegans 
as a model for parasitic nematodes. Although only low 
levels of expression of the Haemonchus pepsinogen were 
achieved, future work will focus on attempting to opti-
mise expression levels by integration of injected DNA  

into the C. elegans genome or by micro-injection of 
varying concentrations of construct. Higher levels of 
expression may be also be attained through using dif-
ferent promoter sequences and promoter manipulation. 
Good levels of protein expression and nematode-like 
post-translational processing allied to the capability of 
growing C. elegans in large-scale liquid cultures empha-
sises the potential of this approach for the expression 
and analysis of parasitic nematode genes. 
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Chapter 8: Identification of promoter elements of parasite 

nematode genes in transgenic Caenorhabditis elegans. 

Britton C, Redmond DL, Knox DP, McKerrow JH and Barry D. 1999. 

Molecular and Biochemical Parasitology, 103: 171-181. 

C. elegans has become established as a model system for the study of 

developmental and functional biology of metazoans. Significant advantages are its 

simplicity, both in anatomy and genomic organisation, rapid life cycle and ease of 

growth and maintenance (Wood, 1988). In addition, genetic manipulation can be 

performed readily in C. elegans with techniques having been developed to allow the 

creation and rescue of mutant phenotypes, genetic crossing and transformation. 

C. elegans can be transformed easily by microinjection of DNA into the 

hermaphrodite gonad to produce stable lines carrying the exogenous DNA as 

extrachromosomal arrays (Mello et a!, 1991). This transformation technique has been 

used to study the mechanism of H. contortus benzimidazole resistance through 

expression of 13-tubulin alleles in C. elegans (Kwa et al, 1995) and to evaluate 

C. elegans as a potential vector for expression of parasite candidate vaccine antigens 

through expression of H. contortus pepsinogen (see Chapter 7; Redmond et a!, 2001). 

Although little is known regarding transcription factors and the mechanisms 

regulating gene expression in parasitic nematodes, that functional expression of 

H. contortus genes can be achieved in C. elegans (Kwa et al, 1995) suggests a degree 

of conservation between these two nematodes. It also serves to highlight the 

possibility of using C. elegans as a heterologous transformation system to examine 

the activity and specificity of parasitic nematode gene promoters. Conventional 

transformation systems allow only quantitative analysis of promoter activity. In 

addition to identifying potential upstream regulatory motifs from nematode parasite 

genes, the use of C. elegans as a transformation system would allow the temporal 

and spatial expression of a reporter gene to be determined and would thus provide a 

powerful system for studying helminth parasite gene expression. 

The aim of the work reported in this paper was to evaluate C. elegans as a 

heterologous transformation system for the identification and study of parasitic 

nematode promoter activities. 
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Three parasite promoters were examined, namely the gut expressed 

H. contortus cysteine proteinase AC-2, a member of the cysteine proteinase gene 

family identified in the USDA BPL1 strain of H. contortus (Pratt et al, 1990), and 

pepsinogen pep-] gene promoters (pep-] is used to denote the gene encoding the 

PEP  cDNA described in chapters 6 and 7) and the cuticular Ostertagia circumcincta 

(also known as Teladorsagia circumcincta) colost-i collagen promoter. The 

H. contortus AC-2 upstream sequence was isolated from a genomic library by high 

stringency hybridisation to an AC-2 specific probe based on previously published 

sequence, and by subsequent PCR amplification. A novel, two-step PCR technique, 

outlined in Figure 2, was developed to isolate the upstream sequence of the 

H. contortus pepsinogen gene, pep-1. The upstream region of the 0. circumcincta 

colost-i collagen gene was generated by PCR using primers based on previously 

published sequence and using an 0. circumcincta genomic library as template. 

All three putative promoter sequences, comprising sequence immediately 

upstream of the ATG start codon, were cloned into a lac Z vector to generate lac Z 

transcriptional fusions, verified by DNA sequence analysis of constructs. The 

inclusion of a nuclear localisation signal in the vector leads to accumulation of the 

[3-gal reporter protein in the nuclei of producing cells, thus facilitating their 

identification in complex tissues. Constructs were microinjected into C. elegans 

together with a plasmid containing the rol-6 gene and transformants identified by 

their roller right phenotype. Whole worm mounts of stable transformed lines were 

stained for f3-gal expression. 

Transformation with constructs containing the promoters for the H. contortus 

gut expressed AC-2 and pep-] genes resulted in expression of the [3-gal reporter gene 

exclusively in the gut cells of transformed C. elegans, with strong staining observed 

predominantly in the anterior and posterior regions of the gut with the AC-2 

promoter. As predicted for a cuticular collagen gene, specific expression of the [3-gal 

reporter gene in hypodermal cells of C. elegans was observed following 

transformation with the 0. circumcincta colost-i promoter. This strict tissue-specific 

expression demonstrates conservation of the regulatory mechanisms controlling 

spatial expression of these genes in these related nematode species. 
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Probe for Southern blotting 
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2 Round High 
Stringency PCR 
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generated probe 
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Figure 2. Schematic diagram of the gene walking technique showing the relative 
positions and orientations of gene-specific primers for amplification of upstream 
flanking sequences. Gene-specific primers are designed —200 bp from the end of 
known sequence to allow amplification of a significantly large region of flanking 
sequence whilst still maintaining sufficient sequence overlap to confirm specificity of 
the amplified product. A panel of non-specific primers, each used in a separate PCR 
reaction, is used to increase the chances of amplifying a large region of unknown 
flanking sequence. The technique can also be used to obtain downstream sequence 
information by simply reversing primer order and orientation and can be applied to 
both genomic and cDNA templates. 
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In H. contortus, the temporal expression of cysteine proteinase and 

pepsinogen genes is restricted to the blood-feeding L4 and adult stages. However, in 

transformed C. elegans, expression of the reporter gene under the control of these 

H. contortus promoters was observed in all stages except embryos, although the 

strongest and most frequent expression occurred in L4s and adults. Although 

expression of the colost-1 collagen gene is detected in the early larval (L1-L3) stages 

of 0. circumcincta, expression of the colost-111ac Z construct in C. elegans was 

restricted to the L4 stage. These observations suggest that species-specific 

differences occur in the fine tuning of regulatory mechanisms. 

Deletion constructs of the H. contortus AC-2 promoter were generated in an 

attempt to identify potential regulatory elements. Specific restriction endonuclease 

digestion of the AC-2 promoter generated a 5' deletion construct leaving 697 bp 

sequence upstream of the ATG start codon. No significant effect on frequency or 

tissue-specificity of the 3-gal reporter gene was observed, indicating that sequence 

further upstream is not essential for gene expression. Similarly, a PCR-generated 

deletion of the first 46 bp at the 3' end of the AC-2 promoter had no effect on 

expression. A second PCR-generated 3' deletion removing the first 86 bp resulted in 

loss of all lac Z reporter activity, indicating that the region between -48 and -86 bp is 

essential for expression. This region contains two GATA-like motifs, transcriptional 

elements shown previously to be necessary for correct gut expression of several 

C. elegans genes. PCR-induced mutation of the AC-2 GATA element closest to the 

start site resulted in loss of reporter gene expression in transformed C. elegans, 

indicating that this site is essential for H. contortus AC-2 gene expression. 

In conclusion, this work demonstrates the potential of C. elegans as a 

surrogate transformation system to identify promoter activities and determine tissue 

specificity of expression of nematode parasite genes. In addition, this transformation 

system can be used to identify parasite promoter elements and transcription factors 

involved in the regulation of gene expression. Interfering with expression of critical 

parasite genes has potential as a novel mechanism of parasite control. Further studies 

may help to identify parasite homologues of essential C. elegans transcription factors 

that may be targeted with consequential deleterious effects on parasite survival. 
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Contribution to work 

Establishment of a collaboration with C Britton. The development of a novel 

two-step PCR method for amplification of unknown flanking DNA sequences and its 

application to amplify the promoter region of the H. contortus pepsinogen gene. 

Detailed sequence analysis of the pepsinogen promoter and cloning into a lac Z 

reported plasmid for microinjection into C. elegans. Active discussion and analysis 

of results with C Britton. Initiation and execution of further collaborative work to 

analyse the pepsinogen promoter regulatory motifs. Preparation of relevant 

"Materials and Methods" section of manuscript. 

Further to the results presented here, deletion constructs of the H. contortus 

gut expressed pepsinogen, pep-], promoter were analysed using the heterologous 

C. elegans transformation system in an attempt to identify its minimal promoter 

region and potential regulatory motifs. 

Sequential deletion of 5' sequence to leave 800 bp of sequence upstream of 

the ATG translational start signal had no effect on 13-gal expression, with strong 

staining in the gut cells of transformed animals being observed, (Figure 3A). 

However, further 5' sequence deletions to leave 600 bp and 400 bp of upstream 

sequence resulted in a progressive decrease in the level of 13-gal expression (not 

shown). This suggests that expression levels may be influenced by a number of 

activators bound to the promoter sequence. A construct containing 200 bp of 

upstream promoter sequence showed only low level staining in the posterior gut cells 

of transformed C. elegans, (Figure 313). Motifs located within the first 200 bp of the 

H. contortus promoter are, therefore, sufficient to direct gut expression, indicating 

that tissue-specific factors bind within this region. That no staining of anterior gut 

cells was observed suggest that additional motifs in the —400 to —200 region may be 

required to direct protein expression in these cells. Ten GATA-like motifs were 

identified within the first 200 bp of the H. contortus pepsinogen promoter which 

may, by analogy to their function in C. elegans, be responsible for directing protein 

expression to the parasite gut. However, mutational analysis will be necessary to 

further identify critical motifs within the H. contortus pepsinogen promoter. 
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Figure 3. Expression of H. contortus pepsinogen promoterl!acZ reporter deletion 

constructs in transgenic C. elegans. 
construct containing 800 bp of sequence upstream of the ATG translational start 

sequence showing strong staining in gut cells. 
construct containing 200 bp of upstream sequence showing only low level 

expression in the posterior gut cells. 
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Abstract 

Transformation of the free-living nematode Caenorhabditis elegans with promoter/reporter gene constructs is a very 
powerful technique to examine and dissect gene regulatory mechanisms. No such transformation system is available 
for parasitic nematode species. We have exploited C. elegans as a heterologous transformation system to examine 
activity and specificity of parasitic nematode gene promoters. Using three different parasite promoter/bc Z reporter 
constructs strict tissue-specific expression is observed. Upstream sequences of the Haemonchus contortu.v gut 
pepsinogen gene pep-1 and cysteine protease gene AC-2 direct expression exclusively in gut cells, while promoter 
sequence of the Ostertagia circumcincla cuticular collagen gene colost-I directs hypodermal-specific expression. 
Mutation analysis indicates that AC-2 promoter function is dependent on a GATA-like motif close to the translation 
start site, similar to our findings with the C. elegans cpr-1 cysteine protease gene. While the spatial expression of these 
parasite promoters in C. elegans correlates with their expression in the parasite, the exact timing of expression does 
not. This suggests that regulatory mechanisms influencing the timing of expression may have evolved more rapidly 
than those controlling spatial expression of structural genes. © 1999 Elsevier Science B.V. All rights reserved. 
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1. Introduction 

Multicellular organisms express many genes in 
specific tissues at specific stages of development. 
Interfering with the control of such expression is 
likely to have deleterious effects on the organism 
and, for parasitic species, has potential as a novel 
mechanism of parasite control. At present, there 
is very little known of gene regulatory mecha-
nisms and transcription factors in parasitic 
helminths, with studies being limited by the com-
plex parasite life cycles and absence of a suitable 
transformation system. However, several recent 
studies have made use of mammalian cell trans-
formation systems to identify potential regulatory 
regions in genes of the trematode parasite Schisto-
soma mansoni [1-4]. The expression obtained with 
these parasite promoters in mammalian cell sys-
tems implies that there is sufficient conservation 
in regulatory DNA motifs and associated trans-
acting factors between these diverse phyla to al-
low examination of at least basal transcription 
mechanisms. It seems highly probable, therefore, 
that a transformation system using a more closely 
related species would provide a powerful, new 
system for studying helminth parasite gene expres-
sion. Moreover, the use of such a system might 
help identify not only important basal regulatory 
regions, but also regions involved in spatial and 
developmental gene expression in these multicellu-
lar organisms. 

As the basic structural organisation and devel-
opment are very similar between different ne-
matode species, it is pertinent to make use of the 
wealth of information on the development, genet-
ics, anatomy and gene organisation and expres-
sion of the free-living soil nematode 
Caenorhahditis elegans to study these aspects of 
parasitic nematode biology. In addition, C. dc-

gans is easy to grow and maintain and, impor-
tantly, can be transformed easily by 
microinjection of DNA into the hermaphrodite 
gonad to produce stable lines carrying exogenous 
DNA in extrachromosomal arrays [5]. This trans-
formation technique was used by Kwa et al. [6] to 
demonstrate functional activity of a 13-tubulin 
gene from the sheep parasitic nematode 
Haemonchus con tortus in C. elegans. While clearly  

showing expression of a parasite gene in C. dc-

gans, their study did not examine the temporal 
and spatial expression of the parasite gene. Here 
we extend this approach using a lac Z reporter 
vector to identify promoter activities, determine 
tissue specificity of expression and identify poten-
tial upstream regulatory motifs from nematode 
parasite genes. The results demonstrate tissue-spe-
cific promoter activity for three genes from two 
parasite species. 

2. Materials and methods 

2.1. Construction of lac Z reporter constructs 

All parasite promoters examined in this study 
were cloned as transcriptional fusions in lac Z 
reporter vector pPD95.03 (kindly supplied by 
Andy Fire; A. Fire, S. Xu, J. Ahnn, G. Seydoux, 
personal communication). This vector encodes a 
nuclear localisation signal, targeting -galactosi-
dase to the nucleus, thus aiding in the identifica-
tion of expressing cell types. In addition, this 
vector contains an upstream decoy sequence to 
minimise readthrough transcription and addi-
tional introns within the E. coli lac Z sequence to 
increase lac Z expression level (Fire, unpublished). 
For C. elegans transformation, pPD95.03 was 
used in preference to pPD90.28, which was used 
for the initial cloning step and is a first generation 
lac Z reporter vector without the decoy sequence 
and additional introns [7]. 

A clone containing upstream sequence of the H. 
con tortus cysteine protease gene AC-2 was iso-
lated from an EMBL3 H. contortus genomic li-
brary (kindly provided by Tim Geary, Pharmacia 
& Upjohn) following high stringency hybridisa-
tion with a 32P-labelled probe generated by PCR 
using primers to the 5' and 3' ends of the previ-
ously published AC-2 256 bp upstream sequence 
[8] (AC-2 sense primer 1: 5'CACAGCATGC-
ACATAmGGmAAAG3', positions - 244 
to - 228 relative to the ATG translational start 
codon; underline indicates Sph I site introduced 
for cloning; AC-2 antisense primer 1: 5'TATT-
GGATCCGATITITGAGATGTCG3', comple- 
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mentary to positions - 7 to - 25; underline indi-
cates BamH I site introduced for cloning). A 2.55 
kb Xha I fragment from a hybridising clone, 
containing 2318 bp of upstream sequence as well 
as 229 bp of sequence downstream of the ATG 
start codon (indicated in Fig. 1), was subcloned 
into lac Z vector pPD90.28 (kindly supplied by A. 
Fire). This generated plasmid pAC1, which con-
tains the AC-2 Xha I fragment in reverse orienta-
tion (Fig. 1). Like the C. elegans family of cysteine 
proteases (CPR's) [9,10], the AC-2 protease con-
tains an N-terminal hydrophobic region [8] which 
may act as a signal peptide and could potentially 
interfere with nuclear localisation of lac Z expres-
sion from translational reporter constructs. To 
prevent this being a potential problem, a tran-
scriptional fusion construct, pAC2, was generated 
for use in transformation. Primer extension analy-
sis has previously indicated that, like the C. dc-
gans cysteine protease (cpr) genes [9,10], the AC-2 
gene is not transpliced to SLL nor SL2, and that 
transcription starts approximately 10 bp upstream 
of the ATG start codon [8]. As the transcription 
start site has not been mapped exactly, we in-
cluded nucleotides just prior to the ATG transla-
tional start codon. This was achieved by PCR 
using Vent Polymerase (New England Biolabs) on 
pAC1 template DNA using AC-2 gene specific 

antisense primer 2 (5TACCATCTAGACTCCG-
A rITFIGAGATG3', complementary to posi-
tions - 6 to - 22; Xba I site introduced for 
cloning is underlined) and a lac Z vector primer, 
1912 (5'TCCAAGGGTCCI[CCTGAAAATG3'). 
The resulting 2.3 kb upstream fragment was di-
gested with Xha I and cloned into lac Z vector 
pPD95.03 to generate construct pAC2, containing 
the AC-2 promoter in forward orientation (Fig. 
1). 

A 5' end deletion construct of the AC-2 pro-
moter region containing 697 bp of immediate 
upstream sequence was generated by digestion of 
pAC2 with Xha I and Sph I (see Fig. 1) and 
cloning of the proximal 697 bp Sph I-Xba I 
promoter fragment directly into pPD95.03. 3' end 
deletion constructs 1 and 2 were generated by 
PCR on pAC1 with antisense primers DeIR1 
(5T1'GGTCTAGACCACCTGTCAAAG3', Xha 
I restriction site underlined), which is complemen-
tary to positions —48 to —61, and DeIR2 
(5'GATATCTAGAAAGCGAGAGGAATc3', 
Xha I restriction site underlined), complementary 

to positions - 86 to - 102, in conjunction with 
lac Z vector primer 1912. Positions of primers 
DeIR1 and DeIR2 are indicated in Fig. 3(A). 
Mutagenesis of the GATA motif closest to the 
ATG start codon of the AC-2 gene was achieved 

.2318 	-697 +229 + 
AC-2 Xba I fragment 	 pPD90,28 

ACantisense primer 2 

+ J1 4C—Eg— =Iac Z 
1912 primer 	decoy 

pAd 	 pPD95.03 

	

-2318 	-6 

decoy 
pAC2 

Fig. 1. Cloning strategy for AC-2/lac Z reporter construct. Cloning procedure is described in Section 2. X and S indicate Xba I and 
Sph I restriction sites in the AC-2 gene fragment and lac Z cloning vectors, pPD90.28 and pPD95.03. Numbers indicate positions 
of restriction sites in AC-2 relative to the ATG Start codon. NLS indicates nuclear localisation signal and MCS indicates multiple 
cloning Site in the vectors. 



174 	 C. Britton et al. /Molecular and Biochemical Parasitology 103 (1999) 171-181 

by PCR on pAC1 using antisense primer Muti 
(5TFGGTCTAGACCACCTGTCAAATCGCC-
CTACTYFGTC3'; Xha I restriction site under-
lined; bases altered to induce mutagenesis of the 
—61 GATA motif are shown in bold type) in 
conjunction with lac Z vector primer 1912. 

Upstream sequence of the H. contortus gut-ex-
pressed pepsinogen gene pep -i [11] was isolated 
by a gene-walking technique involving two 
rounds of PCR. The initial PCR was carried out 
at low stringency using a random primer 
(5'AATGTFATGTI'GGCATVFG3') in conjunc-
tion with a pep-1 specific antisense primer 
(5'AGAGACGCACGCTAGCATFC3', comple-
mentary to bases + 132 to + 152 relative to 
pep-I ATG translational start codon) with 500 
ng H. contortus adult genomic DNA as target 
and the following PCR conditions: 94°C for 
5 mm, followed by 30 cycles of 94°C for 
1 mm, 30°C for 1 mm, 72°C for 3 mm, final 
extension at 72°C for 7 mm. Of this reaction 
1 ld was then used as template in a second 
round, high stringency PCR using the same 
random primer as above and a nested pep-] 
specific antisense primer (5'CTTTACGAAT-
TCGGCCCATGTT3', complementary to bases 
+ 105 to + 126 relative to the translational 
start codon). PCR conditions were as described 
above with the exception that annealing was 
carried out at 50°C. Second round products 
were separated on a 0.8% (w/v) agarose gel, 
Southern blotted and probed at high stringency 
using a DIG-labelled (Boehringer Mannheim) 
pep-] gene fragment corresponding to bases + 1 
to + 152. Hybridising bands were eluted from 
an identical gel, cloned into the PCRII vector 
(Invitrogen) and sequenced (Advanced Biotech-
nology Center). A 2 kb fragment corresponding 
to the region of pep-] immediately upstream of 
the ATG translational start codon was cloned 
into lac Z vector pPD95.03 for injection into C. 
elegans. 

Upstream region of the colost -1 collagen gene 
was generated by PCR on an 0. circwncincta 
genomic library (kindly provided by lain John-
stone, University of Glasgow) using primers 
designed to the previously published sequence  

of this gene [12]: colost-1 sense primer 
(5'CGGGGATCCGAGAGCCAGGGCAGTGT-
AG3') and colost-1 antisense primer (5'GC-
CGTCGACGCTTGATCTGCTTGTGGACAC3'; 

underline indicates Sal I site introduced for 
cloning). This generated a 3 kb product, a Sal 
I-Hind III 1.3 kb fragment of which was sub-
cloned into lac Z vector pPD95.03 to generate a 
lac Z /colost -1 transcriptional fusion extending 
at its 3' end to just prior to the colost-1 ATG 
start codon. All constructs described here were 
verified by DNA sequencing. 

2.2. DNA transformation of C. elegans 

Transformation of C. elegans was performed 
by microinjection of plasmid DNA into the dis-
tal arm of the N2 hermaphrodite gonad as de-
scribed previously [5]. All plasmid DNA for 
microinjection was prepared using the Qiagen 
method. lac Z reporter constructs at a final 
concentration of 50 l.Lg ml -'  were co-injected 
with plasmid pRF4 [5,13] at a final concentra-
tion of 100 l.Lg ml'. Plasmid pRF4 contains 
a dominant mutant allele of the rol-6 gene 
and allows transformants to be identified by 
their right roller phenotype. Lines in which 
F2 and subsequent generations showed the roller 
phenotype were stained for f3-galactosidase 
expression. 

2.3. Fixation and staining for fi -galactosidase 
activity 

The staining procedure was carried out essen-
tially as described by Fire et al. [7]. Nematodes 
were fixed in 1.25% (v/v) glutaraldehyde, washed 
and dried onto glass slides. They were then 
fixed for four minutes in acetone at - 20°C be-
fore incubating in stain solution containing 
0.01% (w/v) X-gal. Staining was carried out 
overnight at room temperature in a humid 
chamber. Co-staining with DAPI (4',6-di-
amidino-2-phenylindole) at a final concentration 
of 0.1% (w/v) aided in the identification of 
stained nuclei. 
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3. Results 

3.1. Expression of H. contortus AC-2 promoter! 
lac Z construct in C. elegans 

To test whether heterologous promoters could 
function in C. elegans, transformation of the free-
living nematode was carried out with a construct 
containing upstream sequence of a cysteine 
protease gene, AC-2, from H. contortus. AC-2 is a 
member of a family of Cathepsin B-like protease 
genes [8,14,15] that show strong sequence identity 
with a family of cysteine protease (cpr) genes 
from C. elegans [9,10]. The H. contortus protease 
genes are expressed at high levels only in the 
blood-feeding L4 and adult stages [8] and some of 
the encoded enzymes have been immunolocalised 
to the gut (David P. Knox, unpublished), suggest-
ing that they may be involved in blood feeding. 
The C. elegans cpr protease genes are also ex-
pressed exclusively in the gut, suggesting a possi-
ble role in digestion. These genes are expressed in 
all developmental stages except the embryo [9,10]. 

To examine expression from the AC-2 pro-
moter, transgenic C. elegans lines were generated 
carrying 2.3 kb of AC-2 immediate upstream se-
quence linked to a lac Z reporter gene. Because of 
the way in which extrachromosomal arrays are 
transmitted in C. elegans, with between 10 and 
90% of progeny inheriting the array [5], as well as 
random mitotic loss of arrays, not all worms in a 
stable line show expression. Because of this ran-
dom loss and the inherent variability between 
independent transformed lines, it is difficult to 
quantitate the frequency of lac Z expression in an 
accurate manner. Expression is, therefore, re-
ferred to as being present (+) or absent (-), as 
indicated in Fig. 3(B). 

In lines transformed with the AC-211ac Z con-
struct (pAC2), strong lac Z expression was ob-
served in a high number of worms, exclusively in 
nuclei of gut cells. Staining was observed predom-
inantly in the anterior and posterior regions of the 
gut. Expression occurred in all stages except the 
embryo, with strongest and most frequent expres-
sion in L4 and adult worms (Fig. 2). Control 
worms, transformed with the pPD95.03 lac Z 
vector with no AC-2 insert, showed no lac Z  

expression, indicating that this gut-specific expres-
sion is being driven by the H. contortus AC-2 
promoter. 

3.2. Effect on expression of 5' and 3' deletions of 
the A C-2 promoter 

To identify potential regulatory elements within 
the AC-2 promoter involved in spatial and tempo-
ral expression, deletion and mutation constructs 
were generated (Fig. 3(A—B)). Deletion of the 5' 
region, leaving 697 bp of sequence upstream of 
the ATG start codon, had no significant effect on 
the frequency or tissue-specificity of expression: 
lac Z staining was still observed exclusively in gut 
cells, indicating that further upstream sequence is 
neither essential for expression nor is it likely to 
contain repressor binding sites preventing expres-
sion in other tissues. Strong expression was still 
observed in the posterior gut region in all stages 
except the embryo. There was, however, a notice-
able decrease in the number of transformants 
showing expression in the most anterior gut cells. 
This could be a quantitative effect, with insuffi-
cient activation occurring to detect expression in 
these cells, or a qualitative effect resulting from 
deletion of a promoter activator element(s) neces-
sary for expression in these cells. 

Deletion of the first 47 bp at the 3' end of the 
AC-2 flanking region (3' end deletion 1, Fig. 
3(B)), removing the putative TATA box, had no 
effect on expression. This indicates that the 
TATA box is not essential for expression and 
transcription may depend on another activator 
motif, such as a GATA element or other initiator 
sequence. The sequence TCACTCT starting at 
position - 129 of the AC-2 gene (numbering 
relative to the ATG start codon; see Fig. 3(A)) fits 
the initiator consensus sequence PyPyANT/ 
APyPy and may substitute for the TATA box, as 
has been shown for other TATA and non-TATA 
containing promoters [16-18]. A second deletion 
was made to the AC-2 promoter 3' end, to posi-
tion - 86 (3' end deletion 2, Fig. 3(B)). This 
resulted in loss of all lac Z reporter gene activity, 
indicating that the region between - 48 and - 86 
is essential for expression. 



A 

(7/ 

%,. 
 

-- 	it 

liIll 	
9F 

. /,.4 	 .- 

Vol  1: 0  

176 	 C. Britton et al./ Molecular and Biochemical Parasitology 103 (1999) 171-181 

I. 

-.,-.- 	
%_ • I 	 - -T  

Fig. 2 

Fig. 4 

Fig. 2. Expression of H. con tortus AC-2//ac Z reporter construct in gut cells of transgenic C. elegans. This shows expression in adult 

stage C. elegans, with strong expression in anterior and posterior gut cells and weaker expression in mid gut cells. No expression 

is seen in any other cell type. 
Fig. 4. Cell specific lac Z expression following transformation of C. elegans with other parasite promoter constructs. Panel A shows 

staining in anterior and posterior gut cells of adult C. elegans following transformation with a lac Z reporter vector containing 2 

kb of upstream sequence of H. con tortus pepsinogen gene pep-I. In Panel B, expression is observed in hypodermal cells of L4 stage 

C. elegons following transformation with an 0. circumcincta cuticular collagen gene colosi- I promoter/Iac Z construct. 

3.3. Mutation of AC-2 promoter GA TA element 

Proximal end deletion of the AC-2 promoter 
indicated that an essential element was present  

between positions —48 and - 86. Examination 
of this region revealed that it contains an E-box 
motif (CANNTG) and two GATA-like elements 
in inverse orientation (Fig. 3(A)). Such elements 
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can operate in either orientation [19,20]. A GATA 
motif is present in a similar position in the C. 
elegans cpr- 1 protease gene promoter and we have 
shown recently that it is important for cpr-1 
expression [21]. GATA elements are also present 
in the immediate upstream region of the other C. 
elegans cpr genes [10] and have been shown to be 
necessary for correct gut expression of C. elegans 
genes ges-1, a gut esterase gene [22], and vit-2, a 
vitellogenin gene [23]. To determine whether this 
motif is involved in AC-2 promoter function, the 
GATA element at position - 61 (numbering rela-
tive to the AC-2 ATG start codon; see Fig. 3(A)) 
was mutated by PCR and the resulting mutated 
construct injected into C. elegans. Worms trans-
formed with the mutated promoter construct 
(GATA mut 1, Fig. 3(B)) showed no reporter gene 
expression, indicating that this GATA element 
close to the start site is essential for AC-2 pro-
moter function. The results of the AC-2 deletion/ 
mutation studies are summarised in Fig. 3(B). 

3.4. Expression pattern of H. contortus pep-lilac 
Z construct in C. elegans 

The gut-specific expression obtained with the 
AC-2 promoter region was as expected for this 
protease gene. To further demonstrate that the 
spatial pattern of expression observed in C. dc-
gans is consistent with expression in the para-
site, the promoter region of another parasite 
gene, the H. contortus pepsinogen gene pep-] 
[11], was tested in a similar manner. The pep-] 
gene is expressed in the blood feeding L4 and 
adult stages of the parasite. PEP-i protein has 
been immunolocalised exclusively to the gut sur-
face, suggesting that, like AC-2, it may be in-
volved in blood digestion. Several aspartyl 
proteases with sequence similarity to PEP-1 have 
been identified by the C. elegans genome pro-
ject, but their expression patterns have yet to be 
characterised. 

A 

-147 atgcattaaa caaaactttc_ectctttgca accctttctt cggcagattc 
DeIR2 	 DeIR1 

-97 ctctcgcttt ct!tcfa tagacaaagt adtt gncaggtggt 1  

47 taataccant_ataaOcagaa ttcgacatct caaaaatcgg aggcaatxTo 

B 	 Construct 	 expression 
-79 -61 	-1 	 total lines 

pAC2 	 Q 	+ 	6/6 

5' end deletion 	 22-rJ-[J__{ 	+ 	414 

-48 
3' end deletion I 	;Oz CHD- + 	3/3 

-86 
3' end deletion 2 	 - 	0/4 

-48 
CAT?. mut 1 	—if 	 - 	0/8 

Fig. 3. Promoter analysis of H. con/onus AC-2 gene. (A) Immediate upstream sequence of the Ac-2 gene indicating putative 
regulatory motifs. The putative TATA box at position —39 and initiator element at position – 129 are indicated (both underlined), 
as are the inverse GATA motifs at positions —61 and —79 (boxed) and E-box (CANNTG) motif (double underlined). Numbering 
is relative to the ATG start codon (shown in upper case). Also shown are the positions of proximal end deletion antisense primers 
DelR I and DelR2 used in PCR to generate the corresponding 3' end deletion constructs I and 2. (8) Presence (+) or absence ( – ) 
of gut cell staining following transformation with AC-2 deletion and mutation constructs. GATA motifs are indicated by boxes in 
all constructs and mutation of the GATA motif at position —61 in construct GATA mut I is shown by X. The number of 
transformed C. elegans lines showing expression from the total number of stable lines generated with each construct is shown on 
the right hand column. 
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To examine pep-] promoter activity, transfor-
mation of C. elegans was carried out with a lac Z 
reporter construct containing 2 kb of upstream 
sequence of the pep-] gene. Transformants 
showed lac Z expression exclusively in gut cells, 
consistent with expression in the parasite. Strong 
and frequent expression was observed in L4 and 
adult worms (Fig. 4(A)) and in the early larval 
stages (Li, L2 and L3). This latter expression is 
not detected in the parasite by RT—PCR analysis 
[11]. No expression was observed in embryos. 

3.5. Expression of a parasite cuticular collagen 
gene promoter in C. elegans 

To confirm that the tissue specificity of ex-
pression was dependent on the parasite gene 
promoter and not on the particular reporter vec-
tor used, we examined the expression pattern of 
a construct containing 5' flanking sequence of a 
parasite gene expected to be expressed in non-
gut cells. Upstream region of the cuticular colla-
gen gene colost-1 [12] from Ostertagia 
circumcincta, another parasitic strongyle ne-
matode of sheep, was examined in C. elegans. 
colost-i is closely linked to an almost identical 
gene, colost -2, and these genes show strong se-
quence similarity to cuticular collagen genes col-
12 and col-13 from C. elegans, which are also 
almost identical to one another and arranged in 
tandem [24]. These strong similarities in se-
quence and gene organisation suggest that 
colost -1 and colost -2 are orthologs of col-12 and 
col-13. They are, therefore, predicted to encode 
collagens present in the cuticular layer [12], 
which is synthesised by the underlying hypoder-
mis. Transformation of C. elegans with a lac Z 
reporter construct containing 1.3 kb of colost - I 
upstream sequence resulted in expression specifi-
cally in hypodermal cells (Fig. 4(13)), as pre-
dicted for a cuticular collagen gene. While the 
C. elegans putative orthologs col-12 and col-13 
are expressed in all larval stages and at an in-
creased level in adult worms, as detected by 
semi-quantitative RT—PCR [25], expression of 
the 0. circumcincta colost-i/lac Z construct in 
C. elegans was observed only in the L4 stage.  

4. Discussion 

This study has demonstrated, using three differ -
ent parasite gene promoters, that C. elegans can 
be used as a surrogate transformation system to 
examine nematode parasite gene regulation. The 
conservation of regulatory elements and transcrip-
tion factors across widely divergent groups [26] 
suggests that, for many genes, there is likely to be 
sufficient conservation of regulatory mechanisms 
between C. elegans and parasitic nematodes to 
detect promoter function using this heterologous 
system. We have demonstrated promoter function 
from two animal parasitic nematode species and it 
has recently been reported that a putative gene 
promoter from the potato cyst nematode Gb-
bodera rostochiensis can function in C. elegans 
[27]. 

The advantage of this approach over other 
tested transformation systems is that it also pro-
vides information of the spatial and temporal 
expression pattern. This is true for the genes 
examined here and, most probably, pertinent to 
other genes conserved to some degree between 
parasites and C. elegans. Strict tissue-specific ex-
pression was observed for the parasite gene pro-
moters examined. Promoters of the H. con tort us 
gut-enzyme encoding genes AC-2 and pep-] were 
expressed exclusively in gut cells of C. elegans, 
while the cobost-1 cuticular collagen gene pro-
moter directed expression exclusively in hypoder-
mal cells. This conservation of spatial expression 
is probably to be expected considering the 
anatomical conservation between these closely re-
lated nematode species. In these nematodes, the 
gut is where digestion and absorption of nutrients 
occur and is, therefore, the tissue in which en-
zymes involved in these processes are expected to 
be expressed, no matter how diverse they may be 
in substrate specificity. Similarly, as the nematode 
cuticle is conserved structurally and functionally, 
cuticular collagen gene expression would be ex-
pected to occur in the hypodermal tissue in differ-
ent species. Our findings confirm the conserved 
function of these tissues in the different species 
examined and indicate evolutionary constraint in 
the regulatory mechanisms controlling spatial ex-
pression of these structural genes. It will be inter- 
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esting to examine the spatial expression pattern of 
genes encoding similar digestive enzymes of other 
nematode species such as the filarids, in which a 
significant part of their nutrition is achieved tran-
scuticularly [28,29]. Are such homologous en-
zymes expressed in the hypodermal and cuticular 
regions? 

While spatial expression of the parasite pro-
moter/lac Z constructs in C. elegans correlated 
with their expression in the parasites, the exact 
timing of expression differed. In C. elegans, the H. 
contortus AC-2 and pep-] promoters were active 
in all larval stages and in adult worms. In the 
parasite, mRNA and protein from these genes are 
detected only in the L4 and adult stages [8,11]. 
One possible explanation for this difference is that 
these genes are expressed in the early larval stages 
of the parasite, but at levels too low to be de-
tected in previous studies. Alternatively, the exact 
mechanisms regulating temporal expression of 
these genes may not be conserved between these 
nematode species. The expression pattern ob-
served in C. elegans may reflect the expression 
pattern of homologous C. elegans genes and the 
activity of the transacting factors involved in their 
regulation: AC-2 may be regulated by factors 
involved in C. elegans cysteine protease (cpr) gene 
expression and thus be activated in all stages 
except the embryo. The differences in temporal 
expression observed here could result from a 
greater level of activator in C. elegans driving 
expression over a threshold not reached in the 
parasite, or may result from earlier expression of 
a homologous factor or expression of a different 
factor(s) directing larval expression in C. elegans. 
Another possibility is that repressor factors may 
be present in the parasite to prevent expression in 
the early larval stages. Band shift studies should 
identify qualitative or quantitative differences in 
the regulatory factors involved. 

Expression from the 0. circumcincta colost-1 
promoter showed a temporally restricted pattern 
in C. elegans, being observed only in the L4 stage. 
In 0. circumcincta this gene is detected in the 
early larval (L1-L3) stages by RT-PCR [12]. It is 
not known if the level of expression increases in 
the parasite L4 stage, which could explain the 
present finding. However, this expression pattern 

differs from that of the proposed C. elegans or-
thologs, col-12 and col-13, which are expressed in 
all larval stages and at an increased level in the 
adult worm [25]. This again suggests differences in 
the temporal control of the parasite and C. dc-
gans genes. Our findings indicate species-specific 
differences in the fine tuning of regulatory mecha-
nisms and suggest that, while constraint is placed 
on spatial expression of terminal genes, regulators 
or regulators of regulators involved in exact tim-
ing of expression have undergone more rapid 
evolutionary change. It has been argued that al-
teration to gene regulation is the major mecha-
nism of evolution [30,31]. We require a greater 
knowledge of parasite transcriptional regulators, 
how they are developmentally controlled and in-
teract with other factors to influence the timing of 
developmental events. Comparison of these fac-
tors to their C. elegans homologs will be impor-
tant to our understanding of nematode parasite 
evolution and adaptation. 

The transformation system used here can iden-
tify parasite promoter elements involved in spatial 
and temporal gene expression. In the present 
study, mutation analysis of the H. contortus AC-2 
gene promoter identified a GATA element close 
to the start site which is essential for promoter 
activity. This is very similar to our previous find-
ings for the C. elegans cysteine protease gene 
cpr-I [21] and indicates that both genes are regu-
lated by similar mechanisms, possibly involving a 
gut-expressed GATA-like transcription factor. In 
the present study we observed strong, tissue-spe-
cific expression from transcriptional fusion con-
structs, indicating that any motifs present 
downstream of the translational start site are not 
essential, at least for the expression observed here. 
We have previously found that a Box 1 type motif 
present in the first intron of the C. elegans cpr-1 
protease gene [ 91 is not essential for reporter gene 
expression, and that upstream sequence directs 
the same expression pattern as that observed in in 
situ hybridisation and Northern blot analysis of 
this gene [21]. However, we cannot rule out the 
possibility that, although not essential, down-
stream motifs may play some role in regulation of 
the parasite genes examined here. 

As well as dissecting the elements involved in 
gene expression, we can make use of information 
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from the C. elegans genome project to begin to 
identify parasite homologs of C. elegans tran-
scription factors. In C. elegans the gut-specific 
GATA factor ELT-2 is speculated to act as a key 
regulator of a number of genes encoding struc-
tural proteins, such as the gut esterase ges-1, the 
vitellogenins and the cpr cysteine protease genes 
[32]. Loss of ELT-2 function is lethal, with Li 
larvae dying with gut malformation and degenera-
tion. Other GATA-like transcription factors have 
also been shown to play essential roles in C. 
elegans tissue development and maintenance 
[33,34]. Interfering with specific interaction of ho-
mologous parasite factors with their DNA bind-
ing site could be an important, novel method of 
parasite control, not only inhibiting structural 
gene expression but also affecting parasite 
development. 
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In bacterial genomes, functionally related genes are often clustered together 

in operon structures and are co-transcribed as polycistronic pre-mRNAs from a 

single upstream promoter (Lewin, 1990). C. elegans and its relatives are unique 

among animals in having operons (Speith et a!, 1993). At least 1,000 operons exist in 

C. elegans, each 2-8 genes long, constituting -15% of all C. elegans genes, and with 

related genes occurring together at a frequency greater than would be expected by 

chance (Blumenthal et al, 2002). More than 80% of C. elegans mRNAs are trans-

spliced to the common spliced leader 1 (SL1) sequence (Nilsen, 1995), which has 

been shown to be required for C. elegans survival (Ferguson et al, 1996). Cell-free 

extracts from synchronously developing embryos of Ascaris lumbricoides have been 

used to demonstrate a role for trans-splicing in nematode gene expression, with 

trans-splicing of the SL sequence and its associated hypermethylated cap structure 

functionally collaborating to enhance the translational efficiency of a specific mRNA 

(Maroney et al, 1995). 

Polycistronic pre-mIRNAs are processed into monocistronic units through 3' 

end formation and trans-splicing of the specialised spliced leader 2 (SL2) small 

ribonuclear particle to downstream mRNAs (Huang and Hirsh, 1989). In essence, 

trans-splicing to an SL2 sequence is considered as evidence of an operon structure 

(Blumenthal, 1995). 

Through the characterisation of the H. contortus pepsinogen gene promoter in 

an attempt to identify its minimal promoter region (see Chapter 8), primer extension 

analysis identified a proportion of clones extended to —14 bp in relation to the ATG 

start codon. Of the ten extended sequences, two were trans-spliced to a 22 nucleotide 

SL2-like sequence which differed from the C. elegans SL2 sequence by only a 2 bp 

inversion. 
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The aim of this work was to clone and characterise the H. contortus SL2 

gene sequence. 

The H. conlortus SL2 gene was isolated by PCR using a primer based on the 

H. contorlus 22 bp SL2 sequence in conjunction with an antisense primer directed to 

a conserved region of C. elegans SL2 RNA sequence and using H. contortus 

genomic DNA as template under high stringency conditions. The 3' end of the 

H. contortus SL2 gene was subsequently obtained by application of the two-step 

PCR technique developed for the amplification of unknown flanking regions 

described in Chapter 8. Nucleotide sequence analysis of the amplified H. contortus 

SL2 gene showed it to be 113 bp in length and to share 66% identity with the 

C. elegans SL2 gene and even greater identity, 74%, with Dolichorhabditis SL2a, 0 
and y gene sequences. Computer modelling of the H. contortus SL2 gene sequence 

showed the characteristic, three stem-loop structure of nematode SL2 RNAs, 

including an Sm-binding consensus sequence located between the second and third 

stem-loops, and conservation of the top of the third SL2 stem-loop, shown to be 

necessary for polycistronic pre-mRNA processing. 

The results presented here represent the first observed case of SL2 trans-

splicing in H. contortus. However, the 2 kb of sequence immediately upstream of the 

pepsinogen gene has been shown to have a true promoter function (Britton et al, 

1999; Chapter 8) suggesting that the H. contortus pepsinogen gene does not represent 

a downstream gene in an operon structure. Therefore, it is likely that the observed 

pattern of trans-splicing to H. contortus pepsinogen is analogous to the low-level 

vans-splicing of SL2 to the first gene of an operon reported to occur in both 

Dolichorhabditis and C. elegans. 
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In bacteria, genes whose products perform related 
functions are often clustered together in operon struc-
tures [1] and are co-transcribed from a single upstream 
promoter as polycistronic mRNAs. In contrast, genes 
of higher eukaryotes are generally transcribed as mono-
cistronic mRNAs, each gene being individually regu-
lated under the control of its own promoter and 
translational initiation site. 

However, the free-living nematode Caenorhabditis el-
egans and, more recently, the rhabditid nematode Doli-
chorhabditis have been shown to use both the 
prokaryotic and eukaryotic patterns of gene organisa-
tion and transcription [2,3]. Approximately 25% of C. 
elegans genes are arranged in operons [4]. The resulting 
transcribed polycistronic, multigene pre-mRNAs are 
processed into monocistronic units as they are synthe-
sised by cleavage and polyadenylation and by trans-
splicing [2]. Trans-splicing was first described in 
trypanosomatid protozoans [5,6] and later shown to 
occur also in Euglena [7], flatworms [8] and nematodes 
[9]. In nematodes, trans-splicing involves the addition 
of a 22 nucleotide spliced leader (SL), including a 
trimethylguanosine cap, from a small nuclear RNA to 
the 5' ends of pre-mRNAs [10-12]. 

Two SL sequences are found in C. elegans. The first 
sequence, SL1, is trans-spliced onto more than 80% of 
C. elegans mRNAs [13]. The second SL sequence, SL2, 

Abbreviations: PCR, polymerase chain reaction; SL, spliced leader. 
* Note: Nucleotide sequence data reported in this paper have been 

submitted to the GenBank, EMBL, and DDJB data base with the 
accession number AF213679. 

* Corresponding author. Tel.: +44-131-445-5111; fax: +44-131-
445-6111. 
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is reserved for splicing to downstream genes in poly-
cistronic pre-mRNAs derived from operons [2], and its 
presence on the 5' end of a mRNA is, therefore, consid-
ered as evidence of an operon [14]. 

Trans-splicing to SL1 has been shown to occur in the 
ovine parasitic nematode Hoemonchus contortus [15] 
although, to date, trans-splicing to SL2 and the pres-
ence of operons have not been observed. Here, we 
report low-level splicing of an SL2-like sequence to 
Haemonchus aspartyl proteinase (pepsinogen) [16] 
mRNA, isolation of the corresponding SL2 gene and its 
characterisation. 

The 5' ends of the H. contortus pepsinogen mRNAs 
were determined by primer-extension analysis. This 
analysis showed that 10 of the 14 clones sequenced were 
extended to - 14 bp in relation to the ATG transla-
tional start codon. Of these 10 clones, one was not 
trans-spliced, seven were trans-spliced to SLI, and two 
were trans-spliced to a 22 nucleotide SL2-like sequence. 
With the exception of a 2 bp inversion, the 22 nude-
otide Haemonchus SL2 sequence is identical to C. c/c-
gans SL2 (Fig. lA). Typically, the first gene in an 
operon is either trans-spliced to SL1 or not trans-
spliced at all, whereas the downstream genes are trans-
spliced exclusively to SL2 or to a mixture of SL2 and 
SL1 [2,4]. That the Haemonchus pepsinogen mRNAs 
were predominantly trans-spliced to SL1 with low levels 
of trans-splicing to SL2 being observed may indicate 
that the Haemonchus pepsinogen represents a down-
stream gene in an operon. However, analysis of 2 kb of 
sequence directly upstream of the Haemonchus pepsino-
gen gene has failed to identify the presence of an 
upstream gene (data not shown). It has also been 
shown previously that this 2 kb upstream sequence, 

0166-6851/01/$ - see front matter 0 2001 Elsevier Science B.V. All rights reserved. 
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cloned in the correct orientation as would be expected 
to drive transcription of the pepsinogen open reading 
frame, can drive correct spatial expression of the 3-
galactosidase reporter gene in transgenic C. elegans 
[17], thus demonstrating a true promoter function. 
Low-level splicing of SL2 to the first gene of an operon 
has been reported recently in both Dolichorhabditis [3] 
and C. elegans [18]. The results reported here indicate 
an analogous situation in H. con tortus, although analy-
sis of genomic sequence downstream of the 
Haemonchus pepsinogen gene will be necessary to deter-
mine whether or not a second gene is present. 

The Haemonchus SL2 gene was isolated by PCR. It is 
113 bp in length and shows 66 1/6 sequence homology  

when aligned with C. elegans SL2a and SUP genes and 
74% homology with Dolichorhabdiris SL2cc, SL2f3 and 
SL2y genes (Fig. 1A). The secondary structure of the 
Haemonchus SL2 gene as determined by computer-gen-
erated RNA folding (Fig. 113) shows the characteristic, 
conserved structure of nematode SL RNAs. This struc-
ture consists of three stem-loops with the SL base 
paired in the most 5' stem-loop and the GO splice 
donor site positioned adjacent to the turn of this loop 
[11]. An Sm-binding consensus sequence [21] is found 
between the second and third stem-loops. The impor-
tance of the Sm-binding site has been demonstrated in 
Ascaris lumbricoides where mutations within this region 
that prevent binding of SL ribonucleoprotein -specific 

yy 

H. contortus SL2 

C. elegans SL2a 

C. elegans SL23 

Dolichorhabditis SL2cz 

Dolichorhabditis SL21 

Dolichorhabditis SL2Y 

* 

H. con tortus SL2 

C. elegans SL2a 

C. elegans SL213 

Dolichorhabditis SL2a 

Dolichorhabditis SUP  

Dolichorhabditis SL2y 

II 
 0-U 

A n-c HI 

	

-U 	 n-c 

	

c-n 	 c  
U

-
0 

U 	 Cn 
AC Cc_nc 	 C-a 

	

AU 	 U_a 
AC 	 Q

.
0 	 C-n 

AA99 00000 U CUACAAAcCU4lAuUUUUoGIAUA0 CAACAAOCO 

CUCUAUGA CCGA 

Sm binding site 

U0  

- 	0 

Fig. 1. 



D.L. Rebnond, D.P. Knox/Molecular & Biochemical Parasitology 117 (2001) 107-110 
	

109 

proteins result in failure to trans-splice in vitro [22]. 
Finally, there is conservation in the top of the SL2 third 
stem-loop, which is not seen in SL1 RNA. It has been 
suggested that this region of SL2 RNA may contribute 
to the determination of SL2 specificity, perhaps by 
binding an SL2 RNA-specific polypeptide [3]. 

In conclusion, we report here the discovery of SL2 
trans-splicing in H. con tortus. The Haemonc/ius SL2 
gene shows homology with both C. elegans and Doli-
chorhabditis SL2 gene sequences with the predicted 
secondary structure showing the characteristic, con-
served features of nematode SL RNAs. The fact that 
the sequence immediately upstream of the I-.laemonchus 
pepsinogen gene shows a true promoter function sug-
gests that it is not a downstream gene in an operon 
structure. Analysis of genomic sequence downstream of 
the 1-Iaemonchus pepsinogen gene will be necessary, 
therefore, to determine whether or not a second gene is 
present and to determine the presence of an operon 
structure in H. contortus. 
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Chapter 10: Unresolved Questions 

Although the work presented in chapters 2-9 has significantly advanced 

progress towards the production of a H. contortus vaccine, several questions remain 

unresolved. The application of new technology, such as functional genomics, 

expressed sequence tag (EST) analysis and RNA interference (RNAi), may help to 

address some of these outstanding issues. 

For example, preliminary characterisation of the enzymes present in extracts 

of adult H. contortus identified cysteine, serine, metallo- and aspartyl proteinase 

activities with different molecular size, substrate specificity and pH optima (see 

Chapter 2). However, how many proteinases contribute to the observed enzyme 

activities was not established. This question could be addressed by active site 

labelling experiments. Alternatively, identification of specific proteins in worm 

extracts can be achieved through a combination of 2D gel electophoresis, mass 

spectrometric analysis of individual protein spots to obtain amino acid sequence data, 

and protein/nucleotide database searching. This approach would also allow more 

precise definition of enzyme activity. For example, EST analysis of adult 

H. contortus has identified the presence of a distinct pepsinogen-like sequence and a 

cathepsin D, both of which may contribute to the observed aspartyl proteinase 

activity. In addition, the relative abundance of different proteins can also be obtained 

from EST database analysis. 

Although polyacrylamide gel electophoresis and N-terminal amino acid 

sequence analysis has identified the major components of the integral membrane 

protein H-gal-GP complex, further analysis will be required to fully characterise all 

its protein components. 2D gel electrophoresis combined with more sensitive silver 

staining would help to identify the relatively less abundant protein components of the 

complex. This approach may also help to identify a component(s) of H-gal-GP which 

could function to hold the complex together, or to anchor it to the parasite gut 

membrane, a question currently unresolved since the major components identified 

thus far contain neither an anchoring transmembrane hydrophobic region or a 

phosphatidylinositol phospholipase anchor. This approach would also be useful in 

defining the protein components of TSBP. Three cysteine proteinases, namely 
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hmcpl, 4 and 6, have been associated with TSBP through immunoscreening of a 

cDNA library (see Chapter 3), although identification of the specific protein bands 

encoding each protein remains undefined. Again, this could be resolved using 

proteomic approaches and which may also identify new, immunogenic, low 

abundance proteins. 

Partial, variable protection has been achieved in sheep immunised with either 

of two different molecular weight gel slices of H-gal-GP. A vaccine trial using a 

combination of these two fractions would determine whether or not they can act 

synergistically to produce levels of protection comparable to that achieved with 

whole H-gal-GP. Combination trials using recombinant proteins should also be 

evaluated. 

The presence of multigene families of both cysteine and metallo-proteinases 

(see Chapters 3 and 5) has been confirmed by EST analysis. Importantly, the lack of 

homologous cysteine proteinases reported in the USDA BPL1 and Moredun strains 

of H. contortus (see Chapters 2 and 3) is borne out by EST database analysis and 

highlights potential implications for the development of a generic H. contortus 

vaccine. 

The question of in vivo function of the enzyme components of both H-gal-GP 

and TSBP remains unresolved. That they function in digestion of the host blood meal 

is based on their localisation to the surface of the parasite gut and restriction of their 

temporal expression to the blood-feeding L4 and adult parasitic stages. An 

alternative role for H. contortus MEP in maintenance of parasite gut homeostasis has 

been postulated (see Chapter 5). This hypothesis could be tested by analysing the 

ability of MIEP-enriched parasite fractions to hydrolyse pharmacological 

concentrations of host enkephalin in vitro. Expression of enzymatically active 

recombinant proteins would also. allow analysis of substrate specificity, e.g. blood 

proteins, both individually and in combination in vitro. Where gene homologues 

exist in C. elegans, functionality and their potential importance for parasite survival 

and development could be studied using RNAi technology. Moreover, the possible 

application of RNAi to H. contortus is an interesting concept. During the course of 

hybridisation studies, Le Jambre (1979) showed that small numbers of adult 

H. contortus recovered from the abomasum of donor sheep can establish infection 

74 



when introduced directly into the abomasum of a worm-free recipient sheep. 

Recently, ballistic DNA transfer has been used to transform several different parasite 

species (Jackstadt et a!, 1999). That RNA can be fixed to gold particles means that 

ballistic transfer offers a potential, although costly, method of gene knockout to 

study the gross effects of loss of function on the establishment and maintenance of 

infection of adult H. contortus in the natural host. 

Bacterially expressed recombinant H. contortus pepsinogen and MIEP 1 have 

both proved to be enzymatically inactive which suggests that expression in a 

eukaryotic system may be required to obtain appropriate glycosylation and protein 

folding. Low level expression of H. contortus pepsinogen has been achieved in 

C. elegans (see Chapter 7). The interesting possibility of optimising expression levels 

through use of a strong promoter is still to be investigated. Similarly, it remains to be 

established whether or not the recombinant H. contortus protein is expressed in an 

enzymatically active form in transgenic C. elegans. This question could be addressed 

through purification of expressed recombinant H. contortus pepsinogen by affinity 

chromatography using antibodies raised to bacterially expressed recombinant PEP1 

protein and testing its ability to degrade a specific low molecular weight substrate. 

Additionally, it may then be possible to compare the pattern of glycosylation 

between the native and C. elegans-expressed pepsinogen using mass spectrometry. 

The observed trans-splicing to SL2 (see Chapter 9) is indicative of the 

presence of operon structures in H. contortus, although their presence has not been 

conclusively demonstrated. This could be investigated by analysing downstream 

sequence from the H. contortus pepsinogen gene by either gene walking or 

hybridisation screening of a genomic DNA library to determine whether or not a 

second gene is present. 
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Chapter 11: General Discussion 

The work presented here has helped to identify potentially protective enzyme 

components of two host protective protein complexes, namely TSBP and H-gal-GP, 

isolated from the intestines of adult H. contortus. Together with their molecular 

cloning and characterisation, this is a significant advancement towards the ultimate 

aim of producing a recombinant vaccine against H. contortus infection. The 

successful expression of H. contortus pepsinogen in the free-living nematode 

C. elegans, demonstrates its potential as a novel eukaryotic system for expression of 

candidate parasite vaccine antigens in which glycosylation and/or conformational 

epitopes are considered important for protection. In addition, the potential of 

C. elegans as a heterologous transformation system for the identification of parasite 

promoter elements and transcription factors has also been demonstrated. The low-

level trans-splicing of an SL2 sequence to pepsinogen mRNA represents the first 

observed case of SL2 trans-splicing in H. contortus, although evidence of an operon 

structure was not determined. 

Further advances in these areas of work are discussed below. 

11.1 TSBP 

Immunoscreening of an adult H. contortus cDNA library with pooled sera 

from sheep vaccinated with TSBP and which were demonstrably protected against 

subsequent homologous challenge, identified the 60 kDa major component of TSBP 

(Figure 4) as glutamate dehydrogenase (Skuce et al, 1999). That glutamate 

dehydrogenase is localised to the cytoplasm of parasite intestinal cells suggests that it 

is unlikely to be accessible to host antibody and, therefore, despite being the most 

prominent and antigenic protein in the fraction, is unlikely to be the protective 

component of H. contortus TSBP. This was confirmed in a sheep vaccination trial 

where immunisation with a MonoQ fraction of H. contortus TSBP, enriched for 

glutamate dehydrogenase, failed to afford any degree of protection (unpublished 

results). 
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Figure 4. Summary of identified protein components of the host-protective H-gal-GP 
and TSBP antigens isolated from adult H. contortus and separated under non-
reducing SDS-PAGE conditions. Proteins associated with protection are shown in 
red. 
H-gal-GP: all identified proteins components are glycosylated as determined by 
lectin-binding and nucleotide sequence analysis. 
TSBP: of the three identified cysteine proteinase components of TSBP, hmcp4 is 
not glycosylated. Amino acid sequence analysis will be necessary to specifically 
identify the protein bands corresponding to hmcpl, 4 and 6. 
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As mentioned previously (see Chapter 3), further to the molecular isolation 

and characterisation of the cysteine proteinases associated with adult H. contortus 

TSBP, namely hmcpl, 4 and 6, evidence that the cysteine proteinase activity is the 

protective component of TSBP has been provided from further vaccination trials. 

TSBP was fractionated by either anion-exchange chromatography on MonoQ or by 

affinity chromatography using recombinant H. contortus cystatin, a potent and 

specific cysteine proteinase inhibitor (Newlands et al, 2001), bound to sepharose. In 

both cases, only subfractions containing cysteine proteinase activity afforded any 

degree of protection against homologous challenge when used to immunise sheep 

(unpublished results). Importantly, the degree of protection conferred with the 

cystatin-binding fraction of TSBP, even though it represented only 1-1.5% of total 

TSBP proteins, was repeatable and was similar to that attained with whole TSBP. 

The cDNAs corresponding to the predicted mature forms of hmcpl, 4 and 6 

have been cloned into the pGEX-6P bacterial expression vector to form GST fusions. 

In all three cases, although high levels of bacterially-expressed recombinant GST-

fusion proteins were obtained, they proved to be insoluble. Following the 

methodology of Rothel et al (1997), and with respect to preparation of the T. ovis 

45W vaccine antigen, recombinant fusion proteins were solubilised in urea and 

dithiothreitol, and a cocktail of recombinant GST-hmcpl, 4 and 6 in equal 

proportions was used to immunise sheep. Sheep were immunised three times at 

three-weekly intervals with 100.tg protein per injection using QuilA as adjuvant, 

and challenged with 5,000 infective H. contortus L3 seven days after the final 

immunisation. Preliminary results have proved highly encouraging. Although no 

significant reduction in cumulative FEC (34 days post challenge) was observed 

compared to adjuvant control animals, and the male to female ratio of surviving 

worms at necropsy was unaffected, a highly significant 38% reduction in worm 

burdens (P< 0.01) was observed (unpublished results) which was comparable to the 

43% reduction in worm burdens obtained with whole TSBP in this experiment. This 

data implies that conformational epitopes are not a prerequisite for protection 

induced by TSBP. This contention could be addressed directly by determining the 

efficacy of denatured TSBP in a sheep vaccination trial. A reduction in worm 

burdens with no significant reduction in FEC, or male to female worm ratios, 
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suggests an overall increase in egg production by surviving female worms. The 

viability of these eggs was not determined but would be an important parameter to 

measure in repeat trials. 

With respect to other H. contortus "hidden" antigens, Hi 1 and H-gal-GP, 

protection has been found to correlate with host serum antibody titre (Munn et al, 

1993a and 1993b; Smith et al, 1999, Chapter 4). However, enzyme-linked 

immunosorbent assay analysis of sera from the cysteine proteinase fractionation and 

recombinant vaccine trials has, so far, failed to identify a similar trend, although the 

number of animals analysed is still relatively small. Nevertheless, host serum IgG 

may not be the only effector mechanism involved in immunity with respect to the 

hidden antigen vaccination approach. For example, Karanu et a! (1997) demonstrated 

that CD4 T lymphocytes contribute to immunity induced by H. contortus gut 

antigens in sheep and goats possibly working synergistically with antibody. CD4 T 

lymphocyte-derived Type 2 cytokines can promote tissue eosinophilia (IL-5), gut 

permeability and mucosal mastocytosis (IL-4 and IL-13), functions associated with 

immunity to gastrointestinal nematodes. Eosinophil-mediated killing of H. contortus 

L3 has been shown to occur in vitro (Rainbird et a!, 1998). IL-4 and/or IL-13 

enhance gut epithelial fluid secretion (Shea-Donohue et a!, 2001; McDermott et al, 

2003), mucus secretion and smooth muscle contraction (Zhao et al, 2003) which may 

function to dislodge worms from the mucosal surface of the gut. Recently, mucosal 

mast cells have been shown to directly enhance intestinal epithelium permeability 

and to mediate parasite expulsion in T spiralis infected mice (McDermott et al, 

2003). 

11.2 H-gal-GP 

The continued progress on H-gal-GP is attributable to the work of colleagues 

at Moredun. Immunoscreening of an adult H. contortus cDNA library has identified 

a further two components of H-gal-GP, galectin and thrombospondin (Figure 4), 

which had not been identified previously from the N-terminal amino acid sequence 

analysis of the poypeptide components of this complex (Smith et al, 1999; Chapter 

4). Native galectin could be competitively extracted from H-gal-GP using lactose-

agarose affinity chromatography without dissociation of the complex (Newlands et 
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al, 1999). When used in a sheep vaccination trial, purified native H. contortus 

galectin afforded no protection against subsequent homologous challenge, despite the 

induction of a high, specific antibody response to the native protein. This 

demonstrated that the protection conferred by vaccination with H-gal-GP was not 

due to its galectin moiety (Newlands et al, 1999). These results contrast with work 

elsewhere on T circumcincta, in which extracts enriched for galectins were shown to 

be protective (Meeusen et al, 1995). 

The thrombospondin component of H-gal-GP is associated with a diffuse 

zone of —190-210 kDa under non-reducing SDS-PAGE conditions (Skuce et al, 

2001). This unusual H. contortus glycoprotein contains six thrombospondin 

glycoconjugate-binding domains, together with a predominance of serine/glycine 

residues, suggesting that it is adhesive by nature. In addition, H. contortus 

thrombospondin contains six Kunitz-type serine proteinase inhibitor domains which 

share homology with anticoagulant peptides and suggest a potential role in blood-

feeding through inhibition of blood coagulation. However, that native 

thrombospondin is not processed into its respective domains in H. contortus (Skuce 

et al, 2001) suggests that these serine proteinase inhibitor domains are more likely to 

function as structural spacers. Together with the fact that a close homologue exists in 

the free-living nematode C. elegans and that expression of thrombospondin appears 

to be down-regulated in the blood-feeding L4 and adult stages of H. contortus, a role 

in blood-feeding seems unlikely. The relatively low abundance of H. contortus 

thrombospondin, and its apparently weak immunogenicity, argue against it being a 

protective component of H-gal-GP (Skuce et a!, 2001). 

Recently, jacalin lectin was used to purify a complex from a detergent extract 

of adult H. contortus membranes (Smith et a!, 2000a). SDS-PAGE and Western blot 

analysis showed that this complex (H-sialgal-GP) appeared to be similar to 

H-gal-GP, although substantially depleted in the 230 kDa band. Two vaccination 

trials with H-sialgal-GP showed it to be equally efficacious as H-gal-GP (Smith et a!, 

2000a), suggesting that the components of the 230 kDa band, defined previously as 

the metallopeptidases MEP1, 2 and 4 (Smith et al, 1999; Chapter 4) are not essential 

for protection. A previous gel cut-out vaccination trial demonstrated that partial 

protection against H. contortus challenge infection in sheep could be imparted using 
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fractions containing metallopeptidases and pepsinogen (Smith and Smith, 1996). 

That significant protection can be attained by immunisation with H-sialgal-GP, has, 

therefore, focused attention on MEP3 as the likely protective metal lopeptidase 

polypeptide component of H-gal-GP. 

Subsequently, work has concentrated on expression of recombinant 

H. contortus pepsinogen and MEP3 for evaluation in sheep vaccine trials. Sequential 

reduction and denaturation of H-gal-GP results in loss of its protective capacity 

(Smith and Smith, 1996), suggesting that expression of these proteins in a eukaryotic 

system is required to obtain appropriate protein folding and post-translational 

modifications. The H. contortus MEP3, but not pepsinogen, has been successfully 

expressed in the Pichia yeast system and lectin-purified recombinant MEP3 is 

currently being evaluated in a sheep protection trial. Expression of pepsinogen in 

baculovirus is also being investigated. 

11.3 C. elegans 

The potential of C. elegans as a host for expression of candidate parasite 

antigens has been endorsed recently through the expression of an 0. volvulus 

extracellular GST (Krause et al, 2001). Post-translational modifications of the 

0. volvulus GST, including cleavage of the signal peptide and N-glycosylation, were 

performed successfully. The structure of the N-glycans was examined using 

endoglycosidase H and a-mannosidase cleavage, and the outcome was in agreement 

with data for native 0. volvulus GST. Moreover, H. contortus cathepsin L has 

recently been shown to be expressed as a functionally active proteinase in C. elegans 

(Britton and Murray, 2002). The loss of C. elegans cathepsin L was compensated for 

through transgenic expression of the homologous H. con/onus cathepsin L gene. 

These observations (Krause et a!, 2001; Britton and Murray, 2002), together with the 

successful expression of pepsinogen described here (Redmond et al, 2001; Chapter 

7), suggest that C. elegans is an appropriate vehicle for the expression of correctly 

processed nematode proteins. 

The expression of the 0. volvulus GST was achieved without any observed 

effect of survival or growth of transgenic C. elegans (Krause et al, 2001), suggesting 

that it may be possible to markedly increase recombinant protein expression levels 

81 



through the use of a strong promoter. Should the recombinant protein prove toxic, 

expression under the control of an inducible promoter, such as C. elegans heat shock 

protein promoters, may overcome this. Similarly, it would be interesting to establish 

whether or not essentially gut expressed parasite antigens could be excreted/secreted 

in correctly processed forms into the supernatant of transgenic C. elegans cultures 

through use of appropriate C. elegans promoters, although, as yet, no information is 

available regarding the nature of C. elegans ES proteins (C. Britton, personal 

communication). This would be advantageous in simplifying the purification of 

potential parasite vaccine antigens from bulk cultures, an important consideration in 

the production of any commercially viable vaccine. 

Studies on the use of C. elegans as a heterologous transformation system to 

identify potential parasite regulatory regions have been extended through the 

preliminary analysis of both the 0. volvulus GST promoter region (Krause et al, 

2001) and the glyceraldehyde-3-phosphate-dehydrogenase putative promoter region 

from the potato cyst nematode Globodera roslochiensis (Qin et al, 1998). In both 

cases, correct spatial expression of the green fluorescent protein reporter gene was 

observed, indicating that certain regulatory elements in these nematode promoter 

regions are recognised by trans-acting factors from C. elegans and affirming the role 

of C. elegans as a model for parasitic nematodes. 

Parasitic nematodes are highly complex organisms with well developed 

defence mechanisms which have evolved to facilitate evasion of the host immune 

system. For this reason, it is likely that development of a multi-component 

recombinant vaccine will be required. For example, although vaccination with a 

single recombinant antigen, Bm86, against the cattle tick B. microplus, has proven to 

evoke a protective host immune response, this response is less effective than that 

mounted to a partially purified Bm86 preparation (Willadsen et al, 1996). Inclusion 

of a second recombinant antigen, Bm91, as an adjunct to Bm86 resulted in greater 

vaccine efficacy, reducing tick fecundity and corresponding reproductive capacity 

(Willadsen et a!, 1996). Similarly, in cattle, vaccination trials conducted with 

purified, native F. hepatica antigens, a combination of cathepsin Li and 

haemoglobin gave significantly higher levels of protection as compared to animals 
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immunised with either antigen alone (Dalton et al, 1996). Therefore, although 

recombinant H contortus candidate vaccine antigens administered individually may 

not achieve the protection levels necessary for an effective H. contortus field 

vaccine, a cocktail of recombinant antigens may work in a synergistic manner to 

provide a viable and efficient vaccine. Currently, only a limited set of defined, 

protective H. contortus antigens are being expressed for evaluation in recombinant 

form. 

In addition to the antigens described here, the three known isoforms of the 

H. contortus hidden antigen Hi 1 (Smith et al 1997), identified as an aminopeptidase, 

have been expressed as enzymatically active recombinant proteins in the insect 

baculovirus system. The outcome of protection trials with these antigens are awaited. 

Importantly, with a view to the production of a cross-protective vaccine, homologues 

of Hi 1 have been identified in T. circumcincta and 0. ostertagia (McMichael-

Philips et al, 1995; Smith et al, 2000b). In addition, sheep vaccinated with a leucine 

aminopeptidase purified from adult F. hepatica have also been shown to be highly 

protected against metacercarial challenge (Piacenza et al, 1999). The cDNAs 

encoding the host-protective 15 kDa and 24 kDa antigens purified from adult 

H. contortus ES (Schallig and van Leeuwen, 1997), have both been expressed in 

bacteria (Vervelde et al, 2002). In an initial sheep trial, vaccination with a 

combination of the two bacterially expressed proteins gave 49% and 55% reductions 

in FEC and worm burdens, respectively. Unfortunately, however, protection could 

not be reproduced in a second trial (Vervelde et a!, 2002). 

Other host protective H. contortus candidate vaccine antigens have been 

defined, including contortin (Munn, 1977), Hc40 (Sharp et al, 1992), the GAi 

polyprotein (Jasmer et a!, 1993) and a stage-specific L3 surface antigen (Bowles et 

al, 1995). However, work on these antigens has either not yet progressed to the stage 

of their expression in recombinant forms, or remains unpublished. 

The practicalities of antigen delivery should also be considered with respect 

to the production of a recombinant vaccine. This will necessitate an understanding of 

the relevant host-protective immune responses to allow an informed decision on both 

the route of immunisation and choice of adjuvant used. For example, protection to 

the H contortus hidden antigens Hi 1 and H-gal-GP correlates with host serum 
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antibody titres (Munn et al, 1993a and 1993b; Smith et al, 1999, Chapter 4). 

Therefore, formulation in QuilA, which will induce a high antibody titre, is 

demonstrably appropriate for these antigens. However, CD4 T lymphocytes have 

been shown to contribute to the immunity induced by H. contortus gut antigens in 

sheep and goats (Karanu et al, 1997). If the cytokine profile of these CD4 T 

lymphocytes in protected animals can be determined (i.e. Th 1 or Th 2), then it may 

be possible to modulate the host immune response appropriately, perhaps through the 

use of recombinant cytokines (Lofthouse et al, 1996), pertussis toxin, which can 

induce strong IgE and IgGi antibody isotypes in mice (Sekiya, 1983), or cholera 

toxin, which is a potent mucosal adjuvant in mice and humans (Holmgren et al, 

1993). When used as a fusion partner for the S. haemotobium GST antigen in a 

recombinant Salmonella vaccine, an atoxic fragment of tetanus toxin was found to 

modulate the immune response in immunised mice (Lee et al, 2000). A marked 

enhancement of serum anti-GST IgA and GS T-neutrali sing antibodies, both of which 

are important correlates of protection in schistosomiasis, was induced as compared to 

control animals which received GST alone. 

A characteristic Th2-dominated host immune response is associated with 

nematode infections. Therefore, adjuvants which stimulate this type of response may 

be more appropriate when immunising with natural parasite antigens. Indeed, 

significant protection with the H. contortus stage-specific L3 surface antigen, was 

achieved only with aluminium hydroxide, which induces a predominantly Th2-type 

host immune response (Jacobs et al, 1999). The route of immunisation was also 

found to be important with better levels of protection obtained by rectal mucosal 

immunisation as compared with intradermal delivery (Jacobs et al, 1999). 

The C. elegans genome sequencing project and EST analyses, have produced 

a wealth of readily available information (The C. elegans sequencing consortium, 

1998) which can be used to identify homologous genes in parasitic nematodes and to 

identify new potential vaccine antigens. For example, >40% of B. malayi and 

0. volvulus genes show significant matches to predicted C. elegans genes (The 

filarial genome project,. 1999; Lizotte-Waneiwski et al, 2000) and in a limited 

H. contortus EST dataset, —70% of ESTs showed homology with C. elegans genes 

(Hoekstra et al, 2000). The development of RNAi in C. elegans (Fire et al, 1998) 
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means that, where a homologue of a parasite gene is shown to exist in C. elegans, its 

potential as a candidate vaccine antigen can be readily assessed without the need for 

conventional gene mutants. 

In a recent study, Britton and Murray (2002) were able to demonstrate the 

ability of a H contortus cathepsin L gene to functionally rescue the early embryonic 

arrested RNAi phenotype associated with its C. elegans homologue. This result 

suggested that the H. contortus cathepsin L gene was a functional homologue of the 

C. elegans gene. Homologous cathepsin L genes were also identified in D. viviparus, 

T circumcincta and Ascaris suum and, as such, this enzyme may be a potentially 

important target for the control of several parasitic nematode species. In general, the 

functional importance of a gene is assessed by its ability to induce a pronounced 

phenotypic change or lethal RNAi phenotype. As such, RNAi knockouts which 

produce more subtle effects will not be detected. Therefore, when assessing potential 

parasite candidate vaccine antigen gene homologues by RNAi in C. elegans, 

measurement of parameters such as growth and fecundity should also be considered. 

EST projects have been recently undertaken for H. contortus and 

T circumcincta. Currently, >18,000 H. contortus sequences and >4,300 

T circumcincta sequences encompassing different life cycle stages have been 

deposited in the Nembase (www.nembase.org) and dbEST 

(www.ncbi.nlm.nih.gov/dbEST)  databases. Importantly, EST analysis has shown that 

a proportion of parasite genes have no homologues in the current GeneBank 

databases and, therefore, may have roles which are specific to the parasitic life cycle 

(Lizotte-Waneiwski et al, 2000). A limited EST study of H. contortus (Hoekstra et al, 

2000) demonstrated that the proportion of cDNAs with matches to genes of other 

species decreased significantly with the successive life stages of the parasite, with 

-50% of adult ESTs showing no significant database matches. Comparison of ESTs 

from different parasite stages can be used to define gene sequences which may be 

associated with specific events in the life-cycle, including those genes which are 

switched on or upregulated in the parasitic stages, and offers a more comprehensive 

alternative to subtractive cDNA library analysis. That a high degree of differential 

regulation of gene expression exists has been demonstrated by RNA 
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arbitrarily-primed PCR analysis of L3 and adult H. contorlus, with —30% of products 

being unique to either stage (Hartman et al, 2001). 

The relatively new development of Serial Analysis of Gene Expression 

(SAGE) allows the quantitative and simultaneous analysis of a large number of 

transcripts and may be considered an alternative to EST analysis (Velculescu et al, 

1995). SAGE is based on the fact that a 10 bp tag sequence contains sufficient 

information to uniquely identify a transcript. Short diagnostic tags are generated, 

concatenated, cloned and sequenced. For parasitic nematodes where complete 

genome sequences are not available, tag assignment may not be possible. In a 

preliminary SAGE analysis of adult H. contortus recently undertaken at Moredun, 

>1,000 tags representing —700 different sequences have been analysed to date, of 

which —50% generate no hit when used to search available H. contortus EST 

databases (unpublished results). However, upregulated or differentially expressed 

tags of interest can be used as primers to PCR amplify both 3' and 5' specific gene 

sequence for further analysis. Microarray technology, where immobilised cDNAs 

can be screened with RNA or cDNA pools representing different life-cycle stages or 

different parasites, can also be used for the evaluation of gene expression, although 

there is little immediate prospect of the development of a parasitic nematode array. 

The lack of parasite transformation systems, due principally to the fact that 

none can complete a parasitic life-cycle outwith the host and that few, once removed 

from the host, can be maintained in vitro, means that functionality still cannot be 

assessed for those genes which have no homologue in C. elegans. Encouragingly, 

RNAi has been recently extended to the study of secreted AChEs in adult 

N brasiliensis (Hussein et a!, 2002), and was pivotal in demonstrating the 

applicability of this technique to the study of parasitic nematodes. A procedure for 

RNAi in the plant parasitic nematodes Globodera pallida and Heterodera glycines 

has also now been established (Urwin et al, 2002). More recently, RNAi knockdown 

of target genes has been achieved in the filarial nematode, B. malayi, and may be a 

useful technique in the identification and assessment of novel drug target genes 

(Aboobaker and Blaxter, 2003). 

The cloning and analysis of potential candidate vaccine antigens has 

demonstrated the presence of multigene families in H. contortus. Moreover, EST 

86 



analysis would suggest that allelic polymorphisms also occur. That such 

heterogeneity exists within a parasite population, together with the potential for the 

parasite to modify its expressed protein profile, may have potential implications for 

the development of a generic H. contortus vaccine. 

The concept of DNA vaccination is quite new and would apparently offer the 

development of multivalent vaccines which can effectively activate both humoral 

and cell-mediated immunity, although they are generally less immunogenic 

(reviewed in Kofta and Wedrychowicz, 2001). Recently, intramuscular injection of 

cDNA encoding a cysteine proteinase from adult F. hepatica has been shown to 

protect rats from experimental challenge (Kofta et al, 2000). With respect to 

nematode infections, cDNA vaccination has been investigated for 0. volvulus and 

T. ovis. Mice were immunised with DNA plasmids expressing either 0. volvulus 

tropomyosin or the nematode-specific OvB20 antigen, and both the intramuscular 

(Thi dominant response) and epidermal (GeneGun, Th2 dominant response) routes 

of DNA immunisation investigated (Harrison and Bianco, 2000). Despite the 

induction of good humoral responses, neither DNA construct promoted statistically 

significant levels of protection against challenge infection. DNA vaccines encoding 

three T. ovis antigens (45W, 18k and 16k) proved immunogenic in mice, generating 

significant titres of antigen-specific antibody (Drew et al, 2000). However, in 

outbred sheep their efficacy was poor, seroconversion occurring in only two out of 

five sheep immunised with the 45W construct and no antigen-specific antibody 

responses detectable in sheep immunised with either the 18k or 16k DNA constructs. 

The problems associated with inconsistency of results between different vaccine 

formulations at different doses and in different animals (Kofia and Wedrychowicz, 

2001), together with potential consumer concerns regarding the safety of DNA 

vaccines, may prove inhibitory to the advancement of this approach with respect to 

the immunisation of food animals. 

However, it should be remembered that the production of any successful 

vaccine will not be based solely on the most effective way of inducing immunity. 

The technical feasibility of antigen production, its formulation in an acceptable 

adjuvant, ease and frequency of delivery and stability are all factors that will need to 
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be considered in order to produce what must ultimately constitute a commercially 

viable, cost-effective product. 

88 



References 

Abbas AK, Murphy KM and Sher A. 1996. Functional diversity of helper T 
lymphocytes. Nature, 383: 787-793. 

Abbot EM, Parkins JJ and Holmes PH. 1988. Influence of dietary protein on the 
pathophysiology of haemonchosis on lambs given continuous infections. Research in 
Veterinary Science, 45: 41-49. 

Aboobaker AA and Blaxter ML. 2003. Use of RNA interference to investigate gene 
function in the human filarial nematode parasite Brugia malayl. Molecular and 
Biochemical Parasitology, in press. 

Anon. 1994. Nemesis breeders worm control network - recommendations for 
breeding sheep for worm resistance. CSIRO, Armidale, pp.  9. 

Athanasiadou S, Kyriazakis I, Jackson F and Coop RL. 2000. Consequences of long-
term feeding with condensed tannins on sheep parasitised with Trichosz'rongylus 
colubrformis. International Journalfor Parasitology, 30: 1025-1033. 

Athanasiadou S, Kyriazakis I, Jackson F and Coop RL. 2001. The effects of 
condensed tannin supplementation of foods with different protein content on 
parasitism, food intake and performance of sheep infected with Trichostrongylus 
colubrformis. British Journal of Nutrition, 86: 697-706. 

Auriault C, Ouaissi MA, Torpier G, Eisen H and Capron A. 1981. Proteolytic 
cleavage of IgG bound to the Fc receptor of Schistosoma mansoni schistosomula. 
Parasite Immunology, 3: 3 3-44. 

Auriault C, Joseph M, Tartar A, Bout D, Tonnel AB and Capron A. 1985. Regulatory 
role of a tripeptide (TKP) from the second constant domain of Immunoglobulin G. I. 
Inhibition of rat and human macrophage activities. International Journal of 
Immunopharmacology, 7: 73-79. 

Balic A, Bowles VM and Meeusen ENT. 2000. The immunobiology of 
gastrointestinal nematode infections in ruminants. Advances in Parasitology, 45: 
181-241. 

Bancroft AJ, Artis D, Donaldson DD, Sypek JP and Grencis RK. Gastrointestinal 
nematode expulsion in IL-4 knockout mice is IL-13 dependent. European Journal of 
Immunology, 30: 2083-209 1. 

Bang KS, Familton AS and Sykes AR. 1990. Effect of copper oxide wire particle 
treatment on establishment of major gastrointestinal nematodes in lambs. Research in 
Veterinary Science, 49: 132-13 7. 

89 



Barron GL. 1977. The nematode-destroying fungi. Topics in Mycobiology, 1: 140. 

Barth EEE, Jarrett WFH and Urquhart GM. 1966. Studies on the mechanism of the 
self-cure reaction in rats injected with Nippostrongylus brasiliensis. Immunology, 10: 
459-464. 

Bass DA and Szejda P. 1979. Mechanisms of killing newborn larvae of Trichinella 
spiralis by neutrophils and eosinophils. Journal of Clinical Investigation, 64: 1558-
1564. 

Batra S, Srivastava JK, Gupta 5, Katiyar JC and Srivastava VM. 1993. Role of 
reactive oxygen species in expulsion of Nippostrongylus brasiliensis from rats. 
Parasitology, 106: 185-192. 

Beh KJ and Maddox iF. 1996. Prospects for development of genetic markers for 
resistance to gastrointestinal parasite infections in sheep. International Journal for 
Parasitology, 26: 879-897. 

Bennet-Jenkins E and Bryant C. 1996. Novel sources of anthelmintics. International 
Journal for Parasitology, 26: 937-947. 

Berasain P, Goni F, McGonigle S, Dowd A, Dalton JP, Frangione B and Camona A. 
1997. Proteinases secreted by Fasciola hepatica degrade extracellular matrix and 
basement membrane components. Journal of Parasitology, 83: 1-5. 

Blaxter M, Dorris M and De Ley P. 2000. Patterns and processes in the evolution of 
animal parasitic nematodes. Nematology, 2: 43-55. 

Blumenthal TW. 1995. Trans-splicing and polycistronic transcription in 
Caenorhabditis elegans. Trends in Genetics, 11: 132-136. 

Blumenthal T, Evans D, Link CD, Guffanti A, Lawson D, Thierry-Mieg J, Thierry-
Mieg D, Lu Chiu W, Duke K, Kiraly M and Kim SK. 2002. A global analysis of 
Caenorhabditis elegans operons. Nature, 417: 851-853. 

Boag B and Thomas RJ. 1973. Epidemiological studies on gastrointestinal nematode 
parasites of sheep. The control of infection in lambs on clean pasture. Research in 
Veterinary Science, 14: 11-20. 

Boisvenue RJ, Stiff IvH, Tonkinson LV and Cox GN. 1991. Protective studies in 
sheep immunized with cuticular collagen proteins and peptides of Haemonchus 
contortus. Parasite Imuunology, 13: 227-240. 

Boisvenue RJ, Stiff MI, Tonkinson LV, Cox GN and Hageman R. 1992. Fibronogen-
degrading proteins from Haemonchus contortus used to vaccinate sheep. American 
Journal of Veterinary Research, 53: 1263-1265. 



Bowles YM, Brandon MR and Meeusen ENT. 1995. Characterisation of local 
antibody responses to the gastrointestinal nematode Haemonchus contortus. 
Immunology, 84: 669-674. 

Brady CP, Dowd AJ, Brindley PJ, Ryan T, Day SR and Dalton JP. 1999. 
Recombinant expression and localization of Schistosoma mansoni cathepsin Li 
support its role in the degradation of host hemoglobin. Infection and Immunity, 67: 
368-374. 

Brindley PJ, Kalinna BH, Dalton JP, Day SR, Wong JYM, Smythe ML and 
McManus DP. 1997. Proteolytic degradation of host hemoglobin by schistosomes. 
Molecular and Biochemical Parasitology, 89: 1-9. 

Brindley PJ, Kalinna BH, Wong JYIvI, Bogitsh BJ, King LT, Smyth DJ, Verity CK, 
Abbenante G, Brinkworth RI, Fairlie DP, Smythe ML, Milburn PJ, Bielefeldt-
Ohmann H, Zheng Y and McManus DP. 2001. Proteolysis of human hemoglobin by 
schistosome cathepsin D. Molecular andBiochemical Parasitology, 112: 103-112. 

Britt DP. 1982. Benzimidazole-resistant nematodes in Britain. Veterinary Record, 
110: 343-344. 

Britton C, Redmond DL, Knox DP, McKerrow JH and Barry D. 1999. Identification 
of promoter elements of parasitic nematode genes in transgenic Caenorhabditis 
elegans. Molecular and Biochemical Parasitology, 103: 171-181. 

Britton C and Murray L. 2002. A cathepsin L protease essential for Caenorhabditis 
elegans embryogenesis is functionally conserved in parasitic nematodes. Molecular 
and Biochemical Parasitology, 122: 21-33. 

Brophy PM and Pritchard DI. 1992. Immunity to helminths: ready to tip the 
biochemical balance? Parasitology Today, 8: 419-422. 

Butterworth AE and Thorne Kil. 1993. Eosinophils and parasitic diseases. In: 
Immunopharmacology of Eosinophils. Academic press Ltd., San Diego, pp. 119. 

Callahan HL, Crouch RK and James ER. 1988. Helminth anti-oxidant enzymes: a 
protective mechanism against host oxidants? Parasitology Today, 4: 2 18-225. 

Callahan HL, Crouch RK and James ER. 1990. Hydrogen peroxide is the most toxic 
oxygen species for Onchocerca cervicalis microfilariae. Parasitology, 100: 407-415. 

Capron M and Capron A. 1994. Immunoglobulin E and effector cells in 
schistosomiasis. Science, 264: 1876-1877. 

Carmona C, McGonigle S, Dowd AJ, Smith AM, Coughlan S, McGowan E and 
Dalton JP. 1994. A dipeptidylpeptidase secreted by Fasciola hepatica. Parasitology, 
109: 113-118. 

91 



The C. elegans sequencing consortium. 1998. Genome sequence of the nematode C. 
elegans: a platform for investigating biology. Science, 282: 2012-2018. 

Cipollo IF, Costello CE and Hirschberg CB. 2002. The fine structure of 
Caenorhabditis elegans N-glycans. The Journal of Biological Chemistry, 277: 
49143-49157. 

Cobon GS, Kennedy PK, Wagland BM, Adams DB and O'Donnell U. 1989. 
Vaccines against animal parasites. World Patent Application No. WO 89/00163. 

Coles G. 2002. Sustainable use of anthelmintics in grazing animals. Veterinary 
Record, 151: 165-169. 

Coltman DW, Wilson K, Pilkington JG, Stear MJ and Pemberton JM. 2001. A 
microsatellite polymorphism in the gamma interferon gene is associated with 
resistance to gastrointestinal nematodes in a naturally-parasitized population of Soay 
sheep. Parasitology, 122: 571-582. 

Condor GA and Campbell WC. 1995. Chemotherapy of nematode infections of 
veterinary importance, with special reference to drug resistance. Advances in 
Parasitology, 35: 1-84. 

Coop RL and Kyriazakis I. 2001. Influence of host nutrition on the development and 
consequences of nematode parasitism in ruminants. Trends in Parasitology, 17: 325-
330. 

Cox GN, Pratt D, Hageman R and Boisvenue RJ. 1990. Molecular cloning and 
primary sequence of a cysteine protease expressed by Haemonchus contortus. 
Molecular and Biochemical Parasitology, 41: 25-34. 

Culley FJ, Brown A, Conroy DM, Sabroe I, Pritchard DI and Williams TJ. 2000. 
Eotaxin is specifically cleaved by hookworm metalloproteases preventing its action 
in vitro and in vivo. Journal of Immunology, 165: 6447-6453. 

Dalton JP, McGonigle S, Rolph TP and Andrews SJ. 1996. Induction of protective 
immunity in cattle against infection with Fasciola hepatica by vaccination with 
cathepsin L proteinases and with haemoglobin. Infection and Immunity, 64: 5066-
5074. 

Dent LA, Daly CM, Mayrhofer G, Zimmerman T, Hallett A, Bignold LP, Creaney J 
and Parsons JC. 1999. Interleukin-5 transgenic mice show enhanced resistance to 
primary infections with Nippostrongylus brasiliensis but not primary infections with 
Toxocara can/s. Infection and Immunity, 67: 989-993. 

Dent JA, Smith MM, Vassilatis DK and Avery L. 2000. The genetics of ivermectin 
resistance in Caenorhabditis elegans. Proceedings of the National Academy of 
Science USA, 97: 2674-2690. 

92 



Dewey DW. 1977. An effective method for the administration of trace amounts of 
copper to ruminants. Search, 8: 326-327. 

Donald AD. 1968. Ecology of the free-living stages of nematode parasites of sheep. 
Australian Veterinary Journal, 44: 139-144. 

Dopheide TAA, Tachedjian M, Phillips C, Frenkel MJ, Wagland BM and Ward CW. 
1991. Molecular characterisation of a protective, 11 -kDa excretory-secretory protein 
from the parasitic stages of Trichostrongylus colubrformis. Molecular and 
Biochemical Parasitology, 45: 101-108. 

Drew DR, Lightowlers MW and Strugnell RA. 2000. A comparison of DNA 
vaccines expressing the 45W, 18k and 16k host-protective antigens of Taenia ovis in 
mice and sheep. Veterinary Immunology and Immunopathology, 76: 171-181. 

Driscoll M, Dean E, Reilly E, Berghoiz E and Chalfie M. 1989. Genetic and 
molecular analysis of a Caenorhabditis elegans 0-tubuiin that conveys 
benzimidazole resistance. Journal of Cell Biology, 109: 2993-3 003. 

Duffus WPH and Franks D. 1980. In vitro effect of immune serum and bovine 
granulocytes on juvenile Fasciola hepatica. Experimental Parasitology, 41: 430-440. 

Duncan IL, Smith WD and Dargie JD. 1978. Possible relationship of levels of 
mucosal IgA and serum IgG to immune unresponsiveness of lambs to Haemonchus 
contortus. Veterinary Parasitology, 4: 21-27. 

Eady SJ. 1995. Phenotypic traits associated with resistance to internal parasites. In: 
Breeding for Resistance to Infectious Diseases in small Ruminants. (Ed, Gray GD, 
Woolaston RR and Eaton BT) ACIAR Monograph NO 34, Canberra, Australia, pp. 
219-236. 

Eady SJ, Woolaston RR, Mortimer SI, Lewer RP, Raadsma HW, Swan AA and 
Ponzoni RW. 1996. Resistance to nematode parasites in Merino sheep: sources of 
genetic variation. Australian Journal ofAgricultural Research, 47. 

East IJ, Berrie DA and Fitzgerald CJ. 1989. Oesophagostomum radiatum: successful 
vaccination of calves with high molecular weight antigens. International Journal for 
Parasitology, 19: 271-274. 

Echevarria F, Borba MFS, Pinheiro AC, Wailer PJ and Hansen JW. 1996. The 
prevalence of anthelmintic resistance in nematode parasites of sheep in Southern 
Latin America. Veterinary Parasitology, 62: 199-206. 

Eddi C, Caracostantogolo J, Pena M, Schapiro L, Marangunich L, Wailer PJ and 
Hansen JW. 1996. The prevalence of antheimintic resistance in nematode parasites of 
sheep in Southern Latin America: Argentina. Veterinary Parasitology, 62: 189-197. 

93 



Edwards AJ, Burt JS and Ogilvie BM. 1971. The effect of host immunity upon some 
enzymes of the parasitic nematode Nippostrongylus brasiliensis. Parasitology, 62: 
339-347. 

Elard L and Humbert JF. 1999. Importance of the mutation of amino acid 200 of the 
isotype 1 beta-tubulin gene in the benzimidazole resistance of the small-ruminant 
parasite Teladorsagia circumcincta. Parasitology Research, 85: 452-456. 

Else KJ, Finkelman FD, Maliszewski CR and Grencis RK. 1994. Cytokine-mediated 
regulation of chronic intestinal helminth infection. The Journal of Experimental 
Medicine, 179: 347-351. 

Emery DL, McClure SJ and Wagland BM. 1993. Production of vaccines against 
gastrointestinal nematodes of livestock. Immunology and Cell Biology, 71: 463-472. 

Esumi H, Takahashi Y, Sato S, Nagase S and Sugimura T. 1983. A seven-base-pair 
deletion in an intron of the albumin gene of analbuminemic rats. Proceedings of the 
NationalAcademy of Science, USA, 80: 95-99. 

Faulkner HF, Humphreys NH, Renauld JC, Van Snick J and Grencis RK. 1997. 
Interleukin-9 is involved in host protective immunity to intestinal nematode 
infection. European Journal of Immunology, 27: 2536-2540. 

Ferguson KC, Heid PJ and Rothman JR. 1996. The SL1 vans-spliced leader RNA 
performs as essential embryonic function in Caenorhabditis elegans that can also be 
supplied by SL2. Genes andDevelopment, 10: 1543-1556. 

The Filarial genome project. 1999. Deep within the filarial genome: progress of the 
filarial genome project. Parasitology Today, 15: 219-224. 

Finkelman FD and Urban JF. 1992. Cytokines: making the right choice. Parasitology 
Today, 8:311-314. 

Finkelman FD, Madden KB, Cheever AW, Katona IM, Morris SC, Gately MK, 
Hubbard BR, Gause WC and Urban IF. 1994. Effects of interleukin 12 on immune 
responses and host protection in mice infected with intestinal nematode parasites. 
Journal of Experimental Medicine, 179: 1563-1572. 

Finkelman FD, Shea-Donohue T, Goidhill J, Sillivan CA, Morris SC, Madden KB, 
Gause WC and Urban iF. 1997. Cytokine regulation of host defense against parasitic 
gastrointestinal nematodes: lessons from studies with rodent models. Annual Review 
of Immunology, 15: 505-533. 

Finkelman FD, Wynn TA, Donaldson DD and Urban IF. 1999. The role of IL-13 in 
helminth-induced inflammation and protective immunity against nematode 
infections. Current Opinions in Immunology, 11: 420-426. 

94 



Fire A, Harrison SW and Dixon D. 1990. A modular set of lacZ fusion vectors for 
studying gene expression in Caenorhabditis elegans. Gene, 93: 189-198. 

Fire A, Xu SQ, Montgomery MK, Kostas SA, Driver SE and Mello CC. 1998. Potent 
and specific genetic interference by double-stranded RNA in Caenorhabditis 
elegans. Nature, 391: 806-811. 

Frenkel MJ, Savin KW, Bakker RE and Ward CW. 1989. Characterization of cDNA 
clones coding for muscle tropomyosin of the nematode Trichostrongylus 
colubrformis. Molecular andBiochemical Parasitology, 37: 191-200. 

Frenkel MJ, Dopheide TAA, Wagland BM and Ward CW. 1992. The isolation, 
characterization and cloning of a globin-like, host-protective antigen from the 
excretory-secretory products of Trichostrongylus colubrformis. Molecular and 
Biochemical Parasitology, 50: 27-36. 

Geary TG, Sims SM, Thomas EM, Vanover L, Davis JP, Winterrowd CA, Klein RD, 
Ho NFH and Thompson DP. 1993. Haemonchus contortus: ivermectin-induced 
paralysis of the pharynx. Experimental Parasitology, 77: 88-96. 

Geary TG, Sangster NC and Thompson DP. 1999. Frontiers in anthelmintic 
pharmacology. Veterinary Parasitology, 84: 275-295. 

Geidhof P, Claerebout E, Knox DP, Anneessens J and Vercruysse J. 2000. 
Proteinases released in vitro by the parasitic stages of the bovine abomasal nematode 
Ostertagia ostertagi. Parasitology, 121: 639-647. 

Gill HS, Husband AJ and Watson DL. 1992. Localization of immunoglobulin-
containing cells in the abomasum of sheep following infection with Haemonchus 
contortus. Veterinary Immunology and Immunopathology, 31: 179-187. 

Gill HS, Watson DL and Brandon MR. 1993. Monoclonal antibody to CD4 T cells 
abrogates genetic resistance to gastrointestinal nematodes in sheep. Immunology, 78: 
43-49. 

Gill HS, Husband AJ, Watson DL and Gray GD. 1994. Antibody-containing cells in 
the abomasal mucosa of sheep with genetic resistance to Haemonchus contortus. 
Research in Veterinary Science, 56: 41-47. 

Gill HS, Altmann K, Cross ML and Husband AJ. 2000. Induction of T helper 1- and 
T helper 2-type immune responses during Haemonchus contortus infection in sheep. 
Immunology, 99: 458-463. 

Gray GD. 1991. Breeding for resistance to Trichostrongyle nematodes in sheep. In: 
Breeding for Disease Resistance in Farm animals. (Ed, Axford RFE and Owens JB). 
CAB International, Wallingford, pp.  139-161. 

95 



Gregg P, Dineen 1K, Rothwell TLW and Kelly JD. 1978. The effect of age on the 
response of sheep to vaccination with irradiated Trichostrongylus colubrformis 
larvae. Veterinary Parasitology, 4: 35-38. 

Hagan P. 1993. IgE and protective immunity to helminth infections. Parasite 
Immunology, 15: 1-4. 

Harrison RA and Bianco AE. 2000. DNA immunization with Onchocerca volvulus 
genes, Ov-tmy-1 and OVB20: serological and parasitological outcomes following 
intramuscular or GeneGun delivery in a mouse model of Onchocerciasis. Parasite 
Immunology, 22: 249-257. 

Hartman D, Donald DR, Nikolaou S, Savin KW, Hasse D, Presidente PJA and 
Newton SE. 2001. Analysis of developmentally regulated genes of the parasite 
Haemonchus contortus. International Journal for Parasitology, 31: 1236-1245. 

Haslam SM, Coles GC, Munn EA, Smith TS, Smith HF, Morris HR and Dell A. 
1996. Haemonchus contortus glycoproteins contain N-linked oligosaccharides with a 
novel highly fucosylated core structure. The Journal of Biological Chemistry, 271: 
30561-30570. 

Haslam SM, Coles GC, Reason AJ, Morris HR and Dell A. 1998. The novel core 
fucosylation of Haemonchus contortus N-glycans is stage specific. Molecular and 
Biochemical Parasitology, 93: 143-147. 

Henkle-Duhrsen K and KampkOtter A. 2001. Antioxidant enzyme families in 
parasitic nematodes. Molecular andBiochemical Parasitology, 114: 129-142. 

Hoekstra R, Visser A, Otsen M, Tibben J, Lenstra JA and Roos MH. 2000. EST 
sequencing of the parasitic nematode Haemonchus contortus suggests a shift in gene 
expression during transition to the parasitic stages. Molecular and Biochemical 
Parasitology, 110: 53-68. 

Hola-Jamriska L, Tort iF, Dalton JP, Day SR, Fan J, Askov J and Brindley PJ. 1998. 
Cathepsin C from Schistosoma japonicum. cDNA encoding the proenzyme and its 
phylogenetic relationship. European Journal of Biochemistry, 255: 527-534. 

Holmes PH. 1985. Pathophysiology of nematode infections. International Journal 
for Parasitology, 17: 443-453. 

Holmgren J, Lycke N and Czerkinsky C. 1993. Cholera toxin and cholera B subunit 
as oral-mucosal adjuvants and antigen-vector systems. Vaccine, 11: 1179-1184. 

Hotez PJ and Cerami A. 1983. Secretion of a proteolytic anticoagulant by 
Ancylostoma hookworms. Journal of Experimental Medicine, 157: 1594-1603. 

96 



Hotez PJ, Le Trang N, McKerrow JR and Cerami A. 1985. Isolation and 
characterization of a proteolytic enzyme from the adult hookworm Ancylostoma 
caninum. Journal of Biological Chemistry, 260: 7343-7348. 

Huang XY and Hirsh D. 1989. A second trans-spliced RNA leader sequence in the 
nematode Caenorhabditis elegans. Proceedings of the National Academy of Science 
USA, 86:8640-9844. 

Huntley iF, Newlands GF and Miller HR. 1984. The isolation and characterization of 
globule leucocytes: their derivation from mucosal mast cells in parasitized sheep. 
Parasite Immunology, 6: 371-390. 

Huntley iF, Newlands GFJ, Jackson F and Miller HRP. 1992. The influence of 
challenge dose, duration of immunity, or steroid treatment on mucosal mast cells and 
on the distribution of sheep mast cell proteinase in Haemonchus-infected sheep. 
Parasite Immunology, 14: 429-440. 

Huntley JF, Schallig FIDFH, Kooyman FNJ, MacKellar A, Jackson F and Smith 
WD. 1998. 1gB antibody during infection with the ovine abomasal nematode, 
Teladorsagia circumcincta: primary and secondary responses in serum and gastric 
lymph of sheep. Parasite Immunology, 20: 565-571. 

Hussein AS, Kichenin K and Selkirk ME. 2002. Suppression of secreted 
acetyicholinesterase expression in Nippostrongylus brasiliensis by RNA interference. 
Molecular and Biochemical Parasitology, 122: 91-94. 

Jackson F, Angus KW and Coop RL. 1983. The development of morphological 
changes in the small intestine of lambs continuously infected with Trichostrongylus 
vitrinus. Research in Veterinary Science, 34: 301-304. 

Jackson F, Jackson E, Little S, Coop RL and Russel AJF. 1992. Prevalence of 
anthelmintic-resistant nematodes in fibre-producing goats in Scotland. Veterinary 
Record, 131: 282-285. 

Jackson F and Coop RL. 2000. The development of anthelmintic resistance in sheep 
nematodes. Parasitology, 120: S95-S107. 

Jackstadt P, Wilm TP, Zahner H and Hobom G. 1999. Transformation of nematodes 
via ballistic DNA transfer. Molecular and Biochemical Parasitology, 103: 261-266. 

Jacobs HJ, Wiltshire C, Ashman K and Meeusen ENT. 1999. Vaccination against the 
gastrointestinal nematode, Haemonchus contortus, using a purified larval surface 
antigen. Vaccine, 17: 362-368. 

Jarrett WFH, Jennings FW, Martin B, McIntyre WIM, Mulligan W, Sharp NCC and 
Urquhart GM. 1958. A field trial of a parasitic bronchitis vaccine. Veterinary 
Record, 70: 451-454. 

97 



Jarrett EE and Bazin H. 1974. Elevation of total serum IgE in rats following helminth 
infection. Nature, 251: 613-614. 

Jasmer DP and McGuire T. 1991. Protective immunity to a blood-feeding nematode 
(Haemonchus contortus) induced by parasite gut antigens. Infection and Immunity, 
59: 4412-4417. 

Jasmer DP, Perryman LP, Conder GA, Crow S and McGuire TC. 1993. Protective 
immunity to Haemonchus contortus induced by immunoaffinity isolated antigens 
that share a phylogenetically conserved carbohydrate gut surface epitope. The 
Journal of Immunology, 151: 5450-5460. 

Jasmer DP, Yao C, Rehman A and Johnson S. 2000. Multiple lethal effects induced 
by a benzimidazole anthelmintic to the anterior intestine of the nematode 
Haemonchus contortus. Molecular and Biochemical Parasitology, 105: 81-90. 

Jones YE and Ogilvie BM. 1972. Protective immunity to Nippostrongylus 
brasiliensis in the rat. III Modulation of worm acetylcholinesterase by antibodies. 
Immunology, 22: 119-129. 

Karanu FN, McGuire TC, Davis WC, Besser TE and Jasmer DP. 1997. CD4 T 
lymphocytes contribute to protective immunity induced in sheep and goats by 
Haemonchus contortus gut antigens. Parasite Immunology, 19: 435-445. 

Keith RK and Bremner KC. 1973. Innunization of calves against the nodular worm, 
Oesophagostomum radi alum. Research in Veterinary Science, 15: 123-124. 

Khan WI, Richard M, Akiho H, Blennerhasset PA, Humphreys NE, Grencis RK, 
Van Snick J and Collins SM. 2003. Modulation of intestinal muscle contraction by 
interleukin-9 (IL-9) or 11L-9 neutralization: correlation with worm expulsion in 
murine nematode infections. Infection and Immunity, 71: 2430-2438. 

Knox DP and Jones DG. 1990. Studies on the presence and release of proteolytic 
enzymes (proteinases) in gastro-intestinal nematodes of ruminants. International 
Journal for Parasitology, 20: 243-249. 

Knox DP and Jones DG. 1992. A comparison of superoxide dismutase (SOD, 
EC: 1.15.1.1) distribution in gastrointestinal nematodes. International Journal for 
Parasitology, 22: 209-214. 

Knox DP, Redmond DL and Jones DG. 1993. Characterization of proteinases in 
extracts of adult Haemonchus contortus, the ovine abomasal parasite. Parasitology, 
106: 395-404. 

Knox DP. 1994. Parasite enzymes and the control of roundworm and fluke 
infestations in domestic animals. British Veterinary Journal, 150: 319-337. 

98 



Knox DP, Smith SK, Smith WD, Redmond DL and Murray JM. 1995. Vaccines 
against helminthic parasites: Thiol binding proteins. International patent WO 
95/26402. 

Knox MR and Steel JW. 1999. The effects of urea supplementation on production 
and parasitological responses of sheep infected with Haemonchus conlortus and 
Trichostrongylus colubrformis. Veterinary Parasitology, 83: 123-135. 

Knox DP, Smith SK and Smith WD. 1999. Immunization with an affinity purified 
protein extract from the adult parasite protects lambs against infection with 
Haemonchus contortus. Parasite Immunology, 21: 201-210. 

Knox MR and Faedo M. 2001. Biological control of field infections of nematode 
parasites of young sheep with Duddingtoniaflagrans and effects of spore intake on 
efficacy. Veterinary Parasitology, 101: 155-160. 

Knox MR. 2002. Effectiveness of copper oxide wire particles for Haemonchus 
contortus control in sheep. Australian Veterinary Journal, 80: 224-227. 

Kofta W, Mieszczanek J, Plucienniczak G and Wedrychowicz H. 2000. Successful 
DNA immunisation of rats against fasciolosis. Vaccine, 18: 2985-2990. 

Kofta W and Wedrychowicz H. 2001. c-DNA vaccination against parasitic 
infections: advantages and disadvantages. Veterinary Parasitology, 100: 3-12. 

KOhler P and Bachmann R. 1981. Intestinal tubulin as possible target for the 
chemotherapeutic action of mebendazole in parasitic nematodes. Molecular and 
Biochemical Parasitology, 4: 325-336. 

Kohler P. 2001. The biochemical basis of anthelmintic action and resistance. 
International Journalfor Parasitology, 31: 336-345. 

Kotze AC. 1998. Effects of macrocyclic lactones on ingestion in susceptible and 
resistant Haemonchus contortus larvae. Journal of Parasitology, 84: 631-635. 

Krause S, Sommer A, Fischer P, Brophy PM, Walter RD and Liebau E. 2001. Gene 
structure of the extracellular glutathione S-transferase from Onchocerca volvulus and 
its overexpression and promoter analysis in transgenic Caenorhabditis elegans. 
Molecular and Biochemical Parasitology, 117: 145-154. 

Kumar S and Pritchard DI. 1992. The partial characterization of proteases present in 
the excretory/secretory products and exsheathing fluid of the infective (L3) larvae of 
Necator americanus. International Journalfor Parasitology, 22: 563-572. 

Kwa MSG, Veenstra JG and Roos MB. 1994. Benzimidazole resistance in 
Haemonchus contort us is correlated with a conserved mutation at amino-acid-200 in 
beta-tubulin isotype-1. Molecular and Biochemical Parasitology, 63: 299-303. 

99 



Kwa MS, Veenstra JG, Van Dijk M and Roos MR. 1995. Beta-tubulin genes from 
the parasitic nematode Haemonchus conlortus modulate drug resistance in 
Caenorhabditis elegans. Journal ofMolecular Biology, 246: 500-510. 

Lacey E. 1988. The role of the cytoskeletal protein, tubulin, in the mode of action 
and mechanism of drug resistance to benzimidazoles. International Journal for 
Parasitology, 18: 885-936. 

Lacey E and Gill JH. 1994. Biochemistry of ben.zimidazole resistance. Acta Tropica, 
56: 245-262. 

Larsen M, Woistrup J, Henriksen SA, Dackman C, Gronvold J and Nansen P. 1991. 
In vitro stress selection of nematophagous fungi for biological control of pre-
parasitic nematode larvae of ruminants. Journal of Helminthology, 65: 193-200. 

Larsen M, Faedo M and Waller PJ. 1994. The potential of nematophagous fungi to 
control the free-living stages of parasites of sheep: survey for the presence of fungi in 
fresh faeces of grazing livestock in Australia. Veterinary Parasitology, 53: 275-28 1. 

Larsen M. 2000. Prospects for controlling animal parasitic nematodes by predacious 
micro fungi. Parasitology, 120: S121-S131. 

Lawrence RA, Gray CA, Osbourne J and Maizels R. 1996. Nippostrongylus 
brasiliensis. Cytolcine responses and nematode expulsion in normal and IL-4 
deficient mice. Experimental Parasitology, 84: 65-73. 

Lee JJ, Sinha KA, Harrison JA, Demarco de Hormaeche R, Riveau G, Pierce RJ, 
Capron A, Wilson A and Khan CMA. 2000. Tetanus toxin fragment C expressed in 
live Salmonella vaccines enhances antibody responses to its fusion partner 
Schistosoma haematobium Glutathione S-transferase. Infection and Immunity, 68: 
2503-2512. 

Le Jambre LF. 1979. Hybridization studies of Haemonchus contortus (Rudolphi, 
1803) and H. placei (Place, 1893) (Nematoda: Trichostrongylidae). International 
Journalfor Parasitology, 9: 45 5-463. 

Le Jambre LF, Prichard RK, Hennessy DR and Laby RH. 1981. Efficiency of 
oxfendazole administered as a single dose or in a controlled release capsule against 
benzimadazole-resistant Haemonchus contortus, Teladorsagia (Ostertagia) 
circumcincta, and Trichostrongylus colubrformis. Research in Veterinary Science, 
31: 289-294. 

Levine ND. 1978. The influence of weather on the binomics of the free-living stages 
of nematodes. In: Weather and Parasitic Diseases. (Ed, Gibson TE) World 
Meteorological Organisation, Geneva. Technical note No.59: 5 1-57. 

100 



Lewert RIvI and Lee CL. 1954. Studies on the passage of helminth larvae through 
host tissue. Histochemical studies on the extracellular changes caused by penetrating 
larvae II. Enzymatic activity of larvae in vivo and in vitro. Journal of Infectious 
Diseases, 95: 13-51. 

Lewin B. 1990. Genes IV. Oxford: Oxford University Press. 

Lizotte-Waneiwski M, Tawe W, Guiliano DB, Lu W, Williams SA and Lustigman S. 
2000. Identification of potential vaccine and drug target candidates by expressed 
sequence tag analysis and immunoscreening of Onchocerca volvulus larval cDNA 
libraries. Infection and Immunity, 68: 3491-3501. 

Lofihouse SA, Andrews AE, Elhay MJ, Bowles VM, Meeusen ENT and Nash AD. 
1996. Cytokines as adjuvants for ruminant vaccines. International Journal for 
Parasitology, 26: 835-842. 

Longbottom D, Redmond DL, Russell M, Liddell S, Smith WD and Knox DP. 1997. 
Molecular cloning and characterisation of a putative aspartate proteinase associated 
with a gut membrane protein complex from adult Haemonchus contortus. Molecular 
and Biochemical Parasitology, 88: 63-72. 

MacLennan K, Gallagher MP and Knox DP. 1997. Stage-specific serine and metallo-
proteinase released by adult and larval Trichostrongylus vitrinus. Journal for 
Parasitology, 27: 1031-1036. 

MacRae JC. 1993. Metabolic consequences of intestinal parasitism. Proceedings of 
the Nutritional Society, 52: 121-130. 

Maizels RM and Lawrence RA. 1991. Immunological tolerance: the key feature in 
human filariasis? Parasitology Today, 7: 271-276. 

Maroney PA, Denker JA, Darzynkiewicz E, Laneve R and Nilsen TW. 1995. Most 
mRNAs in the nematode Ascaris lumbricoides are trans-spliced: a role for spliced 
leader addition in translational efficiency. RNA, 1: 714-723. 

Martin RJ, Le Jambre LF and Claxton JR. 1981. The impact of refugia on the 
development of thiabendazole resistance in Haemonchus contortus. International 
Journalfor Parasitology, 11: 35-41. 

Masters DG and Mata G. 1997. Depression of staple strength in weaner sheep 
supplemented with copper. Australian Veterinary Journal, 75: 3 59-360. 

Matsuda 5, Uchikawa R, Yamada M and Arizono N. 1995. Cytokine mRNA 
expression profiles in rats infected with the intestinal nematode Nippostrongylus 
brasiliensis. Infection and Immunity, 63: 4653-4660. 

101 



McClure SJ, Emery DL, Wagland BM and Jones WO. 1992. A serial study of 
rejection of Trichostrongylus colubrformis by immune sheep. International Journal 
for Parasitology, 22: 227-234. 

McClure SJ, Davey RJ, Lloyd JB and Emery DL. 1995. Depletion of IFN-gamma, 
CD8 or TCR gamma delta+ cells in vivo during primary infection with an enteric 
parasite (Trichostrongylus colubrformis) enhances protective immunity. 
Immunology and Cell Biology, 73: 5 52- 5 55. 

McDermott JR, Bartram RE, Knight PA, Miller HRP, Garrod DR and Grencis RK. 
2003. Mast cells disrupt epithelial barrier function during enteric nematode infection. 
Immunology, 100: 7761-7766. 

McEwan JC, Dodds KG, Watson TG, Greer GJ, Hosking BC and Douch PGC. 1995. 
Selection for host resistance to roundworms by the New Zealand sheep breeding 
industry: the WormFEC Service. Proceedings of the Australian Association of 
Animal Breeding and Genetics, 11: 70-73. 

McGillivery DJ, Yong WK, Riffkin GO and Adler B. 1990. The distribution and 
localization of the stage-specific GP3 I antigen from infective Ostertagia 
circumcincta larvae. International Journal for Parasitology, 20: 87-93. 

McGillivery DJ, Yong WK, Adler B and Rifikin GG. 1992. A purified stage-specific 
31 kDa antigen as a potential protective antigen against Ostertagia circumcincta 
infection in lambs. Vaccine, 10: 607-613. 

McKeand JB, Knox DP, Duncan JL and Kennedy MW. 1994. The immunogenicity 
of the acetyicholinesterases of the cattle lungworm Diclyocaulus viviparus. 
International Journalfor Parasitology, 24: 501-510. 

McKenzie GJ, Bancroft A, Grencis RK and McKenzie AN. 1998. A distinct role for 
interleikin- 13 in T112-cell-mediated immune responses. Current Biology, 8: 339-342. 

McKenzie GJ, Fallon PG, Emson CL, Grencis RK and McKenzie AN. 1999. 
Simultaneous disruption of interleukin (IL)-4 and EL-13 defines individual roles in T 
helper type-2-mediated responses. Journal of Experimental Medicine, 189: 1565-
1572. 

McKerrow JH, Keene WE, Jeong KH and Werb Z. 1983. Degradation of 
extracellular matrix by larvae of Schistosoma mansoni I. Degradation by cercariae as 
a model for initial parasite invasion of host. Laboratory Investigation, 49: 195-200. 

McKerrow JH, Brindley P, Brown M, Gam AA, Staunton C and Neva FA. 1990. 
Strongyloides stercoralis. identification of a protease that facilitates penetration of 
the skin by infective larvae. Experimental Parasitology, 70: 134-143. 

102 



McMichael-Philips D, Munn EA and Graham M. 1995. Helminth parasite antigen 
with aminopeptidase-like activity. International Patent Application No. 
W095/1267 1. 

Meeusen ENT, Walker J, Ashman K and Newton SE. 1995. Protective antigens 
against parasites. Patent No. W095/09182. 

Mello CC, Kramer IM, Stinchcomb D and Ambros V. 1991. Efficient gene-transfer 
in C. elegans - extrachromosomal maintenance and integration of transforming 
sequences. The European Molecular Biology Organization Juornal, 10: 3959-3970. 

Menozzi D, Gu ZF, Maton PN and Bunnet NW. 1991. Inhibition of peptidases 
potentiates enkephalin-stimulated contraction of the gastric muscle cells. The 
American Journal of Physiology, 261: G476-G484. 

Miller TA. 1978. Industrial development and field use of the canine hookworm 
vaccine. Advances in Parasitology, 16: 333-342. 

Miller HRP, Jackson F and Newlands G. 1983. Immune exclusion, a mechanism of 
protection against the ovine nematode Haemonchus contortus. Research in 
Veterinary Science, 35: 357-363. 

Miller HRP. 1987. Gastrointestinal mucus, a medium for survival and for elimination 
of parasitic nematodes and protozoa. Parasitology, 94: S77-S100. 

Miller HRP. 1996. Prospects for the immunological control of ruminant 
gastrointestinal nematodes: natural immunity, can it be harnessed? International 
Journal for Parasitology, 26: 801-811. 

Mkoji GM, Smith JM and Pritchard TK. 1988. Antioxidant systems in Schistosoma 
mansoni: correlation between susceptibility to oxidant killing and the levels of 
scavengers of hydrogen peroxide and oxygen free radicals. International Journal for 
Parasitology, 18: 661-666. 

Morley FHW and Donald AD. 1980. Farm management and systems of helminth 
control. Veterinary Parasitology, 6: 105-134. 

Munn EA. 1977. A helical, polymeric extracellular protein associated with the 
luminal surface of Haemonchus contortus intestinal cells. Tissue and Cell, 9: 23-34. 

Munn EA, Greenwood CA and Coadwell WJ. 1987. Vaccination of young lambs by 
means of a protein fraction extracted from adult Haemonchus contortus. 
Parasitology, 94: 385-397. 

Munn EA and Smith TS. 1990. Production and use of anthelmintic agents as 
protective proteins. Patent Application PCT/GB90/004 16. 

103 



Munn EA, Smith TS, Graham M, Tavernor AS and Greenwood CA. 1993a. The 
potential value of integral membrane proteins in the vaccination of lambs against 
Haemonchus con/onus. International Journal for Parasitology, 23: 261-269. 

Munn EA, Smith TS, Graham M, Greenwood CA, Travernor AS and Coetzee G. 
1993b. Vaccination of merino lambs against haemonchosis with membrane-
associated proteins from the adult parasite. Parasitology, 106: 63-66. 

Munn EA. 1997. Rational design of nematode vaccines: hidden antigens. 
International Journalfor Parasitology, 27: 359-366. 

Munn EA, Smith TS, Smith H, James F, Smith F and Andrews S. 1997. Vaccination 
against Haemonchus contortus with denatured forms of the protective antigen Hi 1. 
Parasite Immunology, 19: 243-248. 

Nari A, Salles J, Gil A, Wailer PJ and Hansen JW. 1996. The prevalence of 
anthelmintic resistance of sheep in Southern Latin America. Veterinary Parasitology, 
62: 213-222. 

Newlands GFJ, Skuce PJ, Knox DP, Smith SK and Smith WD. 1999. Cloning and 
characterization of a 3-galactoside-binding protein (galectin) from the gut of the 
gastrointestinal nematode parasite Haemonchus contortus. Parasitology, 119: 483-
490. 

Newlands GF, Skuce PJ, Knox DP and Smith WD. 2001. Cloning and expression of 
cystatin, a potent cysteine proteinase inhibitor from the gut of Haemonchus 
con/or/us. Parasitology, 122: 371-378. 

Newport GR, McKerrow JH, Hedstrom R, Petitt M, McGarrigle L, Barr PJ and 
Agabain N. 1988. Cloning of the proteinase that facilitates infection by schistosome 
parasites. Journal of Biological Chemistry, 263: 13179-13184. 

Niezen JH et al. 1998. Production, faecal egg counts and worm burdens of ewe lambs 
which grazed six contrasting forages. Veterinary Parasitology, 80: 15-27. 

Nilsen TW. 1995. Trans-splicing - an update. Molecular and Biochemical 
Parasitology, 73: 1-6. 

O'Donnell IJ, Dineen JK, Rothwell TLW and Marshall RC. 1985. Attempts to probe 
the antigens and protective immunogens of Trichostrongylus colubrformis in 
immunoblots with sera from infected and hyperimmune sheep and high- and low-
responder guinea pigs. International Journal for Parasitology, 15: 129-136. 

O'Donnell IJ, Dineen JK, Wagland BM, Letho S, Werkmeister JA and Ward CW. 
1989a. A novel host-protective antigen from Tnichostrongylus colubrformis. 
International Journal for Parasitology, 19: 327-335. 

104 



O'Donnell IJ, Dineen JK, Wagland BM, Letho S. Dopheide TAA, Grant WN and 
Ward CW. 1989b. Characterization of the major immunogen in the excretory-
secretory products of exsheathed third-stage larvae of Trichostrongylus 
colubrformis. International Journalfor Parasitology, 7: 793-802. 

Ou X, Thomas GR, Chacon MR, Tang L and Selkirk ME. 1995. Brugia malayi: 
differential susceptibility to and metabolism of hydrogen peroxide in adults and 
microfilariae. Experimental Parasitology, 80: 530-540. 

Outteridge PM, Windon RG, Dineen JK and Smith EF. 1986. The relationship 
between ovine lymphocyte antigens and faecal egg count of sheep selected for 
responsiveness to vaccination against Trichostrongylus colubrformis. International 
Journal for Parasitology, 16: 3 69-374. 

Outteridge PM, Windon RG and Dineen 1K. 1988. An ovine lymphocyte antigen 
marker for acquired resistance to Trichostrongylus colubrformis. International 
Journal for Parasitology, 18: 853-858. 

Parkins JJ and Holmes PH. 1989. Effects of gastrointestinal helminth parasites on 
ruminant nutrition. Nutritional Research Reviews, 2: 227-246. 

Peloille M. 1991. Selection of nematode-trapping fungi for use in biological control. 
In: JOBC/WPRS Bulletin 19911,UW2, Working group 'Integrated Control of Soil 
Pests', Methods for Studying Nematophageous Fungi' (Ed, Kerry BR and Crump 
DH), pp. 13-17. 

Piacenza L, Acosta D, Basmadjan I, Dalton JP and Carmona C. 1999. Vaccination 
with cathepsin L proteases and with leucine aminopeptidase induces high levels of 
protection against fascioliasis in sheep. Infection and Immunity, 67: 1954-1961. 

Pleass RJ, Kusel JR and Woof JM. 2000. Cleavage of human IgE mediated by 
Schistosoma mansoni. International Archives of Allergy and Immunology, 121: 194-
204. 

Poynter D. 1963. Parasitic bronchitis. Advances in Parasitology, 1: 179-212. 

Pratt D, Cox GN, Milhausen MJ and Boisvenue RJ. 1990. A developmentally 
regulated cysteine protease gene family in Haemonchus contortus. Molecular and 
Biochemical Parasitology, 43: 181-192. 

Pratt D, Armes LG, Hageman R, Reynolds V, Boisvenue RJ and Cox GN. 1992. 
Cloning and sequence comparisons of four distinct cysteine proteases expressed by 
Haemonchus contortus adult worms. Molecular and Biochemical Parasitology, 51: 
209-218. 

105 



Prenner C, Mach L, GlOssl J and Marz L. 1992. The antigenicity of the carbohydrate 
moiety of an insect glycoprotein, honey-bee (Apis mellfera) venom phospholipase 
A2. The role of al,3-fucosylation of the asparagine-bound N-acetylglucosamine. 
Biochemical Journal, 284: 377-380. 

Qin L, Smant G, Stokkermans J, Bakker J, Schots A and Helder J. 1998. Cloning of a 
trans-spliced glyceraldehyde-3-phosphate-dehydrogenase gene from the potato cyst 
nematode Globodera rostochiensis and expression of its putative promoter region in 
Caenorhabditis elegans. Molecular and Biochemical Parasitology, 96: 59-67. 

Rainbird MA, MacMillan D and Meeusen ENT. 1998. Eosinophil-mediated killing 
of Haemonchus contortus larvae: effect of eosinophil activation and role of antibody, 
complement and interleukin-5. Parasite Immunology, 20: 93-103. 

Ramsay AJ, Husband AJ, Ramshaw IA, Bao S, Matthaei KI, Koehler G and Kopf M. 
1994. The role of interleukin-6 in mucosal IgA antibody responses in vivo. Science, 
264: 561-563. 

Rand KN, Moore T, Sriskantha A, Spring K, Tellam R, Willadsen P and Cobon, GS. 
1989. Cloning and expression of a protective antigen from the cattle tick Boophilus 
microplus. Proceedings of the National Academy of Science USA, 86: 9657-9661. 

Redmond DL, Knox DP, Newlands G and Smith WD. 1997. Molecular cloning and 
characterisation of a developmentally regulated putative metallopeptidase present in 
a host protective extract of Haemonchus contortus. Molecular and Biochemical 
Parasitology, 85: 77-87. 

Redmond DL, Clucas C, Johnstone IL and Knox DP. 2001. Expression of 
Haemonchus contortus pep sinogen in Caenorhabditis elegans. Molecular and 
Biochemical Parasitology, 112: 125-131. 

Rhoads ML and Fetterer RH. 1995a. Extracellular matrix degradation by 
Haemonchus contortus. Journal of Parasitology, 82: 379-383. 

Rhoads ML and Fetterer RH. 1995b. Developmentally regulated secretion of 
cathepsin L-like cysteine proteases by Haemonchus contortus. Journal of 
Parasitology, 81: 505-512. 

Rickard M, Harrison G, Heath D and Lightowlers M. 1995. Taenia ovis recombinant 
vaccine-'quo vadit'. Parasitology, 110: S5-S9. 

Rothel JS, Wood PR, Seow HF and Lightowlers MW. 1997. UreaIDTT solubilization 
of a recombinant Taenia ovis antigen, 45W, expressed as a GST fusion protein 
results in enhanced protective immune response to the 45W moiety. Vaccine, 15: 
469-472. 

106 



Rothwell TLW and Merritt GC. 1975. Vaccination against the nematode 
Trichostrongylus colubrformis-II. Attempts to protect guinea-pigs with worm 
acetyicholinesterase. International Journalfor Parasitology, 5: 453-460. 

Rothwell TLW. 1978. Vaccination against nematode Trichostrongylus colubrformis-
III. Some observations on factors influencing immunity to infection in vaccinated 
guinea pigs. International Journalfor Parasitology, 8: 33-37. 

Rothwell TLW. 1989. Immune expulsion of parasitic nematodes from the alimentary 
tract. International Journalfor Parasitology, 19: 139-168. 

Sanderson BE, Jenkins DC and Ogilvie BM. 1972. Nippostrongylus brasiliensis: 
relation between immune damage and acetyicholinesterase levels. International 
Journal for Parasitology, 2: 227-232. 

Sangster NC. 1994. P-glycoproteins in nematodes. Parasitology Today, 10: 319-322. 

Sangster NC, Riley FL and Wiley U. 1998. Binding of [H-3]m-aminolevamisole to 
receptors in levamisole-susceptible and resistant Haemonchus contortus. 
International Journalfor Parasitology, 28: 707-717. 

Sangster NC and Gill J. 1999. Pharmacology of anthelmintic resistance. Parasitology 
Today, 15: 141-146. 

Savin KW, Dopheide TAA, Frenkel MJ, Wagland BM, Grant WN and Ward CW. 
1990. Characterization, cloning and host-protective activity of a 30-kilodalton 
glycoprotein secreted by the parasitic stages of Trichostrongylus colubrformis. 
Molecular and Biochemical Parasitology, 41: 167-176. 

Schallig HDFH and van Leeuwen MAW. 1997. Protective immuntiy to the blood-
feeding nematode Haemonchus contortus induced by vaccination with parasite low 
molecular weight antigens. Parasitology, 114: 293-299. 

SchopfLR, Hoffmann KF, Cheever AW, Urban iF and Wynn TA. 2002. ILL-10 is 
critical for host resistance and survival during gastrointestinal helminth infection. 
The Juornal of Immunology, 168: 2383-2392. 

Schwaiger FW, Gostomski D, Stear MJ, Duncan JL, McKellar QA, Epplen JT and 
Buitkamp J. 1995. An ovine major histocompatability complex DRB1 allele is 
associated with low faecal egg counts following natural, predominantly Ostertagia 
circumcuncta infection. International Journalfor Parasitology, 25: 815-822. 

Sekiya K. 1983. Effects of Bordatella pertussis components on IgE and IgGi 
responses. Microbiology and Immunology, 27: 905-915. 

Sharma RL, Bhat TK and Dhar DN. 1981. Control of sheep lungworm in India. 
Parasitology Today, 4: 33-36. 

107 



Sharp PJ, Smith DRJ, Bach W, Wagland BM and Cobon GS. 1991. Purified 
glutathione S-transferases from parasites as candidate protective antigens. 
International Journalfor Parasitology, 21: 839-846. 

Sharp PJ, Wagland BM and Cobon GC. 1992. Nematode vaccine. International 
Patent, WO 92/13889. 

Shea-Donohue T, Sullivan C, Finkelman FD, Madden KB, Morris SC, Goidhill J, 
Pineiro-Carrero V and Urban iF. 2001. The role of IL-4 in Heligmosomoides 
polygyrus- induced alterations in murine intestinal epithelial cell function. The 
Journal of Immunology, 167: 2234-223 9. 

Skuce PJ, Stewart EM, Smith WD and Knox DP. 1999. Cloning and characterization 
of glutamate dehydrogenase (GDH) from the gut of Haemonchus contortus. 
Parasitology 118: 297-304. 

Skuce PJ, Newlands GFJ, Stewart EM, Pettit D, Smith SK, Smith WD and Knox DP. 
2001. Cloning and characterisation of thrombospondin, a novel multidomain 
glycoprotein found in association with a host protective gut extract from 
Haemonchus contortus. Molecular and Biochemical Parasitology, 117: 241-244. 

Smith WD and Angus KW. 1980. Haemonchus contortus: attempts to immunise 
lambs with irradiated larvae. Research in Veterinary Science, 29: 45-50. 

Smith WD, Jackson F, Jackson E and Williams J. 1985. Age immunity to Ostertagia 
circumcincta: comparison of the local immune response of 4 1/2 and 10 month old 
lambs. Journal of Comparative Pathology, 94: 591-601. 

Smith NC and Bryant C. 1986. The role of host-generated free-radicals in helminth 
infections: Nippostrongylus brasiliensis and Nematospiroides dubius compared. 
International Journalfor Parasitology, 16: 617-622. 

Smith WD. 1988. Mechanisms of immunity to gastrointestinal nematodes of sheep. 
In: Increasing Small Ruminant Productivity in Semi-arid Areas. (Ed, Thomson EF 
and Thomson FS) ICARDA, Netherlands, pp.  275-286. 

Smith NC and Bryant C. 1989a. Free-radical generation during primary infections 
with Nippostrongylus brasiliensis. Parasite Immunology, 11: 147-160. 

Smith NC and Bryant C. 1989b. The effect of antioxidants on rejection of 
Nippostrongylus brasiliensis. Parasite Immunology, 11: 161-167. 

Smith NC, Ovington KS and Boray JC. 1992. Fasciola hepatica: free radical 
generation by peritoneal leucocytes in challenged rodents. International Journal for 
Parasitology, 22: 281-286. 

Smith WD. 1993. Protection in lambs immunised with Haemonchus contortus gut 
membrane proteins. Research in Veterinary Science, 54: 94-101. 

108 



Smith AM, Dowd AJ, Heffernan M, Robertson CD and Dalton JP. 1993a. Fasciola 
hepatica: a secreted cathepsin L-like proteinase cleaves host immunoglobulin. 
International Journalfor Parasitology, 23: 977-983. 

Smith AM, Dowd AJ, McGonigle S, Keegan PS, Brennan G, Trudgett A and Dalton 
JP. 1993b. Purification of a cathepsin L-like proteinase secreted by adult Fasciola 
hepatica. Molecular and Biochemical Parasitology, 62: 1-8. 

Smith TS, Munn EA, Graham M, Tavernor AS and Greenwood CA. 1993c. 
Purification and evaluation of the integral membrane protein Hi 1 as a protective 
antigen against Haemonchus contortus. International Journal for Parasitology, 23: 
271-280, 

Smith WD, Smith SK, Murray JM, Liddell S and Knox DP. 1993d. Vaccines against 
metazoan parasites. International Patent Application No. PCT/GB/93/01:52 1. 

Smith WD, Smith SK and Murray JM. 1994a. Protection studies with integral 
membrane fractions of Haemonchus contortus. Parasite Immunology, 16: 231-241. 

Smith WD, Smith 5, Murray J and Knox DP. 1994b. Aspartyl proteinases as 
vaccines. European Patent Application No. 93916110.5-2116. 

Smith SK and Smith WD. 1996. Immunisation of sheep with an integral membrane 
glycoprotein complex of Haemonchus contortus and with its major polypeptide 
components. Research in Veterinary Science, 60: 1-6. 

Smith TS, Graham M, Munn EA, Newton SE, Knox DP, Coadwell WJ, McMichael-
Phillips D, Smith H, Smith WD and Oliver JJ. 1997. Cloning and characterization of 
a microsomal animopeptidase from' the intestine of the nematode Haemonchus 
contortus. Biochimica et Biophysica Acta, 1338: 295-306. 

Smith SK, Pettit D, Newlands GFJ, Redmond DL, Skuce PJ, Knox DP and Smith 
WD. 1999. Further immunization and biochemical studies with a protective antigen 
complex from the microvillar membrane of the intestine of Haemonchus contortus. 
Parasite Immunology, 21: 187-199. 

Smith WD, Smith SK, Pettit D, Newlands GFJ and Skuce PJ. 2000a. Relative 
protective properties of three membrane glycoprotein fractions from Haemonchus 
contortus. Parasite Immunology, 22: 63-7 1. 

Smith WD, Smith SK and Pettit D. 2000b. Evaluation of immunization with gut 
membrane glycoproteins of Ostertagia ostertagi against homologous chaillenge in 
calves against Haemonchus contortus in sheep. Parasite Immunology, 22: 239-247. 

Speith J, Brooke G, Kuersten S, Lea K and Blumenthal T. 1993. Operons in C. 
elegans: polycistronic mRNA precursors are processed by trans-splicing of SL2 to 
downstream coding regions. Cell, 73: 521-532. 

109 



Sykes AR. 1994. Parasitism and production in farm animals. Animal Production, 59: 
155-172. 

Tort J, Brindley PJ, Knox D, Wolfe KH and Dalton JP. 1999. Proteinases and 
associated genes of parasitic helminths. Advances in Parasitology, 43: 161-266. 

Turner KJ, Feddema L and Quinn EH. 1979. Non-specific potentiation of IgE by 
parasitic infection in man. International Archives ofAllergy, 58: 232-236. 
Urban iF, Madden KB, Cheever AW, Trotta PP, Katona IM and Finkelman FD. 
1993. IFN inhibits inflammatory responses and protective immunity in mice infected 
with the nematode parasite, Nippostrongylus brasiliensis. The Journal of 
Immunology, 151: 7086-7094. 

Urban J, Fang H, Liu Q, Ekkens MJ, Chen SJ, Nguyen D, Mitro V, Donaldson DD, 
Byrd C, Peach R, Morris SC, Finkelman FD, SchopfL and Gause WC. 2000. IL-13-
mediated worm expulsion is B7 independent and IFN-gamma sensitive. The Journal 
of Immunology, 164: 4250-4256. 

Urquhart GM, Armour J, Duncan JL, Dunn AM and Jennings FW. 1991. Veterinary 
Parasitology. Longman Scientific and Technical, Essex. 

Urwin PE, Lilley CJ and Atkinson HJ. 2002. Ingestion of double-stranded RNA by 
preparasitic juvenile cyst nematodes leads to RNA interference. Molecular Plant 
Microbe Interactions, 15: 747-752. 

van Houtert MF, Barger IA, Steel JW, Windon RG and Emery DL. 1995a. Effects of 
dietary protein intake on responses of young sheep to infection with Trichostrongylus 
colubrformis. Veterinary Parasitology, 56: 163-180. 

van Houtert MY, Barger IA, Steel JW, Windon RG and Emery DL. 1995b. Dietary 
protein for young grazing sheep: interactions with gastrointestinal parasitism. 
Veterinary Parasitology, 60: 283-295. 

van Houtert MFJ and Sykes AR. 1996. Implications of nutrition for the ability of 
ruminants to withstand gastrointestinal nematode infections. International Journal 
for Parasitology, 26: 1151-1167. 

Velculescu YE, Zhang L, Vogeistein B and Kinzler KW. 1995. Serial Analysis of 
Gene Expression. Science, 270: 484-486. 

Venturiello SM, Giarnbartolomei GH and Constantino SN. 1993. Immune killing of 
newborn Trichinella larvae by human leukocytes. Parasite Immunology, 15: 559-
564. 

110 



Verkuylen AJ, Frenkel MJ, Savin KW, Dopheide TAA and Ward CW. 1993. 
Characterization of the mRNA encoding a proline-rich 37-kilodalton glycoprotein 
from the excretory-secretory products of Trichosirongylus colubrformis. Molecular 
and Biochemical Parasitology, 58: 325-332. 

Vervelde L, van Leeuwen MAW, Kruidenier M, Kooyman FNJ, Huntley IF, van Die 
I and Cornelissen AWCA. 2002. Protection studies with recombinant 
excretory/secretory proteins of Haemonchus contorlus. Parasite Immunology, 24: 
189-201. 

Wailer PJ and Donald AD. 1970. The response to desiccation of eggs of 
Trichostrongylus colubrformis and Haemonchus contortus. Parasitology, 61: 195-
204. 

Watson DL and Gill HS. 1991. Effect of weaning on antibody responses and 
nematode parasitism in Merino lambs. Research in Veterinary Science, 51: 128-132. 

Watson DL, Colditz IG, Andrew M, Gill HS and Altmann KG. 1994. Age-dependent 
immune response in Merino sheep. Research in Veterinary Science, 57: 152-158. 

Willadsen P, Bird P, Cobon G and Hungerford J. 1995. Commercialisation of a 
recombinant vaccine against Boophilus microplus. Parasitology, 110: S43-S50. 

Willadsen P, Smith D, Cobon G and McKenna RV. 1996. Comparative vaccination 
of cattle against Boophilus microplus with recombinant antigen BM86 alone or in 
combination with recombinant Bm91. Parasite Immunology, 18: 241-246. 

Williamson AL, Brindley PJ, Abbenante G, Provic P, Berry C, Girdwood K, 
Pritchard DI, Fairlie DP, Hotez PJ, Dalton JP and Loukas A. 2002. Cleavage of 
hemoglobin by hookworm cathepsin D aspartic proteases and its potential 
contribution to host specificity. The FASEB Journal, 16: 1458-1460. 

Wilson IBH, Harthill JE, Mullin NP, Ashford DA and Altmann F. 1998. Core al,3-
fucose is a key part of the epitope recognised by antibodies reacting against plant N-
linked oligosaccharides and is present in a wide variety of plant extracts. 
Glycobiology, 8: 651-661. 

Windon RG. 1996. Genetic control of resistance to helminths in sheep. Veterinary 
Immunology and Immunopathology, 54:245-254. 

Wood WB. 1988. Introduction to C. elegans biology. In The Nematode 
Caenorhabdiiis elegans (Wood WB, ed.) p i-i6. Cold Spring Harbour Laboratory. 

Zhao A, McDermott J, Urban IF, Gause W, Madden KB, Yeung KA, Morris SC, 
Finkelman FD and Shea-Donohue T. 2003. Dependence of IL-4, IL-13, and 
nematode-induced alterations in murine small intestinal smooth muscle contractility 
on Stat6 and enteric nerves. The Journal of Immunology, 171: 948-954. 

111 



Zipfel PF, Schrum S, Bialonski A and BUttner DW. 1998. The peroxiredoxin 2 
protein of the human parasite Onchocerca volvulus: recombinant expression, 
immunolocalization, and demonstration of homologous molecules in other species. 
Parasitology Research, 84: 623-631. 

Zurawski S, Vega F, Hughe B and Zurawski G. 1993. Receptors for interleukin- 13 
and interleukin-4 are complex and share a novel component that functions in signal 
transduction. The European Molecular Biology Organization Journal, 12: 2663-
2670. 

112 



Appendix I - letter of award of 1998/1999 Urquhart prize 

113 



Affiliated to WAAVP 

Dr P J Skuce 
Moredun Research Institute 
Pentlands Science Park 
Bush Loan 
Penicuik 
Midlothian EH26 OPZ 
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Dear Philip, 

BRITISH ASSOCIATION OF VETERINARY PARASITOLOGY 
URQUHART PRIZE 

The Urquhart Prize for Veterinary Parasitology is a recently established prize 
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university or other institution. The prize is named in honour of the late Professor 
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gut-derived cysteine proteinases associated with a host protective extract from 
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BAVP President 


