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Abstract 

 

Fasciolosis, resulting from infection with the digenetic trematode (flatworm) 

Fasciola hepatica, is of major global economic importance in ruminants, such as 

cattle and sheep, and is now recognised as an important zoonosis. Following 

ingestion by the mammalian host, the parasite migrates through the intestinal wall 

and develops within the host liver parenchyma and then the bile ducts. We found that 

the parasites express an array of temporally regulated cysteine peptidase inhibitors – 

cystatins – during this migration. The aim of this thesis was to characterise these 

cystatins and explore the biochemical and biological functions during infection of the 

mammalian host. Genome and associated stage-specific transcriptome/proteome 

analysis identified three single domain cystatin inhibitors in this parasite – FhStf-1, 

FhStf-2 and FhStf-3. Phylogenetic analysis of the phylum platyhelminthes revealed 

that these cystatins are Type 1 cystatins (stefins); however, uniquely, FhStf-2 and 

FhStf-3 also possess signal peptides - a characteristic more commonly associated 

with Type 2 cystatins – that would facilitate their secretion by the parasite into the 

mammalian host. Transcriptomic analysis revealed that the FhStf genes are 

differentially expressed throughout all life stages of the parasite from the 

metacercariae to the adult which we suggest relate to their function.  

 

Extensive characterisation of recombinant FhStf-1, FhStf-2 and FhStf-3 showed that 

they are potent inhibitors of the major F. hepatica secreted Cathepsin L peptidases 

(Ki <1 nM – 6 nM) and of human cysteine peptidases L, K, S and B (Ki <1 nM – 45 

nM). Immunoblot analysis showed the presence of FhStf-1, FhStf-2 and FhStf-3 in 

the excretion/secretion (ES) so all three inhibitors could be delivered into the host 

tissues. However, FhStf1 was also present within adult worm extracellular vesicle 

(EVs) and, therefore, we propose that this inhibitor could be delivered directly into 

host cells via EV-host cell communication. These studies correlate with 

immunolocalisation studies on newly excysted juveniles (NEJs) that identified FhStf-

1 on the tegument of the parasite and in the gut and FhStf-2 and FhStf-3 also in the 

gut and ‘secretory channels’. Therefore, the potent inhibition of the parasite-secreted 

and host cysteine peptidases, their localisation in tissue that interface with the host, 
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and presence in the parasite EVs and secretions suggests a primary role for these F. 

hepatica stefins in the regulation of F. hepatica and host cysteine proteases.  

The protease/anti-protease balance may be critical in the regulation of parasite 

processes including penetration, feeding, development and immune evasion, as well 

as modulation of host innate cell proteases involved in antigen processing and 

presentation. The potential of up-setting the balance of this protease/anti-protease 

function was assessed in sheep vaccine trials. Our vaccination studies revealed that 

animals vaccinated with recombinant FhStf-1, FhStf-2, FhStf-3 and FhKT1 and 

orally challenged with F. hepatica metacercariae had a statistically significant weight 

gain when compared to non-vaccinated animals; a novel and economically important 

result warranting further analysis of this antigen combination in future vaccine trials.  

 

Given that anti-allergic and anti-inflammatory potential has been seen in other 

helminth cystatins, assessing the immunomodulatory properties of FhStf-1, FhStf-2 

and FhStf-3 would be an exciting future study and could lead to the discovery of 

novel therapeutics for the treatment of immune-related conditions like asthma.  
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Chapter 1 – Introduction 

1.1. Fasciolosis  

The disease fasciolosis results from infection by the trematode parasites Fasciola 

hepatica and Fasciola gigantica.  These liver flukes are pathogens of major 

economic importance, infecting an estimated 550 million ruminants worldwide. The 

disease causes annual losses exceeding $3 billion to the agricultural sector as a result 

of reduced quality and quantity of animal produce such as milk, meat and wool 

(Robinson and Dalton, 2009). Fasciolosis is also listed as a neglected tropical disease 

by WHO with approximately 17 million people infected worldwide and a further 180 

million people at risk (Andrews et al., 1999, McManus and Dalton, 2006).  

The Fasciola life cycle involves an intermediate snail host, which enables the 

development of the larval stages of the parasite, and a final mammalian host where 

the adult worm matures. F. hepatica and F. gigantica eggs are released into the 

environment in the faeces of infected mammalian hosts. Miracidia hatch from the 

eggs and then infect the intermediate snail host species. Once in the snail, the 

parasite goes through numerous developmental stages until cercariae are finally 

released and encyst on vegetation as ‘metacercariae’. Infections occur through the 

consumption of metacercariae-contaminated vegetation by domestic animals whereas 

humans generally become infected through ingestion of contaminated foods such as 

watercress or drinking water contaminated with floating metacercariae (LaPook, 

2000). Once ingested, the metacercariae excyst in the intestine releasing newly 

excysted juveniles (NEJ) that migrate through the peritoneal cavity into the liver. 

After about 2-3 months migrating and feeding on the liver tissue the parasites move 

into the bile ducts where they develop into sexually mature adult flukes, producing 

thousands of eggs per day (Boray, 1969).  

Having originated in Europe, F. hepatica, the temperate fluke, now has a worldwide 

distribution across all continents, except Antarctica, where its intermediate host snail 

species Galba truncatula is found (Mas-Coma et al., 2005). Animal and human 

infections have been reported in over 50 countries including Africa, Asia, America, 

Oceania and Europe (Figure 1.1). F. gigantica, the tropical fluke, however tends only 

to be found in tropical regions of Africa and Asia inhabited by the intermediate host
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 snail species Radix natalensis and Radix auricularia (Mas-Coma, 2005, Cwiklinski 

et al., 2016). 

 

Figure 1.1 Global distribution of fasciolosis. Map illustrates countries with reported cases of 

F.hepatica and F.gigantica infections in green. (World Health Organisation). 

 

 

The anthelmintic drug, triclabendazole (TCBZ), is used for the treatment of 

fasciolosis as it is effective against both the migrating juvenile flukes and the adult 

flukes in the bile ducts. TCBZ is a benzimidazole derivative that has been in use in 

veterinary medicine since 1983 for the treatment and control of Fasciola spp. 

infections in sheep and cattle. In 1986 TCBZ was successfully used to treat a case of 

human fasciolosis and was later approved for use to treat an outbreak of human 

fasciolosis in Iran in 1989 (Laird and Boray, 1992). Despite having been used for the 

treatment of fasciolosis in ruminants for almost 40 years, the exact mechanism of 

action of TCBZ still remains unclear; however, available evidence suggests the drug 

binds to and disrupts microtubules of the parasite (Fairweather, 2005; Brennan, 2007; 

Robinson et al., 2002) causing a breakdown in structure of tissues such as the 

reproductive organs and tegument (Robinson et al., 2002; Hanna, 2015). 
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Drugs such as Praziquantel, which is used against other trematode infections (e.g. 

schistosomiasis and clonorchiasis), are not effective against Fasciola parasites and so 

TCBZ is heavily relied on for control of fasciolosis. As a result, there has been an 

increase in the number of cases of TCBZ resistance (TCBZ-R) in livestock and 

humans (Figure 1.2).  

F. hepatica TCBZ resistance in the field was first reported in Australia in 1995 

(Overend and Bowen, 1995) and further cases have since come to light in The 

Netherlands, Spain, Ireland, Scotland, Wales, and Peru (Moll et al., 2000; Gordon et 

al., 2012; Ortiz et al., 2013; Brockwell et al., 2014). Incidences of TCBZ-R in cases 

of human fasciolosis have also been reported in The Netherlands, Turkey and South 

America (Winkelhagen et al., 2012; Gülhan et al., 2015; Cabada et al., 2016) 

highlighting the fact that TCBZ-R is an issue that is on the rise and one that puts the 

current control and treatment strategy in danger. This emphasises the importance for 

the discovery of novel methods of control, vaccines in particular, to be developed for 

this parasitic infection.  

Vaccines may provide an alternative solution to the control of fasciolosis, avoiding 

the use of chemical treatments. Over the last forty years a variety of native and 

recombinant antigens formulated in adjuvants have been assessed in vaccine trials to 

develop protection against fasciolosis in various ruminants with highly mixed results 

as further discussed in Chapter 4.  

 

In order to develop novel control strategies an understanding of the molecules 

involved in host-parasite interactions that enable the parasites migration and survival 

within the mammalian host is vital. Proteomic analysis of the proteins 

excreted/secreted (ES) by the parasite revealed that cysteine proteases, notably 

cathepsin L and B proteases, are the major component of F. hepatica ES along with 

other molecules such as fatty acid binding proteins (FABP), helminth defence 

molecule (HDM) and various protease inhibitors (Dalton et al., 2003; Robinson et 

al., 2009; Cwiklinski et al., 2015a). The use of these molecules by the parasite to aid 

its survival and development within the host make them of interest as potential 

vaccine candidates. 
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Figure 1.2 The global distribution of reported cases of TCBZ-R in humans and cattle from 1995 – 2015. Grey – 1 case reported; Purple – 2- 4 reported cases; 

Yellow – more than 5 cases reported. Lines indicate reported cases of human resistance. (Kelley, 2016). 
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1.2. Protease/anti-protease balance  

The protease/anti-protease balance can be described as the delicate interaction of 

enzymes and their inhibitors in a range of living systems, whereby anti-proteases, 

also known as protease inhibitors, finely regulate the activity of proteases. Disruption 

of this balance can lead to many diseases such as cancer where unregulated proteases 

are involved in tumour initiation and growth. Overexpression of the lysosomal 

cysteine protease cathepsin B peptidase has been observed in cases of laryngeal 

carcinoma (Macabeo-Ong et al., 2003) while elevated levels have also been observed 

in pulmonary adenocarcinomas (Fujise et al., 2000). The activity of cathepsin 

peptidases is regulated by their endogenous inhibitors known as cystatins. Elevated 

levels of cathepsin B and reduced levels of its inhibitor cystatin C were found in the 

sera of tongue cancer patients. These elevated levels of cathepsin B corresponded 

with the invasion and progression of the cancer and it is suggested that the malignant 

progression of the tongue cancer could be as a result of unregulated proteolysis due 

to incomparable levels of cathepsin B and cystatin (Saleh et al., 2006). 

The long-term lung disease emphysema is a type of chronic obstructive pulmonary 

disease (COPD) which causes a cough and shortness of breath in sufferers due to 

alveoli becoming enlarged, with most cases resulting from cigarette smoking but can 

also develop from a deficiency in the serine protease inhibitor α-1-antitrypsin (Stoller 

and Aboussouan, 2005). Proteases are a key element of pulmonary host defences, 

which together with anti-proteases need to be correctly balanced to maintain healthy 

lung function (Meyer and Jaspers, 2015). Increased protease activity has been linked 

with lung tissue damage and the development of emphysema and COPD (Abboud 

and Vimalanathan, 2008; Kersul et al., 2011). The destruction of healthy lung tissue 

is initiated through the proteolytic degradation of components of the extracellular 

matrix, particularly elastin (Starcher, 2000). Neutrophils and macrophages are the 

primary source of lung proteases, secreting serine proteases such as neutrophil 

elastase, cysteine proteases such as cathepsin L and S peptidases as well as matrix 

metalloproteinases (MMPs) (Shapiro, 2003; Meyer and Jaspers, 2015). A deficiency 

in the serine protease inhibitor α-1-antitrypsin enables excess activity of neutrophil 

elastase to break down elastin in the alveoli therefore disrupting the alveolar 

structure, causing inflammation and the physiological symptoms of emphysema and 

COPD (Sun and Yang, 2004; Sharafkhaneh, 2008). 
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Therefore, the regulation of proteolytic activity through protease/anti-protease 

balance is of utmost importance in living systems as the detrimental effects of 

upsetting this balance can be seen through the progression of diseases like cancer and 

emphysema as previously mentioned. The protease/anti-protease balance theory is 

one that could also be applied to F. hepatica infection in the mammalian host. 

  

1.2.1. F. hepatica infection in the mammalian host  

As previously mentioned in section 1.1., F. hepatica infection of the mammalian host 

occurs through ingestion of vegetation or water contaminated with metacercariae. 

Once ingested metacercariae will reach the duodenum where they excyst as NEJs 

that then burrow through the gut wall into the peritoneal cavity and migrate to the 

liver which they inhabit for up to 12 weeks feeding on liver tissues causing large 

amounts of tissue damage and perforation.  The juvenile flukes then migrate to the 

bile ducts where they develop into sexually mature adult flukes, feeding on blood, a 

rich source of nutrient. Each mature fluke produces around 20,000 eggs per day 

which are carried to the small intestine and excreted in faeces onto grass (Andrews, 

1999; McManus and Dalton, 2006). 

The migration of the parasite from the duodenum to the bile ducts within the 

mammalian host involves tissue penetration by the parasite as well as modulation of 

the host immune system which involves the employment of a number of cysteine 

proteases and their inhibitors. These have been have been identified as the major 

proteins in the parasites ES (Dalton et al., 2003; Robinson et al., 2009; Cwiklinski et 

al., 2015b).  
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1.2.2. Cysteine proteases of F.hepatica  

F. hepatica predominantly secretes a number of papain-like cysteine proteases, 

known as cathepsin peptidases, which play a major role in the parasites virulence 

from host entry, suppression of the host immune response to parasite development 

and migration. Cathepsin L and B peptidases are the major cysteine proteases 

identified in the F. hepatica ES, with the expression levels of these proteases varying 

across each developmental stage of the parasite (Dalton et al., 2003; Robinson et al., 

2009; Cwiklinski et al., 2015a).  The F. hepatica cathepsin L and B peptidases are 

derived from multi-copy gene families which give rise to numerous functionally 

diverse enzymes enhancing the parasites ability to invade and infect its variety of 

mammalian hosts. (Tort et al.,1999; Littlewood, 2006; Stack et al., 2008). 

 

1.2.3. Cathepsin L peptidases of F. hepatica  

Based on the most recent F. hepatica genome assemblies (WormBase ParaSite - 

https://parasite.wormbase.org/index.html), twenty three cathepsin L sequences have 

been identified. Six partial sequences were identified in total, with two sequences 

encoding FhCL1 (FhCL1_3 and FhCL1_6) missing the last exon and four sequences 

(FhCL_6, FhCL_7, FhCL_8 & FhCL_9) missing elements at the 5’ end (Cwiklinski 

et al., 2019). Phylogenetic analysis demonstrated that this large cathepsin L gene 

family has separated into five specific clades (FhCL1 – FhCL5) through gene 

duplication and divergence (Dalton et al., 2003, Robinson et al., 2008; Morphew et 

al., 2011; Cwiklinski et al., 2015a, Cwiklinski et al., 2019). 

Three clades (FhCL1, FhCL2 and FhCL5) have been shown through transcriptomic 

and proteomic analysis to be associated with the mature adult worms while the 

remaining two clades (FhCL3 and FhCL4) are specific to the infective NEJs 

(Cancela et al., 2008; Robinson et al., 2009; Cwiklinski et al., 2015a). The 

phylogenetic analysis suggests that the oldest of the clades is FhCL3 with gene 

duplication giving rise to FhCL2. Furthermore gene duplication in turn gave rise to 

FhCL1 which duplicated and separated into various FhCL1s and FhCL5 (Robinson 

et al., 2008; Smooker et al., 2000; Cwiklinski et al., 2019).  
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RNAi- knockdown of FhCL3 by McGonigle et al. (2008) revealed a reduced ability 

of the parasites to penetrate the intestinal wall of rats, suggesting the involvement of 

FhCL3 in host tissue penetration and migration across the intestine. This suggestion 

was further supported when transcriptomic and proteomic analysis of the NEJ ES 

and somatic extract by Robinson et al. (2009) showed that FhCL3 is stored in the 

juvenile parasite as an inactive zymogen which is activated by asparaginyl 

endopeptidases and released into the host environment when the parasites penetrate 

the host intestinal wall. Robinson et al. (2011) also demonstrated the ability of 

FhCL3 to cleave the extracellular matrix protein collagen. Coupled with the high 

levels of secretion of FhCL3 in NEJs (Cwiklinski et al., 2015a) this observation 

further supports the involvement of FhCL3 in tissue degradation of the organs the 

parasite is migrating through, i.e. degrading the intestinal wall and facilitating 

migration of the NEJ into the peritoneal cavity of the mammalian host.  

FhCL4 is expressed but not secreted by the NEJs and as a result it has been 

suggested that it is involved in a housekeeping role within the internal tissues of the 

parasite (Cancela et al., 2008; Robinson et al., 2009).  

Expression and secretion of FhCL3 is down-regulated once the immature flukes have 

reached the liver, at which point the expression of cathepsin peptidases associated 

with adult worms (FhCL1, FhCL2 and FhCL5) is upregulated and they become more 

abundant in the secretome (Robinson et al., 2009; McVeigh et al., 2012; Cwiklinski 

et al., 2015a). As the adult flukes are obligate blood feeders and given the abundance 

of FhCL1, FhCL2 and FhCL5 secreted at this stage it was proposed that they play a 

key role in the acquisition of blood nutrients. Biochemical studies demonstrated the 

ability of FhCL1 to degrade haemoglobin (a nutrient required for production of eggs) 

and proteomics showed its very high secretion levels at the adult stage of infection 

(Lowther et al., 2009; Robinson et al., 2009; Cwiklinski et al., 2015b). Lowther et al. 

(2009) observed that FhCL1 could degrade haemoglobin into small peptides of 4-14 

residues which could then be absorbed into epithelial cells of the gut and undergo 

further hydrolysis within the cells by exopeptidases such as leucine aminopeptidases 

(LAP). This ordered cascade of degradation facilitates the release of free amino acids 

that can then be distributed to the tissues for parasite development and growth 

(Dalton et al., 2006).  
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Immunomodulation of the host innate and adaptive immune responses is a good 

example of how F. hepatica uses the molecules it secretes to manipulate the host for 

its survival. FhCL1 has been shown to be immunomodulatory by Donnelly et al. 

(2010) through the degradation/inhibition of Toll-like receptor 3 (TLR-3) within the 

macrophage endosome. Degradation of TLR-3 suppresses the release of pro-

inflammatory factors and so controls excessive inflammatory-induced pathology. In 

addition to this immunomodulatory activity of FhCL1, Prowse et al. (2002) also 

showed that recombinant FhCL5 when incubated with T cells from sheep could 

significantly reduce surface CD4 expression. The protease had a similar effect on 

human T lymphocytes indicating that FhCL5 can interfere with T cell proliferation 

through reduction of cell surface CD4. 

 

1.2.4. Cathepsin B cysteine proteases of F. hepatica  

Genomic analysis by Cwiklinski et al. (2015a) identified eleven cathepsin B cysteine 

protease genes (FhCB1, FhCB2, FhCB3, FhCB4/5/7, FhCB6/8, FhCB9 and 

FhCB10) within F. hepatica. Like FhCL3, several FhCB peptidases (FhCB1, FhCB2 

and FhCB3) have been shown to be specific to the NEJ with high expression levels at 

this stage and downregulation in adults (Cancela et al., 2008; Cwiklinski et al., 

2015a; Cwiklinski et al., 2019). The role of FhCB peptidases in juvenile fluke 

biology was investigated in a study by Beckham et al. (2009) using the cathepsin B 

inhibitor CA-074Me inhibitor to treat F. hepatica parasites. Treatment in vitro with 

CA-074Me resulted in a significant reduction in viability and motility of the parasites 

with total loss of viability after 11 days of exposure suggesting that FhCB peptidases 

play an important role in the homeostasis of the parasites. This finding supported the 

earlier RNAi study in NEJs by McGonigle et al. (2008) that showed  knockdown of 

FhCB2 resulted in a 78% reduction in protease expression and a 50% reduction in 

the ability of the parasite to penetrate the gut wall. Moreover, incubation in vitro with 

FhCB2 dsRNA resulted in parasite death after 14 hours. The use of FhCB2 as a 

potential vaccine was investigated in rats and results showed a significant reduction 

in liver damage and worm burden (Jayaraj et al., 2009). All of these findings support 

the hypothesis that F. hepatica cathepsin B peptidases play a vital role in the 

infective parasite in host tissue invasion and homeostasis.  

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3514016/#R34
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1.2.5. Activation of F. hepatica cysteine proteases  

Transcriptome analysis of F. hepatica life stages within the mammalian host by 

Cwiklinski et al. (2015a) also discovered the expression of a family of asparaginyl 

endopeptidases (also known as legumains) which are responsible for cleaving the 

propeptide in the inactive zymogen forms of FhCL and FhCB to produce functional 

mature enzymes (Beckham et al., 2006; Dalton et al., 2009). The temporal 

expression profile for each legumain (legumain 1, legumain 2/7, legumain 3, 

legumain 4/5 and legumain 6) differs suggesting that they act upon different cysteine 

proteases depending on their expression profile also. F. hepatica legumain 1 was 

identified as the most highly expressed of the legumains in NEJs suggesting its 

requirement for the activation of FhCB1, 2, 3 and FhCL3; thus, timely activation of 

these proteases are required for the parasite to penetrate the intestinal wall. After this 

event, the expression of legumain1 and all four cysteine proteases is downregulated. 

The transcriptomic data also showed that at the point when FhCL1, FhCL2 and 

FhCL5 expression is upregulated (immature and adult flukes), legumain 3 expression 

is co-incidentially upregulated suggesting that it is responsible for the activation of 

these proteases (Cwiklinski et al., 2015a).  

The slightly acidic pH of the parasite gut is also important in regulating the auto-

activation of F. hepatica cathepsin L and B zymogens (Law et al., 2003; Collins et 

al., 2004; Stack et al., 2007; Lowther et al., 2009). Lowther et al. (2009) showed that 

FhCL1 is auto-activated by inter molecular cleavage from its inactive zymogen form 

to mature active form by the slightly acidic pH gut of the parasite. The authors 

monitored the rate of formation of a mature active enzyme, in the presence of the 

fluorogenic substrate Z-Phe-Arg-NHMec, over a pH range 4.0 – 7.0. By calculating 

the rate of hydrolysis, Lowther and colleagues showed that the rate of activation was 

~40-fold faster at pH4.5 than at pH7.0 indicating that the auto-activation of FhCL1 

occurs more rapidly in an acidic environment such as that of the parasite gut 

(Lowther et al. 2009) 
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1.2.6. Regulation of protein expression  

Protein expression in F. hepatica is tightly regulated through a variety of 

mechanisms. The specific temporal expression patterns associated with the 

individual cysteine proteases and their legumain activators throughout the parasites’ 

migration and development within the mammalian host (as mentioned in 1.2.5.) is a 

prime example of this regulation (Figure 1.3). Cwiklinski et al. (2015a) also 

demonstrated that many other molecules which are involved in a variety of biological 

processes within the fluke are up and downregulated depending on the 

developmental stage of the parasite; for example, expression of cytoskeletal proteins 

and molecules involved in cell adhesion were found to be downregulated in the 

mature parasite compared to the metacercarial stage suggesting that these molecules 

could be involved in the initiation of excystment following ingestion. 

Alongside the proteases it expresses, F. hepatica also expresses a range of protease 

inhibitors which include cystatins (cysteine protease inhibitors), a kunitz-type 

inhibitor and a hypothetical serpin (serine protease inhibitors). These protease 

inhibitors have been identified by a number of studies in the F. hepatica ES proteins 

(Bozas et al., 1995; Khaznadji et al., 2005; Robinson et al., 2009; Cancela et al., 

2010; Cwiklinski et al., 2015b). Although the role of FhCystatins is not clear, they 

may function as regulators of the parasites own cysteine proteases (cathepsin L and 

B). Recent studies by Smith et al. (2016) showed that the kunitz-type inhibitor 

(FhKT1), which is classically defined as a serine protease inhibitor, had no inhibitory 

effect on serine proteases but was an unexpected potent inhibitor of F. hepatica 

cysteine proteases FhCL1, FhCL2 and of human cathepsins K and L. 

 

Studies of the extracellular vesicles (EVs) derived from the secreted products of the 

adult F. hepatica parasites have identified several protease inhibitors, including a 

cystatin (FhCystatin1) and the kunitz-type inhibitors (Cwiklinski et al., 2015b). It has 

been shown that EVs are internalised in the intestinal cells of the host (Marcilla et 

al., 2012) suggesting therefore that FhCystatin 1 and kunitz-type inhibitor present in 

the EVs may be delivered into host cells and play a role in the inhibition of their 

cysteine proteases. Several studies have shown that the inhibition of cysteine 
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proteases involved in antigen processing leads to a build-up of MHC class II 

intermediates and a dampened immune response resulting from disrupted MHC class 

II associated antigen processing which could lead to weakened response to invading 

pathogens such as helminth parasites (Zavasnik-Bergant and Turk, 2006; Maizels 

and Yazdanbakhsh, 2003), a role that FhCystatin 1 and the kunitz-type inhibitor may 

be involved in. 

 

Given the abundance and various functions such as nutrition, infection and 

protection, of cysteine proteases secreted by flukes of the genus Fasciola (Stack et 

al., 2011) it must be important for the parasites to favour proteolysis of host proteins 

and avoid degradation of endogenous proteins which would require regulation at 

many levels by specific inhibitors. The regulation of proteolytic activity is a crucial 

protective process within Fasciola and so further work needs to be done in order to 

understand how parasite expressed inhibitors could contribute to this process. 

 

 

Figure 1.3 Cysteine protease expression throughout the developmental stages of F.hepatica 

infection in the mammalian host. Adaptation from Robinson et al. (2008). 1. Cathepsin B’s 

and L3 are expressed as the NEJ penetrates through the host duodenum. 2. The expression of 

Cathepsin B’s and L3 is downregulated during the parasites migration through the liver 

while cathepsin L1 and L2 expression is upregulated. 3.  Cathepsins L1, L2 continue to be 

expressed by the adult parasite along with cathepsin L5 in the bile ducts. 
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1.3. Cystatins  

Cystatins are a superfamily of tight-binding inhibitors of papain-like cysteine 

proteases that are found in a variety of organisms. The term cystatin was first used by 

Barrett (1981) to describe a protein from chicken egg white that inhibited a variety of 

cysteine proteases. As other inhibitors of cysteine proteases were identified and their 

amino acid sequences determined, it became evident that they were evolutionarily 

related to chicken cystatin and formed the cystatin superfamily (Barrett et al., 1986). 

Proteins of the cystatin super family have the conserved function of papain-like 

cysteine protease inhibition however their structural diversity and differing 

localisation within an organism suggests that these molecules perform a variety of 

physiological functions. 

Members of the cystatin superfamily can be subdivided based on similarities in their 

amino acid sequence and three dimensional structures, into three distinct subfamilies: 

I25A (type 1, stefins), I25B (type 2, cystatins) and I25C (type 3, kinnogens) 

(Rawlings et al., 2004).  

 Type 1 cystatins or stefins are low molecular weight inhibitors of 

approximately 11kDa. They are non-glycosylated, intracellular proteins 

which lack a signal sequence and do not contain disulphide bonds. Stefin A 

and B are examples of this class of cystatins and were originally found in a 

variety of mammals including humans (Turk and Bode, 1991).  

 Type 2 cystatins are slightly larger proteins of approximately 13-14kDa that 

possess a signal sequence for secretion through the cell membrane and 

typically have two C-terminal disulphide bonds (Turk and Bode, 1991, Turk 

et al., 2008).  

 The I25C subfamily or type 3 cystatin is made up of large multi-domain 

cystatins with kinnogens being the mammalian representative of this subset 

(Turk et al., 2012).  
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1.3.1. Mechanism of inhibition of cysteine proteases 

As mentioned above, cystatins and stefins are tight binding reversible inhibitors of 

papain-like cysteine proteases. An understanding of the mechanism of inhibition that 

these inhibitors use was helped greatly through the generation of the crystal structure 

of chicken cystatin and human stefin B in complex with papain. These crystal 

structures revealed that both chicken cystatin and stefin B shared a common tertiary 

structure of a five turn α-helix which lay ‘on top of’ a five-stranded anti-parallel β-

sheet (Bode et al., 1988; Stubbs et al., 1990).  

These crystal structures identified three regions that are vital for the interaction of the 

inhibitor with their enzymes, namely a highly conserved glycine residue at the N-

terminal region which interacts in a substrate-like manner with the S1, S2 and S3 

binding sites of the cysteine protease (Hall et al., 1993; Bjork et al., 1995) and two 

hairpin loops between the β-strands. The first hairpin loop contains the highly 

conserved core cystatin motif Q-x-V-x-G which is surrounded on either side by the 

conserved N-terminal region and the second hairpin loop containing the conserved 

proline-tryptophan (PW) region. Together these three regions form a predominantly 

hydrophobic tripartite wedge that is complementary to and inserts into the active site 

of the cysteine protease (Machleidt et al., 1989; Bode et al., 1988; Stubbs et al., 

1990).  

 

1.3.2. Cystatins of helminths  

Cystatins have been reported to be expressed by a number of helminth parasites with 

functions varying from regulation of parasite and host cysteine proteases to 

immunomodulation of the host immune response. The functions of these helminth 

cystatins are described below:  

Haemonchus contortus 

The blood feeding nematode parasite H.contortus penetrates the abomasal mucosa of 

the ruminants it infects causing anaemia, emaciation and even death with a heavy 

worm burden (Besier et al., 2016). Host immune modulation and suppression by 
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nematodes has been widely studied with cystatins being identified as 

immunomodulators as well as having the capacity to inhibit cysteine protease activity 

(Lustigman et al., 1992; Hartmann et al., 1997; Manoury et al., 2001; Newlands et 

al., 2001). H. contortus cystatin1 was recombinantly expressed in Escherichia coli 

by Newlands et al. (2001) and tested for functional cysteine protease inhibitory 

activity against human cathepsin B and H. contortus thiol-Sepharose-binding 

proteins (TSBP) which contains cysteine proteases (Knox et al., 1999). Enzymatic 

assays revealed that H. contortus cystatin 1 could efficiently inhibit TSBP at low 

concentrations while only moderately inhibiting human cathepsin B. H. contortus 

cystatin 1 lacks a signal peptide, implying that it is not secreted and has a functional 

role within cells. Immunolocalisation studies revealed that this cystatin is localised 

within the cytoplasm of the parasites gut cells (Newlands et al., 2001).  

 

A secreted H. contortus cystatin (HCcyst-2) was also recombinantly produced and its 

immunomodulatory effects investigated (Wang et al., 2017). Immunofluorescent 

staining demonstrated, following incubation of rHCcyst-2 with goat monocytes, the 

uptake and internalisation of rHCcyst-2 by monocytes. rHCcyst-2 was also shown to 

have an effect on the cytokine expression levels in goat monocytes through 

significant reduction of LPS induced cytokines IL-1β, TNF-α and IL-12p40 and 

increased expression of IL-10 therefore suppressing inflammatory responses and 

creating a more favourable environment for the worms. The inhibitory effect of 

rHCcyst-2 was also assessed and indicated efficient inhibition of cathepsin L and 

papain (IC50: 109.8nM and138nM) with slightly lower inhibition of cathepsin B 

(IC50: 228.5nM) (Wang et al., 2017). 

 

Brugia malayi  

Brugia malayi is a mosquito-borne filarial nematode which causes lymphatic 

filariasis in humans. Three cystatins (Bm-CPI-1, Bm-CPI-2, and Bm-CPI-3) have 

been identified in this nematode with differing expression patterns. Expression of 

Bm-CPI-1 and Bm-CPI-3 occurs in the later stages of development within the 

mosquito vector eventually being switched off within 48hrs of establishing infection 

in the mammalian host. Bm-CPI-2 on the other hand, is expressed throughout the 

parasite’s life cycle therefore having the potential to inhibit host cysteine proteases 
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and to disrupt the mammalian host immune response (Gregory et al., 1997; Manoury 

et al., 2001; Ghedin et al., 2007; Gregory et al., 2008). The ability of Bm-CPI-2 to 

inhibit proteases in the lysosomes and endosomes of human antigen-presenting cells 

(APC) was assessed by Manoury et al. (2001) using fluorogenic substrates specific to 

cathepsin S, L/B and asparaginyl endopeptidase (AEP). Bm-CPI-2 was shown to 

inhibit the hydrolysis of all of the substrates tested indicating that this cystatin is 

inhibitory against cysteine proteases of both the C1 papain-like family and the C13 

AEP/legumain family.   

 

Acanthocheilonema viteae 

 

Acanthocheilonema viteae is a tick transmitted filarial nematode parasite of rodents 

that expresses a 17kDa molecule (Av17) homologous to human cystatin C. A 

recombinant form of Av17 was produced in E. coli and was shown to directly 

downregulate mitogen, anti-CD3 antibody and antigen induced T cell proliferation 

(Hartmann et al., 1997). Av17 was also shown to have strong cytokine induction 

activity, enhancing the production of IL-10 and decreasing IL-4 production from 

spleen cells. Nitric oxide (NO) production of IFN- γ activated peritoneal 

macrophages in BALB/C mice was enhanced significantly in the presence of Av17 

while a N-terminal truncated variant of the cystatin, which showed little cysteine 

protease inhibitory activity, also upregulated NO production demonstrating that NO 

production was independent of cysteine protease inhibition (Hartmann et al., 1997; 

Hartmann et al., 2002). 

 

 
 

Onchocerca volvulus 

 

The filarial cystatin of O. volvulus (Ov7/onchocystatin) was first described by 

Lustigman et al. (1991) who proposed a role for the molecule in parasite cysteine 

protease regulation during molting. Studies on the immunomodulatory potential of 

various other cystatins indicated these molecules contribute to more than just the 

regulation of cysteine protease activity. Work by Schönemeyer et al. (2001) through 

the recombinant production of onchocystatin (Ov17) revealed that Ov17 is an 

inhibitor of immunologically relevant cysteine proteases as it strongly inhibited 
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human cathepsin L and S activity (Ki 0.038nM, 0.033nM) and cathepsin B activity 

less efficiently (Ki 494nM). The potential for Ov17 to hamper the host immune 

response to generate a more favourable environment for the parasite was 

demonstrated through its suppression of stimulated human peripheral blood 

mononuclear cells (PBMCs) proliferation which corresponded to an increase in IL-

10 production. Similar to Av17 mentioned above, Ov17 also inhibited the 

proliferation of T-lymphocytes and enhanced NO production from IFN- γ activated 

mouse peritoneal macrophages (Schönemeyer et al. 2001; Hartmann et al., 2002). 

 

 

Nippostrongylus brasiliensis 

 

A recombinant version of the 14 kDa secreted cysteine protease inhibitor, 

Nippocystatin (rNbCys), from the ES products of the intestinal roundworm 

Nippostrongylus brasiliensis was found to suppress ovalbumin (OVA)-specific 

proliferation of splenocytes in OVA immunized mice when treated with rNbCys 

(Dainichi et al., 2001). IFN- γ and IL-4 antigen specific production from splenocytes 

was reduced in rNbCys treated mice compared to controls implying that rNbCys is 

capable of modifying antigen specific immune responses. Dainichi et al. (2001) also 

found that mice became partially resistant to N. brasiliensis infection when they had 

anti-nippocystatin antibodies. All of these results suggest that N. brasiliensis secretes 

nippocystatin to modulate antigen processing and in doing so evades the host 

immune response. 

 

 

Schistosoma japonicum 

 

The parasitic flatworm Schistosoma japonicum is a causative agent of the parasitic 

disease schistosomiasis which affects more than 230 million people worldwide 

(Colley et al., 2014). This parasite expresses a cystatin molecule (Sj-Cys) of 

approximately 11 kDa. A recombinant form of Sj-Cys was produced in E.coli and 

was shown to have a therapeutic effect on mice with cecal ligation and puncture 

induced sepsis through reduced lung, kidney and liver tissue damage and increased 

survival rates. The therapeutic effect of rSj-Cys was thought to be associated with a 
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reduction in the levels of the pro-inflammatory cytokines IL-1β, TNF-α and IL-6 and 

an upregulation of TGF-β1 and IL-10 cytokines. Contrary to the findings with Av17 

and Ov17 mentioned above, in vitro assays of rSj-Cys with macrophages showed that 

following LPS stimulation, rSj-Cys inhibited NO production (Li et al., 2017).  

 

 

 
 

1.4. Cystatins of Fasciola  

 

A type 1 cystatin from the liver fluke Fasciola gigantica (FgStefin-1) was described 

by Tarasuk et al. (2009).   Activity analysis using recombinant FgStefin-1 produced 

in E.coli and fluorgenic substrates showed inhibition constants in the nanomolar 

range for human cathepsin S and bovine cathepsin L and B cysteine proteases as well 

as cysteine proteases present in the ES products of the parasite, with the protein 

being active over a wide pH range 3.0- 9.0. Immunohistochemical studies revealed 

that FgStefin-1 was present in the tegumental tissue, the intestinal epithelium as well 

as the oral and ventral sucker of the parasite. Given their findings the authors 

suggested a protective role of FgStefin-1 against extracellular proteolytic damage to 

the parasite’s tegumental surface and intestinal proteins as well as regulation of 

intracellular cysteine protease activity (Tarasuk et al., 2009). A second type 1 

cystatin of the parasite (FgStefin-2) which, unusually for a type 1 cystatin contained 

a signal peptide was reported by Siricoon et al. (2012). Recombinant FgStefin-2 was 

produced in E.coli and similarly to FgStefin-1, immunohistochemical localisation 

identified FgStefin-2 in the intestinal epithelium of all stages of the parasite as well 

as the prostate gland cells in the adult parasite. rFgStefin-2 also showed inhibition 

constants in the nanomolar range for human cathepsin S, bovine cathepsin L as well 

as cysteine proteases present in the ES product of the parasite, with the protein being 

active over a wide pH range 3.0- 9.0. FgStefin-2 was particularly potent with an 

inhibition constant of 56.6 nM for bovine cathepsin B. Given that cathepsin B 

peptidases play an important role in host tissue penetration, the authors proposed a 

regulatory role for FgStefin-2 protecting the juvenile parasite from autoproteolysis 

(Siricoon et al., 2012) 
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The first report of the characterisation of a cystatin from F. hepatica was by 

Khaznadji et al. (2005) detailing the first reported multi-domain cystatin in an 

invertebrate species. The authors identified a number of mRNA fragments that were 

expressed by NEJ’s and noted an mRNA with cystatin signature motifs. Screening of 

a NEJ cDNA library identified a 2359bp cDNA sequence which when analysed 

contained several open reading frames, one of which encoded a protein of 690 amino 

acids. A database search for similarities with the encoded amino acid sequence 

identified two cystatin domains (domain 3 and domain 4), each 106 amino acids in 

length. Further analysis of the 690 amino acid sequence highlighted the presence of 

six domain repeats, with low sequence similarity to one another, spanning the length 

of the protein with domain 4 being the only domain to contain the three core cystatin 

motifs; N-terminal glycine, conserved central Q-x-V-x-G motif and C-terminal PW, 

leading the authors to speculate that this domain may be an inhibitor of cysteine 

proteases. The five remaining domains each lacked one or more of the conserved 

cystatin motifs.  Khaznadji and colleagues recombinantly expressed and purified 

domain 4 in Drosophila Schneider 2 cells and assessed its inhibitory activity. 

Enzymatic analysis revealed that F. hepatica cystatin domain 4 (5 µM) completely 

inhibited papain (1 µM) and recombinant F. hepatica cathepsin L1 (Khaznadji et al., 

2005).  

 

Given its potent inhibitory activity it has been proposed that the multi-domain 

cystatin of F. hepatica plays a role in regulating the cysteine protease activity of the 

infective NEJ stage. The authors also noted the possibility of domains 3 and 4 

functioning in the modulation of the host immune response given the reports in the 

literature of other parasitic cystatins such as Brugia malayai Bm-CPI-2 and 

Nippocystatin from Nippostrongylus brasiliensis being involved in immune evasion 

(Manoury et al., 2001; Dainichi et al., 2001).  

 

 

During the course of this PhD study, in 2017, Cancela et al. characterised the three 

single domain cystatin molecules from F. hepatica which they termed FhStf-1, -2 

and -3. These are the same single domain cystatin molecules being characterised in 

this PhD study. Phylogenetic analysis revealed that all three of the cystatins were 

members of the I25A subfamily type1 stefins, although FhStf-2 and FhStf-3 
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contained signal sequences and so had similarities to type 2 cystatins in this respect. 

The authors amplified FhStf-1, -2 and -3 genes from F. hepatica adult cDNA and 

recombinantly expressed these in E. coli.  

 

Polyclonal antisera against purified recombinant FhStf-1 and 3 was raised in rabbits 

and used for immunolocalisation studies. rFhStf-1 and 3 were immunolocalised in 

tissue sections from the adult parasite and revealed (although with a weak signal) 

rFhStf-3 in the intestinal epithelium and the tegument of the parasite while rFhStf-1 

was strongly detected also in the intestinal epithelium and tegument as well as the 

ventral sucker, testes and ovary. (It is not clear why but no antiserum was raised 

against rFhStf-2 and therefore no localisation of this cysteine protease inhibitor in the 

adult fluke was reported). Enzymatic assays were performed to assess the inhibitory 

profile of rFhStf-1, -2 and -3 against both parasite and host cysteine proteases. All 

three cystatins are potent inhibitors in the low nM range of FhCL1, FhCL3 and 

human cathepsin L. FhStf-2 was the only recombinant cystatin that showed potent 

inhibition of human cathepsin B.   

 

The potent inhibition of both parasite and host cysteine proteases that are involved 

across the life stages of the parasite suggest that F. hepatica cystatins play a role in 

the regulation of both the parasite and host cysteine protease activity. The 

identification of rFhStf-1 and -3 on the tegumental surface of the parasite also 

suggests that these molecules could come into contact with the host immune 

response mechanism and like other parasitic cystatins could be immunomodulatory.  

 

Further studies are required to validate the current findings by Cancela et al. (2017) 

and to expand the current knowledge on all three of the cystatins through their 

localisation in both adult and juvenile stages, expression patterns and a broader 

inhibitory profile to understand the role each individual cystatin plays and at which 

point in the parasites development and migration in the mammalian host. 
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1.5. Aims and objectives  

Objective 1: Cloning, expression & purification of three F. hepatica cysteine 

protease inhibitors (cystatins) 

Analysis of the F. hepatica transcriptome and proteome identified three cysteine 

protease inhibitors (cystatins) genes. These three genes will be synthesised, including 

a 3’ His-tag for cloning into the pPinkα-HC expression vector and expressed in 

PichiaPink Expression Strain 1 cells. The 3’end His-tag will allow the expressed F. 

hepatica cystatin molecules to be purified via Ni/Nta column affinity purification. 

 

Objective 2: Characterisation of the F. hepatica cystatins 

To determine the putative biological function of each F. hepatica cystatin molecules, 

the binding specificity to biologically relevant proteases (e.g. F. hepatica cathepsin 

L, F. hepatica cathepsin B and mammalian cathepsin peptidases) will be assessed 

through a series of inhibition assays, including inhibition and binding kinetics, using 

the purified proteins generated through objective 1. 

To determine an understanding of when during the F. hepatica lifecycle these 

parasite specific molecules are important, lifecycle-stage specific transcriptome and 

proteome datasets will be interogated. Transcript expression will be validated using 

quantitative PCR. Protein expression will be analysed using Fh-cystatin specific 

antibodies to investigate the parasite secreted proteins (ES proteins) and to probe 

parasite tissues in immunolocalisation studies to determine where the proteins are 

located and stored prior to secretion. 
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Objective 3: – Efficacy of F. hepatica cystatins as vaccines 

The efficacy of the recombinantly produced F. hepatica cystatin molecules as 

vaccine antigens, combined with another cysteine protease inhibitor, Kunitz, will be 

assessed in sheep vaccine trials. Immune correlates of protection will be investigated 

based on humoral immune responses to each vaccine antigen examined before and 

after vaccination and following challenge infection. 
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Chapter 2 – Recombinant expression of a family of Fasciola hepatica 

cystatins; FhStefin1, FhStefin2 and FhStefin3 

 

2.1. Introduction 

Recombinant protein expression in the bacteria Escherichia coli was first reported in 

1973 (Cohen et al., 1973) and was followed soon after with the recombinant 

production of the human growth hormone-inhibiting hormone, somatostatin (Itakura 

et al., 1977) and human insulin (Goeddel et al., 1977). Protein production using 

bacterial systems continued to grow throughout the 1980’s as the pharmaceutical 

industry strived to advance the production of novel therapeutics. Accordingly, 

eukaryotic expression systems utilising baculovirus, and yeast expression systems, 

such as Saccharomyces or Pichia spp., were also developed enabling the production 

of glycosylated, more complex proteins (Smith et al., 1983; Cregg et al., 1993). 

Insulin is a famous example of a protein that has been recombinantly expressed in 

both bacteria and yeast systems since 1982 (Johnson, 1983; Thim et al., 1986; 

Walsh, 2005; Baeshen et al., 2014) and since then a variety of recombinant proteins 

have been expressed in cell based systems including mammalian (Wurm, 2004; 

Matasci et al., 2008), insect (Smith et al., 1983; Van Oers et al., 2015), bacterial 

(Rosano and Ceccarelli, 2014) and yeast cells (Cregg et al., 1993; Porro et al., 2005). 

These advances have enabled the production of novel therapeutics and has also 

enhanced knowledge through studies of protein structure and biochemistry and their 

use in vaccine development (Dalton and Mulcahy, 2001; Dalton et al., 2003; Dalton 

et al., 2013; Ramos-Benitez et al., 2017).    

E. coli is the most commonly used prokaryotic expression system for recombinant 

protein production with the BL21 (DE3) strain and its derivatives being most 

frequently used (Hannig and Makrides, 1998; Daegelen et al., 2009; Rosano and 

Ceccarelli, 2014). BL21 (DE3) contains a chromosomal prophage (λDE3) which 

encodes for the T7 RNA polymerase gene which is recognised by promoter regions 

contained within plasmid vectors used to transform E. coli cells. Both the host and 

plasmid insert contain copies of a lac repressor gene (LACI) which binds to the 

operator sequences, preventing transcription of the lac operon. Removal of the lac 

repressor gene (LACI) is therefore required for polymerase binding. When lactose 
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binds to LACI it causes a conformational change and prevents LACI binding to the 

operator sequence. Isopropyl β-D-1-thiogalactopyranoside (IPTG) mimics lactose 

structurally, causing the conformational changes to LACI and, therefore, provides 

control over the expression of the gene of interest. IPTG induction is now the 

standard means for triggering recombinant protein expression (Hannig and Makrides, 

1998; Daegelen et al., 2009; Rosano and Ceccarelli, 2014). 

Given the low cost of protein expression using E. coli  systems, as well as the 

possibility of large scale production of a desired protein in a relatively short time 

compared to other systems, E.coli tends to be the first choice for users. This system 

can, however, prove problematic by generating insoluble and inactive proteins. 

Production of an insoluble protein requires further steps to solubilise and refold it in 

order to obtain a soluble, active protein, which not only increases production time 

and cost but can also result in a reduced protein yield (Kolaj et al., 2009; Khow and 

Suntrarachun, 2012). Even when soluble proteins are obtained, pure products can be 

difficult to obtain following purification steps due to native E. coli proteins being co-

eluted (Robichon et al., 2011). 

To avoid the solubility issues that can arise with recombinant protein production in 

E.coli, yeast expression systems are often used. The methylotrophic yeast Pichia 

pastoris is currently the most frequently used yeast system (Gasser et al., 2013). 

Recombinant protein expression in this system is induced through the addition of 

methanol (Cregg et al., 1985). The AOX1 promoter of P. pastoris produces alcohol 

oxidase in the presence of methanol which results in the cascade of methanol 

metabolism (Cregg et al., 2000; Cereghino and Cregg, 2006; Ahmad et al., 2014). 

An AOX1 promoter is included in the vector containing the gene of interest to 

facilitate expression in the presence of methanol following expression of AOX1 

(Cereghino and Cregg, 2006). Carbon sources such as glycerol and glucose repress 

AOX1 expression and therefore also repress expression of the gene of interest. In this 

way, expression of the desired protein can be controlled through cell growth in a 

glycerol culture media and protein expression in a methanol induction media (Cregg 

et al., 2000; Daly and Hearn, 2005). 

A major advantage in using P. pastoris for recombinant protein production is that a 

yeast signal sequence can be employed to direct the protein to the secretory pathway 
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of the yeast allowing for the recombinant protein to be secreted into the culture 

medium (Weidner et al., 2010). As there are very low levels of native P. pastoris 

proteins secreted, the desired recombinant protein is the dominant protein within the 

culture medium which enables relatively simple purification to high homogeneity 

(Cregg et al., 2000; Cereghino et al., 2002; Daly and Hearn, 2005).  

To enable rapid purification of the expressed recombinant protein, the gene of 

interest can be designed to contain an affinity tag (3’ or 5’), which encodes for a 

short amino acid sequence that will bind to a specific substrate (Terpe, 2003). A 

polyhistidine affinity tag, also known as a His-tag, generally consists of six histidine 

residues (-HHHHHH) is the most commonly used affinity tag for protein 

purification. Histidine readily binds to immobilized metal ions and so his-tagged 

proteins can be readily purified via metal-affinity chromatography (Terpe, 2003; 

Kimple et al., 2013).  

The ongoing work within our laboratory investigating proteins involved in 

F.hepatica host-parasite interactions led to the identification of three cysteine 

protease inhibitor (Stefin) genes/proteins termed FhStf-1, FhStf-2 and FhStf-3 within 

the F. hepatica transcriptome and proteome, respectively. Recombinant expression 

of these three genes using the P. pastoris expression system is described in this 

chapter. This expression system was chosen given the potential to generate high 

levels of these proteins, allowing functional characterisation to be carried out (see 

Chapter 3). In addition, these proteins produced via the yeast expression system were 

of high purity which could be exploited as molecular vaccines against F. hepatica in 

ruminants (see Chapter 4).  
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2.2. Methods  

2.2.1. Expression of FhStf-1, FhStf-2 and FhStf -3 in the methylotrophic yeast 

Pichia pastoris 

2.2.1.1. Propagation of FhStf-1, FhStf-2 and FhStf-3 

FhStf-1, FhStf-2 and FhStf-3 genes were synthesised and inserted into the pUC57 

vector by GenScript (USA). The genes were prepared with their codon preferences 

optimised for expression in Pichia pastoris. The restriction sites MlyI and KpnI were 

integrated at the 5’ and 3’ ends of the gene, respectively, as well as a His-tag 

followed by a stop codon at the 3’ end. FhStf-2 and FhStf-3 genes contain a signal 

peptide; the sequence encoding this signal peptide, which was confirmed using 

SignalP (http://www.cbs.dtu.dk/services/SignalP) was removed for these two genes 

as required for expression using the pPinkα-HC expression vector.  

FhStf-1-pUC57, FhStf-2-pUC57 and FhStf-3-pUC57 vectors obtained from 

GenScript were re-suspended in 20 µl of molecular grade water (Sigma-Aldrich). 0.5 

µl of each re-suspended plasmid was added to separate 50 µl aliquots of One Shot 

TOP10 cells (ThermoFisher Scientific) for transformation. The vials were gently 

flicked to mix the contents and incubated on ice for 15 min. Subsequently, the cells 

were heat-shock treated for 30 s in a water bath at 42°C and placed immediately back 

on ice. 250 µl of S.O.C medium was then added to each of the vials which were then 

incubated at 37°C with shaking at 200 rpm, for 1 hour. Following incubation, 25 µl 

and 100 µl of each of the cultures were spread onto LB Agar plates containing 

100µg/ml ampicillin which were then incubated at 37°C overnight. Individual 

colonies were picked and grown in 5 ml of sterile LB broth containing 100 µg/ml 

ampicillin overnight at 37°C with shaking at 200 rpm. Each of the cultures was then 

centrifuged at room temperature for 3 min at 6800 x g and the supernatants 

discarded. FhStf-1-pUC57, FhStf-2-pUC57 and FhStf-3-pUC57 plasmid constructs 

were purified from the cell pellets following the manufacturer’s protocol using 

PureLink® Quick Plasmid Miniprep Kit (ThermoFisher Scientific). Each plasmid 

was eluted in 50 µl nuclease-free water (Sigma-Aldrich). 
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2.2.1.2. Isolation of FhStf-1, FhStf-2 and FhStf-3 genes from the pUC57 vector 

Restriction digestion was carried out using MlyI and KpnI restriction enzymes (New 

England Biolabs UK) on FhStf-1-pUC57, FhStf-2-pUC57 and FhStf-3-pUC57 

plasmids to isolate each of the genes from the pUC57 vector. For each gene the 

following reaction was set up: 5 U MlyI, 5 U KpnI, 5 µl 10x Fast Digest Green 

Buffer (ThermoFisher Scientific) and 1 µg plasmid DNA. The total reaction volume 

was made up to 50 µl with nuclease-free water (Sigma-Aldrich) and digests were 

carried out in a water bath at 37°C for 45 min.  

To linearize the pPinkα-HC vector for ligation with the FhStf inserts a restriction 

digestion was also carried out using StuI and KpnI restriction enzymes (New 

England Biolabs UK). pPinkα-HC vector digest was set up as follows: 5 U StuI, 5 U 

KpnI, 1 µl 10x Fast Digest Green Buffer (ThermoFisher Scientific) and 1 µg pPinkα-

HC. The total reaction volume was made up to 10 µl with nuclease-free water 

(Sigma-Aldrich) and digests were carried out in a water bath at 37°C for 45 min.  

After incubation the restriction digest reactions were loaded onto a 1.5% [w/v] 

agarose gels alongside the O’GeneRuler 1 kb DNA ladder (ThermoFisher Scientific) 

and stained with SYBR safe DNA gel stain (ThermoFisher Scientific). Gel 

electrophoresis was carried out at 80V for 45 min and then viewed using a G:BOX 

Chemi XRQ imager (Syngene). Bands corresponding to FhStf-1, FhStf-2, FhStf-3 

and pPinkα-HC were excised from the agarose gel using sterile scalpels and placed 

in sterile microcentrifuge tubes. FhStf-1, FhStf-2 and FhStf-3 were purified from the 

agarose gel pieces using PureLink® Quick Gel Extraction Kit (ThermoFisher 

Scientific), following the manufacturer’s instructions. DNA was eluted in 30 µl of 

nuclease-free water (Sigma-Aldrich) and the concentrations determined using a 

POLARstar Omega microplate reader by loading 1 µl of each purified DNA sample 

and 1 µl of nuclease-free water onto an LVis Plate and quantifying the DNA by 

relative optical density. 
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2.2.1.3. Ligation of FhStf-1, FhStf-2 and FhStf-3 into the pPinkα-HC expression 

vector 

Ligation reactions were set up as follows according to the Pichia Pink Expression 

System Manual (ThermoFisher Scientific): 1 µl 10x T4 DNA ligase buffer (New 

England Biolabs UK), 0.5 µl T4 DNA ligase (New England Biolabs UK), 1 µl 

pPinkαHC (20ng/µl), 1 µl insert DNA (20ng/µl). Reactions were brought up to a 

final volume of 10 µl using nuclease-free water (Sigma-Aldrich) and left incubating 

at 4°C overnight. A reaction was also set up excluding the insert DNA to use as a 

negative control.  

Transformation of the ligated FhStf-1-pPinkαHC, FhStf-2-pPinkαHC and FhStf-3-

pPinkαHC constructs into OneShot TOP10 cells was performed as described above 

(see section 2.2.1.1).  

 

2.2.1.4. Confirming gene presence by polymerase chain reaction 

To confirm the presence of each gene insert within the pPinkαHC vector, colony 

polymerase chain reaction (PCR) was carried out. The forward primer, α-mating 

factor and the reverse primer, CYCI (ThermoFisher Scientific) were used to detect 

the presence of all three FhStefin genes. PCR reactions were set up as follows: 0.5 

µM α-mating factor forward primer, 0.5 µM CYCI reverse primer and 25 µl 

DreamTaq Green PCR Master Mix (ThermoFisher Scientific). A sample from a 

transformed colony was then picked and placed into the reaction mix before the 

reaction was brought up to a final volume of 50 µl. PCR amplification was 

performed with an initial denaturation at 94°C for 2 min with the remaining PCR 

cycles being carried out at 94°C for 30 s, 53°C for 30 s and 72°C for 1 min for a total 

of 35 cycles with a final extension step at 72°C for 2 min.  

 

2.2.1.5. Linearization and preparation of FhStf-1-pPinkαHC, FhStf-2-

pPinkαHC and FhStf-3-pPinkαHC for transformation into Pichia pastoris 

A positive colony was selected for scaled-up purification of the FhStf-1-pPinkαHC, 

FhStf-2-pPinkαHC and FhStf-3-pPinkαHC plasmid constructs. Each colony was 

used to inoculate 400 ml of sterile LB broth containing 100 µg/ml ampicillin and 
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grown at 37°C with shaking at 200 rpm, overnight. FhStf-1-pPinkαHC, FhStf-2-

pPinkαHC and FhStf-3-pPinkαHC were then purified using the PureLink ® HiPure 

Plasmid Filter Maxiprep Kit (ThermoFisher Scientific), following the manufacturers 

protocol. The purified vector constructs were eluted in 400 µl nuclease-free water 

and quantified using a POLARstar Omega microplate reader as previously described. 

The restriction enzyme SpeI (New England Biolabs UK) was used to linearize FhStf-

1-pPinkαHC, FhStf-2-pPinkαHC and FhStf-3-pPinkαHC. Restriction digest reactions 

were set up as follows:  25 U SpeI, 20 µl 10x CutSmart Buffer and 100 µg plasmid 

DNA. Digests were incubated in a water bath at 43°C for 1.5 h and then heat 

inactivated at 65°C for 20 min. 

To confirm that linearization of the plasmids had been successful, 2 µl of the 

digested sample was loaded onto a 1% [w/v] agarose gel, alongside 2 µl of 

undigested plasmid sample and the O’GeneRuler 1 kb DNA ladder (ThermoFisher 

Scientific). Gel electrophoresis was carried out at 80V for 45 min and then viewed 

using a G:BOX Chemi XRQ imager (Syngene).  

Following confirmation of successful plasmid linearization, samples were 

precipitated using 0.1 volumes of 3 M sodium acetate and 2.5 volumes of 100% 

ethanol and incubated for 20 min at -20°C. The samples were then centrifuged for 10 

min at 12000 x g and supernatants were discarded. One hundred µl of 80% ethanol 

was used to wash the pellets before centrifuging again for 10 min at 12000 x g and 

discarding the supernatants. The pellets were then air-dried and re-suspended in 10 

µl nuclease-free water. 

 

2.2.1.6. Preparation of Pichia pastoris for transformation with FhStf-1-

pPinkαHC, FhStf-2-pPinkαHC and FhStf-3-pPinkαHC 

The Pichia pastoris based expression system from Life Technologies - PichiaPink™ 

Expression System – was used for these studies. This system enables selection of 

positive transformants using ade2 complementation where transformed PichiaPink™ 

colonies grow as white colonies and untransformed colonies grow as pink colonies 

on Pichia Adenine Dropout (PAD) agar plates as they lack the ade2 gene.  
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A single colony of the wild type ade2 knockout Pichia strain, PichiaPink™ strain 1, 

was used to inoculate 10 ml of sterile YPD medium in a baffled flask and grown 

overnight at 28°C with shaking at 200 rpm. Two hundred ml of YPD medium was 

seeded with the starter culture and grown at 28°C with shaking at 200 rpm until an 

OD600 of 1.3 - 1.5 was reached. The culture was then centrifuged at 1500 x g for 5 

min at 4°C and the supernatant discarded. The pellet was re-suspended in 250 ml ice-

cold sterile water and centrifuged again at 1500 x g for 5 min at 4°C and the 

supernatant discarded before being re-suspended in 50 ml ice-cold sterile water and 

centrifuged again at 1500 x g for 5 min at 4°C.The supernatant was discarded and the 

pellet re-suspended in 10 ml of ice-cold 1 M sorbitol. The cells were centrifuged for 

a final time at 1500 x g for 5 min at 4°C and the supernatant discarded. The cell 

pellet was re-suspended in 300 µl of ice-cold 1 M sorbitol.  

 

2.2.1.7. Transformation of PichiaPink™ Strain 1 with FhStf-1-pPinkαHC, 

FhStf-2-pPinkαHC and FhStf-3-pPinkαHC 

Electroporation was used to transform PichiaPink™ Strain 1 with FhStf-1-

pPinkαHC, FhStf-2-pPinkαHC and FhStf-3-pPinkαHC. The 100 µg of linearized 

plasmid DNA was transferred to an ice-cold 0.2 cm electroporation cuvette 

containing 100 µl of the PichiaPink™ Strain 1 cells and incubated on ice for 5 min. 

Cells were then pulsed by placing the cuvettes into a BioRad MicroPulser and 

electroporated at 1500 V for ~5 ms. Immediately after pulsing the cells, 1 ml of ice-

cold YPDS media was added to the cuvette and the cells were incubated at 24°C for 

2 h. Each of the samples (100 µl and 300 µl) were streaked onto separate PAD plates 

and incubated at 24°C for 3 – 10 days until colonies formed. A large number of 

white colonies were present on the PAD plates for all three FhStefins suggesting 

successful transformation.  

 

2.2.1.8. Small scale pilot expression of FhStf-1-pPinkαHC, FhStf-2-pPinkαHC 

and FhStf-3-pPinkαHC transformed PichiaPink™ Strain 1 

White colonies transformed with FhStf-1-pPinkαHC, FhStf-2-pPinkαHC and FhStf-

3-pPinkαHC were picked from each of the PAD plates and transferred onto fresh 
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PAD plates and left to grow at 24°C overnight.  Each colony was then transferred 

into 5 ml of BMGY media and grown at 28°C with shaking at 250 rpm for 2 days 

using 24-well plates (Bioprocess Engineering Services Ltd.) covered with an 

airporous seal for growing cultures (Bioprocess Engineering Services Ltd.) to allow 

oxygen to diffuse into the cultures. Cultures were then centrifuged at 1500 x g for 5 

min at room temperature and the supernatant discarded. Cell pellets were re-

suspended in 2 ml of BMMY media to induce expression of the recombinant proteins 

and incubated at 16°C with shaking at 250 rpm for a further 3 days. On the second 

and third day of incubation, 40% methanol was added to the cultures to a final 

concentration of 1%. Following the 3 days of induction cells were harvested by 

centrifuging at 1500 x g for 10 min and 1ml of supernatant transferred to separate 

tubes for analysis. 

Ni-NTA beads (Qiagen) were washed three times with 100 mM sodium phosphate 

buffer (pH 6) and 50 µl of beads were added to the supernatants. Samples were left 

to incubate at 4°C for 1 hour on a rotator before being centrifuged briefly in a bench 

top microcentrifuge and the supernatant discarded. The Ni-NTA beads were washed 

with 500 µl 100 mM sodium phosphate buffer (pH 6), briefly centrifuged in a bench 

top microcentrifuge and the supernatant discarded. If present, the His-tagged 

recombinant proteins (FhStf-1, FhStf-2 and FhStf-3) would be bound to the Ni-NTA 

beads at this point. The Ni-NTA beads were re-suspended in 50 µl of Laemmli 

sample buffer (Bio-Rad) with 50 mM DTT and heated at 95°C for 10 min. Samples 

were then spun in a bench top microcentrifuge at 12000 x g for 5 min. Fifteen µl of 

each sample was loaded onto a 4 – 20% Mini-PROTEAN® TGX precast protein gel 

(Bio-Rad) alongside 7µl of the Precision Plus Protein™ Dual Xtra prestained protein 

standard (Bio-Rad). Protein gels were placed in a Mini-PROTEAN® Tetra Cell 

electrophoresis chamber (Bio-Rad) and run in 1 x SDS running buffer at 115 V for 

55 min. Following gel electrophoresis, protein gels were stained with 50 ml Bio-

Safe™ Coomassie stain (Bio-Rad) for 50 min and then washed overnight in distilled 

water to de-stain. Gels were then imaged using a SynGene G:BOX Chemi XRQ 

imaging system.  
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2.2.1.9. Large scale expression of FhStf-1-pPinkαHC, FhStf-2-pPinkαHC and 

FhStf-3-pPinkαHC transformed PichiaPink™ Strain 1  

Individual colonies transformed separately with FhStf-1-pPinkαHC, FhStf-2-

pPinkαHC and FhStf-3-pPinkαHC was used to inoculate 100 ml of YPD medium to 

produce glycerol stocks. Cultures were grown at 28°C with shaking at 250 rpm to an 

OD600 of 5 – 10 and then centrifuged at 1500 x g for 10 min. Cell pellets were then 

re-suspended in 10 ml YPD and divided into 800 µl aliquots in cryovials before 400 

µl of sterile 50% glycerol was added to each, prior to being stored at -80°C.  

For large scale protein expression, 1L of BMGY media in a 5 L baffled flask was 

inoculated with the glycerol stock sample and grown at 28°C with shaking at 250 

rpm for 48 h. Cultures were spun at 1500 x g for 10 min at 16°C and the pellets re-

suspended in 300 ml of BMMY to induce expression and grown for a further 72 h at 

16°C with shaking at 250 rpm. After 24 h and 48 h, 100% methanol was added to the 

cultures at a final concentration of 1% to maintain methanol levels within the media. 

Cultures were centrifuged at 8000 x g for 10 min at 4°C to pellet the cells and the 

supernatants were diluted 1:4 with column buffer and filtered through 0.22 µm filters 

using a vacuum-pump. The filtered supernatants were passed over columns 

containing a 500 µl bed volume of Ni-NTA beads (Qiagen) at 4°C after which 15 ml 

of wash buffer (50 mM sodium phosphate buffer (pH 8), 300 mM NaCl, 20 mM 

imidazole) was passed over the column to remove any contaminants. Proteins were 

eluted by passing 5 ml of elution buffer (50 mM sodium phosphate buffer (pH 7), 

300 mM NaCl, 250 mM imidazole) over the column and collecting the flow through 

in a sterile 15 ml falcon tube.  

The 5 ml elution was placed into a sealed Spectrum™ Spectra/Por™ 3 RC Dialysis 

Membrane Tubing 3500 Dalton MWCO (Spectrum Labs) for dialysis against PBS. 

The membrane tubing was placed in 1 L of PBS rotating at 4°C for 4 h before the 

PBS was changed and left rotating for a further 20 h. After dialysis the purified 

recombinant protein was aliquoted (500 µl) into sterile microfuge tubes and stored at 

-80°C. Protein concentration was determined by measuring absorbance at A280. 
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2.2.1.10. Analysis and quality control of recombinant protein production 

Samples were taken throughout the purification process for analysis: The ‘start’ 

sample – the filtered supernatant passed over the column, the flow-through from this, 

the flow-through from the wash stage and then from the elution. These samples were 

added to 100 µl of Laemmli sample buffer (Bio-Rad) with 50 mM DTT and heated at 

95°C for 10 min before being briefly spun on a bench top microcentrifuge. Eighteen 

µl of these samples were loaded onto a 4 – 20% Mini-PROTEAN® TGX precast 

protein gel (Bio-Rad) alongside 7µl of the Precision Plus Protein™ Dual Xtra 

prestained protein standard and analysed by SDS-PAGE as described above in 

2.1.1.8 to determine soluble protein expression and purity.  

Western blot analysis was carried out to confirm the presence of a His-tag on the 

recombinantly expressed proteins. The protein gel was soaked in 1 x Tris-Glycine 

running buffer along with nitrocellulose membrane, blotting pad and filter pads and 

loaded into a Mini Trans-Blot™ module following the manufacturer’s protocol (Bio-

Rad). The loaded Mini Trans-Blot™ module was inserted into a Mini-PROTEAN® 

Tetra Cell electrophoresis chamber and protein transfer was performed at 100V for 1 

h after which the nitrocellulose membrane was soaked in 5% blocking solution 

(TBST with skimmed milk) at 4°C overnight. The membrane was then washed for 3 

x 15 min at room temperature in TBST buffer and then probed with the primary 

antibody (anti-His-tag monoclonal antibody produced in mouse, ThermoFisher 

Scientific) diluted 1:5000 in 1% blocking solution for 1 h at room temperature. The 

membrane was then washed again for 3 x 15 min at room temperature in TBST 

buffer and probed with the secondary antibody (alkaline phosphatase conjugated goat 

anti-mouse IgG, Sigma-Aldrich) diluted 1:10000 in TBST buffer and incubated at 

room temperature for 1 h. After incubation with the secondary antibody the 

membrane was washed for 3 x 15 min at room temperature in TBST buffer.  A 

SIGMA FAST™ BCIP/NBT tablet (Sigma-Aldrich) was dissolved in 10 ml distilled 

water and this solution was applied to the membrane for chromogenic detection of 

alkaline phosphatase and the presence of a His-tag on the recombinant protein. The 

membrane was then washed in distilled water and imaged using a SynGene G:BOX 

Chemi XRQ imaging system. 
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N-terminal sequencing was carried out to confirm the first 5 residues of recombinant 

FhStf-1, FhStf-2 and FhStf-3. Samples were run on SDS-PAGE and 

electrophoretically transferred onto PVDF membrane which was then stained with 

Coomassie Blue. Bands were excised from the stained membrane using a sterile 

scalpel and placed into microcentrifuge tubes. Analysis was carried out by 

Cambridge Peptides (UK). Briefly, Edman degradation was applied for the 

identification of the first 5 amino acid residues at the N-terminus of the proteins by 

exposing the protein to phenyl isothiocyanate for sequential removal of the amino 

acids from the N-terminus. Under acidic conditions cleaved amino acids are 

converted to phenylthiohydantoin derivatives which can then be identified using 

HPLC. 

 

 

 

 

 

2.3. Results 

2.3.1. Expression of FhStf-1, FhStf-2 and FhStf -3 in the methylotrophic yeast 

Pichia pastoris 

2.3.1.1. Insertion of FhStf-1, FhStf-2 and FhStf-3 into pPinkα-HC expression 

vector 

Genes encoding three stefin-like cysteine protease inhibitors were discovered in the 

F. hepatica genome; we termed these genes FhStf-1, FhStf-2 and FhStf-3. The three 

genes were synthesised using codon-optimisation for expression in P. pastoris and 

inserted into the pUC57 vector by GenScript (USA). All three genes were 

transformed into E. coli TOP10 cells and their plasmid DNA was isolated. FhStf-1, 

FhStf-2 and FhStf-3 were removed from the pUC57 vectors using the MlyI and KpnI 

restriction enzymes. The pPinkα-HC expression vector was also linearized using the 

KpnI and StuI restriction (Figure 2.1) enzymes to enable cloning of FhStf-1, FhStf-2 

and FhStf-3 into the multiple cloning site of the vector. Undigested pPinkα-HC 
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migrated at approximately 10,000kb whereas digested pPinkα-HC migrated far more 

slowly (Figure 2.1). The restriction digest products were analysed on a 1.5% [w/v] 

agarose gel and the bands present on the gel representing FhStf-1, FhStf-2 and FhStf-

3 were excised and gel purified (Figure 2.2). FhStf-1, FhStf-2 and FhStf-3 genes 

were ligated into the pPinkα-HC expression vector and transformed into E.coli 

TOP10 cells. Plasmid DNA from the colonies was purified and screened for the 

FhStf-1, FhStf-2 and FhStf-3 genes by PCR using the α-mating factor (forward) and 

CYC1 (reverse) primers which flank the multiple cloning site of the expression 

vector. As these primers are specific for vector sites flanking the multiple cloning 

site they add ~100 bp onto the product size. PCR products were analysed on a 1.5% 

[w/v] agarose gel (Figure 2.3). Given the ~ 400 bp product on the gels, all three 

samples were positive for FhStf-1 (Figure 2.3A), three out of four samples were 

positive for FhStf-2 (Figure 2.3B), and three out of five samples were positive for 

FhStf-3 (Figure 2.3B) and showed successful ligation of each of the genes into the 

pPinkα-HC vector.  
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Figure 2.1 Linearization of the pPinkα-HC expression vector using KpnI and StuI restriction 

enzymes. Undigested pPinkα-HC (lane 1) migrates at approximately 10,000kb whereas 

digested pPinkα-HC migrates far more slowly (lane 2). M, marker, nucleotide base pairs. 
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Figure 2.2 Isolation of the FhStf-1, FhStf-2 and FhStf-3 genes. Red arrows indicate the FhStf-1 (lanes 1, 2 & 3), FhStf-2 (lanes 4, 5 & 6) and FhStf-3 (lanes 7, 

8 & 9) bands removed from the pUC57 vector using the MlyI and KpnI restriction enzymes. Expected fragment size is 334 bp, 325 bp and 334 bp for FhStf-1, 

FhStf-2 and FhStf-3, respectively. M, marker, nucleotide base pairs  

 

 



38 
 

 

Figure 2.3 Screening of purified plasmid DNA for FhStf-1, FhStf-2 and FhStf-3 within the 

pPinkαHC vector by PCR. A) Screening of purified plasmid DNA from three FhStf-1- 

pPinkαHC transformed E.coli TOP10 colonies (lanes 1 to 3) for the presence of the FhStf-1 

gene insert. Expected product size is ~ 400 bp. B) Screening of purified plasmid DNA from 

four FhStf-2- pPinkαHC transformed E.coli TOP10 colonies (lanes 1 to 4) and five FhStf-3- 

pPinkαHC transformed E.coli TOP10 colonies (lanes 5 to 9) for the presence of the FhStf-2 

and FhStf-3 gene inserts, respectively. Expected product size is ~ 400 bp.  Lane 10, negative 

control (plasmid DNA omitted from PCR reaction mix). M, marker, nucleotide base pairs. 
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2.3.1.2. Transformation of PichiaPink™ Strain 1 with FhStf-1-pPinkαHC, 

FhStf-2-pPinkαHC and FhStf-3-pPinkαHC   

FhStf-1-pPinkαHC (in Figure 2.3A sample 1, lane 1), FhStf-2-pPinkαHC (in Figure 

2.3B sample 1, lane 1) and FhStf-3-pPinkαHC (in Figure 2.3B sample 5, lane 5), 

plasmids were linearized by restriction digest using the SpeI restriction enzyme at 

43°C. To confirm linearization of FhStf-1-pPinkαHC, FhStf-2-pPinkαHC and FhStf-

3-pPinkαHC was successful, digested and undigested samples were analysed on a 

1.5% [w/v] agarose gel (Figure 2.4). The upward shift in migration of the band 

between lane 2 compared to lane 1 (Figure 2.4 A and 2.4 C) and lane 1 compared to 

lane 2 (Figure 2.4 B) indicated successful linearization of FhStf-1-pPinkαHC, FhStf-

2-pPinkαHC and FhStf-3-pPinkαHC plasmids. These linearised plasmids were then 

used for transformation into PichiaPink™ Strain 1 cells by electroporation. 

Transformed cells were incubated for 2 h at 24°C before being spread onto PAD 

plates. Colonies were left to grow for 3 to 10 days before being selected for 

screening of protein expression. In the Pichia Pink Expression System positively 

transformed colonies appear white while non-transformed colonies appear pink. 

 

2.3.1.3. rFhStf-1, rFhStf-2 and rFhStf-3 expression in the methylotrophic yeast, 

P. pastoris  

Eleven white colonies transformed with FhStf-1-pPinkαHC were screened for 

expression of rFhStf-1. Ten of these colonies expressed a ~11kDa protein of rFhStf-1 

with only one colony, colony 1 (Figure 2.5A) failing to express the protein. The 

greatest protein expression was detected from colony 11 (Figure 2.5A, lane 11).  

Seven white colonies transformed with FhStf-2-pPinkαHC were screened for 

expression of rFhStf-2. Six of these colonies expressed a ~11kDa protein of rFhStf-2 

with only one colony, colony 2 (Figure 2.5B) failing to express the protein. The 

greatest protein expression was detected from colonies 4, 5 and 6 (Figure 2.5B, lanes 

4 to 6).  
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Eleven white colonies transformed with FhStf-3-pPinkαHC screened for expression 

of rFhStf-3 were all found to be positive for expression of the ~11kDa protein with 

the strongest expression observed from colonies 4 and 8 (Figure 2.5C, lanes 4 and 8).  
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Figure 2.4 Linearization of FhStf-1-pPinkαHC, FhStf-2-pPinkαHC and FhStf-3-pPinkαHC.  A) Undigested FhStf-1-pPinkαHC (lane 1) and SpeI digested 

FhStf-1-pPinkαHC (lane 2). B) SpeI digested FhStf-2-pPinkαHC (lane 1) and undigested FhStf-2-pPinkαHC (lane 2). C) Undigested FhStf-3-pPinkαHC (lane 

1) and SpeI digested FhStf-3-pPinkαHC (lane 2). M, marker, nucleotide base pairs. 
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Figure 2.5 Screening of FhStf-1-pPinkαHC, FhStf-2-pPinkαHC and FhStf-3-pPinkαHC 

transformed PichiaPink™ Strain 1 for recombinant protein expression.  

A) 4-20% SDS-PAGE analysis of the supernatant from FhStf-1-pPinkαHC transformed 

P.pastoris cell cultures after methanol induction. Lanes 1 to 11 show FhStf-1-pPinkαHC 

transformed colonies 1 to 11. The red arrow indicates expressed soluble ~11 kDa rFhStf-1. 

 B) 4-20% SDS-PAGE analysis of the supernatant from FhStf-2-pPinkαHC transformed 

P.pastoris cell cultures after methanol induction. Lanes 1 to 7 show FhStf-2-pPinkαHC 

transformed colonies 1 to 7. The red arrow indicates expressed soluble ~11 kDa rFhStf-2.  

C) 4-20% SDS-PAGE analysis of the supernatant from FhStf-3-pPinkαHC transformed 

P.pastoris cell cultures after methanol induction. Lanes 1 to 11 show FhStf-3-pPinkαHC 

transformed colonies 1 to 11. The red arrow indicates expressed soluble ~11 kDa rFhStf-3. 

M, molecular weight marker, kDa. Protein gels were stained with Bio-Safe Coomassie (Bio-

Rad)
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Given their intensity on SDS-PAGE, colony 11 of FhStf-1-pPinkαHC transformed 

P.pastoris, colony 6 of FhStf-2-pPinkαHC transformed P.pastoris and colony 8 of 

FhStf-3-pPinkαHC transformed P.pastoris were selected for large-scale protein 

expression (1 litre).  

 

2.3.1.4. Analysis of purified rFhStf-1, rFhStf-2 and rFhStf-3 by SDS-PAGE, 

Western Blotting and N-terminal sequencing  

The supernatant from the methanol-induced 1litre culture of P. pastoris was diluted 

1:4 in column buffer and passed over a column containing Ni-NTA beads (0.5 ml) to 

bind the His-tagged proteins. After washing the beads, the protein was eluted with 5 

ml 250 mM imidazole in column buffer and collected into a tube. Aliquots were 

analysed by SDS-PAGE.   

The presence of only a single band on the SDS-PAGE from the supernatant passed 

over the column for FhStf-1, FhStf-2 (Figure 2.6A lane 1 and 5) and FhStf-3 (Figure 

2.7A lane 1) cultures indicates relatively pure samples before column purification. 

Strong bands of rFhStf-1, FhStf-2 (Figure 2.6A lane 4 and 8) and FhStf-3 (Figure 

2.7A lane 4) were identified in the elution samples indicating that the large scale 

expression of soluble proteins was successful. The isolated recombinant proteins 

were of a high level of purity however additional larger bands of protein aggregates 

were also detected in the protein elutions. Western blot analysis with anti-His-tag 

antibodies confirmed the presence of His-tagged rFhStf-1 and rFhStf-2 as monomers 

(~11 kDa) and aggregates of ~22 kDa and ~66 kDa (Figure 2.6B). By contrast, 

rFhStf-3 purified principally as a single protein of ~11 kDa and a minor aggregate of 

22 kDa (Figure 2.7B). Interestingly, following dialysis of the recombinant proteins 

into PBS these aggregates of rFhStf-1, rFhStf-2 and rFhStf-3 were not observed and 

only major bands of ~11 kDa was observed for all three proteins (Figure 2.8A and 

B). 

N-terminal sequencing of purified rFhStf-1, rFhStf-2 and rFhStf-3 identified the first 

five amino acids to be CGGCT, LVGGY and TEKRL, respectively, which 
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correspond to the amino acid sequences of the translated genes (Figure 2.9) and 

further confirmed the identity of the expressed proteins. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6 Purification of rFhStf-1 and rFhStf-2 following expression in P.pastoris. 4-20% 

SDS-PAGE (A) and western blot analysis (B) of rFhStf-1 (lanes 1 to 4) and rFhStf-2 (lanes 5 

to 8) purification. The supernatant from a methanol induced culture of FhStf-1 and FhStf-2 

transformed P.pastoris was passed over a column containing Ni-NTA beads and eluted with 

250 mM imidazole.  

(A & B) Lane 1 and 5, diluted supernatant from culture medium of induced cells. Lane 2 and 

6, flow-through from supernatant. Lane 3 and 7, sample from washing of beads with 20 mM 

imidazole. Lane 4 and 8, elution with 250 mM imidazole.  

Red arrow indicates position of rFhStf- and rFhStf-2. M, molecular weight marker, kDa. 

Gels were stained with Bio-Safe Coomassie and western blots probed with anti-His-tag 

primary antibodies.
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Figure 2.7 Purification of rFhStf-3 following expression in P.pastoris. 4-20% SDS-PAGE 

(A) and western blot analysis (B) of rFhStf-3 purification. The supernatant from a methanol 

induced culture of FhStf-3 transformed P.pastoris was passed over a column containing Ni-

NTA beads and eluted with 250 mM imidazole.  

(A & B) Lane 1, diluted supernatant from culture medium of induced cells. Lane 2, flow-

through from supernatant. Lane 3, sample from washing of beads with 20 mM imidazole. 

Lane 4, elution with 250 mM imidazole. 

 Red arrow indicates position of rFhStf-3. M, molecular weight marker, kDa. Gels were 

stained with Bio-Safe Coomassie and western blots probed with anti-His-tag primary 

antibodies. 
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Figure 2.8 4-20% SDS-PAGE (A) and western blot analysis (B) of rFhStf-1 (lane 1), rFhStf-

2 (lane 2) and rFhStf-3 (lane 3) purified protein after dialysis into PBS.  

M, molecular weight marker, kDa. Gel was stained with Bio-Safe Coomassie and western 

blot probed with anti-His-tag primary antibody 
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Figure 2.9 Amino acid sequences of recombinant His-tagged FhStf-1, FhStf-2 and FhStf-3 aligned using Clustal Omega multiple sequence 

alignment tool. Amino acid residues identified by Edman degradation underlined in red. Signal peptides (SP) removed as required for expression 

using the pPinkα-HC expression vector as mentioned in section 2.2.1.1 underlined in blue. The conserved N-terminal glycine residue (G), the 

conserved inhibitory domain signature Q-X-V-X-G (Q-V-G) and the C-terminal LP motif characteristic are all illustrated. 

 

 

 



48 
 

Chapter 3 – Characterisation of rFhStf-1, rFhStf-2 and rFhStf-3 

 

The transcriptomic and proteomic data for this study was generated and analysed by 

Dr Krystyna Cwiklinski. Newly excysted juvenile (NEJs) parasites for 

immunolocalisation were fixed and mounted by Heather Jewhurst.  

 

3.1. Introduction  

Fasciola hepatica is the causative agent of liver fluke disease (fasciolosis), in 

domestic animals, predominantly sheep and cattle, in regions with temperate climates 

such as Europe, North Africa, Australia and New Zealand, with an estimated 550 

million livestock infected and losses of $3 billion per annum worldwide (Robinson 

and Dalton, 2009). F. hepatica is listed by WHO as a neglected tropical disease 

estimated to infect up to 17 million people worldwide with a further 180 million 

people at risk of infection (Andrews et al., 1999, McManus and Dalton, 2006).  

The parasite is infectious to humans and livestock on ingestion of vegetation 

contaminated with the encysted larval parasite known as metacercariae. Once 

ingested, metacercariae reach the duodenum and excyst as newly excysted juveniles 

(NEJ) that then burrow through the gut wall into the peritoneal cavity and migrate to 

the liver which they inhabit for up to 12 weeks, feeding on and causing damage to 

liver tissues.  The juvenile flukes then migrate to the bile ducts where they develop 

into sexually mature adult flukes, feeding on blood and producing eggs which are 

then carried to the small intestine in the bile and excreted in faeces onto grass. 

Throughout the parasites’ development and migration in the host, F. hepatica 

secretes/excretes a large array of proteins (ES proteins) the most abundant being 

proteases and protease inhibitors (Robinson et al., 2009; Cwiklinski et al., 2015a). 

Being secreted into the host environment, these proteins act at the host-parasite 

interface, modifying the host cell function and ultimately facilitate parasite 

development and survival (Dalton et al., 2013, Molina-Hernández et al., 2015). 

As mentioned in Chapter 1, protein expression in F. hepatica is tightly regulated 

through a variety of mechanisms, such as specific temporal expression patterns of 
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specific cysteine proteases. As the parasite also expresses a number of protease 

inhibitors alongside the proteases it expresses, the regulation of proteolytic activity is 

an important protective process within Fasciola and, therefore, further work needs to 

be done in order to understand how parasite expressed inhibitors could contribute to 

this process. 

The expression and purification of recombinant FhStf-1, FhStf-2 and FhStf-3, 

cysteine protease inhibitors from F. hepatica, was described in Chapter 2. Type 1 

cystatins or stefins such as FhStf-1, FhStf-2 and FhStf-3 are low molecular weight 

inhibitors of approximately 11kDa. Cystatins regulate the function and activity of 

cysteine proteases through non-covalent binding of the highly conserved Q-X-V-X-G 

core motif which blocks the active site of the cysteine protease (Turk et al., 2008; 

Rawlings et al., 2012). A number of cystatins expressed by helminth parasites have 

been characterised and reported to have functions including regulation of parasite 

and host cysteine proteases to immunomodulation of the host immune response. 

A F. hepatica sequence encoding a single domain cystatin, now known as FhStf-2, 

was deposited in GenBank by Diaz et al. (unpublished) (AAV68752.1) in 2004 but 

remained uncharacterised. Analysis of the F. hepatica transcriptome and proteome 

identified three cysteine protease inhibitor (cystatins) genes (these included the gene 

AAV68752.1). The following chapter aims to determine the biological function of 

each F. hepatica cystatin molecule. Inhibition assays were carried out using rFhStf-1, 

rFhStf-2 and rFhStf-3 to determine the binding specificity to biologically relevant 

proteases and establish the protease targets of these inhibitors while 

immunolocalization studies will determine where the inhibitors are located within the 

parasite tissues. 
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3.2. Methods  

3.2.1. Inhibition assays to determine specificity of rFhStf-1, rFhStf-2 and 

rFhStf-3 

As described in Chapter 2, rFhStf-1, rFhStf-2 and rFhStf-3 were expressed in P. 

pastoris and purified. The inhibitory specificity of these recombinant proteins was 

analysed against a range of F. hepatica and mammalian cysteine proteases (Table 

3.1). rFhStf-1, rFhStf-2 and rFhStf-3 (500 nM and 10 nM) were first incubated with 

each protease in a 100 µl volume reaction with buffer for 10 min at 37°C before the 

reaction volume was brought up to 200 µl with fluorogenic substrate dissolved in 

reaction buffer and the proteolytic activity measured as relative fluorescent units 

(RFU) using a PolarStar Omega Spectrophotometer (BMG LabTech, UK). Each of 

the reaction conditions and substrates used for measuring the activity of each 

protease are presented in Table 3.1. 

Purified F. hepatica cathepsin L1 (rFhCL1), F. hepatica cathepsin L2 (rFhCL2) and 

F. hepatica cathepsin L3 (rFhCL3), were expressed as functionally active 

recombinant forms in P. pastoris in our laboratory and were used to screen for 

inhibition with rFhStf-1, rFhStf-2 and rFhStf-3.  

Human cathepsin B (Sigma-Aldrich), human cathepsin K (Enzo Life Sciences), 

human cathepsin L (Sigma-Aldrich) and human cathepsin S (Sigma-Aldrich) were 

also used to screen for inhibition. All assays were carried out in triplicate.  

In order to determine inhibition constants (Ki), decreasing concentrations (nM) of 

rFhStf-1, rFhStf-2 and rFhStf-3 were mixed with each protease by serial dilution. 

Substrate concentrations used were equal to the known Km of the cysteine proteases 

screened. Ki values were determined using the Morrison equation for tight-binding 

inhibition on GraphPad Prism 5.0. The initial velocities (Vi) were fitted into the 

Morrison equation (Equation 1) and the resulting apparent Ki (Ki
app) fitted into 

Equation 2 in order to determine the Ki for rFhStf-1, rFhStf-2 and rFhStf-3 with each 

of the cysteine proteases they inhibited. 
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Equation 1: 

𝑉𝑖

𝑉𝑜
= 1 −

([𝐸] + [𝐼] + 𝐾𝑖
𝑎𝑝𝑝) − √([𝐸] + [𝐼] + 𝐾𝑖

𝑎𝑝𝑝)2 − 4[𝐸][𝐼]

2 [𝐸]
 

 

Equation 2:  

𝐾𝑖
𝑎𝑝𝑝 = 𝐾𝑖(1 + 

𝐾𝑚

[𝑆]
 ) 

 

Vi is the initial velocity of a reaction with the inhibitor while Vo is the initial velocity 

of a reaction without inhibitor; [E] is the concentration of enzyme catalytic sites; [I] 

is the inhibitor concentration; [S] is the substrate concentration and Km is the known 

Michaelis-Menten constant for a substrate with a specific enzyme.  

 

 

3.2.2. Inhibition of rFhCL1, rFhCL2 and rFhCL3 auto-catalytic activation by 

rFhStf-1, rFhStf-2 and rFhStf-3 

Unprocessed rFhCL1, rFhCL2 and rFhCL3 zymogens (37kDa, ~1 µg) were 

premixed in 50 mM citrate phosphate buffer, pH 4.5 with rFhStf-1, rFhStf-2 and 

rFhStf-3 (~1 µg) and incubated at 37°C for 1 h. Activation of  rFhCL1, rFhCL2 and 

rFhCL3 zymogens was also carried out in the absence of inhibitors at pH4.5 as a 

control for auto-catalytic activation. Following incubation the cysteine protease 

inhibitor E-64 (100 µM) was added to each of the samples to prevent any further 

proteolysis. E-64 was also added to rFhCL1, rFhCL2 and rFhCL3 zymogens to 

prevent any auto-catalytic activation for comparison. Samples were analysed by 

SDS-PAGE using 4 – 20% Mini-PROTEAN® TGX precast protein gels (Bio-Rad) 

stained with 50 ml Bio-Safe™ Coomassie stain (Bio-Rad) for 50 min and then 

washed overnight in distilled water to de-stain. Gels were then imaged using a 

SynGene G:BOX Chemi XRQ imaging system.  
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Table 3.1 Flurogenic assay conditions for protease inhibition screening.  

 

 

Enzyme Assay Buffer Substrate 

 

F. hepatica  

cathepsin rL1  

(2.7 nM) 

 

 

50 mM Citrate Phosphate 

Buffer pH 5.5, 1 mM DTT, 

0.01% Brij L23 

 

Z-Leu-Arg-NHMec 

(20 µM) 

F. hepatica  

cathepsin rL2  

(5 nM) 

 

50 mM Citrate Phosphate 

Buffer pH 5.5, 1 mM DTT, 

0.01% Brij L23 

Z-Leu-Arg-NHMec 

(20 µM) 

F. hepatica  

cathepsin rL3  

(5 nM) 

 

100 mM Sodium Acetate 

Buffer pH 5.5, 1 mM DTT, 

1 mM EDTA, 0.01% Brij 

L23 

 

Z-Gly-Pro-Arg-NHMec 

(20 µM) 

F. hepatica NEJ ES 100 mM Sodium Acetate 

Buffer pH 5.5, 1 mM DTT, 

1 mM EDTA, 0.01% Brij 

L23 

 

Z-Gly-Pro-Arg-NHMec 

(20 µM) 

F. hepatica Adult 

ES 

100 mM Sodium Acetate 

Buffer pH 5.5, 1 mM DTT, 

1 mM EDTA, 0.01% Brij 

L23 

 

Z-Leu-Arg-NHMec 

(20 µM) 

Human cathepsin L 

(0.2 nM) 

 

100 mM Sodium Acetate 

Buffer pH 5.5, 1 mM DTT, 

1 mM EDTA, 0.01% Brij 

L23 

 

Z-Phe-Arg-NHMec 

(20 µM) 

 

Human cathepsin K 

(2 nM) 

 

100 mM Sodium Acetate 

Buffer pH 5.5, 1 mM DTT, 

1 mM EDTA, 0.01% Brij 

L23 

 

Z-Phe-Arg-NHMec 

(20 µM) 

 

Human cathepsin S 

(2 nM) 

 

100 mM Sodium Acetate 

Buffer pH 5.5, 1 mM DTT, 

1 mM EDTA, 0.01% Brij 

L23 

 

Z-Val-Val-Arg-NHMec 

(20 µM) 

 

Human cathepsin B 

(3.6 nM) 

100 mM Sodium Acetate 

Buffer pH 5.5, 1 mM DTT, 

1 mM EDTA, 0.01% Brij 

L23 

 

Z-Phe-Arg-NHMec 

(20 µM) 
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3.2.3. Inhibition of cysteine peptidase activity in F. hepatica NEJ and Adult ES 

by rFhStf-1, rFhStf-2 and rFhStf-3 

These experiments were performed using F. hepatica excretory/secretory (ES) 

products containing secreted parasite cysteine proteases. F. hepatica metacercariae 

(Ridgeway Research UK) were excysted and the NEJs were then cultured for 24 h in 

RPMI 1640 medium (ThermoFisher Scientific) containing 30 mM HEPES 

(ThermoFisher Scientific), 2 mM L-glutamine (ThermoFisher Scientific), 2.5 µg/ml 

gentamycin, 0.1% glucose and 10% foetal bovine serum to obtain their ES products 

as previously described by Robinson et al. (2009). Adult flukes were obtained from 

lamb livers in Northern Ireland, United Kingdom. Upon collection, adult F. hepatica 

were washed with PBS (containing 0.1% glucose) and maintained at 2 flukes/ml in 

RPMI 1640 culture medium containing 2 mM L-glutamine, 30 mM HEPES, 0.1% 

glucose and 2.5 μg/ml gentamycin. After 5 h of incubation at 37°C, the parasite 

culture medium was collected and centrifuged at 300 x g for 10 min and then at 700 

x g for 30 min (both at 4°C) to remove large debris. The remaining supernatant was 

aliquoted and stored at -20°C until needed. 

rFhStf-1, rFhStf-2 and rFhStf-3 (500 nM and 10 nM) were first incubated with NEJ 

and adult ES in a 100 µl volume reaction with 100 mM Sodium Acetate Buffer pH 

5.5, (1 mM DTT, 1 mM EDTA, 0.01% Brij L23) for 10 min at 37°C before the 

reaction volume was brought up to 200 µl with fluorogenic substrate Z-Gly-Pro-Arg-

NHMec (20µM) for NEJ ES and Z-Leu-Arg-NHMec (20µM) dissolved in the 

sodium acetate buffer for adult ES. Cysteine protease activity within the ES was 

measured as relative fluorescent units (RFU) using a PolarStar Omega 

Spectrophotometer (BMG LabTech, UK). All samples were carried out in triplicate. 

3.2.4. Phylogenetic analysis of cystatin genes in helminths  

Phylogenetic analysis of the FhStf-1, FhStf-2 and FhStf-3 genes identified was 

carried out in MEGA v4.0 using a maximum-likelihood method, 1000-replicate, 

bootstrapped tree, alongside cystatin genes from various trematode and cestode 

parasites. Cystatin sequences were retrieved from publically available genome 

databases via WormBase ParaSite (http://parasite.wormbase.org/index.html) for 

cestodes Echinococcus canadensis, Echinococcus granulosus, Echinococcus 

http://parasite.wormbase.org/index.html
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multilocularis, Taenia solium, Taenia asiatica, Hydatigera taeniaeformis, 

Hymenolepis diminuta, Hymenolepis nana, Mesocestoides corti, Diphyllobothrium 

latum, Spirometra erinaceieuropaei, Schistocephalus solidus, and trematodes 

Echinostoma caproni, Clonorchis sinesis, Opisthorchis viverrini, Schistosoma 

japonicum, Schistosoma rodhaini, Schistosoma haematobium and Schistosoma 

mansoni. Genes that were annotated within each genome as being a cystatin/ stefin 

(cysteine protease inhibitor) were retrieved and manually analysed to confirm 

whether it was cystatin-like based on the presence of the core cystatin motif ‘Q-X-V-

X-G’. Nucleotide sequences were trimmed to contain the conserved N-terminal 

glycine residue, the conserved inhibitory domain signature Q-X-V-X-G and the C-

terminal LP or LY motif characteristic which together form a predominantly 

hydrophobic tripartite wedge that is complementary to and inserts into the active site 

of the cysteine protease (Machleidt et al., 1989; Bode et al., 1988; Stubbs et al., 

1990). A BLAST search was carried out on the F. gigantica transcriptome (Young et 

al., 2011) using each FhStf gene to identify any homologues in this closely related 

species. 

 

3.2.5. FhStf-1, FhStf-2 and FhStf-3 gene and protein expression in F. hepatica  

Dr Krystyna Cwiklinski carried out proteomic and differential gene expression 

analysis of the F. hepatica stages. Putative annotation of the F. hepatica gene models 

using in silico tools (UniProt) and BLAST analysis against the F. heptatica genome 

identified the FhStf-1, FhStf-2 and FhStf-3 genes (Cwiklinski et al., 2015a). FhStf-1, 

FhStf-2 and FhStf-3 gene expression at metacercariae, NEJ 1 h, NEJ 3 h, NEJ 24 h 

post excystment, 21 day juvenile flukes and adult stages was analysed using 

transcriptome data mapped to gene models identified within the genome (European 

Nucleotide Archive accession numbers PRJEB6904; PRJEB6687; Cwiklinski et al., 

2015a). Transcript data for each FhStf gene was analysed by log10 of the number of 

transcripts per million (log TPM) at each life stage in order to determine and 

compare the relative gene expression. 

NEJs were cultured in RPMI 1640 medium containing 30 mM HEPES 

(ThermoFisher Scientific), 2 mM L-glutamine (ThermoFisher Scientific), 2.5 µg/ml 

gentamycin and 0.1% glucose to obtain their secretory products as previously 
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described by Robinson et al., (2009). Adult F. hepatica parasites were cultured for 5 

h in RPMI 1640 medium containing 100 U penicillin and 100 mg/ml streptomycin 

(Sigma) at 2 worms/ ml.  

Excretory/ secretory products (ES) from F. hepatica NEJs and adults were 

characterised using the Proteomics Platform of the CHU de Québec Research Centre, 

Québec, Canada. Excystment media containing the NEJ secretory products at 1h and 

3 h post-excystment as well as RPMI 1640 media in which NEJs and adult parasites 

were cultured (24 h and 5 h respectively) was analysed by LC/MS-MS Peptides were 

analysed in a nanoESI qQTOF mass spectrometer (5600 TripleTOF, ABSCIEX). 

MS/MS samples were analysed using Mascot v2.4.1 (Matrix Science) where Mascot 

was set up to search a database comprised of the gene models identified within the F. 

hepatica genome (version 1.0, 101,780 entries; (Cwiklinski et al., 2015b; Cwiklinski 

et al., 2018). Scaffold (version Scaffold_4.3.0, Proteome Software Inc.) was then 

used to validate MS/MS based peptide and protein identifications (Cwiklinski et al., 

2015b; Cwiklinski et al., 2018). FhStf-1, FhStf-2 and FhStf-3 were identified in the 

MS/MS samples analysed.  

 

3.2.6. Quantitative expression analysis (qPCR) of FhStf-1, FhStf-2 and FhStf-3 

genes in NEJs. 

Quantitiative expression analysis of the FhStf-1, FhStf-2 and FhStf-3 genes in NEJs 

was performed. Total RNA was extracted from 100 NEJs per time-point 

(Excystment, 1hr, 6hr, 10hr, 24hr and 48hr of culture) using the miRNeasy Mini Kit 

(Qiagen) according to the manufacturer’s instructions, eluted in 30 µl RNase-free 

water and RNA concentration and quality was assessed using the PolarStar Omega 

Spectrophotometer (BMG LabTech, UK). cDNA synthesis was carried out using the 

High capacity cDNA reverse transcription kit (ThermoFisher Scientific) according to 

manufacturer’s instructions. qPCR reactions were performed in 20 µl reaction 

volumes in triplicate, using 1 µl cDNA diluted 1:2, 10 µl of Platinum® SYBR® 

Green qPCR SuperMix-UDG kit (ThermoFisher Scientific) and 1 µM of each primer 

(Appendix B, Table B1). A negative control (no template) was included in each 

assay. qPCR was performed using a Rotor-Gene thermocycler (Qiagen), with the 

following cycling conditions: 95°C: 10 min; 40 cycles: 95°C:10 s, annealing 
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temperature:30 s, 72°C: 20 s; 72°C: 5 min. Relative expression analysis was 

performed manually using Pfaffl's Augmented ΔΔCt method (Pfaffl, 2001) whereby 

the comparative cycle threshold (Ct) values of the samples of interest are compared 

to a control and normalised to the housekeeping gene, Glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH). In order for this method to be valid, amplification 

efficiencies of individual reactions were verified using the comparative 

quantification package within the Rotor-Gene Q software v2.1.0. Annealing 

temperatures and melt-curve analysis was also carried out to check for single DNA 

products produced by these primer sets. Results were analysed using One Way 

ANOVA (GraphPad Software). A P-value <0.05 was deemed to be statistically 

significant. 

 

3.2.7. Preparation of polyclonal antibodies to FhStf-1, FhStf-2 and FhStf-3 

Polyclonal anti-FhStf-1, FhStf-2 and FhStf-3 antibodies were produced in rabbit by 

Eurogentec (Liege, Belgium). Two rabbits per antigen were first immunised with 200 

µg rFhStf-1, rFhStf-2 or rFhStf-3. They then received a boost 2, 4 and 8 weeks after 

the first immunisation with the same amount go antigen. All animals were bled 4 

weeks after the final immunisation boost, the serum was separated and shipped from 

Eurogentec. 

 

3.2.8. Immunolocalisation of FhStf-1, FhStf-2 and FhStf-3 in Newly Excysted 

Juveniles 

F. hepatica metacercariae (Ridgeway Research UK; Italian isolate) were excysted as 

previously described by Robinson et al. (2009) and the NEJs were then cultured for 6 

h and 24 h in RPMI 1640 medium (ThermoFisher Scientific) containing 30 mM 

HEPES (ThermoFisher Scientific), 2 mM L-glutamine (ThermoFisher Scientific), 2.5 

µg/ml gentamycin, 0.1% glucose and 10% foetal bovine serum. The parasites were 

then fixed overnight at 4°C in 4% paraformaldehyde in 0.1M PBS (Sigma-Aldrich) 

before being washed three times with antibody diluent (AbD; 0.1M PBS containing 

0.1% (v/v) Triton X-100, 0.1% (v/v) sodium azide and 0.1% (w/v) bovine serum 

albumin). After washing, NEJs were incubated overnight at 4°C in 100 mM PBS 

containing anti-FhStf-1, anti-FhStf-2 and anti-FhStf-3 antiserum (prepared in rabbit 
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against recombinant FhStf-1, FhStf-2 and FhStf-3) at 1:500 dilution before being 

washed again three times with AbD. Negative control samples were also prepared by 

incubating 6 h and 24 h NEJs in 0.1 M PBS containing rabbit pre-immune antiserum 

at 1:500 dilutions overnight at 4°C followed by three washes in AbD. All NEJ 

samples were then incubated overnight at 4°C in the secondary antibody; Fluorescein 

isothiocyanate (FITC)-labelled goat anti-rabbit IgG (Sigma-Aldrich) at 1:200 

dilution followed by three washes in AbD. Muscle tissues were counter-stained by 

incubating the NEJs overnight at 4°C in AbD containing 200 µg/ml phalloidin-

TRITC and finally washed a further three times in AbD. The NEJs were whole-

mounted in a 9:1 glycerol solution containing 100 mM propyl gallate and viewed 

using confocal scanning laser microscopy (Leica TCS SP5) under the HCX PL APO 

CS x100 oil objective lens.  

Additional NEJs were probed with anti-FhCL3 and anti-FhCB3 antibodies (raised in 

rabbit to recombinantly produced FhCL3 and FhCB3) to enable comparison of 

FhStf-1, FhStf-2 and FhStf-3 localisation with these target gut proteases in F. 

hepatica. This was carried out as described above. 

 

3.2.9. Immunoblot analysis of F. hepatica extracellular vesicles (EVs) 

Antibodies specific to recombinant FhStf-1, FhStf-2 and FhStf-3 were raised in 

rabbits and used to probe F. hepatica EVs. EVs were isolated as described by 

Cwiklinksi et al., 2015b. Ten µg of extracellular vesicles derived from adult ES 

cultured for 5h extracted with RIPA buffer, exosome free ES and recombinant FhStf-

1, FhStf-2 and FhStf-3 were added to equal volumes of Laemmli sample buffer (Bio-

Rad) with 50 mM DTT and heated at 95°C for 10 min before being briefly spun on a 

bench top mini microcentrifuge. Twenty µl of these samples were loaded onto a 4 – 

20% Mini-PROTEAN® TGX precast protein gel (Bio-Rad) alongside 7µl of the 

Precision Plus Protein™ Dual Xtra prestained protein standard. Protein gels were 

placed in a Mini-PROTEAN® Tetra Cell electrophoresis chamber (Bio-Rad) and run 

in 1 x SDS running buffer at 115 V for 55 min. Following gel electrophoresis, the 

protein gel was soaked in 1 x Tris-Glycine running buffer along with nitrocellulose 

membrane, blotting pad and filter pads and loaded into a Mini Trans-Blot™ module 

following the manufacturer’s protocol (Bio-Rad). The loaded Mini Trans-Blot™ 
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module was inserted into a Mini-PROTEAN® Tetra Cell electrophoresis chamber 

and protein transfer was performed at 100V for 1 h after which the nitrocellulose 

membrane was soaked in 5% blocking solution (TBST with skimmed milk) at 4°C 

overnight. The membrane was then washed for 3 x 15 min at room temperature in 

TBST buffer and then probed with the primary antibody (anti-FhStf-1, anti-FhStf-2, 

anti-FhStf-3 raised in rabbit, Eurogentec) diluted 1:150,000 in 1% blocking solution 

for 1 h at room temperature. The membrane was then washed again for 3 x 15 min at 

room temperature in TBST buffer and probed with the secondary antibody (alkaline 

phosphatase conjugated goat anti-rabbit IgG, Sigma-Aldrich) diluted 1:10000 in 

TBST buffer and incubated at room temperature for 1 h. After incubation with the 

secondary antibody the membrane was washed for 3 x 15 min at room temperature in 

TBST buffer.  A SIGMA FAST™ BCIP/NBT tablet (Sigma-Aldrich) was dissolved 

in 10 ml distilled water and this solution was applied to the membrane for 

chromogenic detection. The membrane was then washed in distilled water and 

imaged using a SynGene G:BOX Chemi XRQ imaging system. 

 

 

3.3. Results  

3.3.1. rFhStf-1, rFhStf-2 and rFhStf-3 are potent inhibitors of both parasite and 

host cysteine proteases 

Expression of the FhStf-1, FhStf-2 and FhStf-3 genes in the methylotrophic yeast P. 

pastoris enabled the production and purification of the recombinant forms of these 

cysteine protease inhibitors as described in Chapter 2. All three of the recombinant 

proteins were screened against a panel of biologically relevant cysteine proteases in 

order to ensure they were correctly folded and functional.  

rFhStf-1, rFhStf-2 and rFhStf-3 were initially screened at 500 nM and 10 nM against 

recombinant FhCL1 and was shown to reduce the activity of FhCL1 by 98.5%, 

98.4% and 100% respectively at 500 nM and by 84.3%, 87.3% and 100% at 10 nM 

(Figure 3.1). This demonstrated that the recombinantly expressed FhStf-1, FhStf-2 

and FhStf-3 proteins were functionally active and potent inhibitors of the F. hepatica 

cathepsin L-like protease rFhCL1.  
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The inhibition constant (Ki) values for the inhibition of rFhCL1 by the three 

recombinant inhibitors were in the nM range (Table 3.2) with FhStf-2 being the most 

potent of the three inhibitors with a Ki value of 0.09 (±0.03) nM. The Ki values for 

the inhibition of rFhCL2 and rFhCL3 by rFhStf-1, rFhStf-2 and rFhStf-3 were also in 

the nM range (Table 3.2); however, Ki values for rFhCL2 and rFhCL3 with rFhStf-3, 

while still being in the nM range, were almost 30 and 80 times greater, respectively, 

than those with rFhStf-1 and rFhStf-2. 

A similar potent inhibition profile with Ki in the nM range (Table 3.2) for all three 

recombinant FhStefins was observed with human cathepsins L, K and S. While all 

three FhStefins inhibited the human L-like cathepsins with a high affinity, as with the 

parasites own cathepsin L-like proteases, FhStf-2 is the most potent inhibitor 

particularly against human cathepsin L with a Ki value of 0.02 (±0.00003) pM 

compared to 0.4 (±0.06) nM and 1.8 (±0.3) nM with FhStf-1 and FhStf-3 

respectively.Human cathepsin B was potently inhibited by rFhStf-2 with a Ki value 

of 0.2 (±0.02) nM, whereas those with rFhStf-1 and rFhStf-3 were more than 30 and 

200 times higher at 6.6 (±1.4) nM and 45 (±0.9) nM. 
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Figure 3.1 Inhibition profiles of rFhStf-1, rFhStf-2 and rFhStf-3 against rFhCL1. The 

inhibitory activity of rFhStf-1, rFhStf-2 and rFhStf-3 at 500 nM and 10 nM was screened 

against F. hepatica cathepsin L1. The potent cysteine protease inhibitor E-64 was used as a 

positive control. Error bars indicate standard deviation. 
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Table 3.2 Relative inhibition constants for rFhStf-1, rFhStf-2 and rFhStf-3 against a panel of 

biologically relevant cysteine proteases. 

Enzyme (source & 

concentration) 
rFhStf-1 rFhStf-2 rFhStf-3 

F. hepatica                                                 𝑲𝒊 

Cathepsin L1  
(2.7nM) 
  

0.9 nM 
(±0.04 nM) 

0.09 nM 
(±0.03 nM) 

0.3 nM 
(±0.01 nM) 

Cathepsin L2  
(5nM) 
  

0.2 nM 
(±0.02 nM) 

0.1 nM 
(±0.02 nM) 

6.2 nM 
(±2.1 nM) 

Cathepsin L3  
(5nM) 
  

0.2 nM 
±0.08 nM 

0.1 nM 
±0.01 nM 

16 nM 
±3.2 nM 

Human 
 

Cathepsin L  
(0.2nM) 

0.4 nM 
(±0.06 nM) 

0.02 pM 
(±0.00003 pM) 

1.8 nM 
(±0.3 nM)  

Cathepsin K 
(2nM) 

 0.5 nM 
(±0.2 nM) 

0.08 nM 
(±0.007 nM ) 

1 nM 
(±0.1nM) 

Cathepsin S 
(2nM) 

  2 nM 
(±0.02 nM) 

 0.02 nM 
 (±0.009 nM) 

2 nM 
 (±0.05 nM 

Cathepsin B 
(3.6nM) 

6.6 nM 
(±1.4 nM) 

0.2 nM 
(±0.02 nM) 

45 nM 
(±0.9 nM) 
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3.3.2. rFhStf-1, rFhStf-2 and rFhStf-3 prevent the auto-catalytic activation of F. 

hepatica cysteine proteases  

The recombinant cysteine proteases FhCL1, FhCL2 and FhCL3 are produced as 

inactive zymogens of 37 kDa that can be activated auto-catalytically in vitro at pH 

4.5 (Lowther et al., 2009). rFhStf-1, rFhStf-2 and rFhStf-3 were mixed with rFhCL1, 

rFhCL2 and rFhCL3 zymogens at pH 4.5 to see if the inhibitors could regulate the 

activation of these important parasitic proteases. Activation regulation was assessed 

by SDS-PAGE. After 1 h of incubation in 50 mM citrate phosphate buffer, pH 4.5 at 

37°C rFhCL1, rFhCL2 and rFhCL3 auto-activate giving rise to a ~25kDa mature 

active form (Figure 3.2 A and B, lane 2). However, incubation of rFhCL1, rFhCL2 

and rFhCL3 with rFhStf-1, rFhStf-2 and rFhStf-3 for 1 h in 50 mM citrate phosphate 

buffer, pH 4.5 at 37°C inhibits the autocatalytic activation of the zymogens (Figure 

3.2A lane 3 and 4; Figure 3.2B lane 3) and prevents cleavage of the ~6 kDa 

propeptide (Figure 3.2A lane 2) and so the formation of the ~25 kDa mature enzyme. 
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Figure 3.2 Inhibition of auto-catalytic activation of rFhCL2 and rFhCL3 by rFhStf-1, rFhStf-2 and 

rFhStf-3. (A) Inhibition of auto-catalytic activation of rFhCL2 by rFhStf-1 and rFhStf-2.  M, 

molecular weight marker, kDa; lane 1: rFhCL2 zymogen; lane 2: mature rFhCL2 following 

autocatalytic activation at pH 4.5 for 1 h; lane 3: rFhCL2 and rFhStf-1 following incubation at pH 4.5 

for 1 h; lane 4: rFhCL2 and rFhStf-2 following incubation at pH 4.5 for 1 h; lane 5: rFhStf-1; lane 6: 

rFhStf-2.  (B) Inhibition of auto-catalytic activation of rFhCL3 by rFhStf-3. M, molecular weight 

marker, kDa; lane 1: rFhCL3 zymogen; lane 2: mature rFhCL3 following autocatalytic activation at 

pH 4.5 for 1 h; lane 3: rFhCL3 and rFhStf-3 following incubation at pH 4.5 for 1 h; lane 4: rFhStf-3. 

Black arrow indicates rFhCL2/rFhCL3 zymogen; Green arrow indicates mature rFhCL2/rFhCL3; Red 

arrow indicates pro-peptide removed following auto-catalytic activation; Blue arrow indicates 

recombinant FhStefin. All rFhStefins were tested against rFhCL1, rFhCL2 and rFhCL3. 

Proteins were separated on a 4 – 20% Mini-PROTEAN® TGX precast protein gel (Bio-Rad) and 

stained with Biosafe Coomassie (Bio-Rad). 
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3.3.3. rFhStf-1, rFhStf-2 and rFhStf-3 inhibit cysteine peptidase activity of F. 

hepatica NEJ and Adult excretory/secretory product. 

 

rFhStf-1, rFhStf-2 and rFhStf-3 were initially screened at 500 nM and 10 nM against 

F. hepatica NEJ and adult ES. rFhStf-1 was shown to reduce the cysteine peptidase 

activity of NEJ ES by 97% at 500 nM and 73.6% at 10 nM with similar inhibition of 

adult ES by 98.1% and 71.8% at 500 nM and 10 nM respectively (Figure 3.3 A & B). 

NEJ and adult ES cysteine protease activity was also potently inhibited by rFhStf-2 

with a reduction in NEJ ES activity of 97% and 83.9% and adult ES of 99.4% and 

92.4% at 500 nM and 10 nM respectively. Inhibition of NEJ and adult ES cysteine 

protease activity by rFhStf-3 at 500 nM was similar to the inhibition levels observed 

with rFhStf-1 and rFhStf-2, with NEJ ES activity reduced 95% by FhStf-3 and adult 

ES activity reduced 98.8%. The most noticeable difference however was observed in 

rFhStf-3 inhibition levels of NEJ and adult ES at 10 nM. Cysteine protease activity in 

NEJ ES was reduced by only 8% by rFhStf-3 and 49% in adult ES (Figure 3.3A & 

B). This demonstrated that the recombinantly expressed FhStf-1, FhStf-2 and FhStf-3 

proteins were functionally active and potent inhibitors of the native F. hepatica 

cysteine peptidases found in both the NEJ and adult excretory/secretory products.  
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Figure 3.3 Inhibition profiles of rFhStf-1, rFhStf-2 and rFhStf-3 against F. hepatica NEJ and 

adult ES. The inhibitory activity of rFhStf-1, rFhStf-2 and rFhStf-3 at 500 nM and 10 nM 

was screened against F. hepatica NEJ ES (A) and adult ES (B). Error bars indicate standard 

deviation.  
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3.3.4. Phylogenetic analysis of FhStf-1, FhStf-2 FhStf-3 along with other cestode 

and trematode cystatin genes  

A maximum-likelihood (ML) tree (1000 bootstraps) was used to analyse the 

phylogenentic relatedness of FhStf-1, FhStf-2 and FhStf-3 genes with various 

cestode and trematode species for which sequence data was available to identify any 

orthologues in related species and the roles of these cystatins. The bootstrapped ML 

tree for the trematode species (Figure 3.4) revealed that the genes separate into two 

distinct groups, with multiple species which grouped together. In the first group the 

stefin/cystatin genes from the blood flukes (S. haematobium, S. mansoni, S. rodhani 

and S. japonicum) grouped together with the carcinogenic liver flukes O. viverrini 

and C. sinensis. FhStf-1 grouped with its F. gigantica orthologue in a divergent 

clade. FhStf-2 and FhStf-3 separated into the second group of the tree with FhStf-2 

grouping with its F. gigantica orthologue while FhStf-3 formed a divergent clade 

together with two E. caproni stefins.  

The bootstrapped ML tree for the trematode and cestode species cystatin/ stefin 

genes (Figure 3.5) showed clear separation of the cestode genes into one large group 

and the trematode genes into another. Within the cestode group the genes subdivide 

into their distinct subgroups with the Echinococcus-like genes and the Taenia-like 

genes forming separate nodes. Cystatin/stefin genes from E. caproni form a node in 

group two along with the F. hepatica Stefin 2 and 3 genes and F. gigantica Stefin 2 

gene while the F. hepatica Stefin 1 gene forms a divergent node with its F. gigantica 

orthologue. Perhaps unsurprisingly, the Schistosoma species group together as do the 

carcinogenic liver fluke species C. sinensis and O. viverrini (Huang et al., 2013). 

Given that phylogenetic analysis revealed that FhStf-2 and FhStf-3 group together 

while FhStf-1 forms a divergent node, further analysis of the F. hepatica stefin 

nucleotide sequences was performed. Genomic DNA from adult F. hepatica was 

used to amplify the FhStf genes using gene specific primers. The resulting PCR 

products were purified and cloned into the TOPO vector (Life Technologies) and 

transformed into TOP10 cells (Life Technologies). Inserts were isolated from 

successful transformants and sequenced (Source Bioscience, UK). Each FhStf gene 

is present on a separate gene scaffold (scaffold4651, scaffold2757 and scaffold247) 

within the F. hepatica genome (version 1.0, PRJEB6687) with specific genomic 
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organisation of the exons and introns. Each FhStf gene contains three exons and two 

introns of similar sizes. Nucleotide sequences encoding signal peptides and the 

conserved N-terminal Glycine (‘GG’) are present on one exon, while the sequence 

encoding the conserved core cystatin motif (Q-X-V-X-G) is present on the second 

exon. The nucleotide sequence encoding the C-terminal ‘LP’ motif characteristic is 

present on a third exon (Figure 3.6). 
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Figure 3.4 Phylogenetic analysis of cystatin/stefin genes from trematode parasites. 

Maximum-likelihood tree representing the relatedness of cystatin/stefin genes from nine 

different trematode species: Schistosoma haematobium (ShCys), S. rodhani (SrCys), 

S.mansoni (SmCys), S. japonicum (SjCys), Clonorchis sinensis (CsCys), Opisthorchis 

viverrini (OvStf), Fasciola hepatica (FhStf-1, FhStf-2 and FhStf-3), F. gigantica (FgStf-1 

and FgStf-2) and Echinostoma caproni (EcpStf-1 and EcpStf-2). Nucleotide sequences were 

trimmed to contain the conserved N-terminal glycine residue, the conserved inhibitory 

domain signature Q-X-V-X-G and the C-terminal LP or LY motif characteristic. Accession 

codes for each gene can be found in the table in Appendix C. Bootstrap values from 1000 

replicate iterations are shown. 
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Figure 3.5 Phylogenetic analysis of cystatin/stefin genes from trematode and cestode 

species. Maximum-likelihood tree representing the relatedness of cystatin/stefin genes from 

twenty one different cestode and trematode species: Echinococcus canadensis (EcCys), 

Echinococcus granulosus (EgCys), Echinococcus multilocularis (EmStf), Taenia solium 

(TsCys), Taenia asiatica (TaStf), Hydatigera taeniaeformis (HtStf), Hymenolepis diminuta 

(HdCys1 and HdCys2), Hymenolepis nana (HnCys1 and HnCys2), Mesocestoides corti 

(McCys1 and McCys2), Diphyllobothrium latum (DICys), Spirometra erinaceieuropaei 

(SeCys), Schistocephalus solidus (SsCys), Schistosoma haematobium (ShCys), S. rodhani 

(SrCys), S.mansoni (SmCys), S. japonicum (SjCys), Clonorchis sinensis (CsCys), 

Opisthorchis viverrini (OvStf), Fasciola hepatica (FhStf-1, FhStf-2 and FhStf-3), F. 

gigantica (FgStf-1 and FgStf-2) and Echinostoma caproni (EcpStf-1 and EcpStf-2). 

Nucleotide sequences were trimmed to contain the conserved N-terminal glycine residue, the 

conserved inhibitory domain signature Q-X-V-X-G and the C-terminal LP or LY motif 

characteristic. Accession codes for each gene can be found in the table in Appendix C. 

Bootstrap values from 1000 replicate iterations are shown. 
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Figure 3.6 F. hepatica stefin gene structure. The nucleotide sequence encoding the signal 

sequence of FhStf-2 and FhStf-3 is present on exon one while the highly conserved Q-X-V-

X-G motif of each FhStf gene is present on exon two. Exon three contains the nucleotide 

sequence for the conserved ‘LP’ motif of each FhStf gene. 
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3.3.5. Expression of FhStf-1, FhStf-2 and FhStf-3 genes in F. hepatica  

Transcriptome analysis of the FhStf-1, FhStf-2 and FhStf-3 genes within F. hepatica 

NEJs, 21 day old flukes and adult flukes shows temporal regulation of gene 

expression. While all three genes followed a similar expression profile, the FhStf-2 

gene was found to be the most highly expressed (Figure 3.7). All three genes are 

always highly expressed at each of the F. hepatica life stages analysed with down-

regulation of expression occurring in NEJs 24 h post excystment to 21 day old 

juveniles before expression is then rapidly upregulated again in adult parasites 

(Figure 3.7) suggesting that these protease inhibitors are required for the parasites 

early development as well as its migration within the mammalian host. 

 

 

 

Figure 3.7 Graphical representation of relative FhStf-1, FhStf-2 and FhStf-3 expression at 

different life stages in log10 transcripts per million (Log10 TPM). FhStefin gene expression is 

temporally regulated in F. hepatica life stages associated with the mammalian host.  
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LC-MS/MS analysis of parasite secretions from 1 h, 3 h and 24 h post-excystment 

NEJs identified FhStf-1, FhStf-2 and FhStf-3 in the ES of these parasites. The 

secretome of NEJs is dominated by just ten proteins, accounting for approximately 

70% of the total secretome (Cwiklinski et al., 2018). FhStf-1 was identified 

alongside three of the known major cathepsins in the top ten proteins of the 1 h NEJ 

secretome (Figure 3.8).  

 
  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8 Comparison of protein abundance (emPAI) for the NEJ secretomes represented 

as heatmaps ranked by emPAI score.  Each of the NEJ secretomes is represented as a 

heatmap, ranked by emPAI score for each sample separately. Up-regulation is represented in 

red. Down-regulation is represented in blue. The top ten proteins from each heatmap are 

listed (Cwiklinski et al., 2018). 
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3.3.6. Quantitative expression analysis (qPCR) of FhStf-1, FhStf-2 and FhStf-3 

genes in NEJs. 

Given the presence of all three cystatins and the fact that FhStf-1 is highly abundant 

in the NEJ secretome, analysis focused on the NEJ stage of F.hepatica. 

qPCR data showed that, when compared with transcription at excystment, FhStf-1 

transcription levels remain relatively constant at 6 h, 10 h, 24 h and 48 h post-

excystment. Transcription of FhStf-2 however is significantly upregulated (P<0.001) 

at 6 h and 10 h post-excystment when compared with transcription at excystment 

(Figure 3.9) before being significantly downregulated at 24 h (P<0.05) and 48 h 

(P<0.01) when compared to transcription at 10 h. Transcription of FhStf-2 follows a 

similar pattern to the transcription of FhCL3 in NEJs with significant upregulation at 

6 h and 10 h with downregulation at 24 h and 48 h post-excystment as described by 

Cwiklinski et al. (2018). The authors suggested that FhCL3 is used by F. hepatica in 

tissue migration when the parasite is invading the host intestinal wall.  The similarity 

in the transcription profiles of FhStf-2 and FhCL3 revealed by qPCR suggests that 

FhStf-2 may play a role in the regulation of FhCL3 activity during tissue migration. 

Transcription levels of FhStf-3 are also significantly upregulated (P<0.001) at 6 h 

and 10 h post-excystment as well as at 24 h and 48 h when compared with 

transcription at excystment (Figure 3.9). The upregulation of FhStf-3 expression at 6 

h and its relatively consistent continual expression at 10 h, 24 h and 48 h suggests 

FhStf-3 may play a similar role as FhStf-2 in regulation of FhCL3 activity and other 

cysteine proteases at this stage in the parasites migration.  

GAPDH was used as the house keeping gene as per the protocol by McCammick et 

al. (2016). Analysis from the transcriptome now highlights that GAPDH is not stably 

transcribed across the Fasciola hepatica lifecycle. However, the transcription during 

the first 48hr is more consistent. The differences observed between the qPCR data 

and transcriptome likely result from the normalisation to the GAPDH house keeping 

gene, in addition to the different parasite isolates used for each experiment. Since the 

submission of this thesis novel house keeping genes for F. hepatica have been 

identified by Houhou et al. (2019), which should be used for future validation by 

qPCR of F. hepatica gene transcription. 
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Figure 3.9 Relative fold expression of FhStf-1, FhStf-2 and FhStf-3 genes over a time-

course of 48hr normalised to expression at NEJ excystment relative to a GAPDH reference, 

with SEM. Statistical analysis was carried out using One Way ANOVA with Tukey’s post 

hoc test (P<0.05: *; P<0.01: **; P<0.001: ***). Dashed red line represents expression level 

at NEJ excystment.
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3.3.7. Immunolocalisation of FhStf-1, FhStf-2 and FhStf-3 in F. hepatica newly 

excysted juveniles (NEJ) 

Confocal microscopy was carried out on 6 h and 24 h post-excystment NEJs in order 

to localise FhStf-1, FhStf-2 and FhStf-3 expression within the parasite. NEJs were 

probed with polyclonal anti-FhStf-1; anti-FhStf-2 and anti-FhStf-3 antibodies and 

then counterstained with phalloidin-TRITC to visualise muscle tissues. Strong 

fluorescence was observed on the tegumental surface (black arrows) of the parasite 

using anti-FhStf-1 at both 6 h and 24 h post-excystment as well as in the gut (white 

arrowheads) (Figure 3.10). Bright fluorescence was also observed in the parasites 

bifurcated gut (white arrowheads) as well as the ‘secretory channels’ (black 

arrowheads) of 6 h and 24 h NEJs with anti-FhStf-2 (Figure 3.10) while anti-FhStf-3 

revealed strong fluorescence on the tegumental surface (black arrows) at 6 h but not 

24 h post-excystment and in the gut (white arrowheads) and ‘secretory channels’ 

(black arrowheads) at both 6 h and 24 h post-excystment (Figure 3.10).  

The localisation of FhStf-1, FhStf-2 and FhStf-3 within the gut of the NEJ is similar 

to the localisation pattern of the known gut associated proteases FhCL3 and FhCB3 

in both 6 h and 24 h NEJs (Figure 3.10) 

No fluorescence was observed in the negative control NEJs (6 h and 24 h) which 

were probed with anti-FhStf, anti-FhCL3 and FhCB3 pre-immune sera. 
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Figure 3.10 Immunolocalisation of FhStf-1, FhStf-2 and FhStf-3 in NEJs by confocal laser microscopy. FhStf-1, FhStf-2 and FhStf-3expression in NEJs at 6 

h post-excystment and 24 h post-excystment were compared. NEJs were fixed and probed with either anti-FhStf-1, anti-FhStf-2 and anti-FhStf-3 polyclonal 

antibodies raised in rabbit, anti-FhCL3 polyclonal antibodies raised in rabbit, anti-FhCB3 polyclonal antibodies raised in rabbit or rabbit pre-immune serum, 

followed by the secondary antibody FITC-labelled goat anti-rabbit IgG. FITC staining (green fluorescence) reveals that FhStf-1, FhStf-2 and FhStf-3 proteins 

are present in the gut (white arrow heads) of both 6 h and 24 h NEJs post excystment alongside FhCL3 and FhCB3. FITC staining also indicated the presence 

of FhStf-1on the NEJ tegument (black arrows with white outline) at both 6 h and 24 h post excystment and also FhStf-3 at 6 h post excystment. FhStf-2 and 

FhStf-3 were also identified in the ‘secretory channels’ (black arrowheads) of 6 h and 24 h NEJs. NEJs were counter stained with TRITC to stain muscle 

tissue (red fluorescence). Lack of cross-reactivity of the anti-FhStf-1, anti-FhStf-2 and anti-FhStf-3 polyclonal antibodies raised in rabbit was confirmed. VS, 

ventral sucker; OS, oral sucker. Scale bar, 20 µm. 
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3.3.8. Immunoblot analysis confirms presence of F. hepatica Stefin 1 in 

extracellular vesicles (EVs) 

Quantitative proteomic analysis by Cwiklinski et al. (2015b) and de la Torre-

Escudero et al. (2019) identified FhStf-1 in the extracellular vesicles of adult F. 

hepatica. Consistent with this quantitative proteomic data, immunoblot analysis of F. 

hepatica EVs with FhStf-1, FhStf-2 and FhStf-3 specific antibodies confirmed the 

presence of FhStf-1 (Figure 3.11 A, lane 1) but not FhStf-2 (Figure 3.11 B, lane 1) or 

FhStf-3 (Figure 3.11 C, lane 1) in the extracellular vesicles. As the EVs that helminth 

parasites secrete can be internalised by host immune cells, the presence of FhStf-1 in 

F. hepatica EVs and their internalisation by host cells suggests that FhStf-1 may be 

involved in the modulation of host immune response through the inhibition or 

regulation of host cysteine proteases. 

 

 

 

 

 

 

 

 

 

 

Figure 3.11 Western blot analysis of EVs derived from adult parasite culture for 5h (5h 

EVs) and EV-free ES from adult F.hepatica. Following the transfer of proteins from 4 – 20% 

Mini-PROTEAN® TGX gel onto nitrocellulose membrane by western blotting, blots were 

probed with FhStf-1 (A), FhStf-2 (B) and FhStf-3 (C) polyclonal antibodies raised in rabbit.  

(A) Lane 1, 5 h EVs from adult F.hepatica. Lane 2, EV-free ES from F. hepatica. Lane 3, 

recombinant FhStf-1.  FhStf-1 was identified in both the 5 h EVs and EV-free ES. 

(B) Lane 1, 5 h EVs from adult F.hepatica. Lane 2, EV-free ES from F. hepatica. Lane 3, 

recombinant FhStf-2.  FhStf-2 was identified in EV-free ES. 

(C) Lane 1, 5 h EVs from adult F.hepatica. Lane 2, EV-free ES from F. hepatica. Lane 3, 

recombinant FhStf-3.  FhStf-3 was identified in EV-free ES. 
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Chapter 4 – Efficacy of a vaccine cocktail containing cystatins 

(FhStf-1, FhStf-2, FhStf-3) and Kunitz-type peptidase inhibitor 

(FhKT1) against challenge infection with Fasciola hepatica in sheep 

 

4.1. Introduction  

Fasciola hepatica is a pathogen of global economic importance in ruminants, such as 

sheep and cattle, and results in annual losses exceeding $3 billion to the agricultural 

sector through reduced quality and quantity of animal produce such as milk, meat 

and wool (Robinson and Dalton, 2009). It is also now recognised as an important 

zoonosis with >17 million people infected worldwide and a further 180 million in 

danger of infection (Andrews et al., 1999, McManus and Dalton, 2006). 

Triclabendazole (TCBZ) is the most commonly used chemical treatment because it is 

the only drug effective against both the migrating juvenile flukes and the adult flukes 

in the bile ducts. However, due to over-reliance on this anthelmintic to control the 

parasite, drug-resistant strains have been reported in Ireland, UK, throughout Europe 

and Australia (Overend and Bowen, 1995; Moll et al., 2000; Gordon et al., 2012; 

Ortiz et al., 2013; Brockwell et al., 2014) meaning that new control strategies are 

required.  

Vaccines offer a new solution to the control of fasciolosis and a means of moving 

away from the use of chemical treatments. However, these are still at an 

experimental level. The effectiveness of a variety of antigens formulated in adjuvants 

has been assessed in vaccine trials over the last 40 years in a bid to develop 

protection against fasciolosis in various ruminants. Native F. hepatica enzymes like 

cathepsins L1 and L2 (Dalton et al., 1996) and leucine aminopeptidase (LAP) 

(Piacenza et al., 1999) were used in early vaccination trials and elicited promising 

protection levels of 53.7%, 72.4% and 89%, respectively. Given that native proteins 

are not available in large enough quantities for use as commercial vaccines, more 

recent vaccine trials have used recombinantly produced proteins with highly mixed 

results. For example, a reduction of 48% in fluke burden was reported in cattle 

vaccinated with recombinant cathepsin L1 (Golden et al., 2010) while other 

experiments using the same recombinant enzyme showed no significant protection in 

vaccinated goats (Zafra et al., 2013, Buffoni et al., 2012). Similarly, use of 
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recombinant LAP as a vaccine elicited a reduction of fluke burden ranging from 49-

86% in sheep (Maggioli et al., 2011) while other trials using a different recombinant 

LAP showed no significant protection of vaccinated buffalo (Raina et al., 2011). The 

variability in reduction of fluke burden may be due to a number of factors such as 

recombinant antigen preparation and purity, vaccination protocols, choice of 

adjuvant, challenge infection success rates (and viability of metacercariae) and also 

the immunological genotype of the individual animals being immunised.  

Since single antigen vaccines have shown such variability in vaccine trial results, it 

has been advocated that multi-antigen vaccines could elicit greater protection against 

F. hepatica infection (Dalton et al., 1996; Molina-Hernandez et al., 2015). Native 

cathepsin L1 and L2 were tested in combination with F. hepatica haemoglobin (Hb) 

with better results; cathepsin L2 combined with Hb showed a 72% reduction in fluke 

burden in cattle (Dalton et al., 1996). However, when the same combination was 

tested in cattle by Mulcahy et al. (1999), fluke burden was reduced only by 

approximately 29% compared to the control group. Piacenza et al. (1999) also 

showed a 79% reduction using native cathepsin L1 in combination with cathepsin L2 

and LAP in sheep suggesting that the correct combination of antigens in a vaccine 

could potentially enhance protection levels.  

F. hepatica-expressed molecules that act at the host-parasite interface, modify host 

cell function and aid parasite development and survival, are of major interest as 

vaccine targets in our laboratory; hence our previous focus on cathepsin L-like 

peptidases that are involved in virulence, tissue penetration and feeding. Recent 

genome and associated stage-specific transcriptome/proteome analysis carried out by 

us identified a number of additional molecules that are produced in abundance and 

secreted by the early infectious stages of the parasite and, therefore, have also 

potential as vaccine candidates; these include several cystatins (Stefin-1, Stefin-2, 

Stefin-3) and Kunitz-type protease inhibitors.  

As shown in Chapter 3, cystatins are secreted from the gastrodermal cells by NEJs 

and are broad range and potent inhibitors of host and parasite cathepsin L, B and S 

cysteine proteases. The Kunitz-type inhibitor (FhKT1) recently reported in our 

laboratory is present in the NEJ gastrodermal and parenchymal cells and shows 

specific inhibition of cathepsin L type proteases (Smith et al., 2016). We surmised 
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that the protease/anti-protease balance may be critical in the regulation of parasite 

processes including penetration, feeding, development and immune evasion as well 

as modulation of host innate cell proteases involved in antigen processing and 

presentation. By extension, we felt that there was potential of upsetting this balance 

by vaccination with recombinant F. hepatica FhStf-1, FhStf-2 and FhStf-3 and 

FhKT1 antigens.  

In this chapter, we have assessed the efficacy of a vaccine cocktail consisting of 

these four molecules in sheep vaccine trials. rFhStf-1, rFhStf-2, rFhStf-3 and rFhKT1 

antigens were produced in yeast, combined in equal quantities and formulated in a 

Montanide water-oil adjuvant. Vaccine efficacy was assessed by enumerating 

parasite burdens and also measuring the weight gain of each animal. Humoral 

immune responses to each antigen were examined before and after vaccination and 

challenge infection in the search for immune correlates of protection. 

 

4.2. Methods  

4.2.1 Vaccine antigens  

Recombinant cystatin cysteine protease inhibitors, FhStf-1, FhStf-2 and FhStf-3 from 

F. hepatica were expressed in the methylotrophic yeast Pichia pastoris and purified 

as described in Chapter 2. Recombinant FhKT1, a Kunitz-type inhibitor from F. 

hepatica was also expressed in P. pastoris and purified in a similar manner by other 

members of our laboratory as described by Smith et al. (2016). Five µg of each of the 

eluted and dialysed recombinant proteins were loaded onto a 4 – 20% Mini-

PROTEAN® TGX precast protein gel (Bio-Rad) alongside 7µl of the Precision Plus 

Protein™ Dual Xtra prestained protein standard and analysed by SDS-PAGE, as 

described previously in Chapter 2, to determine soluble protein expression and purity 

of preparations. SDS-PAGE gel was imaged using a SynGene G:BOX Chemi XRQ 

imaging system. Protein concentration was determined by measuring absorbance at 

A280. 
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4.2.2. Experimental animals and vaccination protocol 

Experimental vaccine trails were carried out at Moredun Scientific, Pentlands 

Science Park (PSP), Edinburgh, Scotland. Twenty-eight worm free male and female 

Texel-cross sheep, aged less than one year were used in the study. They were divided 

into two groups based on body weights to ensure an even spread of weights and sex 

were present in each group and housed in loose boxes (outlined in Table 4.1).  

The 14 animals in the vaccinated group were immunised at the beginning of the trial 

(Day 0) and again after 3 weeks (Day 21) and 6 weeks (Day 42). For each 

immunisation, 100 µg of rFhStf-1, rFhStf-2, rFhStf-3, and rFhKT1, was added to 

Montanide™ ISA 61 VG adjuvant (at a ratio of 40 antigen: 60 adjuvant), mixed 

using a vortex, taking care not to heat the sample and administered subcutaneously in 

the neck region (the sides were alternated for each immunisation). The 14 animals in 

the non vaccinated group At week 9 (Day 63) all 28 animals were orally challenged 

with 150 F. hepatica metacercariae (South Gloucester isolate, Ridgeway Research, 

UK) (Figure 4.1). Metacercariae were counted into individual doses of 150 

metacercariae in 10 ml of water and stored at 4°C in glass bijou tubes before dosing.  

 

4.2.3. Blood sampling and processing  

All animals were blood sampled at the beginning of the trial (Day 0), with further 

blood samples being collected from all animals at week 8 (Day 56), week 9 (Day 62) 

week 12 (Day 84) and week 24 (Day 172) before the animals were euthanized. Blood 

samples were collected into tubes free of anti-coagulant and incubated at 37°C for 30 

min. Samples were then centrifuged for 20 min at 1400 x g. Sera were transferred 

into sterile cryovials and stored at -20°C.  
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Table 4.1. Experimental design: 28 worm-free Texel-cross sheep were divided into two 

groups (n = 14). Group 1 received no vaccination. Group 2 was vaccinated three times with 

rFhStf-1, rFhStf-2, rFhStf-3 and rFhKT1 formulated in a Montanide adjuvant. 

 

 

4.2.4. Assessment of vaccine efficacy  

All sheep were euthanized by lethal injection (Sodium Pentobarbital) 16 weeks after 

challenge with F. hepatica metacercariae. The livers were removed and the number 

of flukes present in the parenchyma and bile ducts of each animal were recorded 

immediately. Body weights were recorded for all animals before the beginning of the 

trial (arrival) and again at the end of the trial (Day 172), before necropsy, to enable 

weight gain to be assessed.

Group Number of 

animals 

Treatment  Challenge  

 

1.Control infected 

(non-vaccinated) 

 

 

14 

 

N/A 

 

150 F. hepatica 

metacercariae 

 

2.Vaccinated 

infected 

 

14 

 

100 µg rFhStf-1, rFhStf-2, 

rFhStf-3 and rFhKT1 + 

Montanide™ ISA 61 VG 

On day 0, 21 and 42 

 

150 F. hepatica 

metacercariae 
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Figure 4.1 Timeline of experimental design and vaccination protocol in sheep with rFhStf-1, rFhStf-2, rFhStf-3 and rFhKT1 antigens in Montanide™ ISA 61 

VG adjuvant.  
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4.2.5. Detection of anti-Fasciola hepatica rFhStf-1, rFhStf-2, rFhStf-3 and 

rFhKT-1 antibodies in sheep sera by Enzyme-linked Immunosorbent Assay 

(ELISA) 

The levels of immunoglobulin (IgG) antibodies in the serum of control and 

vaccinated sheep to each component of the vaccine cocktail (rFhStf-1, rFhStf-2, 

rFhStf-3 and rFhKT1) were determined by indirect ELISA using enzyme-conjugated 

secondary antibodies. As a control, antibody levels to Fasciola hepatica cathepsin 

L1, which was not a component of the vaccine cocktail, were also assessed. 

The concentration of rFhStf-1, rFhStf-2, rFhStf-3 and rFhKT1 was determined by 

measuring absorbance at A280 before being used to prepare ELISA plates. Flat-

bottom 96 well microtitre plates (Nunc Maxisorp, ThermoFisher Scientific) were 

coated with 1 µg/ml of each antigen diluted in 0.5 M carbonate buffer, pH 9.6 and 

incubated overnight at 4°C. The contents of the plates were then emptied and the 

plates washed five times with PBS 0.05% Tween 20 (PBST). Excess protein binding 

sites were blocked with 100 µl/well of 2% bovine serum albumin diluted in 0.05% 

Tween 20.  

(a) To determine total antibody titres, sera from sheep were serially diluted in 

dilution buffer, PBS 0.5% Tween 80, 0.5 M NaCl, from 1:800 to 1:512,000. Plates 

were incubated at 37°C for 1 h and washed five times with PBST. Plates were then 

incubated for 1 h at 37°C with 100 µl/well of HRP-conjugated donkey anti-sheep 

IgG (ThermoFisher Scientific) diluted 1:10,000. After five washes with PBST, 100 

µl of TMB substrate (3,3’, 5,5’-Tetramethylbenzidine liquid substrate supersensitive, 

Sigma Aldrich) was added to each well. The reaction was stopped after 10 min by 

addition of 100 µl of 1M H2SO4. The optical density (OD) was measured at 450 nm 

using a PolarStar Omega Spectrophotometer (BMG LabTech, UK). Blank corrected 

OD values for duplicates were averaged and data was analysed using GraphPad 

Prism 8.  

(b) For the analysis of total sheep IgG1 and IgG2 isotypes, anti-ovine IgG1 diluted 

1:1000 in dilution buffer or anti-ovine IgG2 diluted 1:2000 in dilution buffer were 

used to detect bound antibodies (supplied by Immunotools, Germany). The dilutions 

of these antibodies were optimised by Dr. Yolanda Corripio-Miyar (Moredun 

Research Institute, Edinburgh, Scotland). Following five washes with PBST, plates 
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were incubated with rabbit polyclonal anti-mouse Pan IG:HRP diluted 1:1000 in 

dilution buffer according to the manufacturer’s instructions (DAKO, UK) (50µl/well) 

for 1 h at 37°C. After five washes with PBST, 100 µl of substrate (SIGMAFAST 

OPD, Sigma Aldrich) was added to each well. The reaction was stopped after 10 min 

by addition of 100 µl of 1M H2SO4. The optical density (OD) was measured at 492 

nm using a PolarStar Omega Spectrophotometer (BMG LabTech, UK). Blank 

corrected OD values for duplicates were averaged and data was analysed using 

GraphPad Prism 8. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

86 
 

4.3. Results  

 

4.3.1. Vaccine antigen production  

Recombinant proteins were isolated by Ni-chelate affinity chromatography as 

described in Chapter 2 and quality controlled by analysis using SDS-PAGE (Figure 

4.2). Strong bands representing rFhStf-1, rFhStf-2, rFhStf-3 and rFhKT1 were 

identified in the protein elution samples following dialysis into PBS, indicating 

successful expression of soluble proteins. The isolated recombinant proteins were of 

a high level of purity as indicated by the presence of major single bands of ~11 kDa 

for rFhStf-1, rFhStf-2 and rFhStf-3 and of ~6kDa for rFhKT1 (Figure 4.2). 

Recombinant proteins were measured for protein concentration and then stored at -

80ºC at 1 mg/ml. Aliquots were sent to Moredun Scientific, Edinburgh, Scotland, on 

dry ice for the animal vaccine trial. 

 

 

Figure 4.2 4-20% SDS-PAGE analysis of rFhStf-1 (lane 1), rFhStf-2 (lane 2) rFhStf-3 (lane 

3) and rFhKT1 (lane 4) purified protein. After dialysis into PBS the purified proteins were 

stored at -80ºC. M, molecular weight marker, kDa. Gel was stained with Bio-Safe 

Coomassie.  
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4.3.2. Assessment of vaccine efficacy – animal weight gain and fluke burden  

For vaccine preparation on site, 100 µg of each protein was mixed with Montanide™ 

ISA 61 VG adjuvant, vortexed and administered to the 14 animals in the vaccine 

group. Non-vaccinated animals did not receive any immunisations or injections.  

The starting weights of the sheep at the beginning of the trial and weight at necropsy 

of the non-vaccinated control group and the vaccinated group are shown in Tables 

4.2 and 4.3, respectively. While, as expected, all animals gained weight over the trial 

period, T-test analysis revealed animals in the vaccinated group showed a 

significantly greater weight gain (P=0.0006) relative to the non-vaccinated control 

group (Figure 4.3) with average weight gains of 9.0 kg and 4.7 kg, respectively. 

The total fluke burdens for each animal were assessed and fluke numbers recovered 

are shown in Tables 4.4 and 4.5.T-test analysis revealed the fluke burden of animals 

in the vaccinated group was insignificant (P = 0.0571) when compared to the non- 

vaccinated control group (Figure 4.4) with average fluke burdens of 50.4 and 60.5, 

respectively.  
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Table 4.2 Weight gain of animals (n = 14) in non-vaccinated, infected control group. 

 

 

Table 4.3 Weight gain of animals (n = 14) in rFhStf-1, rFhStf-2, rFhStf-3 and rFhKT1 

vaccinated group. 

 

 

 

 

Animal Number 

 

Weight (Kg) 

 

Total Weight Gain (Kg) 

Over 25 Weeks Arrival Necropsy 

6539 43.8 46.6 2.8 

6540 52.8 54.4 1.6 

6819 36.4 41.6 5.2 

6825 36.2 41.4 5.2 

6831 45.8 51.2 5.4 

6840 38.4 40.2 1.8 

6861 42.8 52.4 9.6 

6865 40.0 46.8 6.8 

6868 39.2 41.0 1.8 

6881 32.2 35.0 2.8 

6890 41.6 50.0 8.4 

6918 32.6 38.2 5.6 

6929 27.6 32.0 4.4 

6946 26.6 31.6 5.0 

Average (± SD) 38.3 (±7.1) 43.0 (±7.4) 4.7 (±2.4) 

 

Animal Number 

 

Weight (Kg) 

 

Total Weight Gain (Kg)  

Over 25 Weeks Arrival Necropsy 

6523 52.0 65.2 13.2 

6535 37.6 43.8 6.2 

6544 46.2 49.0 2.8 

6827 32.6 41.0 8.4 

6829 43.0 51.2 8.2 

6835 38.8 46.2 7.4 

6839 42.2 50.0 7.8 

6857 39.2 49.6 10.4 

6862 32.4 39.8 7.4 

6873 46.4 56.6 10.2 

6889 39.4 52.4 13.0 

6919 37.2 47.2 10.0 

6921 34.8 45.4 10.6 

6930 29.8 40.6 10.8 

Average (± SD) 39.4 (±6.2) 48.4 (±6.8) 9.0 (±2.7) 
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Table 4.4 Total fluke number recovered from animals (n = 14) in non-vaccinated, infected 

control group, 16 weeks post-infection. 

 

 

Table 4.5 Total fluke number recovered from animals (n = 14) in rFhStf-1, rFhStf-2, rFhStf-

3 and rFhKT1 vaccinated group, 16 weeks post-infection. 

Animal Number No. of fluke recovered 

6539 41 

6540 51 

6819 61 

6825 66 

6831 75 

6840 67 

6861 58 

6865 70 

6868 54 

6881 38 

6890 60 

6918 76 

6929 78 

6946 53 

Average (± SD) 60.6 (±12.4) 

Animal Number No. of fluke recovered 

6523 32 

6535 49 

6544 50 

6827 64 

6829 48 

6835 36 

6839 29 

6857 30 

6862 54 

6873 65 

6889 50 

6919 77 

6921 40 

6930 81 

Average (± SD) 50.4 (±16.6) 
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Figure 4.3 Weight gain for animals in non-vaccinated and vaccinated groups. Error bars 

indicate standard deviation. The mean weight gain for the vaccinated group was significantly 

greater (P < 0.001) relative to the non-vaccinated control group. 

 

 

 

 

 

 

 

 

Figure 4.4 Total fluke burden of all animals in non-vaccinated and vaccinated groups at 

necropsy. Error bars indicate standard deviation.  Fluke burden of animals in the vaccinated 

group was not significantly different (P > 0.05) relative to the non-vaccinated control group 
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4.3.3 Analysis of Total IgG responses against rFhStf-1, rFhStf-2, rFhStf-3, 

rFhKT-1 and rFhCL1 in sera of vaccinated and non-vaccinated sheep. 

Sheep (14) received a cocktail vaccine consisting of rFhStf-1, rFhStf-2, rFhStf-3 and 

rFhKT-1. Control sheep (14) did not receive the vaccine. We performed ELISA to 

assess and compare the level of antibodies to each of these antigens in all animals 

before vaccination (day 0), after vaccination/day of challenge (day 56), three weeks 

post infection (day 84) and at the end of the vaccine trial (day 172). As a control, we 

also examined the antibody responses of these animals to rFhCL1, a molecule not 

included in the vaccine but is well known as a highly immunogenic protein during 

infection with F. hepatica in ruminants. 

Firstly, we determined total antibody titres by serially diluting the serum in the range 

1:800 to 1:512,000. This analysis showed that (1) total average IgG levels in all 

animals at the end of the vaccine trial were >32000 against all four vaccine 

components, and (2) that antibody titres to each antigen were maintained at >8000 

for the duration of the 16 week challenge infection. (3) Total antibody titres in the 

control non-vaccinated sheep to each of these four components did not reach 2000 

until 3 weeks after the challenge infection. The titres in these animals never exceeded 

32,000 at any time-point after infection. (4) Antibodies to the control antigen rFhCL1 

did not reach >2000 titre until week 16 after infection. Furthermore, antibody titres to 

rFhCL1 were not significantly different between vaccinated and non-vaccinated 

animals indicating that the vaccine formulation did not induce non-specific immune 

enhancement. 

A primary sheep antibody dilution of 1:8000 was derived from the antibody titre 

analysis as suitable for antibody comparisons between groups since at this dilution 

OD readings were generally within mid-range. Total IgG antibody against F. 

hepatica rFhStf-1, rFhStf-2, rFhStf-3 and rFhKT1 mean optical density (OD) ± SD 

values are shown in Figure 4.5 (A to D). The data shows that responses to these four 

antigens vary substantially over the course of vaccination and challenge. Firstly, 

antibody responses to rFhStf-1 did not differ significantly between the vaccinated 

and control non-vaccinated group at any time-point before or after vaccination and 

challenge (Figure 4.5A) (P = 0.659). Increased antibodies responses to rFhStf-2 were 

elicited by vaccination and by the subsequent challenge infection but high variation 
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between animals resulted in these being not significantly different to the control 

group (Figure 4.5B) (P = 0.507). By contrast, responses to rFhStf-3 were 

significantly different compared to controls following vaccination and at all time-

points after challenge (Figure 4.5C) (P =0.040). The profile against rFhKT1 displays 

yet a different pattern of vaccination induced elevated immune response but these did 

not appear to be boosted following challenge infection (Figure 4.5D). 

Antibody responses to the rFhCL1 were elevated only after 16 weeks of infection 

using serum at 1:8000 dilution (Figure 4.5E). Antibody responses appeared to be 

lower in the vaccinated group at 16 weeks after infection (time of slaughter) 

compared to the non-vaccinated group but statistical analysis showed that this was 

not significant (P = 0.350). Of particular note, however, was the observation that 

antibody levels at 16 weeks after infection was far higher against rFhCL1 than those 

seen for rFhStf-1, rFhStf-2, rFhStf-3 and rFhKT1, indicating that the peptidase is 

more immunogenic than the four peptidase inhibitors (compared Figure 4.5E with A, 

B, C and D). 
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Figure 4.5 Mean (±SD) optical density values for total IgG antibody to; (A) FhStf-1, (B) 

FhStf-2, (C) FhStf-3, (D) FhKT1 and (E) FhCL1 before vaccination (week 0), after 

vaccination/day of challenge (week 8), three weeks post infection (week 12) and sixteen 

weeks post infection (week 24). Green represents vaccinated animals. Orange represents 

unvaccinated control animals.  
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4.3.4 Analysis of IgG1 and IgG2 antibody subclasses to rFhStefin-1, rFhStefin-2, 

rFhStefin-3, rFhKT-1 and rFhCL1 in sera of vaccinated and non-vaccinated 

sheep. 

To further probe the humoral immune responses of the vaccinated and non-

vaccinated sheep against the vaccine cocktail of rFhStefin-1, rFhStefin-2, rFhStefin-3 

and rFhKT-1 we analysed the serum for specific antibody isotypes, namely IgG1 and 

IgG2, after vaccination and during challenge infection. These specific isotypes were 

detected using specific mouse monoclonal anti-ovine IgG1 and anti-IgG2 antibodies 

and rabbit polyclonal anti-mouse Pan IG:HRP. 

 

IgG1 antibody responses 

The IgG1 antibody profiles obtained for rFhStefin-1, rFhStefin-2, rFhStefin-3 and 

rFhKT-1 were very similar; specific mean IgG1 levels in serum of vaccinated and 

non-vaccinated animals are shown in Figure 4.6 A to D. Mean optical density values 

for IgG1 serum levels for all four antigens in the vaccinated animals increase at week 

8 (after 3rd vaccination). These responses appeared to further increase following 

challenge infection as demonstrated by an increased OD at week 12 (3 weeks post 

infection), although statistically this was not different to week eight. The mean 

absorbance values at week 0, 8 and 12 for rFhStefin-1 (0.02, 0.87, and 1.16), 

rFhStefin-2 (0.05, 1.37 and 1.44) and rFhStefin-3 (0.05, 1.42 and 1.48) showed the 

greatest increase compared to rFhKT-1 (0.02, 0.23 and 0.26).  

By week 24 (16 weeks post challenge infection, day of slaughter) mean OD values 

for IgG1 serum levels against rFhStefin-1 (0.48), rFhStefin-2 (0.61), rFhStefin-3 

(0.60) and rFhKT-1 (0.14) all decreased from the levels measured at week 12 

mentioned above. The levels measured at week 24 for rFhStefin-2 and rFhStefin-3 

was statistically different to those levels measured at week 8 for these antigens. This 

decrease in IgG1 antibody correlates with entry of the parasite into the bile ducts and 

indicates that this is followed by waning of both vaccination- and infection-induced 

immune responses. 
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The mean OD values for IgG1 levels in serum of non-vaccinated animals against 

rFhStf-1, rFhStf-2, rFhStf-3 and rFhKT1 remained unchanged from week 0 to week 

24 (Figure 4.6 A to D). This observation suggests that the four peptidase inhibitors 

do not elicit measurable IgG1 immune responses in experimentally infected sheep 

when serum is analysed at 1:8000 dilution. 

 

IgG1 antibody responses to the control antigen rFhCL1 were negligible at week 8 and 

12 when measured at 1:8000 dilution; however, we observed a small increase in 

mean OD from week 12 to week 24 (Figure 4.6 E). The mean ODs obtained at each 

time-point was not significantly different between vaccinated and non-vaccinated 

groups suggesting that the vaccination does not induce non-specific antigen IgG1 

responses. 

 

IgG2 antibody responses 

IgG2 antibody responses to rFhStefin-1, rFhStefin-2, rFhStefin-3 and rFhKT-1 were 

measured after vaccination and following challenge infection; mean OD for IgG2 

levels in serum are shown in Figure 4.8 A to D, respectively. Similar to that observed 

for IgG1, the mean OD values for IgG2 serum levels for all four antigens in 

vaccinated animals increased from week 0 to week 8. The mean absorbance values 

from week 0 to 8 for rFhStefin-1 (0.03 to 1.04), rFhStefin-2 (0.04 to 1.19) and 

rFhStefin-3 (0.05 to 1.19) showed the greatest increase compared to rFhKT-1 (0.04 

to 0.66). Thus, vaccination elicits IgG2 antibody to each antigen within the cocktail 

vaccine. 

By week 12, however, mean OD values for IgG2 levels for rFhStefin-1, rFhStefin-2, 

rFhStefin-3 and rFhKT-1 all decrease and this continues to decrease by week 24. 

Although statistically the mean OD values for week twelve were not different to 

week eight, the level measured for rFhStefin-3 at week 24 was statistically different 

to those levels measured at week 8 (P< 0.01). The P-values obtained for rFhStefin-1 

and rFhStefin-2 when comparing the mean OD values of week twenty-four to week 

eight were P=0.05. 
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This data indicates that boosting of the vaccine-induced IgG2 does not occur 

following challenge, and may suggest that there is a negative effect on IgG2 

production. 

The mean OD values for IgG2 levels in serum of non-vaccinated animals against 

rFhStefin-1, rFhStefin-2, rFhStefin-3 and rFhKT-1 remained unchanged from week 0 

to week 24 (Figure 4.7 A, B, C and D, respectively) indicating low IgG2-stimulating 

immunogenicity of these molecules during experimental infection. 

rFhCL1 IgG2 serum levels remained relatively constant over the trial period, with a 

mean OD value of 0.06 at week 0 to 0.10, 0.09 and 0.11 at weeks 8, 12 and 24, 

similar to levels of the non-vaccinated animals. Therefore, this antigen does not 

induce IgG2 responses during natural infection. 
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Figure 4.6 Mean optical density values for IgG1 antibody to; (A) FhStefin-1, (B) FhStefin-2, 

(C) FhStefin-3, (D) FhKT1, and (E) FhCL1 before vaccination (week 0), after 

vaccination/day of challenge (week 8), three weeks post infection (week 12) and sixteen 

weeks post infection (week 24). Blue represents vaccinated animals. Red represents 

unvaccinated control animals.  
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Figure 4.7 Mean optical density values for IgG2 antibody to; (A) FhStefin-1, (B) FhStefin-2, 

(C) FhStefin-3, (D) FhKT1, and (E) FhCL1 before vaccination (week 0), after 

vaccination/day of challenge (week 8), three weeks post infection (week 12) and sixteen 

weeks post infection (week 24). Blue represents vaccinated animals. Red represents 

unvaccinated control animals.   
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4.3.5. Correlation analysis of IgG1 and IgG2 serum levels with animal fluke 

burden and weight gain in vaccinated animals  

 

IgG1 and IgG2 antibody titres compared to fluke burdens and weight gain 

The correlation between serum levels of IgG1 and IgG2 to all four vaccine 

components, rFhStefin-1, rFhStefin-2, rFhStefin-3 and rFhKT-1 in vaccinated 

animals with fluke burden and weight gain were analysed using Spearman’s Rank on 

GraphPad Prism 8. The data presented in Appendix D, Table D1-D12, revealed that 

no correlation exists between fluke burden or weight gain and levels of IgG1 and 

IgG2 rFhStefin-1, rFhStefin-2, rFhStefin-3 and rFhKT-1 in vaccinated animals at 

weeks 8, 12 or 24. 

 

Ratio of IgG1 / IgG2 antibody titres compared to fluke burdens and weight gain 

Given that IgG1 and IgG2 are associated with Th2- and Th1-polarised responses in 

ruminants (Mulcahy et al., 1998) we sought to gain further insight into the responses 

of vaccinated sheep by comparing the ratio between these two antibody isotypes with 

fluke burdens and weight gain. When the ratio of IgG1:IgG2 was evaluated for each 

of the vaccine components against animal fluke burden and weight gain at weeks 8, 

12 and 24, no direct relationship was found (Appendix D, Tables D13-D18) except 

for ratio of IgG1:IgG2 for rFhKT1 against fluke burden at week 12 (Table 4.6). 
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Table 4.6 Correlation of ratio of IgG1:IgG2 for each of the vaccine components against 

fluke burden at week 12. 

Week 12 (3 WPI) IgG1:IgG2 ratio vs. fluke burden 

(n = 14) 

Antigen Spearman’s R 

value 

P- value Significant 

rFhStf-1 -0.3344 

 

0.2411 

 

NO 

rFhStf-2 -0.09681 

 

0.7413 

 

NO 

rFhStf-3 0.2618 

 

0.3629 

 

NO 

rFhKT1 0.5407 

 

0.0480 

 

YES 
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Chapter 5 – Discussion  

Helminth parasites infect more than one billion people across the world, 

predominantly in tropical or sub-tropical zones, inhabiting host tissues and organs 

and in doing so they have a huge impact on animal and human health (Hotez et al., 

2008). Helminths have developed a number of processes such as molecular mimicry 

or antigen masking to aid their survival in the host for long periods of time (Schmid-

Hempel, 2008). Furthermore, to establish themselves inside their hosts during acute 

and chronic infection, helminth parasites secrete a range of molecules that act at the 

host parasite interface and manipulate the host immune system. Understanding how 

these molecules from the helminth-derived secreted products interact with the host to 

aid worm survival is an integral part of developing new treatment methods to block 

these parasite-host interactions.  

 

The digenetic trematode Fasciola hepatica is a causative agent of the foodborne 

zoonosis fasciolosis. Cercariae released from the intermediate snail host encyst on 

vegetation as metacercaria. When vegetation contaminated with metacercaria is 

consumed by the host, the parasites excyst in the small intestine releasing newly 

excysted juveniles (NEJ) that migrate through the peritoneal cavity into the liver. 

After approximately 2-3 months migrating through and feeding on the liver tissue the 

parasites move into the bile ducts where they develop into sexually mature adult 

flukes, utilising cathepsins for the acquisition of nutrients, producing thousands of 

eggs per day (Boray, 1969).  

 

Proteomic analysis of the F. hepatica secretome has verified that during its migration 

and development within the host, this parasite excretes and secretes a number of 

proteins that are being studied in relation to their role during infection (Robinson et 

al., 2009; Di Maggio et al., 2016; Cwiklinski et al., 2018) such as the cysteine 

proteases, helminth defence molecule (FhHDM), peroxiredoxin (FhPrx), fatty acid 

binding proteins (FABP) and various protease inhibitors (Dalton et al., 2003; 

Robinson et al., 2009; Cwiklinski et al., 2015b; Cwiklinski et al., 2018). FhHDM 

falls within a family of HDMs that is highly conserved across several trematode 

species such as Clonorchis, Opisthorchis, Schistosoma and Fasciola (Cotton et al., 

2012). FhHDM has been shown to be internalised by macrophages and cleaved by 
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cathepsin L in the endosome, where it inhibits antigen presentation, thus impairing 

the humoral immune response (Robinson et al., 2012). FhPrx has been shown 

through in vivo and in vitro studies to activate M2 macrophages which generate a 

Th2 response and so this molecule plays a key role in polarising a favourable host 

immune response for the parasites survival (Donnelly et al., 2005; Donnelly et al., 

2008; Robinson et al., 2010), highlighting the importance of the proteins within the 

ES.  

 

During its migration in the host, F. hepatica employs a number of cysteine 

peptidases to penetrate the tissues and modulate the host immune system. These 

cysteine peptidases have been identified as the dominant proteins in the parasites ES, 

making up >80% of the total protein secreted by adult flukes, and, thus, highlighting 

the importance of these cysteine peptidases in the parasites biology (Dalton et al., 

2003; Robinson et al., 2009; Cwiklinski et al., 2015b, Cwiklinski et al., 2019).  The 

dominant cysteine peptidases identified in the F. hepatica ES were classified as 

cathepsin L and B peptidases, with expression levels of these varying across each 

developmental stage of the parasite (Dalton et al., 2003; Robinson et al., 2009; 

Cwiklinski et al., 2015b).  The F. hepatica cathepsin L and B peptidases are derived 

from multi-copy gene families that give rise to numerous functionally diverse 

enzymes and, thereby, increase the ability of the parasite to invade and infect its 

variety of mammalian hosts (Tort et al., 1999; Berasain et al., 2000; Littlewood, 

2006; Stack et al., 2008). 

 

Phylogenetic analysis has shown that the large cathepsin L gene family of F. 

hepatica (twenty three cathepsin L sequences have been identified based on the most 

recent genome assemblies) has split into five specific clades (FhCL1 – FhCL5) 

through gene duplication and divergence (Dalton et al., 2003, Robinson et al., 2008; 

Morphew et al., 2011; Cwiklinski et al., 2015a, Cwiklinski et al., 2019). 

Transcriptomic and proteomic analysis has shown that two clades (FhCL3 and 

FhCL4) are specific to the infective NEJs, while the remaining three clades (FhCL1, 

FhCL2 and FhCL5) are associated with the mature adult worms (Cancela et al., 

2008; Robinson et al., 2009; Cwiklinski et al., 2015a). McGonigle et al. (2008) 

observed a reduced ability of the parasites to penetrate the intestinal wall of rats 
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following RNAi- knockdown of FhCL3 suggesting the involvement of this protease 

in tissue penetration and migration across the host intestine. Transcriptomic and 

proteomic analysis of NEJ somatic extract and ES revealed that FhCL3 is activated 

and released into the host environment when the parasites penetrate the host 

intestinal wall (Robinson et al., 2009). Further work by Robinson et al. (2011) also 

demonstrated the ability of FhCL3 to cleave the extracellular matrix protein collagen 

that hold tissues and cell together. These findings, along with high levels of secretion 

of FhCL3 in NEJs (Robinson et al., 2009; Cwiklinski et al., 2015a), support the 

involvement of FhCL3 in the penetration and degradation of the intestinal wall that 

facilitates the migration of the NEJ into the peritoneal cavity of the mammalian host.  

Once immature flukes have reached the liver, the expression and secretion levels of 

FhCL3 are down-regulated and expression of the adult specific cysteine peptidases 

FhCL1, FhCL2 and FhCL5 are upregulated, which is reflected in their abundance in 

the ES products of adult flukes (Robinson et al., 2009; McVeigh et al., 2012; 

Cwiklinski et al., 2015b). Given that adult flukes are blood feeders and haemoglobin 

is a nutrient required in egg production, it was suggested that the adult specific 

cysteine peptidases FhCL1, FhCL2 and FhCL5 are key in the parasites acquiring 

blood nutrients. In support of this suggestion, biochemical studies established the 

ability of FhCL1 to degrade haemoglobin while proteomics showed its very high 

secretion levels at the adult stage of infection (Lowther et al., 2009; Robinson et al., 

2009; Cwiklinski et al., 2015b). The degradation of haemoglobin and release of free 

amino acids enables their distribution throughout tissues of the parasites for use as 

building blocks of protein synthesis in the development and growth of the parasite 

(Dalton et al., 2006).  

FhCL2 and FhCL5 are expressed by mature parasites within the liver and bile ducts 

and have been reported to be involved in tissue degradation and feeding (Robinson et 

al., 2009). In keeping with its phylogenetic distance from both FhCL1 and FhCL5, 

FhCL2 has been shown to efficiently degrade the fibrous protein involved in blood 

clotting, fibrin (Mebius et al., 2018) and the interstitial protein collagen (Lowther et 

al., 2009; Robinson et al., 2009). 

Cathepsin B peptidases of F. hepatica have also been shown to play an essential role 

in host tissue invasion. Of the eleven cathepsin B genes identified through genomic 
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analysis by Cwiklinski et al. (2015a), several were found to be NEJ specific (FhCB1, 

FhCB2 and FhCB3) with downregulation of expression in the adult worm (Cancela 

et al., 2008; Cwiklinski et al., 2015a; Cwiklinski et al., 2019). While few studies 

have addressed the importance of FhCB1 and FhCB3 in parasite virulence and host 

migration, RNAi knockdown of FhCB2 resulted in a 78% reduction in protease 

expression and a 50% reduction in the ability of the parasite to penetrate the gut wall 

(McGonigle et al. (2008), highlighting the importance this peptidase plays in the 

successful penetration of host tissues and establishing infection. 

As the roles that F. hepatica cysteine proteases play in processes ranging from 

nutrition, invasion and immunomodulation are unveiled, it becomes clear that the 

parasite must be able to regulate this proteolytic activity in order to protect itself and 

limit host damage, which requires specific inhibitors. Cystatins are known cysteine 

proteases inhibitors and were first reported in F. hepatica by Khaznadji et al. (2005); 

the authors also mention that this was the first multi-domain cystatin identified in an 

invertebrate species. Analysis of the F. hepatica cDNA that encoded this high 

molecular weight protein revealed that it contained six distinct cystatin domains and 

is over-expressed in the infective NEJ stage. After cloning, it was shown that two of 

the six domains were well conserved and shared significant sequence identity with 

the three core cystatin signatures while the remaining four domains lacked one or 

more of these motifs. Of the six domains, domain 4 was the only domain to contain 

the three core cystatin motifs; N-terminal glycine, conserved central Q-x-V-x-G 

motif and C-terminal PW, leading the authors to speculate that this domain may be 

the active inhibitory domain against cysteine proteases. Khaznadji and colleagues 

(2005), therefore, recombinantly expressed and purified domain 4 using 

Drosophila Schneider 2 cells to assess its inhibitory activity. The data revealed 

through enzymatic analysis that F. hepatica cystatin domain 4 completely inhibited 

papain and recombinant F. hepatica cathepsin L1. Given the over-expression of the 

multi-domain cystatin in NEJs and its potent inhibitory activity, the authors 

suggested that the multi-domain cystatin of F. hepatica functions in the regulation of 

NEJ cysteine protease activity. As other parasitic cystatins such as Bm-CPI-2 

(Brugia malayai) and Nippocystatin (Nippostrongylus brasiliensis), for example, had 

been reported to be involved in immune evasion by interfering with antigen 

processing through inhibition of class II major histocompatibility complex (MHC) 
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molecule expression (Manoury et al., 2001; Dainichi et al., 2001), Khaznadji et al. 

(2005) noted that domain 4 could also function in modulating the host immune 

response but this role has never been directly investigated.   

A type 1 cystatin present in the ES products from the tropical liver fluke, Fasciola 

gigantica, (FgStefin-1) was described by Tarasuk et al. (2009). A recombinant form 

of FgStefin-1 was expressed in E. coli and analysed for inhibitory activity against an 

array of cysteine proteases. Recombinant FgStefin-1 showed inhibition constants in 

the nanomolar range for bovine cathepsin L and B cysteine peptidases, human 

cathepsin S peptidases, as well as cysteine proteases present in the ES products of the 

parasite. The potent inhibitory activity of FgStefin-1 and its localisation in the 

intestinal epithelium, ventral and oral sucker and in the tegumental tissue led the 

authors to suggest FgStefin-1 has a protective role against extracellular proteolytic 

damage to the parasite’s tegumental surface and intestinal proteins as well as 

regulation of intracellular cysteine protease activity (Tarasuk et al., 2009).  

 

A second type 1 cystatin of F. gigantica (FgStefin-2) which contained an 

uncharacteristic signal peptide was reported by Siricoon et al. (2012). Recombinant 

FgStefin-2 was also produced in E. coli and, similar to FgStefin-1, was localised in 

the intestinal epithelium of all stages of the parasite as well as the prostate gland cells 

in the adult parasite. Inhibition constants were in the nanomolar range against 

cysteine proteases present in the ES product of the parasite, human cathepsin S and 

bovine cathepsins L and B. As FgStefin-2 was notably potent against bovine 

cathepsin B, Siricoon and colleagues (2012) proposed a regulatory role for FgStefin-

2 protecting the juvenile parasite from auto-proteolysis given the role cathepsin B 

peptidases play in host tissue penetration.  

 

In the present study, three new single domain cysteine protease inhibitors of F. 

hepatica, termed FhStf-1, FhStf-2 and FhStf-3, were identified. This thesis sought to 

produce recombinant forms of these cysteine protease inhibitors from F. hepatica, 

build their biochemical profile, characterise their stage-specific expression and assess 

their efficacy as vaccine candidates. Phylogenetic analysis of the phylum 

platyhelminthes revealed that these cystatins are Type 1 cystatins (stefins); however, 

unusually, FhStf-2 and FhStf-3 also possess signal peptides - a characteristic more 
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commonly associated with Type 2 cystatins, as was observed by Siricoon et al. 

(2012) with FgStefin-2. Through the analyses of genomic, transcriptomic and 

proteomic data, combined with real-time PCR, it was verified that FhStf-1, FhStf-2 

and FhStf-3 are differentially expressed throughout all the life stages of F. hepatica, 

from the metacercaria to the adult fluke. Further extensive characterisation of the 

recombinant FhStf-1, FhStf- 2 and FhStf-3 produced in yeast, revealed them to be 

potent inhibitors of the three recombinant major secreted Cathepsin L proteases from 

adult, FhCL1 and FhCL2, and NEJ, FhCL3, with Ki ranging from <1 nM – 6 nM 

(Table 3.2). In parallel, human cysteine proteases L, K, S and B activity were also 

tested in the presence of the FhStfs and being variably inhibited (Ki <1 nM – 45 

nM). However, when F. hepatica recombinant Cathepsin Bs were tested in the 

presence of these inhibitors no significant inhibition was observed indicating the 

specificity of their inhibitory activity. 

 

As previously mentioned, cathepsin L is highly present in the ES from NEJ and adult 

F. hepatica. Considering that recombinant and native proteins can differ in terms of 

structure and function (Weaver et al., 1998), the ability of the recombinant FhStf-1, 

FhStf- 2 and FhStf-3 in inhibiting the native cathepsins in the ES products from NEJ, 

mainly FhCL3, and adult worms, FhCL1 and FhCL2 were assessed using specific 

fluorogenic substrates (Table 3.1). The results revealed that at low concentration (10 

nM) only FhStf-1 and FhStf- 2 were able to potently inhibit native cysteine 

peptidases present in NEJ ES (cathepsin L3) and all three FhStfs were able to inhibit 

native cysteine peptidase activity (FhCL1 and FhCL2) in adult ES by approximately 

50% or more, with FhStf-2 being the most potent. When the FhStfs were added into 

the assay at 500 nM, no cathepsin activity was observed in either ES analysed. These 

results correlate with the transcriptome analysis of the FhStf-1, FhStf-2 and FhStf-3 

genes within F. hepatica NEJs, 21 day old flukes and adult flukes. While all three 

genes follow a similar expression profile across the life cycle, FhStf-2 is found to be 

most highly expressed, which may explain its potency in native cysteine peptidase 

inhibition compared to FhStf-3 which is the least highly expressed of the three stefins 

across each life stage. However, it is also worth noting that the FhStfs tested were 

recombinantly produced proteins, which although clearly functional, may result in 

different inhibitory activity to the native forms.  
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The relationship between cathepsins and FhStfs were demonstrated by immunoblots 

experiments, using specific antibodies to each FhStf. In adult ES, the presence of 

FhStf-1, FhStf-2 and FhStf-3 could be confirmed, whereas in the parasites 

extracellular vesicles (EV) only FhStf-1 is present (Figure 3.11). Ultimately, these 

results also correlate with the immunolocalisation studies that identified FhStf-1 on 

the tegument of the parasite and in the gut, while FhStf-2 and FhStf-3 were only 

found in the gut and ‘secretory channels’ (Figure 3.10). The potent inhibition of the 

parasite secreted and host cysteine proteases, along with  their presence in high 

quantities in the tegument and even EV, for FhStf-1, suggest a role for F. hepatica 

stefins in the regulation of parasite processes such as penetration, development and 

immune evasion, as well as antigen processing and presentation by the host. 

 

Functional Expression and characterisation of the F. hepatica cystatins 

The cysteine protease Cathepsin L1 (FhCL1) was the first protein in the Dalton 

laboratory to be recombinantly expressed in the yeast P. pastoris (Collins et al., 

2004). The use of the P. pastoris expression system in the Dalton laboratory has 

resulted in the production and isolation of high quality, functional recombinant 

proteins from F. hepatica. Proteins such as FhCL1, previously mentioned, as well as 

FhCL2, FhCL3, cathepsin Bs and Kunitz-type inhibitor, for example, were produced 

in large concentrations (~ 10 µg/ml of culture medium) (Collins et al., 2004; Stack et 

al., 2008; Smith et al., 2016).  

 

E. coli has been the predominant cell of choice for commercial production of 

recombinant proteins and also within research laboratories as it is quick and 

relatively inexpensive to culture (Bill, 2014). Producing eukaryotic proteins in a 

prokaryotic cell host, however, can result in problems with protein insolubility and 

subsequently functional refolding into the correct 3-dimensional structure (Sorensen, 

2010). On the other hand, recombinant proteins that are expressed in yeast 

expression systems can be designed to be secreted by the yeast cells into the culture 

medium and go through similar post-translational modifications that they would 

when naturally produced and so avoiding problems with refolding and insolubility. 

Another advantage of recombinant protein expression in yeast is that these cell hosts 

do not contain endotoxins such as lipopolysaccharide found on the outer membrane 

of bacteria like E. coli (Wingfield, 2015) meaning that the end product from yeast 
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expression would be endotoxin free. The exclusion of endotoxin is a very important 

factor for the expression of the cysteine protease inhibitors from F. hepatica (FhStf-

1, FhStf-2 and FhStf-3) given the downstream application of these recombinant 

proteins in in vitro cellular experiments and in small and large animal vaccine trials. 

 

In this context, we chose to express the recombinant FhStf-1, FhStf-2 and FhStf-3 in 

Pichia pastoris due to the advantages offered by higher eukaryotic expression 

systems, including protein folding and post-translational modifications as well as 

being simpler to manipulate compared to Saccharomyces cerevisiae and E. coli 

resulting in 10- to 100- fold higher heterologous protein expression than S. cerevisiae 

(PichiaPink™ Expression System User Guide). There are three essential steps 

required for the expression of a ‘foreign gene’ in P. pastoris: (1) Insertion of the 

gene of interest into an expression vector; (2) introduction of the expression vector 

into the P. pastoris host; (3) examination of cells for expression of the gene of 

interest (Cereghino and Cregg, 2000). A number of P. pastoris expression vectors 

and strains are commercially available and the pPinkα-HC expression vector was 

chosen for ligation of the FhStf-1, FhStf-2 and FhStf-3 genes and transformation into 

P. pastoris. The pPinkα-HC is a high copy number expression vector that contains an 

α-mating factor pre-sequence of S. cerevisiae for secretion of the expressed protein.  

In this study, the genes encoding FhStf-1, FhStf-2 and FhStf-3 were generated 

synthetically. This approach allows the production of optimised gene constructs that 

increase the prospect of obtaining high levels of protein expression in P. pastoris. 

Three important modifications are generally made to enhance expression of the 

recombinant proteins in this system:  

1. Removal of the endogenous secretory signal peptides from FhStf-2 and 

FhStf-3; the yeast vector into which the genes are inserted have a yeast signal 

sequence already incorporated. 

2. Codon optimisation of FhStf-1, FhStf-2 and FhStf-3 was performed. The 

codon preference was altered according to the codon usage of the expression 

host P. pastoris. 

3. Alteration of N-glycosylation sites. This was not necessary in the present 

study as there were no N-glycosylation sites (N-X-T) present in FhStf-1, 
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FhStf-2 or FhStf-3 gene sequences. Removal of glycosylation sites prevent 

the addition of yeast glycans onto expressed proteins. 

 

FhStf-1, FhStf-2 and FhStf-3 genes were all codon optimised for expression in P. 

pastoris, synthesised and incorporated into the pUC57 vector. The pUC57 vector 

constructs were propagated in E. coli TOP10 cells and the FhStf-1, FhStf-2 and 

FhStf-3 genes removed from the vector by restriction digest with MlyI and KpnI 

restriction enzymes and the expected bands of 334bp, 325bp and 334bp for FhStf-1, 

FhStf-2 and FhStf-3, respectively, were obtained on DNA agarose gels (Figure 2.2). 

The pPinkα-HC expression vector was linearized with KpnI and StuI restriction 

enzymes making compatible ends for ligation of the FhStf-1, FhStf-2 and FhStf-3 

genes. After successful ligation of the genes into the pPinkα-HC expression vector, 

propagation in E. coli TOP10 cells and purification, as confirmed by the presence of 

the expected ~ 400 bp product on DNA agarose gels, the constructs were linearized 

with SpeI for transformation into PichiaPink™ Strain 1 cells via electroporation 

before being plated onto PAD plates. 

PichiaPink™ strain 1 cells (Life Technologies) were used for the transformation of 

FhStf-1-pPinkαHC, FhStf-2-pPinkαHC and FhStf-3-pPinkαHC plasmids. This cell 

strain is the wild-type ade2 gene knockout strain, meaning this cell is an adenine 

auxotroph and so requires an external source of adenine for growth and cannot grow 

on adenine dropout medium (PichiaPink™ Expression System User Guide). The 

ade2 knockout aids selection of successfully transformed colonies as transformation 

of PichiaPink™ strain 1 with the pPinkα-HC vector reinstates the ade2 gene and 

enables the growth of ‘white’ colonies that are readily visible. These colonies express 

high amounts of the ade2 gene product and therefore have high copies of the 

integrated construct, to form on adenine dropout agar plates. Pink colonies can also 

form on the adenine dropout agar plates; however, these colonies express minimal 

amounts of ade2 gene product suggesting lower copies of the integrated construct 

and so the colour can give an indication of the expression levels of the protein of 

interest and aids selection of colonies for expression (PichiaPink™ Expression 

System User Guide).  
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The presence of predominantly white colonies (and so containing the ade2 gene from 

the pPinkα-HC vector) and some pink colonies for all three genes indicated that the 

transformation of P. pastoris was successful.  A number of white colonies were 

therefore selected for rFhStf-1, rFhStf-2 and rFhStf-3 expression. Initially, small-

scale pilot (5 ml) expressions were carried out on each selected colony to screen for 

protein expression. Supernatant from FhStf-1, FhStf-2 and FhStf-3 pPinkαHC 

transformed P. pastoris cell cultures after methanol induction were analysed on 4-

20% SDS-PAGE gels. This allowed the easy and rapid visualisation of clones that 

expressed proteins as well as the comparison of expression levels between colonies. 

In this case, the expected protein bands of ~11kDa were observed for all three 

inhibitors. Only one of the eleven FhStf-1 transformed colonies and seven of the 

FhStf-2 transformed colonies did not express any protein, while all eleven FhStf-3 

transformed colonies were positive for protein expression. Following SDS-PAGE 

analysis, due to appearing to have the greatest protein expression, FhStf-1-pPinkαHC 

transformed PichiaPink™ strain 1 colony 11, FhStf-2-pPinkαHC transformed 

PichiaPink™ strain 1 colony 6 and FhStf-3-pPinkαHC transformed PichiaPink™ 

strain 1 colony 8 were selected for preparation of glycerol stocks and large scale 

protein expression.  

Once high-expressing yeast colonies were identified, large scale protein expression 

was carried out in 1 L of BMGY medium followed by 300 ml of BMMY media. This 

resulted in the expression of between 5 mg and 15 mg of each protein for use in 

protein characterisation experiments, large animal vaccine trials and specific 

antibody production. The recombinant FhStf-1, FhStf-2 and FhStf-3 eluted from the 

Ni-NTA columns were of high purity as determined by the SDS-PAGE analysis. A 

single band of ~11kDa was observed for each protein by SDS-PAGE and 

immunoblotting with anti-His-tag antibodies (Figure 2.8). Expression of between 5 

mg and 15 mg of FhStf-1, FhStf-2 and FhStf-3 from a single culture was considered 

very satisfactory, providing large enough quantities of purified and endotoxin free 

proteins to be used in further experiments. The results obtained were similar to the 

levels of FhCL1 expression using P. pastoris in our laboratory (Collins et al. 2003). 

The protein yields obtained using this expression model were comparable to those 

obtained by Cancela et al., (2017) of 10 mg of FhStf per culture using E. coli; 

however, based on the SDS-PAGE analysis of the recombinant protein presented in 
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this report the purity of the proteins obtained using E. coli was less than those 

produced using P. pastoris in the present study. In addition, protein yields obtained 

using this expression model were much greater than the yields obtained in other 

studies expressing cystatins from F. gigantica using E. coli (Tarasuk et al., 2009; 

Siricoon et al., 2012), which strongly suggests that this is a better expression system 

to produce recombinant stefins from parasites. 

Using SDS-PAGE, we found that molecular oligomers were present in the rFhStf-1, 

rFhStf-2 and rFhStf-3 elutions. However, following dialysis of the eluted proteins in 

PBS the oligomers were dissociated. The presence of oligomers in only the eluted 

protein samples and not in the less concentrated column flow-through and wash 

samples suggests that these oligomers form during the elution stage of the 

purification and that oligomerisation is due to the locally high protein concentration 

on the Ni-NTA beads as has also been previously reported with production of 

recombinant human cystatin C (Perlenfein and Murphy, 2016).  

N-terminal sequencing of the first five amino acids of the recombinant FhStf-1, 

FhStf-2 and FhStf-3 confirmed the correct expression of each purified protein. 

Samples of each purified protein were run on SDS-PAGE before being transferred 

onto PVDF membrane and stained with Coomassie blue. Edman degradation was 

applied for the identification of the first five amino acid residues at the N-terminus of 

the proteins by exposing the protein to phenyl isothiocyanate for sequential removal 

of the amino acids from the N-terminus for identification using HPLC 

(http://www.cambridgepeptides.com/sequencingDetails.shtml). Only one N-terminal 

sequence was obtained for each of the FhStf samples analysed confirming the 

purification of the correct protein and also indicating that the samples produced were 

homogeneous. 

Furthermore, expression of recombinant FhStf-1, FhStf-2 and FhStf-3 in a P. 

pastoris based expression system resulted in the production of functionally active 

inhibitory proteins as assessed through enzymatic inhibition assays with recombinant 

cysteine proteases. Recombinant FhStf-1, FhStf-2 and FhStf-3 were initially screened 

using recombinant FhCL1 at 500 nM and 10 nM and significantly reduced the 

activity of this peptidase, demonstrating that the recombinantly expressed FhStf-1, 

FhStf-2 and FhStf-3 proteins were functionally active. Inhibition constants (Ki ) in 
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the nanomolar range for all three recombinant FhStfs with recombinant FhCL1, 

FhCL2, FhCL3 and  human cathepsins L, K and S indicated that they are potent 

inhibitors of both F. hepatica and mammalian cysteine proteases (Table 3.2). This 

inhibitory profile is similar to those observed for other parasite cystatins such as 

HCcyst-2 from H. contortus, Bm-CPI-2 from B. malayi and Ov17 from O. volvulus 

(Manoury et al., 2001; Schönemeyer et al., 2001; Wang et al., 2017). Human 

cathepsin L, K and S are inhibited by the FhStfs because they are similar to FhCL1 

and FhCL2 in terms of their S1 and S2 binding site residues within the active site 

(Smith et al., 2016); these regions of the cysteine proteases is where the highly 

conserved N-terminal glycine residue of the inhibitor interacts in a substrate-like 

manner (Hall et al., 1993; Bjork et al., 1995). 

 

The role of cystatins in parasite-host relationships 

Phylogenetic analysis of the three single domain cysteine protease inhibitors of F. 

hepatica (FhStf-1, FhStf-2 and FhStf-3) used in this work along with various 

trematode species for which sequence data was available revealed that the F. 

hepatica inhibitors were members of the I25A subfamily type1 stefins. Type 1 

cystatins or stefins are low molecular weight inhibitors of approximately 11kDa. 

They are non-glycosylated, intracellular proteins which lack a signal sequence and 

do not contain disulphide bonds. Stefin A and B are examples of this class of 

cystatins and were originally found in a variety of mammals including humans (Turk 

and Bode, 1991). The proteolytic activity of various human cysteine peptidases such 

as cathepsins L and B is associated with tumour cell invasion and metastasis (Lah 

and Kos, 1998; Koblinski et al., 2000). Elevated levels of cathepsin L have been 

reported in a number of human cancers (Zajc et al., 2002), while altered expression 

of the cysteine protease inhibitors Stefin A and Stefin B have been associated with 

human epithelial cell carcinomas and various sarcomas (Lah et al., 1989; Lah et al., 

1990; Lah et al., 1992; Henskens et al., 1996). Moreover, a reduction in Stefin A 

expression has been demonstrated in cases of breast, prostate and cervical cancers 

(Eide et al., 1992; Zajc et al., 2002; Sinah et al., 2002). These studies highlight the 

vital role these inhibitors play in regulating cysteine peptidase activity during various 
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physiological and pathological processes occurring in an organism, and the 

importance of maintaining the protease/anti-protease balance. 

We discovered, however, that the F. hepatica cystatins fall into two different clades. 

FhStf-1 grouped with its F. gigantica orthologue FgStf-1 (Tarasuk et al. 2009) along 

with most of the other I25A platyhelminth cystatins analysed. On the other hand, 

FhStf-2 and FhStf-3 grouped in a separate clade, together with E. caproni cystatins 

and the FhStf-2 orthologue of F. gigantica (Siricoon et al. 2012). While these 

cystatins fall within the I25A cystatin subgroup they evidently diverge from classical 

stefins.  

Recently, a homolog of FhStf-3 has been discovered by transcriptome analysis of F. 

gigantica but has not been published in the literature (Cwiklinski, personal 

communication). Thus both related Fasciola parasites appear to have the same 

compliment of cystatins which is not surprising since they also express a similar 

profile of cathepsin L and cathepsin B proteases. 

Although FhStf-2 and FhStf-3 are members of the I25A subgroup type 1 stefins, the 

presence of signal sequences is characteristic of type 2 cystatins and therefore, in this 

respect, F. hepatica has generated a novel divergent I25A subgroup. The presence of 

a signal peptide has previously been observed in some unicellular eukaryotic I25A 

cystatins (Kordis and Turk, 2009) as well as in the I25A cystatin from F. gigantica 

(FgStf-2) (Sircoon et al. 2012). This combination of subfamily features may 

represent evolutionary change to reflect functional adaptations and diversity as 

required by the parasites for successful host invasion. In addition, the presence of a 

secretory signal in the F. hepatica stefins indicates that the parasite can release these 

inhibitors into host tissues where they can act as immune modulatory molecules, as 

part of a protective role, blocking host or even parasite peptidase activity. Indeed, 

these features observed in the F. hepatica stefin sequences are in line with the 

presence of stefins in the ES products and the immunolocalisation results showing it 

on the parasite surface. 

Additionally, enzymatic inhibition screens with FhStf-1, FhStf-2 and FhStf-3 against 

a range of biologically relevant cysteine proteases revealed that FhStf-1, FhStf-2 and 

FhStf-3 inhibit both parasite and host cysteine proteases with different specificities. 

Detailed inhibition kinetic studies demonstrated that this inhibition is very potent 
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with Ki values observed in the low nanomolar range, further supporting the idea of 

evolutionary change to provide functional adaptations required by the parasites for 

successful host invasion.  

Similar to its F. gigantica orthologue (Tarasuk et al., 2009), FhStf-1 showed greatest 

potency against mammalian cathepsins L and K but also inhibited cathepsins S and 

B. FhStf-2 also potently inhibited human cathepsins L, K, S and B suggesting that 

both inhibitors could play a role in the regulation of a range of host cysteine 

proteases. Considering that human cathepsins have been demonstrated to play central 

roles in processes such antigen presentation and in granule protease activation (Turk 

et al., 2012), it could represent an important mechanism of host immunomodulation. 

While FhStf-3 also inhibited all four of the host cysteine proteases screened, it was 

most potent against cathepsins K, L and S. The Ki value generated for FhStf-3 

cathepsin B inhibition was more than 200 times greater than that generated for the 

inhibition of cathepsin B by FhStf-2 (Table 3.2). This difference in the inhibitory 

potency of each stefin is hard to explain, although having a series of inhibitors with 

different specificities may allow for a greater span and potency of inhibition and also 

finer control over parasite and/or host peptidase regulation. It should be mentioned 

that there could be many other peptidases in the host tissues (for example, those in 

the complement or coagulation pathways or in various cell organelles) that were not 

examined in this study and may be worthwhile testing in the future to probe the 

complete specificity of the F. hepatica inhibitors. 

One of the most exciting possibilities is that the F. hepatica inhibitors are involved in 

host immune regulation. Cystatins have previously been reported to be involved in 

the modulation of host immune responses (Manoury et al., 2001; Schönemeyer et al., 

2001; Vray et al., 2002; Hartmann and Lucius, 2003). For example, cathepsin S is 

expressed in antigen presenting cells and is involved in antigen processing and 

presentation by these host immune cells (Brix et al., 2008). Cystatin C is an inhibitor 

of cathepsin S, as well as cathepsins L, K and B (Grzonka et al., 2001) and can block 

antigen presentation and processing by these cells through the inhibition of cathepsin 

S. Helminth cystatins, for example, Bm-CPI-2 from the filarial nematode Brugia 

malayi, have also been implicated in the inhibition of antigen processing and 

presentation by host immune cells, resulting in a reduced T cell response (Manoury 

et al., 2001) while a Nippocystatin (rNbCys) from the intestinal roundworm 
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Nippostrongylus brasiliensis was shown to reduce IFN- γ and IL-4 antigen specific 

production from splenocytes suggesting that N. brasiliensis secretes nippocystatin to 

modulate antigen processing and dodge the host immune response (Dainichi et al., 

2001). Cystatins have also been linked with modulation of host cytokine responses, 

with filarial cystatins having been shown to polarize a Th2 immune response 

(Hartmann and Lucius, 2003) in contrast to Caenorhabditis elegans cystatins which 

induce a Th1 immune response (Schierack et al., 2003) suggesting that cystatins of 

these nematodes have a specific scope for immunomodulation.  

In the present study, FhStf-1, FhStf-2 and FhStf-3 were shown to inhibit human 

cathepsins K, L and S, important proteases of the host immune system. Work by 

Asagiri et al., (2008) suggested that the collagenolytic cysteine protease, cathepsin 

K, even with its low expression levels in dendritic cells, plays a vital role in the host 

immune system through its regulation of Toll-like receptor 9 (TLR-9) signalling in 

dendritic cells. The marred induction of TH17 cells and impaired anti-inflammatory 

response as a result of decreased cytokine (IL-6 and IL23) (Park et al., 2005; Bettelli 

et al., 2006) expression by dendritic cells through cathepsin K inhibition led Asagiri 

et al. (2008) to propose a pro-inflammatory function for cathepsin K through 

dendritic cell signalling. Perhaps FhStf-1, FhStf-2 and FhStf-3 play a role in 

modulation of the host innate immune response through the inhibition of cathepsin K 

and reduction in TLR-9 mediated activation of dendritic cells. 

Cathepsins L and S play an integral role in processing MHC class II antigens and 

MHC class II trafficking and maturation (Driessen et al., 1999; Turk et al., 2001; 

Honey and Rudensky, 2003) through the proteolytic degradation of antigens into 

smaller fragments which are then ultimately bound to the MHC class II receptor site 

and trafficked to the cell outer membrane for antigen presentation (Cresswell, 1998; 

Onishi et al., 2004). T lymphocytes are stimulated as a result of MHC class II 

antigen presentation, therefore the inhibition of cysteine proteases involved in 

processing and trafficking MHC class II antigens could lead to a dampened adaptive 

immune response to an invading pathogen such as helminth parasites (Maizels and 

Yazdanbakhsh, 2003). 

As human cathepsin L is involved in the proteolytic processing of antigens in the 

lysosome, if engulfed by phagocytes, inhibition of cathepsin L by FhStf-1, FhStf-2 
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and FhStf-3 could diminish this process and impair antibody responses to the 

invading parasite. Indeed, work by Robinson et al. (2012) has shown that the uptake 

of a 6 kDa F. hepatica helminth defence molecule (HDM) by macrophages impairs 

antigen processing and presentation. The role FhStf-1, FhStf-2 and FhStf-3 may play 

in immunnoregulation through inhibition of lysosomal cysteine proteases requires 

further investigation in vivo.  

One method by which helminth parasites communicate with their host is through the 

release of extracellular vesicles (EVs). EVs are suggested to play a major role in 

parasite survival and modulation of host immune responses (Coakley et al., 2015). 

For example, EVs from the nematode H. polygyrus have been shown to target host 

macrophages and epithelial cells which results in depletion of IL-33 receptor 

expression and other immune genes being down regulated that leads to alternative 

and inflammatory macrophage activation being suppressed in vitro (Coakley et al., 

2017). In vivo work by Buck et al. (2014) also revealed that EVs from H. polygyrus 

when administered to mice suppressed type 2 innate responses and eosinophilia 

induced by the allergen Alternaria, driving an anti-Th2 inflammatory response. By 

contrast, Wang et al. (2015) showed that following treatment with EVs from the 

blood fluke S. japonicum, macrophages differentiated into the M1 subtype, 

suggesting that EVs from this parasite mediate M1 macrophage immune activity and 

drive a Th1-like inflammatory response. 

In this study, FhStf-1 has been identified in EVs from adult F. hepatica. Cwiklinski 

et al. (2015b) previously showed that FhCL1 is also part of the EV cargo. In Chapter 

3 it was shown that FhStf-1 (as well as FhStf-2 and FhStf-3) could inhibit auto-

activation of FhCL1, FhCL2 and FhCL3 zymogens under acidic activating 

conditions (pH 4.5). It is thought that EVs are also acidic (Scott and Gruenberg, 

2011) and so it is possible that auto-activation of FhCL1 present in the EVs occurs. 

FhStf-1 may play a role in inhibiting auto-activation of FhCL1 in EVs to ensure the 

proteolytic activity of FhCL1 is maintained until the EVs are delivered into host cells 

and aid the parasites migration through host tissues. The presence of FhStf-1 in F. 

hepatica EVs may be the mechanism by which this inhibitor enters host cells; 

however, further research is required to ascertain if and how these cysteine protease 

inhibitors are trafficked into host cells. It is interesting that FhStf-2 and FhStf-3 are 

not found in the EVs which may explain why these two inhibitors have evolved to 
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possess a secretory signal peptide that allows them to be released into the host via a 

separate classical secretory pathway. 

 

In the present work, FhStf-1, FhStf-2 and FhStf-3 protein expression was shown 

through immunolocalisation studies to be associated with the parasites tegumental 

surface, bifurcated gut and the ‘secretory channels’. The tegument of F. hepatica is a 

metabolically active layer that is repeatedly shed and replenished throughout 

infection in the mammalian host (Ravida et al., 2016). The tegument is closely linked 

with the host tissues performing a variety of roles such as nutrient absorption, 

molecule synthesis and secretion, as well as a protection mechanism against host 

enzymes (Fairweather et al., 1999; Ravida et al., 2016). The identification of rFhStf-

1 and -3 on the tegumental surface of 6h and 24h NEJs suggests that these molecules 

could come into contact with the host immune response and like cystatins of other 

parasites could be immunomodulatory. Given that the tegumental surface of the 

parasite is constantly exposed and accessible to the host immune system, molecules 

on the tegumental surface such as FhStf-1 and FhStf-3 could make good vaccine 

targets against the early stage parasite.  

F. hepatica secretes an array of temporally regulated cathepsin L and cathepsin B 

cysteine proteases to aid its migration through tissues and development within the 

host (Stack et al., 2008). The upregulation of FhStf-1, FhStf-2 and FhStf-3 in the gut 

6 h and 24 h after excystment occurs during the penetration of the host duodenum by 

the parasite and the secretion of the NEJ-specific gut cysteine proteases FhCL3 and 

FhCB3 (Cwiklinski et al., 2018). The expression of all three cysteine protease 

inhibitors in the parasite gut alongside the expression of FhCL3 and FhCB3 suggests 

that these inhibitors may play a crucial protective role in regulating the proteolytic 

activity of FhCL3 and FhCB3 during this vital stage of infection.  

Having identified the FhStf-1, FhStf-2 and FhStf-3 genes, transcriptomic analysis 

further revealed that all three genes are constitutively and highly expressed at each of 

the F. hepatica life stages analysed (metacercariae through to adult worm). While all 

three genes followed a similar expression profile, FhStf-2 is the most highly 

expressed. A down-regulation of expression of all three FhStf genes was observed in 

NEJs 24 h post-excystment to 21 day old juveniles, before expression was rapidly 

upregulated again in adult worms i.e. when the parasite is migrating throughout the 
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host liver and resides in the bile ducts (Andrews, 1999). While expression of all three 

FhStf genes is downregulated in 24 h NEJs, expression levels still remain relatively 

high with the transcript change observed from metercercariae to 21 day old juveniles 

being < 0.5 log10 transcripts per million (Log10 TPM) for each of the genes (Figure 

3.7). The immunolocalisation data in NEJs presented in Chapter 3 where FhStf-1, 

FhStf-2 and FhStf-3 were localised in both 6 h and 24 h post-excystment NEJs 

suggests that even though there is a downregulation at transcriptome level at 24 h 

post-excystment, this is not reflected at the protein level as we can still observe the 

presence of all three stefins in the parasite at 24 h, at levels similar to that observed 

in 6 h NEJs. Collectively, this data suggests that these protease inhibitors are 

required for the parasites early development as well as its migration within the 

mammalian host. 

 

Quantitative expression analysis (qPCR) showed that FhStf-1 transcription levels 

remain relatively constant at 6 h, 10 h, 24 h and 48 h post-excystment when 

compared with transcription at excysment. This consistent transcription and 

localisation within the gut of the parasite coincides with the localisation and 

transcription pattern of the NEJ-specific proteases FhCL3 and FhCB3 (Cwiklinski et 

al., 2018) which could imply that this inhibitor regulates this protease activity. 

Transcription levels of FhStf-2 are significantly upregulated at 6 h and 10 h post-

excystment when compared with transcription at excystment prior to being 

significantly downregulated at 24 h and 48 h when compared to transcription at 10 h. 

Like FhStf-1, transcription of FhStf-2 follows a similar pattern to the transcription of 

FhCL3 in NEJs with significant upregulation at 6 h and 10 h with downregulation at 

24 h and 48 h post-excystment, as described by Cwiklinski et al. (2018). The authors 

proposed that when F. hepatica is invading the host intestinal wall, it utilises FhCL3 

in tissue migration. The striking similarity between the transcription profiles of 

FhStf-2 and FhCL3 revealed by qPCR indicates that FhStf-2 may play a role in the 

regulation of FhCL3 activity during tissue migration. These observations are in line 

with the ability of FhStf-1 and FhStf-2 to strongly inhibit the enzymatic activity of 

NEJ ES, which is mainly composed of native FhCL3 (Figure 3.8) and the inhibition 

of recombinant FhCL3. 
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Transcription levels of FhStf-3 are also significantly upregulated at 6 h and 10 h 

post-excystment as well as at 24 h and 48 h when compared with transcription at 

excystment. Upregulation of FhStf-3 expression at 6 h and its relatively consistent 

continual expression at 10 h, 24 h and 48 h suggest FhStf-3 may play a similar role 

as FhStf-2 in regulation of FhCL3 activity and other cysteine proteases that are 

expressed at this stage or later during the parasites migration. Indeed, in the 

enzymatic assays FhStf-3 showed high activity against recombinant FhCL1 and 2 

and ES from adult flukes, as well as the ability of inhibiting hosts proteases. 

However, it is important to notice that, given that FhCB3 and FhCL3 proteases make 

up the major components of NEJ secreted proteins in the first 24 h after excystment 

(Cwiklinski et al., 2018) and their localisation in the parasite gut for the absorption 

of nutrients, having three cysteine protease inhibitors following similar transcription 

and localisation profiles highlights the importance of regulation of this proteolytic 

activity to the parasites survival at its most vulnerable stage.  

In conclusion, regulation of proteolytic activity is a crucial protective process within 

F. hepatica and the potent inhibitory activity of FhStf-1, FhStf-2 and FhStf-3 against 

fluke cysteine proteases FhCL1, FhCL2 and FhCL3 suggests a role for F. hepatica 

cystatins during processes such as penetration, feeding and development. Moreover, 

the observed inhibition towards host cysteine proteases is possibly an important 

mechanism of evasion of the host response, allowing the parasite overcome specific 

defences that could prevent the establishment of the infection. Given their central 

role in regulation of such an important class of proteases, FhStf-1, FhStf-2 and FhStf-

3, therefore, represent novel vaccine candidates and drug targets. 

 

Vaccination of sheep with cystatins and Kunitz-type inhibitors 

It is estimated that > €400 million is spent each year in Europe alone on anthelmintic 

drugs for parasitic helminth infections in ruminants (Selzer, 2009; Morgan et al., 

2013; Molina-Hernandez et al., 2015). Anthelmintic resistance in F. hepatica is 

increasing and, therefore, the sole use of drugs such as triclabendazole to control this 

parasitic infection is not viable (Overend and Bowen, 1995; Moll et al., 2000; 

Fairweather, 2011; Gordon et al., 2012; Dalton et al., 2013; Ortiz et al., 2013; 

Brockwell et al., 2014). This situation highlights the importance of discovering new 
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methods of control for this parasitic infection, such as vaccines. Moreover, vaccines 

would help move us away from the use of chemical treatments that contaminate our 

waterways and, accordingly, should be viewed as a much more responsible and 

‘greener’ means of controlling disease in livestock. 

Given that F. hepatica-expressed molecules that act at the host-parasite interface aid 

parasite development and survival and modify host immune cell function, they are of 

major interest as vaccine targets in our laboratory. We have made great strides in 

developing means of their identification, characterisation and recombinant 

expression.  In addition, considering that the ideal vaccine should prevent any 

pathogenesis exhibited by infected animals, we regard antigens expressed by the 

early infective stages as the most important candidates at which we should develop 

vaccines. Therefore, FhStf-1, FhStf-2, FhStf-3 and the Kunitz-type inhibitor, FhKT1, 

were selected as vaccine candidates for use in large animal vaccine trials because (a) 

they are expressed in large amounts and secreted by the early infectious stages of the 

parasite, NEJ, as identified by genome and stage specific transcriptome/proteome 

analysis (b) they are likely involved in important host-parasite interactions, and (c) 

their small size makes them readily amenable to recombinant production and 

downstream isolation. 

Certainly, the search for a vaccine as an alternative approach to the control of 

fasciolosis is not a recent idea and much progress has been made over the years in 

identifying novel vaccine candidates at an experimental level. The efficacy of a 

number of antigens has been assessed over the last few decades in an attempt to 

establish protection against fasciolosis in ruminants.  

Early vaccine trials utilised native F. hepatica enzymes such as the cathepsins L1 

and L2 (Dalton et al., 1996) which obtained protection levels of 53.7% and 72.4% 

respectively and leucine aminopeptidase (LAP) (Piacenza et al., 1999) which showed 

an encouraging protection level of 89%. The majority of antigens initially trialled 

were isolated as native proteins from Fasciola spp. ES products as adult flukes are 

readily isolated from the bile ducts of infected animals at abattoirs. However, given 

that the use of native proteins is not commercially viable due to the large quantities 

that would be required, more recent trials have use recombinantly produced versions 

of the various candidate antigens formulated in adjuvant.  
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The use of recombinant, functional proteins in vaccine trials against Fasciola has 

produced varied results. Golden et al., (2010) reported a 48% reduction in fluke 

burden in cattle through vaccination with recombinant F. hepatica cathepsin L1 

whilst no significant protection was observed in goats also vaccinated with 

recombinant cathepsin L1 (Pérez-Ecija et al., 2010; Buffoni et al., 2012; Zafra et al., 

2013). Trials in mice using recombinant pro-F. gigantica cathepsin L1 formulated in 

Freund’s adjuvant also showed variable results. Sansri et al. (2015) demonstrated 

that vaccinated mice had a 62.7% and 66.1% reduction in worm burden when 

compared to the non-vaccinated control infected group and those vaccinated with 

only Freund’s adjuvant and infected, respectively. On the other hand, Kueakhai et al. 

(2015) only observed a 39.1% and 41.7% reduction in worm burden of mice 

vaccinated with pro-F. gigantica cathepsin L1 formulated in Freund’s adjuvant when 

compared with the non-vaccinated infected and adjuvant-infected control groups. 

Kueakhai and colleagues observed slightly higher levels of protection, 44.9% and 

47.2%, in mice vaccinated with the mature 25kDa form of F. gigantica cathepsin L1 

compared to the non-vaccinated infected and adjuvant-infected control groups.  

In 2018, Wesołowska et al. used transgenic lettuce expressing a F. hepatica cysteine 

protease (CPFhW) to orally vaccinate sheep and cattle against fasciolosis as an 

alternative to conventional vaccination via injection. Vaccinated cattle showed a 

significant reduction in fluke burden of 56.2% compared to the non-vaccinated 

controls while vaccinated sheep showed a 35.5% reduction. Interestingly, when the 

authors analysed their data by sex, they found that female cattle were more protected 

than the males with a 68.1% reduction in fluke burden compared to 45.8% in males. 

The opposite effect was observed in sheep, with male lambs showing a significant 

reduction in fluke burden of 54.7% compared to the males in the control infected 

group and female lambs only showing a 20.3% reduction (Wesołowska et al., 2018). 

This study not only highlighted the difference in levels of protection between sheep 

and cattle receiving the same vaccination but that host sex also has an impact on the 

levels of protection achieved against F. hepatica infection. 

 The potential of the Fasciola spp. juvenile specific cathepsin B peptidases to protect 

against Fasciola spp. infection has also been assessed through vaccine trials in mice 

and rats. Jayaraj et al. (2009) observed a 60% reduction in fluke burden in rats 

vaccinated with recombinant F. hepatica cathepsin B compared to the non-
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vaccinated control animals. Promising levels of protection were also observed by 

Chantree et al. (2013) in mice immunised with recombinant F. gigantica cathepsin 

B2 (rFgCatB2) and B3 (rFgCatB3) formulated in Freund’s adjuvant.  Mice 

vaccinated with rFgCatB2 displayed a 60% reduction in fluke burden while those 

immunised with rFgCatB3 exhibited a 66% in parasite burden. While Jayaraj and 

colleagues (2009) observed a 60% reduction in worm burden through vaccination 

with F. hepatica cathepsin B, they also observed an 83% reduction in fluke burden in 

rats vaccinated with cathepsin B in combination with cathepsin L5, suggesting that 

combinations of antigens could increase the efficacy of vaccines.  

A number of studies have looked at the efficacy of the recombinant form of an 

aminoprotease, the metallopeptidase leucine aminopeptidase (LAP). While 

vaccination of ruminants with native F. hepatica LAP elicited an 89% protection 

level (Piacenza et al., 1999), use of a recombinant form of this enzyme in 

vaccinations has produced variable results. Fluke burdens have been reduced from 49 

– 86% in sheep (Maggioli et al., 2011) while no significant protection has also been 

observed in vaccinated buffalo (Raina et al., 2011).  

Recently the potential of a recombinant form of the antioxidant enzyme helminth 2-

cys peroxiredoxin (Prx) from F. gigantica (rFgPrx-2) has also been assessed through 

vaccine trials in mice. The rationale of the vaccine was to induce peroxiredoxin-

neutralising antibody that would block the parasites ability to prevent attack by 

reactive oxygen species produced by innate immune effector cells. A protection level 

of 46% in vaccinated animals was observed when compared to the control, infected 

group (Sangpairoj et al., 2018). 

The variability observed across multiple trials using the same antigens may be a 

result of a number of elements. The preparation and purity of the recombinant 

antigens used may have an effect as well as the choice of adjuvant the antigens are 

formulated in. The viability of metacercariae and so, challenge infection success 

rates, along with vaccination protocols used all need to be considered. The findings 

by Wesołowska et al. (2018) with regards to differing levels of protection in male 

and female cattle and sheep suggests that a variety of approaches may need to be 

taken with regards to host species and sex in order to develop successful 

vaccinations. 
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The vaccine employed in this study involved a cocktail of recombinant FhStf-1, 

FhStf-2 and FhStf-3 antigens and a Kunitz-type inhibitor, rFhKT1, produced in 

yeast. Kunitz type inhibitors are low molecular weight, serine protease inhibitors 

involved in a variety of physiological processes (Wan et al., 2013; Smith et al., 

2016). Recombinant FhKT1 was expressed and purified in our laboratory as 

described by Smith et al. (2016). Extensive characterisation of rFhKT1 revealed no 

inhibitory activity against serine proteases but a surprising and unexpected potent 

inhibitory profile against F. hepatica cysteine proteases, cathepsin L1 and L2 and 

human cathepsins L and K. Thus, the Kunitz inhibitor is a unique adaptation of a 

serine protease inhibitor and points to a fundamental role of this molecule in fluke 

biology. 

As demonstrated in this study for stefins and by Smith et al. (2016) for Kunitz, the 

secretion of these inhibitors from the gastrodermal cells by NEJs and their potent 

inhibition of host and parasite cathepsins suggested that the protease/anti-protease 

balance may be an integral part in the regulation of host tissue penetration, feeding, 

development and immune evasion. In addition, these inhibitors could block the 

activity of host innate cell proteases involved in antigen processing and presentation. 

These functions would be critical to the parasite’s survival and thus interference of 

this balance has the potential to be disrupted through vaccination with recombinant 

versions of the F. hepatica FhStf-1, FhStf-2 and FhStf-3 and FhKT1 as antigens.  

In this study, we performed vaccine trials in sheep using standard protocols involving 

three vaccinations followed by an oral challenge with commercially obtained 

metacercaraie. The strain of parasite was South Gloucester isolate and was supplied 

by Ridgeway Ltd, UK. Animals were sacrificed 16 weeks after the challenge 

infection and the efficacy of the rFhStf-1, rFhStf-2, and rFhStf-3 and rFhKT1 

vaccine cocktail was assessed by (a) measuring each animals weight gain, (b) 

enumerating parasite burdens in the liver, and (c) analysing humoral immune 

responses to each antigen before and after vaccination, and over the course of the 

challenge infection.  

As expected, all animals gained weight over the trial period; however, statistical 

analysis showed that there was a significantly greater weight gain in vaccinated 

animals (P =0.0006). Vaccinated animals weighed, on average, 4.2 kg more 
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compared to the non-vaccinated control animals. The reduction in weight loss 

associated with infection is an important result and novel result. Work by Mulcahy et 

al. (1999), in which calves were vaccinated with either the cysteine protease FhCL2 

plus fluke derived haemoglobin-fraction (FHB) or FhCL1 plus FhCL2 and 

challenged with 500 metacercariae, saw no significant differences in respect of 

weight gains between groups over the trial period. By contrast, Zafra et al. (2013) 

found that goats immunised with recombinant FhCL1 and orally infected with 100 

metacercariae had a significantly higher weight gain compared to the unvaccinated 

controls, even though no significant difference in fluke burdens was observed 

between the two groups. The findings by Zafra et al. (2013) are in keeping with our 

results, as T-test analysis indicated that the fluke burden of vaccinated animals was 

non-significant (P > 0.05) when compared to the non-vaccinated control group.  

The considerable individual variability observed with regard to fluke burden within 

each group is consistent with the high individual variability described in previous 

vaccine trials in goats challenged with F. hepatica metacercariae and immunized 

with recombinant F. hepatica peroxiredoxin (Mendes et al., 2010). Hacariz et al. 

(2009) assessed the variability in fluke burden in sheep following infection with 100 

F. hepatica metacercariae and found that fluke burden varied from light, medium and 

heavy across the animals. This is not a situation particular to F. hepatica, as goats 

vaccinated with a synthetic peptide of the Schistosoma mansoni Sm14 antigen (Zafra 

et al., 2008) exhibited reductions in blood fluke burdens that were not statistically 

significant with non-vaccinated animals due to high individual variability in both 

immunised and non-immunised groups. Accordingly, we agree with Flynn et al. 

(2010) that a greater knowledge of the natural protective or genetic response of 

ruminants would help our understanding of high individual variability in response to 

F. hepatica infection and potentially enable better selection of future vaccine 

candidates and vaccine formulation in order to generate the best host immune 

response.  

Scrutinizing the multitude of cytokines and innate and adaptive cellular pathways 

that are generated in response to infection with F. hepatica is key in determining 

those that protect against infection and prevent excessive tissue damage. It is known 

that infection with F. hepatica drives the host immune system towards a Th2 

response with the generation of IgG1 antibodies and a down-regulation of a Th-1 
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response and the absence or low-level titres of IgG2 (Mulcahy et al., 1998, 1999; 

Flynn et al., 2009). Donnelly et al. (2005, 2008) have shown in mice that the parasite 

causes hepatic damage in the host but limits pro-inflammatory Th1 protective 

immune responses and promotes an anti-inflammatory Th2 immune response, 

preventing a protective immune response against the parasite being generated and, 

consequently enabling a chronic infection to be established. Therefore, the parasite 

has some potent mechanism of controlling the host immunological reaction which 

suggests that polarised Th2 immune responses benefit the parasites survival. 

Immunoglobulin (IgG) antibody levels in the serum of control and vaccinated sheep 

were determined by indirect ELISA to each of the vaccine cocktail components, 

rFhStf-1, rFhStf-2, rFhStf-3 and rFhKunitz (FhKT1). Our analysis showed that 

responses to each of the four antigens varied considerably over the course of 

vaccination and challenge. While total antibody responses to rFhStf-1 did not differ 

significantly between the vaccinated and control non-vaccinated group at any time-

point before or after vaccination and challenge, increased antibody responses to 

rFhStf-2 were observed after vaccination and infection. However due to high 

individual variability, this result was not statistically significantly different when 

compared to the control, non-vaccinated group (Figure 4.5). Total antibody responses 

generated to rFhStf-3, however, were statistically different when compared to the 

control group after vaccination and at every time-point after experimental challenge.  

There was an elevated immune antibody response to rFhKT1 induced by vaccination 

but responses to this vaccine component were not boosted following infection. In 

short, despite specific total IgG responses to the vaccine components being observed, 

no correlation was found in this work between the serum IgG levels of vaccinated 

animals and protection. A similar finding was previously observed in studies on 

serum IgG and IgA responses in sheep and calves vaccinated with cysteine proteases 

of F. hepatica and then challenged with metacercariae (Wedrychowicz et al., 2007). 

The humoral immune responses of the vaccinated and non-vaccinated sheep against 

the vaccine cocktail (rFhStf-1, rFhStf-2, rFhStf-3 and rFhKT-1) were further probed 

through analysis of serum IgG1 and IgG2 antibody levels following vaccination and 

during infection. IgG1 antibody profiles for rFhStf-1, rFhStf-2, rFhStf-3 and rFhKT-1 

were comparable, with mean IgG1 serum levels for all four antigens in the vaccinated 

animals increasing after the third and final immunisation. Three weeks post-
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challenge infection a small increase in the IgG1 antibody responses was observed; 

however, this increase was not statistically significantly different to the levels 

observed after the third and final immunisation (week eight) suggesting that either 

maximum titres are reached by immunisation that cannot be further boosted or that 

infection does not induce further stimulation of B-cells following the challenge. In 

contrast with our current findings, previous vaccine trials in cattle using an FhCL1 

vaccine have also shown that immunisation generates a specific IgG1 response to 

vaccination which is then boosted after challenge with metacercariae and that 

specific IgG1 levels in the sera of the infected, unvaccinated control animals were 

lower than those of the vaccinated animals (Dalton et al., 1996; Mulcahy et al., 

1998).  

IgG1 serum levels against all four vaccine components had decreased by sixteen 

weeks post challenge infection compared to the levels observed at three weeks post-

challenge infection. The reduced IgG1 levels to rFhStf-2 and FhStf-3 observed at 

sixteen weeks post-infection were statistically different to those recorded after the 

final immunisation. Given that this time-point corresponds with parasite entry to the 

bile ducts, it suggests that movement away from the tissues and into the space of the 

bile duct causes a decrease in infection-induced (and also immunisation-induced) 

host immune responses.  

In the same manner to IgG1, the IgG2 antibody responses to rFhStf-1, rFhStf-2, 

rFhStf-3 and rFhKT-1 were measured after vaccination and following challenge 

infection. Similarly to that observed for IgG1, the mean IgG2 serum levels for all four 

antigens in vaccinated animals increased from the beginning of the trial period to 

week eight after the third and final immunisation indicating that vaccination 

generates IgG2 antibody to each antigen within the vaccine. In contrast to IgG1 

levels, mean IgG2 levels decreased after the challenge infection, indicating that 

boosting of the vaccine-induced IgG2 response does not occur following 

experimental challenge, suggesting that infection may have a negative effect on the 

production of IgG2. Golden et al. (2010) reported a similar finding when they 

examined the effect of vaccination of cattle with rFhCL1 against natural infection of 

F. hepatica. Serum IgG2 levels increased following vaccination with rFhCL1 but 

IgG2 levels decreased following pasture exposure. In contrast, Mulcahy et al. (1999) 

found that cattle immunised with FhCL1 generated specific IgG2 in response to 
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vaccination and continued to produce this antibody following subsequent challenge 

with F. hepatica metacercariae.  

Important information could be gleaned from the non-vaccinated but infected control 

group by measuring their response to the vaccine components. Isotyping revealed 

that in the infected control animals there was specific IgG1 production with little or 

no specific IgG2 production, indicating a strong polarised Th2 response as a result of 

infection and suggests that the rFhStf-1, rFhStf-2, rFhStf-3 and rFhKT1 molecules 

have low IgG2-stimulating immunogenicity during an experimental infection (which 

in our study is a large dose of 150 metacercariae). By contrast, the vaccinated 

animals produced both IgG1 and IgG2 isotypes suggesting a mixed Th1/Th2 response 

in these animals to each antigen.    

The correlations between serum levels of IgG1 and IgG2 to all four vaccine 

components in vaccinated animals with fluke burden and weight gain were analysed. 

The data revealed that no correlation exists between fluke burden or weight gain and 

levels of IgG1 and IgG2 to rFhStf-1, rFhStf-2, rFhStf-3 and rFhKT-1 in vaccinated 

animals. Accordingly, we could not attribute protective responses to immunoglobulin 

titre or isotype which could suggest that humoral immune responses are not a major 

component of the immune protection against liver flukes generated by our vaccine.  

No significant correlation between IgG2 levels and fluke burden in sheep vaccinated 

with LAP was also reported by Maggioli et al. (2011). Golden et al. (2010) also 

reported no significant correlations between antibody responses and fluke burden in 

cattle vaccinated with rFhCL1 and then challenged by exposure to natural infection 

on grassland. The authors suggested that this may have been as a result of a low level 

of infection in the animals (<9 adult liver flukes on average).  

Mulcahy (1999) and colleagues, however, reported an association with low fluke 

burden and a strong IgG2 response in vaccinated animals demonstrating that 

vaccination can potentially induce a protective Th1 response to F. hepatica infection.  

The lack of correlations between serum levels of IgG1 and IgG2 to all four vaccine 

components in vaccinated animals with fluke burden and weight gain in our current 

work may be explained by the high individual variability observed in vaccinated 

animals with regard to serum levels of IgG1 and IgG2, weight gain and fluke burden. 
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Our finding that vaccinated animals have gained more weight than non-vaccinated 

animals, i.e. vaccinated animals have less weight loss associated with infection, is 

significant and has important implications. Parasites impact greatly on livestock 

productivity by affecting animal growth rates, the quality of milk, meat and wool 

production as well as fertility (Molina-Hernandez et al., 2015). As previously 

mentioned, it is estimated that in Europe alone > €400 million is spent on 

anthelmintic control of parasitic helminth infections in ruminants (Selzer, 2009; 

Morgan et al., 2013; Molina-Hernandez et al., 2015) which contributes to the global 

economic losses in excess of $3 billion annually as a result of infection with 

Fasciola. Although our cocktail vaccine did not result in a significant reduction in 

parasite burden, the pathogenicity associated with infection, in terms of animal 

weight loss, was reduced and this is economically important, particularly to farmers.  

It is also important to consider the way in which we evaluate vaccine efficacy. Is 

assessing parasite burden really reflecting the success of a vaccine? As we have 

shown, a significant reduction in parasite burden was not observed yet a reduction in 

pathogenicity was achieved. Given that the many previous vaccine trials discussed in 

this thesis evaluate vaccine efficacy in a similar manner, through assessing parasite 

burden, and have no significant results or variable results using the same antigen, 

suggests that new methods of evaluation of efficacy may be required.  Another factor 

that needs to be considered is the way in which we orally challenge animals. Parasite 

dose could be having a huge impact on vaccine efficacy. A large single dose of 

metacercariae could in fact be completely overpowering and adversely affecting the 

humoral response generated to vaccine antigens. Could vaccines that have been 

previously tested be more successful if animals are faced with a more ‘natural’ 

infection rate? Ultimately, all of these factors make it very difficult to truly say how 

successful a vaccine is.  
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Conclusion and future studies: 

 

As previously mentioned, the efficacy of various F. hepatica molecules as vaccine 

antigens has been examined over the last three decades (Toet et al. 2014). The 

antigens tested have been native or recombinantly produced proteins formulated in a 

number of adjuvants and tested in a range of hosts including cattle, sheep, mice and 

goats.  The protection levels generated through the use of these F. hepatica antigens 

as vaccine components, in terms of a reduction in animal fluke burden, under 

experimental trial conditions has varied greatly, which raises the question – what 

level of protection generated by a vaccine is required for it to be considered viable? 

Turner et al. (2016) developed the first mathematical model to assess how effective 

Fasciola vaccines, that provide incomplete protection, are under trial conditions in 

the field. The authors assessed which effects of the vaccine were most beneficial in 

reducing fluke burden and fluke egg production through the analysis of fluke 

development within animals, the seasonal temperature changes which affect 

metacercariae survival rates and animals seasonal exposure to metacercariae. Turner 

and colleagues analysis suggests that fluke burden and egg output could be reduced 

by up to 43% and 99% on average by potential vaccine candidates and that a vaccine 

must protect 90% of the herd for the entire season in order for it to be effective. 

Through the use of this mathematical model the authors concluded that vaccines, that 

provide partial protection, could greatly assist in the control of fasciolosis through 

reduced anthelmintic use and spread of anthelmintic resistance (Turner et al., 2016). 

 

In this thesis we have reported and functionally characterised recombinant forms of 

three cystatin molecules expressed by the trematode F. hepatica. We have classified 

these molecules as type 1 cystatins (stefins) as a result of our phylogenetic analysis 

and have revealed a potent inhibitory profile for all three molecules against both host 

and parasite cysteine proteases through our enzyme kinetics studies.  Our vaccination 

studies revealed that animals vaccinated with recombinant FhStf-1, FhStf-2, FhStf-3 

and FhKT1 and orally challenged with F. hepatica metacercariae had a statistically 

significant weight gain when compared to non-vaccinated animals. 

 

The potent inhibition of the parasite secreted and host cysteine proteases along with 

their localisation in the gut with cysteine proteases essential for the parasites survival 
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in the host suggests a role for these F. hepatica stefins in the regulation of parasite 

processes such as penetration, development and immune evasion, as well as antigen 

processing and presentation by the host.  

 

Immunolocalisation studies revealed that the cystatin molecules are located in the 

parasite gut alongside major parasite cathepsins. Immunoblotting confirmed the 

presence of FhStf-1 in the adult parasites extracellular vesicles (EV) as was reported 

in proteomic analysis by Cwiklinski et al. (2015b) and de la Torre-Escudero et al. 

(2019). The studies of de la Torre-Escudero et al. (2019) suggested that large EVs 

are produced in the gut epithelial cells and secreted extracorporeally. We propose 

that FhStf-1, as a component of the large EV cargo, could be delivered into host cells 

(e.g. macrophages, dendritic cells) where it could be taken up by lysosomes, an 

organelle that house several cysteine proteases including cathepsin L, cathepsin B 

and cathepsin S. Inhibition of these proteases have the potential to block antigen 

processing and presentation on the surface with MHC class II and thus a fundamental 

event in immune recognition could be impaired. 

 

Despite no correlation being shown to exist between serum levels of IgG1, IgG2, 

weight gain and fluke burden in animals vaccinated with the FhStf-1, FhStf-2, FhStf-

3 and FhKT1 vaccine cocktail, the significant difference in weight gain between the 

vaccinated animals and non-vaccinated control animals is an interesting and relevant 

finding. As fasciolosis causes annual losses exceeding $3 billion to the agricultural 

sector as a result of reduced quality and quantity of animal produce such as milk, 

meat and wool (Robinson and Dalton, 2009) a reduction in weight loss associated 

with the disease would be of financial benefit to the vaccine end users i.e. farmers. 

Therefore further analysing this antigen combination in vaccine trials in the future is 

important.  

Another point worth noting is the infection dose given in experimental trials; 150 

metacercariae were given to sheep at a single time-point in our vaccine trial. It would 

be interesting to assess if the rate at which infection is administered has an effect on 

protective immunity. Could such a large dose at a single time-point actually be 

negatively affecting the IgG1 and IgG2 response generated by the vaccine? Future 

work could focus on using the same vaccine cocktail described in this thesis in field 
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trials where more ‘natural’ rates of infection occur to address these questions. Going 

forward, vaccination and experimental challenge protocols as well as how vaccine 

efficacy is evaluated must change in order to enable a breakthrough in new control 

measures in the F. hepatica field.  

Another more fundamental area that needs to be explored relates to the potential 

immunomodulatory properties of FhStf-1, FhStf-2 and FhStf-3. It would be exciting 

to assess their anti-allergic and anti-inflammatory potential that has been seen in 

other helminth cystatins. Schnoeller et al. (2008) reported that a secreted cystatin of 

filarial nematodes suppresses Th2 related inflammation and the subsequent asthma in 

a mouse model of ovalbumin (OVA) induced allergic airway. Treatment with the 

filarial cystatin was shown to inhibit eosinophil recruitment, reduce levels of IgE, 

downregulate IL-4 production and so suppress the allergic hyper-reactivity response 

to OVA. It is therefore possible that the cystatins of F. hepatica may also possess 

similar anti-inflammatory properties.  

 

A recent review by Maizels et al. (2018) describes how parasites produce a myriad of 

molecules that interfere with the host immune system in various ways. The native 

fatty acid binding protein of F. hepatica Fh12, and its recombinant form, Fh15, were 

shown to inhibit TLR4 activation and suppress LPS-induced inflammatory cytokines 

(Martin et al., 2015; Ramos-Benitez et al., 2017) while the major cysteine proteases 

FhCL1 and SmCB1 secreted by the helminths F. hepatica and S. mansoni have been 

shown to block TLR signalling and suppress the development of Th1 responses 

within their host to aid their survival (Donnelly et al., 2010).  A recombinant cystatin 

of the filarial nematode A. viteae has been shown to enhance the production of IL-10 

and decrease IL-4 production from spleen cells (Hartmann et al., 1997; Hartmann et 

al., 2002). The oncocystatin Ov17 from O. volvulus has the potential to manipulate 

the host immune response through its suppression of stimulated PBMC proliferation, 

resulting in increased IL-10 production and the generation of a more favourable 

environment (Schönemeyer et al., 2001).  The Kunitz-type molecule of F. hepatica 

(FhKTM) has been shown by Falcon et al. (2014) to reduce dendritic cell activation 

and their ability to induce an inflammatory response through a reduction in 

inflammatory cytokine production. Research in this area is growing and could lead to 

the development of novel bio-therapeutics that could treat immune-related human 
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conditions such as asthma, allergies and a number of autoimmune diseases such as 

multiple sclerosis (MS), Type I diabetes (T1D) and arthritis.  
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Appendix A 

Buffer Recipes 

 

YPD MEDIUM 

1% yeast extract 

2% peptone 

2% dextrose 

BMGY 

1% yeast extract 

2% peptone 

100 mM potassium phosphate, pH 6.0 

1.34% YNB 

0.00004% biotin 

1% glycerol 

 

BMMY 

1% yeast extract 

2% peptone 

100 mM potassium phosphate, pH 6.0 

1.34% YNB 

0.00004% biotin 

0.5% methanol 

 

COLUMN BUFFER 

50 mM sodium phosphate buffer, pH 8.0  

300 mM NaCl 

10 mM imidazole 

Solution adjusted to pH 8.0 with HCl. 
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WASH BUFFER 

50 mM sodium phosphate buffer, pH 8.0  

300 mM NaCl  

20 mM imidazole  

Solution adjusted to pH 8.0 with HCl. 

 

ELUTION BUFFER 

50 mM sodium phosphate buffer, pH 7.0 

300 mM NaCl  

250 mM imidazole  

Solution adjusted to pH 7.0 with HCl. 

 

TRIS-GLYCINE RUNNING BUFFER 

25 mM Tris base 

250 mM glycine 

10% methanol 

 

TBST 

20 mM Tris-HCl 

150 mM NaCl 

1% Tween 

Solution adjusted to pH 7.0 with NaOH. 

 

SODIUM ACETATE BUFFER (100 mM) 

100 mM sodium acetate, anhydrous 

100 mM glacial acetic acid 

1mM DTT  

1mM EDTA 

 0.01% Brij L23  

Solution adjusted to pH 5.5 with glacial acetic acid. 
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CITRATE PHOSPHATE BUFFER (50 mM) 

100 mM Na2HPO4 (dibasic) 

50 mM citric acid 

1 mM DTT 

0.01% Brij L23 

Solution adjusted to pH 5.5 

 

TAE 

40 mM Tris acetate 

1 mM EDTA 

 

 

Appendix B 

 

Primer sequences table 

Primer name Primer sequence (5’ – 3’) 

FhStf-1 forward GGGAACAGCTGGAATCACAT 

FhStf-1 reverse CAGCTCCTGGAAGATTCTGG 

FhStf-2 forward TGAGCTGTGATGTTTTTGGTG 

FhStf-2 reverse AGCAACTCCAACTCACACGA 

FhStf-3 forward GACGGTCGGGAAGTTTAACA 

FhStf-3 reverse TCATGAGGGACACTCGACAG 
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Appendix C 

 

Database and accession details for genes used in phylogenetic analysis 

 

Species 

 

Acronym  

 

Gene/Scaffold ID 

 

Database ID 

Fasciola hepatica  FhStf-1 

FhStf-2 

FhStf-3 

BN1106_s4651B000094 

AY647146 

BN1106_s247B000268 

PRJEB6687 

 

PRJEB6687 

Fasciola gigantica  FgStf-1 

FgStf-2 

ACS35603.1 

AFV53480.1 

 

Opisthorchis 

viverrini 

OvStf T265_12306  PRJNA222628 

Schistosoma 

haematobium 

ShCys C_00402_Shaematobium PRJNA273970 

Schistosoma 

japonicum 

SjCys Sjp_0066340  PRJEA34885 

Schistosoma 

mansoni 

SmCys Smp_006390.1  PRJEA36577 

Schistosoma 

rodhaini 

SrCys SROB_0000808801  PRJEB526 

Echinostoma 

caproni 

EcpStf-1 

EcpStf-2 

ECPE_0000332201 

ECPE_0001150101 

 PRJEB1207 

 PRJEB1207 

Clonorchis sinensis CsCys csin105079  PRJDA72781 

Schistocephalus 

solidus 

SsCys SSLN_0001267401  PRJEB527 

Spirometra 

erinaceieuropaei 

SeCys SPER_0002332201  PRJEB1202 

Diphyllobothrium 

latum 

DICys DILT_0000903501  PRJEB1206 
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Mesocestoides corti McCys1 

McCys2 

MCOS_0000423001 

MCOS_0000464201 

 PRJEB510 

 PRJEB510 

Hymenolepis nana HnCys1 

HnCys2 

HNAJ_0000383801 

HNAJ_0001039401 

 PRJEB508 

 PRJEB508 

Hymenolepis 

diminuta 

HdCys1 

HdCys2 

HDID_0000605101 

HDID_0001113101 

 PRJEB507 

 PRJEB507 

Hydatigera 

taeniaeformis 

HtStf TTAC_0000669001  PRJEB534 

Taenia asiatica TaStf TASK_0000196601  PRJEB532 

Taenia solium TsCys TsM_000687900  PRJNA170813 

Echinococcus 

multilocularis 

EmStf EmuJ_000159200.1  PRJEB122 

Echinococcus 

granulosus 

EgCys EGR_08406.1  PRJNA182977 

Echinococcus 

canadensis 

EcCys ECANG7_09129  PRJEB8992 
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Appendix D 

 

Table D1. Correlation between serum levels of IgG1 to each of the vaccine 

components in vaccinated animals with fluke burden at week 8. 

 

Week 8 (after 

final vaccine 

boost) 

IgG1 ratio vs. fluke burden 

(n = 14) 

Antigen Spearman’s R 

value 

P- value Significant 

rFhStf-1 -0.1738 

 

0.5494 

 

NO 

rFhStf-2 -0.3080 

 

0.2820 

 

NO 

rFhStf-3 0.01980 

 

0.9484 

 

NO 

rFhKT1 0.02655 

 

0.9309 NO 

 

 

 

Table D2. Correlation between serum levels of IgG1 to each of the vaccine 

components in vaccinated animals with fluke burden at week 12. 

Week 12 (3 WPI) IgG1 ratio vs. fluke burden 

(n = 14) 

Antigen Spearman’s R 

value 

P- value Significant 

rFhStf-1 -0.02420 

 

0.9363 

 

NO 

rFhStf-2 -0.04400 

 

0.8826 

 

NO 

rFhStf-3 -0.004400 

 

0.9912 

 

NO 

rFhKT1 0.03532 

 

0.9045 

 

NO 
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Table D3. Correlation between serum levels of IgG1 to each of the vaccine 

components in vaccinated animals with fluke burden at week 24. 

Week 24 (16 

WPI) 
IgG1 ratio vs. fluke burden 

(n = 14) 

Antigen Spearman’s R 

value 

P- value Significant 

rFhStf-1 -0.1162 

 

0.6890 

 

NO 

rFhStf-2 -0.3153 

 

0.2694 

 

NO 

rFhStf-3 -0.1509 

 

0.6023 

 

NO 

rFhKT1 -0.04471 

 

0.8795 

 

NO 

 

 

 

 

Table D4. Correlation between serum levels of IgG1 to each of the vaccine 

components in vaccinated animals with weight gain at week 8. 

Week 8 (after 

final vaccine 

boost) 

IgG1 ratio vs. weight gain 

(n = 14) 

Antigen Spearman’s R 

value 

P- value Significant 

rFhStf-1 -0.3652 

 

0.1984 

 

NO 

rFhStf-2 -0.05281 

 

0.8587 

 

NO 

rFhStf-3 -0.2508 

 

0.3842 

 

NO 

rFhKT1 0.02544 

 

0.9309 

 

NO 
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Table D5. Correlation between serum levels of IgG1 to each of the vaccine 

components in vaccinated animals with weight gain at week 12. 

Week 12 (3 WPI) IgG1 ratio vs. weight gain 

(n = 14) 

Antigen Spearman’s R 

value 

P- value Significant 

rFhStf-1 0.01320 

 

0.9669 

 

NO 

rFhStf-2 0.01320 

 

0.7298 

 

NO 

rFhStf-3 -0.1232 

 

0.6732 

 

NO 

rFhKT1 0.1788 

 

0.5366 

 

NO 

 

 

 

Table D6. Correlation between serum levels of IgG1 to each of the vaccine 

components in vaccinated animals with weight gain at week 24. 

Week 24 (16 

WPI) 
IgG1 ratio vs. weight gain 

(n = 14) 

Antigen Spearman’s R 

value 

P- value Significant 

rFhStf-1 0.2766 

 

0.3353 

 

NO 

rFhStf-2 0.05292 

 

0.8568 

 

NO 

rFhStf-3 0.09692 

 

0.7401 

 

NO 

rFhKT1 0.2855 

 

0.3202 

 

NO 
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Table D7. Correlation between serum levels of IgG2 to each of the vaccine 

components in vaccinated animals with fluke burden at week 8. 

Week 8 (after 

final vaccine 

boost) 

IgG2 ratio vs. fluke burden 

(n = 14) 

Antigen Spearman’s R 

value 

P- value Significant 

rFhStf-1 -0.02200 

 

0.9428 

 

NO 

rFhStf-2 -0.008801 

 

0.9791 

 

NO 

rFhStf-3 -0.06161 

 

0.8349 

 

NO 

rFhKT1 -0.03304 

 

0.9114 

 

NO 

 

 

 

 

Table D8. Correlation between serum levels of IgG2 to each of the vaccine 

components in vaccinated animals with fluke burden at week 12. 

Week 12 (3 WPI) IgG2 ratio vs. fluke burden 

(n = 14) 

Antigen Spearman’s R 

value 

P- value Significant 

rFhStf-1 0.02420 

 

0.9363 

 

NO 

rFhStf-2 0.05061 

 

0.8642 

 

NO 

rFhStf-3 -0.1320 

 

0.6511 

 

NO 

rFhKT1 -0.1276 

 

0.6622 

 

NO 
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Table D9. Correlation between serum levels of IgG2 to each of the vaccine 

components in vaccinated animals with fluke burden at week 24. 

Week 24 (16 

WPI) 
IgG2 ratio vs. fluke burden 

(n = 14) 

Antigen Spearman’s R 

value 

P- value Significant 

rFhStf-1 0.1283 

 

0.6593 

 

NO 

rFhStf-2 -0.01985 

 

0.9472 

 

NO 

rFhStf-3 -0.03528 

 

0.9049 

 

NO 

rFhKT1 -0.005525 

 

0.9864 

 

NO 

 

 

 

Table D10. Correlation between serum levels of IgG2 to each of the vaccine 

components in vaccinated animals with weight gain at week 8 

Week 8 (after 

final vaccine 

boost) 

IgG2 ratio vs. weight gain 

(n = 14) 

Antigen Spearman’s R 

value 

P- value Significant 

rFhStf-1 -0.03520 

 

0.9066 

 

NO 

rFhStf-2 0.01100 

 

0.9726 

 

NO 

rFhStf-3 -0.2068 

 

0.4751 

 

NO 

rFhKT1 -0.1057 

 

0.7170 

 

NO 
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Table D11. Correlation between serum levels of IgG2 to each of the vaccine 

components in vaccinated animals with weight gain at week 12. 

Week 12 (3 WPI) IgG2 ratio vs. weight gain 

(n = 14) 

Antigen Spearman’s R 

value 

P- value Significant 

rFhStf-1 0.04180 

 

0.8882 

 

NO 

rFhStf-2 0.1958 

 

0.4991 

 

NO 

rFhStf-3 -0.008801 

 

0.9790 

 

NO 

rFhKT1 0.1012 

 

0.7298 

 

NO 

 

 

 

Table D12. Correlation between serum levels of IgG2 to each of the vaccine 

components in vaccinated animals with weight gain at week 24. 

Week 24 (16 

WPI) 
IgG2 ratio vs. weight gain 

(n = 14) 

Antigen Spearman’s R 

value 

P- value Significant 

rFhStf-1 0.4469 

 

0.1101 

 

NO 

rFhStf-2 0.09592 

 

0.7418 

 

NO 

rFhStf-3 0.004410 

 

0.9895 

 

NO 

rFhKT1 0.02873 

 

0.9225 

 

NO 
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Table D13. Correlation of ratio of IgG1:IgG2 for each of the vaccine components 

against fluke burden at week 8. 

Week 8 (after 

final vaccine 

boost) 

IgG1:IgG2 ratio vs. fluke burden 

(n = 14) 

Antigen Spearman’s R 

value 

P- value Significant 

rFhStf-1 0.05286 

 

0.8576 

 

NO 

rFhStf-2 -0.09241 

 

0.7529 

 

NO 

rFhStf-3 -0.03740 

 

0.9002 

 

NO 

rFhKT1 0.1575 

 

0.5864 

 

NO 

 

 

 

 

Table D14. Correlation of ratio of IgG1:IgG2 for each of the vaccine components 

against fluke burden at week 12. 

Week 12 (3 WPI) IgG1:IgG2 ratio vs. fluke burden 

(n = 14) 

Antigen Spearman’s R 

value 

P- value Significant 

rFhStf-1 -0.3344 

 

0.2411 

 

NO 

rFhStf-2 -0.09681 

 

0.7413 

 

NO 

rFhStf-3 0.2618 

 

0.3629 

 

NO 

rFhKT1 0.5407 

 

0.0480 

 
YES 
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Table D15. Correlation of ratio of IgG1:IgG2 for each of the vaccine components 

against fluke burden at week 24. 

Week 24 (16 

WPI) 
IgG1:IgG2 ratio vs. fluke burden 

(n = 14) 

Antigen Spearman’s R 

value 

P- value Significant 

rFhStf-1 -0.2574 

 

0.3712 

 

NO 

rFhStf-2 -0.4202 

 

0.1351 

 

NO 

rFhStf-3 -0.1474 

 

0.6125 

 

NO 

rFhKT1 -0.02313 

 

0.9372 

 

NO 

 

 

 

 

Table D16. Correlation of ratio of IgG1:IgG2 for each of the vaccine components 

against weight gain at week 8. 

Week 8 (after 

final vaccine 

boost) 

IgG1:IgG2 ratio vs. weight gain (Kg) 

(n = 14) 

Antigen Spearman’s R 

value 

P- value Significant 

rFhStf-1 -0.1498 

 

0.6062 

 

NO 

rFhStf-2 0.07041 

 

0.8113 

 

NO 

rFhStf-3 0.1716 

 

0.5549 

 

NO 

rFhKT1 0.2797 

 

0.3296 

 

NO 
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Table D17. Correlation of ratio of IgG1:IgG2 for each of the vaccine components 

against weight gain at week 12. 

Week 12 (3 WPI) IgG1:IgG2 ratio vs. weight gain (Kg) 

(n = 14) 

Antigen Spearman’s R 

value 

P- value Significant 

rFhStf-1 -0.5149 

 

0.0619 

 

NO 

rFhStf-2 -0.1232 

 

0.6732 

 

NO 

rFhStf-3 -0.01320 

 

0.9669 

 

NO 

rFhKT1 0.1718 

 

0.5536 

 

NO 

 

 

 

 

Table D18. Correlation of ratio of IgG1:IgG2 for each of the vaccine components 

against weight gain at week 24. 

 

 

Week 24 (16 

WPI) 
IgG1:IgG2 ratio vs. weight gain (Kg) 

(n = 14) 

Antigen Spearman’s R 

value 

P- value Significant 

rFhStf-1 -0.1122 

 

0.7009 

 

NO 

rFhStf-2 -0.1254 

 

0.6673 

 

NO 

rFhStf-3 0.06381 

 

0.8286 

 

NO 

rFhKT1 -0.06278 

 

0.8294 

 

NO 


