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Abstract: 

Parasitic worms and molecules derived from them drive Th2/Treg immune responses in 

mammalian hosts and have powerful anti-inflammatory properties which are shown to 

have therapeutic effects on inflammatory diseases. Using products derived from the 

helminth parasites Fasciola hepatica and Ascaris lumbricoides we investigated the 

mechanism by which these responses are induced. Dendritic cells (DC’s) play a crucial 

role in linking the innate to adaptive arms of the immune system and directing the 

subsequent immune responses. Here, we report that Fasciola hepatica tegumental 

antigens (FhTeg) can suppress DC maturation and function. While FhTeg alone did not 

induce cytokine production or cell surface marker expression on DCs, it can maintain 

the DCs in an immature state,
 
suppressing their function to Toll-Like-Receptor (TLR) 

stimulation and impairing the subsequent development of adaptive
 

immunity. 

Furthermore, we selected recombinant forms of two major F. hepatica secreted 

molecules, the protease cathepsin L (rFhCL1) and anti-oxidant, sigma class glutathione 

S-transferase (rFhGST-si), to examine their interactions with DCs. Despite enzymatic 

and functional differences between these antigens they both induced IL-6, IL-12p40 and 

chemokine secretion from DCs in a TLR4 dependent manner. While neither helminth 

enzyme induced Th2/Treg immune responses both could instruct DCs that suppress IL-

17 secretion in vivo. This study also demonstrates that another helminth-derived 

heterogeneous extract, Ascaris lumbricoides pseudocoelomic fluid (AlPCF), induced 

partial maturated of DCs as characterised by the increased production of IL-6, IL-12p40 

and MIP-2. These DCs were capable of inducing Th2 responses. Overall the data 

suggests that helminth parasites secrete multiple molecules each possessing a unique 

mechanism of modulation, which can either suppress inflammatory Th1/Th17 responses 

or induce/permit the uninhibited development of modified Th2 responses. 
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Chapter 1: General Introduction 

Helminth parasites infect 3 billion people worldwide (Hotez et al., 2008) and while 

associated with a low mortality rate, if one considers the high number of infections, they 

still cause millions of deaths worldwide (Hotez et al., 2008, Pullan and Brooker, 2008). 

Helminth infections are associated with a polarised T helper 2 (Th2)/T regulatory cell 

(Treg) host response and it is well documented that such polarisation leaves the host 

more susceptible to bystander infections (Maizels and Yazdanbakhsh, 2003). This 

bystander effect has been demonstrated by the ability of helminths to suppress hosts 

protective Th1 responses to bacterial (Brady et al., 1999, Sacco et al., 2002) viral 

(Wolday et al., 2002) and protozoa (Hartgers and Yazdanbakhsh, 2006) pathogens.  

Current knowledge of the mechanism by which helminths influence host 

immune responses is limited, particularly their role in driving adaptive immunity 

(Maizels et al., 2004). Since dendritic cells (DCs) are crucial for bridging innate and 

adaptive immunity by controlling the initiation and differentiation of T helper cells 

(Banchereau and Steinman, 1998), there is a growing interest in understanding and 

defining the interactions between helminths and DCs (MacDonald and Maizels, 2008). 

Since helminth-derived molecules have been shown to mimic the immune response to 

helminth infections, the focus has turned to understanding the mechanisms of innate 

recognition of helminth antigens, particularly by DCs. In this thesis the interactions 

between molecules derived from Fasciola hepatica and Ascaris lumbricoides with DCs 

is studied. 

 

1.6. What are parasitic helminths 

The term ‘helminth’ is use to describe a group of wide ranging parasitic worm-like 

organisms mainly belonging to the phylum’s Platyhelminthes (flatworms) and 

Nematoda (round worms) (Roberts, 1996). Helminths are estimated to infect upwards of 

3 billion people worldwide (Hotez et al., 2008). While ostensibly associated with high 



   2 

morbidity and low mortality, helminth infections are still a causative effect of millions 

of deaths worldwide mainly in developing countries (Hotez et al., 2008, Pullan and 

Brooker, 2008). Trematodes, commonly referred to as “flukes”, are a class within the 

phylum Platyhelminthes and contain the family Fasciolidae, which are large, leaf 

shaped parasites of mammals causing Fascioliasis (Dalton, 1999). Parasitical nematodes 

on the other hand conform to a slender cylindrical shape with bilaterally symmetrical, 

tapering at either end and are often referred to as “round worms” (Bradley and Jackson, 

2004). Parasitical nematodes are usually small but some species can grow above 40 cm 

in length (Taylor, 2007). The following section gives a brief introduction and 

background to the trematode F. hepatica and the nematode A. Lumbricoides, as these 

parasitic helminths are the origin of the antigens of study in this thesis. 

 

1.6.1. Helminth infections and life cycle  

Fascioliasis is an important public health problem with increasingly prevalence in 

humans (WHO, 1995, Mas-Coma, 1999). Estimates of  2.4 - 17 million people are 

infected worldwide (Mas-Coma et al., 2005). The adult F. hepatica occupies the liver 

and bile duct of the host and has a life span of 9 to 13.5 years (Behm and Sangster, 

1999). In both human and animals, pathogenesis is related to parasitic load (Mas-Coma 

et al., 2005). F. hepatica is also of major veterinary importance, causing economic 

losses of up to €2 billion globally due to infection of domestic animals such as cattle 

and sheep (Taylor, 2007). Two hosts are needed for the completion of F. hepatica’s life 

cycle (Fig. 1.1). The intermediate hosts are predominantly freshwater snail species of 

the family Lymnaeidae (Gastropoda: Basommatophora) (Andrews, 1999, Taylor, 2007). 
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Figure 1.1: The life cycle of Fasciola hepatica. Immature eggs are discharged in the 

biliary ducts and in the stool .  Eggs become embryonated in water , eggs release 

miracidia , which invade a suitable snail intermediate host . In the snail the parasites 

undergo several developmental stages (sporocysts , rediae , and cercariae ).  The 

cercariae are released from the snail  and encyst as metacercariae on aquatic 

vegetation or other surfaces.  Mammals acquire the infection by eating vegetation 

containing metacercariae. Humans can become infected by ingesting metacercariae-

containing freshwater plants, especially watercress . After ingestion, the metacercariae 

excyst in the duodenum  and migrate through the intestinal wall, the peritoneal cavity, 

and the liver parenchyma into the biliary ducts, where they develop into adults .  In 

humans, maturation from metacercariae into adult flukes takes approximately 3 to 4 

months. The adult flukes reside in the large biliary ducts of the mammalian host.  F. 

hepatica infect various animal species, mostly herbivores (Andrews, 1999, Taylor, 

2007).  

 

 

Nematodes are the most abundant parasitic worms on the planet (Bradley and Jackson, 

2004) infecting almost a quarter of the worlds population. The nematode A. 

lumbricoides is of major medical importance infecting 1.5 billion people worldwide 

(Harnett and Harnett, 2008). At heavier loads symptoms include abdominal pains, 
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diarrhea, malnutrition, obstruct of the intestines or bile ducts. Migrating larvae can also 

cause pneumonitis and eosinophilia (Baron, 1996). Adult worms primarily infect the 

gastrointestinal tract. From here larval worms released from eggs penetrate the wall of 

the duodenum enter the bloodstream and migrate to the lungs were they invade the 

pulmonary tissues and alveoli before being coughed up and swallowed, to return to the 

the small intestine where they mature to adults (Wossene et al., 2002). Unlike F. 

hepatica, A. lumbricoides has direct life cycle (Baron, 1996, Das et al., 2007) meaning 

there is no intermediate host  (Fig. 1.2).  

 

 

 

 

Figure 1.2: Life cycle of A. lumbricoides. Adult worms occupy the small intestines of 

the host. The females produce eggs that are excreted with faeces were the infective 

larvae develop. Infection occurs by the accidental ingestion of mature infective larvae 

typically in food or on fingers. After oral ingestion by the host, the eggs reach the 

intestine and hatch. The hatched larvae then migrate through the intestinal wall where 

they migrate thought several organs and tissues before returning to the intestine as adult 

worms (Das et al., 2007). 
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1.6.2. Characteristics of helminth infections 

Epidemiological studies show that effective immunity against helminth infections is 

highly dependent upon the hosts ability to mount an adaptive immune response, 

characterised by a CD4+ T helper (Th) type 2 response (Maizels and Yazdanbakhsh, 

2003). Most helminths are too large to be ingested by phagocytes, so the anti-worm 

response induced by Th2 cells is mediated by the production of immunoglobulin E 

(IgE) antibodies and the activation of eosinophils (Anthony et al., 2007). Th2 responses 

are primarily achieved by high levels of the cytokine IL-4 and low levels of interferon 

(IFN)-γ. Other Th2 related cytokines, including IL-5, IL-9, IL-13 and IL-21 are also 

highly produced (Maizels et al., 1993). In combination with a Th2 cell responses 

helminth infections are also associated with skewing of the host immune response 

towards a T regulatory cell (Treg) response (Diaz and Allen, 2007). This dominant 

Th2/Treg cell profile induced by helminths is sometimes called a “modified Th2” 

response (Maizels and Yazdanbakhsh, 2003). 

 During helminth infection CD4+ Th2 plasma cells (B-lymphocytes) switch to 

secreting IgE (Hagan et al., 1991). IgE antibodies mediate the activation of eosinophils. 

IgE antibodies bind to the surface of helminths allowing eosinophils to attach through 

Fcε receptors (Hogan et al., 2008). Eosinophils can then locate and kill helminth 

parasites by the secretion of granule enzymes (degranulation) (Rothenberg and Hogan, 

2006). In a similar way, IgE initiated immune responses also recruit other effector cells 

such as mast cells and basophils for the eradication of helminth parasites (Wedemeyer 

et al., 2000).  In addition, alternatively activated macrophages (AAMΦ) have also been 

implicated with the promoting of Th2 responses and suppressing Th1-driven 

inflammatory pathology during helminth infections (Kreider et al., 2007). Therefore, 

Th2/Treg associated cytokines, IgE antibodies and eosinophilia are the hallmarks of the 

immune response to helminth infection (Maizels et al., 2004).  
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1.6.3. Helminths and concurrent/bystander infections 

There is strong evidence that concurrent helminth infections and helminth co-infections 

with protozoa, bacterial and viral diseases are common in developing countries (Petney 

and Andrews, 1998). As has been noted, helminth infections are synonymous with 

inducing a polarised Th2/Treg host response (See section 1.1.2). It has been well 

documented that such polarisation can facilitate host hyporesponsiveness to co-

infections by suppressing Th1-Th17 responses or by inducing anti-inflammatory 

responses (van Riet et al., 2007). Co-infection with helminths and malaria, often 

observed due to the prevalence of both in tropical areas, best highlights this down 

regulation of pro-inflammatory responses (Hartgers and Yazdanbakhsh, 2006). 

Epidemiological studies show that helminth co-infection can increase the incidence of 

Plasmodium falciparum malaria infection (Nacher et al., 2002, Spiegel et al., 2003). In 

a murine model of infection with the blood-stage malaria parasite Plasmodium 

chabaudi, protective immunity which is associated with Th1 immune responses is 

impaired by concurrent gastrointestinal nematode Heligmosomoides polygyrus infection 

(Su et al., 2005). Whilst there are some incidences of improved malaria protection 

(Nacher et al., 2000),  the majority of studies point to the detrimental effect of helminth 

infections on malaria outcome (Druilhe et al., 2005, Hartgers and Yazdanbakhsh, 2006). 

Other murine models and human studies highlight the ability of helminth co-

infections to suppress protective Th1 responses against bacterial respiratory infections 

such as with Mycobacterium avium (Sacco et al., 2002) or Bordetella pertussis (Brady 

et al., 1999). Although there are few epidemiological studies on the effects of helminth-

tuberculosis co-infections, one study has shown that helminth induced Th2 responses in 

patients with newly diagnosed Mycobacterium tuberculosis (MTB) help favour a 

persistent MTB infection (Resende Co et al., 2007). F. hepatica infection has also been 

shown to have down regulatory effects on Mycobacterium bovis BCG-specific immune 
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responses in cattle (Flynn et al., 2007). In vitro studies also indicate that helminths can 

suppress the immune response to mycobacterial infections (Talaat et al., 2006). 

Helminth infections may also impair immunological responses to viral 

pathogens (Kamal and El Sayed Khalifa, 2006). Humans with acute or chronic hepatitis 

C virus (HCV) and schistosomiasis co-infection cannot generate an efficient, broad 

HCV-specific Th1 response, which might play a role in the persistence and severity of 

HCV infection (Kamal et al., 2001). Similarly, helminth induced modified Th2 

responses can accelerate the progression of human immunodeficiency virus (HIV) 

infection in people co-infected with helminths and the virus (Wolday et al., 2002). 

While cells from persons with helminth infections are more susceptible to HIV infection 

than cells from persons without helminth infection (Gopinath et al., 2000). In addition, 

helminth infections may also be detrimental for effective vaccination programs. Many 

modern vaccines are designed to induce a Th1 response for optimal efficiency, and Th2 

responses induced by helminths can reduce vaccine effectiveness (van Riet et al., 2007, 

Helmby, 2009). In humans, A. lumbricoides infection can impair effectiveness of an oral 

cholera vaccine (Cooper et al., 2002), while in a mouse model of Schistosoma mansoni 

infection, the protective efficacy of BCG vaccination against MTB is reduced (Elias et 

al., 2005).  

 Overall, helminth co-infections studies are characterised by a  downregulation of  

pro-inflammatory responses, leading to the exacerbation of concurrent infections 

(Maizels et al., 2004). Conversely, a reduction in pro-inflammatory responses may also 

be beneficial to the host in situations of atopy, allergy or autoimmune disease (Flohr et 

al., 2009). Similarly strong evidence also exists that helminth infections reduced host 

reactivity to bystander allergens (Elliott et al., 2007). For example, epidemiological 

studies have shown that allergic diseases are rare in areas with high helminth exposure, 

but high in urban/industrialised countries where helminth infections are low (Fallon and 
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Mangan, 2007). This observation has been explained by a decline in infections during 

childhood (Yazdanbakhsh et al., 2002), particularly the lack of exposure to helminth 

infections in developed countries (Dunne and Cooke, 2005). It has been dubbed the 

‘Hygiene Hypothesis’ (Strachan, 1989, Smits and Yazdanbakhsh, 2007). By inducing a 

modified Th2 response, helminths infections may co-opt host regulatory cells to control 

the magnitude and phenotype of Th effector cell populations, possibly through the 

promotion of immunosuppressive cytokines (Diaz and Allen, 2007, Maizels and 

Yazdanbakhsh, 2008). Therefore evidence exists that under some conditions helminth 

parasites may be therapeutically beneficially (Zaccone et al., 2006, Erb, 2009, McKay, 

2009). Some animal and human models support the use helminths as therapeutic agents 

in ameliorating autoimmune and atopic disorders such as inflammatory bowel diseases 

(IBDs) (Weinstock and Elliott, 2009) and Crohn’s disease (Croese et al., 2006).  

 

1.7. Helminths and adaptive immune responses 

Activation of PRRs, displayed on antigen presenting cells (APCs), by PAMPs initiates 

the development of adaptive immune responses (Pasare and Medzhitov, 2004, Iwasaki 

and Medzhitov, 2004). Following interaction with APCs, naïve CD4+ T cells receive 

signals through their T-cell receptors (TCRs) that recognise peptide antigens presented 

to them on major histocompatibility complex (MHC) II complexes in conjunction with 

co-stimulatory receptors signals, that initiate differentiation towards functionally 

distinct CD4+ T helper (Th) cell subtypes (Kapsenberg, 2003). In 1986 Mosmann and 

Coffman reported two Th cell subsets; Th1 and Th2 cells (Mosmann et al., 1986), that 

could be distinguished from each other by the signature cytokines that the differentiated 

cells secreted. 

At present, linage commitment is defined by the cytokines; IFN-γ, IL-4 and IL-17 

for Th1, Th2 and Th17 cells respectively (Korn et al., 2009). Th1 cells direct the 
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elimination of intracellular pathogens, viruses, tumours and some bacteria (Trinchieri, 

2003); Th17 cells promote resistance to extracellular bacteria and fungi; and Th2 cells 

are important for humoral immunity and the control of helminth infections (Anthony et 

al., 2007). Excessive or detrimental (e.g., autoimmune) responses by these effector T 

cells are controlled by regulatory T cells (de Jong et al., 2005).  

 Instructions for the development of adaptive immune responses, specifically the 

control and initiation of differentiation of T helper cells, are largely orchestrated by DCs 

(Banchereau et al., 2000, Banchereau and Steinman, 1998). Therefore, variations in DC 

maturation status, in conjunction with the cytokine environment, can influence the 

subsequent polarisation of T helper cell responses, and that this alteration can be at the 

point of DC activation (Pulendran, 2005, de Jong et al., 2002). The most important Th1 

polarizing cytokine is IL-12 (bioactive IL-12p70). Transforming growth factor (TGF)-

beta and IL-6 acting in concert induce differentiation of mouse naive T cells into the 

Th17 lineage (Ouyang et al., 2008).  

But much less is known about the mechanisms that result in Th2-cell-inducing 

DCs (Kapsenberg, 2003). Both IL-4 and IL-10 from DCs have been identified as 

possible polarizing candidates for Th2-driving, but both IL-4- (MacDonald and Pearce, 

2002) and IL-10-deficient (Perona-Wright et al., 2006a) DCs can still drive Th2 

responses. Therefore without any obvious candidates or mechanisms, a number of 

hypotheses have been put forward to explain Th2 induction by DCs.  These fall into 

three groups; (A) the default mechanism, (B) the inhibition mechanism or (C) the 

alternative pathway hypothesis  (MacDonald and Maizels, 2008).  

Firstly, the maturation or default model proposes that unless triggers for Th1 

responses are received by the DC (i.e. high IL-12 (Kalinski et al., 1999)) the T cell will 

automatically ‘default’ into a phenotype that will initial Th2 responses (Trinchieri, 

2003). Examples of helminth-derived molecules can be used to highlight each 
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hypothesis. The best example of this model is the ability of S. mansoni egg antigen 

(SEA) to induce Th2-cell-inducing DCs (MacDonald et al., 2001, de Jong et al., 2002, 

Agrawal et al., 2003) in a absence of overt DC activation. The type of DC induced by 

SEA is sometimes called a DC 2 phenotype (see section 1.4). Similar results have been 

observed for the filarial nematode Acanthocheilonema viteae secreted ES 62 kDa 

glycoprotein (ES-62) product (Whelan et al., 2000), S. mansoni derived Lyso- 

phosphorylcholine (PC) (van der Kleij et al., 2002), N. brasiliensis excretory/secretory 

antigens (NES) (Balic et al., 2004), Schistosoma larvae products (0-3hRP) (Jenkins and 

Mountford, 2005), E. granulosus antigen B (AgB) and sheep hydatid fluid (SHF) 

(Rigano et al., 2007) and the glycoconjugate lacto-N-fucopentaose III (LNFPIII) 

derived from S. mansoni (Thomas et al., 2003).  

The second model is a system of competition and inhibition, in which activated 

signalling pathways may intersect and inhibit one another (Kapsenberg, 2003). The best 

examples of this include helminth products that block or suppress the production of key 

Th1 polarising cytokines, such as IL-12. Lipopolysaccharide (LPS) induced IL-12 from 

DCs can be suppressed by pre-treatment with SEA (Jankovic et al., 2004, Cervi et al., 

2004, Kane et al., 2004, van Liempt et al., 2007), NES (Balic et al., 2004) or E. 

granulosus  AgB (Rigano et al., 2007). DC pre-treatment with SEA has also been 

shown to modulate LPS induced gene expression (Kane et al., 2004).  

The last hypothesis conceives alternative pathways associated with the 

activation of DCs through specific signals that induce specific Th responses (Reis e 

Sousa, 2006). In this model various PAMPs can be theorized to be either Th1 or Th2 

stimuli, linked to distinct sets of PRRs, such as C-type lectin receptors (CTLs) 

(MacDonald and Maizels, 2008). For example, toll-like receptors (TLR) 4 binding LPS 

have been shown to activate DC to prime for Th1-type responses (MacDonald et al., 

2001) as compared to CTL binding SEA products that prime Th2-type responses (van 
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Liempt et al., 2007). As can be seen by the overlapping diversity of the helminth-

derived products in the varying circumstances highlighted in each scenario, the 

possibility arises that no single mechanism fully explains the mechanisms of Th2 

induction by DCs. This bring forth the possibility that a combination of some or all the 

possible mechanisms is the most likely determinate of Th2 induction by DCs 

(MacDonald and Maizels, 2008).  

 

1.8. Helminths and innate immune responses 

While anti-helminth immune responses are mainly characterised by Th2/Treg cells, the 

innate arm of the immune system plays two very important roles in frontline host 

defence against helminths (Janeway and Medzhitov, 2002). Firstly, the innate system 

reduces infection through mechanisms such as physical barriers (Male et al., 2006).  

Secondly, the innate system plays a crucial role in pathogen detection (Kawai and 

Akira, 2009). This is achieved through a limited number of germ-line encoded 

receptors; the PRRs (Mogensen, 2009). PRRs mainly recognise PAMPs produced by 

pathogens and that are not naturally found on host cells or tissues (Medzhitov and 

Janeway, 2000). The best characterised family PRRs are the TLRs (Medzhitov, 2001, 

Takeda and Akira, 2005, West et al., 2006). There are 13 known mammalian TLRs, 10 

in humans and 13 in mice (Kumagai et al., 2008). TLRs are expressed mostly by APCs; 

including macrophages and B lymphocytes, but most importantly DCs (McGettrick and 

O'Neill, 2007) (see section 1.5). Along with TLRs other PRRs also play important roles 

in innate PAMPs recognition. C-type lectin receptors (CLRs) are transmembrane lectins 

(sugar-binding proteins) that in contrast to TLRs, recognize carbohydrate glycan 

structures present on the pathogens (Geijtenbeek et al., 2004).  

 Helminth-derived molecules are recognised by the host in an effort to generate 

an immune response to eliminate the parasite. But the current knowledge how helminths 
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are recognised by the innate immune is limited by the few PRR ligands of parasite 

origin that had been identified (McGuinness et al., 2003, Zaccone et al., 2006). In a 

number of cases recognition of helminth-derived molecules has been demonstrated to be 

dependent various TLRs, including TLR2, 3 and most prominently TLR4 (Table. 1). 

The best described helminth-derived product is  A. viteae ES-62, which is recognised by 

DCs in a TLR4 dependent manner (Goodridge et al., 2001, Goodridge et al., 2005). 

Similarly, LNFPIII is also recognised in a TLR4 dependent fashion (Perona-Wright et 

al., 2006b). Studies on knockout and mutant mice have shown Schistosoma larval 

preparation (0-3hRP) to be partially dependent on TLR4 (Jenkins et al., 2005). While 

Schistosomal derived lipids (lyso-PS) (van der Kleij et al., 2002) and dsRNA from 

schistosomal eggs (Aksoy et al., 2005) bind TLR2  and TLR3 respectively. 

 CTL receptors are also important for the recognition of helminth products (van 

Kooyk and Rabinovich, 2008). The CTL receptors DC-SIGN (van Die et al., 2003), 

MGL and MR (van Liempt et al., 2007) have all be implicated in SEA recognition, 

while TLR2 nor TLR4 play a role (Kane et al., 2008). Similarly, MBL has been shown 

to be involved in the detection of  Trichinella spiralis ES products (TsES)  (Gruden-

Movsesijan et al., 2003). There is also a wide range of helminth-derived products with 

immunological properties to which no recognition mechanism has yet been attributed 

(Harnett and Harnett, 2008, Johnston et al., 2009) (Table 1). At the signalling level, 

many of the helminth-derived molecules in Table 1 have been associated with the 

activation of a number of pathways. Ligand binding of PRRs such as TLRs activate 

signal transduction pathways that initiated gene expression (Mogensen, 2009). 

Structurally, TLR proteins possess a extracellular domain made up mainly of leucine-

rich repeats, a single transmembrane segment and a intracellular (cytoplasmic) domain 

called TIR (Toll/interleukin-1 (IL-1) receptor) (Jin and Lee, 2008). 
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 Worm product Species or origin PRR(s) Activation status Th Reference 

Heterogeneous      

SEA Schistosoma mansoni DC-SIGN, MGL, 

MR, L-SIGN 

DC↔(Y) Th2 (van Die et al., 2003), (van Liempt et al., 2007),  

(Meyer et al., 2007) 

0-3hRP Schistosoma mansoni TLR4 DC�/MΦ� Th2 (Jenkins et al., 2005) 

NES Nippostrongylus brasiliensis ND DC� Th2 (Balic et al., 2004). 

HpES Heligmosomoides polygyrus ND DC↔(Y) Th2/Treg (Segura et al., 2007) 

TsES Trichinella spiralis MBL DC� Th2/Treg (Gruden-Movsesijan et al., 2003), (Ilic et al., 2008) 

TsMLCr Trichinella spiralis MR DC↔ Th2/Treg (Gruden-Movsesijan and Milosavljevic Lj, 2006), (Ilic et al., 2008) 

PCF Ascaris suum ND DC↔(Y) ND (McConchie et al., 2006) 

PI Ascaris suum ND DC↔ (Y) ND (Silva et al., 2006) 

Defined      

ES-62 Acanthocheilonema viteae TLR4 DC�(Y)/MC(Y)/MΦ Th2 (Goodridge et al., 2005), (Whelan et al., 2000) 

LNFPIII Schistosoma. mansoni TLR4 DC� Th2 (Thomas et al., 2003) 

AgB Echinococcus granulosa ND DC� Th2 (Rigano et al., 2007) 

lyso-PS Schistosoma. Mansoni TLR2 DC� Th2/Treg (van der Kleij et al., 2002) 

Egg-derived dsRNA Schistosoma. mansoni TLR3 DC� ND (Aksoy et al., 2005).  
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PC-glycosphingolipids Ascaris suum ND DC�/MΦ� (Y) ND (Kean et al., 2006), (Deehan et al., 2002) 

Heterogeneous      

NaES Necator americanus ND NKc� ND (Hsieh et al., 2004), (Teixeira-Carvalho et al., 2008) 

BES Brugia malayi ND AAMΦ� ND (Allen and MacDonald, 1998) 

FhES Fasciola hepatica ND Eo�, AAMΦ�(Y) ND (Serradell et al., 2007), (Flynn and Mulcahy, 2008) 

DiAg Dirofilaria immitis ND B cell� Th2 (Tezuka et al., 2003) 

AsES Ascaris suum ND MΦ� ND (Andrade et al., 2005) 

Defined      

FhTPx Fasciola hepatica ND AAMΦ� ND (Donnelly et al., 2005) 

FhPrx  Fasciola hepatica ND AAMΦ� Th2 (Donnelly et al., 2008) 

SmPrx Schistosoma mansoni ND AAMΦ� Th2 (Donnelly et al., 2008) 

Sm16 Schistosoma mansoni ND HPBM↔ (Y) ND (Brannstrom et al., 2009) 
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Alpha-1/Omega 1 Schistosoma mansoni ND Basophil� Th2 (Cass et al., 2007), (Schramm et al., 2007) 

 

Table 1.1: Helminth-derived products; a full list of helminth-derived immunomodulators documented and DC interaction, plus a selection of molecules of interest. Abbreviations: ND, Not 

determined; TLR, Toll-like receptor; PS, phosphatidylserine; SEA, water-soluble egg antigen; HPBM, Human peripheral blood mononuclear; GST, glutathione-S transferase; PC, phosphorylcholine; 

TPX, thioredoxin peroxidase; 0-3hRP, Schistosoma larvae derived products; NES, N. brasiliensis excretory/secretory antigens; HpES, H. polygyrus ES antigens; TsES, T. spiralis ES antigens; TsMLCr, 

T. spiralis crude muscle larvae antigen; PCF, pseudocoelomic fluid; PI, high-molecular-weight components; LNFPIII, lacto-N-fucopentaose III; AgB, antigen B; NaES, N. americanus ES antigens; 

BES, B. malayi ES antigens; FhES, F. hepatica ES antigens; DiAg, Dirofilaria immitis polyproteins; AsES, A. suum excretory/secretory antigens; Prx, peroxiredoxin; Sm16, Alpha-1 and Omega 1 is a 

non-acronymic designation. �; partial DC activation (Dowling et al., 2008).; ↔, no change, �, suppression,  � induction; (Y), suppression of secondary activation; DC, dendritic cell; MΦ, 

macrophage; MC, mast cell, NKc, natural killer cell; AAMΦ, alternatively activated macrophage; Eo, eosinophil. 
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Adapter molecules binding to the intracellular TIR domain can initiate the 

transductional signalling (Akira and Takeda, 2004, O'Neill, 2006). There are five TIR 

domain-containing adaptor proteins involved in signalling by TLRs. They are known as 

MyD88 (myeloid differentiation primary-response gene 88), MAL (MyD88-adaptor-

like protein), TRIF (TIR-domain-containing adapter-inducing interferon-β), TRAM 

(TRIF-related adaptor molecule) and SARM (Sterile alpha and HEAT/Armadillo motif) 

(O'Neill and Bowie, 2007). MyD88  is the key signalling adaptor for all TLRs with the 

exception of TLR3 and some TLR4 signals. Its main role is the activation of nuclear 

factor kappa B (NF-κB) (Kenny and O'Neill, 2008). NF-κB transcription factors are a 

family of DNA-binding proteins are most the important signal transducers (Hayden and 

Ghosh, 2008). NF-κB is expressed in all cell types has multiple critical roles in the 

regulation the large number of genes that involved in multiple stages of immune 

responses, including DC activation (Li and Verma, 2002). The mammalian NF-κB 

family of transcription factors consists of five members; p50 (NF-vB1), p52 (NF-κB2), 

p65 (RelA), c-Rel, and RelB. IκB family proteins, of which there are several, bind and 

sequester NF-κB in the cytoplasm (Beinke and Ley, 2004, Sun and Ley, 2008). 

Consequently, inhibitory NF-κB (IκB) degradation must occur for NF-κB to be 

translocated into the nucleus to function. (Hayden and Ghosh, 2004). 

Limited data is available on the signal transduction pathways induced by many 

helminth-derived molecules but NF-κB activation is a common trait of Th2 inducing 

DCs, suggesting its importance (Perrigoue et al., 2008). While LPS induces the 

persistent activation of NF-κB, LNFPIII can induce rapid but transient NF-κB nuclear 

translocation and activity in the nucleus (Thomas et al., 2005). E. granulosus AgB 

(Rigano et al., 2007) can activated NF-κB in stimulated DC, while there is also 

evidence that SEA pulsed DCs may activate NF-κB1 and not NF-κB2 (Artis et al., 

2005). 
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 MAPKs (mitogen-activated protein kinases) and IRFs (interferon regulatory 

factors) work in conjunction with NF-κB to initiate the regulation and termination of 

immune responses (Krishna and Narang, 2008, Tamura et al., 2008). The MAPK 

signalling pathways are among the most ancient signal transduction pathways and are 

highly evolutionary conserved intracellular signalling enzymes that are activated in 

response to infectious agents and innate stimulators (Dong et al., 2002, Zhang and 

Dong, 2005). They play an important role in immune responses. There are three main 

families of MAPKs in mammals: p38 MAPK (p38), extracellular signal-regulated 

kinases (ERKs) and the c-Jun NH2-terminal kinases (JNKs) (Nakahara et al., 2006, 

Dowling et al., 2008).  LNFPIII, which has already been discussed above, also has the 

ability to phosphorylate ERK. Likewise, SEA can induce the phosphorylation of ERK 

and p38 but not JNK (Perona-Wright et al., 2006b). While ES-62 suppresses activation 

of p38 and JNK, induces ERK dependent inhibition of IL-12 production (Goodridge et 

al., 2003).  

Many IRF members play central roles in the cellular differentiation of 

hematopoietic cells and in the regulation of gene expression in response to pathogen-

derived danger signals (Tamura et al., 2008). IRF family members are important in two 

innate signal transduction pathways; TLR signalling and the regulation of DC 

development (Honda and Taniguchi, 2006). A total of nine members have been 

identified in humans and mice (Mamane et al., 1999, Taniguchi et al., 2001). There is 

no current knowledge as to the role of IRF family transcription factors in signal 

transduction following DC activation by helminth parasite molecules.  

 

1.9. Helminths and DCs 

As mentioned earlier DCs are crucial for bridging innate and adaptive immune 

responses to infection, specifically the control and initiation of the differentiation of T 
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helper cells (Banchereau et al., 2000, Banchereau and Steinman, 1998). But our 

knowledge of how helminths are recognised by DCs is limited and until relatively 

recently few PRR ligands of parasite origin had been identified (Zaccone et al., 2006). 

DCs where discovered and identified in the early 1970’s by Steinman et al. (Steinman 

and Cohn, 1973, Steinman and Cohn, 1974, Steinman et al., 1974, Steinman et al., 

1975) and shown to be seeded throughout the peripheral tissues. A heterogeneous 

population of bone-marrow derived cells, the main function of DCs is to continuously 

sample their local environment for pathogen antigens (Sher et al., 2003). These are then 

processed and presented as antigenic fragments on MHC class I or II molecules to 

regulate naïve T cells with TCR specificity for the MHC:peptide complex, leading to 

the initialisation and determination of adaptive immune responses (Banchereau and 

Steinman, 1998, Wu and Liu, 2007). There are two main categories of DCs: 

conventional (myeloid) DCs (cDCs) and plasmacytoid (lymphoid) DCs (pDCs) 

((Shortman and Liu, 2002, Villadangos and Schnorrer, 2007). All cDCs lineages 

express high levels of CD11c, which is considered a definitive pan marker (Villadangos 

and Heath, 2005). cDCs can be divided two into categories, and further subdivided into 

five subset DC populations (Bonasio and von Andrian, 2006); characterised by their 

path taking to access the lymph organs (i.e. conform or not to Langerhans cell 

paradigm) and their varying cell surface marker expression profiles (Randolph et al., 

2008).  

 Before encountering PAMPs DCs exist in an ‘immature’ phenotype. Immature 

DCs (iDCs) are characterised by low expression of the co-stimulatory molecules such as 

CD80, CD86 and CD40 and low MHC expression (Banchereau and Steinman, 1998, 

Banchereau et al., 2000). DCs stimulated with PAMPs such as LPS take up a “classical” 

activation status, defined by the elevated expression of cell surface co-stimulatory 

markers, MHC and the secretion various cytokines (Kapsenberg, 2003, Dowling et al., 
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2008). Signalling thought NF-κB and MAPK pathways are highly involved in the 

initiation of this DC activation (Nakahara et al., 2006, Dowling et al., 2008). 

 Helminth-matured DCs can be often characterised by lack many of these 

classical maturation markers which are often absent or expressed at low levels or by the 

secretion of a select panel of cytokines such as IL-12p40 (Johnston et al., 2009). While 

helminths-matured DCs are classed as being less phenotypically mature they are still 

capable of priming naïve T-cells to activate Th2/Tregs associated with helminth 

infection (Maizels et al., 2004) (See section 1.2).  

 Helminth modulation of DC phenotype is most likely through the release of 

soluble mediators from various life stages of the parasites. Therefore some of the best 

characterised helminth-matured DCs involve heterogeneous mixes of soluble 

preparation from whole or partial parasites. There have been a number of independent 

studies on SEA-DC interactions. In all cases DCs pulsed with SEA do not show an 

increase in expression of co-stimulatory molecules or cytokines, indicating that no 

conventional maturation was induced (MacDonald et al., 2001, Kane et al., 2004, van 

Liempt et al., 2007). Furthermore in all cases SEA-matured DCs are hyporesponsive to 

subsequent TLR activation. In one case SEA was shown to suppress LPS-induced 

activation of murine DCs, including MHC class II, co-stimulatory molecule expression,
 

and IL-12 production (Kane et al., 2004). In another study, SEA could suppress both 

polyinosinsic:cytidylic acid (poly-(I:C)) and LPS induced DCs maturation, as indicated 

by a decrease in co-stimulatory molecule expression and production of IL-12, IL-6 and 

tumor necrosis factor (TNF)-α (van Liempt et al., 2007). In addition, SEA suppressed 

Th1 responses induced by the poly-(I:C)-pulsed DCs, and skewed LPS-induced mixed 

responses towards a Th2 response (van Liempt et al., 2007). SEA is also of particular 

interest since it fails to activate DCs yet these antigens are capable of driving Th2 

immune responses (See Table 1).  
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From the same species but different life stage, Schistosoma larvae derived 

products (0-3hRP) can to induce partial maturation of DCs (Jenkins and Mountford, 

2005). These DCs are characterised by low IL-6 and IL-12p40, partial costimulatory 

marker expression and when co-cultured with naive T-cells in vitro or injected into mice 

can polarise T-cell responses towards a Th2 phenotype. 0-3hRP could also stimulate IL-

6, IL-10 and IL-12p40 from macrophages, where the secretion of IL-12p40 and IL-10 

are reduced in TLR4 knockout and mutant mice. However in that study the secretion of 

IL-6 was not dependent upon TLR4 suggesting that other TLRs are involved (Jenkins et 

al., 2005).  

Similarly, NES have been shown to induce partial maturation of DCs 

characterised by IL-6, IL-12p40, partial costimulatory marker expression and to have 

Th2 priming abilities (Balic et al., 2004). Another study has shown that the 

gastrointestinal nematode Heligmosomoides polygyrus-ES products alone failed to 

induce DC activation, but further had the ability to impair DC function and suppressed 

both Th1 and Th2 adaptive immune responses (Segura et al., 2007). The same DCs 

promoted the differentiation of T-cells with a regulatory phenotype and an ability to 

suppress effector CD4+ cell proliferation and cytokine secretion. TsES but not TsMLCr 

could partially up regulate DC costimulatory molecules; both T. spiralis preparations 

increased amounts of secreted IL-10 and decreased amounts of IL-12p70. TsES and 

TsMLCr primed DC could also instruct the in vitro production of IL-4 by T cells 

purified from of T. spiralis infected rats, indicating a polarization to a modified Th2 

response (Ilic et al., 2008). While neither pseudocoelomic fluid (PCF) (McConchie et 

al., 2006) or high-molecular-weight components (PI) (Silva et al., 2006) of A. suum did 

not activate DCs, both could suppress costimulatory molecule expression and cytokine 

production in response to third party antigens. 
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 While the above mentioned preparations are heterogeneous mixes of molecules, 

the goal remains to identify the exact antigens from these preparations that interact with 

DCs (Hewitson et al., 2009). The best characterised such case is the PC-containing 

single filarial nematode-secreted product ES-62, (Goodridge et al., 2001, Goodridge et 

al., 2005) which induces the low level production of IL-12p40, TNF-α and IL-6 from 

DCs in a TLR4 dependent manner. Pre-treatment of DCs and macrophage with ES-62 

also inhibits their ability to produce LPS induced IL-12 (Goodridge et al., 2003). 

LNFPIII derived from S. mansoni acts in a TLR4 dependent fashion to partially up-

regulate costimulatory molecule expression on DCs which can then drive Th2 immune 

responses (Thomas et al., 2003). Similarly, purified antigens from Echinococcus 

granulosa (Rigano et al., 2007) partially activate DCs that can subsequently prime Th2 

immune responses.  

Schistosome lyso-PS can condition DCs to secrete IL-10 in a TLR2 dependent 

manner, thus swaying the immune system response towards a modified Th2 form (van 

der Kleij et al., 2002). While dsRNA from schistosomal eggs can activate TLR3 in DCs 

to produce IL-12p40 and TNF-α (Aksoy et al., 2005). In the same way, the PC 

containing native glycophingolipid from A. suum have been shown to increase DC and 

macrophage co-stimulatory molecule expression and secretion of IL-12p40 and TNF-α. 

On the other hand, pre-treatment can suppress LPS induced IL-12p70 in both cells 

(Kean et al., 2006). 

 

1.10. Project background 

In this study we set out to understand how helminth parasites instruct DCs to induce 

Th2 responses in their hosts. The main focus of this thesis is to understand the 

immunomodulatory properties of F. hepatica and A. lumbricoides derived molecules 

with a focus on their ability to modulate immature DCs and subsequent adaptive 
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immunity. Understanding the immunomodulatory properties of F. hepatica and A. 

lumbricoides derived molecules may also lead to the development of improved vaccines 

and/or novel therapeutics to treat autoimmune and atopic disorders (Carvalho et al., 

2009). 

 

1.10.1. F. hepatica tegument (FhTeg) 

The tegumental coat of F. hepatica is a metabolically active
 
layer that is in intimate 

contact with the host tissues and
 
body fluids (Threadgold, 1976). It is here that much of 

the immune interplay between
 
the fluke and host takes place. The tegument is shed 

every 2
 
to 3 hrs during the course of infection, thus representing a constant

 
source of 

antigen in direct contact with the host's immune cells. The tegument has a number of 

functions, which includes protection against the host immune response. Studies have 

shown that by shedding its tegument, the fluke
 
can also shed immune complexes that 

have formed on the surface,
 
thereby evading a damaging immune response, and the shed 

antigen
 
acts as a decoy "mopping up" host immune cells (Mulcahy, 1999, Halton, 2004). 

While a number of studies have investigated the proteome (Morphew et al., 2007) and 

the secretome (Robinson et al., 2009) of F. hepatica, none have exclusively examined 

the tegument. Only one study has attributed any immunomodulatory properties of the F. 

hepatica tegument (Trudgett et al., 2003). Synthetically produced short peptides, with 

sequences homologous to tegumental proteins, were incubated with rat peritoneal mast 

cells resulting in their degranulation.  

 

1.10.2. F. hepatica excretory/secretory antigens (FhES) 

ES products from adult F. hepatica (FhES) have been shown to contain carbohydrate 

components that are cytotoxic to eosinophils (Serradell et al., 2007, Serradell et al., 

2009). Whereas in vitro treatment of bovine macrophages with FhES products inhibited 
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IFN-γ and NO production in response to bacterial products and skewed the macrophage 

population towards an AAM phenotype (Flynn and Mulcahy, 2008) (Table 1.1). During 

all developmental stages, F. hepatica secretes an abundance proteases and antioxidant 

molecules that are critical to the survival of the parasite within the host. Fasciola 

cathepsin L proteases (CLs) and glutathione S-transferases (GSTs) are families of 

proteases and antioxidant respectively and are of particular interest in helminth biology. 

Both CLs and GSTs are dominant molecules in FhES, with both found in relatively 

large abundance (Jefferies et al., 2001). Both the GST superfamily and cathepsins have 

been extensively studied as potential vaccine candidates against F. hepatica (Hillyer, 

2005, McManus and Dalton, 2006).  

 

1.10.3. F. hepatica-derived glutathione transferases (FhGSTs)  

GSTs are an ancient protein superfamily with multiple roles in all eukaryotic organisms, 

but within parasites represent the main detoxification mechanism of hydrophobic and 

electrophilic compounds. GSTs are a versatile enzyme superfamily whose main role is 

to inactivate a wide range of exogenous/endogenous toxic molecules enzymes in 

helminths and to turn them into water-soluble compounds (Torres-Rivera and Landa, 

2008). GSTs are one of many antioxidant molecules secreted by F. hepatica, including 

peroxiredoxin and thioredoxin. GSTs are very versatile enzymes and apart from their 

major role as detoxification enzymes are also involved in a number of functions 

including the metabolism of drugs, pesticides and other xenobiotics, signal modulation, 

transport of molecules and may have a function in prostaglandin and steroid hormone 

synthesis (Hayes et al., 2005). GSTs feature extensively in the secretome of F. hepatica, 

and can be found in ES products but also associated with the tegument (Robinson et al., 

2009). They account to up too 4% of the total soluble protein in F. hepatica (Chemale et 

al., 2006).  
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 GSTs can be grouped in three subfamilies according to their cellular location: 

mitochondrial GSTs; microsomal (membrane-bound) GSTs; and cytosolic GSTs 

(cGSTs) (Frova, 2006). The soluble or cGSTs are the most numerous and well 

described group and are subdivided into several classes. The group members are have 

ubiquitous classes and can occur in any organism including the mu (M), alpha (A), pi 

(P), theta (T), sigma (S), zeta (Z) and omega (O) classes. The main cGSTs classes 

identified in parasites, including F. hepatica, are M, P and S, along with some in the A 

and O classes (Torres-Rivera and Landa, 2008). While there are few instances in the 

current literature of helminth-derived GSTs exerting immunomodulatory properties, 

there are some examples of related proteins (Ouaissi et al., 2002). One, a structurally 

related molecule to GST derived from FhES, could inhibition of NO production from rat 

peritoneal macrophages and T cell proliferation in vitro (Cervi et al., 1999).  

 

1.10.4. F. hepatica-derived cathepsin L (FhCLs) 

F. hepatica expresses papain-like cysteine peptidases termed cathepsins (Smith et al., 

1993b). Cathepsins are expressed by all organisms from bacteria to mammals, but 

helminth parasites have exploited cathepsins to perform a wide range of functions that 

enable them to reside in their mammalian hosts. Cathepsins are involved in a variety of 

pathogen-specific functions which enhance virulence, including modulation or 

suppression of host immune defences by cleaving immunoglobulin (Smith et al., 

1993a), altering the activity of immune effector cells, penetration migration through 

host tissues, and catabolism of host proteins to peptides and amino acids  (Robinson et 

al., 2008). Fasciola cathepsins have varying but overlapping substrate specificities. The 

family can be grouped into five distinct genetically similar groups named FhCL1-5. 

FhCL1, FhCL2 and FhCL5 are required for liver penetration and tissue and blood 

feeding.  
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 Experiments using purified native enzymes demonstrated that FhCL1 and 

FhCL2 can degrade haemoglobin, immunoglobulin, and interstitial matrix proteins 

(Morphew et al., 2007). Helminth cathepsins are predominantly associated with the 

cells lining the gut lumen and reproductive structures, the sites at which rapid protein 

degradation and synthesis takes place. F. hepatica cathepsins are synthesized within the 

gastrodermal epithelial cells of the parasite and are stored in specialized secretory 

vesicles as inactive zymogens (Collins et al., 2004). Cathepsins make up a large 

proportion of the total transcriptome of many trematode parasites (Robinson et al., 

2009), and nearly 15% of the transcripts derived from adult F. hepatica. Mature F. 

hepaticas only secrete cathepsin L cysteine proteases, highlighting the importance of 

these molecules in the parasite pathology (Dalton et al., 2003). The importance of 

FhCL1 and FhCL2 in F. hepatica survival and adaptation can be shown by the fact that 

FhCL1 and FhCL2 are by far the most predominantly expressed cathepsins by adult 

parasites and can account for approximately 67% and 28% of total secreted cathepsin Ls 

respectively (Stack et al., 2008). F. hepatica CL has also been shown to suppresses 

Bordetella pertussis-specific IFN-γ production in vivo (O'Neill et al., 2001).  

 

1.10.5. A. Lumbricoides-derived pseudocoelomic fluid (PCF) 

Antigens derived from A. lumbricoides and A. suum, which infect humans and pigs 

respectively, have been of growing interest due to the potential immunosuppressive 

effects of ascarids on their hosts (Johnston et al., 2009). Previous studies have mainly 

focused on A. Suum-derived antigens (Table 1.1). A. Suum ES (Andrade et al., 2005) 

and lipid products (Kean et al., 2006) have been shown to trigger in vitro nitric oxide 

from macrophage. While both PCF (McConchie et al., 2006) and PI (Silva et al., 2006) 

derived from A. suum can suppress DCs responses to secondary antigens. Also, various 

A. Suum products can alter expression of allergic diseases (Rocha et al., 2008, Araujo et 
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al., 2008, Lima et al., 2002, Itami et al., 2005, Matera et al., 2008). But our 

understanding of the interaction of A. lumbricoides antigens on DCs function is limited. 

 

1.10.6. Aim of thesis 

The aims of the thesis were to:  

A) Study the ability of F. hepatica tegumental antigen to suppress DC maturation and 

function.  

 

B) Investigate the ability of F. hepatica-derived enzymes to induce and/or modulate DC 

maturation and alter T helper cell priming ability in vivo.  

 

C) Examine the capacity of an A. lumbricoides extract to induce and/or modulate DC 

maturation and alter T helper cell priming ability in vivo.  
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Chapter 2: Materials and Methods 

2.5 Materials 

2.5.1 Reagents  

Table 2.1 list of reagents used in methods 

Product  Catalog # Company 

Compressed industrial air  --- BOC Gases Ireland, Dublin 12, Ireland. 

Compressed carbon dioxide (CO2) 
industrial  

40-VK BOC Gases Ireland, Dublin 12, Ireland. 

Medical oxygen --- BOC Gases Ireland, Dublin 12, Ireland. 

Halotane --- BOC Gases Ireland, Dublin 12, Ireland. 

C57BL/6j mice, female --- Harlan UK Limited,  Oxfordshire,  UK 

Balb/cj mice, female --- Harlan UK Limited,  Oxfordshire,  UK 

CeH/HeN --- Harlan UK Limited,  Oxfordshire,  UK 

CeH/HeJ --- Harlan UK Limited,  Oxfordshire,  UK 

DO11.10 mice, female 003303 The Jackson Lab, ME, USA 

Balb/cj mice, female 000651 The Jackson Lab, ME, USA 

RPMI 1640 medium 31870-025 GIBCO BRL, Paisley, Scotland 

Foetal calf serum (FCS) 10270-106 GIBCO BRL, Paisley, Scotland 

Sterile phosphate saline buffer (PBS) 14190-094 GIBCO BRL, Paisley, Scotland 

L-glutamine 25030-024 GIBCO BRL, Paisley, Scotland 

Penicillin-streptomycin 15070-063 GIBCO BRL, Paisley, Scotland 

Mouse CD40 (PE) 553791 Becton Dickinson, Oxford, England 

Mouse CD80 (PE) 553769 Becton Dickinson, Oxford, England 

Mouse CD86 (FITC) 553691 Becton Dickinson, Oxford, England 

PE Rat IgG2a κ Isotype Control (For 
CD40) 

553930 Becton Dickinson, Oxford, England 

PE Hamster IgG2 κ Isotype Control 
(For CD86) 

550085 Becton Dickinson, Oxford, England 

FITC Rat IgG2a, κ Isotype Control 
(For CD80) 

553929 Becton Dickinson, Oxford, England 

Mouse CD4 (FITC) 553650/ 
553651 

Becton Dickinson, Oxford, England 

Mouse CD3 (PerCP) 553067 Becton Dickinson, Oxford, England 

Mouse CD3 (PE) 555275 Becton Dickinson, Oxford, England 

Mouse CD11c (APC) 550261 Becton Dickinson, Oxford, England 

Mouse CD25 (PE) 553075 Becton Dickinson, Oxford, England 

Hamster Anti-Mouse CD11c (PE-
Cy5.5) 

MCD11c18 Caltag-Medsystems Ltd, Buckingham, 
UK.  

PE-Cy5.5 Hamster IgG Isotype 
Control (For CD11c) 

HM18 Caltag-Medsystems Ltd, Buckingham, 
UK.  

Hamster Anti-Mouse CD11c (APC) MCD11c05 Caltag-Medsystems Ltd, Buckingham, 
UK.  

CD28 553297 Becton Dickinson, Oxford, England 

CTLA-4  553720 Becton Dickinson, Oxford, England 

Mouse IL-5 ELISA Set 555236 Becton Dickinson, Oxford, England 

Mouse IL-10 ELISA Set 555252 Becton Dickinson, Oxford, England 

Mouse IL-12 (p70) ELISA Set 555256 Becton Dickinson, Oxford, England 

Mouse TNF-α ELISA Set 555268 Becton Dickinson, Oxford, England 

Mouse IL-6 ELISA Set 555240 Becton Dickinson, Oxford, England 

Mouse IL-12 (p40) ELISA Set 555165 Becton Dickinson, Oxford, England 

Mouse IL-23 (p19/p40) ELISA Ready-
SET-Go 

88-7234 eBioscience Ltd, Hatfield, UK 

Mouse IFN-γ DuoSet ELISA kit DY485 R&D Systems Europe Ltd., Oxon, UK 
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Mouse IL-4 DuoSet ELISA kit DY404 R&D Systems Europe Ltd., Oxon, UK 

Mouse IL-10 DuoSet ELISA kit DY417 R&D Systems Europe Ltd., Oxon, UK 

Mouse IL-17 DuoSetELISA kit DY421 R&D Systems Europe Ltd., Oxon, UK 

Mouse MIP-1α DuoSet ELISA kit DY450 R&D Systems Europe Ltd., Oxon, UK 

Mouse MIP-2 DuoSet ELISA kit DY452 R&D Systems Europe Ltd., Oxon, UK 

Mouse MCP DuoSet ELISA kit DY479 R&D Systems Europe Ltd., Oxon, UK 

Prostaglandin E2 ELISA Kit 514010 Cayman Chemicals, MI, USA 

Griess reagent system (Nitric oxide) G2930 Promega, Madison, USA 

Pipette Tips-Eppendorf (200µl) 70.760.001/7
0.760.002 

Sarstedt, Wexford, Ireland 

Pipette Tips-Eppendorf (1000µl) 70.762 Sarstedt, Wexford, Ireland 

96-well plate (flat bottom) 82.1581 Sarstedt, Wexford, Ireland 

96-well plate (round bottom) 82.1582 Sarstedt, Wexford, Ireland 

Sterile 24-well plate (round bottom) 83.1836 Sarstedt, Wexford, Ireland 

Sterile petri dishes (92/16mm) 82.1472.001 Sarstedt, Wexford, Ireland 

Sterile 10 ml pipettes 86.1245.001 Sarstedt, Wexford, Ireland 

Sterile 25 ml pipettes 86.1685.001 Sarstedt, Wexford, Ireland 

Sterile 1.5 ml micro tubes  72.690.001 Sarstedt, Wexford, Ireland 

Sterile 5 ml tubes  62.558.201 Sarstedt, Wexford, Ireland 

Sterile 15 ml centrifuge tubes  62.554.002/6
2.554.502 

Sarstedt, Wexford, Ireland 

Sterile 50 ml centrifuge tubes  62.559.001 Sarstedt, Wexford, Ireland 

Sterile 3.5 ml transfer pipettes 86.1171/86.1
171 

Sarstedt, Wexford, Ireland 

Filtropur S 0.2µm 83.1826.001 Sarstedt, Wexford, Ireland 

Sterile Nunc F96 MicroWell™ Plates 137101 Nunc, Roskilde, Denmark 

Sterile 6-well plate (round bottom) 83.1839 Sarstedt, Wexford, Ireland 

tissue culture flask (75cm2) 83.1813.002 Sarstedt, Wexford, Ireland 

Finnpipette® Multistepper® pipette 
tips 

Z353507 Sigma-Aldrich, Dublin 24, Ireland 

Corning Costar High Binding Capacity 
96-well plate (flat bottom)  

44-2504 eBioscience Ltd, Hatfield, UK 

Sterile Nunclon Surface 12-well plate 
(flat bottom)  

1-50628A  Nunc, Roskilde, Denmark 

FluoroNunc 96 Well Black Plates F96 
MaxiSorp 

4-37111A Nunc, Roskilde, Denmark 

Sterile tissue culture plate 35mm plate 
(flat bottom)  

1-50318A  Nunc, Roskilde, Denmark 

40mm cell strainer 352340 Unitech/BD, Dublin 24, Ireland 

70mm cell strainer 352350 Unitech/BD, Dublin 24, Ireland 

19G needles  301500 Unitech/BD, Dublin 24, Ireland 

25G needles  300600 Unitech/BD, Dublin 24, Ireland 

27G needles  300635 Unitech/BD, Dublin 24, Ireland 

1 ml syringes 300013 Unitech/BD, Dublin 24, Ireland 

10 ml syringes ASY225-
40BX 

Lennox Ltd, Dublin 12, Ireland 

Parafilm-M ASE165-15 Lennox Ltd, Dublin 12, Ireland 

FACS tubes 352054 Unitech/BD, Dublin 24, Ireland 

FACS flow sheath 342003 Becton Dickinson, Oxford, England 

FACS clean 340345 Becton Dickinson, Oxford, England 

FACS rinse 340346 Becton Dickinson, Oxford, England 

The CellTiter 96® AQueous Cell 
Proliferation Assay (MTS based) 

G3582 Promega, Madison, USA 

Cell Growth Determination Kit (MTT 
based) 

CGB-1 Sigma-Aldrich, Dublin 24, Ireland 

Annexin V-FITC apoptosis detection 
kit I 

556547 BD pharmingen, Oxford, England 

Dialysis tubing  D-9777 Sigma-Aldrich, Dublin 24, Ireland 
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Hydrogen peroxide 30% (H2O2) H1009 Sigma-Aldrich, Dublin 24, Ireland 

Trizma® hydrochloride 
(NH2C(CH2OH)3 · HCl) 

T5941 Sigma-Aldrich, Dublin 24, Ireland 

Calcium chloride (CaCl2) 383147 Sigma-Aldrich, Dublin 24, Ireland 

Glycine (NH2CH2COOH) G8898 Sigma-Aldrich, Dublin 24, Ireland 

Sulfuric acid (H2SO4) 435589 Sigma-Aldrich, Dublin 24, Ireland 

Phenylmethylsulfonyl fluoride (PMSF) 
(C7H7FO2S) 

78830 Sigma-Aldrich, Dublin 24, Ireland 

HEPES (C8H18N2O4S) H3375 Sigma-Aldrich, Dublin 24, Ireland 

Triton® X-114 (non-ionic detergent) 93421 Sigma-Aldrich, Dublin 24, Ireland 

Chloroform (CHCl3) C2432 Sigma-Aldrich, Dublin 24, Ireland 

Sodium dodecyl sulphate (SDS) L4390 Sigma-Aldrich, Dublin 24, Ireland 

DMSO (Dimethyl sulfoxide) 
((CH3)2SO) 

D2650 Sigma-Aldrich, Dublin 24, Ireland 

TRI Reagent® T9424 Sigma-Aldrich, Dublin 24, Ireland 

Sodium hydroxide (NaOH) S5881 Sigma-Aldrich, Dublin 24, Ireland 

Sodium chloride (NaCl) 71378 Sigma-Aldrich, Dublin 24, Ireland 

Sodium phosphate dibasic (NaH2PO4) S9763 Sigma-Aldrich, Dublin 24, Ireland 

Ethanol absolute (CH3CH2OH) E7023 Sigma-Aldrich, Dublin 24, Ireland 

Tetramethylbenzidine (TMB ) 
dihydrochloride (tablets) 

T3405 Sigma-Aldrich, Dublin 24, Ireland 

Paraformaldehyde (PFA) P6148 Sigma-Aldrich, Dublin 24, Ireland 

Temed T9281 Sigma-Aldrich, Dublin 24, Ireland 

Methanol (CH3OH) 179337 Sigma-Aldrich, Dublin 24, Ireland 

Hydrochloric acid (HCL) 07102 Sigma-Aldrich, Dublin 24, Ireland 

Phorbal myristate acetate (PMA) P8139 Sigma-Aldrich, Dublin 24, Ireland 

Bovine serum albumin (BSA) A7906 Sigma-Aldrich, Dublin 24, Ireland 

Skim Milk Powder 70166 Sigma-Aldrich, Dublin 24, Ireland 

Trypan Blue solution (sterile-filtered, 
cell culture tested) 

T8154 Sigma-Aldrich, Dublin 24, Ireland 

Phosphate-Citrate Buffer with Sodium 
Perborate (for ELISA) 

P4922 Sigma-Aldrich, Dublin 24, Ireland 

Acetone (CH3COCH3) 27023 AGB Scientific/VWR Int. Limited, Dublin 
15, Ireland 

PyroGene® Recombinant Factor C 
Endotoxin Detection System 

50-658U Lonza, Walkersville, MD, USA 

X-ray developer Solution 120100 Fuji photo film Co Ltd, Toyko, Japan  

X-ray fixer Solution 120204 Fuji photo film Co Ltd, Toyko, Japan  

X-ray starter Solution 120401 Fuji photo film Co Ltd, Toyko, Japan  

Fuji medical X-ray film (18x24cm) 100 NIF Fuji photo film Co Ltd, Toyko, Japan  

c-Jun N-terminal kinase (JNK) 
inhibitor 

420116 Calbiochem, La Jolla, CA, USA 

p38 MAP kinase inhibitor S7067 Sigma-Aldrich, Dublin 24, Ireland 

extracellular signal-regulated kinase 
(ERK) inhibitor 

U0126 Sigma-Aldrich, Dublin 24, Ireland 

CytoSelect 96-well Phagocytosis 
Assay, Colorimetric (RBC) 

CBA-220 Cell Biolabs Inc., CA, USA 

Sheep Red Blood Cells (Suspended 
100%) 

0855876 Innovative Reseach, MI, USA 

Triton® X-114 93421 Sigma-Aldrich, Dublin 24, Ireland 

Tween® 20, Molecular Grade H5151 Promega, Madison, USA 

Coverslips  MLS17-20 Lennox Ltd, Dublin 12, Ireland 

Cellulose Acetate Membrane Filters 11104-047N Sartorius, Goettingen, Germany 

OVA Peptide (323-339, 
ISQAVHAAHAEINEAGR) 

RP10610 GenScript Corp., NJ, USA 

Extracti-Gel D detergent removing gel  20208 Pierce, Rockford, IL, USA 

Recombinant mouse GM-CSF 415-ML-050 R&D Systems Europe Ltd., Oxon, UK 
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Microcon-YM-30 Filter Unit, 30 kDa 42409/42422 Millipore, MA, USA 

Purified anti-mouse CD3 553057 BD pharmingen, Oxford, England 

Nonident® P40 substitute detergent 74385 Sigma-Aldrich, Dublin 24, Ireland 

[3H] thymidine  TRA310 GE Healthcare UK Ltd., 
Buckinghamshire, UK 

Mouse CpG ODN 1826 tlrl-modn InvivoGen, CA, USA 

Flagellin (S. thyphimurium) tlrl-stfla InvivoGen, CA, USA 

Peptidoglycan (PGN) (Staphylococcus 
aureus) 

tlrl-pgnsa InvivoGen, CA, USA 

Poly (I:C) (polyinosinsic:cytidylic acid) tlrl-pic InvivoGen, CA, USA 

Lipopolysaccharide (LPS) (E. coli, 
Serotype R515) 

ALX-581-007 Alexis Biochemicals, Lausanne, 
Switzerland 

Zymosan A (Saccharomyces 
cerevisiae) 

Z4250 Sigma-Aldrich, Dublin 24, Ireland 

Anti-mouse CD40/TNFRSF5 Antibody MAB440 R&D Systems Europe Ltd., Oxon, UK 

RIPA Buffer R0278 Sigma-Aldrich, Dublin 24, Ireland 

Protease Inhibitor Cocktail P8340 Sigma-Aldrich, Dublin 24, Ireland 

Phosphatase Inhibitor Cocktail 1 P2850 Sigma-Aldrich, Dublin 24, Ireland 

Phosphatase Inhibitor Cocktail 2 P5726 Sigma-Aldrich, Dublin 24, Ireland 

Bicinchoninic acid (BCA) reagent A 23228 Promega, Madison, USA 

Bicinchoninic acid (BCA) reagent B 23224 Promega, Madison, USA 

Precision Plus Protein All Blue 
Standards 

161-0373 Biorad, Hercules, USA 

Immobilon
TM

 chemiluminescent HRP 
substrate 

WBKLS0050 Millipore, MA, USA 

Immobilon®-P Polyvinylidene 
Difluoride (DVDF) membranes 

P2938 Sigma-Aldrich, Dublin 24, Ireland 

Whatman 3MM Chromatography 
Paper 20X20CM 

3030/861 Lennox Ltd, Dublin 12, Ireland 

Phospho-SAPK/JNK (Thr183/Tyr185) 
Rabbit mAb 

4668 Cell Signaling Technology Inc., MA, 
USA 

Phospho-p38 MAPK (Thr180/Tyr182) 
Antibody 

9211 Cell Signaling Technology Inc., MA, 
USA 

Phospho-NF-κB p65 (Ser276) 
Antibody 

3037 Cell Signaling Technology Inc., MA, 
USA 

Phospho-p44/42 MAPK (Erk1/2) 
(Thr202/Tyr204) 

4370 Cell Signaling Technology Inc., MA, 
USA 

Anti-rabbit IgG, HRP-linked Antibody 7074 Cell Signaling Technology Inc., MA, 
USA 

p44/42 MAPK (total Erk1/2) Antibody 9102 Cell Signaling Technology Inc., MA, 
USA 

IRF-5 Antibody 3257 Cell Signaling Technology Inc., MA, 
USA 

 

2.6 Solutions and Media  

2.6.1 Solutions  

10X Phosphate buffered saline (PBS)  

400g NaCl 

10g KCl 

58g Na2HPO4 
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10g KH2PO4  

Solution adjusted to pH 7.3 with HCL or NaOH and brought to 1 L with dH2O. Stored 

at room temperature. 1X PBS was prepared by diluting 10X PBS at a ratio of 1:9 with 

dH2O. 

 

Citric acid buffer 

2.941g Citric Acid 

Citric acid buffer and adjusted to pH 5.5 with HCL or NaOH made up to 100mls with 

dH2O. Stored at room temperature.   

 

TMB substrate solution  

9.8ml Citric Acid buffer 

2mg TMB 

200µl DMSO 

3µl H2O2 

2mg TMB powder added to 200µl DMSO. TMB/DMSO solution added to 9.8mls citric 

acid buffer make TMB Substrate Solution. Hydrogen peroxide added and TMB/DMSO 

solution added just before use.  

 

10X electrophoresis buffer 

250 mM tris  

1.92 M glycine  

1% SDS 

Solution adjusted to pH 8.3 with HCL and stored at room temperature. 1X 

electrophoresis buffer was prepared by diluting 10X electrophoresis buffer at a ratio of 

1:9 with dH2O. 
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5X SDS-PAGE reducing buffer 

0.625 M tris/HCl pH 6.8   

50% glycerol 

10% SDS 

0.1% bromophenol blue  

5% 2-mercaptoethanol  

 

FACS Buffer (PBA) 

100mls PBS  

2mls (2%) FCS  

0.05 g (0.05%) NaH3 

 

Fixation buffer: 1% paraformaldehyde (PFA) 

Paraformaldehyde: 1.0g  (1%) 

Make up to 1000 ml with dH2O, at 70
o
C. Stored at 4

o
C 

 

0.2 M Sodium phosphate ELISA buffer 

11.8g Na2HPO4 

16.1g NaH2PO4 

Solution adjusted to pH 6.5 with HCL or NaOH and brought to 1 L with dH2O. Stored 

at 4
o
C.  

 

0.1 M Sodium carbonate ELISA buffer 

7.3g NaHCO3 

1.59g Na2CO3 
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Solution adjusted to pH 9.5 with HCL or NaOH and brought to 1 L with dH2O. Stored 

at 4
o
C.  

 

0.1 M Ammonium bicarbonate buffer 

7.906g Ammonium bicarbonate. 

Solution brought to 1 L with dH2O. Stored at 4
o
C.  

 

Western Blot Transfer Buffer (one blot) 

Tris: 0.9g  (25mM) 

Glycine: 4.5g  (200mM) 

Methanol: 60ml  (20%) 

Make up to 300 ml with dH2O 

 

Western Blot 10X Running Buffer 

Tris: 30g (250mM) 

Glycine: 144g (1920mM) 

SDS: 10g 

Make up to 1L with dH2O, pH 8.3.  Store at RT. 1X was prepared by diluting 10X 

Running Buffer at a ratio of 1:9 with dH2O. 

 

Western Blot Blocking Buffer 

Marvel 5g (5%) (0.75g in 15mls; 1.5g in 30mls) 

Make up to 100ml with PBS. 

 

Western Blot Antibody Buffer 

5% blocking buffer with 0.05% Tween-20 (50µl) 

0.75g in 15mls, 7.5µl Tween-20. 
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2.6.2 Media 

Complete RPMI (cRPMI) 5%:  

RPMI 1640 medium with 5% (or 2% for FhCL1 antigens) heat inactivated FCS (30 

mins at 60
o
C), 0.05 mM 2-ME, 100 U/ml penicillin, 100 µg/ml streptomycin, 2 mM L-

glutamine and 50µM 2-mercaptoethanol (All products supplied by Invitrogen-Gibco). 

 

2.7 Equipment  

Table 2.2: list of equipment used in methods 

Equipment Catalog # Company 

Stirred ultra-filtration cell model 8220 5123 Millipore 

Merit water still, 240V W4000 Lennox Ltd, Dublin 12, Ireland 

HiPrep 26/60 Sephacryl S-200 HR gel filtration 
column 

17-1195-
01 

Amersham Biosciences Limited,  
Amersham, UK 

Perista pump  SJ-1211 
ATTO Bio-Instrument, Bunkyo, 
Tokyo 

BioCollector Fraction Collector AC-5750 
ATTO Bio-Instrument, Bunkyo, 
Tokyo 

Microcentrifuge Benchtop model 4214 
Medical Supply Co Ltd., Dublin 
15, Ireland 

Stuart Scientific Combined Incubator and Orbital 
Shaker S150 

Medical Supply Co Ltd., Dublin 
15, Ireland 

Lightwave Diode Array UV/Vis Spectrophotometer S2000 
Medical Supply Co Ltd., Dublin 
15, Ireland 

Bloch Heater - BBA series - Grant Boekel  
Medical Supply Co Ltd., Dublin 
15, Ireland 

Analogue Stirred Water Baths NE4-22T  
AGB Scientific/VWR Int. Limited, 
Dublin 15, Ireland 

Consort nv electrophoresis power supply E844 Belgium 

Dual Mini Slab Kit-gel electrophoresis apparatus  AE-6450 
ATTO Bio-Instrument, Bunkyo, 
Tokyo 

Hemacytometer, Neubauer, Double cell --- 
Medical Supply Co Ltd., Dublin 
15, Ireland 

Tecan Genios Microplate Reader --- 
Tecan Group Ltd., Männedorf, 
Switzerland 

Tecan Safire2 UV-VIS-IR and fluorescence plate 
reader --- 

Tecan Group Ltd., Männedorf, 
Switzerland 

Thermo / Forma Scientific CO2 Water Jacketed 
Incubator 

Model 
3111 

Medical Supply Co Ltd., Dublin 
15, Ireland 

Leica Inverted microscope DMIL 
Leica Microsystems, Wetzlar, 
Germany 

SIGMA 4K15 Benchtop Refrigerated Centrifuge 10740 Sigma Laboratory Centrifuges 

BIOQUELL Microflow Class II ABS Cabinet ABS1200F 
AGB Scientific/VWR Int. Limited, 
Dublin 15, Ireland 

FACSCalibur flow cytometer  --- 
Becton Dickinson, Oxford, 
England 

Flowjo software --- Tree Star, Inc, Ashland, OR, USA 

BD CellQuest™ Pro software --- 
Becton Dickinson, Oxford, 
England 

ENDNOTE --- ISI ResearchSoft, Berkeley, USA 
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GeneGenius Gel Documentation and Analysis 
System --- Syngene, Cambridge, UK 

Fuji medical film processor   FPM 100A 
Fuji photo film Co Ltd, Toyko, 
Japan  

Fuji film cassette (18x24cm) EC-DW 
Fuji photo film Co Ltd, Toyko, 
Japan  

Vortex mixer 
TT52-
9008200 

Lennox Laboratory Supplies Ltd, 
Dublin 12, Ireland. 

 

2.8 Methods  

2.4.21 In-vitro cultivation of parasites and preparation of F. hepatica excretory-

secretory (FhES) and tegumental coat (FhTeg) 

Adult F. Hepatica worms were collected from infected cattle from a local abattoir. 

Excretion-secretion (FhES) products were collected from live F. Hepatica. Briefly, F. 

Hepatica worms were washed three times in sterile PBS. 20-25 worms were placed in 

40 mls cRPMI at 37
o
C and 5% CO2 for 24h. This culture medium was removed and 

designated FhES. FhES extracts were clarified by centrifugation at 14,000 x g for 30 

mins at 4
o
C (to remove any shed eggs). F. Hepatica tegument (FhTeg) was obtained by 

washing 20-25 worms F. hepatica adult worms (live) in sterile PBS twice and then 

incubating them in 1% Nonidet P-40 detergent (NP-40 (Sigma-Aldrich), in PBS) for 30 

min at 4
o
C with gentle shaking. Supernatant was collected and FhTeg were clarified by 

centrifugation at 14,000 x g for 30 mins at 4
o
C (to remove any shed eggs). NP-40 was 

removed from FhTeg preparation using an Extracti-Gel D detergent-removing gel 

column (Pierce) (Hillyer, 1980). The FhTeg preparation was then and dialysis against 

sterile PBS overnight.  

Both FhTeg and FhES were filter concentrated using a stirred ultra-filtration cell 

(Millipore) and compressed air. Briefly, Ultra-filtration membranes (Millipore) were 

first prepared by washing in sterile dH2O for 90 min in agitated petri dish. dH2O was 

changed every 30 mins and the membrane inverted. Each membrane was stored 

overnight in 10% ethanol/sterile dH2O and washed in dH2O for 30 mins in an agitated 

petri dish before use. Either FhTeg or FhES were added to the stirred ultra-filtration cell 
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under 25 psi of compressed air, with samples kept on ice at all times. Once 

concentrated, FhTeg and FhES were stored at -20
o
C. Protein concentrations were 

measured using the BCA protein assay kit (Pierce) (see 2.4.3) and endotoxin levels were 

assessed using the Pyrogene® endotoxin detection system (Cambrex) (see 2.4.4). Both 

FhES and FhTeg gave endotoxin levels similar to background control levels and to 

complete RPMI 1640 medium so was taken to be endotoxin-free.  

 

2.4.22 Recombinant protein production and native Ascaris antigen isolation 

Active and variant inactive F. hepatica cathepsin L antigen rFhCL1 and rvFhCL1 

(accession No. AAB41670), respectively and F. hepatica GST sigma and mu class 

(rFhGST-si (accessions No. ABI79450) and rFhGST-mu (accession No. ACF59730)) 

were prepared in Pichia pastoris and Escherichia coli recombinant expression systems 

as previously described in the laboratories of Professors John Dalton and Peter Brophy 

(Roche et al., 1999, LaCourse et al., 2009), respectively. A. lumbricoides extracts was 

prepared by obtaining adult worms (female) from ascaris infected individuals. Worms 

were washed with sterile PBS and a sterile needed was injected into the pseudocoelom 

of the worm to remove A. lumbricoides pseudocoelomic fluid (AlPCF). PCF is a 

metabolically active fluid that maintains hemostatic pressure in the worm and provides 

precursor molecules for membrane and cuticular synthesis and heme containing proteins 

for oxidative metabolism  (Kennedy and Qureshi, 1986). Protein concentrations were 

measured using the BCA protein assay kit (Pierce) (see 2.4.3) and endotoxin levels were 

assessed using the Pyrogene® endotoxin detection system (Cambrex) (see 2.4.4). 

AlPCF tested negative for endotoxin levels since levels were similar to background 

control levels and to complete RPMI 1640 medium so was taken to be endotoxin-free.  
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2.4.23 Determination of Protein concentration 

Determination of protein concentrations was done using the bicinchoninic acid (BCA) 

protein assay in a clear 96-well micro-titre plate. Standards were prepared using in 0.25 

mg/ml increment between 0 and 2.0 mg/ml with bovine serum albumin (BSA) in an 

appropriate buffer. Samples or BCA standards were pipetted in 10µl aliquots in 

duplicate or triplicate into a clear 96-well micro-titre plate. BCA working reagent was 

prepared by mixing BCA Reagent A: BCA Reagent B in the ratio 50:1. 200µl BCA 

working reagent was then added to all standard and sample wells. Plates were covered 

and incubate at 37
o
C for 30 mins, and absorbance was read at 562nm in a micro-titre 

plate reader. Duplicate or triplicate values were averaged and standard curves were 

generated and protein concentrations determined using Microsoft Excel software.  

 

2.4.24 Endotoxin detection assay 

Endotoxin levels were assessed using the Pyrogene® endotoxin detection system 

(Cambrex) which utilizes recombinant Factor C (rFC), an endotoxin sensitive protein, 

which is activated by endotoxin binding. When activated by endotoxin binding, 

recombinant Factor C acts upon a fluorogenic substrate in the assay mixture to produce 

a fluorescent signal in proportion to the endotoxin concentration in the sample. 

Reactions were run in steile 96-well microplate fluorescent plates (Nunc F96 

MicroWell™ Plates). Samples were plated in triplicate in the presence of rFC and the 

fluorogenic substrate. Fluorescence was measured in a fluorescent microplate reader 

(Tecan Safire2) at time zero and then measured again after one-hour incubation at 37
o
C. 

Excitation/emission wavelengths of 380/440 nm were used. The log net fluorescence is 

proportional to the log endotoxin concentration and is linear in the 0.01-10 EU/ml 

range.  
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2.4.25 Endotoxin removal procedure 

Removal of detectable endotoxin was preformed by phase separation using Triton X-

114 detergent (Aida and Pabst, 1990). This phase separation technique provides a rapid 

and gentle method for removing endotoxin from protein solutions. Since both rFhGST-

si and rFhGST-mu were prepared in E. coli recombinant expression systems (see 

section see 2.4.2), each were treated to remove any detectable endotoxin. Briefly, 

protein solutions containing endotoxin were treated with 1% Triton X-114, vortexed 

vigorously and placed on ice for 5 mins. The solutions were vortexed again and warmed 

to 37
o
C for 5 mins then 56

o
C for 1 further min in a water bath. Two separation phases 

are subsequently formed; an endotoxin-Triton X-114 containing pellet and an 

endotoxin-detergent free supernatant. The Triton X-114 phase, containing the 

endotoxin, can be further clarified by is precipitated by brief centrifugation (approx 10 

sec) in a micro centrifuge. Normally, phase separation can lead to a 1000-fold reduction 

of endotoxin levels in contaminated preparations. It has been reported that proteins 

treated by this procedure retained normal functions and that complete removal of 

endotoxin can be achieved by repetition of phase separation. All antigens that gave 

endotoxin levels similar to background control levels and to cRPMI 1640 medium as 

tested in the Pyrogene® endotoxin detection system (see 2.4.5) were taken to be 

endotoxin-free.  

 

2.4.26 Isolation and culture of murine bone marrow derived DCs (BMDCs) 

Mice were killed by cervical dislocation. Bone marrow-derived immature DCs were 

prepared by culturing bone marrow cells, isolated from the femurs and tibia of mice 

using sterile surgical equipment, 70% alcohol to sterilise the dissection area and 

performed in a microflow class II cabinet (AGB). Cells were re-suspended in cRPMI 

1640 with recombinant mouse GM-CSF (20 ng/ml; R&D Systems Ltd, UK) and were 
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cultured in humidified incubator at 37
o
C and 5% CO

2 
in sterile petri dishes (92/16mm, 

Sarstedt). On days 3 fresh medium with GM-CSF (20 ng/ml) was added to the cells. On 

day 6 of culture half of total volume of supernatant was carefully removed without 

disturbing the cell monolayer and replaced with fresh cRPMI medium containing GM-

CSF (20 ng/ml). On day 8, cells were collected by removing adherent cells with gentle 

“scrapping” with a sterile 1 ml syringe butt, counted (see section 2.4.14) and used for 

assays (Lutz et al., 1999). DC purity was >90% positive for expression of the pan 

marker CD11c (APC) (Caltag Laboratories). Appropriately labelled isotype-matched 

antibodies were used as controls. Acquisition was performed using a fluorescence-

activated cell sorter (FACS) Calibur flow cytometer (BD Biosciences), and analysis of 

results performed using FlowJo software (Tree Star) (see section 2.4.23). 

 

2.4.27 Determination of cell yield  

Trypan blue stains can be used in dye exclusion procedures for viable cell counting. 

Viable cells do not take up the dye whereas non-viable cells do. A Neubauer 

haemocytometer slide and an inverted microscope (Leica) were used to determine the 

number of cells harvested. Cell to be counted were added to a cell suspensions usually 

at a dilution factor = 3, containing Trypan Blue (Sigma-Aldrich) and allowed to stand 

for 5-10 mins. With a cover-slip in place the cell suspension in Trypan were pipetted 

onto the slide beneath the cover slip ensuring that the solution covered the entire surface 

of the counting chamber/grid. The microscopic slide contains a grid etched on its 

surface. The volume of a solution in any give part of the grid can be calculated from the 

area of the grid and the height between the grid and the cover-slip. Each square of the 

haemocytometer, with cover-slip in place, represents a total volume of 0.1 mm
3
 or 10

-4
 

cm
3
. This is the conversion factor for the haemocytometer. Since 1 cm

3
 is 



   38 

approximately 1 ml, the subsequent cell concentration/ml (and total cell number) can be 

determined using the following calculations: 

 

Cell No. = 

(Volume (mls)) x (average count) x (dilution factor) x 10
4
 [chamber conversion factor] 

Example: 

(10mls) x (45 cells) x (3) x (10
4
) = 13.5 x 10

6
 cells/ml 

 

2.4.28 Determination of cell viability and apoptosis: MTT, MTS and annxein 

The CellTiter 96 AQueous Non-Reactive Cell Proliferation Assay (the key component; 3-

(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4 sulfophenyl)-2H-

tetrazolium, inner salt or MTS) (Promega) and the Cell Growth Determination Kit (the 

key component; 3-[4,5 dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide or 

MTT) (Sigma) were used to determine cells viability of DCs in vitro. MTS and MTT 

are bio-reduced by cells into a formazan product that is soluble in tissue culture 

medium, and that can be read at an absorbance of 490 nm and 562 nm respectively. The 

conversion of MTS and MTT into aqueous, soluble formazan is accomplished by 

dehydrogenase enzymes found in metabolically active cells. The quantity of formazan 

product as measured by absorbance is directly proportional to the number of living cells 

in culture. Briefly, for the MTS assay cells were plated on sterile 96 well plates at a 

density of 10,000 cells/well in 200 µl cRPMI. For the MTT assay cells were plated on 

96 well plates at a density of 200,000 cells/well in 200µl cRPMI. Cells were treated 

with antigens and TLR ligands as in section 2.4.10 and were incubated for a further 18 

hours 37
o
C and 5% CO

2
 in a humidified incubator. For the MTS assay, MTS solution 

was added (40 µl/well) and cells were incubated for 3 further hours at 37
o
C and 5% CO

2
 

and the absorbance of 490nm measured with a microplate reader (Genios, Tecan). For 
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the MTT assay, MTT solution was added (22 µl/well) and cells were incubated for 3 

hours in a humidified incubator at 37
o
C and 5% CO

2
. Culture medium was carefully 

removed as not to disturb cells and 200 µl MTT solvent was added to each well and 

pipette multiple times to dissolve MTT formazan crystals. The absorbance at 562 nm 

was measured with a microplate reader. Duplicate or triplicate values were averaged, 

standard curves were generated and protein concentrations determined using Microsoft 

Excel software.  

Similarly, cell viability was also measured using the Annexin V-FITC apoptosis 

detection kit I (BD Biosciences).  Briefly, 1 x 10
6
 cells/ml were seeded into a 24-well 

plate and treated with respective antigens and each TLR ligand, either separately or 

together, or medium alone.  Cells were harvested 24 h later, washed twice in cold PBS 

and incubated in binding buffer (0.1 M Hepes/NaOH, 1.4 M NaCl, 25mM CaCl2) with 

Annexin V-FITC and propidium iodide (PI) for 15 min. Following addition of more 

binding buffer, cells were immediately analysed by flow cytometry. 

 

2.4.29 Preparation of MAPK inhibitions studies and use in cell cultures  

For MAPK inhibition studies, highly selective cell permeable inhibitors were used to 

block the functions of p38, JNK and ERK MAPKs. DCs where incubated with 

commercially available inhibitors at 20 µM/ml; c-Jun N-terminal kinase (JNK) 

(420116) (Calbiochem, La Jolla, CA, USA), P38 (S7067) and extracellular signal-

regulated kinase (ERK) (U0126) (both Sigma-Aldrich) for 1h before addition of 

stimulus (Dowling et al., 2008). Eighteen hours after TLR ligand activation, 

supernatants were removed for quantification of cytokine and nitrite levels, and FACS 

analysis was performed to determine cell surface marker expression. JNK inhibitor was 

dissolved in sterile PBS (Invitrogen) and stored at -20
o
C in the dark. ERK and P38 

inhibitor were dissolved in sterile DMSO (Sigma-Aldrich) and stored at 4
o
C in the dark.  
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2.4.30 In vitro DCs TLR and non-TLR -ligand activation 

DCs were usually seeded into 24-well plates (Nunc) at 1x10
6
/ml in complete RPMI 

1640 plus 5 ng/ml GM-CSF. The cells were treated with the respective antigens (FhTeg, 

FhES, rFhGST-si, rFhCL1 or AlPCF) typically at 10 µg/ml for 2.5 h prior to stimulation 

with LPS (Escherichia coli 0111:B4, Alexis and Sigma Aldrich; 100 ng/ml), zymosan 

A (Saccharomyces cerevisiae; 5 µg/ml), PGN (Staphylococcus aureus peptidoglycan; 5 

µg/ml), poly (I:C) (polyinosinsic:cytidylic acid, synthetic analogue of double stranded 

RNA 2.5 µg/ml), flagellin (Salmonella. typhimurium 0.5 µg/ml), CpG (stimulatory 

oligonucleotide (ODN) 1826 5 µg/ml) (Invivogen, France) or anti-CD40 Ligand (clone  

1C10; R&D Systems) for 18 h. In time course experiments, DCs were treated with 

respective antigens 2.5 h before, at the same time as, or 2.5 h after LPS stimulation.  

Control cells were treated with medium, respective antigens or TLR ligands alone. For 

dose response experiments DCs were usually treated with antigens at concentration of 

15-1 µg/ml for 2.5 hours before stimulation with ligands for a further 18 h. For all 

experiments control DC’s were treated with medium, respective antigens or the 

respective agonist alone.   

 

2.4.31 ELISA (enzyme linked immunosorbent assay) 

ELISAs are used to quantify cytokine levels in a given liquid solution such as culture 

medium or serum. The principles of ELISAs are as follows. A monoclonal Capture 

antibody (mAb) specific for the cytokine of interest is bound to a 96 well plate by 

incubation overnight (usually at 4
o
C) at a defined concentration in a buffer such as PBS. 

Excess or unbound antibodies are removed by washing with an appropriate buffer such 

as 1x PBS with 0.05% Tween-20, BCA or FCS blocking buffers added prevents non-

specific binding, washed again before the addition of samples and known standards 

(usually for 2 h at room temperature). The plate are washed again to remove unbound 
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cytokine and a biotinylated detection mAb specific for the cytokine of interest in the 

presence of streptavidin horseradish peroxidase (HRP) usually for 2 h at RT. 

Streptavidin has high binding affinity for biotin and catalyses the oxidation of 

tetramethylbenzidine (TMB). After washing again TMB is added which forms a blue 

colour that increases intensity in coloration with the level of captured cytokine. The 

reaction is stopped by the addition sulfuric acid and absorbance read at 450 nm. To 

calculate concentrations Absorbance reading at 450 nm of unknown samples can be 

plotted against the optical density (OD) absorbance readings of known standard curve 

(Male et al., 2006).  

Supernatant sample from cell cultures were collected at set time points as 

outlined in section 2.4.16 and cytokine, chemokines and prostaglandin production was 

measured by commercially available ELISA kits. Supernatants were tested for IL-6, IL-

10, IL-12p40, IL-12p70, IL-23, TNF-α, IL-4, IL-5, IL-17 and IFN-γ levels with BD 

OptEIA™ ELISA sets; (BD Biosciences) and Duoset™ ELISA kits (R&D systems). 

Production of MIP-1α and MIP-2 Duoset™ ELISA kits (R&D systems). Prostaglandin 

E2 (PGE2) and levels were also measured by ELISA (Cayman Chemical EIA Kits, 

USA).  

 

2.4.32 Nitric oxide assay 

Nitric oxide levels were detected using the Griess Reagent System (Promega). Nitric 

oxide (NO) is an important physiological messenger and effector molecule in 

immunoloigical systems (Bredt and Snyder, 1994). The Griess Reagent System is based 

on the chemical reaction detect NO2- by its use of sulfanilamide solution and N-1-

napthylethylenediamine dihydrochloride (NED) under acidic (phosphoric acid) 

conditions. Sulfanilamide and NED were added sequentially each for 5-10 minutes and 
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the sample the absorbance of 565 nm measured with a microplate reader (Genios, 

Tecan). 

 

2.4.33 TLR screening: InvivoGen 

This method is based on TLR-induced activation of the transcription factor NF-κB in 

HEK293 clones and takes advantage of the fact that TLR ligands are typically 

recognized by a single TLR. Ag-induced stimulation of TLRs 2-9 (see table 2.3) was 

tested in HEK-293 cells expressing a given TLR protein as well as a reporter gene 

driven by NF-κB promoter (InvivoGen). Each 293-TLR cell line was induced with a 

known specific ligand as a positive control, and a recombinant HEK-293 cell line for 

the reporter gene only was used as a negative control. TLR activation is represented as 

activity of the secreted alkaline phosphatase in arbitrary units read at an optical density 

of 650nm. TNF-α was used to stimulate HEK-293 cells as a non-TLR ligand positive 

control (TLR-). Respective antigens were added at same concentrations as reported in 

section 2.4.16.  

TLR  Ligands  Concentration 

TLR2  PAM2 10 ng /ml 

TLR3  Poly(I:C)  25 µg/ml 

TLR4  E.coli K12 LPS  100 ng/ml 

TLR5  S. typhimurium flagellin  1 µg/ml 

TLR7  Imidazoquinoline/R848 3 µg/ml 

TLR8  Imidazoquinoline/R848 10 µg/ml 

TLR9  CpG ODN 2006  10 µg/ml 

 

Table 2.3: TLR positive control ligands used during TLR screening. (InvivoGen). 

http://www.invivogen.com/family.php?ID=175&ID_cat=10&ID_sscat=94  

 

2.4.34 Flow cytometry  

Expression of cell surface markers on cells was quantified by four-colour flow 

cytometry. Briefly, adherent cells were recovered from culture plates or flasks after 

supernatant removal and gentle “scrapping” with a sterile 1 ml syringe butt and re-

suspended in PBA (1X sterile PBS, 2% FCS and 0.02% sodium azide). FCS prevents 
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non-specific binding of fluorescently conjugated antibodies while the sodium azide 

minimises their endocytosis by the cells. Where suspension cells were used, they were 

taken direct from culture and buffer exchanged into PBA. Cell suspensions in PBA were 

transferred to 5ml FACS tube and centrifuged at 300 x g for 5 mins at 4
o
C with an 

acceleration speed of 5 x g and a deceleration speed of 3 x g. Centrifugation adheres the 

cells to the bottom of the FACS tube allowing the supernatant to be carefully removed 

from each FACS tube without disturbing the cell pellet. Typically, 2.5 µl fluorescently 

conjugated antibody (BD Biosciences and Caltag) specific for the protein of interest 

usually, was added to each FACS tubes containing a cells of interest. 100 µl PBA was 

added, the cells re-suspended by voxtexing and the subsequent cell suspension 

incubated for 30 mins at 4
o
C in the dark. Cells were washed in 2 ml PBA and 

centrifuged as outlined above and supernatant again carefully removed from each FACS 

tube as not to disturb the cell pellet. Finally, cells were fixed with 1-5% 

paraformaldehyde (PFA) solution in FACS flow sheath for a minimum of 10 mins and 

acquired with in 24 hrs. 

DCs and T cells were tested for various cell surface markers as outlined in 

section 2.1.1. Multiple fluorescently conjugated antibodies were used in tandem 

ensuring that their flourochromes differed. All antibodies were used at suppliers 

recommended concentrations, incubation lengths and temperatures (which can vary 

from product to product according to manufacturer’s specifications). Unlabelled cells or 

appropriately labelled isotype-matched antibodies were used as controls for all 

experiments. Surface marker expression was analysed on a FACSCalibur flow 

cytometer using CellQuest (BD Biosciences) and FlowJo Software (Tree Star). 
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2.4.35 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) 

SDS-PAGE was performed based on a previously established method (Laemmli, 1970) 

and carried out using the mini-gel system (ATTO Bio-Instrument). Plates were first 

arranged in the relevant casting rig and the system was checked for leaks. Based on the 

molecular weight range of proteins within FhTeg 12% acrylamide resolving gels 

(10kDa-200kDa) were used.  For all cases western blots 10% resolving gels (20kDa-

300kDa) were used. Resolving gels were prepared based on the recipes given in table 

2.4 TEMED and 10% ammonium persulphate were added last just prior to pouring to 

prevent the gel polymerisation before being poured. The resolving gel was poured in a 

way to leave room for the stacking gel and topped with isopropanol to ensure a flat 

surface, prevent drying and air bubbles forming. The resolving gel was let set for 

between 5-30 mins.  

5% stacking gel were prepared based on the recipes given in table 2.1. Once 

again, TEMED and 10% ammonium persulphate were added last just prior to pouring to 

prevent the gel solidifying before being poured. Once the resolving gel had 

polymerised, the isopropanol was decanted from the gels. The stacking gel was then 

poured into place quickly followed by the placing of the appropriate spacer combs to 

form the loading wells and the stacking gel was allowed to polymerise for between 5-30 

mins. The combs were then removed from the gels and the gels transferred from the 

casting rig to the electrophoresis chamber. The chamber was then filled with 1X 

electrophoresis buffer (see 2.2.1). For protein sample with sufficiently high 

concentrations, such as FhTeg, sample preparation was preformed by mixing 20 µl of 

neat sample stock with 5 µl 5X SDS-PAGE reducing buffer. This 25µl mixture was 

boiled for 2 mins on a heading plate. Prepared samples, usually 12.5 µl aliquots (10µg) 

and 10 µl aliquots standards (Precision Plus Protein™ Standards; Bio-Rad) were loaded 

onto wells of the gel. For protein samples with low concentrations such as those form 
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protein extrations, samples were concentrated by incubation for 2 h at -20
o
C in acetone 

at a 1:5 dilution. After 2 h samples were centrifuged at 8,000 x g for 10 mins to pellet 

the proteins and the acetone supernatant discarded. Protein samples (10 µg for pNF-

κBp65, and 40 µg for all others signal transduction proteins) were loaded with pre-

stained protein markers into wells as above. Electrophoresis was performed between 

150 V and 200 V for 60-90 mins or until samples began to run off end of gel. Gels were 

carefully removed from electrophoresis chamber and casting rig, washed in H2O and the 

5% stacking gel was cut away and discarded.  

 

No. of Resolving Gel 15ml - 2 Atto Mini-Gels 7.5ml - 1 Atto Mini-Gels Stacking  ( 2 gels)  

Resolving Gel % Acrylamide 10% 12% 10% 12% 5% 

40% Acrylamide/Bisacrylamide 3.75ml 4.5ml 1.875ml 2.25ml 0.625ml 

1M Tris/HCl pH 8.8 5.6ml 5.6ml 2.8ml 2.8ml --- 

1M Tris/HCl pH 6.8 --- --- --- --- 0.625ml 

dH2O 5.4ml 4.65ml 2.7ml 2.325ml 3.625ml 

10% SDS 150µl 150µl 75µl 75µl 50µl 

10% APS 75µl 75µl 37.5µl 37.5µl 50µl 

TEMED 25µl 25µl 12.5µl 12.5µl 25µl 

 

Table 2.4: Components of SDS-PAGE gels. Resolving and stacking gels, with 

preparation volumes for one and four gels (ATTO Bio-Instrument Mini-Gels).  

 

2.4.36 Protein extraction and western blot analysis (Immunoblots) 

Total protein was extracted from cell lysates using RIPA buffer (containing 50mM Tris-

HCl, 150mM NaCl, 1.0% NP-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl 

sulphate, and protease and phosphatase inhibitor cocktails, pH 8.0 (Sigma-Aldrich)). 

Cells were incubated in the extraction buffer on ice for 5 min before being centrifuged 

at 8,000 x g for 10 min at 4
o
C.  Supernatants were transferred to clean tubes, and protein 

concentrations were determined using the BCA protein assay kit (Pierce) (see 2.4.3). 
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Where necessary, protein samples were concentrated by incubation for 2 h at -20
o
C in 

acetone at a 1:5 dilution. Protein samples (10-40 µg) and pre-stained protein markers 

(Precision Plus Protein™ Standards; Bio-Rad) were separated by SDS-PAGE (10% 

resolving gel) (section 2.4.15) and blotted onto 0.45 µM Immobilon™-P polyvinylidene 

difluoride membrane (Sigma-Aldrich). Membranes were blocked for 1 h at room 

temperature in 5% nonfat dried milk in PBS, and incubated overnight at 4
o
C with the 

respective antibody selective for the protein of interest (see table 2.1). Membranes were 

washed in PBS with 0.05% Tween-20 (PBS-T) and incubated for 1 h at room 

temperature with peroxide-conjugated anti-rabbit IgG (Sigma-Aldrich; 1:2000). After 

further washing, proteins were visualized with SuperSignal West Pico 

chemiluminescent substrate (Pierce) or Immobilon™ chemiluminescent HRP substrate, 

exposed to film for 1-30 mins, and processed using an FPM 100A Processor (FujiFilm). 

Protein bands were quantified using the GeneSnap acquisition and GeneTools analysis 

software (GeneGenius Gel Documentation and Analysis System; Syngene).  

 

2.4.37 Phagocytosis assay 

The phagocytic ability of DCs was measured using the CytoSelect™ 96-well 

Phagocytosis Assay (Cell Biolabs Inc.). Briefly, DCs from C57BL/6 mice were plated 

at 0.5 x 10
6
/ml in complete RPMI and incubated overnight at 37

o
C to allow adherence 

to plate. On day two, DCs were treated with antigens (FhTeg, rFhGST-si, rFhCL1 or 

AlPCF; all 10 µg/ml) or TLR ligands (LPS (100 ng/ml) or zymosan A (5 µg/ml)) alone, 

or with each antigen and TLR ligands at the same time, for 2.5hrs before the addition of 

sheep erythrocytes opsonised by IgG at a ratio of 50:1 (Innovative Reseach). 

Supernatants were aspirated after 1h and adherent cells washed with sterile PBS to 

remove non-phagocytosed erythrocytes. Adherent DCs were then lysed, substrate 

solution added and the amount of engulfed erythrocytes determined by colorimetric 
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assay at absorbance of 610nm and quantified by a 2 fold serial dilution standard curve 

of lysed erythrocytes. Negative control cells where treated with 2 µM Cytochalasin D to 

block phagocytosis.  

 

2.4.38 In vivo T-cell priming assay 

For assays of in vivo T-cell priming, DCs isolated from BALB/c mice (as per 2.4.11) 

were stimulated in vitro with medium or one of each antigens; FhTeg, rFhGST-si, 

rFhCL1 or AlPCF; (all 10µg/ml) in the presence of ovalbumin (OVA) peptide (323-

ISQAVHAAHAEINEAGR-329; 100 nM; GenScript Corp.). After 24 h, the cells were 

washed with sterile endotoxin free PBS and DCs (3 x 10
5
) were delivered over the 

sternum of naive DO11.10 mice under halothane anaesthesia by subcutaneous injection. 

After 7 days, mice were killed by cervical dislocation, skin draining lymph nodes and 

spleens were removed and a single cell suspension of cells plated with medium, OVA 

peptide (100-1000 nM) or with PMA (25 ng/ml; Sigma-Aldrich) and anti-CD3ε 

monoclonal antibody (1 µg/ml; clone 145-2C11; BD Biosciences). After 72 h 

incubation period at 37
0
C and 5% CO

2
, supernatants were removed for measurement of 

IL-4, IL-5, IFN-γ, IL-17 and IL-10 by commercial assay (R&D Systems). Flow 

cytometry analysis of CD4, CD28 and T-lymphocyte-associated antigen 4 (CTLA-4) 

(BD Biosciences) expression and sdLN cells was done as described above.  

 

2.4.39 T-cell Proliferation assay 

Lymph node cells were prepared as described above and plated on 96 well plates. After 

72 h 1 µCi of [
3
H] thymidine was added per well. After four additional hours cells were 

harvested onto filter plates and [
3
H] thymidine uptake determined via a liquid 

scintillation counter (NUI Maynooth). 
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2.4.40 Statistics 

All data were analysed for normality prior to statistical testing.  Where multiple group 

comparisons were made, data were analysed using one-way ANOVA. For comparisons 

between two groups, the Student’s t test was used or non parametric Mann-Whitey U 

test was used analysis used for analysis when two experimental samples were 

compared. In all tests, p < 0.05 was deemed significant. 
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Chapter 3: FhTeg suppresses DC maturation and function 

3.1. Introduction 

Controlling immune pathology, in particular inflammatory responses, prolongs parasitic 

worm’s survival within the host and thus increases its chances of completing its life 

cycle. Helminths classically induce highly polarized Th2 and T-regulatory immune 

responses, correlating with chronic infection in the host but with little associated 

immune pathology (Maizels and Yazdanbakhsh, 2003). Fasciola infection (O'Neill et 

al., 2000) and Fasciola-derived antigens (O'Neill et al., 2001) have also been shown to 

suppress antigen-specific Th1 immune responses both in vitro and in-vivo, or modulate 

the function of innate immune cells by inducing alternative activation of macrophages 

(AAMø) (Donnelly et al., 2005). But in contrast to bacteria and viruses, little is known 

about how helminths induce DC maturation. A limited number of studies demonstrate 

that helminths can induce a less phenotypically mature DC that differs predominantly 

by their activation status, which lacks many of the classical maturation markers such as 

co-stimulatory molecules (CD80, CD86, MHC II, CD40) and pro-inflammatory 

cytokines (IL-12p70 and TNFα) (MacDonald and Maizels, 2008). However, the effect 

of Fasciola antigens on DC function has yet to be determined. 

In this study, we have isolated the tegumental coat from F. hepatica and are the 

first to investigate the effects of F. hepatica tegumental antigen on DC maturation and 

function. Preliminary studies on the immunomodulatory properties of FhTeg had taken 

place. Since parasitic helminth infections have been reported to ameliorate symptoms of 

pro-inflammatory diseases (Elliott et al., 2003, La Flamme et al., 2003, Elliott et al., 

2004, Summers et al., 2005), it was we assessed whether FhTeg could suppress pro-

inflammatory cytokine production in vivo using a model of septic shock. Intraperitoneal 

(i.p.) injection of LPS alone induced significantly higher levels of serum IFN-γ Injection 

of FhTeg alone induced similar cytokine responses to PBS. But injection of mice with 
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FhTeg either 2.5h prior to, or after, LPS injection resulted in significantly reduced 

serum levels of IFN-γ and IL-12p70 but not serum levels of IL-12p40. Therefore, it was 

shown that FhTeg could suppresses pro-inflammatory cytokines in vivo in a model of 

septic shock (Hamilton et al., 2009). TLR activation is associated with inflammatory 

disorders such as inflammatory bowel disease and septic shock (Abreu and Arditi, 

2004), thus mechanisms of suppressing TLR maturation of DCs may lead to the 

development of potential therapeutics (Kobayashi et al., 2003, Daubeuf et al., 2007). It 

was subsequently been shown that LPS-stimulated DC activation could also be 

modulated by FhTeg. Treatment of LPS-stimulated DCs with FhTeg resulted in the 

reduced cytokine production of IL-12p70 IL-10, TNF-a, NO in addition to the reduced 

expression of IL-12p35 RNA. Levels of supernatant IL-12p40, IL-6 and IL-23 were 

unaffected. FhTeg was also shown to down regulate the LPS-stimulated cell surface co-

stimulatory molecules CD40, CD80 and CD86 as well as MHC II. Similar to the 

suppression of pro-inflammatory cytokines in vivo in a model of septic shock this 

modulation was found to not to be dependent of time of exposure. Finally, the 

modulatory effects of FhTeg were shown to work independently of TLR4, since the 

suppressive effects outlined above was still evident in TLR4KO or C3H/HeJ (defective 

LPS response) mice. It was also shown that FhTeg did not interfere with DC cell growth 

or viability.  

Since DCs are a good source of IL-12p70 and critical in driving adaptive 

immunity, a complete comparative analysis of the DC phenotypes induce by a range of 

TLR ligands was preformed (Dowling et al., 2008). Given that FhES has been shown to 

have immunomodulatory properties (see Table 1.1), and studies of the proteome 

(Morphew et al., 2007) and the secretome (Robinson et al., 2009) of F. hepatica have 

highlighted some similarities, we firstly compared the ability of FhTeg and FhES to 

modulate cytokine production in DCs matured with a range of TLR ligands. We further 
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investigated the effect of FhTeg on DC cell surface marker expression, its ability to bind 

PRRs and modulate signal transduction pathways. Lastly, the effect of FhTeg on DC 

function was characterised by its ability to alter their phagocytic and T cells priming 

capacity.  

 

3.2. Results 

3.2.1. FhTeg does not reduce DC viability or proliferation  

DC viability and proliferation was assessed after FhTeg, FhES and TLR-ligand 

stimulation. Cell viability was measured using the CellTiter 96 AQueous Non-Reactive 

Cell Proliferation assay (MTS; Promega) and cell growth/proliferation was measured 

using the Cell Growth Determination Kit (MTT; Sigma). MTS is bio-reduced by cells 

into a formazan product that is soluble in tissue colour medium, and that can be read at 

an absorbance of 490nm for the MTS assay and 562nm for the MTT assay. Absorbance 

is proportional to formazan, with is proportional to viable living cells (MTS assay) or 

cell growth (MTT assay). Blank wells containing no cells were used to determine 

background and each absorbance result was divided by the absorbance of the negative 

control cells (medium only) to determine the relative cell viability. Cell viability and 

proliferation was determined for FhTeg and FhES treated DCs alone and after 

stimulation with multiple TLR agonists. FhTeg or FhES did not affect cell viability for 

any ligands (see Fig. 3.1).  
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Figure 3.1: FhTeg does not affect cell viability and cell growth. (A) MTS and (B) 

MTT assays preformed on DCs from C57BL/6 mice shows FhTeg has no affect cell 

viability and cell growth of dendritic cells at a concentration of 10 µg/ml. DCs were 

treated with FhTeg (10 µg/ml) for 2.5 hours before stimulation with zymosan A (Zym, 

5µg/ml), PGN (5 µg/ml), flagellin (Flag, 0.5 µg/ml), poly (I:C) (2.5 µg/ml), or CpG-

ODN1826 (2.5 µg/ml) in the presence or absence of FhTeg (10 µg/ml), added 2.5h 

before TLR stimulation, or with medium alone as a control. Data are the mean values of 

3 individual wells (±SEM), and a representative of at least 2 individual experiments. 

NS; not significant.  

 

3.2.2. FhTeg not FhES suppresses cytokines in TLR-stimulated DCs 

The effect of FhTeg and FhES on cytokine production of DC stimulated with multiple 

agonists was investigated. The 11 known TLRs can be and placed into groups according 

to the ligands they recognise (O'Neill, 2006). Five TLR agonists where chosen which 

broadly represent each group and which are triggered by a distinct set of microbial 

components. These include a variety of microbe-derived molecules including gram-

positive and negative bacteria, fungi and viruses, all of which have been shown to 

unregulated cytokine production and cell surface marker expression. TLR3 is triggered 

by Poly (I:C), a synthetic analogue of double-stranded RNA (Tsujimoto et al., 2006); 

Flagellin, which is a major component of flagellar filament, activates TLR5 (Agrawal et 

al., 2003). TLR9 is trigger by the synthetic oligonucleotide CpG (ODN 1826) that 

contains unmethylated CpG dinucleotides (Napolitani et al., 2005); and  Peptidoglycan 

(PGN), major surface component of gram-positive bacteria activates TLR2 (Michelsen 

et al., 2001). Finally, Zymosan A from Saccharomyces cerevisiae binds TLR2/6 (Dillon 

NS
NS

(A) (B)

NS
NS

(A) (B)
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et al., 2006). The concentrations of TLR ligands were determined by previous published 

data, manufacturer’s recommendations and by in vitro test in our laboratory. The 

concentration employed were as follows: Poly (I:C) -100 µg/ml, Flagellin -0.5 µg/ml, 

CpG (ODN 1826) -2.5 µg/ml, PGN -5 µg/ml (all from Invivogen) and Zymosan A from 

S. cerevisiae -5 µg/ml (Sigma-Aldrich). 

DCs were treated with FhTeg or FhES (both 10 µg/ml) 2.5 h before stimulating 

DCs with each TLR ligand. As controls DCs were also treated with medium (negative), 

FhTeg (negative), FhES (negative) or each TLR-Ligand alone (positive controls). Cells 

were incubated for a further 18 hours and culture supernatant where assayed for 

cytokine production by ELISA and nitrite was measured using Griess reagent system. 

Medium, FhTeg or FhES alone did not induce any of the cytokines tested, therefore are 

not shown. FhTeg significantly inhibited the production of IL-6, IL-10, IL12p70, TNF-α 

and nitrite in zymosan-stimulated DCs (see Fig. 3.2). PGN induced IL-6, IL-12p40, 

IL12p70, TNF-α and nitrite were suppressed after FhTeg treatment. FhTeg did not 

influence cytokine secretion in response to flagellin. Low cytokines levels were induced 

in response to flagellin, which may be explained by the fact that murine BMDC have 

previously been shown to express much lower levels of TLR5 (10 fold less) compared 

to splenic DCs (Didierlaurent et al., 2004). Poly (I:C) did not induce all cytokines but 

suppression in response to FhTeg was seen for IL-6 and nitrite. CpG induce all 

cytokines but suppression in response to FhTeg was observed for IL-10, IL-12p70 and 

nitrite. FhES, apart from a limited suppressive affect on PGN-induced TNF-α, did not 

suppress any cytokines induced by any of the 5 TLR ligands (see Fig. 3.3). Thus, only 

FhTeg has the ability to suppress the production of multiple cytokines induce by various 

TLR ligands with the greatest down regulation seen for IL-6, IL-10, IL-12p70 and 

nitrite from DCs. 



   54 

 

Figure 3.2: FhTeg targets multiple TLR pathways in DCs. DCs from C57BL/6 mice 

were cultured with zymosan A (Zym, 5µg/ml), PGN (5 µg/ml), flagellin (Flag, 0.5 

µg/ml), poly (I:C) (2.5 µg/ml), or CpG-ODN1826 (2.5 µg/ml) in the presence or 

absence of FhTeg (10 µg/ml), added 2.5h before TLR stimulation, or with medium 

alone as a control. Supernatants were harvested 18 h after TLR-ligand stimulation and 

IL-12p70, IL-10, TNF-α, IL-12p40 and IL-6 were measured using sandwich ELISA, 

and nitrite was measured using medium Griess reagent. Data are the mean values 

(±SEM) of at least 3 individual experiments. ***, p < 0.001. **, p < 0.01. *, p < 0.1 

compared with TLR-ligand stimulated only group. 
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Figure 3.3: Cytokine production of stimulated DCs is unaffected by FhES. DCs 

from C57BL/6 mice were cultured as in Fig 3.2 in the presence or absence of FhES (10 

µg/ml), added 2.5h before TLR stimulation, or with medium alone as a control. 

Supernatants were harvested 18 h after TLR-ligand stimulation and IL-12p70, IL-10, 

TNF-α, IL-12p40 and IL-6 were measured using sandwich ELISA, and nitrite was 

measured using medium Griess reagent. Data are the mean values (±SEM) of at least 2 

individual experiments.  *, p < 0.1 compared with TLR-ligand stimulated only group. 

 

3.2.3. FhTeg suppresses costimulatory marker expression 

The effect of FhTeg on cell surface expression of DC stimulated with various TLR 

ligands was investigated. We have previously established that expression of all three 

costimulatory marker; CD40, CD80 and CD86 are significantly up regulated by all 5 

TLR ligands tested (Dowling et al., 2008). DCs were treated with TLR ligands in the 

presence or absence of FhTeg as in Fig 3.2, and flow cytometric analysis was 

preformed. Pre treatment at 2.5 hr with FhTeg was shown to suppress increased the 
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expression all three markers in response to TLR ligand DC activation, except for 

zymosan induced CD40 and CD80 (Fig. 3.4).  

 

 

Figure 3.4: FhTeg suppresses co stimulatory marker expression in TLR stimulated 

DCs. DCs from C57BL/6 mice were matured with TLR-ligands as in Fig. 3.2 and cell 

surface expression of CD40, CD80 and CD86 were measured by flow cytometry after 

18h. DCs cultured in medium alone and gated on a live CD11c
+
 population were used as 

controls. Data are the mean values (±SEM) of 3 independent experiments. ***, p < 

0.001. **, p < 0.01. *, p < 0.1 compared with TLR-ligand stimulated only group. 
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3.2.4.  FhTeg suppression of DC TLR activation can be time dependent or time 

independent  

As shown previously, FhTeg suppression of LPS-stimulated DC maturation was 

independent of time of exposure. To investigate if this was the same for all TLR 

ligands, DCs were treated with FhTeg (10 µg/ml) for 2.5 hours before, at same time as, 

or 2.5 hours after stimulation with the previously stated panel of TLR-ligands. DCs 

were incubated for a further 18 hours from time of DC stimulation and culture 

supernatants where assayed for cytokine production by ELISA and nitrite was measured 

using medium and Griess Reagent (Fig. 3.5). FhTeg suppressed cytokine production of 

zymosan stimulated DCs when added simultaneously (0hr) or after zymosan (+2.5 hrs). 

The greatest suppression is seen at -2.5 hrs and suppression decreases inversely in line 

with time after DC zymosan stimulation. This trend is largely followed for poly (I:C) 

and CpG, with the greatest cytokine suppression observed with FhTeg treatment at -

2.5hrs before stimulation and the least suppression with FhTeg treatment +2.5hrs after 

stimulation. Therefore, FhTeg suppression of cytokines induced by these ligands shows 

a dependence on time of exposure. The suppression of PGN induced cytokines on the 

other hand is time independent in all cases (Fig. 3.5).  

 Again, the cell surface expressions of co-stimulatory molecules CD40, CD80 

and CD86 were measured by flow cytometry, with FhTeg down regulating cell surface 

expression of CD40, CD80 and CD86 for all time points measured. In line with the 

suppression seen for the cytokine results, the greatest down regulation of co-stimulatory 

markers was observed at -2.5 hrs (Fig. 3.6). Once more as with cytokine production, 

down regulation of co-stimulatory markers decreases inversely with time to DC 

stimulation. Therefore, addition of FhTeg at +2.5 hrs had the least effect of decreasing 

co-stimulatory marker expression, which indicates that the suppressive effects of FhTeg 
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are time dependent in some instances. Medium or FhTeg alone did not induce any 

effects on DCs (data not shown). 

 

 
 

 

Figure 3.5: FhTeg inhibits TLR-induced DC cytokine production in a time 

dependent or independent manner. DCs from C57BL/6 mice were matured as in Fig. 

3.2. DCs were also treated with FhTeg (10 µg/ml) 2.5 hours before, same time as, or 2.5 

hours after TLR-ligand stimulation. Data are the mean values of 3 individual wells 

(±SEM), and a representative of at least 2 individual experiments.  ***, p < 0.001. **, p 

< 0.01. *, p < 0.05 compared with TLR-stimulated group. 
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Figure 3.6: FhTeg inhibits TLR-induced DC surface marker expression in a time 

dependent or independent manner. Cell surface expression of CD40, CD80 and 

CD86 were measured by flow cytometry on TLR-stimulated DCs for 18h or medium 

alone. DCs from C57BL/6 mice were treated as in (Fig 3.5), and are gated on a live 

CD11c
+
 population. Data are the mean values of 3 individual wells (±SEM), and a 

representative of at least 2 individual experiments. 
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3.2.5.  FhTeg reduces DC phagocytotic ability 

Phagocytosis is an integral part of DC biology, and like macrophages and neutrophils, 

DCs are considered professional phagocytes. However, DCs are distinguished from 

these cells in that their primary function is not to destroy phagocytised particles but 

rather to present them to naive T cells thus initiating adaptive immune responses 

(Savina and Amigorena, 2007). The phagocytic ability of DCs was measured using the 

CytoSelect™ 96-well Phagocytosis Assay (Cell Biolabs Inc.). Briefly, DCs from 

C57BL/6 mice were plated at 0.5 x 10
6
/ml in complete RPMI and incubated overnight 

at 37
o
C to allow adherence to plate. DCs were then treated with FhTeg (10 µg/ml), LPS 

(100 ng/ml) or zymosan A (5 µg/ml) alone, or with FhTeg and LPS or FhTeg and 

zymosan at the same time, for 2.5 h before the addition of sheep erythrocytes opsonised 

by IgG at a ratio of 50:1. Supernatants were aspirated after 1 h and adherent cells 

washed with sterile PBS to remove non-phagocytosed erythrocytes. Adherent DCs were 

then lysed, substrate solution added and the amount of engulfed erythrocytes determined 

by colorimetric assay at absorbance of 610nm. Negative control cells where treated with 

2µM Cytochalasin D to block phagocytosis. 

Both LPS- and zymosan-stimulated DCs showed a significant increase (p ≤ 

0.01) in engulfed erythrocytes compared with medium controls (Fig. 3.7). To determine 

whether FhTeg was interfering with phagocytic ability, DCs were cultured with 

medium, LPS or zymosan in the presence or absence of FhTeg prior to exposure to 

opsonised erythrocytes. Results demonstrate that incubation with FhTeg alone did not 

induce phagocytosis of RBCs by DCs (Fig. 3.7). Furthermore, incubation with FhTeg 

significantly suppressed the phagocytic ability of DCs in response to both LPS and 

zymosan (Fig.. 3.7; p ≤ 0.01). 

 

 

 

 



   61 

 
 

Figure 3.7: Exposure of TLR ligand-activated DCs to FhTeg significantly reduces 

their ability to phagocytose erythrocytes. DCs from C57BL/6 mice mice were 

cultured with medium only, FhTeg (10 µg/ml), LPS (100 ng/ml) or zymosan A (5 

µg/ml) for 2.5hrs before the addition of opsonised sheep erythrocytes to DCs at a ratio 

of 50:1. After 1 hr phagocytosis was stopped, cells washed to remove non-opsinised 

erythrocytes, lysed and amount of engulfed erythrocytes determined by colorimetric 

assay. Negative control cells where treated with 2µM Cytochalasin D to block 

phagocytosis (data not shown). Data are the mean values (±SEM) of at least 3 

individual experiments. **, p ≤ 0.01 compared to non-FhTeg treated control group. ++, 

p ≤ 0.01 compared to  medium control group. 

 

 

3.2.6. FhTeg and NF-κB signalling 

3.2.6.1. FhTeg does not activate the transcription factor NF-κB in DCs by TLRs 

The transcription factor NF-κB, is commonly referred to as the master switch for the 

immune system (Hayden and Ghosh, 2008). NF-κB is expressed in all cell types has 

multiple critical roles in the regulation the large number of genes that involved in 

multiple stages of immune responses, including innate immune cell activation, 

inflammation, lymphocyte activation and DC maturation (Li and Verma, 2002). The 

mammalian NF-κB family of transcription factors consists of five members; with p65 

being one of the most important. With the exception of TLR3 all TLRs work through 

the MyD88 adapter to activate NF-κB and MAP kinases (O'Neill, 2006). FhTeg 

mediated activation of the transcription factor NF-κB was investigated in HEK-293 
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cells which functionally express TLR proteins. FhTeg failed to induce NF-κB when 

exposed to a panel of TLR expressing cell lines.  
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Figure 3.8: FhTeg does not induce activation of TLR-2, 3, 4, 5, 7, 8 and 9, as tested 

in HEK-293 cell line expression one of each TLR. The HEK-293 cells functionally 

express a given TLR protein as well as a reporter gene driven by NF-κB promoter 

which controls secretion of alkaline phosphatase. TLR activity results are given as 

optical density (OD). Screening was performed in duplicate by challenging the TLR 

clones with 10µg/ml FhTeg and comparing its ability to induce alkaline phosphatase 

activity to that of negative controls (non-induced TLR clones) and positive controls 

(TLR-induced TLR clones). The ligands used for each HEK-293-TLR cell line positive 

controls were: PAM2 (10 ng/ml) for TLR-2, Poly I:C (100 ng/ml) for TLR-3, LPS K12 

(100 ng/ml) for TLR-4, Flagellin (1 µg/ml) for TLR-5, R848 (10 µg/ml) for both TLR-7 

and  TLR-8, ODN 2006 (10 µg/ml) and  ODN 1826 (10 µg/ml) for TLR-9. An HEK293 

cell line expressing only the receptor gene was used as a control (TNF-α is a NF-κB 

activator) (InvivoGen). NI; not induced.  
 

 

3.2.6.2.  FhTeg suppresses NF-κBp65 activation  

The transcription factor NF-κB is primarily associated with TLR activation and is 

associated with regulating the expression of a large number of genes associated with 

pro-inflammatory processes and Th1 immune responses. The active nuclear form of the 

NF-κB transcription factor complex is composed of two DNA binding subunits, p65 and 

p50, both of which are critical for DNA binding (Hayden and Ghosh, 2008). Here, we 

investigated if FhTeg could modulate NF-κBp65 expression in resting DCs and in DCs 

matured with LPS. FhTeg alone did not significant increase in NF-κBp65 at any time 

point tested (data not shown). As anticipated, treatment of DCs with LPS led to a 
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significant increase in NF-κBp65 at 15 min which gradually decreased over time (Fig. 

3.9 A, representative blot). However, densitometric analysis on blots revealed that this 

was only significant at 15 min (Fig. 3.9 B; p ≤ 0.01). Pre-treatment of DCs with FhTeg 

suppressed LPS-induced NF-κBp65 at all time points but suppression was only 

significant at 15 min (Fig. 3.9 A and 3.9 B; p ≤ 0.01). 

 

 

 

Figure 3.9: FhTeg suppresses NF-κBp65 activation. DCs from C57BL/6 mice were 

treated with FhTeg (10 µg/ml) or medium 2.5 h prior to stimulation with LPS (100 

ng/ml) for 18 h. Control DCs were treated with FhTeg or medium alone. (A) Cells were 

harvested 0 to 2 h after LPS stimulation, and NF-κBp65 was determined in whole-cell 

lysates by Western blot analysis. A representative blot is shown. The cells were treated 

with medium (lane 1), FhTeg (lane 2), LPS for 15 min (lane 3), FhTeg plus LPS for 15 

min (lane 4), LPS for 30 min (lane 5), FhTeg plus LPS for 30 min (lane 6), LPS for 1 h 

(lane 7), and FhTeg plus LPS for 1 h (lane 8). (B) Densitometric analysis was 

performed on all immunoblots, and NF-κBp65 was expressed in arbitrary units as a 

percentage increase over the group treated with medium only (control) group. Values 

that were significantly different (P ≤ 0.01) from the value for the LPS-treated group are 

indicated (**). Values that were significantly different (P ≤ 0.01) from the value for the 

group treated with medium (control) are indicated (++). 
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3.2.7. No uniform suppression of MAPKs by FhTeg 

Since the suppressive effects of FhTeg are not mediated through TLR4 binding we 

investigated whether it is targeting a common component of TLR pathways, such as the 

MAPKs. To address this question, DCs were treated with MAPK inhibitors specific for 

ERK, p38 and JNK following exposure to FhTeg but prior to stimulation with 5 TLR 

ligands. Although specific MAPK inhibitors abrogated the FhTeg-mediated suppression 

for a limited number of cytokines, the effect was not uniform (Table 3.1 (a), (b), (c)). 

Furthermore, no abrogation of the suppressive effect of FhTeg on cell surface marker 

expression was detected following the use of inhibitor for ERK, JNK or p38 (Table 3.2).
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Ligand  IL-6 (ng/ml) IL-10 (pg/ml) IL-12p40 (ng/ml) IL-12p70 (ng/ml) TNF-α (ng/ml) Nitrite (µM/ml) 

(a) The effect of JNK inhibitor on cytokine production from TLR ligand-matured DCs 
PGN  

 

19.5 ± 0.3 

6.6 ± 1.4*** 
 
5.9 ± 0.2 
3.1 ± 0.3 

 

47.0 ± 3.1 

25.3 ± 1.1*** 
 
14.9 ± 4.0 
11.6 ± 2.4 

15.8 ± 0.4 

19.6 ± 0.2*** 
 
17.9 ± 0.3 
14.4 ± 0.5 

0.5 ± 0.0 

0.4 ± 0.0*** 
 
0.1 ± 0.0 
0.0 ± 0.0 

1.8 ± 0.0 

1.9 ± 0.1 

 

0.1 ± 0.0 
0.1 ± 0.0 

10.1 ± 0.1 

7.0 ± 0.0*** 
 
1.3 ± 0.1 
1.6 ± 0.1 

Zymosan  

 

15.3 ± 0.1 

14.7 ± 0.4 

 

10.5 ± 0.3 
12.5 ± 1.3 

 

336.1 ± 7.7 

285.8 ± 0.7*** 
 
72.7 ± 3.5 
80.1 ± 2.4 

15.7 ± 0.1 

14.8 ± 0.3*** 
 
13.9 ± 0.1 
11.5 ± 0.1 

0.2 ± 0.0 

0.2 ± 0.0 

 

0.0 ± 0.0 
0.1 ± 0.0 

6.0 ± 0.1 

8.6 ± 0.1*** 
 
2.5 ± 0.1 
7.1 ± 0.1 

15.4  ± 0.2 

9.7  ± 0.0*** 
 
6.5 ± 0.1 
3.6 ± 0.1 

Poly (I:C)  

 

7.3 ± 0.2 

6.4 ± 0.1*** 
 
4.3 ± 0.1 
4.6 ± 0.1 

 

- 10.9 ± 0.1 

8.3 ± 0.2*** 
 
9.7 ± 0.2 
7.8 ± 0.2 

- 0.2 ± 0.0 

0.1 ± 0.0*** 
 
0.1 ± 0.0 
0.1 ± 0.0 

5.0 ± 0.1 

6.9 ± 0.1*** 
 
3.4 ± 0.0 
4.6 ± 0.0 

Flagellin  

 

3.5 ± 0.1 

2.9 ± 0.2** 
 
1.4 ± 0.1 
0.3 ± 0.2 

 

- 5.2 ± 0.1 

7.8 ± 0.1*** 
 
4.5 ± 0.2 
5.9 ± 0.2 

- - - 

CpG  

 

22.5 ± 0.4 

6.8 ± 0.5*** 
 
19.4 ± 0.4 
7.0 ± 1.5 

786.0 ± 13.1 

887.2 ± 34.6*** 
 
195.3 ± 1.6 
270.7 ± 7.8 

12.1 ± 0.2 

11.0 ± 0.4** 
 
11.3 ± 0.3 
10.5 ± 0.3 

3.1 ± 0.0 

3.4 ± 0.1*** 
 
1.9 ± 0.0 
2.8 ± 0.0 

6.4 ± 0.1 

7.2 ± 0.1*** 
 
6.0 ± 0.1 
8.6 ± 0.1 

34.6 ± 0.6 

33.2 ± 0.1** 
 
20.3 ± 0.2 
24.2 ± 0.1 

 
Table 3.1 (a): The effect of JNK inhibitors on cytokine production by DCs induced with a panel TLR ligands with or without FhTeg. DCs from C57BL/6 

mice were stimulated with TLR ligand for 18h, with inhibitors added 90 mins before stimulation, FhTeg 2.5 h after and cytokines were measured in supernatants 

using sandwich ELISA, and nitrite was measured using medium Griess Reagent. Data are the mean values (±SEM) of at least 3 individual experiments. ***, p < 

0.001. **, p < 0.01 compared with TLR ligand stimulated group. Top group: TLR Ligand (top) / TLR Ligand + MAPK Inhibitor (bottom). Bottom group: FhTeg + 

TLR Ligand (top) / FhTeg + TLR Ligand + MAPK Inhibitor (bottom).  
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Ligand IL-6 (ng/ml) IL-10 (pg/ml) IL-12p40 (ng/ml) IL-12p70 (ng/ml) TNF-α (ng/ml) Nitrite (µM/ml) 

(b) The effect of ERK inhibitor on cytokine production from TLR ligand-matured DCs 

PGN  

 

13.9 ± 0.4 

8.9 ± 0.5*** 
 
8.6 ± 0.3 
1.4 ± 0.1 

 

55.3 ± 1.9 

11.9 ± 1.4*** 
 
22.8 ± 1.3 
12.5 ± 2.1 

29.0 ± 0.8 

32.7 ± 1.0*** 
 
37.8 ± 2.0 
13.6 ± 0.2 

1.4 ± 0.1 

0.6 ± 0.0*** 
 
0.0 ± 0.1 
0.8 ± 0.1 

1.4 ± 0.1 

0.0 ± 0.0*** 
 
0.0 ± 0.0 
0.0 ± 0.0 

18.1 ± 0.2 

2.9 ± 0.5*** 
 
4.0 ± 0.1 
1.4 ± 0.0 

Zymosan  

 

15.6 ± 0.3 

7.8 ± 0.2*** 
 
11.7 ± 0.4 
4.3 ± 0.1 

 

334.7 ± 9.9 

34.0 ± 1.2*** 
 
112.5 ± 4.0 
28.9 ± 3.4 

10.5 ± 0.5 

10.1 ± 0.3 

 

11.4 ± 0.3 
7.2 ± 0.0 

0.3 ± 0.0 

0.0 ± 0.0*** 
 
0.1 ± 0.0 
0.0 ± 0.0 

3.6 ± 0.2 

0.1 ± 0.0*** 
 
2.7 ± 0.0 
0.1 ± 0.1 

23.0  ± 0.2 

3.7  ± 0.1*** 
 
12.3 ± 0.1 
2.0 ± 0.3 

Poly (I:C)  

 

7.3 ± 0.5 

2.2 ± 0.1*** 
 
5.7 ± 0.3 
1.9 ± 0.1 

 

- 28.3 ± 0.4 

5.0 ± 0.0*** 
 
24.4 ± 0.1 
3.5 ± 0.0 

- 0.3 ± 0.0 

0.0 ± 0.0*** 
 
0.2 ± 0.0 
0.0 ± 0.0 

9.6 ± 0.1 

1.1 ± 0.0*** 
 
6.4 ± 0.2 
1.6 ± 0.5 

Flagellin  

 

0.3 ± 0.0 

0.0 ± 0.0*** 
 

0.4 ± 0.0 
0.0 ± 0.0 

 

- 5.8 ± 0.1 

2.4 ± 0.1*** 
 
8.5 ± 0.1 
2.6 ± 0.1 

0.2 ± 0.2 

1.7 ± 0.1*** 
 
0.6 ± 0.1 
0.5 ± 0.0 

- - 

CpG  

 

13.2 ± 0.2 

12.6 ± 0.4 

 

13.1 ± 0.4 
7.8 ± 0.1 

479.6 ± 8.2 

11.0 ± 0.8*** 
 
183.2 ± 3.6 
9.6 ± 1.5 

24.2 ± 0.2 

16.8 ± 0.6*** 
 
24.7 ± 0.7 
25.4 ± 0.2 

5.4 ± 0.2 

1.1 ± 0.1*** 
 
3.8 ± 0.3 
0.9 ± 0.1 

4.3 ± 0.1 

0.0 ± 0.0*** 
 
4.4 ± 0.1 
0.1 ± 0.0 

42.8 ± 0.4 

8.1 ± 0.1*** 
 
28.9 ± 0.2 
3.1 ± 0.1 

 
Table 3.1 (b): The effect of ERK inhibitors on cytokine production by DCs induced with a panel TLR ligands with or without FhTeg. DCs from C57BL/6 

mice were stimulated with TLR ligand for 18h, with inhibitors added 90 mins before stimulation, FhTeg 2.5 h after and cytokines were measured in supernatants 

using sandwich ELISA, and nitrite was measured using medium Griess Reagent. Data are the mean values (±SEM) of at least 3 individual experiments. ***, p < 

0.001. **, p < 0.01 compared with TLR ligand stimulated group. Top group: TLR Ligand (top) / TLR Ligand + MAPK Inhibitor (bottom). Bottom group: FhTeg + 

TLR Ligand (top) / FhTeg + TLR Ligand + MAPK Inhibitor (bottom).  
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Ligand IL-6 (ng/ml) IL-10 (pg/ml) IL-12p40 (ng/ml) IL-12p70 (ng/ml) TNF-α (ng/ml) Nitrite (µM/ml) 

(c) The effect of p38 inhibitor on cytokine production from TLR ligand-matured DCs 

PGN  

 

13.9 ± 0.4 

0.1 ± 0.0*** 
 
8.6 ± 0.3 
0.2 ± 0.0 

55.3 ± 1.9 

15.1 ± 0.7*** 
 
22.8 ± 1.3 
18.6 ± 1.5 

29.0 ± 0.8 

16.8 ± 0.6*** 
 
37.8 ± 2.0 
8.3 ± 0.3 

1.4 ± 0.1 

0.0 ± 0.2*** 
 
0.0 ± 0.1 
0.0 ± 0.6 

1.4 ± 0.1 

0.0 ± 0.0*** 
 
0.0 ± 0.0 
0.0 ± 0.0 

18.1 ± 0.2 

0.7 ± 0.1*** 
 
4.0 ± 0.1 
0.6 ± 0.1 

 

Zymosan  

 

17.6 ± 0.2 

0.6 ± 0.0*** 
 
12.3 ± 0.3 
0.4 ± 0.0 

739.1 ± 20.7 

34.3 ± 3.4*** 
 
139.0 ± 5.3  
31.5 ± 9.6 

17.9 ± 0.4 

12.9 ± 0.2*** 
 
16.5 ± 0.3 
2.7 ± 0.1 

0.2 ± 0.0 

0.0 ± 0.0*** 
 
0.1 ± 0.0 
0.0 ± 0.0 

3.5 ± 0.1 

0.0 ± 0.0*** 
 
2.3 ± 0.2 
0.0 ± 0.0 

19.4 ± 0.3 

1.4 ± 0.0*** 
 
8.5 ± 0.1 
0.5 ± 0.1 

 

Poly (I:C)  

 

7.3 ± 0.5 

1.3 ± 0.0*** 
 
5.7 ± 0.3 
0.7 ± 0.0 

- 28.3 ± 0.4 

12.8 ± 0.3*** 
 
24.4 ± 0.1 
2.2 ± 0.1 

0.0 ± 0.2 

0.3 ± 0.1** 
 
0.4 ± 0.2 
0.0 ± 0.1 

0.3 ± 0.0 

0.0 ± 0.0*** 
 
0.2 ± 0.0 
0.0 ± 0.0 

9.6 ± 0.1 

2.1 ± 0.0*** 
 
6.4 ± 0.2 
0.6 ± 0.2 

Flagellin  

 

0.3 ± 0.2 

0.0 ± 0.0*** 
 
0.4 ± 0.0 
0.0 ± 0.0 

- 5.8 ± 0.1 

4.5 ± 0.1*** 
 
8.5 ± 0.1 
3.4 ± 0.1 

 

- - - 

CpG  

 

13.2 ± 0.2 

3.6 ± 0.2*** 
 
13.1 ± 0.4 
1.1 ± 0.1 

479.6 ± 8.2 

13.1 ± 3.1*** 
 
183.2 ± 3.6 
14.1 ± 3.3 

24.2 ± 0.2 

23.8 ± 0.4 

 

24.7 ± 0.7 
30.0 ± 0.1 

5.4 ± 0.2 

0.0 ± 0.1*** 
 
3.8 ± 0.3 
0.0 ± 0.3 

4.3 ± 0.1 

0.0 ± 0.0*** 
 
4.4 ± 0.1 
0.1 ± 0.0 

42.8 ± 0.4 

12.9 ± 0.1*** 
 
28.9 ± 0.2 
1.3 ± 0.0 

 

 
Table 3.1 (c): The effect of p38 inhibitors on cytokine production by DCs induced with a panel TLR ligands with or without FhTeg. DCs from C57BL/6 mice 

were stimulated with TLR ligand for 18h, with inhibitors added 90 mins before stimulation, FhTeg 2.5 h after and cytokines were measured in supernatants using 

sandwich ELISA, and nitrite was measured using medium Griess Reagent. Data are the mean values (±SEM) of at least 3 individual experiments. ***, p < 0.001. **, 

p < 0.01 compared with TLR ligand stimulated group. Top group: TLR Ligand (top) / TLR Ligand + MAPK Inhibitor (bottom). Bottom group: FhTeg + TLR 

Ligand (top) / FhTeg + TLR Ligand + MAPK Inhibitor (bottom).  
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Ligand  CD40 CD80 CD86 

(a) The effect of JNK inhibitor on mean fluorescence intensity from 

TLR ligand-matured DCs 

PGN  

 

119/98 - ↓ 18% 

49/46 - ↓ 6 % 

355/345 - ↓ 31%  

176/162 - ↓ 8 % 

108/91 - ↓ 23% 

51/39 - ↓ 24 % 

Zymosan  

 

195/130 - ↓ 33% 

114/73 - ↓ 34% 

416/460 - ↑ 11% 

214/255 - ↑ 16% 

118/139 - ↑ 18% 

61/68 - ↑ 10% 

Poly (I:C)  

 

63/77 - ↑ 22% 

40/50 - ↑ 20% 

387/283 - ↓ 27% 

196/164 - ↓ 16% 

142/111 - ↓ 22% 

61/68 - ↑ 12% 

Flagellin  

 

57/58 - ↔ 

24/28 - ↑ 17% 

343/326 - ↓ 27% 

174/140 - ↓ 20% 

91/60 - ↓ 34% 

46/31 - ↓ 33 % 

CpG  

 

139/110 - ↓ 21% 

111/93 - ↓ 16 % 

361/326 - ↓ 10% 

237/234 - ↓ 1% 

96/78 - ↓ 19% 

71/64 - ↓ 10% 

(b) The effect of ERK inhibitor on mean fluorescence intensity from 

TLR ligand-matured DCs 
PGN  

 

134/111 - ↓ 17% 

60/32 - ↓ % 

288/185 - ↓ 36% 

177/87 ↓ 51% 

103/84 - ↓ 18% 

52/45 - ↓ 14% 

Zymosan  

 

230/207 - ↓ 10% 

158/80 - ↓ 49% 

517/341 - ↓ 34% 

365/157 - ↓ 57% 

100/55 - ↓ 45% 

56/17 - ↓ 70% 

Poly (I:C)  

 

129/79 - ↓ 39% 

57/32 - ↓ 44% 

296/170 - ↓ 43% 

176/73 - ↓ 59% 

125/102 - ↓ 18% 

77/54 - ↓ 30% 

Flagellin  

 

45/38 - ↓ 23% 

27/22 - ↓ 19% 

245/175 - ↓ 29% 

148/79 - ↓ 47% 

63/59 - ↓ 6% 

36/38 - ↑ 6% ¥ 

CpG  

 

179/137 - ↓ 23% 

136/78 - ↓ 43% 

251/218 - ↓ 13% 

184/151 - ↓ 18% 

76/75 - ↔  

62/53 - ↓ 15% 

(c) The effect of p38 inhibitor on mean fluorescence intensity from 

TLR ligand-matured DCs 
PGN  

 

136/137 - ↓ 72% 

60/19 - ↓ 68% 

288/126 - ↓ 64% 

177/100 - ↓ 44% 

103/39 - ↓ 61% 

51/28 - ↓ 45% 

Zymosan  

 

120/127 - ↑ 6% 

86/62 - ↓ 28% 

342/239 - ↓ 30% 

297/196 - ↓ 34% 

80/60 - ↓ 25% 

47/25 - ↓ 47% 

Poly (I:C)  

 

134/37 - ↓ 72% 

57/20 - ↓ 65% 

296/156 - ↓ 47% 

176/84 - ↓ 52% 

128/80 - ↓ 36% 

77/37 - ↓ 52% 

Flagellin  

 

45/31 - ↓ 31% 

27/17 - ↓ 37% 

245/126 - ↓ 49% 

148/93 - ↓ 37% 

63/38 - ↓ 40% 

36/29 - ↓ 19% 

CpG  

 

179/56 - ↓ 69% 

136/27 - ↓ 80% 

251/215 - ↓ 13% 

184/120 - ↓ 35% 

76/60 - ↓ 21% 

61/29 - ↓ 52% 

 

Notation:  

TLR Ligand / TLR Ligand + MAPK Inh 

FhTeg + TLR Ligand / FhTeg + TLR Ligand + MAPK Inh 

 

Table 3.2: The effect of MAPK inhibitors on cell surface marker expression by 

DCs induced with a panel TLR ligands with or without FhTeg. DCs from C57BL/6 

mice were stimulated with TLR ligands for 18h; with inhibitors and FhTeg added 90 

mins before and 2.5 h before stimulation respectively. Cell surface expression of CD40, 

CD86, and CD80 were measured by flow cytometry. Data are the mean values (±SEM) 

of at least 3 individual experiments, showing mean fluorescent intensity percentage 

decrease/increase from TLR ligand stimulated DCs. ↓: Significantly down regulated, ↑: 

Significantly up-regulated, ↔: No significant change. Value considered significant 

when p < 0.05 compared to stimulated DCs with no inhibitor.  
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3.2.8. In vivo T-Cell priming  

3.2.8.1. T-cell cytokine profiles and cell proliferation 

Since FhTeg significantly suppressed cytokine production and costimulatory marker 

expression from stimulated DCs, its effects on the ability of differentially activated DCs 

to prime T-cell responses in sdLN was investigated in DO11.10 mice. DCs were 

cultured with OVA peptide in the presence or absence of FhTeg prior to their 

inoculation into naive DO11.10 mice. T-cell priming was measured 7 days later by re-

stimulation of sdLN cells with OVA peptide and PMA/anti-CD3. DCs primed with 

medium induced IFN-γ, IL-10 and IL-4 production from sdLN cells in response to OVA 

stimulation (Fig. 3.10). Although the levels of IL-4 and IL-10 were low in comparison 

to PMA/anti-CD3-stimulated cells, they were comparable to that published in the 

literature (Jenkins and Mountford, 2005). DCs primed with FhTeg induced significantly 

less OVA-specific IFN-γ from sdLN cells than control DCs primed with medium (Fig. 

3.10; p ≤ 0.05) indicating that DCs exposed to FhTeg suppress local Th1 responses in 

vivo. Unlike other helminth antigens such as S. mansoni 0-3hRP (Jenkins and 

Mountford, 2005), in this model system FhTeg did not appear to drive local Th2 

responses, with IL-10 and IL-4 levels from DC-FhTeg recipients similar to those of DC-

Med recipients.  

 Interestingly, sdLN cells from DC-FhTeg recipients, stimulated with PMA/anti-

CD3, produced significantly decreased levels of all cytokines (Fig. 3.10; p ≤ 0.05) when 

compared to cells from DC-medium recipients indicating that FhTeg had a general 

suppressive effect on the non specific T-cell responses. This suppressive effect was also 

observed when we examined proliferation, since sdLN cells from DC-FhTeg recipients 

proliferated significantly less in response to OVA stimulation than cells from DC-Med 

recipients (Fig. 3.10; p ≤ 0.01). However, there was no significant difference in 

proliferation of cells stimulated with PMA/anti-CD3 (Fig. 3.10). 
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Figure 3.10: FhTeg alters the ability of DCs to prime T-cell responses. DCs from 

DO11.10 mice were cultured with OVA (100 nM) in the presence or absence of FhTeg 

(10 µg/ml) overnight at 37°C. Stimulated DCs were thoroughly washed and 

subcutaneously injected over the sternum of naïve DO11.10 mice. After 7 days, sdLN 

cells were removed for re-stimulation in vitro with OVA (500 nM) or with PMA (25 

ng/ml) and anti-CD3 (1 µg/ml). After 72 h, supernatants were analyzed by ELISAs for 

IFN-γ, IL-10, and IL-4. Data are the mean values (±SEM) of three individual wells from 

four individual mice and are representative of three experiments. Values that were 

significantly different (P ≤ 0.01) from the value for the appropriate group of DCs 

treated with medium (DC-Med) are indicated as follows: *, P ≤ 0.05; **, P ≤ 0.01. 

 

 

3.2.8.2.  Flow cytometry analysis 

CD28 and CTLA-4 are related receptors that differentially regulate T-cell activation. 

While CD28 enhances T-cell proliferation and survival, in contrast CTLA-4 inhibits T-

cell responses (Green, 2000). We measured the expression of CD28 and CTLA-4 on 

CD4 positive cells and found that FhTeg did not impact on the expression of these 

molecules (Fig. 3.11). The suppression of cell proliferation or cytokine production can 

therefore not be attributed to changes in the expression of these cell surface markers. 
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Figure. 3.11: The expression levels of CD28 and cytotoxic T-lymphocyte antigen-4 

(CTLA-4) on CD4 T cells is unchanged following OVA antigen specific activation. 
Cells from DO11.10 mice were harvested and analysed by three-colour flow cytometry 

for CD4, CD28 and CTLA-4. (A) The histograms show representative data of the 

surface expression of CD28 and CLTA-4 on CD4+ cells from sdLN after 72 h in vitro 

culture; OVA-med (black line), OVA-OVA (grey line), OVA-FhTeg-med (black dotted 

line) OVA-FhTeg-OVA, (grey dotted line), and isotype controls (solid histogram). (B) 

Combined data from 3 independent experiments showing the mean fluorescent intensity 

(MFI) for surface expression of CD28 and CLTA-4 on CD4+ cells from sdLN after 72 h 

in vitro culture.  

 

3.3. Discussion 

This
 
present study demonstrates the suppressive effect of

 
F. hepatica tegument on DC 

maturation and function. As discussed in the introduction helminth infections are 

associated with a modified Th2 response. Studies have shown that helminth-derived
 

antigens, such as the filaria-derived antigen, ES-62, which
 
induces IL-12p40, IL-6, and 

TNF-α production from DCs, can partially
 
induce DC maturation (Goodridge et al., 
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2005) and S. mansoni larva antigen,
 
which can induce low, yet significant, increases in 

IL-12p40
 
and IL-6 from DCs (Jenkins and Mountford, 2005). Despite the inactivation or 

partial
 
activation of DCs, many helminth-matured DCs are still capable

 
of driving potent 

Th2 immune responses (Jenkins and Mountford, 2005, Whelan et al., 2000).  

 The tegumental coat of F. hepatica is a metabolically active
 
layer that is in 

intimate contact with the host tissues and
 
body fluids. It is here that much of the 

immune interplay between
 
the fluke and host takes place. The tegument is shed every 2

 

to 3 h during the course of infection, thus representing a constant
 
source of antigen in 

direct contact with the host's immune cells. Studies have shown that by shedding its 

tegument, the fluke
 
can also shed immune complexes that have formed on the surface,

 

thereby evading a damaging immune response, and the shed antigen
 
acts as a decoy 

"mopping up" host immune cells (Halton, 2004, Mulcahy, 1999).  

Previous work had highlighted the modulatory potential of FhTeg. Firstly, the 

role of FhTeg in vivo in a model of septic shock was examined. Mice injected
 
with 

FhTeg either prior to or following LPS exposure
 
demonstrated significantly suppressed 

levels of serum IL-12p70
 
and IFN-γ, but not IL-12p40 (Hamilton et al., 2009). The 

suppression of proinflammatory
 
cytokines in vivo carries implications for the control of 

concurrent
 
infections with F. hepatica, as studies have shown that it suppresses

 
IFN-γ, 

altering the immune response to tuberculosis (O'Neill et al., 2001) and
 

delaying 

bacterial clearance in concurrent infections with Salmonella
 
enterica serovar Dublin or 

Bordetella pertussis (Aitken et al., 1981, Brady et al., 1999). Secondly, due to their 

central role in priming immune adaptive responses the effect of FhTeg on DCs was 

examined. Previously published studies have demonstrate
 
that exposure of immature 

DCs to helminth-derived antigens failed
 
to induce DC maturation (Balic et al., 2004, 

Perona-Wright et al., 2006b). Similarly, FhTeg alone did not have any effect on DC 

maturation as these cells did not secrete cytokines
 
or increase costimulatory marker 
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expression in response to FhTeg. Also, FhTeg was shown not to affect the viability or 

proliferation of DCs as shown by Annexin staining and MTT/MTS assays. Thirdly, 

FhTeg treated DCs exhibited marked hypo-responsive to LPS stimulation, both in a 

reduction in a selected number of cytokines and a down regulation of costimulatory 

markers.   

 So Could FhTeg interfere with activation of DCs to a wider range of TLR 

ligands? FhTeg was shown to render DCs hyporesponsive to a range of TLR ligands 

with
 
significant decreases in cytokine production of IL-12p70, IL-10,

 
IL-6, TNF-α, and 

nitrite. Similar to FhTeg/LPS-treated DCs there was a decrease in costimulatory marker 

expression
 
(CD80, CD86, and CD40). As with LPS, It was shown that cytokine 

suppression by FhTeg
 

was selective, given that in general IL-12p40 and IL-23 

production
 
were not affected. This was reflected in zymosan treated DCs (data not 

shown). RNA analysis of LPS activated DCs treated with FhTeg showed reduced levels 

of IL-12p35 subunit is down regulated but no the IL-12p40 subunit compared to LPS 

treated controls (Hamilton et al., 2009). This is of interest given that the p40 subunit
 
is 

shared by IL-12 and IL-23 and both cytokines belong to the
 

same family of 

proinflammatory cytokines (Waibler et al., 2007). Also, the timing of exposure of DCs 

to FhTeg did not affect the significant suppressive effects in response to activation to a 

range of TLR ligands. But the suppressive effects of FhTeg on zymosan, CpG and poly-

(I:C)-activated DCs decreased inversely with increasing time after TLR activation. This 

effect was not observed for PGN-induced cytokine production. This indicates that the 

suppression of DC TLR activation by FhTeg is time dependent or time independent 

depending on the TLR ligand. But since suppression always remains significantly 

reduced, the results suggest that FhTeg does not compete with LPS or any other TLR 

ligand tested for binding, and that FhTeg is not
 
exerting its effects through any TLR. 
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 Similarly to FhTeg, FhES failed to induce maturation of DCs. The ability of 

FhES to interfere with TLR activation of DCs was also investigated. Unlike FhTeg, 

FhES had no effect on maturation of cytokine production induced by TLR ligands. Even 

thought FhTeg and FhES have been shown to share commonality in the presence of 

some helminth-derived
 
antigens ( (Robinson et al., 2009) and R. M. Morphew and P. M. 

Brophy,
 
unpublished data), the immunomodulatory property to suppress DC activation 

in response to TLR ligands is unique to FhTeg.  

 The ability of FhTeg to decrease proinflammatory cytokines
 
is in keeping with a 

helminths need to suppress inflammatory
 
processes (Goodridge et al., 2005), and since 

IL-12p70 is an important polarizing
 

cytokine known to drive Th1 differentiation 

(Trinchieri, 2003), this suppression
 
may result in the Th1 suppression observed during 

F. hepatica
 
coinfections. The decrease in IL-10 observed was not anticipated,

 
since this 

cytokine is traditionally associated with an anti-inflammatory
 
or regulatory response 

(Moore et al., 2001). However, recent studies show IL-10
 
production by Th1 cells, 

emphasizing the versatile role that
 
IL-10 plays during infection (O'Garra and Vieira, 

2007).  

 The MAPK pathway is a highly conserved pathway involved in the
 
initiation of 

DC maturation through all known TLR ligands (Dowling et al., 2008). Activation of the 

three main mammalian groups, JNK, ERK, and
 
p38, culminates in the release of 

cytokines from DCs following
 
the downstream activation of a signalling cascade 

involving adaptor
 
proteins, such as MyD88 and Mal (Nakahara et al., 2006). Helminth-

mediated suppression
 
of cytokine production by antigen-presenting cells has been

 
shown 

to be modulated by MAPK pathways. For example, ES-62-mediated
 
suppression of 

LPS-induced IL-12p40 by macrophages can be reversed
 
with the addition of the ERK 

inhibitor (Goodridge et al., 2003), and S. mansoni
 
egg antigen dramatically reduces 

LPS-stimulated phosphorylation
 
of p38 (Kane et al., 2004). However, in the present 
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study, we have shown that FhTeg does not target these pathways, since MAPK 

pathways
 
are involved in the suppressive effect of only a small number

 
of select 

cytokines. Instead, we found that FhTeg targeted the transcription
 
factor NF-κBp65, one 

of the active subunits of the NF-κB complex
 
involved in NF-κB binding to DNA. This 

effect on downstream signalling
 

events could explain the observed decrease in 

proinflammatory
 
cytokines demonstrated in this study. Activation of NF-κB is

 
also 

inhibited by other parasites, such as Brugia malayi (Semnani et al., 2008) and 

Toxoplasma gondii (Butcher et al., 2001), where NF-κB translocation is blocked
 
from 

entering the nucleus. We have yet to determine whether FhTeg can suppress other 

members of the NF-κB family (such as the p50 subunit) or other transcription factors, 

such as IRF3, which are also activated following LPS stimulation. 

 The effect of FhTeg on DC function was further confirmed by the demonstration 

of reduced phagocytic ability by FhTeg-primed DCs which would impact on the 

development of the adaptive immune response. Adaptive immune responses were then 

investigated by T-cell priming studies. In addition to cytokine production, co-

stimulation is essential
 
for the successful activation and differentiation of naïve

 
CD4

+
 T 

cells, and similarly, the suppression of costimulatory
 
markers could influence Th1 cell 

differentiation. This was confirmed
 
in the T-cell priming studies, which demonstrated 

that FhTeg-primed DCs significantly suppressed local Th1 immune responses.
 
These 

results indicate that exposure to FhTeg, and the subsequent
 
lack of cytokine production 

and costimulatory molecule expression,
 
can interfere with the function of DCs and their 

ability to
 
prime naïve T cells. Thus, from these results it was hypothesised that that 

FhTeg maintains the DCs in an immature state, impairing their
 
function and ultimately 

modulating the development of adaptive
 
T-cell responses. Our data support previous 

findings which demonstrate
 
that F. hepatica infection and antigens suppress Th1 

immune
 
responses in vivo (Brady et al., 1999, Flynn et al., 2007). Furthermore, the 



   76 

suppression of Th1
 
responses is likely to be a survival mechanism for the worm,

 
since 

vaccine trials in domestic livestock have shown the importance
 
of inducing strong Th1 

immune responses in the host to protect
 
against challenge infection (Mulcahy et al., 

1998). 

 While the exact mechanism of FhTeg-mediated suppression
 
remains to be 

elucidated, the timing of exposure of DCs to our
 
antigen did not affect the suppressive 

effects, suggesting that
 
it does not compete with LPS for binding and that it is not

 

exerting its effects through TLR4 itself. This was confirmed
 
by the fact that FhTeg is 

still effective in DCs from TLR4 mutant
 
and knockout mice (Hamilton et al., 2009). 

Furthermore, FhTeg was able to suppress the
 
effects of all TLR ligands tested (which 

included both MyD88-dependent
 
and -independent pathways), in addition to non-TLR 

ligands.
 
While we would not directly rule out the involvement of other

 
TLRs, it seems 

likely that FhTeg utilizes a pathway common to
 
these receptors, particularly since it did 

not activate HEK-296
 
cells functionally expressing a range of TLRs.  

 In summary, we report that F. hepatica
 
tegumental antigen modulates DC 

maturation and function, which
 

may go some way to explaining its reported 

immunomodulatory
 
properties in vivo. FhTeg is a heterogeneous

 
group of molecules, 

and preliminary proteomic studies have already
 
pointed to a number of potential 

molecules that can render DCs hyporesponsive. These proteomic studies also show that 

the
 
profile observed for the tegument differs from that of its F.

 
hepatica ES products (R. 

M. Morphew and P. M. Brophy,
 
unpublished data). Although

 
the precise immunological 

scenario is not completely understood
 
it is clear that FhTeg maintains the DCs in an 

immature state,
 
impairing their function and the subsequent development of adaptive

 

immunity. We have yet
 
to determine whether FhTeg drives Th2 or T-regulatory immune 

responses, but the effect of FhTeg most closely aligns with the inhibition hypothesis, in 

which activated signalling pathways may intersect and inhibit one another (MacDonald 
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and Maizels, 2008). Given the powerful modulatory effect that FhTeg exhibits,
 

understanding its exact mechanisms may lead to the development
 
of novel immune 

therapeutics for the treatment of Th1-mediated
 
inflammatory diseases (Elliott et al., 

2003, Summers et al., 2005). 
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Chapter 4: Major secretory antigens of the helminth Fasciola hepatica activate a 

suppressive DC phenotype that suppresses Th17 cells but fails to activate Th2/Treg 

immune responses.  

4.4. Introduction  

Until relatively recently, few PAMPs of helminth origin have been identified (Zaccone 

et al., 2006) (Table 1.1). For this reason, it is important to investigate the interaction of 

defined helminth-derived molecules with DCs and elucidate the mechanism by which 

they alter DC function. The second reason for the use of defined helminth-derived 

molecules is the diverse range of DC phenotypes and responses that can be induced 

using complex mixtures of helminth antigens. DCs activated by helminths induce a 

modified form of DC maturation, lacking the classical activation markers. In some cases 

these markers can be absent (Kane et al., 2004), but most commonly are expressed at 

low levels (Johnston et al., 2009). Despite the limited maturation, helminth-primed DCs 

can nevertheless activate naïve T-cells (Maizels et al., 2004). DCs exposed to a soluble 

preparation of whole pathogen native antigens such as the Th2-priming Schistosoma 

larval preparation (0-3hRP) (Jenkins et al., 2005, Jenkins and Mountford, 2005) or SEA 

(MacDonald et al., 2001) and either co-cultured with navie T-cells in vitro or injected 

into mice can polarise T-cell responses towards a Th2 phenotype. SEA is of particular 

interest since fail to activate DCs yet these antigens are capable of driving Th2 immune 

responses (Cervi et al., 2004, MacDonald et al., 2001, van Liempt et al., 2007). Similar 

findings have been reported with and excretory/secretory (ES) material from 

Nippostrongylus brasiliensis (Balic et al., 2004). However, Segura et al (2007) found 

that adoptive transfer of DCs treated with ES from Heligmosomoides polygyrus resulted 

in suppression of both Th1 and Th2 responses in recipient mice (Segura et al., 2007). 

The same DCs promoted the differentiation of T-cells with a regulatory phenotype and 

an ability to suppress effector CD4
+
 cell proliferation and cytokine secretion.  
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While, the above mentions preparations are heterogeneous mixes of molecules, 

the exact antigens from these preparations that interact with DCs have yet to be 

identified. However, single antigens from native helminth preparations have been 

shown to drive similar responses. The single filarial nematode-secreted product ES-62 

from Acanthocheilonema viteae binds to TLR4 inducing low levels of IL-12p40, TNF-α 

and IL-6 from DCs (Goodridge et al., 2001). Similarly, purified antigens from 

Echinococcus granulosa (Rigano et al., 2007) and A. suum (Silva et al., 2006) partially 

activate DCs that can subsequently prime Th2 immune responses. In this study, we 

examined the interactions of recombinant Fasciola cathepsin Ls (CL) and a 

recombinant sigma class glutathione S transferase (GST) with DCs to determine if these 

are novel helminth PAMPs. ES products have been shown to modulate T cell responses 

in mice (Donnelly et al., 2008) and as stated previously, both are major components of 

F. hepatica ES. F. hepatica cathepsins are papain-like cysteine peptidases which 

facilitate the entry into and migration of the parasite through the host tissue, enhance 

virulence and suppress the host immune effector cell responses (Robinson et al., 2008). 

One of the predominant secreted products, a cathepsin L1 cysteine protease (FhCL1), 

suppressed the onset of protective Th1 immune responses in mice to bacterial infections 

and prevented the development of a Th1 response to vaccination
 
(O'Neill et al., 2001, 

Collins et al., 2004). Mature F. hepatica only secrete cathepsin L cysteine proteases, 

highlighting the importance of these molecules in the parasite pathology. Another major 

antigen, comprising 4% of the ES of F. hepatica, is the anti-oxidant glutathione 

transferase (FhGST)
 

(Chemale et al., 2006) which in dimeric form significantly 

inhibited the proliferation of rat spleen cells in response to ConA stimulation in vitro 

(Cervi et al., 1999). GST’s neutralise oxygen radical intermediates released by innate 

immune cells thus protecting the parasite from host immune attack. They can be 

subdivided into seven species independent classes which include the sigma and mu class 
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(Torres-Rivera and Landa, 2008). We investigate the ability of rFhGST-si and rFhCL1 

to induce an innate immune response in comparison with the archetypal TLR ligands 

such as LPS and ability of each in driving the immune responses.  

 

4.5. Results 

4.5.1.  rFhCL1 and rFhGST-si but not rvFhCL1 or rFhGST-mu induced partial 

activation of DCs 

To assess the immunomodulatory properties of the secreted enzymes of F. hepatica, 

functionally active recombinant sigma class GST (rFhGST-si), mu class GST (rFhGST-

mu) and cathepsin L1 (rFhCL1) were synthesized (Collins et al., 2004, LaCourse et al., 

2009). In addition, a conformationally intact proteolytically-inactive variant of 

cathepsin L1 (rvFhCL1), which has the active site cysteine replaced with a glycine, was 

also produced (Collins et al., 2004). All recombinant preparations were deemed to be 

endotoxin free as assessed using the Pyrogene® endotoxin detection system (Cambrex). 

Initially, a series of dose response analyses were completed to determine the optimum 

quantity of recombinant for subsequent analyses. A concentration of 10 µg/ml for each 

antigen was selected since it did not affect DC viability or growth and stimulated 

optimum cellular responses as compared to those induced by the positive control, LPS 

(Fig 4.1 B, C). 

We demonstrated that DCs stimulated with rFhCL1 secreted significant levels of 

IL-12p40 and IL-6 not IL-12p70, TNF-α, nitric oxide, IL-23 or IL-10 (Fig. 4.1 A-C and 

data not shown) compared to unstimulated cells. This activation of DCs was dependent 

upon the dose of rFhCL1 delivered, with increasing doses showing correspondingly 

increased secretion of IL-12p40 and IL-6 (Fig. 4.1 D, E), indicating a requirement for 

enzymatic activity. Consistent with this, was the observation that stimulation of DCs 

with the enzymatically inactive variant rvFhCL1 did not induce the secretion of any 



   81 

cytokines measured (Fig. 4.1 A-C and data not shown). Treatment of DCs with 

rFhGST-si induced an identical cytokine secretion profile to rFhCL1 (Fig 4.1 A-C; p ≤ 

0.001) although the quantity of IL-6 measured was far greater than that seen following 

exposure to rFhCL1. Similar to rFhCL1, the secretion of these cytokines was also dose-

dependent (Fig. 4.1 F, G). However, rFhGST-mu did not induce the secretion of any 

cytokines (Fig. 4.1 A-C and data not shown) suggesting that the enzyme activity 

required for DC activation by Fasciola-GST may be specific to distinct sub-classes.  

Following these results we went on to determined if these enzymes could induce 

elevated expression of co-stimulatory markers CD40, CD86, CD80 and MHC II on 

DCs. Both rFhCL1 and rFhGST-si stimulated a significant increase in CD40 expression 

compared to the isotype control (Fig. 4.1 H). The expression of CD80, CD86 (Fig. 4.1 

H) or MHC II (data not shown) was not altered following exposure to these recombinant 

proteins. Both rvFhCL1 and rFhGST-mu failed to alter the expression levels of all cell 

surface markers measured (data not shown). We have given due consideration to the 

possibility that residual endotoxin (the major component of which is LPS) in the antigen 

preparations contributed to the activation of DCs described here. However, all the data 

indicates that the effects seen are due to the activity of the recombinant proteins and not 

the presence of endotoxin. For example, the phenotype of DC activation described for 

the rFhCL1 and rFh-GST-si is different to that induced by LPS (Fig. 4.1 A-C, H). These 

enzymes were produced from the same expression systems as rvFhCL1 and rFhGST-

mu, respectively, both of which had no measurable effect on the activation status of 

DCs suggesting that any effect seen is unlikely to be due to endotoxin contamination. 

Finally, the effects of the rFhCL1 and rFhGST-si on DC activation were shown to be 

heat labile since they were no longer observed following boiling (Fig. 4.2; p ≤ 0.001) 

which contraindicates the involvement of endotoxin.  
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Figure 4.1: Exposure of DCs to rFhCL1 and rFhGST-si but not rvFhCL1 and 

rFhGST-mu induces partial activation of DCs. (A-C) DCs from C57BL/6 mice were 

cultured with medium (Med), rFhCL1 (10 µg/ml), rvFhCL1 (10 µg/ml), rFhGST-si (10 

µg/ml), rFhGST-mu (10µg/ml) or LPS (100 ng/ml) for 24 h, and the production of IL-

12p40, IL-6 and IL-12p70 in supernatants was determined by ELISA. (D, E) DCs were 

cultured with a range of concentrations of rFhCL1 or (F, G) rFhGST-si for 24h and the 

levels of IL-12p40 and IL-6 measured by ELISA. Data are the mean values (±SEM) of 

at least 3 individual experiments. *, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001 compared to 

unstimulated cells (not shown). (H) Cells were harvested and analysed by four-colour 

flow cytometry for CD40, CD80 and CD86. Cells were gated on CD11c
+
 cells. The 

histogram shows isotype control (filled histogram), unstimulated cells (black line), 

rFhCL1 or rFhGST-si-stimulated cells (grey line) and LPS (dotted line). Numbers 

represent mean fluorescence intensity from 5 different experiments.  
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Figure 4.2: Induction of partial activation of DCs by rFhGST-si and rFhCL1 is 

heat labile. DCs from C57BL/6 mice were cultured with culture medium, rFhCL1 or 

rFhGST-si (10 µg/ml) brought to room temperature of 100
0
C for 15 mins. 18h after the 

addition of antigens IL-6 and IL-12p40 were measured in the supernatants by sandwich 

ELISA. Data are the mean values of 3 individual wells (±SEM), and a representative of 

at least 2 individual experiments. ***, p ≤ 0.001 compared with positive untreated 

control. 

 

 

4.5.2. The partial activation of DCs by rFhCL1 and rFhGST-si is TLR4-

dependent 

Since previous reports have shown that helminth antigens can induce partial maturation 

in DCs through TLR4 activation (Jenkins et al., 2005, Goodridge et al., 2005), we went 

on to determine if the activation of DCs by rFhCL1 and rFhGST-si was dependent upon 

the TLR4 pathway. The secretion of IL-12p40 and IL-6 by rFhCL1 and rFhGST-si was 

significantly reduced in the absence of the TLR4 receptor (Fig. 4.3 A, B; p ≤ 0.001). 

While a low level of IL-6 secretion was measured in response to rFhCL1 in the TLR4 

deficient DCs, this was not significant compared to cells stimulated with culture 

medium. Similar to the cytokine results, rFhCL1, rFhGST-si and LPS failed to induce 

any alteration in CD40 expression in the absence of TLR4 (Fig. 4.3 C). As expected, 

TLR4 deficient DCs failed to respond to LPS.  

In addition, zymosan A, a TLR4-independent, TLR2 dependent agonist, induced 

the secretion of comparable quantities of IL-12p40 and IL-6 in both wild type and TLR4 

deficient strains of mice, confirming the integrity of TLR signalling in the knockout 

DCs.  
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Figure 4.3: The partial activation of DCs by rFhCL1 and rFhGST-si is TLR4 

dependent. DCs from C57BL/6 (wildtype background strain; WT) and TLR4 deficient 

(TLR4 KO) mice were cultured with medium (Med), rFhCL1 (10 µg/ml), rFhGST-si 

(10 µg/ml), zymosan (5 µg/ml) or LPS (100 ng/ml) for 24 h and the quantities of IL-

12p40 (A) and (B) IL-6 in supernatants determined by ELISA. Data are the mean values 

(±SEM) of at least 3 individual experiments. ***,  p ≤ 0.001 compared to control WT 

mice. (C) DCs were harvested and analysed by four-colour flow cytometry, gated on 

CD11c
+
 cells, for the expression of CD40. In each histogram, the stimulated cells are 

represented by the black line and the isotype control by the filled peak. Numbers 

represent mean fluorescence intensity from three separate experiments. 

 

 

 

 

 

 

 

C)  CD40

****** ***

IL-12p40

0

0.5

1

1.5

2

WT TLR4KO

n
g
/m

l

Med
rFhCL1
rFhGST-si
LPS
Zymosan

***

***

***

IL-6

0

0.5

1

1.5

2

2.5

3

3.5

WT TLR4KO

n
g
/m

l

25 239 25 111 25 51 25 61

15 16 15 13 15 4415 15

MFI

C
o

u
n

ts

LPS rFhGST-si rFhCL1 Zymosan

MFIMFI

C
o

u
n

ts
C

o
u

n
ts

T
L

R
4
K

O

LPS rFhGST-si rFhCL1 ZymosanLPS rFhGST-si rFhCL1 Zymosan

25 239 25 111 25 51 25 61

15 16 15 13 15 4415 15

25 239 25 111 25 51 25 6125 23925 239 25 11125 111 25 5125 51 25 6125 61

15 16 15 13 15 4415 1515 1615 16 15 1315 13 15 4415 4415 1515 15

W
T

B)A)

***
****** ******

***

C)  CD40

****** ***

IL-12p40

0

0.5

1

1.5

2

WT TLR4KO

n
g
/m

l

Med
rFhCL1
rFhGST-si
LPS
Zymosan

****** ***

IL-12p40

0

0.5

1

1.5

2

WT TLR4KO

n
g
/m

l

Med
rFhCL1
rFhGST-si
LPS
Zymosan

****** ********* ***

IL-12p40

0

0.5

1

1.5

2

WT TLR4KO

n
g
/m

l

Med
rFhCL1
rFhGST-si
LPS
Zymosan

***

***

***

IL-6

0

0.5

1

1.5

2

2.5

3

3.5

WT TLR4KO

n
g
/m

l

***

***

******

***

***

IL-6

0

0.5

1

1.5

2

2.5

3

3.5

WT TLR4KO

n
g
/m

l

25 239 25 111 25 51 25 61

15 16 15 13 15 4415 15

MFI

C
o

u
n

ts

LPS rFhGST-si rFhCL1 Zymosan

MFIMFI

C
o

u
n

ts
C

o
u

n
ts

T
L

R
4
K

O

LPS rFhGST-si rFhCL1 ZymosanLPS rFhGST-si rFhCL1 Zymosan

25 239 25 111 25 51 25 61

15 16 15 13 15 4415 15

25 239 25 111 25 51 25 6125 23925 239 25 11125 111 25 5125 51 25 6125 61

15 16 15 13 15 4415 1515 1615 16 15 1315 13 15 4415 4415 1515 15

W
T

25 239 25 111 25 51 25 61

15 16 15 13 15 4415 15

25 239 25 111 25 51 25 6125 23925 239 25 11125 111 25 5125 51 25 6125 61

15 16 15 13 15 4415 1515 1615 16 15 1315 13 15 4415 4415 1515 15

MFIMFI

C
o

u
n

ts
C

o
u

n
ts

LPS rFhGST-si rFhCL1 ZymosanLPS rFhGST-si rFhCL1 Zymosan

MFIMFI

C
o

u
n

ts
C

o
u

n
ts

T
L

R
4
K

O

LPS rFhGST-si rFhCL1 ZymosanLPS rFhGST-si rFhCL1 Zymosan

25 239 25 111 25 51 25 6125 23925 239 25 11125 111 25 5125 51 25 6125 61

15 16 15 13 15 4415 1515 1615 16 15 1315 13 15 4415 4415 1515 15

25 23925 239 25 11125 111 25 5125 51 25 6125 6125 23925 239 25 11125 111 25 5125 51 25 6125 61

15 1615 16 15 1315 13 15 4415 4415 1515 1515 1615 16 15 1315 13 15 4415 4415 1515 15

W
T

B)A)

***
****** ******

***



   85 

These results confirm that activation of DCs by rFhCL1 and rFhGST-si is dependent 

upon the presence of TLR4. To support this observation, the same analyses were 

repeated in C3H/HeN and C3H/HeJ mice which exhibit a point mutation in the TIR 

domain of TLR4 (Poltorak et al., 1998), so although they express the receptor, they fail 

to produce a response to LPS. DCs isolated from C3H/HeN mice gave similar results to 

DCs from C57BL/6 mice when stimulated with either rFhCL1 or rFhGST-si. DCs 

isolated from C3H/HeJ mice showed no increase in the expression of CD40 or secretion 

IL-6 or IL-12 p40 in response to rFhCL1, rFhGST-si or LPS (data not shown). 

 

4.5.3. rFhCL1 and rFhGST-si induce the secretion of chemokines from DCs  

Recently, it has been shown that Th1 promoting DCs selectively express elevated 

MIP1-α and promotes recruitment of Th1 cells (Gafa et al., 2007, Lebre et al., 2005) 

while MIP-2 a chemokine associated with helminth infection (Muller et al., 2003), 

promotes the recruitment of Th2 cells. Given the role played by these chemokines in the 

selective homing of immune cells, we sought to characterize the profile of MIP1-α 

(CCL3) and MIP-2 (CXCL2) chemokines produced by DCs following treatment with 

rFhCL1 and rFhGST-si. Results demonstrate that rFhCL1 or rFhGST-si induced both 

MIP1-α and MIP-2 from DCs (Fig. 4.4 A, B). However, these enzymes again showed a 

differential profile compared to LPS with both enzymes inducing significantly less 

MIP1-α than LPS but comparable levels of MIP-2. The polarised secretion of MIP-2 by 

these enzymes could influence a Th2 micro-environment by directly recruiting Th2 cells 

to the site of infection. The secretion of MIP1-α was TLR4 dependent since the 

production of this chemokine was absent in DCs isolated from TLR4 deficient mice. In 

contrast, the secretion of MIP-2 appeared to be partially dependent upon TLR4 (Fig. 4.4 

A, B; p ≤ 0.05) suggesting the involvement of a co-receptor. Further studies are required 

to identify this receptor and also characterise a role for MIP-2 in Fasciola infection.     
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Figure 4.4: Chemokine secretion is observed in DCs matured with rFhCL1 and 

rFhGST-si. DCs from C57B/6L (wildtype background strain; WT) and TLR4 deficient 

(TLR4 KO) mice were cultured with rFhCL1 (10 µg/ml), rFhGST-si (10 µg/ml) and 

LPS (100 ng/ml) for 24 hours, and the production of (A) MIP-1α and (B) MIP-2 in 

supernatants determined by ELISA. Data are the mean values of 3 individual wells 

(±SEM), and a representative of at least 3 individual experiments. *, p ≤ 0.05; ***, p ≤ 

0.001 compared to wildtype mice. 

 

4.5.4. rFhCL1 and rFhGST-si differentially activate MAPKs (p38, ERK and 

JNK), NF-κκκκB and IRF5 in DCs compared to LPS 

Since the partial activation of DCs by rFhCL1 and rFhGST-si is mediated through 

TLR4, we investigated whether these antigens activated intracellular MAP Kinases 

associated with the TLR4 signalling pathway. To address this question, the level of 

phosphorylation of ERK, p38 and JNK in DCs following treatment with rFhCL1 and 

rFhGST-si was determined by western blot using LPS as a positive control. As 

expected, LPS caused the activation of all three signal transducers in comparison to 

medium with distinct kinetics similar to previously published data (Fig. 4.5 A, C) 

(Agrawal et al., 2003, Ardeshna et al., 2000, Arrighi et al., 2001). In contrast, only an 

increase in the activation of p38 was detected following treatment with rFhCL1. In 

addition, this was observed at a much later time point (60min) than that seen for LPS 

activation. Stimulation of DCs with rFhGST-si induced the phosphorylation of JNK and 

p38 but not ERK at most time points tested (Fig. 4.5 A, C). While the kinetic profile of 
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JNK and p38 activation was similar to that for LPS, peaking at 30min, the level of 

phosphorylation activated by rFhGST-si was significantly lower than LPS. 

The transcription factor NF-κB is primarily associated with TLR innate immune 

cell activation, typically DC maturation, and is involved in regulating the expression of 

a large number of inflammatory mediators. The phosphorylation of the DNA binding 

subunits, p65 is an indicator of NF-κB activation (Hayden and Ghosh, 2008). As 

expected, LPS stimulation of DCs led to an increase in the presence of phosphorylated 

NF-κBp65 (p-NF-κBp65) at 15, 30 and 60 minutes (Fig. 4.5 A, C). Similarly, rFhGST-

si induced a significant increase in the levels of p-NF-κBp65 15, 30 and 60 minutes. 

However, the extent of phosphorylation measured at 15 and 60 minutes was less than 

that seen for LPS (Fig. 4.5 C).  
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Figure 4.5: Differential activation of MAPKs, NF-κκκκB and IRF5 in DCs is observed 
when treated with rFhCL1 and rFhGST-si compared to LPS. (A) DCs from C57B/6 

mice were cultured with culture medium, rFhGST-si (10 µg/ml), rFhCL1 (10 µg/ml) 

and LPS (100 ng/ml). At 15, 30, and 60 minutes, cells were lysed and total cellular 

protein was extracted. 10µg/sample of protein was separated on 10% SDS-PAGE gel, 

transferred onto a PVDF membrane and sequentially probed for phosphorylated- (p) 

JNK, p-p38, p-ERK, p-NF-κBp65 and IRF5. Representative blots are shown from three 

individual experiments. (B) Recombinant HEK-293 cells, functionally expressing TLR4 

protein linked to an NF-κB luciferase reporter gene, were stimulated with LPS, 

rFhGST-si (10 µg/ml) or rFhCL1 (10 µg/ml) for 24hrs. A HEK-293 cell line expressing 

the reporter gene only was used as a control (TLR-). (C) Densitometric analysis was 

performed on all immunoblots and values were expressed in arbitrary units as a 

percentage increase over the medium control group. *, p ≤ 0.05; ***, p ≤ 0.001 

compared with medium control group.  
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Activation of NF-κB p65 was not detected in DCs stimulated by rFhCL1 at any time 

point examined. To confirm these findings, human recombinant HEK-293 cells, 

functionally expressing TLR4 linked to an NF-κB reporter gene, were stimulated with 

rFhGST-si, rFhCL1 and LPS (Fig. 4.5 B). Consistent with the western blot analyses, 

data indicated that rFhGST-si but not rFhCL1 activated NF-κB and demonstrated that 

this was dependent upon TLR4.  

Since no phosphorylation of NF-κBp65 subunit was detected following 

treatment of DCs with rFhCL1, we investigated whether this enzyme activated the IRF5 

transcription factor. Following activation of TLR4, IRF5 directly interacts with the 

TLR4 adaptor protein MyD88 and functions as a key transcription factor for TLR4-

dependent induction of IL-6 and IL-12p40, independently of NF-κB and the MAPKs 

(Takaoka et al., 2005). Considering we have demonstrated that rFhCL1 induced 

secretion of IL-6 and IL-12p40 is dependent upon the presence of TLR4 (Fig. 4.3) we 

measured the levels of IRF5 by western blot in DCs activated with rFhCL1 and 

rFhGST-si (Fig 4.5 A, C). However, only rFhGST-si and not rFhCL1 significantly 

enhanced the activation of IRF5 compared to unstimulated cells at 15 and 30 minutes.  

 

4.5.5. rFhCL1 and rFhGST-si treated DCs do not phagocytose antigen 

As highlighted in section 3.2.5, DCs are considered professional phagocytes. The 

functional hallmark of ‘classical’ DC maturation is its ability to phagocytose antigen in 

combination with MHC II. Considering both enzymes failed to induce the expression of 

MHC II or to fully activate DCs, we investigated the ability of Fasciola enzyme 

activated DCs to phagocytose opsonised sheep erythrocytes. DCs treated with medium 

alone were used as a base control, while LPS was use as a positive activator of DC 

phagocytosis. DCs fully matured by LPS-stimulation, demonstrated an ability to 

efficiently phagocytose antigen with a significant increase (p ≤ 0.01) in the number of 
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engulfed erythrocytes compared with medium controls (Fig. 4.6). In contrast, rFhCL1- 

and rFhGST-si-treated DCs engulfed the same number of erythrocytes as immature 

unstimulated DCs, indicating an inability to phagocytose antigen (Fig. 4.6). 

 

 
Figure 4.6:  rFhCL1 and rFhGST-si treated DCs do not phagocytose antigen. DCs 

from C57BL/6 mice were cultured with medium, LPS (100 ng/ml), rFhCL1 or rFhGST-

si (10 µg/ml) for 2.5 h before the addition of opsonised sheep erythrocytes at a ratio of 

1:50. After 1 hour the extent of phagocytosis was assessed by measuring the number of 

engulfed erythrocytes using a colorimetric assay. Data are the mean values (±SEM) of 

at least 3 individual experiments. **, p ≤ 0.01 compared to untreated (Med) control 

group. 

 

4.5.6. rFhCL1 and rFhGST-si bias specific immune response by suppressing 

Th17 immune responses from OVA-specific T-cells 

Following phagocytosis, the role of fully matured DCs is to present antigen to T cells 

thus inducing antigen specific immune responses. We examined the ability of 

subcutaneously injected differentially activated DCs pulsed with OVA, to prime T 

helper cell responses in the skin draining lymph nodes (sdLN) of DO11.10 transgenic 

mice, a strain expressing a T cell receptor specific for OVA peptide (Jenkins et al., 

2005). 

sdLN cells isolated from mice which received DCs, secreted antigen-specific IL-

4, IL-10, IFN-γ and IL-17 (Fig. 4.7 A-D) in response to OVA peptide stimulation ex 

vivo. However, lymph node cells from mice that received DCs cultured with either 
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rFhCL1 or rFhGST-si and subsequently matured in the presence of OVA, had 

significantly reduced antigen-specific IL-17 production in response to stimulation with 

OVA peptide (Fig. 4.7 B; p ≤ 0.05 and p ≤ 0.001 respectively). No significant 

differences were observed in the antigen-specific production of IL-4, IL-10 and IFN-γ  

(Fig. 4.7 A, C, D) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7: DCs activated with rFhCL1 and rFhGST-si suppress Th17 immune 

responses. DCs from DO11.10 mice were cultured with OVA (100 nM) following 

exposure to medium, rFhGST-si (10 µg/ml) or rFhCL1 (10 µg/ml) overnight at 37
o
C. 

(A-D) Stimulated DCs were subcutaneously injected over the sternum of naïve DO11.10 

mice. After 7 days, local sdLN (skin draining lymph nodes) were removed for re-

stimulation in vitro with OVA peptide (500 nM) or with PMA (25 ng/ml) and anti-CD3 

(1 µg/ml). After 72 h, supernatants were analysed by ELISA for the presence of IFN-γ, 

IL-17, IL-10 and IL-4. Data are the mean (± SEM) of three individual wells from four 

individual mice, and representative of three experiments. *, p ≤ 0.05; ***, p ≤ 0.001 

compared with OVA.   
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4.5.7. rFhGST-si and rFhCL1 suppress the ability of DCs to secrete IL-23 in 

response to LPS 

Since IL-23 from DCs is important in driving the secretion of IL-17 from CD4
+
 T cells 

(Aggarwal et al., 2003), we determined whether DCs exposed to rFhCL1 or rFhGST-si 

were less capable of producing IL-23. DCs were exposed to rFhCL1 and rFhGST-si 2.5 

hrs before activation with LPS. After 18h incubation in the presence of LPS, the 

quantity of IL-23 in the supernatant was measured. Concurrent with the ability to 

suppress IL-17 specific responses, treatment of DCs with rFhCL1 and rFhGST-si prior 

to LPS stimulation resulted in significant suppression of IL-23 production (Fig. 4.8; p ≤ 

0.001).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8: rFhGST-si and rFhCL1 suppress the ability of DCs to secrete IL-23 in 

response to LPS. DCs from C57BL/6 mice were cultured with culture medium, 

rFhCL1 or rFhGST-si (10 µg/ml) 2.5 h prior to LPS stimulation (100 ng/ml). 18h after 

the addition of LPS, IL-23 was measured in the supernatants by sandwich ELISA. Data 

are the mean values (±SEM) of at least 3 individual experiments. ***, p ≤ 0.001 

compared with LPS. 

 

4.6. Discussion 

Here we have selected recombinant forms of two major F. hepatica secreted molecules 

the protease rFhCL1 and anti-oxidant rFhGST-si, both of which are major components 

of the ES and examined their interactions with DCs. Both have the capacity to alter the 

function of innate immune cells and, consequently, the ensuing T-cell responses. 

0

50

100

150

200

LPS rFhCL1+LPS rFhGST-si +LPS

n
g
/m

l

***
***

IL-23

0

50

100

150

200

LPS rFhCL1+LPS rFhGST-si +LPS

n
g
/m

l

***
***

IL-23



   93 

Despite enzymatic and functional differences between these antigens they both induced 

IL-6, IL-12p40 and MIP-2 secretion from DCs. This induction was mediated by TLR4 

but the subsequent intracellular signalling pathway induced by each antigen differed; 

while rFhCL1 signalled through p38, rFhGST-si mediated its effect via JNK, p38, p-

NF-κBp65 and IRF5. Neither rFhCL1 or rFhGST-si enhanced DC phagocytosis or 

induced Th2/Treg immune responses in vivo.  

Partial activation of DCs and the development of Th2 responses are typical of 

helminth infections (O'Neill et al., 2001), however, we found that DCs stimulated with 

either rFhCL1 or rFhGST-si were unable to induce the differentiation of Th2 or Treg 

cells. In contrast, DCs matured in the presence of either enzyme suppressed IL-17 

production from OVA-specific T-cells in vivo, inhibiting the development of a Th17 

immune response, independently of Th2 cells. This function has never previously 

described for a helminth-activated DC. Therefore, despite sharing some phenotypic 

characteristics of other helminth-antigen activated DCs (Jenkins and Mountford, 2005, 

Goodridge et al., 2005, Balic et al., 2004), the Fasciola antigen-activated DCs exhibit a 

different activation state and effector function. 

Regulation of IL-17 is critical to the control of inflammatory pathology 

associated with helminth infection, and has been particularly illustrated in the 

experimental model of S. mansoni where a strong correlation exists between the 

presence of Th1/Th17 immune responses and the development of severe inflammatory 

mediated pathology (Cheever et al., 1987, Rutitzky et al., 2008). Mice co-infected with 

S. mansoni and the intestinal hookworm Heligmosomoides polygyrus, showed reduced 

schistosome egg-induced hepatic immunopathology and a significant decrease in IL-17 

secretion from both granuloma cells and CD4 T-cells suggesting that the strong 

polarized Th2 environment promoted by H. polygyrus prevented the development of 

Th1 and Th17 immune responses (Bazzone et al., 2008).  
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This hypothesis links in with the observation that DCs exposed to either rFhCL1 

or rFhGST-si secreted reduced levels of IL-23, a cytokine known to be important in the 

expansion and survival of Th17 cells (Langrish et al., 2005). This is consistent with the 

studies of Shainheit et al (2008) showing that the in vitro differentiation of Th17 cells 

by schistosome-ligand activated DCs derived from CBA mice was dependent upon the 

secretion of IL-23 (Shainheit et al., 2008). The inhibition of Th17 development is 

clearly important for the success of F. hepatica infection considering that these two 

biochemically distinct enzymes perform this function via the modulation of DC 

activation. Moreover, rFhCL1 and rFhGST-si activated this suppressive population of 

DCs using different signalling pathways. While rFhCL1 activate p38 only amongst the 

transcription factors measured, rFhGST-si activated p38 and JNK, common MAPKs of 

the TLR4 pathway (Dowling et al., 2008), and the transcription factors NF-κB and 

IRF5.  

The activation of IRF-5 by a helminth parasite molecules has not been reported 

previously and thus it’s induction by rFhGST-si is of particular interest particularly 

because this transcription factor is expressed only in DC and B cells and is pivotally 

involved in the innate immune response (Honda and Taniguchi, 2006). IRF-5 was 

originally described as a transducer of virus-mediated signalling involved in the 

induction of anti-viral type 1 interferons (Barnes et al., 2002). However, despite 

functional similarity to the other IRFs, IRF5 appears to be induced in response to 

kinases activated by a range of TLR agonists rather than simply to viral antigens 

(O'Neill and Bowie, 2007). Therefore, while acting as an activator of type I interferon 

genes, IRF-5 also regulates the expression of proteins involved in cell growth regulation 

and immunomodulation (Barnes et al., 2003, Yasuda et al., 2007). While these 

functions are clearly important in host defence, there is also evidence that a deregulation 
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of IRF5 impacts on the development of a range of Th17 mediated autoimmune diseases 

(Gutierrez-Roelens and Lauwerys, 2008).  

Activation of IRF5 by rFhGST-si may be required for the observed induction of 

IL-6 and IL-12p40 seen in stimulated DCs. In addition, the genes activated in response 

to IRF5 may be involved in the subsequent polarisation of T-cell responses by rFhGST-

si-activated DCs. The activation of NF-κB has been shown to be characteristic of Th2 

promoting DCs. S. mansoni LNFPIII induces rapid but transient NF-κB nuclear 

translocation and activity in the nucleus, in comparison with the persistent activation 

induced by Th1 promoting LPS (Thomas et al., 2005). Furthermore, studies suggest that 

the activation of NF-κB1 and not NF-κB2 is critical to the ability of DCs to prime Th2 

responses following exposure to SEA, LNFPIII-dextran or Trichuris muris (Perrigoue et 

al., 2008). Here we found that rFhGST-si induced a more persistent activation of NF-κB 

in DCs than that observed for LNFPIII which may explain the distinct capacity of these 

DCs to suppress Th17 rather than promote Th2 cells. Assessment of the relative 

contributions of NF-κB1 and NF-κB2 in response to rFhGST-si would further 

characterise this phenotype of DC.  

Studies suggest that ERK plays a central role in modulating the behaviour of 

DCs and promoting of Th2 responses, ERK deficient mice still retain the capacity to 

exhibit Th1 polarization but exhibit reduced Th2 immune responses (Agrawal et al., 

2006). We found that rFhGST-si induced the phosphorylation of p38 and JNK, but not 

ERK in DCs. This contrasts with SEA, which conditions DCs to induce strong Th2 

responses, induces the phosphorylation of ERK (for sustained periods) and p38 

(weakly) but not JNK (Aggarwal et al., 2003). Similarly, schistosome egg LNFPIII 

which induce Th2 immune responses also stimulates the phosphorylation of ERK 

(Thomas et al., 2003). The absence of ERK phosphorylation in DCs stimulated by 
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rFhGST-si, and rFhCL1, may contribute to their lack of ability to promote the 

differentiation of Th2 cells.  

Despite differences in the profile of transcription factors activated by rFhCL1 

and rFhGST-si, induction of both phenotypes of DC was dependent on the presence of 

TLR4 receptor, thus identifying these two enzymes as potentially novel helminth 

PAMPs. TLRs are implicated in the recognition of helminth parasite products by DCs, 

but since helminth-associated Th2 responses are not abrogated in the absence of TLRs 

(Kane et al., 2008) activation of DCs through these receptors may not be critical in the 

development of Th2 immune responses. On the other hand, TLR ligation by helminth-

derived antigens is recognized as a mechanism to limit the development of Th1 cytokine 

mediated inflammation. For example, the filarial nematode ES product, ES-62 interacts 

with TLR4 on DCs and results in the inhibition of IL-12 secretion in response to classic 

stimulators such as LPS/IFN-gamma (Goodridge et al., 2005).  

Similarly, both rFhCL1 and rFhGST-si reduced the ability of DCs to respond to 

LPS, significantly inhibiting the secretion of IL-23. Therefore products secreted by F. 

hepatica, like other helminths, induce, via interaction with TLR4, a phenotype of DC 

that is hyporesponsive to classical stimulation. However, unlike that found in other 

helminth studies, the consequence of this in Fasciola is a reduction in the development 

of inflammatory Th1/Th17 responses. Considering that a biochemically diverse range of 

helminth products are recognised by TLR4, it is perhaps not surprising that both 

rFhCL1 and rFhGST-si may utilised the same receptor.  

 However, the variation in transcriptional activation of DCs may reflect 

differences in their enzyme activity. FhCL1 is a protease and a member of papain-like 

family of cysteine proteases (Stack et al., 2007, Stack et al., 2008). Proteases of this 

family are secreted from a range of pathogenic organisms have been shown to have the 

capacity to degrade physiologically significant proteins such as immunoglobulins and 
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collagen. rFhCL1 could feasibly digest peptides from the TLR4 receptor resulting in an 

altered conformational structure which could disrupt subsequent binding of co-

receptors, ultimately leading to the inactivation of signalling pathways. In the context of 

the current study it is also interesting to note that gingipain, a protease from Prevotella 

intermedia the causative agent of periodontis, and bromelein, a protease extracted from 

pineapple, both cleave CD14 from the surface of monocytes rendering the cells 

hyporesponsive to LPS (Deschner et al., 2003). However, no change in the level of 

surface expression of CD14 in response to rFhCL1 was observed (data not shown).  

Seven subclasses of GST have been identified in F. hepatica which can be 

distinguished from each other on the basis of substrate specificity and inhibitor 

sensitivity (Salvatore et al., 1995, Sheehan et al., 2001). In addition, the structure and 

binding interaction of the active site of sigma class-GST differs from that of the mu 

class (Sheehan et al., 2001). Therefore, fact the sigma class but not mu inhibited the 

activity of DCs would indicate that the modulatory effect is dependent on the specific 

enzymatic activity of the sigma class of GST. 

The demonstration that two biologically distinct molecules, using different 

pathways, activate DCs with the same capacity to modulate developing adaptive 

responses supports the view that helminth parasites induce a heterogeneous population 

of innate immune cells to control the outcome of infection. As stated earlier the majority 

of research helminth antigen-DC interactions have used preparations of parasite 

secretions which represent a composite of many different protein, lipids and sugars. A 

number of those molecules, including CL1 and GST, are universally expressed by all 

helminth parasites and suggest the existence of common mechanism(s) of modulation. 

Understanding how each individual antigen from helminth antigenic preparations affect 

DC maturation and function may shed light on the importance of discrete immune 
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modulatory mechanisms that collectively lead to the immune responses associated with 

helminth infection.  

There are a number of models put forward to define how DCs exposed to 

helminth antigens activate Th2/Treg immune responses associated with helminths 

(MacDonald and Maizels, 2008). In this study we have potentially identified two novel 

TLR PAMPs from the helminth F. hepatica which may give insights into a possible 

scenario for the induction of Th2/T regulatory responses cell associated with helminth 

infections. While they do not appear to promote a Th2/Treg immune response 

themselves, both rFhCL1 and rFhGST-si may promote an environment that is inductive 

to the generation of such a response by other secretory molecules. Overall the data 

suggests that helminth parasites secrete multiple molecules each possessing a unique 

mechanism of modulation, which can suppress inflammatory Th1/Th17 responses with 

redundancy thus permitting the uninhibited development of Th2/Treg by other secretory 

molecules. 
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Chapter 5: DCs stimulated with Ascaris lumbricoides extract induce a partially 

activated phenotype with Th2 inducing ability in vivo 

 

5.4. Introduction 

The human nematode parasite A. lumbricoides is of major medical importance and 

estimates put its prevalence at 1.5 billion people affected worldwide (Elliott et al., 

2007). Ascaris infection causes acute effects such as intestinal obstruction and chronic 

infection impacts upon growth, appetite, physical fitness, work capacity and cognitive 

development (Bradley and Jackson, 2004). These impacts are concentrated in those 

children who are also compromised by poor nutrition, and other educational and health 

disadvantages. Ascaris infection is characterised by a predominant Th2/Treg immune 

response and protection from A lumbricoides infection has been associated with high 

levels of the Th2 cytokines, IL-4 and IL-5 and low levels of Th1 cytokines (Cooper et 

al., 2000, Geiger et al., 2002).  

Antigens derived from A. lumbricoides and A. suum, which infect human and 

pigs respectively, have been of growing interest due to the potential immunosuppressive 

effects of ascarids on their hosts (Johnston et al., 2009). In both humans and animal 

studies, infection with parasitic nematodes such as A. lumbricoides has been associated 

with the protection from allergic and autoimmune disease (Harnett and Harnett, 2008). 

Previous studies have identified the ability of Ascaris derived antigens, mainly from A. 

Suum, to trigger in vitro nitric oxide from macrophage (Andrade et al., 2005), or alter 

expression of allegoric diseases (Rocha et al., 2008, Araujo et al., 2008, Lima et al., 

2002, Itami et al., 2005, Matera et al., 2008). 

While our understanding of the interaction of these Ascaris antigens on DCs 

function is limited, particularly those antigens derived from A. lumbricoides, a few 

studies have investigated the interaction of A. suum antigens and DCs (Table 1.1). Both 
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pseudocoelomic fluid (PCF) (McConchie et al., 2006) and high-molecular-weight 

components (PI) (Silva et al., 2006) of A. suum did not activate DCs. Pre-treatment of 

DC with PCF inhibited LPS-induced CD40 and CD86 as well as the production of IL-

12 in a dose-dependent manner (McConchie et al., 2006). PI suppressed costimulatory 

molecule expression of purified CD11c
+
 LN cells from OVA immunised mice. While 

compared to OVA immunised mice, purified CD11c
+
 from OVA+PI immnunised mice 

have a reduced proliferation of OVA specific T cells in vitro. Both were shown to be 

dependent on IL-10 as the suppreson was reversed in IL-10KO mice (Silva et al., 2006). 

Alternatively, the PC containing native glycophingolipid from A. suum have been 

shown to increase DC and macrophage costimulatory molecule expression and secretion 

of IL-12p40 and TNF-α. Pre-treatment could suppress LPS induced IL-12p70 in both 

cells (Kean et al., 2006).  

The focus of this chapter is to determine the interactions of native antigen 

preparation derived from the female form of A. lumbricoides since no previous studies 

have examined the effect of antigens upon DCs from this helminth. A. lumbricoides 

PCF antigens (AlPCF) was selected for use in this thesis because it is a metabolically 

active fluid which provides precursor molecules for membrane and cuticular synthesis 

(Kennedy and Qureshi, 1986). This makes it the closest possible approximation of 

FhTeg obtainable from A. lumbricoides for use as a comparison. Another factor for its 

selection is that AlPCF is easily obtained from the body cavity of adult worms. Other 

reasons for its use include results from studies that have shown PCF to contains a 

number of antigens that induce antibody responses in several different mammalian 

species, including mice (Kennedy and Qureshi, 1986, Urban et al., 1988). Some of these 

molecules are recognized as antigens by infected rabbits (Kennedy and Qureshi, 1986) 

and pigs (Urban et al., 1988). Notably, ABA-1 has been identified as a main protein 

constituent of PCF (Kennedy et al., 1991, Paterson et al., 2002), and is also the major 
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IgE-binding antigen in human patients that express resistance to ascariasis (Paterson et 

al., 2002).  

A thorough analysis of the effect of AlPCF on DC phenotype was measured by 

examining cytokine secretion and cell surface marker expression. The effect of Ascaris 

antigen on DC function was also determined by phagocytosis assay and T-cell-

polarizing function. Here we show that AlPCF extract can induce partial maturation of 

DCs as characterised by the increased production of IL-12 family related cytokines, and 

the chemokine MIP-2. No other inflammatory cytokines or maturation associated 

surface markers where induced. We also show that AlPCF-treated DCs can drive Th 

cells toward the Th2 pole. The present experiments shed further light on the DC 

activating properties of A. lumbricoides derived extracts. These results have generic 

implications for the understanding of DC-driven Th cell responses both directly on the 

host and the mechanisms of possible bystander effects.  

 

5.5. Results 

5.5.1. Ascaris antigen induces partial activation of murine BMDCs 

A. suum derived antigens have previously shown to have cytokine-inducing and 

immunosuppressive abilities on bone marrow derived macrophage and DCs (Kean et 

al., 2006, Deehan et al., 2002). To determine if the same was true for native A. 

lumbricoides derived antigens, BMDCs were cultured with native AlPCF (10 µg/ml) 

medium as a negative control, LPS as a positive control (100 ng/ml) for 24h and the 

supernatants analysed for cytokines responses. DCs stimulated with AlPCF stimulated 

significant levels of the cytokines IL-6, IL-12p40 and the chemokine MIP-2 (CXCL2). 

As expected, treatment of DCs with LPS induced “classical” maturation of DCs, evident 

by highly elevated levels of all cytokines and cell surface markers measured (Dowling 

et al., 2008).  
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Figure 5.1: AlPCF induces partial activation of DCs. A) DCs from C57B/6 mice 

were cultured with medium (Med), AlPCF (10 µg/ml) or LPS (100 ng/ml) for 24 hours, 

and the production of IL-12p70, IL-10, TNF-α, IL-12p40, IL-6, MIP-2 and PGE2 were 

measured using sandwich ELISA, and nitrite was measured using medium Griess 

reagent. Data are the mean values (±SEM) of at least 3 individual experiments. *, p ≤ 

0.05; **, p ≤ 0.01; ***, p ≤ 0.001 compared to Med. B) Cells were harvested and 

analysed by three-colour flow cytometry for CD14, CD40, CD80 and CD86. Mean 

fluorescent intensity (MFI); medium (left and grey line,), AlPCF (centre and dotted 

black line, 10 µg/ml), LPS (right and black line, 100 ng/ml) and Isotype (tinted). 
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The levels of cytokines induced by AlPCF were significantly higher than medium but 

less than those induced by the positive control, LPS (Fig. 5.1 A). We also measured IL-

12p70, NO, PGE2, TNF-α, IL-10, (Fig. 5.1 A), IL-23, MIP-1 and MCP (data not shown) 

and no up regulation of any of these cytokines was observed in response to AlPCF 

treatment. The ability of AlPCF to induce elevated expression of CD40, CD86 and 

CD80 and CD14 DCs was also investigated. Results demonstrated that AlPCF did not 

induce significant increased expression of any of the markers tested (Fig. 5.1 B) 

opposed to increased expression of all cell surface markers induced by the positive 

control LPS. AlPCF extracts used in these studies were deemed endotoxin free as 

assessed using the Pyrogene® endotoxin detection system (Cambrex) and did not effect 

DC viability Annexin V staining (data not shown). 

 

5.5.2. AlPCF induced cytokine production by DCs is dependent upon MAPKs  

To determine the possible signal transduction mechanism of AlPCF induced IL-6 and 

IL-12p40, we investigated whether it is targeting a common component of TLR 

pathways, such as the MAPKs. To address this question, DCs were pre-treated with 

MAPK inhibitors specific for ERK, p38 and JNK prior to AlPCF stimulation. As 

before, AlPCF induced IL-6 and IL-12p70 at significantly higher levels compared to 

untreated DCs. Pre-treatment with all three inhibitors resulted in a marked reducing in 

AlPCF-induced IL-6 (Fig. 5.2; p ≤ 0.001). Similarly, inhibition of all MAPKs resulted 

in marked reduction in AlPCF-induced IL-12p70 (Fig. 5.2; p ≤ 0.001). It should be 

noted that while pre-treatment of DCs with the JNK inhibitor significantly reduced 

AlPCF-induced IL-12p70, it was not totally abrogated to background control levels 

(untreated cells).  
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Figure 5.2: AlPCF induced cytokines expression is dependent upon MAPKs. IL-6 

and IL-12p40 induced by AlPCF are partially dependent on all MAPKs tested. DCs 

from C57B/6 mice were cultured with medium (Med), AlPCF (10 µg/ml) and LPS (100 

ng/ml) in the presence or absence of specific ERK (U0126; Sigma Aldrich), p38 (SB 

202190; Sigma Aldrich) or JNK inhibitors (JNK inhibitor I (L)-Form; Calbiochem) (all 

20 µM) which was added 1 h prior to antigen stimulation. Cells were incubated for a 

further 24 hours, and the production of IL-12p40 and IL-6 in supernatants determined 

by ELISA. Data are the mean values of 3 individual wells (±SEM), and a representative 

of at least 2 individual experiments. ***,  p ≤ 0.001 compared control mice.  

 

5.5.3. The partial activation of DCs induced by AlPCF is not TLR4 dependent 

Since TLRs has been shown to be important for helminth-derived antigen induction of 

IL-6 and IL-12 (Table 1.1), and that production of both cytokines is dependent on 

MAPK signalling pathways (Fig. 5.2), we went on to determine if the partial activation 

of DCs by AlPCF is dependent upon the TLR4. As expected, WT (wild type) DCs (on a 

C57BL background) produced significantly increased levels of IL-6, IL-12p40 and 

MIP-2 in response to LPS and zymosan compared with medium alone (Fig. 5.3; p ≤ 

0.001). Also as expected, TLR4KO DCs failed to respond to LPS, producing little or no 

IL-6, IL-12p40 and MIP-2, while stimulation with the TLR4-independent ligand 

zymosan, which signals through TLR2 (Gantner et al., 2003), remained unaffected. 
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AlPCF stimulated WT DCs produced increased levels of IL-6, IL-12p40 and MIP-2 as 

previously shown and no decrease was observed in TLR4KO DCs, which confirms that 

AlPCF partial activation of DCs is not TLR4 dependent. 

 

 
 

Figure 5.3: AlPCF induction of IL-6 and IL-12p40 and is not TLR4 dependent. 

DCs from C57BL/6 (wildtype background strain; WT) and TLR4 deficient (TLR4 KO) 

mice were cultured with medium only (Med), AlPCF (10 µg/ml), Zymosan (5 µg/ml) 

and LPS (100 ng/ml) for 24 hours, and the production of IL-12p40 and IL-6 in 

supernatants determined by ELISA. Data are the mean values (±SEM) of at least 3 

individual experiments. ***,  p ≤ 0.001 compared control mice.  
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5.5.4. AlPCF activates partial DCs phagocytosis 

The ability of DCs to phagocytose is a functional hallmark of their maturation. Both 

DCs and macrophages are considered professional phagocytes and are continuously 

sampling their environment for antigens. But DCs are distinguished in that their primary 

function is not to destroy phagocytised particles, but to process and express protein 

derived peptides on MHC class molecules leading to the initiation of adaptive immune 

responses (Savina and Amigorena, 2007). While maturation of DCs leads to the 

eventually down regulation of phagocytotic ability, studies have shown that 

phagocytosis is initially unregulated upon TLR stimulation (West et al., 2004). Here, 

DCs treated with medium alone were used as a base control, while LPS and zymosan 

treated DCs were use as positive activators of DC phagocytosis. DCs were cultured with 

AlPCF (10 µg/ml), LPS (100 ng/ml) or zymosan (5 µg/ml) for 2.5 hrs before the 

addition of opsonised sheep erythrocytes. After 1hr phagocytosis was stopped by the 

removal of supernatant and washing of cells with PBS to remove non-opsonised 

erythrocytes. Both LPS and zymosan stimulated DCs showed a significant increase (p ≤ 

0.01) in engulfed erythrocytes compared with untreated DCs (Fig. 5.4). AlPCF 

stimulated DCs showed increased phagocytosis of erythrocytes (p ≤ 0.01) to that of 

untreated DCs but less than those induced by either positive control. 
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Figure 5.4: AlPCF activates partial DC phagocytosis. DCs from C57BL/6 mice were 

cultured with AlPCF (10 µg/ml), LPS (100 ng/ml) or zymosan for 2.5 hrs before the 

addition of opsonised sheep erythrocytes to DCs at a ratio of 50:1. After 1 hr 

phagocytosis was stopped, cells washed to remove non-opsonised erythrocytes, lysed 

and amount of engulfed erythrocytes determined by colorimetric assay. Negative 

control cells were treated with 2 µM Cytochalasin D to block phagocytosis (data not 

shown). Data are the mean values (±SEM) of at least 3 individual experiments. **, p ≤ 

0.01 compared to AlPCF treated control group. 

 

 

5.5.5. AlPCF-stimulated DCs drive polarisation towards a Th2 phenotype in vivo 

Next we investigated the priming ability of AlPCF treated DCs to prime Th cell 

responses in the skin draining lymph nodes (sdLN) of DO11.10, after subcutaneously 

delivery. DO11.10 mice express a T cell receptor specific for OVA peptide. DCs were 

cultured with OVA (100 nM) in the presence or absence of AlPCF (10 µg/ml) and 

subcutaneously injected over the sternum of naïve D10.11 mice. After 7 days sdLN 

cells were re-stimulated in vitro with OVA, (0, 100, or 1000 ng/ml) for 72 hours, to 

determine the in-vivo Th-cell priming outcome. Antigen-specific levels of IFN-γ and 

IL-4 in supernatants was measured by ELISA.  

Analysis of the Th1 cytokine IFN-γ shown that sdLN cells from AlPCF DCs 

primed for increased production by sdLN cells (Fig. 5.5). This increase ranged from a 

7.4 – fold increase using 100 nM OVA, to a 2.4 – fold increase using 1000 nM OVA (p 
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≤ 0.01) compared to control unstimulated DCs. sdLN cells from mice inoculated with 

AlPCF DCs were also primed for increased production of the Th2 cytokine IL-4 (8.1- to 

5.6 – fold increase compared to medium control; p ≤ 0.001 and p ≤ 0.01, respectively). 

While IFN-γ and IL-4 were both stimulated by AlPCF primed DCs, IL-4 was induced at 

a much greater fold increase compared to that IFN-γ. 

 

 
 

 

Figure 5.5: DCs activated with AlPCF drive polarisation towards a Th2 phenotype 

in vivo. DCs from DO11.10 mice were cultured with OVA (100 nM) in the presence or 

absence of AlPCF (10 µg/ml) overnight at 37
o
C. DCs were washed and injected s.c. 

over the sternum of naïve DO11.10 mice. After 7 days, sdLN cells were removed for re-

stimulation in vitro with OVA (0 to 1000 nM) or PMA (25 ng/ml)/anti-CD3 (1 µg/ml). 

After 72 h, supernatants were analysed by ELISA for IFN-γ and IL-4. Data are the mean 

(± SEM) of three individual wells from four individual mice, and representative of two 

individual experiments. **, p ≤ 0.01; ***, p ≤ 0.001 compared with DC-Med.  
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5.6. Discussion 

DCs bridge the innate and adaptive arms of the immune response by detecting PAMPs 

from pathogens and activating naïve T cells (Kapsenberg, 2003). Studies investigating 

the effects of A. Lumbricoides derived antigens on these vital immune responders are 

limited. This study demonstrates that AlPCF extract can induce partial maturation of 

DCs as characterised by the increased production of IL-6, IL-12p40 and MIP-2. 

Although AlPCF stimulated DCs produce the above cytokines in significant amounts, 

little or no other cytokines associated with classically induced LPS maturation (IL-

12p70, TNF-α, NO, and IL-10 etc. (Dowling et al., 2008)) were observed. There is also 

a distinct lack maturation associated marker expression. This trait is also associated with 

FhTeg treated DCs. 

The activation state induced by AlPCF resembles the DC phenotype identified in 

studies investigating other helminth-derived antigens. Both Schistosoma larvae derived 

products (0-3hRP) (Jenkins and Mountford, 2005), and N. brasiliensis 

excretory/secretory antigens (NES) (Balic et al., 2004) have been shown to induce 

partial maturation of DCs characterised by IL-6, IL-12p40 and to have Th2 priming 

abilities. 0-3hRP could also stimulate IL-6, IL-10 and IL-12p40 from macrophages 

where the secretion of IL-12p40 and IL-10 are reduced in TLR4 knockout and mutant 

mice. However in that study the secretion of IL-6 was not dependent upon TLR4 

suggesting that other TLRs are involved (Jenkins et al., 2005). The filarial nematode 

phosphorylcholine (PC)-containing secreted product (ES-62), has been shown to be 

responsible for the immunomodulatory effect observed with native ES-62 (Goodridge et 

al., 2005). It induces the production of IL-12p40 and TNF-α in a TLR4 dependent 

manner. In contrast with these studies AlPCF antigen did not induce partial activation of 

costimulatory molecules or was it totally or partial dependent upon the TLR4 receptor.  

Most notably of all, apart from the lack of costimulatory marker activation, the DC 
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phenotype induced by AlPCF shows marked similarity to that of rFhGSTsi- and 

rFhCL1-stimulated DCs (Fig. 4.1).   

To date, much of the immunological processes resulting in DC activated Th1 

have been characterised (Kapsenberg, 2003). However, how Th2 responses are initiated 

is still poorly understood (MacDonald and Maizels, 2008). Our investigation into T 

helper cell priming capacity show that the DCs phenotype induced by AlPCF can prime 

for a mixed but Th2 polarised response in vivo. These observations would seem to 

support the DC maturation models, in which Th2 differentiation can occur through a 

default pathway, initiated by the absence of costimulatory molecule surface expression 

and strong to moderate cytokine production (MacDonald and Maizels, 2008). Also, 

AlPCF treated DCs could be seen to meet some of the criteria attributed to tolerogenic 

DCs (Morelli and Thomson, 2007), which while lacking archetypal maturation statues, 

remain immunogenic with Th2 polarising abilities (MacDonald et al., 2001, Whelan et 

al., 2000, Agrawal et al., 2003).  

Furthermore, under our experimental conditions the induction of cytokines by 

AlPCF is heavily dependent on MAPK signal transduction. Inhibition of ERK and p38 

lead to total reduction in IL-6 and IL-12p40. While inhibition of JNK results in total 

abrogation of IL-6, only partial reduction in IL-12p40 is observed. This inhibition 

profile differs from that that observed from LPS-matured DCs which shows an 

enhancement of IL-12p40 in the presence of each inhibitor (Dowling et al., 2008, 

Nakahara et al., 2006), indicating that MAPKs have varying roles in AlPCF-matured 

and LPS-matured DCs. Nonetheless, TLRs would seem to be the most likely PRR 

candidates for the detection of AlPCF. S. mansoni derived phosphatidylserine (PS) has 

been shown to have TLR2 activating capacity (van der Kleij et al., 2002). But while PS 

has been associated with inducing DC maturation (van Riet et al., 2009), limited data 

has been published on the effect PS has on DCs maturation statues. Our studies on 
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TLR4KO mice show that AlPCF is not dependent on TLR4 for the induction of 

cytokines, suggesting that other TLRs may be involved in the induction of the partial 

maturation statues. Kane et al. have shown that SEA can modulation both TLR-induced 

DC activation and induce Th2 responses in naïve mice independently of TLR2, TLR4, 

or MyD88 (Kane et al., 2008). Since the immunomodulatory characteristics of AlPCF 

differ from both PC and PS, further characterisation and qualification of both the ascaris 

extract and induced DC phenotype are needed. In summary we have shown the limited 

ability of AlPCF-treated DCs to phagocytose (Savina and Amigorena, 2007) and induce 

partial cytokine and chemokine production both of which may be an as yet undefined 

indicators of Th2 priming capacity, but further study on the effect of both functional 

capacities is warranted. 
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Chapter 6: Final Discussion 

6.2. Discussion 

Helminth parasites have evolved many mechanisms to suppress and/or modulate host 

immune responses. As a generalisation helminths induce a ‘modified’ Th2 immune 

response (Maizels et al., 2004). Experimental and epidemiological results also highlight 

the bystander effect of helminth infections on the outcome of co-current infections, in 

addition to atopic and autoimmune diseases (Elliott et al., 2007). But the mechanisms 

that induce these responses in the host are not fully understood. While much is known 

about how DCs respond to bacterial and viral pathogens that drive Th1/Th17 subsets, 

comparatively little is understood about how these cells respond to and influence the 

adaptive immune response to helminth parasites that drive Th2/Treg immune cells 

(Anthony et al., 2007).  

 Much of our knowledge on DC biology is based upon DCs exposed to LPS 

(Hoshino et al., 1999). DCs stimulated with LPS are said to drive a “classical” 

activation status which is defined as elevated expression of cell surface co-stimulatory 

markers (CD80, CD86, MHC II, CD40) and the production of pro-inflammatory 

cytokines (IL-6, IL-12 and TNF-α amongst others) (Kapsenberg, 2003, Dowling et al., 

2008). Activation of TLRs not only initiates the innate immune response but also trigger 

the development of adaptive-specific immune responses (Takeda et al., 2003, Pasare 

and Medzhitov, 2004). Therefore understanding the role and/or effect of helminth 

infections or helminth derived products on DCs might further our knowledge of how 

helminths drive modified Th2 responses and induce such powerful anti-inflammatory 

effects.  

 But, the effect of helminths and/or helminth-derived products on DC activation 

and functionality is limited. One reason for this is the fact that helminths are a diverse 

group of extracellular organises with various morphologies, multiple life stages and 
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occupy numerous niches within their hosts. A number of approaches must be used to 

overcome these various problems. Firstly, the access and use of a relatively easily 

reproducible model system is needed. In this case, a murine model of DCs induced from 

bone marrow is used (Lutz et al., 1999) as this model is well established and DCs are 

critical in driving adaptive immune responses. Secondly, the use of living parasites 

outside of their host niche is difficult and therefore native antigens were obtained from 

the parasites and used to mimic infectious conditions. In this study we used the 

tegumental coat of F. hepatica and the PCF of A. lumbricoides because these are 

immune dominant antigens that come into contact with host immune system, and that 

both are produced in cellular layers which provide metabolically active precursor 

molecules for membrane and cuticular synthesis. Thirdly, helminth products, mostly 

derived from preparation directly from the parasites are predominantly heterogeneous in 

nature (See Table 1.1), making it hard to attribute signal molecules to PRRs to signal 

transduction pathways. Recombinant antigens or purified native antigens of helminths 

origin may provide a solution. In this study we had access to two recombinant Fasciola 

antigens, rFhGST-si and rFhCL1 since these are the predominant antigens secreted in 

ES. Lastly, the question of which helminth parasite to obtain antigens from arises. We 

selected F. hepatica because it is of major agricultural importance while A. 

lumbricoides is of major human significance. Furthermore, they represent two of the 

three helminth groups (trematodes and nematodes) and current knowledge into the 

effect of both on DCs has not been previously investigated. 

We began with a comprehensive examination into the innate immune response 

to FhTeg by investigating its immune modulatory properties on bone marrow derived 

DCs. At the outset, a baseline of DC activation was needed from which the effect on F. 

hepatica antigens on DC function could be evaluated and compared. A comparative 

analysis of DC activation status matured against a panel of TLR ligands was used for 
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this purpose (Dowling et al., 2008). FhTeg alone could not induce any characteristic of 

a classical activated DC. But FhTeg could however down regulate the activation of DCs 

in response TLR and non-TLR ligands both prior to and following TLR and non-TLR 

stimulations. Our findings demonstrate FhTeg can act in an immunosuppressive manner 

on murine DCs in vitro. We then investigated the functional capacity of FhTeg treated 

DCs. When FhTeg-treated DCs were adoptively transferred into mice, mouse T cell 

responses were reduced and proliferation down when cultured ex vivo. T-cell priming 

studies demonstrated that FhTeg-primed DCs significantly suppressed local Th1 

immune responses in vivo, but did not appear to drive local Th2 responses. In addition, 

DC-FhTeg recipients stimulated with PMA/anti-CD3 produced significantly decreased 

levels of all cytokines and proliferated significantly less in response to OVA stimulation 

than cells from DC-Med recipients. The observed suppression of T-cell proliferation or 

cytokine production in DC-FhTeg recipient mice could not attributed to changes in the 

expression of T-cell surface markers. Whereas no uniform suppression of MAPK could 

be ascribed to FhTeg, the phosphorylation of the transcription
 
factor NF-κBp65 was 

significantly reducing in LPS-stimulated DCs. 

 

Worm product Species of origin PRR(s) Activation status T helper 

Heterogeneous     

FhTeg Fasciola hepatica ND DC↔(Y) Th1 � 

AlPCF Ascaris lumbricoides ND DC� Th2 � 

Defined     

rFhCL1 Fasciola hepatica TLR4 DC� (Y) Th17 � 

rFhGST-si Fasciola hepatica TLR4 DC� (Y) Th17 � 

 

Table 6.1: Helminth-derived products; a full list of helminth-derived products used in 

this thesis summarising their effect on DC phenotype and functionality. Abbreviations: 

ND, Not determined; TLR, Toll-like receptor; �; partial DC activation (Dowling et al., 

2008); ↔, no change; �, induction; �, suppression; (Y), suppression of secondary 

activation; DC, dendritic cell.  

 

In this study we also highlight the discovery of two potential TLR4 ligands derived 

from the helminth F. hepatica. Both rFhCL1 and rFhGST-si induce a partial activation 
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of DCs characterised by up regulation of IL-6, IL-12p40 and the cell surface marker 

CD40. In addition, DCs exposed to either antigen secreted reduced levels of IL-23. The 

partial activation of DCs by these molecules was dependant upon the presence of TLR4. 

Neither rFhCL1 nor rFhGST-si enhanced DC phagocytosis or induced Th2 immune 

responses in vivo. However, DCs matured in the presence of either enzyme attenuated 

IL-17 production from OVA-specific T-cells in vivo. Both rFhCL1 and rFhGST-si work 

through different signal transduction pathways. While rFhCL1 signalled through p38, 

rFhGST-si mediated its effect via JNK, p38, p-NF-κBp65 and IRF5.  

Finally, we investigated the effect of AlPCF antigens on DC activation and 

functions. Similar to both rFhCL1 and rFhGST-si, AlPCF induced a partially activated 

DC phenotype characterised by the cytokines IL-6 and IL-12p40. Unlike rFhCL1 and 

rFhGST-si, no enhancement of cell surface marker expression was induced and only the 

chemokine MIP-2 is induced by AlPCF. DCs treated with AlPCF partially activated DC 

phagocytosis and polarisation T-cell responses towards a Th2 phenotype in vivo. AlPCF 

induced cytokine expression is dependent upon MAPKs signal transduction pathways 

but is not TLR4 dependent. The PRR responsible for AlPCF detection is yet to be 

elucidated.  

 

Upon examining Table 1.1, a number of commonalities can be observed between the 

effects of various helminth-derived molecules on DCs. One such trend is that 

heterogeneous helminth derived-products, such as SEA, tend not to activate any signs of 

classical phenotypical DC activation. Therefore it is not unexpected that FhTeg alone 

does not activate DCs. Suppression of TLR-ligand induced DC activation by helminth 

products has also been an observed theme, with SEA (van Liempt et al., 2007) and 

HpES (Segura et al., 2007) being the best described examples. Our results show that 

FhTeg can also be grouped amongst these. However, it is unexpected that FhTeg does 
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not polarise modified Th2 responses, instead suppressing T-cell proliferation and 

cytokine production. The decrease in IL-10 observed was also not anticipated,
 
since this 

cytokine is traditionally associated with an anti-inflammatory
 
or regulatory response 

(Moore et al., 2001). But IL-10 may have a more versatile role in immune responses, 

with recent studies showing IL-10
 
production by Th1 cells (O'Garra and Vieira, 2007). 

Similarly, where DC activation was shown as with rFhGST-si, rFhCL1, is was 

not unexpected that activation observed was lower than that observed with ‘classical’ 

activation of DCs. There is a growing diversity of ligands that TLR4s can specify for 

and while further studies are needed, both rFhGST-si and rFhCL1 may potentially be 

added to that list in the future. However, it is a little unexpected that rFhGST-si but not 

rFhCL1 activates NF-κBp65 and both can still activate phenotypically similar DCs with 

the same capacity to modulate adaptive responses. Also, the activation of IRF-5 by 

rFhGST-si is the first reported induction of this IRF by a helminth parasite molecule, 

with further study needed to quantify importance of this observation.  It was however an 

unanticipated outcome that AlPCF does not induce co-stimulatory molecules while still 

inducing a cytokine secretion. While all three products induce a similar DC phenotype 

to that induced by Schistosoma larvae extracts (Jenkins and Mountford, 2005, Jenkins et 

al., 2005) or to a lesser extent ES-62 (Goodridge et al., 2005), only AlPCF-stimulated 

DCs could polarise a Th2 phenotype in vivo, while rFhGST-si and rFhCL1-stimulated 

DCs ameliorating Th17 responses. One major question to be answered from these 

studies is how AlPCF can induce polarised T helper responses in comparison to the 

suppression observed for FhGST-si and rFhCL1.  

The anti-inflammatory properties of FhTeg is in keeping with helminths need to 

suppress potentially harmful host processes (Goodridge et al., 2005). The suppression 

of the Th1 polarizing
 

cytokine IL-12p70 is important in this context since Th1 

suppression has been observed during F. hepatica
 

co-infections on a number of 
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occasions (Brady et al., 1999, Flynn et al., 2007). While the exact mechanism of FhTeg-

mediated suppression
 
remains to be elucidated, FhTeg was able to suppress the

 
effects 

of all TLR ligands tested. This included both MyD88-dependent
 
and -independent 

pathways in addition to non-TLR ligands. Therefore it seems likely that FhTeg utilizes a 

pathway common to
 
these receptors. We demonstrated that FhTeg can suppress the 

phosphorylation of NF-κBp65, and the suppression of this and other such NF-κB family 

transcription factors may explain the broad suppressive ability of FhTeg.  

When considering the various hypotheses put forward in the literature explaining 

the possible mechanisms of Th2 induction by DCs (MacDonald and Maizels, 2008), our 

results of the effect of FhTeg on DCs presented here correspond most closely to the 

inhibition model. These results suggested that FhTeg can maintain DCs in an immature 

state and the subsequent
 
lack of cytokine production and costimulatory molecule 

expression
 
can interfere with the function of DCs and their ability to

 
prime naïve T cells. 

CTL receptors, which are important for the recognition of helminth products (van 

Kooyk and Rabinovich, 2008), have been highlighted as the most likely PRR to 

contribute to modulate TLR-ligand DC maturation. This study demonstrates a possible 

mechanism by which F. hepatica may use immunomodulatory products to its benefit by 

suppressing inflammatory cytokines.  

 Given that both rFhCL1 and rFhGST-si modulate DC activation resulting in the 

inhibition of the development of Th17 it is clear they play an important role in the 

survival of F. hepatica during infection. Furthermore, rFhCL1 and rFhGST-si activated 

this suppressive population of DCs utilising different signalling pathways. The 

persistent activation of NF-κB in rFhGST-si-stimulated DCs compared to that observed 

for other helminth-derived molecules such as LNFPIII may explain the distinct capacity 

of these DCs to suppress Th17 rather than promote Th2 cells. Alternatively, activation 

of IRF5 by rFhGST-si may be required for the observed induction of IL-6 and IL-12p40 
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seen in stimulated DCs. Assessment of the relative contributions of NF-κB1 and NF-

κB2 in response to rFhGST-si would further characterise this phenotype of DC. Also, 

two of the best studied helminth products SEA (Aggarwal et al., 2003) and LNFPIII 

(Thomas et al., 2003), are strong induces of the phosphorylation of ERK. Both also 

conditions DCs to induce strong Th2 responses. Therefore the absence of ERK 

phosphorylation in DCs stimulated by rFhGST-si and rFhCL1, may contribute to their 

lack of ability to promote the differentiation of Th2 cells.  

It could be argued that DCs stimulated by rFhGST-si or rFhCL1 may fit into 

either or both of the inhibition model or the alternative pathway model of induction of 

modified Th2 responses by helminth parasites (MacDonald and Maizels, 2008). While 

neither enzyme induced DCs capable of priming Th2 responses in vivo both suppress 

responses Th1 inducing ligands (i.e. LPS induced IL-23 from DCs). Conversely, both 

rFhGST-si and rFhCL1 may fit an alternative pathway model as both could be theorized 

to be neither Th1 nor Th2 stimuli, but rather a distinct set of PAMPs associated with the 

attenuation of Th17 responses which may then allow for the uninhibited induction of 

Th2/T regulatory responses cell associated with helminth infections. This theory 

supports broader observations that helminth parasites are in a continuous state of 

homeostasis with their hosts in an effort to enhance its rate of survival. Here we put 

forward one such mechanism were FhTeg may selectively suppress DC activation to 

other helminth products. For example, DCs exposed to FhTeg show suppression of IL-6 

and IL-12p40 induced by rFhGST-si (Fig. 6.1; p ≤ 0.001) but not rFhCL1. This may be 

part of an effectively effective system of helminths immunomodulation with a high 

level of redundancy.  
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Figure 6.1: FhTeg suppresses rFhGSTsi but not rFhCL1-induced IL-6 and IL-

12p40 production. DCs from C57BL/6 mice were cultured with FhTeg (10 µg/ml 2.5 h 

before) rFhCL1 or rFhGSTsi stimulation (10 µg/ml). Control DCs were treated with 

rFhCL1, rFhGST-si, LPS (100 ng/ml) or medium alone. After 18 h (A) IL-6 and (B) IL-

12p40 were measured in the supernatants by sandwich ELISA. Data are the mean values 

of 3 individual wells (±SEM), and a representative of at least 2 individual experiments. 

***, p ≤ 0.001 compared with rFhCL1 or rFhGST-si groups. 

 

Some TLRs, such as TLR4, recognizes ligand through accessory molecules like MD2 

and CD14 (Kim et al., 2007). These variations in transcriptional activation of DCs may 

reflect differences in their enzyme activity of rFhCL1 and rFhGST-si. Either enzyme 

could feasibly digest peptides from PRRs resulting in an altered conformational 

structure disrupting subsequent binding of co-receptors such as MD2. Preliminary 

results indicated that rFhGST-si phosphorylation of NF-κB may be dependent on the 

presence of TLR4 co-receptors. HEK cells transfected with TLR4 alone without the co-

receptors MD2 and CD14 exhibited reduced phosphorylation of NF-κB when treated 

with rFhGST-si compared to LPS stimulated cells in the same system (data not shown). 



   120 

Further studies, including x-ray crystallography may be need to fully elucidate the 

specific binding mechanisms for each enzyme.  

Unlike the possible mechanisms for Th2 induction attributed to FhTeg, rFhCL1 

or rFhGST-si, AlPCF-stimulated DCs align most closely to the default mechanism. This 

model proposes that unless triggers for Th1 responses are received by the DC the T cell 

will automatically ‘default’ into a phenotype that will initial Th2 responses (Trinchieri, 

2003). This model also applies to the Th2 polarising abilities of DCs stimulated with 

Schistosoma larvae products (0-3hRP) (Jenkins and Mountford, 2005), which whom 

AlPCF-stimulated DCs share some similarities. Overall, a comparison of both AlPCF 

and FhTeg shows that while both induce some similarities in treated DCs, most notably 

a lack of and induction of maturation associated cell surface marker expression, they 

drive diverging adaptive responses. AlPCF-treated DCs induced a skewed Th2 response 

while FhTeg-treated DCs suppress Th induced responses.  

 

The firstly priority for future studies on FhTeg should be to identify any ligands 

contained within the tegument and the PRR used to detect them. Since FhTeg is a 

heterogeneous mix of molecules most likely compiled of proteins, lipids, carbohydrates 

and combinations of each, an extensive and systematic screening and identification 

process will need to be performed to detect the targets responsible for the results 

reported in this thesis. We have carried out a proteomic analysis on the FhTeg and have 

identified over 40 proteins. Initial fractionation using HPLC has identified a number of 

fractions and the proteomic analysis on each fraction is being performed to identify 

potential immune modulatory proteins. 

As initial results from the analysis of SEA have revealed (van Liempt et al., 

2007) multiple ligands may act in a synergistic fashion making such a process complex. 

It would also be interesting use confocal laser scanning techniques to track any 
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internalisation, compartmentalisation and subsequent presentation of any tegumental 

antigens. The effect FhTeg has on broader DC functions such as migration should also 

be studied. Extensive expression profiling of chemokine receptors (CCRs) following 

FhTeg exposure, particularly CCR5 and CCR7 which are down regulated and 

unregulated respectively during DC maturation (Luther and Cyster, 2001), would shed 

further light on broader effects on DC function.  

We have yet to determine whether FhTeg can suppress other members of the 

NF-κB family (such as the p50 subunit) or any other IRF transcription factors, such as 

IRF3, which are also activated following TLR-ligand stimulation. Similarity, gene 

expression profiling of DCs exposed to all helminth products tested in this thesis could 

give insights into their broader effects on DC. SEA was shown to induced remarkably 

few genes in treated DCs but when mixed with LPS, SEA significantly affects the 

expression of >100 LPS-regulated genes (Kane et al., 2004). It would to interesting to 

compare the effect of FhTeg on a similar system.  

When considering the results from chapters 4 and 5, the most obvious question 

to arise is how can AlPCF-stimulated DCs but not rFhCL1 or rFhGST-si-stimulated 

DCs lead to Th2 induction. Identifying the divergent characteristics of these DCs would 

be a priority. The use of helminth-derived immunomodulatory molecules which 

abrogate Th17 responses could lead to new therapeutic treatment for inflammatory 

disorders (Ruyssers et al., 2008). Studies have associated the abrogation of IL-23 to the 

reduction of IL-17 and ultimately attenuating the symptoms of experimental 

autoimmune uveitis (EAU) (Luger et al., 2008). It would be interesting to test rFhCL1 

and rFhGST-si in this model system and indeed in other systems where IL-17 has a 

critical role, including rheumatoid arthritis, asthma and inflammatory bowel disease 

(IBD) (Zhang et al., 2007). Recent studies have shown that IL-27 can antagonise Th17 
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cell development (McGeachy and Cua, 2008), and its possible induction by both 

rFhCL1 and rFhGST-si may link with these studies.  

While we have shown phosphorylation of one NF-κB family member by 

rFhGST-si it is possible that one or other member, such as the p50 subunit, many also 

be activated by AlPCF, rFhCL1 or rFhGST-si. The use of various transgenic mice, 

MyD88KO in the cases of rFhCL1 and rFhGST-si; TLR2KO mice in relation to AlPCF, 

would greatly enhance our understanding of the signal transduction pathways initiated 

by each ligand. If AlPCF is shown to contain a TLR2-activating ligand, mass 

spectrometry analysis would indicate the presence of phosphatidylserine (PS) which 

would be the most likely candidate.  

 In summary, we report that F. hepatica tegumental maintains DCs in an 

immature state,
 
impairing their function and the subsequent development of adaptive

 

immunity, although
 
the precise immunological scenario is not completely understood. 

Given the powerful modulatory effect that FhTeg exhibits,
 
understanding its exact 

mechanisms may lead to the development
 

of novel immune therapeutics for the 

treatment of Th1-mediated
 
inflammatory diseases (Elliott et al., 2003, Summers et al., 

2005). This study also demonstrates that another helminth-derived heterogeneous 

extract, A. lumbricoides PCF, can induce partial maturated of DCs as characterised by 

the increased production of IL-6, IL-12p40 and MIP-2 and that are capable of inducing 

Th2 responses. Lastly, two defined helminth enzymes have been shown to induce DCs 

capable of suppressing IL-17 secretion in vivo. Overall the data suggests that helminth 

parasites secrete multiple molecules each possessing a unique mechanism of 

modulation, which can either suppress inflammatory Th1/Th17 responses, or 

induce/permit the uninhibited development of modified Th2 responses.  

 

 



   123 

References: 

ABREU, M. T. & ARDITI, M. (2004) Innate immunity and toll-like receptors: clinical 

implications of basic science research. J Pediatr, 144, 421-9. 

AGGARWAL, S., GHILARDI, N., XIE, M. H., DE SAUVAGE, F. J. & GURNEY, A. 

L. (2003) Interleukin-23 promotes a distinct CD4 T cell activation state characterized by 

the production of interleukin-17. J Biol Chem, 278, 1910-4. 

AGRAWAL, A., DILLON, S., DENNING, T. L. & PULENDRAN, B. (2006) ERK1-/- 

mice exhibit Th1 cell polarization and increased susceptibility to experimental 

autoimmune encephalomyelitis. J Immunol, 176, 5788-96. 

AGRAWAL, S., AGRAWAL, A., DOUGHTY, B., GERWITZ, A., BLENIS, J., VAN 

DYKE, T. & PULENDRAN, B. (2003) Cutting edge: different Toll-like receptor 

agonists instruct dendritic cells to induce distinct Th responses via differential 

modulation of extracellular signal-regulated kinase-mitogen-activated protein kinase 

and c-Fos. J Immunol, 171, 4984-9. 

AIDA, Y. & PABST, M. J. (1990) Removal of endotoxin from protein solutions by 

phase separation using Triton X-114. J Immunol Methods, 132, 191-5. 

AITKEN, M. M., JONES, P. W., HALL, G. A., HUGHES, D. L. & BROWN, G. T. 

(1981) Responses of fluke-infected and fluke-free cattle to experimental reinfection 

with Salmonella dublin. Res Vet Sci, 31, 120-6. 

AKIRA, S. & TAKEDA, K. (2004) Toll-like receptor signalling. Nat Rev Immunol, 4, 

499-511. 



   124 

AKSOY, E., ZOUAIN, C. S., VANHOUTTE, F., FONTAINE, J., PAVELKA, N., 

THIEBLEMONT, N., WILLEMS, F., RICCIARDI-CASTAGNOLI, P., GOLDMAN, 

M., CAPRON, M., RYFFEL, B. & TROTTEIN, F. (2005) Double-stranded RNAs from 

the helminth parasite Schistosoma activate TLR3 in dendritic cells. J Biol Chem, 280, 

277-83. 

ALLEN, J. E. & MACDONALD, A. S. (1998) Profound suppression of cellular 

proliferation mediated by the secretions of nematodes. Parasite Immunol, 20, 241-7. 

ANDRADE, M. A., SILES-LUCAS, M., LOPEZ-ABAN, J., CARRANZA, C., PEREZ-

ARELLANO, J. L. & MURO, A. (2005) Antigens from Ascaris suum trigger in vitro 

macrophage NO production. Parasite Immunol, 27, 235-42. 

ANDREWS, S. J. (1999) The life cycle of Fasciola hepatica. IN DALTON, J. P. (Ed.) 

Fasciolosis. CAB International, Wallingford, UK. 

ANTHONY, R. M., RUTITZKY, L. I., URBAN, J. F., JR., STADECKER, M. J. & 

GAUSE, W. C. (2007) Protective immune mechanisms in helminth infection. Nat Rev 

Immunol, 7, 975-87. 

ARAUJO, C. A., PERINI, A., MARTINS, M. A., MACEDO, M. S. & MACEDO-

SOARES, M. F. (2008) PAS-1, a protein from Ascaris suum, modulates allergic 

inflammation via IL-10 and IFN-gamma, but not IL-12. Cytokine, 44, 335-41. 

ARDESHNA, K. M., PIZZEY, A. R., DEVEREUX, S. & KHWAJA, A. (2000) The PI3 

kinase, p38 SAP kinase, and NF-kappaB signal transduction pathways are involved in 



   125 

the survival and maturation of lipopolysaccharide-stimulated human monocyte-derived 

dendritic cells. Blood, 96, 1039-46. 

ARRIGHI, J. F., REBSAMEN, M., ROUSSET, F., KINDLER, V. & HAUSER, C. 

(2001) A critical role for p38 mitogen-activated protein kinase in the maturation of 

human blood-derived dendritic cells induced by lipopolysaccharide, TNF-alpha, and 

contact sensitizers. J Immunol, 166, 3837-45. 

ARTIS, D., KANE, C. M., FIORE, J., ZAPH, C., SHAPIRA, S., JOYCE, K., 

MACDONALD, A., HUNTER, C., SCOTT, P. & PEARCE, E. J. (2005) Dendritic cell-

intrinsic expression of NF-kappa B1 is required to promote optimal Th2 cell 

differentiation. J Immunol, 174, 7154-9. 

BALIC, A., HARCUS, Y., HOLLAND, M. J. & MAIZELS, R. M. (2004) Selective 

maturation of dendritic cells by Nippostrongylus brasiliensis-secreted proteins drives 

Th2 immune responses. Eur J Immunol, 34, 3047-59. 

BANCHEREAU, J., BRIERE, F., CAUX, C., DAVOUST, J., LEBECQUE, S., LIU, Y. 

J., PULENDRAN, B. & PALUCKA, K. (2000) Immunobiology of dendritic cells. Annu 

Rev Immunol, 18, 767-811. 

BANCHEREAU, J. & STEINMAN, R. M. (1998) Dendritic cells and the control of 

immunity. Nature, 392, 245-52. 

BARNES, B., LUBYOVA, B. & PITHA, P. M. (2002) On the role of IRF in host 

defense. J Interferon Cytokine Res, 22, 59-71. 



   126 

BARNES, B. J., KELLUM, M. J., PINDER, K. E., FRISANCHO, J. A. & PITHA, P. 

M. (2003) Interferon regulatory factor 5, a novel mediator of cell cycle arrest and cell 

death. Cancer Res, 63, 6424-31. 

BARON, S. J. (1996) Medical Microbiology, University of Texas Medical Branch. 

BAZZONE, L. E., SMITH, P. M., RUTITZKY, L. I., SHAINHEIT, M. G., URBAN, J. 

F., SETIAWAN, T., BLUM, A. M., WEINSTOCK, J. V. & STADECKER, M. J. 

(2008) Coinfection with the intestinal nematode Heligmosomoides polygyrus markedly 

reduces hepatic egg-induced immunopathology and proinflammatory cytokines in 

mouse models of severe schistosomiasis. Infect Immun, 76, 5164-72. 

BEHM, C. A. & SANGSTER, N. C. (1999) Pathology, Pathophysiology and Clinical 

Aspects. IN DALTON, J. P. (Ed.) Fasciolosis. CAB International, Wallingford, UK. 

BEINKE, S. & LEY, S. C. (2004) Functions of NF-kappaB1 and NF-kappaB2 in 

immune cell biology. Biochem J, 382, 393-409. 

BONASIO, R. & VON ANDRIAN, U. H. (2006) Generation, migration and function of 

circulating dendritic cells. Curr Opin Immunol, 18, 503-11. 

BRADLEY, J. E. & JACKSON, J. A. (2004) Immunity, immunoregulation and the 

ecology of trichuriasis and ascariasis. Parasite Immunol, 26, 429-41. 

BRADY, M. T., O'NEILL, S. M., DALTON, J. P. & MILLS, K. H. (1999) Fasciola 

hepatica suppresses a protective Th1 response against Bordetella pertussis. Infect 

Immun, 67, 5372-8. 



   127 

BRANNSTROM, K., SELLIN, M. E., HOLMFELDT, P., BRATTSAND, M. & 

GULLBERG, M. (2009) The Schistosoma mansoni protein Sm16/SmSLP/SmSPO-1 

assembles into a nine-subunit oligomer with potential To inhibit Toll-like receptor 

signaling. Infect Immun, 77, 1144-54. 

BREDT, D. S. & SNYDER, S. H. (1994) Nitric oxide: a physiologic messenger 

molecule. Annu Rev Biochem, 63, 175-95. 

BUTCHER, B. A., KIM, L., JOHNSON, P. F. & DENKERS, E. Y. (2001) Toxoplasma 

gondii tachyzoites inhibit proinflammatory cytokine induction in infected macrophages 

by preventing nuclear translocation of the transcription factor NF-kappa B. J Immunol, 

167, 2193-201. 

CARVALHO, L., SUN, J., KANE, C., MARSHALL, F., KRAWCZYK, C. & 

PEARCE, E. J. (2009) Review series on helminths, immune modulation and the 

hygiene hypothesis: mechanisms underlying helminth modulation of dendritic cell 

function. Immunology, 126, 28-34. 

CASS, C. L., JOHNSON, J. R., CALIFF, L. L., XU, T., HERNANDEZ, H. J., 

STADECKER, M. J., YATES, J. R., 3RD & WILLIAMS, D. L. (2007) Proteomic 

analysis of Schistosoma mansoni egg secretions. Mol Biochem Parasitol, 155, 84-93. 

CERVI, L., MACDONALD, A. S., KANE, C., DZIERSZINSKI, F. & PEARCE, E. J. 

(2004) Cutting edge: dendritic cells copulsed with microbial and helminth antigens 

undergo modified maturation, segregate the antigens to distinct intracellular 

compartments, and concurrently induce microbe-specific Th1 and helminth-specific 

Th2 responses. J Immunol, 172, 2016-20. 



   128 

CERVI, L., ROSSI, G. & MASIH, D. T. (1999) Potential role for excretory-secretory 

forms of glutathione-S-transferase (GST) in Fasciola hepatica. Parasitology, 119 ( Pt 6), 

627-33. 

CHEEVER, A. W., DUVALL, R. H., HALLACK, T. A., JR., MINKER, R. G., 

MALLEY, J. D. & MALLEY, K. G. (1987) Variation of hepatic fibrosis and granuloma 

size among mouse strains infected with Schistosoma mansoni. Am J Trop Med Hyg, 37, 

85-97. 

CHEMALE, G., MORPHEW, R., MOXON, J. V., MORASSUTI, A. L., LACOURSE, 

E. J., BARRETT, J., JOHNSTON, D. A. & BROPHY, P. M. (2006) Proteomic analysis 

of glutathione transferases from the liver fluke parasite, Fasciola hepatica. Proteomics, 

6, 6263-73. 

COLLINS, P. R., STACK, C. M., O'NEILL, S. M., DOYLE, S., RYAN, T., 

BRENNAN, G. P., MOUSLEY, A., STEWART, M., MAULE, A. G., DALTON, J. P. 

& DONNELLY, S. (2004) Cathepsin L1, the major protease involved in liver fluke 

(Fasciola hepatica) virulence: propetide cleavage sites and autoactivation of the 

zymogen secreted from gastrodermal cells. J Biol Chem, 279, 17038-46. 

COOPER, D. K., GOLLACKNER, B. & SACHS, D. H. (2002) Will the pig solve the 

transplantation backlog? Annu Rev Med, 53, 133-47. 

COOPER, P. J., CHICO, M. E., SANDOVAL, C., ESPINEL, I., GUEVARA, A., 

KENNEDY, M. W., URBAN JR, J. F., GRIFFIN, G. E. & NUTMAN, T. B. (2000) 

Human infection with Ascaris lumbricoides is associated with a polarized cytokine 

response. J Infect Dis, 182, 1207-13. 



   129 

CROESE, J., O'NEIL, J., MASSON, J., COOKE, S., MELROSE, W., PRITCHARD, D. 

& SPEARE, R. (2006) A proof of concept study establishing Necator americanus in 

Crohn's patients and reservoir donors. Gut, 55, 136-7. 

DALTON, J. P. (1999) Fasciolosis. IN DALTON, J. P. (Ed.) Fasciolosis. CAB 

International, Wallingford, UK. 

DALTON, J. P., NEILL, S. O., STACK, C., COLLINS, P., WALSHE, A., SEKIYA, 

M., DOYLE, S., MULCAHY, G., HOYLE, D., KHAZNADJI, E., MOIRE, N., 

BRENNAN, G., MOUSLEY, A., KRESHCHENKO, N., MAULE, A. G. & 

DONNELLY, S. M. (2003) Fasciola hepatica cathepsin L-like proteases: biology, 

function, and potential in the development of first generation liver fluke vaccines. Int J 

Parasitol, 33, 1173-81. 

DAS, C. J., KUMAR, J., DEBNATH, J. & CHAUDHRY, A. (2007) Imaging of 

ascariasis. Australas Radiol, 51, 500-6. 

DAUBEUF, B., MATHISON, J., SPILLER, S., HUGUES, S., HERREN, S., FERLIN, 

W., KOSCO-VILBOIS, M., WAGNER, H., KIRSCHNING, C. J., ULEVITCH, R. & 

ELSON, G. (2007) TLR4/MD-2 monoclonal antibody therapy affords protection in 

experimental models of septic shock. J Immunol, 179, 6107-14. 

DE JONG, E. C., SMITS, H. H. & KAPSENBERG, M. L. (2005) Dendritic cell-

mediated T cell polarization. Springer Semin Immunopathol, 26, 289-307. 

DE JONG, E. C., VIEIRA, P. L., KALINSKI, P., SCHUITEMAKER, J. H., TANAKA, 

Y., WIERENGA, E. A., YAZDANBAKHSH, M. & KAPSENBERG, M. L. (2002) 



   130 

Microbial compounds selectively induce Th1 cell-promoting or Th2 cell-promoting 

dendritic cells in vitro with diverse th cell-polarizing signals. J Immunol, 168, 1704-9. 

DEEHAN, M. R., GOODRIDGE, H. S., BLAIR, D., LOCHNIT, G., DENNIS, R. D., 

GEYER, R., HARNETT, M. M. & HARNETT, W. (2002) Immunomodulatory 

properties of Ascaris suum glycosphingolipids - phosphorylcholine and non-

phosphorylcholine-dependent effects. Parasite Immunol, 24, 463-9. 

DESCHNER, J., SINGHAL, A., LONG, P., LIU, C. C., PIESCO, N. & AGARWAL, S. 

(2003) Cleavage of CD14 and LBP by a protease from Prevotella intermedia. Arch 

Microbiol, 179, 430-6. 

DIAZ, A. & ALLEN, J. E. (2007) Mapping immune response profiles: the emerging 

scenario from helminth immunology. Eur J Immunol, 37, 3319-26. 

DIDIERLAURENT, A., FERRERO, I., OTTEN, L. A., DUBOIS, B., REINHARDT, 

M., CARLSEN, H., BLOMHOFF, R., AKIRA, S., KRAEHENBUHL, J. P. & SIRARD, 

J. C. (2004) Flagellin promotes myeloid differentiation factor 88-dependent 

development of Th2-type response. J Immunol, 172, 6922-30. 

DILLON, S., AGRAWAL, S., BANERJEE, K., LETTERIO, J., DENNING, T. L., 

OSWALD-RICHTER, K., KASPROWICZ, D. J., KELLAR, K., PARE, J., VAN 

DYKE, T., ZIEGLER, S., UNUTMAZ, D. & PULENDRAN, B. (2006) Yeast zymosan, 

a stimulus for TLR2 and dectin-1, induces regulatory antigen-presenting cells and 

immunological tolerance. J Clin Invest, 116, 916-28. 



   131 

DONG, C., DAVIS, R. J. & FLAVELL, R. A. (2002) MAP kinases in the immune 

response. Annu Rev Immunol, 20, 55-72. 

DONNELLY, S., O'NEILL, S. M., SEKIYA, M., MULCAHY, G. & DALTON, J. P. 

(2005) Thioredoxin peroxidase secreted by Fasciola hepatica induces the alternative 

activation of macrophages. Infect Immun, 73, 166-73. 

DONNELLY, S., STACK, C. M., O'NEILL, S. M., SAYED, A. A., WILLIAMS, D. L. 

& DALTON, J. P. (2008) Helminth 2-Cys peroxiredoxin drives Th2 responses through 

a mechanism involving alternatively activated macrophages. Faseb J, 22, 4022-32. 

DOWLING, D., HAMILTON, C. M. & O'NEILL, S. M. (2008) A comparative analysis 

of cytokine responses, cell surface marker expression and MAPKs in DCs matured with 

LPS compared with a panel of TLR ligands. Cytokine. 

DRUILHE, P., TALL, A. & SOKHNA, C. (2005) Worms can worsen malaria: towards 

a new means to roll back malaria? Trends Parasitol, 21, 359-62. 

DUNNE, D. W. & COOKE, A. (2005) A worm's eye view of the immune system: 

consequences for evolution of human autoimmune disease. Nat Rev Immunol, 5, 420-6. 

ELIAS, D., AKUFFO, H., PAWLOWSKI, A., HAILE, M., SCHON, T. & BRITTON, 

S. (2005) Schistosoma mansoni infection reduces the protective efficacy of BCG 

vaccination against virulent Mycobacterium tuberculosis. Vaccine, 23, 1326-34. 



   132 

ELLIOTT, D. E., LI, J., BLUM, A., METWALI, A., QADIR, K., URBAN, J. F., JR. & 

WEINSTOCK, J. V. (2003) Exposure to schistosome eggs protects mice from TNBS-

induced colitis. Am J Physiol Gastrointest Liver Physiol, 284, G385-91. 

ELLIOTT, D. E., SETIAWAN, T., METWALI, A., BLUM, A., URBAN, J. F., JR. & 

WEINSTOCK, J. V. (2004) Heligmosomoides polygyrus inhibits established colitis in 

IL-10-deficient mice. Eur J Immunol, 34, 2690-8. 

ELLIOTT, D. E., SUMMERS, R. W. & WEINSTOCK, J. V. (2007) Helminths as 

governors of immune-mediated inflammation. Int J Parasitol, 37, 457-64. 

ERB, K. J. (2009) Can helminths or helminth-derived products be used in humans to 

prevent or treat allergic diseases? Trends Immunol, 30, 75-82. 

FALLON, P. G. & MANGAN, N. E. (2007) Suppression of TH2-type allergic reactions 

by helminth infection. Nat Rev Immunol, 7, 220-30. 

FLOHR, C., QUINNELL, R. J. & BRITTON, J. (2009) Do helminth parasites protect 

against atopy and allergic disease? Clin Exp Allergy, 39, 20-32. 

FLYNN, R. J., MANNION, C., GOLDEN, O., HACARIZ, O. & MULCAHY, G. 

(2007) Experimental Fasciola hepatica infection alters responses to tests used for 

diagnosis of bovine tuberculosis. Infect Immun, 75, 1373-81. 

FLYNN, R. J. & MULCAHY, G. (2008) The roles of IL-10 and TGF-beta in 

controlling IL-4 and IFN-gamma production during experimental Fasciola hepatica 

infection. Int J Parasitol, 38, 1673-80. 



   133 

FROVA, C. (2006) Glutathione transferases in the genomics era: new insights and 

perspectives. Biomol Eng, 23, 149-69. 

GAFA, V., REMOLI, M. E., GIACOMINI, E., GAGLIARDI, M. C., LANDE, R., 

SEVERA, M., GRILLOT, R. & COCCIA, E. M. (2007) In vitro infection of human 

dendritic cells by Aspergillus fumigatus conidia triggers the secretion of chemokines for 

neutrophil and Th1 lymphocyte recruitment. Microbes Infect, 9, 971-80. 

GANTNER, B. N., SIMMONS, R. M., CANAVERA, S. J., AKIRA, S. & 

UNDERHILL, D. M. (2003) Collaborative induction of inflammatory responses by 

dectin-1 and Toll-like receptor 2. J Exp Med, 197, 1107-17. 

GEIGER, S. M., MASSARA, C. L., BETHONY, J., SOBOSLAY, P. T., CARVALHO, 

O. S. & CORREA-OLIVEIRA, R. (2002) Cellular responses and cytokine profiles in 

Ascaris lumbricoides and Trichuris trichiura infected patients. Parasite Immunol, 24, 

499-509. 

GEIJTENBEEK, T. B., VAN VLIET, S. J., ENGERING, A., T HART, B. A. & VAN 

KOOYK, Y. (2004) Self- and nonself-recognition by C-type lectins on dendritic cells. 

Annu Rev Immunol, 22, 33-54. 

GOODRIDGE, H. S., HARNETT, W., LIEW, F. Y. & HARNETT, M. M. (2003) 

Differential regulation of interleukin-12 p40 and p35 induction via Erk mitogen-

activated protein kinase-dependent and -independent mechanisms and the implications 

for bioactive IL-12 and IL-23 responses. Immunology, 109, 415-25. 



   134 

GOODRIDGE, H. S., MARSHALL, F. A., ELSE, K. J., HOUSTON, K. M., EGAN, C., 

AL-RIYAMI, L., LIEW, F. Y., HARNETT, W. & HARNETT, M. M. (2005) 

Immunomodulation via novel use of TLR4 by the filarial nematode phosphorylcholine-

containing secreted product, ES-62. J Immunol, 174, 284-93. 

GOODRIDGE, H. S., WILSON, E. H., HARNETT, W., CAMPBELL, C. C., 

HARNETT, M. M. & LIEW, F. Y. (2001) Modulation of macrophage cytokine 

production by ES-62, a secreted product of the filarial nematode Acanthocheilonema 

viteae. J Immunol, 167, 940-5. 

GOPINATH, R., OSTROWSKI, M., JUSTEMENT, S. J., FAUCI, A. S. & NUTMAN, 

T. B. (2000) Filarial infections increase susceptibility to human immunodeficiency virus 

infection in peripheral blood mononuclear cells in vitro. J Infect Dis, 182, 1804-8. 

GREEN, J. M. (2000) The B7/CD28/CTLA4 T-cell activation pathway. Implications for 

inflammatory lung disease. Am J Respir Cell Mol Biol, 22, 261-4. 

GRUDEN-MOVSESIJAN, A. & MILOSAVLJEVIC LJ, S. (2006) The involvement of 

the macrophage mannose receptor in the innate immune response to infection with 

parasite Trichinella spiralis. Vet Immunol Immunopathol, 109, 57-67. 

GRUDEN-MOVSESIJAN, A., PETROVIC, M. & SOFRONIC-MILOSAVLJEVIC, L. 

(2003) Interaction of mannan-binding lectin with Trichinella spiralis glycoproteins, a 

possible innate immune mechanism. Parasite Immunol, 25, 545-52. 



   135 

GUTIERREZ-ROELENS, I. & LAUWERYS, B. R. (2008) Genetic susceptibility to 

autoimmune disorders: clues from gene association and gene expression studies. Curr 

Mol Med, 8, 551-61. 

HAGAN, P., BLUMENTHAL, U. J., DUNN, D., SIMPSON, A. J. & WILKINS, H. A. 

(1991) Human IgE, IgG4 and resistance to reinfection with Schistosoma haematobium. 

Nature, 349, 243-5. 

HALTON, D. W. (2004) Microscopy and the helminth parasite. Micron, 35, 361-90. 

HAMILTON, C. M., DOWLING, D. J., LOSCHER, C. E., MORPHEW, R. M., 

BROPHY, P. M. & O'NEILL, S. M. (2009) Fasciola hepatica tegumental antigen 

suppresses dendritic cell maturation and function. Infect Immun. 

HARNETT, W. & HARNETT, M. M. (2008) Therapeutic immunomodulators from 

nematode parasites. Expert Rev Mol Med, 10, e18. 

HARTGERS, F. C. & YAZDANBAKHSH, M. (2006) Co-infection of helminths and 

malaria: modulation of the immune responses to malaria. Parasite Immunol, 28, 497-

506. 

HAYDEN, M. S. & GHOSH, S. (2004) Signaling to NF-kappaB. Genes Dev, 18, 2195-

224. 

HAYDEN, M. S. & GHOSH, S. (2008) Shared principles in NF-kappaB signaling. Cell, 

132, 344-62. 



   136 

HAYES, J. D., FLANAGAN, J. U. & JOWSEY, I. R. (2005) Glutathione transferases. 

Annu Rev Pharmacol Toxicol, 45, 51-88. 

HELMBY, H. (2009) Helminths and our immune system: Friend or foe? Parasitol Int, 

58, 121-7. 

HEWITSON, J. P., GRAINGER, J. R. & MAIZELS, R. M. (2009) Helminth 

immunoregulation: the role of parasite secreted proteins in modulating host immunity. 

Mol Biochem Parasitol, 167, 1-11. 

HILLYER, G. V. (1980) Isolation of Fasciola hepatica tegument antigens. J Clin 

Microbiol, 12, 695-9. 

HILLYER, G. V. (2005) Fasciola antigens as vaccines against fascioliasis and 

schistosomiasis. J Helminthol, 79, 241-7. 

HOGAN, S. P., ROSENBERG, H. F., MOQBEL, R., PHIPPS, S., FOSTER, P. S., 

LACY, P., KAY, A. B. & ROTHENBERG, M. E. (2008) Eosinophils: biological 

properties and role in health and disease. Clin Exp Allergy, 38, 709-50. 

HONDA, K. & TANIGUCHI, T. (2006) IRFs: master regulators of signalling by Toll-

like receptors and cytosolic pattern-recognition receptors. Nat Rev Immunol, 6, 644-58. 

HOSHINO, K., TAKEUCHI, O., KAWAI, T., SANJO, H., OGAWA, T., TAKEDA, 

Y., TAKEDA, K. & AKIRA, S. (1999) Cutting edge: Toll-like receptor 4 (TLR4)-

deficient mice are hyporesponsive to lipopolysaccharide: evidence for TLR4 as the Lps 

gene product. J Immunol, 162, 3749-52. 



   137 

HOTEZ, P. J., BRINDLEY, P. J., BETHONY, J. M., KING, C. H., PEARCE, E. J. & 

JACOBSON, J. (2008) Helminth infections: the great neglected tropical diseases. J Clin 

Invest, 118, 1311-21. 

HSIEH, G. C., LOUKAS, A., WAHL, A. M., BHATIA, M., WANG, Y., 

WILLIAMSON, A. L., KEHN, K. W., MARUYAMA, H., HOTEZ, P. J., 

LEITENBERG, D., BETHONY, J. & CONSTANT, S. L. (2004) A secreted protein 

from the human hookworm necator americanus binds selectively to NK cells and 

induces IFN-gamma production. J Immunol, 173, 2699-704. 

ILIC, N., COLIC, M., GRUDEN-MOVSESIJAN, A., MAJSTOROVIC, I., VASILEV, 

S. & SOFRONIC-MILOSAVLJEVIC, L. (2008) Characterization of rat bone marrow 

dendritic cells initially primed by Trichinella spiralis antigens. Parasite Immunol, 30, 

491-5. 

ITAMI, D. M., OSHIRO, T. M., ARAUJO, C. A., PERINI, A., MARTINS, M. A., 

MACEDO, M. S. & MACEDO-SOARES, M. F. (2005) Modulation of murine 

experimental asthma by Ascaris suum components. Clin Exp Allergy, 35, 873-9. 

IWASAKI, A. & MEDZHITOV, R. (2004) Toll-like receptor control of the adaptive 

immune responses. Nat Immunol, 5, 987-95. 

JANEWAY, C. A., JR. & MEDZHITOV, R. (2002) Innate immune recognition. Annu 

Rev Immunol, 20, 197-216. 

JANKOVIC, D., KULLBERG, M. C., CASPAR, P. & SHER, A. (2004) Parasite-

induced Th2 polarization is associated with down-regulated dendritic cell 



   138 

responsiveness to Th1 stimuli and a transient delay in T lymphocyte cycling. J 

Immunol, 173, 2419-27. 

JEFFERIES, J. R., CAMPBELL, A. M., VAN ROSSUM, A. J., BARRETT, J. & 

BROPHY, P. M. (2001) Proteomic analysis of Fasciola hepatica excretory-secretory 

products. Proteomics, 1, 1128-32. 

JENKINS, S. J., HEWITSON, J. P., FERRET-BERNARD, S. & MOUNTFORD, A. P. 

(2005) Schistosome larvae stimulate macrophage cytokine production through TLR4-

dependent and -independent pathways. Int Immunol, 17, 1409-18. 

JENKINS, S. J. & MOUNTFORD, A. P. (2005) Dendritic cells activated with products 

released by schistosome larvae drive Th2-type immune responses, which can be 

inhibited by manipulation of CD40 costimulation. Infect Immun, 73, 395-402. 

JIN, M. S. & LEE, J. O. (2008) Structures of the toll-like receptor family and its ligand 

complexes. Immunity, 29, 182-91. 

JOHNSTON, M. J., MACDONALD, J. A. & MCKAY, D. M. (2009) Parasitic 

helminths: a pharmacopeia of anti-inflammatory molecules. Parasitology, 136, 125-47. 

KALINSKI, P., HILKENS, C. M., WIERENGA, E. A. & KAPSENBERG, M. L. 

(1999) T-cell priming by type-1 and type-2 polarized dendritic cells: the concept of a 

third signal. Immunol Today, 20, 561-7. 

KAMAL, S. M. & EL SAYED KHALIFA, K. (2006) Immune modulation by 

helminthic infections: worms and viral infections. Parasite Immunol, 28, 483-96. 



   139 

KAMAL, S. M., RASENACK, J. W., BIANCHI, L., AL TAWIL, A., EL SAYED 

KHALIFA, K., PETER, T., MANSOUR, H., EZZAT, W. & KOZIEL, M. (2001) Acute 

hepatitis C without and with schistosomiasis: correlation with hepatitis C-specific 

CD4(+) T-cell and cytokine response. Gastroenterology, 121, 646-56. 

KANE, C. M., CERVI, L., SUN, J., MCKEE, A. S., MASEK, K. S., SHAPIRA, S., 

HUNTER, C. A. & PEARCE, E. J. (2004) Helminth antigens modulate TLR-initiated 

dendritic cell activation. J Immunol, 173, 7454-61. 

KANE, C. M., JUNG, E. & PEARCE, E. J. (2008) Schistosoma mansoni egg antigen-

mediated modulation of Toll-like receptor (TLR)-induced activation occurs 

independently of TLR2, TLR4, and MyD88. Infect Immun, 76, 5754-9. 

KAPSENBERG, M. L. (2003) Dendritic-cell control of pathogen-driven T-cell 

polarization. Nat Rev Immunol, 3, 984-93. 

KAWAI, T. & AKIRA, S. (2009) The roles of TLRs, RLRs and NLRs in pathogen 

recognition. Int. Immunol., 21, 317-337. 

KEAN, D. E., OHTSUKA, I., SATO, K., HADA, N., TAKEDA, T., LOCHNIT, G., 

GEYER, R., HARNETT, M. M. & HARNETT, W. (2006) Dissecting Ascaris 

glycosphingolipids for immunomodulatory moieties--the use of synthetic structural 

glycosphingolipid analogues. Parasite Immunol, 28, 69-76. 

KENNEDY, M. W., FRASER, E. M. & CHRISTIE, J. F. (1991) MHC class II (I-A) 

region control of the IgE antibody repertoire to the ABA-1 allergen of the nematode 

Ascaris. Immunology, 72, 577-9. 



   140 

KENNEDY, M. W. & QURESHI, F. (1986) Stage-specific secreted antigens of the 

parasitic larval stages of the nematode Ascaris. Immunology, 58, 515-22. 

KENNY, E. F. & O'NEILL, L. A. (2008) Signalling adaptors used by Toll-like 

receptors: an update. Cytokine, 43, 342-9. 

KIM, H. M., PARK, B. S., KIM, J. I., KIM, S. E., LEE, J., OH, S. C., ENKHBAYAR, 

P., MATSUSHIMA, N., LEE, H., YOO, O. J. & LEE, J. O. (2007) Crystal structure of 

the TLR4-MD-2 complex with bound endotoxin antagonist Eritoran. Cell, 130, 906-17. 

KOBAYASHI, M., KWEON, M. N., KUWATA, H., SCHREIBER, R. D., KIYONO, 

H., TAKEDA, K. & AKIRA, S. (2003) Toll-like receptor-dependent production of IL-

12p40 causes chronic enterocolitis in myeloid cell-specific Stat3-deficient mice. J Clin 

Invest, 111, 1297-308. 

KORN, T., BETTELLI, E., OUKKA, M. & KUCHROO, V. K. (2009) IL-17 and Th17 

Cells. Annu Rev Immunol, 27, 485-517. 

KREIDER, T., ANTHONY, R. M., URBAN, J. F., JR. & GAUSE, W. C. (2007) 

Alternatively activated macrophages in helminth infections. Curr Opin Immunol, 19, 

448-53. 

KRISHNA, M. & NARANG, H. (2008) The complexity of mitogen-activated protein 

kinases (MAPKs) made simple. Cell Mol Life Sci, 65, 3525-44. 

KUMAGAI, Y., TAKEUCHI, O. & AKIRA, S. (2008) Pathogen recognition by innate 

receptors. J Infect Chemother, 14, 86-92. 



   141 

LA FLAMME, A. C., RUDDENKLAU, K. & BACKSTROM, B. T. (2003) 

Schistosomiasis decreases central nervous system inflammation and alters the 

progression of experimental autoimmune encephalomyelitis. Infect Immun, 71, 4996-

5004. 

LACOURSE, E. J., PERALLY, S., MOXON, J. V., CHEMALE, G., DOWLING, D. J., 

O’NEILL, S. M. & BROPHY, P. M. (2009) Cloning and biochemical characterisation 

of a potential vaccine candidate: Glutathione transferase Sigma class from the liver 

fluke parasite, Fasciola hepatica. In preparation. 

LAEMMLI, U. K. (1970) Cleavage of structural proteins during the assembly of the 

head of bacteriophage T4. Nature, 227, 680-5. 

LANGRISH, C. L., CHEN, Y., BLUMENSCHEIN, W. M., MATTSON, J., BASHAM, 

B., SEDGWICK, J. D., MCCLANAHAN, T., KASTELEIN, R. A. & CUA, D. J. (2005) 

IL-23 drives a pathogenic T cell population that induces autoimmune inflammation. J 

Exp Med, 201, 233-40. 

LEBRE, M. C., BURWELL, T., VIEIRA, P. L., LORA, J., COYLE, A. J., 

KAPSENBERG, M. L., CLAUSEN, B. E. & DE JONG, E. C. (2005) Differential 

expression of inflammatory chemokines by Th1- and Th2-cell promoting dendritic cells: 

a role for different mature dendritic cell populations in attracting appropriate effector 

cells to peripheral sites of inflammation. Immunol Cell Biol, 83, 525-35. 

LI, Q. & VERMA, I. M. (2002) NF-kappaB regulation in the immune system. Nat Rev 

Immunol, 2, 725-34. 



   142 

LIMA, C., PERINI, A., GARCIA, M. L., MARTINS, M. A., TEIXEIRA, M. M. & 

MACEDO, M. S. (2002) Eosinophilic inflammation and airway hyper-responsiveness 

are profoundly inhibited by a helminth (Ascaris suum) extract in a murine model of 

asthma. Clin Exp Allergy, 32, 1659-66. 

LUGER, D., SILVER, P. B., TANG, J., CUA, D., CHEN, Z., IWAKURA, Y., 

BOWMAN, E. P., SGAMBELLONE, N. M., CHAN, C. C. & CASPI, R. R. (2008) 

Either a Th17 or a Th1 effector response can drive autoimmunity: conditions of disease 

induction affect dominant effector category. J Exp Med, 205, 799-810. 

LUTHER, S. A. & CYSTER, J. G. (2001) Chemokines as regulators of T cell 

differentiation. Nat Immunol, 2, 102-7. 

LUTZ, M. B., KUKUTSCH, N., OGILVIE, A. L., ROSSNER, S., KOCH, F., 

ROMANI, N. & SCHULER, G. (1999) An advanced culture method for generating 

large quantities of highly pure dendritic cells from mouse bone marrow. J Immunol 

Methods, 223, 77-92. 

MACDONALD, A. S. & MAIZELS, R. M. (2008) Alarming dendritic cells for Th2 

induction. J Exp Med, 205, 13-7. 

MACDONALD, A. S. & PEARCE, E. J. (2002) Cutting edge: polarized Th cell 

response induction by transferred antigen-pulsed dendritic cells is dependent on IL-4 or 

IL-12 production by recipient cells. J Immunol, 168, 3127-30. 



   143 

MACDONALD, A. S., STRAW, A. D., BAUMAN, B. & PEARCE, E. J. (2001) CD8- 

dendritic cell activation status plays an integral role in influencing Th2 response 

development. J Immunol, 167, 1982-8. 

MAIZELS, R. M., BALIC, A., GOMEZ-ESCOBAR, N., NAIR, M., TAYLOR, M. D. 

& ALLEN, J. E. (2004) Helminth parasites--masters of regulation. Immunol Rev, 201, 

89-116. 

MAIZELS, R. M., BUNDY, D. A., SELKIRK, M. E., SMITH, D. F. & ANDERSON, 

R. M. (1993) Immunological modulation and evasion by helminth parasites in human 

populations. Nature, 365, 797-805. 

MAIZELS, R. M. & YAZDANBAKHSH, M. (2003) Immune regulation by helminth 

parasites: cellular and molecular mechanisms. Nat Rev Immunol, 3, 733-44. 

MAIZELS, R. M. & YAZDANBAKHSH, M. (2008) T-cell regulation in helminth 

parasite infections: implications for inflammatory diseases. Chem Immunol Allergy, 94, 

112-23. 

MALE, D., BROSTOFF, J., ROTH, D. B. & ROITT, I. (2006) Immunology, Mosby. 

MAMANE, Y., HEYLBROECK, C., GENIN, P., ALGARTE, M., SERVANT, M. J., 

LEPAGE, C., DELUCA, C., KWON, H., LIN, R. & HISCOTT, J. (1999) Interferon 

regulatory factors: the next generation. Gene, 237, 1-14. 

MAS-COMA, S. (1999) Human Fasciolosis. IN DALTON, J. P. (Ed.) Fasciolosis. CAB 

International, Wallingford, UK. 



   144 

MAS-COMA, S., BARGUES, M. D. & VALERO, M. A. (2005) Fascioliasis and other 

plant-borne trematode zoonoses. Int J Parasitol, 35, 1255-78. 

MATERA, G., GIANCOTTI, A., SCALISE, S., PULICARI, M. C., MASELLI, R., 

PIIZZI, C., PELAIA, G., TANCRE, V., MUTO, V., DOLDO, P., COSCO, V., 

COSIMO, P., CAPICOTTO, R., QUIRINO, A., SCALZO, R., LIBERTO, M. C., 

PARLATO, G. & FOCA, A. (2008) Ascaris lumbricoides-induced suppression of total 

and specific IgE responses in atopic subjects is interleukin 10-independent and 

associated with an increase of CD25(+) cells. Diagn Microbiol Infect Dis, 62, 280-6. 

MCCONCHIE, B. W., NORRIS, H. H., BUNDOC, V. G., TRIVEDI, S., BOESEN, A., 

URBAN, J. F., JR. & KEANE-MYERS, A. M. (2006) Ascaris suum-derived products 

suppress mucosal allergic inflammation in an interleukin-10-independent manner via 

interference with dendritic cell function. Infect Immun, 74, 6632-41. 

MCGEACHY, M. J. & CUA, D. J. (2008) Th17 cell differentiation: the long and 

winding road. Immunity, 28, 445-53. 

MCGETTRICK, A. F. & O'NEILL, L. A. (2007) Toll-like receptors: key activators of 

leucocytes and regulator of haematopoiesis. Br J Haematol, 139, 185-93. 

MCGUINNESS, D. H., DEHAL, P. K. & PLEASS, R. J. (2003) Pattern recognition 

molecules and innate immunity to parasites. Trends Parasitol, 19, 312-9. 

MCKAY, D. M. (2009) The therapeutic helminth? Trends Parasitol, 25, 109-14. 



   145 

MCMANUS, D. P. & DALTON, J. P. (2006) Vaccines against the zoonotic trematodes 

Schistosoma japonicum, Fasciola hepatica and Fasciola gigantica. Parasitology, 133 

Suppl, S43-61. 

MEDZHITOV, R. (2001) Toll-like receptors and innate immunity. Nat Rev Immunol, 1, 

135-45. 

MEDZHITOV, R. & JANEWAY, C., JR. (2000) Innate immune recognition: 

mechanisms and pathways. Immunol Rev, 173, 89-97. 

MEYER, S., TEFSEN, B., IMBERTY, A., GEYER, R. & VAN DIE, I. (2007) The C-

type lectin L-SIGN differentially recognizes glycan antigens on egg glycosphingolipids 

and soluble egg glycoproteins from Schistosoma mansoni. Glycobiology, 17, 1104-19. 

MICHELSEN, K. S., AICHER, A., MOHAUPT, M., HARTUNG, T., DIMMELER, S., 

KIRSCHNING, C. J. & SCHUMANN, R. R. (2001) The role of toll-like receptors 

(TLRs) in bacteria-induced maturation of murine dendritic cells (DCS). Peptidoglycan 

and lipoteichoic acid are inducers of DC maturation and require TLR2. J Biol Chem, 

276, 25680-6. 

MOGENSEN, T. H. (2009) Pathogen recognition and inflammatory signaling in innate 

immune defenses. Clin Microbiol Rev, 22, 240-73, Table of Contents. 

MOORE, K. W., DE WAAL MALEFYT, R., COFFMAN, R. L. & O'GARRA, A. 

(2001) Interleukin-10 and the interleukin-10 receptor. Annu Rev Immunol, 19, 683-765. 



   146 

MORELLI, A. E. & THOMSON, A. W. (2007) Tolerogenic dendritic cells and the 

quest for transplant tolerance. Nat Rev Immunol, 7, 610-21. 

MORPHEW, R. M., WRIGHT, H. A., LACOURSE, E. J., WOODS, D. J. & BROPHY, 

P. M. (2007) Comparative proteomics of excretory-secretory proteins released by the 

liver fluke Fasciola hepatica in sheep host bile and during in vitro culture ex host. Mol 

Cell Proteomics, 6, 963-72. 

MOSMANN, T. R., CHERWINSKI, H., BOND, M. W., GIEDLIN, M. A. & 

COFFMAN, R. L. (1986) Two types of murine helper T cell clone. I. Definition 

according to profiles of lymphokine activities and secreted proteins. J Immunol, 136, 

2348-57. 

MULCAHY, G. (1999) Immunology of Fasciola hepatica infection. IN DALTON, J. P. 

(Ed.) Fasciolosis. CAB International, Wallingford, UK. 

MULCAHY, G., O'CONNOR, F., MCGONIGLE, S., DOWD, A., CLERY, D. G., 

ANDREWS, S. J. & DALTON, J. P. (1998) Correlation of specific antibody titre and 

avidity with protection in cattle immunized against Fasciola hepatica. Vaccine, 16, 932-

9. 

MULLER, K., BISCHOF, S., SOMMER, F., LOHOFF, M., SOLBACH, W. & 

LASKAY, T. (2003) Differential production of macrophage inflammatory protein 

1gamma (MIP-1gamma), lymphotactin, and MIP-2 by CD4(+) Th subsets polarized in 

vitro and in vivo. Infect Immun, 71, 6178-83. 



   147 

NACHER, M., GAY, F., SINGHASIVANON, P., KRUDSOOD, S., 

TREEPRASERTSUK, S., MAZIER, D., VOULDOUKIS, I. & LOOAREESUWAN, S. 

(2000) Ascaris lumbricoides infection is associated with protection from cerebral 

malaria. Parasite Immunol, 22, 107-13. 

NACHER, M., SINGHASIVANON, P., YIMSAMRAN, S., MANIBUNYONG, W., 

THANYAVANICH, N., WUTHISEN, R. & LOOAREESUWAN, S. (2002) Intestinal 

helminth infections are associated with increased incidence of Plasmodium falciparum 

malaria in Thailand. J Parasitol, 88, 55-8. 

NAKAHARA, T., MOROI, Y., UCHI, H. & FURUE, M. (2006) Differential role of 

MAPK signaling in human dendritic cell maturation and Th1/Th2 engagement. J 

Dermatol Sci, 42, 1-11. 

NAPOLITANI, G., RINALDI, A., BERTONI, F., SALLUSTO, F. & 

LANZAVECCHIA, A. (2005) Selected Toll-like receptor agonist combinations 

synergistically trigger a T helper type 1-polarizing program in dendritic cells. Nat 

Immunol, 6, 769-76. 

O'GARRA, A. & VIEIRA, P. (2007) T(H)1 cells control themselves by producing 

interleukin-10. Nat Rev Immunol, 7, 425-8. 

O'NEILL, L. A. (2006) How Toll-like receptors signal: what we know and what we 

don't know. Curr Opin Immunol, 18, 3-9. 

O'NEILL, L. A. & BOWIE, A. G. (2007) The family of five: TIR-domain-containing 

adaptors in Toll-like receptor signalling. Nat Rev Immunol, 7, 353-64. 



   148 

O'NEILL, S. M., BRADY, M. T., CALLANAN, J. J., MULCAHY, G., JOYCE, P., 

MILLS, K. H. & DALTON, J. P. (2000) Fasciola hepatica infection downregulates Th1 

responses in mice. Parasite Immunol, 22, 147-55. 

O'NEILL, S. M., MILLS, K. H. & DALTON, J. P. (2001) Fasciola hepatica cathepsin L 

cysteine proteinase suppresses Bordetella pertussis-specific interferon-gamma 

production in vivo. Parasite Immunol, 23, 541-7. 

OUAISSI, A., OUAISSI, M. & SERENO, D. (2002) Glutathione S-transferases and 

related proteins from pathogenic human parasites behave as immunomodulatory factors. 

Immunol Lett, 81, 159-64. 

OUYANG, W., KOLLS, J. K. & ZHENG, Y. (2008) The biological functions of T 

helper 17 cell effector cytokines in inflammation. Immunity, 28, 454-67. 

PASARE, C. & MEDZHITOV, R. (2004) Toll-like receptors and acquired immunity. 

Semin Immunol, 16, 23-6. 

PATERSON, J. C., GARSIDE, P., KENNEDY, M. W. & LAWRENCE, C. E. (2002) 

Modulation of a heterologous immune response by the products of Ascaris suum. Infect 

Immun, 70, 6058-67. 

PERONA-WRIGHT, G., JENKINS, S. J., CRAWFORD, A., GRAY, D., PEARCE, E. 

J. & MACDONALD, A. S. (2006a) Distinct sources and targets of IL-10 during 

dendritic cell-driven Th1 and Th2 responses in vivo. Eur J Immunol, 36, 2367-75. 



   149 

PERONA-WRIGHT, G., JENKINS, S. J. & MACDONALD, A. S. (2006b) Dendritic 

cell activation and function in response to Schistosoma mansoni. Int J Parasitol, 36, 

711-21. 

PERRIGOUE, J. G., MARSHALL, F. A. & ARTIS, D. (2008) On the hunt for 

helminths: innate immune cells in the recognition and response to helminth parasites. 

Cell Microbiol, 10, 1757-64. 

PETNEY, T. N. & ANDREWS, R. H. (1998) Multiparasite communities in animals and 

humans: frequency, structure and pathogenic significance. Int J Parasitol, 28, 377-93. 

POLTORAK, A., HE, X., SMIRNOVA, I., LIU, M. Y., VAN HUFFEL, C., DU, X., 

BIRDWELL, D., ALEJOS, E., SILVA, M., GALANOS, C., FREUDENBERG, M., 

RICCIARDI-CASTAGNOLI, P., LAYTON, B. & BEUTLER, B. (1998) Defective LPS 

signaling in C3H/HeJ and C57BL/10ScCr mice: mutations in Tlr4 gene. Science, 282, 

2085-8. 

PULENDRAN, B. (2005) Variegation of the immune response with dendritic cells and 

pathogen recognition receptors. J Immunol, 174, 2457-65. 

PULLAN, R. & BROOKER, S. (2008) The health impact of polyparasitism in humans: 

are we under-estimating the burden of parasitic diseases? Parasitology, 135, 783-94. 

RANDOLPH, G. J., OCHANDO, J. & PARTIDA-SANCHEZ, S. (2008) Migration of 

dendritic cell subsets and their precursors. Annu Rev Immunol, 26, 293-316. 



   150 

REIS E SOUSA, C. (2006) Dendritic cells in a mature age. Nat Rev Immunol, 6, 476-

83. 

RESENDE CO, T., HIRSCH, C. S., TOOSSI, Z., DIETZE, R. & RIBEIRO-

RODRIGUES, R. (2007) Intestinal helminth co-infection has a negative impact on both 

anti-Mycobacterium tuberculosis immunity and clinical response to tuberculosis 

therapy. Clin Exp Immunol, 147, 45-52. 

RIGANO, R., BUTTARI, B., PROFUMO, E., ORTONA, E., DELUNARDO, F., 

MARGUTTI, P., MATTEI, V., TEGGI, A., SORICE, M. & SIRACUSANO, A. (2007) 

Echinococcus granulosus antigen B impairs human dendritic cell differentiation and 

polarizes immature dendritic cell maturation towards a Th2 cell response. Infect Immun, 

75, 1667-78. 

ROBERTS, L. S. A. J. J., JR. (1996) Foundations of Parasitology. 

ROBINSON, M. W., DALTON, J. P. & DONNELLY, S. (2008) Helminth pathogen 

cathepsin proteases: it's a family affair. Trends Biochem Sci. 

ROBINSON, M. W., MENON, R., DONNELLY, S. M., DALTON, J. P. & 

RANGANATHAN, S. (2009) An integrated transcriptomic and proteomic analysis of 

the secretome of the helminth pathogen, Fasciola hepatica: proteins associated with 

invasion and infection of the mammalian host. Mol Cell Proteomics. 

ROCHA, F. A., LEITE, A. K., POMPEU, M. M., CUNHA, T. M., VERRI, W. A., JR., 

SOARES, F. M., CASTRO, R. R. & CUNHA, F. Q. (2008) Protective effect of an 

extract from Ascaris suum in experimental arthritis models. Infect Immun, 76, 2736-45. 



   151 

ROCHE, L., TORT, J. & DALTON, J. P. (1999) The propeptide of Fasciola hepatica 

cathepsin L is a potent and selective inhibitor of the mature enzyme. Mol Biochem 

Parasitol, 98, 271-7. 

ROTHENBERG, M. E. & HOGAN, S. P. (2006) The eosinophil. Annu Rev Immunol, 

24, 147-74. 

RUTITZKY, L. I., BAZZONE, L., SHAINHEIT, M. G., JOYCE-SHAIKH, B., CUA, 

D. J. & STADECKER, M. J. (2008) IL-23 is required for the development of severe 

egg-induced immunopathology in schistosomiasis and for lesional expression of IL-17. 

J Immunol, 180, 2486-95. 

RUYSSERS, N. E., DE WINTER, B. Y., DE MAN, J. G., LOUKAS, A., HERMAN, A. 

G., PELCKMANS, P. A. & MOREELS, T. G. (2008) Worms and the treatment of 

inflammatory bowel disease: are molecules the answer? Clin Dev Immunol, 2008, 

567314. 

SACCO, R., HAGEN, M., SANDOR, M., WEINSTOCK, J. V. & LYNCH, R. G. 

(2002) Established T(H1) granulomatous responses induced by active Mycobacterium 

avium infection switch to T(H2) following challenge with Schistosoma mansoni. Clin 

Immunol, 104, 274-81. 

SALVATORE, L., WIJFFELS, G., SEXTON, J. L., PANACCIO, M., MAILER, S., 

MCCAULEY, I. & SPITHILL, T. W. (1995) Biochemical analysis of recombinant 

glutathione S-transferase of Fasciola hepatica. Mol Biochem Parasitol, 69, 281-8. 



   152 

SAVINA, A. & AMIGORENA, S. (2007) Phagocytosis and antigen presentation in 

dendritic cells. Immunol Rev, 219, 143-56. 

SCHRAMM, G., MOHRS, K., WODRICH, M., DOENHOFF, M. J., PEARCE, E. J., 

HAAS, H. & MOHRS, M. (2007) Cutting edge: IPSE/alpha-1, a glycoprotein from 

Schistosoma mansoni eggs, induces IgE-dependent, antigen-independent IL-4 

production by murine basophils in vivo. J Immunol, 178, 6023-7. 

SEGURA, M., SU, Z., PICCIRILLO, C. & STEVENSON, M. M. (2007) Impairment of 

dendritic cell function by excretory-secretory products: a potential mechanism for 

nematode-induced immunosuppression. Eur J Immunol, 37, 1887-904. 

SEMNANI, R. T., VENUGOPAL, P. G., LEIFER, C. A., MOSTBOCK, S., 

SABZEVARI, H. & NUTMAN, T. B. (2008) Inhibition of TLR3 and TLR4 function 

and expression in human dendritic cells by helminth parasites. Blood, 112, 1290-8. 

SERRADELL, M. C., GUASCONI, L., CERVI, L., CHIAPELLO, L. S. & MASIH, D. 

T. (2007) Excretory-secretory products from Fasciola hepatica induce eosinophil 

apoptosis by a caspase-dependent mechanism. Vet Immunol Immunopathol, 117, 197-

208. 

SERRADELL, M. C., GUASCONI, L. & MASIH, D. T. (2009) Involvement of a 

mitochondrial pathway and key role of hydrogen peroxide during eosinophil apoptosis 

induced by excretory-secretory products from Fasciola hepatica. Mol Biochem 

Parasitol, 163, 95-106. 



   153 

SHAINHEIT, M. G., SMITH, P. M., BAZZONE, L. E., WANG, A. C., RUTITZKY, L. 

I. & STADECKER, M. J. (2008) Dendritic cell IL-23 and IL-1 production in response 

to schistosome eggs induces Th17 cells in a mouse strain prone to severe 

immunopathology. J Immunol, 181, 8559-67. 

SHEEHAN, D., MEADE, G., FOLEY, V. M. & DOWD, C. A. (2001) Structure, 

function and evolution of glutathione transferases: implications for classification of non-

mammalian members of an ancient enzyme superfamily. Biochem J, 360, 1-16. 

SHER, A., PEARCE, E. & KAYE, P. (2003) Shaping the immune response to parasites: 

role of dendritic cells. Curr Opin Immunol, 15, 421-9. 

SHORTMAN, K. & LIU, Y. J. (2002) Mouse and human dendritic cell subtypes. Nat 

Rev Immunol, 2, 151-61. 

SILVA, S. R., JACYSYN, J. F., MACEDO, M. S. & FAQUIM-MAURO, E. L. (2006) 

Immunosuppressive components of Ascaris suum down-regulate expression of 

costimulatory molecules and function of antigen-presenting cells via an IL-10-mediated 

mechanism. Eur J Immunol, 36, 3227-37. 

SMITH, A. M., DOWD, A. J., HEFFERNAN, M., ROBERTSON, C. D. & DALTON, 

J. P. (1993a) Fasciola hepatica: a secreted cathepsin L-like proteinase cleaves host 

immunoglobulin. Int J Parasitol, 23, 977-83. 

SMITH, A. M., DOWD, A. J., MCGONIGLE, S., KEEGAN, P. S., BRENNAN, G., 

TRUDGETT, A. & DALTON, J. P. (1993b) Purification of a cathepsin L-like 

proteinase secreted by adult Fasciola hepatica. Mol Biochem Parasitol, 62, 1-8. 



   154 

SMITS, H. H. & YAZDANBAKHSH, M. (2007) Chronic helminth infections modulate 

allergen-specific immune responses: Protection against development of allergic 

disorders? Ann Med, 39, 428-39. 

SPIEGEL, A., TALL, A., RAPHENON, G., TRAPE, J. F. & DRUILHE, P. (2003) 

Increased frequency of malaria attacks in subjects co-infected by intestinal worms and 

Plasmodium falciparum malaria. Trans R Soc Trop Med Hyg, 97, 198-9. 

STACK, C. M., CAFFREY, C. R., DONNELLY, S. M., SESHAADRI, A., 

LOWTHER, J., TORT, J. F., COLLINS, P. R., ROBINSON, M. W., XU, W., 

MCKERROW, J. H., CRAIK, C. S., GEIGER, S. R., MARION, R., BRINEN, L. S. & 

DALTON, J. P. (2008) Structural and functional relationships in the virulence-

associated cathepsin L proteases of the parasitic liver fluke, Fasciola hepatica. J Biol 

Chem, 283, 9896-908. 

STACK, C. M., DONNELLY, S., LOWTHER, J., XU, W., COLLINS, P. R., BRINEN, 

L. S. & DALTON, J. P. (2007) The major secreted cathepsin L1 protease of the liver 

fluke, Fasciola hepatica: a Leu-12 to Pro-12 replacement in the nonconserved C-

terminal region of the prosegment prevents complete enzyme autoactivation and allows 

definition of the molecular events in prosegment removal. J Biol Chem, 282, 16532-43. 

STEINMAN, R. M., ADAMS, J. C. & COHN, Z. A. (1975) Identification of a novel 

cell type in peripheral lymphoid organs of mice. IV. Identification and distribution in 

mouse spleen. J Exp Med, 141, 804-20. 



   155 

STEINMAN, R. M. & COHN, Z. A. (1973) Identification of a novel cell type in 

peripheral lymphoid organs of mice. I. Morphology, quantitation, tissue distribution. J 

Exp Med, 137, 1142-62. 

STEINMAN, R. M. & COHN, Z. A. (1974) Identification of a novel cell type in 

peripheral lymphoid organs of mice. II. Functional properties in vitro. J Exp Med, 139, 

380-97. 

STEINMAN, R. M., LUSTIG, D. S. & COHN, Z. A. (1974) Identification of a novel 

cell type in peripheral lymphoid organs of mice. 3. Functional properties in vivo. J Exp 

Med, 139, 1431-45. 

STRACHAN, D. P. (1989) Hay fever, hygiene, and household size. Bmj, 299, 1259-60. 

SU, Z., SEGURA, M., MORGAN, K., LOREDO-OSTI, J. C. & STEVENSON, M. M. 

(2005) Impairment of protective immunity to blood-stage malaria by concurrent 

nematode infection. Infect Immun, 73, 3531-9. 

SUMMERS, R. W., ELLIOTT, D. E., URBAN, J. F., JR., THOMPSON, R. & 

WEINSTOCK, J. V. (2005) Trichuris suis therapy in Crohn's disease. Gut, 54, 87-90. 

SUN, S. C. & LEY, S. C. (2008) New insights into NF-kappaB regulation and function. 

Trends Immunol, 29, 469-78. 

TAKAOKA, A., YANAI, H., KONDO, S., DUNCAN, G., NEGISHI, H., MIZUTANI, 

T., KANO, S., HONDA, K., OHBA, Y., MAK, T. W. & TANIGUCHI, T. (2005) 



   156 

Integral role of IRF-5 in the gene induction programme activated by Toll-like receptors. 

Nature, 434, 243-9. 

TAKEDA, K. & AKIRA, S. (2005) Toll-like receptors in innate immunity. Int. 

Immunol., 17, 1-14. 

TAKEDA, K., KAISHO, T. & AKIRA, S. (2003) Toll-like receptors. Annu Rev 

Immunol, 21, 335-76. 

TALAAT, K. R., BONAWITZ, R. E., DOMENECH, P. & NUTMAN, T. B. (2006) 

Preexposure to live Brugia malayi microfilariae alters the innate response of human 

dendritic cells to Mycobacterium tuberculosis. J Infect Dis, 193, 196-204. 

TAMURA, T., YANAI, H., SAVITSKY, D. & TANIGUCHI, T. (2008) The IRF family 

transcription factors in immunity and oncogenesis. Annu Rev Immunol, 26, 535-84. 

TANIGUCHI, T., OGASAWARA, K., TAKAOKA, A. & TANAKA, N. (2001) IRF 

family of transcription factors as regulators of host defense. Annu Rev Immunol, 19, 

623-55. 

TAYLOR, M. A. (2007) Veterinary Parasitology, Blackwell Publishing. 

TEIXEIRA-CARVALHO, A., FUJIWARA, R. T., STEMMY, E. J., OLIVE, D., 

DAMSKER, J. M., LOUKAS, A., CORREA-OLIVEIRA, R., CONSTANT, S. L. & 

BETHONY, J. M. (2008) Binding of excreted and/or secreted products of adult 

hookworms to human NK cells in Necator americanus-infected individuals from Brazil. 

Infect Immun, 76, 5810-6. 



   157 

TEZUKA, H., IMAI, S., HIDANO, S., TSUKIDATE, S. & FUJITA, K. (2003) Various 

types of Dirofilaria immitis polyproteins selectively induce a Th2-Type immune 

response. Infect Immun, 71, 3802-11. 

THOMAS, P. G., CARTER, M. R., ATOCHINA, O., DA'DARA, A. A., PISKORSKA, 

D., MCGUIRE, E. & HARN, D. A. (2003) Maturation of dendritic cell 2 phenotype by 

a helminth glycan uses a Toll-like receptor 4-dependent mechanism. J Immunol, 171, 

5837-41. 

THOMAS, P. G., CARTER, M. R., DA'DARA, A. A., DESIMONE, T. M. & HARN, 

D. A. (2005) A helminth glycan induces APC maturation via alternative NF-kappa B 

activation independent of I kappa B alpha degradation. J Immunol, 175, 2082-90. 

THREADGOLD, L. T. (1976) Fasciola hepatica: ultrastructure and histochemistry of 

the glycocalyx of the tegument. Exp Parasitol, 39, 119-34. 

TORRES-RIVERA, A. & LANDA, A. (2008) Glutathione transferases from parasites: a 

biochemical view. Acta Trop, 105, 99-112. 

TRINCHIERI, G. (2003) Interleukin-12 and the regulation of innate resistance and 

adaptive immunity. Nat Rev Immunol, 3, 133-46. 

TRUDGETT, A., WATT, A. P., HARRIOTT, P. & ENNIS, M. (2003) Liver fluke 

(Fasciola hepatica)-derived peptides activate rat peritoneal mast cells. Int 

Immunopharmacol, 3, 775-81. 



   158 

TSUJIMOTO, H., EFRON, P. A., MATSUMOTO, T., UNGARO, R. F., 

ABOUHAMZE, A., ONO, S., MOCHIZUKI, H. & MOLDAWER, L. L. (2006) 

Maturation of murine bone marrow-derived dendritic cells with poly(I:C) produces 

altered TLR-9 expression and response to CpG DNA. Immunol Lett, 107, 155-62. 

URBAN, J. F., JR., ALIZADEH, H. & ROMANOWSKI, R. D. (1988) Ascaris suum: 

development of intestinal immunity to infective second-stage larvae in swine. Exp 

Parasitol, 66, 66-77. 

VAN DER KLEIJ, D., LATZ, E., BROUWERS, J. F., KRUIZE, Y. C., SCHMITZ, M., 

KURT-JONES, E. A., ESPEVIK, T., DE JONG, E. C., KAPSENBERG, M. L., 

GOLENBOCK, D. T., TIELENS, A. G. & YAZDANBAKHSH, M. (2002) A novel 

host-parasite lipid cross-talk. Schistosomal lyso-phosphatidylserine activates toll-like 

receptor 2 and affects immune polarization. J Biol Chem, 277, 48122-9. 

VAN DIE, I., VAN VLIET, S. J., NYAME, A. K., CUMMINGS, R. D., BANK, C. M., 

APPELMELK, B., GEIJTENBEEK, T. B. & VAN KOOYK, Y. (2003) The dendritic 

cell-specific C-type lectin DC-SIGN is a receptor for Schistosoma mansoni egg antigens 

and recognizes the glycan antigen Lewis x. Glycobiology, 13, 471-8. 

VAN KOOYK, Y. & RABINOVICH, G. A. (2008) Protein-glycan interactions in the 

control of innate and adaptive immune responses. Nat Immunol, 9, 593-601. 

VAN LIEMPT, E., VAN VLIET, S. J., ENGERING, A., GARCIA VALLEJO, J. J., 

BANK, C. M., SANCHEZ-HERNANDEZ, M., VAN KOOYK, Y. & VAN DIE, I. 

(2007) Schistosoma mansoni soluble egg antigens are internalized by human dendritic 



   159 

cells through multiple C-type lectins and suppress TLR-induced dendritic cell 

activation. Mol Immunol, 44, 2605-15. 

VAN RIET, E., EVERTS, B., RETRA, K., PHYLIPSEN, M., VAN HELLEMOND, J. 

J., TIELENS, A. G., VAN DER KLEIJ, D., HARTGERS, F. C. & YAZDANBAKHSH, 

M. (2009) Combined TLR2 and TLR4 ligation in the context of bacterial or helminth 

extracts in human monocyte derived dendritic cells: molecular correlates for Th1/Th2 

polarization. BMC Immunol, 10, 9. 

VAN RIET, E., HARTGERS, F. C. & YAZDANBAKHSH, M. (2007) Chronic 

helminth infections induce immunomodulation: consequences and mechanisms. 

Immunobiology, 212, 475-90. 

VILLADANGOS, J. A. & HEATH, W. R. (2005) Life cycle, migration and antigen 

presenting functions of spleen and lymph node dendritic cells: limitations of the 

Langerhans cells paradigm. Semin Immunol, 17, 262-72. 

VILLADANGOS, J. A. & SCHNORRER, P. (2007) Intrinsic and cooperative antigen-

presenting functions of dendritic-cell subsets in vivo. Nat Rev Immunol, 7, 543-55. 

WAIBLER, Z., KALINKE, U., WILL, J., JUAN, M. H., PFEILSCHIFTER, J. M. & 

RADEKE, H. H. (2007) TLR-ligand stimulated interleukin-23 subunit expression and 

assembly is regulated differentially in murine plasmacytoid and myeloid dendritic cells. 

Mol Immunol, 44, 1483-9. 

WEDEMEYER, J., TSAI, M. & GALLI, S. J. (2000) Roles of mast cells and basophils 

in innate and acquired immunity. Curr Opin Immunol, 12, 624-31. 



   160 

WEINSTOCK, J. V. & ELLIOTT, D. E. (2009) Helminths and the IBD hygiene 

hypothesis. Inflamm Bowel Dis, 15, 128-33. 

WEST, A. P., KOBLANSKY, A. A. & GHOSH, S. (2006) Recognition and signaling 

by toll-like receptors. Annu Rev Cell Dev Biol, 22, 409-37. 

WEST, M. A., WALLIN, R. P., MATTHEWS, S. P., SVENSSON, H. G., ZARU, R., 

LJUNGGREN, H. G., PRESCOTT, A. R. & WATTS, C. (2004) Enhanced dendritic 

cell antigen capture via toll-like receptor-induced actin remodeling. Science, 305, 1153-

7. 

WHELAN, M., HARNETT, M. M., HOUSTON, K. M., PATEL, V., HARNETT, W. & 

RIGLEY, K. P. (2000) A filarial nematode-secreted product signals dendritic cells to 

acquire a phenotype that drives development of Th2 cells. J Immunol, 164, 6453-60. 

WHO (1995) Control of foodborne trematode infections. Report of a WHO Study 

Group. World Health Organ Tech Rep Ser, 849, 1-157. 

WOLDAY, D., MAYAAN, S., MARIAM, Z. G., BERHE, N., SEBOXA, T., 

BRITTON, S., GALAI, N., LANDAY, A. & BENTWICH, Z. (2002) Treatment of 

intestinal worms is associated with decreased HIV plasma viral load. J Acquir Immune 

Defic Syndr, 31, 56-62. 

WOSSENE, A., TSUJI, N., KASUGA-AOKI, H., MIYOSHI, T., ISOBE, T., 

ARAKAWA, T., MATSUMOTO, Y. & YOSHIHARA, S. (2002) Lung-stage protein 

profile and antigenic relationship between Ascaris lumbricoides and Ascaris suum. J 

Parasitol, 88, 826-8. 



   161 

WU, L. & LIU, Y. J. (2007) Development of dendritic-cell lineages. Immunity, 26, 741-

50. 

YASUDA, K., RICHEZ, C., MACIASZEK, J. W., AGRAWAL, N., AKIRA, S., 

MARSHAK-ROTHSTEIN, A. & RIFKIN, I. R. (2007) Murine dendritic cell type I IFN 

production induced by human IgG-RNA immune complexes is IFN regulatory factor 

(IRF)5 and IRF7 dependent and is required for IL-6 production. J Immunol, 178, 6876-

85. 

YAZDANBAKHSH, M., KREMSNER, P. G. & VAN REE, R. (2002) Allergy, 

parasites, and the hygiene hypothesis. Science, 296, 490-4. 

ZACCONE, P., FEHERVARI, Z., PHILLIPS, J. M., DUNNE, D. W. & COOKE, A. 

(2006) Parasitic worms and inflammatory diseases. Parasite Immunol, 28, 515-23. 

ZHANG, Y. L. & DONG, C. (2005) MAP kinases in immune responses. Cell Mol 

Immunol, 2, 20-7. 

ZHANG, Z., HINRICHS, D. J., LU, H., CHEN, H., ZHONG, W. & KOLLS, J. K. 

(2007) After interleukin-12p40, are interleukin-23 and interleukin-17 the next 

therapeutic targets for inflammatory bowel disease? Int Immunopharmacol, 7, 409-16. 

 

 

 

 

 

 



   162 

Conference presentations:  

1. British Society of Parasitology (BSP) 2009, University of Edinburgh, Edinburgh, 

Scotland (Plenary session). Title: Helminth antigens induce distinct dendritic cell 

phenotype. 

 

2. Innate Immunology Signalling Mechanisms (Feb 2008), Keystone CO, USA (Poster 

session). Title: Fasciola Hepatica tegumental antigens significantly reduce and 

suppress TLR-induced dendritic cell activation. 

 

3. British Society of Parasitology (BSP) 2007, Queens University, Belfast, NI (Plenary 

session). Title: Fasciola Hepatica tegumental antigens suppress DC function 

irrespective of TLR stimulation.  

 

4. Health 4 Life Conference 2007, Dublin City University, Dublin, Ireland (Plenary 

session). Title: Worming our way to a cure for asthma.  

 

 

 

 

 

 

 

 

 

 

 



   163 

Publications: 

1. DOWLING, D., HAMILTON, C. M. & O'NEILL, S. M. (2008) A comparative 

analysis of cytokine responses, cell surface marker expression and MAPKs in DCs 

matured with LPS compared with a panel of TLR ligands. Cytokine. 

 

2. HAMILTON, C. M., DOWLING, D. J., LOSCHER, C. E., MORPHEW, R. M., 

BROPHY, P. M. & O'NEILL, S. M. (2009) Fasciola hepatica tegumental antigen 

suppresses dendritic cell maturation and function. Infect Immun. 

 

3. DOWLING, D. J., HAMILTON, C. M., DONNELLY, S. M., LACOURSE, E. J., 

BROPHY, P. M., DALTON, J. P. & O'NEILL, S. M. (2009) Major secretory 

antigens of the helminth Fasciola hepatica activate a suppressive dendritic cell 

phenotype that suppresses Th17 cells but fails to activate Th2/Treg immune 

responses. Submitted for review. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


