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ABSTRACT 
 
Parasitic helminth infections are a significant problem worldwide. Some helminth 

species are becoming resistant to current therapies and new forms of treatment and/or 

vaccines are required. Nippostrongylus brasiliensis is a tissue-invasive parasitic 

helminth that infects rodents, and the lifecycle of this parasite is similar to that of the 

human hookworms. The aims of this study were to investigate primary and secondary 

immune responses to N. brasiliensis, focusing on the pre-lung phase of infection. The 

roles of cytokines, chemokines, signalling pathways and leukocytes such as eosinophils 

were investigated in the skin, lungs and small intestine. The roles of eosinophils were 

also investigated in primary infections with the intestinal nematode Heligmosomoides 

bakeri. 

 

Interleukin (IL)-5 is important for eosinophil development and maturation and for 

protection during some helminth infections. Over-expression of IL-5 provides potent 

protection in primary infections with N. brasiliensis in the pre-lung phase of infections. 

Although mice deficient in IL-5 or eosinophils might therefore be predicted to be more 

susceptible to N. brasiliensis, IL-5-deficient (IL-5-/-) and eosinophil-deficient 

(dblGATA) mice showed similar infection patterns as wildtype (WT) mice during 

primary N. brasiliensis infections. Intestinal worm and/or egg numbers however were 

elevated in mice with defective eosinophilopoiesis compared with WT animals. In 

secondary infections, despite skin inflammatory responses (4 hours p.i.) being similar in 

WT, IL-5-/- and dblGATA animals, at day 2 p.i., lung larval burdens in the two latter 

hosts were significantly higher than in the resistant WT controls. However, parasites 

were expelled from intestines of all mice by day 7 of secondary infections. These data 

suggest that in the pre-gut phase of secondary infection, IL-5 and eosinophils play an 

important role in resistance to N. brasiliensis. Despite this, eosinophils do not appear to 

be essential for protection mediated within the gut during secondary infections, even 

though IL-5 and eosinophils do appear to confer some protection in the gut during 

primary infections. 

 

Complement is required for the recruitment of eosinophils into the skin in the first 150 

minutes of primary infection with N. brasiliensis (Giacomin et al., 2008a), however 

other chemotactic factors appear to be involved after this time. Although eotaxin is 
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chemotactic for eosinophils in some tissues, the importance of eotaxin and signalling 

pathways involved in expression of this chemokine has not been previously 

characterized in N. brasiliensis infections. Signal transducer and activator of 

transcription (STAT)6 is a key transcription factor in the IL-4/IL-13 signalling pathway 

and these cytokines can induce expression of eotaxin in some tissues. Expulsion of N. 

brasiliensis adult worms during primary infections is profoundly impaired in STAT6-

deficient (STAT6-/-) mice. IL-5 Tg mice are highly resistant to primary infections with 

N. brasiliensis and in the current study, it was shown that ablation of eotaxin-1 or 

STAT6 in IL-5 Tg mice did not impair the strong innate resistance typically seen in the 

pre-lung phase of N. brasiliensis infections. While recruitment of eosinophils to the skin 

(4 hours p.i.) was reduced in these mice compared with IL-5 transgenic (Tg) mice, 

protective capacity was preserved in both primary and secondary infections. Further, 

eotaxin-1-/- single mutant mice were strongly resistant to secondary N. brasiliensis 

infections, with few larvae migrating to the lungs on day 2 p.i. In contrast, STAT6-/-, IL-

13-/-, IL-4R-/- and IL-13-/-/IL-4R-/--double deficient mice had significantly higher 

secondary lung larval burdens than WT mice and parasite egg production was prolonged 

in all of these strains. These data suggest a role for this signalling pathway in protection 

during the early stages of secondary infections with this parasite. In both primary and 

secondary infections, eosinophils were recruited to the skin in all gene knock out strains 

in comparable numbers to those seen in WT mice, and this suggests that alternative 

eosinophil recruitment pathways may compensate for the absence of these factors. 

Adding to the extensive work on the intestinal phase of N. brasiliensis, this work clearly 

indicates for the first time that early pre-lung events are crucial in determining the 

outcome of infection, and should be the focus of future studies with N. brasiliensis. In 

contrast, when STAT6- and eotaxin-1-deficient mice were infected with another 

intestinal nematode, H. bakeri, the mutant strains were as susceptible as WT mice, with 

parasite eggs present in similar numbers on all days examined. Resistance mechanisms 

that operate in the intestine during N. brasiliensis infections do not therefore appear to 

extend to a parasite that can infect naïve hosts for many months. 

 

The FVB/N mouse strain was introduced into this study whilst exploring the potential 

roles of eosinophils in the intestinal phase of N. brasiliensis infections. The impact of 

intestine-specific expression of transgenes encoding IL-5 and eotaxin-1 were examined 

and although both lines of Tg mice were highly resistant to N. brasiliensis, naïve WT 
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FVB/N mice also showed very potent innate resistance. Very few worms were observed 

in the small intestine of WT FVB/N animals on day 7 p.i., whereas skin larval and 

leukocyte numbers (4 hours p.i.) and lung larval burdens (day 2 p.i.) were similar in WT 

FVB/N and WT CBA/Ca mice. Interestingly, lung larvae recovered from WT FVB/N 

animals were significantly smaller in size (days 1-2 p.i.) and less motile than lung larvae 

recovered from WT CBA/Ca mice. Further, there were significantly fewer eggs (day 6 

p.i.) and worms (day 7 p.i.) in the former. However, WT FVB/N mice were no more 

resistant to infections with H. bakeri than WT CBA/Ca mice, with parasite eggs 

detected in comparable numbers until day 116 p.i. Resistance mechanisms operating 

against N. brasiliensis in WT FVB/N mice would not therefore appear to extend to H. 

bakeri infections. 

 

Eosinophils can provide potent protection in some helminth infections and this study 

builds on our previous work and that of other groups. We have now shown that early 

pre-lung events may be critical in determining host resistance against N. brasiliensis. In 

secondary N. brasiliensis infections, cytokine signalling pathways that protect against 

adult worms in the late intestinal phase of infection also play a role in resistance during 

the early pre-lung phase, when the parasite is still at the larval stage. Eosinophils are 

also of importance for protection against this parasite, and future studies should focus 

on the early events to further characterize resistance mechanisms. This information may 

prove useful for the development of successful vaccines against hookworms and other 

nematodes. 
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1.1 HELMINTH INFECTIONS: THE GLOBAL PICTURE 

Helminths infect billions of people and animals worldwide (WHO, 1999). While 

infections do not often result in mortality, morbidity associated with helminthic 

infections can be severe, particularly in childhood and can include developmental 

retardation and impaired cognitive function (Cooper et al., 1992; Nokes et al., 1992). 

Agricultural loss associated with infection of livestock is also a major problem in many 

countries. Parasitic helminths can reside in numerous different tissues of the host 

including the lungs, liver and gastrointestinal tract. Infections with some species may be 

short, with the host expelling parasites quickly, but other species can reside in the host 

for months or years, causing significant health problems. Helminth infections are a 

particular problem in developing countries where medical treatment, nutrition and living 

conditions may be poor (MacDonald et al., 2002), but infections can also be a problem 

in developed countries. 

 

Helminths may require more than one host for successful reproduction and/or often 

have a free-living phase prior to infection of one or more host species. Further, upon 

initial invasion, many species migrate through tissues to a preferred location to then 

undergo developmental changes and maturation. Most worms do not multiply within the 

host, but mate and produce eggs that are released into the environment. Helminthic 

parasites are often successful in colonizing their host because they possess strategies 

that allow them to evade the host immune response. It is through these mechanisms that 

parasites are able to cause significant morbidity and in some instances, result in death of 

the host. Condsiderable tissue damage, caused by the parasites themselves and/or the 

immune response, is often the cause of morbidity in the host. Understanding the host-

parasite interactions and the immune responses directed against helminths is of vital 

importance for the control, treatment and prevention of such infections. 

 

1.2 IMMUNITY TO HELMINTHIC PARASITES 

1.2.1 An overview of the immune response to helminths 

Despite parasitic helminths being complex organisms, residing in different locations of 

the host and causing varied pathological symptoms, there are some similar features in 
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the immune response generated against them. A Type 2 or T-helper 2 (Th2) cytokine 

response is often seen (Mosmann and Coffman, 1989), with lymphocytes producing a 

predominant cytokine profile that may include interleukin (IL)-4, IL-5, IL-9, IL-10 and 

IL-13 (MacDonald et al., 2002) and as a consequence, immunoglobulin (Ig)E (Turner et 

al., 1979). A number of effector cells are also often activated and recruited to the site of 

infection, and these include macrophages, neutrophils, eosinophils, mast cells and 

basophils (described in more detail in Section 1.3). While this type of immune response 

may be rapidly activated as a conseqence of a helminthic infection, it may not be very 

effective at killing or eliminating the parasite and in many cases may contribute to the 

pathology. One or more of the Type 2 cytokines may be selectively up-regulated, 

however some appear to be particularly important for host protection and/or elimination 

of parasites. This has been clearly demonstrated in a number of experimental models. 

For example, IL-4 is important for host protection against the murine helminthic 

parasites Trichuris muris and Heligmosomoides bakeri (formerly known as 

Heligmosomoides polygyrus (Cable et al., 2006)). In T. muris infections, the blocking of 

IL-4 results in development of a non-protective Th1 response with elevated IgG2a 

levels, and the normally protective IgE and mastocytosis are reduced, resulting in 

susceptibility to infection (Else et al., 1994). In H. bakeri infections, anti-IL-4 

antibodies block the protective polyclonal IgE response (Urban et al., 1991). Despite 

IL-4 being protective in some helminth infections, it is not essential for elimination of 

other species, including Nippostrongylus brasiliensis (Lawrence et al., 1996; Urban et 

al., 1998) (previously known as Nippostrongylus muris). IL-5, another of the Th2 

cytokines is involved in eosinophil development, differentiation and survival 

(Sanderson, 1988; Yamaguchi et al., 1988a; Yamaguchi et al., 1988b; Coffman, 1989; 

Dent et al., 1990), and may also be important for host protection against a number of 

helminths (Korenaga et al., 1991; Sasaki et al., 1993; Sugaya et al., 1997; Dent et al., 

1997b; Galioto et al., 2006). The importance of IL-5 and eosinophils in helminth 

infections will be discussed in more detail in Section 1.3.5. 

 

1.2.2 Expulsion of gastrointestinal helminths 

Helminths often reside in different tissues of the host whilst proceeding through their 

lifecycle. Many parasitic nematodes reside in the gastrointestinal tract, where larvae 
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mature to adult worms, mate and produce eggs. Host responses to this phase of the 

infection vary, but elimination of the parasite can include production of Type 2 

cytokines such as IL-4 and IL-13 and the downstream consequences of this, including 

increased mucus production, gastric motility and secretion of anti-microbial products 

(Finkelman et al., 1997). Depending on the species of worm and the mechanisms that 

ultimately lead to parasite expulsion, IL-4 or IL-13 may be more essential for successful 

elimination of the parasite from the host (Urban et al., 1991; Else et al., 1994; Lawrence 

et al., 1996; Urban et al., 1998; Finkelman et al., 2004). In addition, other cytokines 

such as IL-9 and IL-25 have also been shown to contribute to the elimination of some 

helminths (Vallance et al., 2000; Khan et al., 2003; Fallon et al., 2006). 

 

1.2.2.1 The IL-4, IL-13, STAT6 signalling pathway 

The effects of IL-4 and IL-13 are induced through a signalling pathway involving signal 

transducing and activator of transcription (STAT)6 and this is the only member of the 

STAT family of proteins that is required. A number of studies have shown that STAT6 

is a crucial intracellular signalling molecule for these cytokines (reviewed in Hershey, 

2003). Currently there are three main receptors known to bind IL-4 and/or IL-13. The 

type I receptor binds IL-4 and consists of the IL-4Rα and the common γ (γc) chain 

(Nelms et al., 1999). It is thought that the IL-4Rα first binds to IL-4 with high affinity 

(Galizzi et al., 1990) and then dimerizes with the γc chain (Mueller et al., 2002). The 

long cytoplasmic region of IL-4Rα contains five tyrosine residues that are implicated in 

signal transduction and are conserved across species. The type II receptor is able to bind 

to and transmit signals from both IL-4 and IL-13. This receptor is composed of the IL-

4Rα and the IL-13Rα1 chains. Both receptor chains appear to contribute to signal 

transduction (Hershey, 2003). The third and least well-characterized member of the IL-

4/IL-13 receptor family is the second IL-13 receptor, which consists of the IL-13R2 

chain and is able to bind IL-13 with high affinity but has no intracellular domain and 

does not appear to trigger cellular responses (Donaldson et al., 1998). It has been 

proposed that the IL-13Rα2 acts as a decoy receptor (Hershey, 2003). Binding of the 

type I or II receptors by IL-4 or IL-13 leads to the phosphorylation and then activation 

of several Janus kinases (Jaks), which are attached to the cytoplasmic tails of the 

receptors in the unstimulated cell. The Jaks then phosphorylate three tyrosine residues 
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on IL-4Rα, which provide docking sites for STAT6. Once STAT6 has bound to the 

receptor, STAT6 itself becomes phosphorylated by Jaks. This leads to dimerization and 

translocation into the nucleus, where the active STAT6 dimers bind to DNA and modify 

transcriptional activity (Kaplan et al., 1996). A diagram of the STAT6 signalling 

pathway is depicted in Figure 1. 

 

Intracellular signalling through STAT6 is required for expulsion of some parasitic 

nematodes from the gut, including N. brasiliensis and Trichinella spiralis (Urban et al., 

1998; Urban et al., 2000), but the mechanisms that lead to expulsion are different. 

Studies in mice infected with N. brasiliensis have demonstrated that expulsion of adult 

worms from the gastrointestinal tract is dependent on the secretion of IL-13 and IL-4, as 

well as signalling through the IL-4R and STAT6 (Lawrence et al., 1996; McKenzie et 

al., 1998; Urban et al., 1998). Goblet cell hyperplasia and mucus production in the 

gastrointestinal tract are two physiological responses regulated via this pathway that 

may contribute to an environment hostile to parasites and possibly to worm expulsion. 

Further, IL-4R expression on non-bone marrow-derived cells, but not on bone 

marrow-derived cells, is required for successful expulsion of N. brasiliensis (Urban et 

al., 2001). In mice with ablation of one or more of IL-4/-5/-9/-13 genes (knock out or 

KO mice), deletion of IL-5 and IL-9, together with IL-4, were shown to further impair 

expulsion of N. brasiliensis (Fallon et al., 2002). While expulsion of N. brasiliensis is 

slightly delayed in IL-4 deficient mice, worm numbers and egg production are similar to 

those seen in wildtype (WT) mice (Lawrence et al., 1996). Lawrence and colleagues 

also showed that there does not appear to be a significant rise in worm fecundity in the 

absence of IL-4, suggesting that IL-4 alone is not essential for host protection in the 

intestine in this model. The survival of a tissue-dwelling nematode, Brugia malayi, is 

also unaffected in IL-4-deficient mice despite a down regulation of Th2 responses in 

these animals (Lawrence et al., 1995). 



 

 

 
Figure 1 The IL-4/IL-13/STAT6 signalling pathway (adapted from Hershey, 2003) 
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Expulsion of T. spiralis from the intestine is dependent on mast cell responses and 

cytokine production induced by IL-4/IL-13 activation of STAT6, leading to intestinal 

mastocytosis (Urban et al., 2000). In STAT6-deficient mice, an absence of STAT6-

dependent smooth muscle hypercontractility (Khan et al., 2001), as well as mast cells, 

goblet cells and Th2 cytokines were associated with delayed expulsion of T. spiralis 

(reviewed in Knight et al., 2008). Expulsion of another intestinal nematode, T. muris, is 

also dependent on IL-4 and IL-13 (Bancroft et al., 1998), as well as IL-9 (Khan et al., 

2003) and an absence of these factors results in diminished Th2 responses and colonic 

muscle hypercontractility and persistance of worms. Treatment of infected mice with 

exogenous IL-4 has been shown to decrease H. bakeri egg production and induce 

expulsion of adult worms (Urban et al., 1995). Although IL-4 production may limit the 

severity of primary H. bakeri infections (Finkelman et al., 1989), long-term 

colonization of the gut by adult worms is achieved in many strains of mice. Secondary 

infections with H. bakeri result in reduced worm burdens relative to those seen in 

primary infections and rapid IL-4 production and an increase in IL-13 have been linked 

to protective immunity during re-infection (Urban et al., 1991). While IL-4 is protective 

during H. bakeri infections, investigation of other cytokines and cells may also prove 

beneficial in understanding resistance to this parasite since mechanisms operating in the 

intestine during infections are likely to be complex (see Section 1.3). 

 

Despite extensive work on the roles of IL-4, IL-13 and STAT6 in the intestinal phase of 

many helminth infections, the functions of these cytokines and signalling pathways 

during earlier stages of infections with tissue-dwelling nematodes have not been well 

characterized. For example, the importance of this signalling pathway in early pre-gut 

responses during N. brasiliensis infections has not previously been reported. This early 

stage may be more critical for vaccine development, since larvae are likely to be more 

susceptible soon after entry into the host. Further, the importance of this signalling 

pathway during secondary N. brasiliensis infections has not been particularly well 

examined. Many larvae may be trapped and damaged or killed before reaching the gut 

in animals sensitized by prior infection. This pathway may be important for the 
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recruitment of protective cells such as eosinophils and other effector cells to the skin 

and other tissues through which larvae might pass. 

 

1.3 IMMUNE CELLS AND KILLING OF HELMINTHS 

Since helminths are large organisms, they cannot readily be taken up and removed by 

cells of the immune system. However, some cells that are recruited to sites of infection 

possess mechanisms that allow them to attach to and immobilise or kill larvae, 

preventing migration through the host. Larvae that are killed may eventually be 

removed by phagocytic cells. Other cells that are typically recruited in the initial 

response to helminth infections include neutrophils, macrophages, mast cells, basophils 

and eosinophils and these leukocytes all possess mechanisms for attacking helminthic 

parasites. 

 

1.3.1 Neutrophils 

Neutrophils are polymorphonuclear granulocytes capable of engulfing single-cell micro-

organisms through the process of phagocytosis. Neutrophils are rapidly recruited to 

infected tissue by factors such as IL-8, complement factors C3a and C5a, platelet-

activating factor (PAF), prostaglandins, leukotriene (LT) B4 and N-formyl methionyl-

leucyl-phenylalanine (Jagels and Hugli, 1992). Neutrophils are often one of the first 

cells recruited to the site of an infection and are very effective at killing bacteria 

(reviewed in Kobayashi et al., 2005), but the role they play in protection against 

parasitic helminths is not well understood. It is thought that neutrophils generally work 

with other cell types, namely eosinophils and macrophages, to cause damage to tissue-

dwelling helminths (reviewed by Butterworth, 1984). For example, in the lungs of 

Schistosoma mansoni infected mice, neutrophils and mononuclear cells are seen around 

schistosomula in the first hour after injection into the lungs and this response is 

followed by an eosinophil-rich infiltrate (Olveda et al., 1981). In vitro, neutrophils have 

been shown to kill the larval stages of Strongyloides stercoralis (de Messias et al., 

1994) and in vivo, these cells are rapidly recruited to the skin following parasite entry 
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and appear to cause damage to the larvae. However, eosinophils are also required for 

optimal killing of this parasite (Ligas et al., 2003; Galioto et al., 2006). Further, while 

both neutrophils and eosinophils are involved in the innate immune response, only the 

latter are necessary for the protective adaptive immune response to S. stercoralis larvae 

(Galioto et al., 2006). Neutrophils are recruited within the first hour of injection of N. 

brasiliensis larvae into the skin of mice (Daly et al., 1999; Giacomin et al., 2008), but 

are largely incapable of preventing larval migration (Daly et al., 1999). A role for 

neutrophils in resistance against H. bakeri has been suggested (Pentilla et al., 1985). It 

would appear therefore that neutrophils, while often recruited in high numbers, are only 

effective against some helminth species and perhaps only in some tissues or against 

particular larval stages. 

 

1.3.2 Macrophages 

Macrophages are typically seen in infections caused by bacteria and viruses. 

Macrophages are phagocytic, engulf and remove foreign organisms and can also act as 

antigen presenting cells. These leukocytes, known as classically activated macrophages 

(CAM), are induced by the Type 1 cytokine interferon gamma (IFN-) and can destroy 

micro-organisms through a number of mechanisms including the inducible nitric oxide 

synthase pathway (Mantovani et al., 2005). Macrophages can also be involved in 

formation of granulomas around foreign organisms including parasites, clearance of 

dead parasites from tissues and removal of apoptotic and necrotic cells. Macrophages 

are also activated during typical Th2 responses to tissue-invasive helminth infections 

(Rodriguez-Sosa et al., 2002; Gupta et al., 2004; Herbert et al., 2004; Mantovani et al., 

2005; Anthony et al., 2006; Reece et al., 2006; Taylor et al., 2006) and these have a 

different phenotype to CAM. Alternatively activated macrophages (AAM) are induced 

by IL-4, IL-13, IL-10 and IL-21 (Anderson and Mosser, 2002; Gordon, 2003; Mosser, 

2003; Mantovani et al., 2005; Pesce et al., 2006) and these cells can be identified by 

high levels of expression of arginase-1, IL-4Rα, the mannose receptor CD206 and an 

absence of inducible nitric oxide synthase (Hesse et al., 2001; Anthony et al., 2006). 
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AAM have been shown to be involved in regulation of the immune response, wound 

healing and resistance to parasite invasion and play various roles in a number of 

nematode, trematode and cestode infections. AAM have been variously associated with 

anti-inflammatory activity at the site of infection with B. malayi (Loke et al., 2000) and 

Taenia crassiceps (Raes et al., 2005; Terrazas et al., 2005), pathology in tissues infected 

with N. brasiliensis (Reece et al., 2006) and a host protective response against the 

tissue-dwelling stage of infections with H. bakeri (Anthony et al., 2006; Reyes and 

Terrazas, 2007). Protective immunity against H. bakeri was blocked when hosts were 

depleted of macrophages or arginase-1 function was inhibited (Anthony et al., 2006). In 

these infections, CD4+ T cells and IL-4 are required for both alternative macrophage 

activation and parasite expulsion (Gause et al., 2003) through an arginase-1-dependent 

pathway (Anthony et al., 2007). AAM may also prevent immunopathological damage 

such as that induced by S. mansoni (Herbert et al., 2004), and may also be involved in 

expulsion of worms from the intestine, as in Hymenolepis diminuta infections (Persaud 

et al., 2007). In schistosome infections, macrophages that form granulomas around 

parasite eggs can down-regulate Th1 cells (Flores Villanueva et al., 1994; Herbert et al., 

2004). Similarly, AAM down-regulate the Th1-cell response to filarial parasites through 

an IL-10-independent mechanism mediated partially by transforming growth factor-β 

(Taylor et al., 2006). AAMs might contribute to wound healing by clearing matrix and 

cell debris and by releasing cytokines, growth factors and angiogenic factors that 

promote fibroplasia and angiogenesis (Martin et al., 2005). Some genes expressed by 

AAM are associated with wound healing (Gratchev et al., 2001; Sakthianandeswaren et 

al., 2005), including resistin-like molecules and extracellular matrix proteins (Gratchev 

et al., 2001). 

 

1.3.3 Mast cells 

Mast cells are generated in the bone marrow from CD34+ haematopoietic precursor 

cells (Costa et al., 1997). These cells undergo final maturation in tissues where they can 

proliferate and persist during infections, including with intestinal helminths. Mast cells 

were first identified as pro-inflammatory cells in infections and allergic disorders (Galli 

et al., 2005) but more recently, evidence also suggests anti-inflammatory or immuno-
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modulatory functions (Galli et al., 2008; Kalesnikoff and Galli, 2008). Increased 

numbers of mucosal mast cells are also often observed in helminth-infected tissues and 

this is due to Th2 cytokine production. IL-4 dependent mucosal mastocytosis has been 

associated with resistance to H. bakeri (Behnke et al., 2003). However, the importance 

of mast cells during these infections is not well understood as mice lacking this cell 

population are able to successfully clear H. bakeri worms (Anthony et al., 2007). Mice 

that are deficient in mouse mast cell protease (mMCP)-1 are unable to expel T. spiralis 

(Anthony et al., 2007), whereas mMCP-1 does not appear to play a crucial role in host 

resistance to N. brasiliensis (Knight et al., 2000). The role that mast cells play in 

helminth infections varies and the mechanisms are not particularly well understood. It 

has been proposed that the variation may be due to the sites that helminths reside in, 

particularly those that spend at least part of their life in the gastrointestinal tract (Knight 

et al., 2000). T. spiralis for example locates to intestinal tissue before exiting to the 

blood stream through the intestinal wall, whereas H. bakeri and N. brasiliensis adult 

worms reside in the intestinal lumen. While mast cells might contribute to expulsion 

from the gut, they do not appear to be essential for clearance of all intestinal helminths. 

Further investigations are required to understand how mast cells might contribute to 

protection against parasitic helminths. 

 

1.3.4 Basophils 

Basophils also develop in the bone marrow from CD34+ haematopoietic precursor cells 

(Costa et al., 1997). Basophils have relatively short lifespans and must therefore be 

frequently replenished from the bone marrow (Wedemeyer et al., 2000). Basophils are 

not generally found in healthy tissues but can rapidly infiltrate during inflammation and 

are thought to play a role in allergic diseases such as asthma (Costa et al., 1997), via the 

release of histamine and other mediators upon cross-linking of IgE bound to high-

affinity IgE receptors. It has been shown that cross-linking of IgE on basophils also 

leads to the production and release of large quantities of IL-4 and IL-13 (Gibbs et al., 

1996). Basophils increase in number in the blood and tissues following some helminth 

infections. During N. brasiliensis infections, IL-4-producing basophils have been 

detected in the lungs, liver and spleen (Min et al., 2004). Basophils might therefore be a 
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major source of IL-4 during the early stages of the Th2-cell response and may be 

important for host protection during intestinal helminth infections (Anthony et al., 

2007). 

 

1.3.5 Eosinophils 

Eosinophils are often recruited to tissues in large numbers during parasitic helminth 

infections, asthma and allergy. Numbers of these cells are typically low under normal 

conditions, but blood and tissue eosinophilia can be extensive during infections with 

tissue-invasive helminths. Eosinophils may be seen surrounding parasite larvae in 

tissues, and are recruited into the intestinal mucosa during infections with helminths that 

reside in the gut. These cells have anti-parasitic activity and as such, have been a long-

standing interest of our laboratory and were the initial focus of this study. 

 

1.3.5.1 Eosinophil structure, development, differentiation and survival 

Eosinophils are short-lived, non-dividing effector cells, and like basophils and mast 

cells, are generated from CD34+ myeloid precursors in the bone marrow (Warren and 

Moore, 1988; Rosenberg, 1999). Mature eosinophils generally comprise only 1 to 5 

percent of peripheral blood leukocytes in non-allergic animals free of parasitic 

helminths. Eosinophils typically localize to the mucosa of the gastrointestinal, 

respiratory and lower genitourinary tracts (Weller, 1991) and to the uterus (Sferruzzi-

Perri et al., 2003). Eosinophil differentiation and maturation are controlled by growth or 

colony-stimulating factors derived from T-lymphocytes and mesenchymal cells in the 

bone marrow (Kroegel et al., 1994). Early in vitro studies suggested that the preliminary 

stages of eosinophil differentiation from precursors appeared to be primarily controlled 

by the cytokines granulocyte-macrophage colony-stimulating factor (GM-CSF) and IL-

3 (Warren and Moore, 1988), with IL-5 being critical for terminal differentiation and 

maturation (Lopez et al., 1986; Yamaguchi et al., 1988a; Yamaguchi et al., 1988b) and 

as an eosinophil survival factor (Yamaguchi et al., 1988b). However in vivo, IL-5 

appears to be largely responsible for eosinophilopoeisis (Dent et al., 1990; Vaux et al., 

1990; Yamaguchi et al., 1990; Foster et al., 1996). 
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The nucleus of these cells is usually polymorphonuclear and the cytoplasm contain 

membrane-bound granules, containing a core comprised of major basic protein (MBP), 

which may be toxic for several helminth species (Ackerman et al., 1985; Hamann et al., 

1987; Hamann et al., 1990). In human eosinophils, eosinophil cationic protein (ECP), 

eosinophil-derived neurotoxin (EDN) and eosinophil peroxidase (EPO) make up the 

matrix of the granules (Hamann et al., 1991). Human ECP and EDN have ribonuclease 

activity and are also cytotoxic to helminths (Ackerman et al., 1985; Hamann et al., 

1987; Hamann et al., 1990). EPO catalyses production of a range of reactive oxygen 

species that may be cytotoxic for helminths and also induces mast cell degranulation 

(Kita, 1998). Eosinophils are also capable of producing cytokines such as IL-2, IL-4, 

IL-5, IL-6, IL-10, IL-12 (Kita, 1996; Lacy and Moqbel, 2000; MacKenzie et al., 2001) 

and chemokines including regulated on activation, normal T cell expressed and secreted 

(RANTES) and eotaxin-1 (Rothenberg and Hogan, 2006). 

 

1.3.5.2 Eosinophil migration and recruitment 

Eosinophils migrate into tissues through the vascular endothelium and this process 

begins with rolling and adhesion to the vessel wall. Endothelial cells express receptors 

important for extravasation, including E-selectin and P-selectin, which can both be 

upregulated by IL-1 and TNF-α (Carlos and Harlan, 1994). These cells also express 

intercellular adhesion molecule (ICAM)-1, and vascular cell adhesion molecule 

(VCAM)-1 (Broide and Sriramarao, 2001). Eosinophils express L-selectin, P-selectin, 

glycoprotein ligand-1, and integrins, which are involved in leukocyte rolling along the 

endothelium (Broide and Sriramarao, 2001). Reversible adhesion between the selectins 

and their ligands causes eosinophils to move slowly along the vascular endothelium, 

facilitating more firm adherance mediated by integrins. Rolling is also believed to 

activate the integrin receptors on eosinophils and other leukocytes, which results in 

high-affinity binding (Carlos and Harlan, 1994). The way in which eosinophils bind to 

the endothelium depends on the activation state of the cell. The molecules involved in 

firm adhesion of eosinophils to the endothelial cells are CD11b/CD18 and VLA-4 on 
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the eosinophils, and ICAM-1 and VCAM-1 on the endothelial cells. Under normal 

conditions, eosinophils generally bind to endothelial VCAM-1 via VLA-4 or through β2 

integrins (Matsumoto et al., 1997; Bochner and Schleimer, 2001). IL-5 and GM-CSF 

activate eosinophils and ICAM-1-dependent transendothelial migration (Ebisawa et al., 

1994). Similarly, stimulation of the CCR3 receptor on eosinophils also increases ICAM-

1 binding (Tachimoto et al., 2000). Following adhesion, eosinophils migrate through the 

endothelium and into the underlying tissue. 

 

Eosinophils can be recruited into tissues by a number of eosinophil recruitment factors. 

The first to be identified was eotaxin, a chemokine which binds to the eotaxin 

chemokine receptor (CCR)3 on eosinophils and was initially identified in BAL 

washouts of the lungs of ovalbumin-sensitized guinea pigs following aerosol challenge 

(Griffiths-Johnson et al., 1993; Jose et al., 1994). Following intra-dermal injection of 

eotaxin, eosinophils are also recruited to the skin in significant numbers. Neutrophil 

accumulation is unaltered in this model, suggesting that eotaxin is primarily chemotactic 

for eosinophils (Jose et al., 1994). 

 

Eotaxin-1 (Jose et al., 1994), -2 (Forssmann et al., 1997) and -3 (Kitaura et al., 1999) 

represent three somewhat dissimilar chemokines in humans. In mice, only eotaxin-1 

(Rothenberg et al., 1995 a) and -2 (Zimmermann et al., 2000) have so far been 

identified. Murine eotaxin-1 is constitutively expressed in the thymus and lung and 

throughout the length of the gastrointestinal tract including the oesophagus, stomach, 

and small intestine (Matthews et al., 1998; Zimmermann et al., 2000). In contrast, 

murine eotaxin-2 is primarily expressed in the jejunum and spleen and is only distantly 

related to eotaxin-1, having only 30% sequence homology (Zimmermann et al., 2000). 

 

Studies which have shown the importance of eotaxin in eosinophil recruitment in mice 

have used animals which are genetically deficient in eotaxin. Eotaxin-1 deficient 

(eotaxin-1-/-) mice (Mishra et al., 1999) produce IL-5 normally, and are therefore 

capable of developing blood eosinophilia, but do not develop tissue eosinophilia. Mice 
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deficient in eotaxin-1 as well as mice treated with an eotaxin-1-neutralizing monoclonal 

antibody show retarded recruitment of eosinophils in the lungs after induction of allergy 

(Gonzalo et al., 1998; Matthews et al., 1998; Rothenberg et al., 1997). Eotaxin-2 has 

been shown to work in conjunction with IL-5 to induce eosinophil accumulation, IL-13 

production, and airways hyper-reactivity in the lungs of allergic mice (Yang et al., 

2003). However, eotaxin-2 alone did not induce features of allergic disease. While 

eotaxins are obviously important and relatively specific for eosinophil recruitment to 

tissues, other chemokines may also induce eosinophil chemotaxis when eotaxin is not 

available and it would seem therefore that eotaxin is not necessarily essential in this 

process (Gonzalo et al., 1998; Broide and Sriramarao, 2001). 

 

Eosinophils localise within the lamina propria of the whole length of the gastrointestinal 

tract except the esophagus (Mishra et al., 1999). Under inflammatory conditions, it is 

thought that intestinal epithelial cells may secrete eotaxin-1 to promote the recruitment 

of eosinophils to the site (Humbles et al., 2002). While this chemokine is important in 

eosinophil recruitment, it is not necessarily essential for recruitment of these cells to 

mucosal surfaces. The number of eosinophils in the gastrointestinal tract is markedly 

decreased, but not completely absent, in eotaxin-1-deficient mice (Mishra et al., 1999). 

CCR3 deficiency results in decreased numbers of eosinophils in the intestine but not in 

the lung (Humbles et al., 2002). The migration of eosinophils to other tissues such as 

mammary tissues, is also regulated by eotaxin-1 (Gouon-Evans et al., 2000; Rothenberg 

et al., 2001). 

 

In lung allergy models, eotaxin-1 and CCR3 deficiencies cause a decrease in numbers of 

eosinophils in affected tissue, however the presence of some eosinophils was noted 

(Rothenberg et al., 1997; Humbles et al., 2002). In T. spiralis infections, disruption of 

the CCR3 gene results in an almost absolute reduction in jejunal eosinophilia in 

response to the parasite, however eosinophils were still present in significant numbers in 

the caecum of animals, suggesting alternate recruitment mechanisms (Gurish et al., 

2002). In studies using mice deficient in eotaxin-1, gastrointestinal eosinophilia was 

markedly reduced in response to infections with T. spiralis and T. muris (Dixon et al., 
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2006). This suggests that eotaxin is important but not necessarily the only factor 

involved in the recruitment of eosinophils to the gastrointestinal tract during helminth 

infection. However, the importance of eotaxins in the intestine and other tissues during 

infections with other helminth species has not been investigated to date. 

 

Expression of eotaxin by epithelial cells can be induced by IL-4, IL-13 and signalling 

through the STAT6 pathway (Zimmermann et al., 2000; Zimmermann et al., 2003). IL-

4 enhances eosinophil extravasation and recruitment into tissues by inducing expression 

of eotaxin (Moser et al., 1992; Moser et al., 1993; Else et al., 1994). IL-13 has been 

reported to have direct effects on eosinophils, including promoting eosinophil 

activation, recruitment and survival (Luttmann et al., 1996; Horie et al., 1997; Pope et 

al., 2001). IL-13 can also indirectly influence eosinophil recruitment by inducing the 

expression of VCAM-1 on endothelial cells (Bochner et al., 1995), as well as 

stimulating epithelial cells to express eotaxin and other chemokines (Li et al., 1999). 

Tissue eosinophilia primarily appears to be initiated through VCAM-1 and this has been 

demonstrated using mice deficient in STAT6 (Takeda et al., 1996). During allergen 

challenge in these mice, VCAM-1 expression was high but decreased tissue eosinophilia 

was observed. The reduced numbers of tissue eosinophils in STAT6-/- mice was thought 

to be due to decreased expression of the CCR3 receptor on eosinophils, which is 

directly controlled by STAT6 (Matsukura et al., 2001). IL-13 was also shown to 

stimulate eotaxin expression in airway epithelial cells (Matsukura et al., 2001). IL-4 and 

IL-13 appear to play a role in the induction of CCR3 receptor expression on eosinophils 

and T cells. Both of these cytokines appear to be important in the generation of blood 

eosinophilia and the migration of these cells into tissues (Matsukura et al., 2001). IL-4, 

IL-13 and the STAT6 signalling pathway might therefore be important for eotaxin 

expression and subsequent recruitment of eosinophils into parasite-infected tissue and 

for host protection against helminths. The importance of these pathways to eosinophil 

accumulation in the intestine during helminth infection for example has not been 

extensively studied. This may prove very important for understanding the ways in 

which hosts eliminate adult worms from the gut. Further, the importance of these 

cytokines and the STAT6 signalling pathway in earlier stages of helminth infections, 
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such as the skin and lungs, are yet to be determined and may be of greater importance, 

since parasites may be most vulnerable soon after entering the host. 

 

IL-5 may also work with the eotaxins to induce tissue eosinophilia, as IL-5 stimulation 

enhances eosinophil migration towards eotaxin in vitro and in vivo (Collins et al., 1995; 

Mould et al., 2000). IL-5 has been shown to be chemotactic for both unstimulated 

eosinophils and eosinophils isolated from patients with allergic rhinitis (Costa et al., 

2007). IL-5 can increase the number of eotaxin-responsive cells and primes eosinophils 

to respond to CCR3 ligands (Zimmermann et al., 2003). Inflamed mucosal tissue from 

patients with ulcerative colitis contains eotaxin-1-producing cells such as fibroblasts and 

endothelial cells (Jeziorska et al., 2001). IL-4R are present on intestinal epithelial cells 

(Reinecker and Podolsky, 1995) and it has been found that these cells also express IL-

13R chains and respond to both IL-4 and IL-13 to produce eotaxin and induce 

accumulation of eosinophils in the gastrointestinal tract (Blanchard et al., 2005). 

 

1.3.5.3  Eosinophil degranulation 

After activation and migration, eosinophils generally secrete granule proteins through 

piecemeal degranulation, granule exocytosis, compound exocytosis, and necrosis 

(cytolysis). Piecemeal degranulation is the most commonly observed form of 

degranulation in eosinophils, particularly in allergic tissues (Erjefalt et al., 1999). 

During this process, numerous small vesicles appear, and the crystalloid granules lose 

matrix and/or crystalline cores (Dvorak and Weller, 2000). In granule exocytosis, which 

is also referred to as the “classic” form of degranulation, the crystalloid granules fuse 

with the plasma membrane and contents are then released to the outside of the cell 

(Podack and Kupfer, 1991). Compound exocytosis is the process whereby secondary 

granules fuse with other secondary granules to release their contents from the cell 

through a single fusion pore (Lacy et al., 1999). In cytolysis, the integrity of the plasma 

membrane is lost and eosinophils spill their contents into the surrounding tissue. 

Regardless of the mechanism, degranulation can cause considerable damage to foreign 

organisms and potentially also to host tissues. 



 

17 

 

1.3.5.4 The role of complement in eosinophil recruitment and function 

The complement system is activated in response to infection with many pathogens 

during both innate and adaptive immune responses. The activation of complement 

results in the generation of the C3a and C5a proteins and these can act as chemotactic 

factors for leukocytes soon after a parasite has entered the host. C3b and its cleavage 

products are involved in the attachment of leukocytes to the helminth (Gasque, 2004). 

C3a acts on mast cells to increase binding of eosinophils to endothelium but does not 

increase migration of the cells into infected tissues. C5a however increases both 

adhesion and migration of these cells (DiScipio et al., 1999) to enable them to enter 

tissues where helminths are present. 

 

During N. brasiliensis infections of mice, complement may be important for rapid 

eosinophil recruitment to the skin in the initial stage of infection and inhibition of C5aR 

prevents the early recruitment of eosinophils (Giacomin et al., 2008a). Binding of 

complement to L3 is largely dependent on the alternative pathway (Giacomin et al., 

2004; Giacomin et al., 2005). Attachment of eosinophils to N. brasiliensis infective 

larvae soon after entry into the skin is also dependent on complement activated via the 

alternative pathway (Giacomin et al., 2005). However by the lung (L4) stage of a 

primary infection, host-derived C3 is not detectable on larvae immediately after 

isolation. Eosinophils are also not recruited in large numbers to this site and do not 

appear to recognise larvae in this tissue (Giacomin et al., 2005), suggesting that a 

protective role for complement during N. brasiliensis infections is limited to the skin 

stage of infection. In C3 and factor B deficient mice, the intitial recruitment of 

leuckocytes to the skin is impaired, but only a minor impact on larval migration to the 

lungs and gut is observed (Giacomin et al., 2008a). 

 

While complement may be an effective means of inducing the rapid recruitment of 

eosinophils into helminth-infected tissue in the first hour of infection, some parasite 
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species possess mechanisms to avoid complement recognition. In the early stages of 

infection, S. mansoni becomes resistant to serum-dependent killing by acquiring host 

proteins, shedding of the tegument (Santoro et al., 1980; Ramalho-Pinto, 1987), and 

secreting proteins that inhibit complement (Marikovsky et al., 1988; Marikovsky et al., 

1990; Deng et al., 2003). Parasitic nematodes may also change their outer surface to 

inhibit C3 deposition (Meri et al., 2002) and prevent leukocytes attaching to the parasite 

(Abraham et al., 1988; Brattig et al., 1991). While the mechanism is yet to be 

determined, when excretory/secretory proteins from Toxocara canis are injected into the 

skin of IL-5 transgenic (Tg) mice along with N. brasiliensis third-stage larvae (L3), 

larval numbers recovered from the lungs increase compared with eosinophilic IL-5 Tg 

animals given larvae only (Giacomin et al., 2008b). Pre-treatment of mouse serum with 

TES proteins results in leukocytes being less capable of binding to L3 and reduced 

complement C3 deposition on the parasite. These data suggests that proteins from one 

species of helminth may be protective for another species, but the way in which this 

works is still to be investigated. 

 

1.3.6 Eosinophils and disease 

Eosinophils are involved in a number of different diseases and conditions and their roles 

may vary between beneficial responses and counter-productive tissue-damaging effects. 

It is thought that eosinophils may play a protective role against RNA viruses such as 

respiratory syncytial virus and the related rodent pathogen, pneumonia virus of mice 

(Adamko et al., 1999; Rosenberg and Domachowske, 2001). Eosinophil granule 

proteins include abundant ribonucleases that can degrade single-stranded RNA viruses 

(Adamko et al., 1999). Eosinophils can also accumulate in the gastrointestinal tract in 

disorders including IgE-mediated food allergy, eosinophilic gastroenteritis, allergic 

colitis, eosinophilic oesophagitis, inflammatory bowel disease and gastroesophageal 

reflux disease (reviewed in Mueller, 2008; Eigenmann, 2009; Gupte and Draganov, 

2009). In addition, in disorders known collectively as hyper-eosinophilic syndrome, 

patients present with marked eosinophilia with no known cause (reviewed in Kahn et 

al., 2008). 
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The functions of eosinophils in allergy, asthma and parasitic helminthic infections have 

been studied more extensively than in other conditions. Asthma is a chronic lung 

disease which is characterized by airway hyper-responsiveness, airway inflammation 

and reversible airway obstruction. Airway remodelling also occurs as a result of an 

imbalance in tissue regeneration and repair mechanisms (Jeffery et al., 1989; Bousquet 

et al., 2000). In asthmatic patients, increases in eosinophil numbers in tissues, blood 

and/or bone marrow are characteristic of most asthma phenotypes and the number of 

eosinophils present can correlate with disease severity (Douwes et al., 2002). 

Eosinophils may be a central effector cell responsible for ongoing airway inflammation 

and/or tissue remodeling (Hogan et al., 2008). Eosinophils can cause damage to the 

airway mucosa through the release of granule-associated basic proteins which harm 

nerves and epithelial cells. They also release lipid mediators resulting in broncho-

constriction and mucus hyper-secretion, and reactive oxygen species which can injure 

mucosal cells (Hogan et al., 2008). In a model of allergen-induced airway inflammation, 

mice genetically deficient in STAT6 have reduced eosinophilia in bronchoalveolar 

lavage washouts, significantly less peribronchial inflammation and reduced airway 

reactivity than WT mice (Akimoto et al., 1998). Further, when the effects of IL-4 and 

IL-13 are blocked by an IL-4R antagonist, the development of allergic airway 

eosinophilia and airways hyper-reactivity is inhibited in ovalbumin-challenged mice 

(Tomkinson et al., 2001). These data suggest an important role for IL-4 and IL-13 

signalling through STAT6 in the pathogenesis of asthma and allergic airways 

inflammatory models, and this may include direct and indirect effects on eosinophil 

function. 

 

Eosinophil infiltration into the skin has been shown in a number of inflammatory 

conditions. Dermal tissue eosinophilia in atopic dermatitis is a feature of both acute and 

chronic stages of the disease and there is a correlation with disease severity (Avgerinou 

et al., 2008). Eosinophilic granule protein deposition is also usually a feature of atopic 

dermatitis (Kiehl et al., 2001) and in a mouse model of the disease, an increase in the 

thickness of the epidermal and dermal layers of the skin was shown to correlate with 
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repair processes associated with the cytotoxic effects of eosinophil granule proteins 

(Spergel et al., 1999). Similar to diseases in the gastrointestinal tract, the recruitment of 

eosinophils into skin during atopic dermatitis is dependent on VCAM-1 expression 

(Wakita et al., 1994) as well as the expression of eotaxin (Yawalkar et al., 1999). In 

mice genetically deficient in IL-5, there are no detrimental differences observed in the 

wound healing process in skin, however IL-5 Tg mice show delayed wound healing 

(Leitch et al., 2009). These examples all demonstrate that eosinophils play an active role 

in inflammatory skin conditions and understanding the mechanisms that operate may be 

beneficial in dissecting the early events that take place in some helminth infections. 

 

1.3.6.1 The roles of eosinophils in helminth infections 

During infections with tissue-invasive parasitic helminths, the number of eosinophils in 

the blood may rise dramatically and eosinophilia can occur (Maizels et al., 1993). The 

roles that these cells play in the killing and elimination of helminthic parasites is 

controversial (Behm and Ovington, 2000; Meeusen and Balic, 2000; Lee and Lee, 

2005). Eosinophils accumulate in tissues infected with N. brasiliensis, Angiostrongylus 

cantonensis and Strongyloides ratti (Sasaki et al., 1993; Dent et al., 1997b; Ovington et 

al., 1998; Daly et al., 1999) and appear to damage parasites and/or impede their 

migration to other tissues. However in T. canis and Mesocestoides corti infections, the 

presence of eosinophils at the site of infection appears to result in little damage to the 

parasite (Strath et al., 1992; Matthaei et al., 1997; Takamoto et al., 1997; Dent et al., 

1999). Further, during infections with S. mansoni and T. spiralis, eosinophils have been 

shown to be of little benefit to the host and may actually facilitate parasite survival or 

migration, as well as contributing to tissue and organ damage (McCormick et al., 1996; 

Dent et al., 1997a; Dent et al., 1997b). This has been further demonstrated in T. spiralis 

infections using mice deficient in eosinophils in which larvae died in large numbers in 

the eosinophil-defienct animals (Fabre et al., 2009). This may be a result of helminths 

re-directing the immune response such that it becomes counter-productive to a 

successful outcome for the host. Since eotaxin is important for eosinophil recruitment in 

the gastrointestinal tract under normal conditions and into the skin during atopic 

dermatitis, it is therefore reasonable to hypothesize that eotaxin, cytokines and 
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signalling pathways involved in the expression of this chemokine (such as IL-4 and IL-

13 and STAT6 signalling) may be important for eosinophil recruitment during the early 

phases of skin-invasive helminth infections. Infections with the parasitic helminth 

Onchocerca volvulus result in recruitment of eosinophils to the dermis of the skin after 

topical application of the anthelminthics diethylcarbamazine (Pearlman et al., 1999) or 

ivermectin (Cooper et al., 2000) and this influx of cells has been associated with eotaxin 

and/or RANTES expression by endothelial cells. These examples demonstrate the need 

to further investigate the roles of eosinophils and IL-5 during helminth infections, 

particularly with those parasite species in which these cells are beneficial for host 

protection. 

 

1.4 EXPERIMENTAL MODELS OF HELMINTH INFECTIONS 

Human helminth infections are a significant problem worldwide and understanding the 

interactions between helminths and the immune system is of vital importance if there 

are to be advancements made in treatment and vaccine development. However, it is 

often difficult to study natural infections in human hosts and so animal models can be 

very useful in dissecting out the key events. 

 

1.4.1 Nippostrongylus brasiliensis 

1.4.1.1 Parasite life cycle 

N. brasiliensis is a roundworm and is used as an experimental model of human 

infections with hookworms and S. stercoralis. Mice and rats are natural hosts of N. 

brasiliensis (Love, 1975) and mice were used as the experimental host in this study. N. 

brasiliensis is advantageous because it has a short life cycle in rodents, can be easily 

maintained in the laboratory and is not infective for humans. The parasite has a free-

living phase and a parasitic phase, with the latter including larval migration through the 

skin, lungs and gastrointestinal tract (Kassai, 1982). After larvae hatch from eggs in 

faeces, they undergo two moults to become the infective or L3 stage. L3 enter the host 
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by penetration of the skin, however in experimental models, L3 are injected 

subcutaneously. From the skin, it is thought that larvae migrate over 3 days via the 

lymphatics and bloodstream to the lungs, where they feed and undergo further 

maturation and moult to become L4. Larvae then migrate to the small intestine via the 

trachea, oesophagus and stomach. The final moult to L5 takes place in the small 

intestine before further maturation into adult worms. Mating and production of eggs 

occurs from days 5-7 post infection and adult worms are usually expelled from the host 

8-14 days post injection. A diagram of the life cycle of N. brasiliensis is depicted in 

Figure 2. 

 

1.4.1.2 Immune responses to N. brasiliensis 

Leukocyte recruitment has been fairly well characterised in N. brasiliensis infections, 

particularly in the skin and the lungs. In early work in rats infected with N. brasiliensis, 

leukocytes were observed in the skin in the first 24 hours after re-infection and it was 

thought that larvae may be trapped within inflammatory nodules at both this site and in 

the lungs (Taliaferro and Sarles, 1939). These workers noted the presence of eosinophils 

in skin nodules within the first day after re-infection, but recruitment of these cells was 

more extensive by day 3 post-infection (Taliaferro and Sarles, 1939). It was proposed 

that eosinophils damage larvae in the skin during secondary infections and impair 

migration to the lungs. 

 

Our previous work has shown that during the first few hours of a primary infection in 

WT mice, neutrophils are the main cell type recruited to the skin, with some 

eosinophils, macrophages and lymphocytes also present (Daly et al., 1999). However, 

these cells are not capable of trapping or immobilizing larvae in primary infections, 

since the majority of parasites escape from the skin and migrate to the lungs. Very few 

immune cells are seen in the lungs during the time that larvae are actually present (days 

1-3), with occasional macrophages and eosinophils visible in histological sections and 

notably, these cells are typically not in close proximity to the larvae (Daly et al., 1999). 

A stronger cellular response, largely consisting of eosinophils, macrophages and 



 

 

 

Figure 2 N. brasiliensis life cycle (adapted from http://www.path.cam.ac.uk/partIB_pract/P15/image02.jpg)

  
NOTE:   

  This figure is included in the print copy of the thesis  
held in the University of Adelaide Library. 
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 lymphocytes, develops in the lungs later in the infection (from days 4-8), but this is 

after larvae have left this tissue. This infiltrate may be involved in repair of lung tissue 

and removal of larval sheaths rather than a response to the larvae themselves (Daly et 

al., 1999; Reece et al., 2006). Larvae that successfully migrate from the lungs to the 

small intestine mature to produce eggs and immune cells do not appear to play a very 

large role in elimination of the parasite from this tissue (Ishiwata et al., 2002). The 

expulsion of N. brasiliensis worms is largely dependent on IL-13, STAT6 signalling 

and goblet cell hyperplasia (McKenzie et al., 1998; Urban et al., 1998), but eosinophils 

have also been shown to increase in number in the intestine during N. brasiliensis 

infections and may contribute to the expulsion process (Dent et al., 1999). However, the 

role that IL-5 and eosinophils may play in parasite expulsion needs further 

investigation. 

 

1.4.1.3 Eosinophils in infection 

The protective roles of eosinophils in N. brasiliensis infections have been well 

documented by our group. Eosinophilia induced by expression of an IL-5 transgene in 

mice (Dent et al., 1990) provides a strong protective response during the early stages of 

primary infections with N. brasiliensis (Dent et al., 1997b; Daly et al., 1999; Dent et al., 

1999). Large numbers of eosinophils are rapidly recruited to the skin in IL-5 Tg mice 

following injection of L3 and these cells are capable of trapping larvae in the skin and in 

experimental dermal air pouches (Daly et al., 1999). IL-5 Tg mice are highly resistant to 

primary N. brasiliensis infections, with few larvae successfully migrating to the lungs or 

intestine (Dent et al., 1997b; Daly et al., 1999; Dent et al., 1999). So it would appear 

that if eosinophils are available in sufficient numbers, they are capable of providing 

protection and largely preventing completion of the parasite’s lifecycle. We might 

therefore expect an absence of IL-5 and/or eosinophils in both primary and secondary N. 

brasiliensis infections to result in successful infections by the parasite. However, the 

mechanisms by which eosinophils are recruited to the site of N. brasiliensis infection 

have not been reported in either primary or secondary infections. Further, the role of IL-

5 in the intestinal phase of infection, as well as its importance during secondary 

infections, has also not been clearly defined. 
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1.4.2 Heligmosomoides bakeri 

1.4.2.1 Parasite life cycle 

H. bakeri is a nematode that spends the parasitic stage of its life in the small intestine of 

the murine host. This parasite lives in the gut for many months in a number of strains of 

mice and is a useful model for studying immune responses to helminths as well as 

immune evasion and immuno-suppression. Like N. brasiliensis, it is also easily 

maintained in the laboratory and is not infective for humans. Larvae hatch from eggs 

and undergo two moults during the free living phase to become ensheathed infective L3. 

Larvae are ingested in natural infections and are introduced experimentally by gavage. 

Larvae pass through the stomach, ex-sheath in the small intestine and penetrate the 

intestinal mucosa. Whilst in the wall of the gut, larvae undergo a further two moults and 

mature into adult worms which then migrate back into the intestinal lumen where they 

reside for the remainder of the infection. Adult male and female worms mate and eggs 

are produced from day 10 and are usually passed in host faeces for many months 

(Fahmy, 1956). The life cycle of H. bakeri is depicted in Figure 3. 

 

1.4.2.2 Cytokine responses and parasite expulsion 

As with N. brasiliensis (Finkelman et al., 2004), a predominantly type 2 cytokine 

response is directed against H. bakeri and during the first week of a primary infection. 

IL-3, IL-4, IL-5 and IL-9 mRNA levels become elevated in the Peyer’s patches and 

mesenteric lymph nodes (Svetic et al., 1993). The strong up-regulation of the Th2 

response results in elevated production of IL-4, tissue eosinophilia, mastocytosis, goblet 

cell hyperplasia, parasite-specific IgE, IgA and IgG1 responses and blood eosinophilia 

(Finkelman et al., 1997; Gause et al., 2003). In many commonly used WT laboratory 

mouse strains (e.g. BALB/c, CBA, A/J, C3H and C57BL/6), primary infection is 

prolonged and adult worms can reside in the intestine for many months. During this 

time, the down-regulation of some of the Th2 response occurs, including IL-9, IL-10 

(Behnke et al., 1993), IL-13 (Finkelman et al., 2000; Grencis and Bancroft, 2004) and 



 

 

 

 

 

 

 

Figure 3 H. bakeri life cycle (adapted from http://hpoly.blogspot.com/)

  
                                          NOTE:   
            This figure is included in the print copy of  
     the thesis held in the University of Adelaide Library.
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intestinal mastocytosis (Wahid et al., 1994), and while hosts survive, parasites also 

persist.  

 

IL-4 is important in elimination of this parasite from the intestine (Urban et al., 1991; 

Finkelman et al., 1997). This has largely been demonstrated in challenge infections 

using anti-IL-4 or anti-IL-4 receptor monoclonal antibody (mAb) treatment and anti-IL-

4 gene disruption (Finkelman et al., 1997), which result in prolonged infections (Urban 

et al., 1991). Most importantly, treatment of mice with an IL-4 neutralizing anti-IL-4 

mAb complex (IL-4C), which prolongs the in vivo half life of IL-4 by protecting it from 

degradation and excretion, was effective in inducing worm expulsion even in chronic 

primary infections of H. bakeri (Urban et al., 1995). During secondary H. bakeri 

infections, increased smooth muscle contractility in the small intestine is observed 

(Chaicumpa et al., 1977). This can by blocked by treating mice with anti-IL-4 receptor 

mAb during a secondary H. bakeri infection, and can be induced in uninfected mice by 

treating them over a period of 6 days with IL-4C (Shea-Donohue et al., 2001). IL-4 is 

obviously important for host protection during H. bakeri infections, however the role 

that other cytokines and cells such as IL-5 and eosinophils may play has not been 

extensively studied. These factors may also be important for protection against this 

parasite, as demonstrated in infections with other helminth species. 

 

1.5 INTRODUCTION TO THIS STUDY 

Much of the previous work performed with N. brasiliensis has focused on expulsion of 

adult worms from the intestine, but the early pre-lung stages of infection, where strong 

protection is evident, was largely unexplored. Eosinophils can provide protection in the 

early stages but the recruitment of these cells has not been well characterized at this site 

in which the parasite spends only a small part of its lifecycle. Determining these 

mechanisms may prove extremely useful in understanding and enhancing eosinophil-

mediated damage to skin-penetrating helminths that may result in impaired migration 

and an unsuccessful infection. Similarly, the role of eosinophils in the gut during 

intestinal helminth infection, where they are known to be numerous, is largely 
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unexplained. The present study will address the role of innate immunity during both 

primary and secondary N. brasiliensis infections, with a particular focus on IL-5 and 

eosinophils. The importance of chemokines and cytokines in the early stages of 

infection will be investigated in N. brasiliensis and H. bakeri. The hypotheses for this 

work are as follows. 

1. Early innate and secondary immune responses can determine host resistance, 

as measured by larval migration to the lungs and gut, colonization of the gut 

and parasite egg production. 

2. Mice genetically deficient in IL-5 will be more susceptible to both N. 

brasiliensis and H. bakeri infections. 

3. Eosinophils and IL-5 contribute to resistance in both the skin and gut in 

primary and secondary infections. 

4. IL-4, IL-13, the STAT6 signalling pathway and eotaxin-1 are important for 

the recruitment of eosinophils to the skin in the first few hours of a primary 

N. brasiliensis infection and to the gut when adult worms are present, and 

deficiency will result in decreased resistance to this parasite. 

 

The first aim was to comprehensively investigate the roles of IL-5 and eosinophils in the 

small intestine during N. brasiliensis and H. bakeri infections, as well as in the skin 

during N. brasiliensis primary and secondary infections. The second aim was to explore 

the roles of the IL-4/IL-13/STAT6 signalling pathway and eotaxin-1 during early 

eosinophil recruitment to the skin in both primary and secondary helminth infections. 

Whilst addressing effects of tissue-specific cytokine and chemokine expression in Tg 

mice, we established that the parental (WT) FVB/N strain used is highly resistant to N. 

brasiliensis. This was further explored in our third aim to determine the mechanisms 

driving resistance in FVB/N animals. 

 

It was expected that these studies will provide a more comprehensive understanding of 

the roles of IL-5 and eosinophils during tissue-invasive parasitic helminth infections, to 

define factors important for the recruitment of these cells at different stages of infection 
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and enhancing our understanding of innate immune mechanisms that operate during 

such infections. Whilst much attention has focused on the intestinal phase of helminth 

infections, the early pre-lung stage might be more crucial. Should the immune responses 

damage and prevent larval migration during the early stages of infection, this might 

provide new insights for the development of vaccines against S. stercoralis and the 

hookworms. 
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LINKAGE TO CHAPTER 2 
 

Helminth infections are a significant problem worldwide. IL-5 and eosinophils play 

important roles in protection against some helminth infections (Coffman et al., 1989; 

Daly et al., 1999), while in others, their presence may enhance parasite survival (Dent et 

al., 1997a; Dent et al., 1997b) or cause tissue damage to the host (Takamoto et al., 

1997). The overall value of eosinophils in the elimination of parasitic nematodes 

remains controversial (Behm and Ovington, 2000; Meeusen and Balic, 2000; Lee and 

Lee, 2005) and further studies are therefore required. N. brasiliensis is a mouse model 

of human hookworm and eosinophil numbers are increased in the skin on secondary 

exposure to this parasite and are associated with strong protection to re-infection 

(Taliaferro and Sarles, 1939). Our laboratory has previously shown that over-expression 

of IL-5 can provide potent protection against N. brasiliensis in the skin within the first 

few hours of a primary infection (Daly et al., 1999). Resistance to infection is 

characterised by a large and rapid influx of eosinophils into infected skin and inhibition 

of larval migration to the lungs (Daly et al., 1999) and small intestine (Dent et al., 

1997b; Dent et al., 1999). IL-5 and eosinophils appear therefore to mediate strong early 

protection in this model. 

 

We would therefore predict that an absence of IL-5 or other factors involved in 

eosinophil development will impair resistance to N. brasiliensis. Studies involving 

ablation of IL-5 or eosinophil development pathways should prove a useful means for 

understanding eosinophil-mediated protection against parasitic helminths. To further 

investigate IL-5 and eosinophils in resistance to N. brasiliensis, we used IL-5-/- and 

dblGATA mice to explore resistance to N. brasiliensis during both primary and 

secondary infections. dblGATA mice have a deletion of the double GATA site in the 

GATA-1 locus, and the mutation blocks the development of eosinophils (Yu et al., 

2002). The impact of the deletion of IL-5 and eosinophils were assessed in the skin, 

lungs and intestine to determine what roles these may play in resistance to N. 

brasiliensis. 

 

In summary, this work showed that in the absence of IL-5 or dblGATA, mice are more 

susceptible than WT animals to both primary and secondary N. brasiliensis infections. 



 

30 

In primary infections, intestinal worm burdens and/or parasite egg production is greatest 

in IL-5-deficient and dblGATA animals. During secondary infections, early resistance 

is impaired in IL-5-deficient and dblGATA mice, with significantly more lung larvae 

present than in WT mice on day 2 post injection. These and our previous data suggest a 

very important role for IL-5 and eosinophils in host resistance to N. brasiliensis, 

particularly in the earliest stages of infection when the parasite first enters the host via 

the skin and before migration to the lungs. 
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LINKAGE TO CHAPTER 3 
 

Chapter 2 investigated the importance of IL-5 and dblGATA in resistance to primary 

and secondary infections with N. brasiliensis. We showed that in primary infections of 

animals with defective eosinophilopoiesis, intestinal worm burdens and/or parasite egg 

production were greater than in WT mice. Further, secondary resistance was also 

impaired in IL-5-deficient and dblGATA mice compared with WT mice, with higher 

lung larval burdens detected on day 2 post injection. However, worms were expelled by 

day 7 of a secondary infection in the IL-5- and eosinophil-deficient animals, despite 

significant numbers of larvae migrating to the gut by day 3. Work described in chapter 2 

and our previous studies (Daly et al., 1999; Giacomin et al., 2008a) indicate that 

eosinophils are highly effective in resistance soon after N. brasiliensis larvae enter the 

skin. In this paper we also demonstrated that whilst eosinophils might contribute to 

resistance in the gut during primary infections, these were not essential to worm 

expulsion in either primary or secondary infections. It would seem to be important for 

the host to identify and attack the parasite early in the infection, before it implements 

immune evasion strategies and migrates to other tissue sites. Factors involved in the 

recruitment of eosinophils into N. brasiliensis-infected skin and other tissues through 

which the parasite migrates, have not yet been fully determined. Complement appears to 

play a role in eosinophil recruitment to the skin, but only in the first 150 minutes of 

infection (Giacomin et al., 2008a). 

 

It has been well demonstrated that elimination of adult N. brasiliensis worms from the 

intestine requires signalling by IL-4 and IL-13 through the IL-4 receptor  (IL-4R) 

and STAT6 pathway (Lawrence et al., 1996; Urban et al., 1998; Sakamoto et al., 2004). 

The actions of IL-4 and IL-13 in the intestine results in enhancement of smooth muscle 

contractility, changes in epithelial cell function, and increased mucus secretion (Urban 

et al., 2001). It has also been shown that the chemokine eotaxin is a specific recruitment 

factor for eosinophils and eotaxin expression can be induced by the IL-4/IL-13/STAT6 

signalling pathway (Zimmermann et al., 2003; Sakamoto et al., 2004). This pathway 

and production of eotaxin might therefore be critical for eosinophil recruitment to 

helminth-infected tissues. 
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In Chapter 3, we investigated the importance of IL-4, IL-13 and STAT6, as well as 

eotaxin-1 in host resistance to N. brasiliensis and H. bakeri. To achieve this, we used 

mice deficient in IL-13, IL-4R, STAT6 or eotaxin-1, as well as mice deficient in either 

STAT6 or eotaxin-1 but also expressing an IL-5 transgene. A major aim of these 

experiments was to determine if eosinophils could be recruited to parasite-infected 

tissues in large numbers in the absence of STAT6 signalling and eotaxin-1 production. 

The second aim was to investigate the impact of deletion of these genes on the kinetics 

of primary and secondary infections with N. brasiliensis. A third major aim was to 

determine the importance of these genes to early resistance to N. brasiliensis, both in 

secondary infections and in primary infections of IL-5 Tg mice. The IL-5 Tg mice are 

known to be highly resistant to N. brasiliensis, but resistance to H. bakeri had not been 

determined. The impact of deletion of STAT6 and eotaxin-1 on resistance to H. bakeri 

was therefore the fourth major aim of this study. 

 

To summarise the findings of this chapter, eosinophil recruitment into the skin in N. 

brasiliensis infected STAT6- or eotaxin-1-deficient/IL-5 transgenic double mutant mice 

was reduced, however pre-lung resistance was not greatly impaired in these animals. 

However, mice deficient in STAT6, IL-13 and IL-4R and IL-13/IL-4R-deficient 

double mutant mice were more susceptible than WT mice during the pre-lung phase of 

secondary N. brasiliensis infections. In comparison, primary or secondary resistance 

were unaffected at either the pre-lung or gut stages of infection in eotaxin-1-deficient 

mice. In H. bakeri infections, STAT6- and eotaxin-1-deficient mice with or without the 

IL-5 transgene, were no more susceptible than WT or IL-5 transgenic mice to primary 

infections. The data in this chapter suggest for the first time that the IL-4/IL-13/STAT6 

signalling pathway is important for resistance to N. brasiliensis in the pre-lung phase of 

infection. Previous investigations of this pathway have only concentrated on the 

intestinal phase of N. brasiliensis infections when the parasite is mature and producing 

eggs, but the early larval stages of infection may ultimately be more important for host 

protection. 
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LINKAGE TO CHAPTER 4 
 

Chapter 3 described novel work identifying a role for the IL-4/IL-13/STAT6 signalling 

pathway in pre-lung resistance to N. brasiliensis, particularly during secondary 

infections. While the roles of this signalling pathway have been well characterised in the 

intestinal phase of infection, this paper is the first to describe a reduction in resistance in 

the absence of IL-4, IL-13 or STAT6 in the pre-intestinal phase. It also showed that 

resistance to N. brasiliensis was not impaired in the absence of eotaxin-1 and suggests 

that when this chemokine is not expressed, alternative eosinophil-recruitment factors 

can compensate to induce eosinophil migration into N. brasiliensis infected tissues. 

 

We have previously shown that eosinophils can provide potent protection against N. 

brasiliensis in the skin and pre-lung phase in the first few hours of infection (Daly et al., 

1999), and Chapter 2 showed that IL-5 and eosinophils are essential for early pre-lung 

resistance during secondary infections with this helminth. Data in this chapter also 

described a potential role for eosinophils in the late phase (intestinal) of primary 

infections, with worm numbers and/or parasite egg production higher in IL-5- and 

eosinophil-deficient mice than in WT mice. In Chapter 4, our aim was to investigate 

contributions eosinophils might make to the intestinal phase of N. brasiliensis 

infections. To achieve this, we used mice with intestine-specific expression of IL-5 or 

eotaxin-1 transgenes. These mice were produced on a different genetic background 

(FVB/N) to those typically used in our laboratory (CBA/Ca, BALB/c and C57BL/6). In 

initial experiments designed to assess intestinal worm burdens and fecundity in mice 

with IL-5 or eotaxin intestine-specific transgenes, we found that while the transgenic 

mice were highly resistant to N. brasiliensis, the WT control FVB/N mice were also 

resistant to N. brasiliensis, with few parasites detected in intestines of infected animals. 

In Chapter 4, we have further investigated the resistant nature of WT FVB/N mice to N. 

brasiliensis infections and compared parasite burdens and inflammatory responses of 

these mice to susceptible WT CBA/Ca mice. 

 

To summarise the findings of Chapter 4, we found that inflammatory cell recruitment to 

the skin, and larval migration from this tissue were comparable in susceptible CBA/Ca 

and resistant FVB/N mice. Lung larval burdens were also similar between the two 

strains, however evidence of damage was observed in lung larvae recovered from 
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FVB/N mice. Larvae from FVB/N hosts were smaller and less motile than larvae 

recovered from CBA/Ca animals. In FVB/N mice, very low numbers of worms were 

recovered from the intestine and those that were present did not produce significant 

numbers of eggs and parasites did not increase in length over time as they did in 

CBA/Ca mice. While FVB/N mice were highly resistant to N. brasiliensis, this did not 

extend to infections with H. bakeri. Eosinophils did not appear to be a prominent feature 

of the resistance to N. brasiliensis seen in FVB/N mice. However as with IL-5 Tg hosts, 

FVB/N mice appear to demonstrate resistance that is first evident in the pre-lung or lung 

phase of infections, by mechanisms that remain to be elucidated. Damage that occurs in 

the pre-lung or lung stages of infection with N. brasiliensis in FVB/N mice is likely to 

contribute and extend to ongoing developmental and functional abnormalities. Such 

abnormalities are likely to become evident in the intestinal phase of infection as either a 

failure to develop into adult worms, inability to localize to the small intestine, impaired 

mating or fecundity. 
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5.1 GENERAL DISCUSSION 

Parasitic helminth infections are a significant problem worldwide and understanding the 

interaction between these pathogens and the host immune system is of vital importance 

if successful vaccines are to be developed in the future. Eosinophils are often a 

prominent feature of the immune response generated against helminths (reviewed in 

Meeusen and Balic, 2000; Meeusen et al., 2005; Anthony et al., 2007; Loscher and 

Saathoff, 2008), however the role that they play in protection and the contribution they 

make to the elimination of parasites is not particularly well understood. The broad aims 

of this study were to investigate the roles of IL-5 and eosinophils in protection during N. 

brasiliensis and H. bakeri infections, and to explore recruitment factors and pathways 

that may be important for eosinophil-mediated protection during these infections. 

Further, the unexpectedly potent resistance to N. brasiliensis observed in FVB/N mice 

was defined and attempts were made to determine the mechanisms responsible. 

 

5.1.1 Summary of the main findings 

The main focus of this study was to explore resistance mechanisms and cell recruitment 

factors in helminth infections. We have previously shown that if available in sufficient 

numbers, eosinophils can provide potent protection against primary N. brasiliensis 

infections (Daly et al., 1999). We have now further shown that IL-5 and eosinophils are 

important in the pre-lung phase of resistance during secondary infections with this 

parasite (Knott et al., 2007). An absence of IL-5 or the dblGATA mutation results in 

comparable numbers of lung larvae in primary and secondary infections of these mice 

on day 2 p.i. However, parasites do not persist in the intestine during secondary 

infections of IL-5-/- and mice and those larvae that are present in intestines on day 3 p.i. 

are expelled by day 7 p.i. IL-5 and eosinophils may play a role in resistance during the 

intestinal phase of primary infections, since IL-5 deficient and dblGATA mice have 

higher worm burdens and/or parasite egg numbers than WT animals. 

 

While eotaxin is a potent recruitment factor for eosinophils, we have shown that an 

absence of eotaxin-1 results in reduced eosinophil recruitment to the skin 4 hours p.i. 

during primary or secondary N. brasiliensis infections, but this chemokine is not 
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essential for resistance (Knott et al., 2009b). However, ablation of IL-13, IL-4R, 

STAT6 or both IL-13 and IL-4R do impair resistance to N. brasiliensis in secondary 

infections. Significantly higher lung larval burdens (day 2 p.i.) and prolonged parasite 

egg production (days 6-21 p.i.) are observed in these animals following re-infection. 

Mice with ablation of eotaxin-1 or STAT6 genes, but also expressing the IL-5 

transgene, have reduced numbers of eosinophils recruited to the skin in both primary 

and secondary infections compared with IL-5 Tg mice. However, these mice are still as 

resistant to N. brasiliensis as IL-5 Tg animals with normal eotaxin-1 and STAT6 genes. 

In contrast, susceptibility to H. bakeri in eotaxin-1-/- or STAT6-/- mice with or without 

co-expression of the IL-5 transgene, is comparable to that in WT and IL-5 Tg animals. 

These findings suggest that eotaxin-1, STAT6 and eosinophils are not particularly 

important for protection during primary infections against a parasite that lives for 

prolonged periods in the intestine. However, exploration of the impact of intestine-

specific over-expression of eotaxin and IL-5 transgenes in FVB/N mice showed that 

these animals are highly resistant to N. brasiliensis, with few eggs or worms detected on 

day 6 and 7 p.i. respectively (Knott et al., 2009a). However, the WT FVB/N control 

mice were as resistant to N. brasiliensis as IL-5 Tg mice. Further investigation showed 

that eosinophil recruitment into the skin 4 hours p.i. is comparable in WT FVB/N and 

WT CBA/Ca mice and lung larval numbers in these strains are also similar on day 2 p.i. 

However, lung larvae recovered from WT FVB/N mice are significantly smaller in size 

and less motile than larvae recovered from the lungs of WT CBA/Ca mice. Further, egg 

production (day 6 p.i.) and worm numbers (day 7 p.i.) are reduced in WT FVB/N mice 

and in contrast to parasites recovered from WT CBA/Ca hosts, intestinal worms do not 

increase in size over 3 days of residency in the small intestine (days 5-7 p.i.). 

Nevertheless, WT FVB/N mice are as susceptible as WT CBA/Ca mice to H. bakeri 

infections and this suggests that resistance mechanisms operating during N. brasiliensis 

infections in FVB/N mice do not extend to a parasitic helminth that resides in the 

intestine for months. 

 

Overall, the results of this study showed that IL-5 and eosinophils are required for early 

secondary resistance to N. brasiliensis, but eotaxin-1 is not essential for eosinophil 

recruitment in response to this parasite. Further, while IL-13, IL-4R and STAT6 play 

an important role in the expulsion of primary infections with N. brasiliensis, they are 
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also required for early or pre-lung resistance in secondary infections and continue to be 

important for expulsion in the intestinal phase of secondary infections. Although 

FVB/N mice may not necessarily be suitable for use in studies of N. brasiliensis where 

the aim is to explore the impact of over-expression and deletion of genes involved in 

host resistance, these mice may prove invaluable in future studies using gene deletions 

to define what is required to make them innately resistant. 

 

5.1.2 Eosinophils and resistance in helminth infections 

5.1.2.1 IL-5 and eosinophils in resistance to N. brasiliensis 

We have previously shown that if available in sufficient numbers, eosinophils can 

provide potent protection in N. brasiliensis infections (Daly et al., 1999; Dent et al., 

1999). More recently, we have shown that complement is important for the recruitment 

of eosinophils to the skin in the very early stages of these infections, but this is largely 

restricted to the first 150 minutes after larvae are injected (Giacomin et al., 2008a). 

Over-expression of IL-5 causes a rapid influx of eosinophils into the skin, and these 

cells appear to trap larvae at the site of injection, preventing the migration of larvae to 

the lungs and gut (Daly et al., 1999; Dent et al., 1999). Deletion of eotaxin-1 in IL-5 Tg 

mice does reduce eosinophil recruitment into the skin, but perhaps not sufficiently to 

impair innate and secondary resistance (Knott et al., 2009b). We have now also shown 

that an absence of IL-5 or disruption of GATA-1 signalling (dblGATA) impairs 

secondary resistance to N. brasiliensis, with similar numbers of lung larvae detected in 

deficient mice in primary and secondary infections (Knott et al., 2007). Eosinophils are 

therefore likely to be important effector cells in this early phase of N. brasiliensis 

infection and the strong, neutrophil-rich inflammatory infiltrates induced in the skin in 

these mutant strains and in WT mice are inadequate for larval entrapment. 

 

5.1.2.2 Eosinophils and the intestinal phase of infection 

Our attempts to further investigate the roles of eosinophils and IL-5 in the intestine 

using mice with intestine-specific expression of the IL-5 and eotaxin-1 transgenes 

(Knott et al., 2009a), were frustrated by the resistant nature of the genetic background 
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(FVB/N) on which these mice were developed. Backcrossing of these mice onto a more 

permissive background (such as CBA/Ca BALB/c or C57BL/6) was being carried out 

by our colleagues but it is a process that requires 2-3 years and has since been 

discontined due to lack of funding. These animals would have enabled us to more 

thoroughly investigate the impact of intestine-specific over-expression of IL-5 and 

eotaxin on host resistance to N. brasiliensis. Future studies should include experiments 

to better define what role eosinophils may play in preventing worm colonisation, 

maturation and reproduction in the intestine, and any contribution that eosinophils may 

make to expulsion. Other studies using IL-5-deficent mice have shown that this 

cytokine and eosinophils appear to play a role in intestinal protection in infections with 

S. ratti (Ovington and Behm, 1997) and T. spiralis (Matthaei et al., 1997; Vallance et 

al., 2000), with worms in the deficient animals being more fecund and numerous than in 

WT animals. However, the importance of eosinophils and the roles that they play in this 

tissue during helminth infections is still not very well understood. The development of 

the more permissive mouse strains carrying intestine-specific transgenes for IL-5 and 

eotaxin may also be useful to determine the importance of eosinophils for host 

protection against N. brasiliensis and a number of other intestinal helminth species. 

 

Eosinophils clearly provide protection in the pre-lung phase of N. brasiliensis infections 

and observations in this study confirm and extend our previous work in this field. 

However, it would seem that other mechanisms can compensate in the intestinal phase 

of infection for the absence of these cells. Enhanced parasite colonisation of the 

intestine and/or worm fecundity in IL-5-/- or dblGATA mice was observed during 

primary N. brasiliensis infections, suggesting that eosinophils may play a role in both 

protection against re-infection of the skin and in parasite expulsion from the intestine on 

first exposure. However, during secondary infections of animals with defective 

eosinophilopoiesis, whilst intestinal larvae were detected on day 3 p.i., no worms were 

detected by day 7 p.i. This suggests that unlike primary infections, eosinophils are not 

required for expulsion of N. brasiliensis L4-L5 stage larvae and worms from the gut 

during a secondary challenge. If time had permitted and resources were available, it 

would have been useful to measure cytokine levels in the intestines of infected mice, 

particularly during secondary infections in IL-5-/- and dblGATA hosts. This might help 

determine the expulsion mechanisms that must operate between days 3 and 7 p.i. in the 
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absence of eosinophils. In particular, we might expect IL-4 and IL-13 to be up-regulated 

from day 3 p.i. since worms were not detected by day 7 of secondary infections in IL-5 

and eosinophil-deficient mice. Since IL-13 and signalling through IL-4R is important 

for expulsion of worms during primary infections (Lawrence et al., 1996; Finkelman et 

al., 1997; Urban et al., 1998; Fallon et al., 2002), it is likely that similar expulsion 

mechanisms also operate during secondary infections in situations where early 

resistance to re-infection is also impaired. Up-regulation of Type 2 and other cytokines 

probably compensate for the absence of IL-5 and eosinophils to induce worm expulsion 

in IL-5-/- and dblGATA mice. It will also be important to assess mucus production, 

epithelial cell proliferation and smooth muscle contractility in these mice to determine if 

similar expulsion mechanisms operate in secondary infections to those previously 

observed in primary infections (Khan et al., 1995; Urban et al., 2000; Madden et al., 

2004), and ascertain to what extent eosinophils contribute to these processes. 

 

We are the first to report on the delayed expulsion of N. brasiliensis worms in IL-3-/-, 

IL-4R-/- and IL-13-/-/IL-4R-/- mice following re-infection (Knott et al., 2009b). Not 

only will this study be useful as a basis to further characterise the events that take place 

in the skin in the first few hours of infection, but also the impact of deletion of IL-13, 

IL-4R and STAT6 on expulsion of worms during secondary infections. Experiments 

designed to assess whether epithelial cell turn-over, mucus production and smooth 

muscle contractility are also impaired in secondary infections of these mice will help to 

determine whether expulsion mechanisms are similar in primary and secondary 

infections. Larvae were able to migrate more successfully to the lungs in the absence of 

IL-13, IL-4R or STAT6. Thus damage that is avoided in the absence of these factors 

may ultimately be advantageous to larvae as they migrate through the host to colonise 

the small intestine. 

 

5.1.2.3 Pre-intestinal phase of infection 

Eosinophils are important for protection in a number of helminth infection models. 

These include S. ratti (Ovington et al., 1998), Strongyloides venezuelensis (Korenaga et 

al., 1991), A. cantonensis (Sasaki et al., 1993), T. spiralis (Vallance et al., 2000) and 
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Brugia pahangi (Ramalingam et al., 2003). To aid in the development of vaccines and 

therapies, it is important to understand the precise mechanisms through which 

eosinophils provide protection in helminth infection models. While we have previously 

established that eosinophils make important contributions in the pre-lung stage of N. 

brasiliensis infections, these cells may also contribute to protection once larvae have 

left the skin and travel to the lungs. The exact route that N. brasiliensis larvae take in 

migrating to the lungs or why larvae do not appear in the lungs in significant numbers 

until 18-24 hours p.i. are not known. It has been proposed that larvae pass through the 

lymphatics and peripheral blood to reach to the lungs (Clarke, 1967). During this time, 

larvae may come under attack by immune mechanisms, including eosinophils. In the 

future, it will be useful to precisely determine where larvae go after exiting the skin and 

what damage they may be subjected to between the skin and lung phases of infection. 

This could be achieved using whole body imaging of mice infected with larvae labelled 

with a fluorochrome or which express a luminescent reporter gene. In the IL-5-/-, 

dblGATA and FVB/N mice, this would enable us to determine in which locations 

larvae come under attack in the pre-lung stage and the nature of the immune response 

encountered. This would help to explain early damage to pre-lung larvae and the 

absence of intestinal worms in FVB/N mice in primary infections and the loss of worms 

from day 3-7 p.i. in IL-5-/-and dblGATA animals in secondary infections.  

 

Purified eosinophils could also be labelled with a fluorophore with a different emission 

spectrum and injected into the mice to track where these cells go and at which stages 

they interact with the parasite. Our attempts to label larvae with fluorescein 

isothiocyanate (FITC), carboxyfluorescein (CSFE) and cell tracker orange and visualise 

them in mice using whole body imaging analysis, have not been particularly successful 

to date (Rao, 2007). This is because larvae shed their outer coat as they migrate through 

the murine host and the chemical labels were mostly lost in the process. Improved 

imaging techniques are required to enable us to successfully track larvae through the 

murine host. This method would allow repeated monitoring of parasite infected mice to 

determine the route by which larvae migrate from the skin to the lungs. This would also 

be useful for tracking expulsion over time without sacrificing hosts. Advancements in 

this area may prove beneficial in the development of therapies to target the larval stages 

of helminth infections before the parasite matures and causes intestinal pathology. 



 

44 

 

It will also be important to further assess the events that occur in the lungs during 

secondary infections of animals lacking IL-13, IL-4Rα and STAT6. We did not see a 

dramatic cellular response in the lungs in either primary or secondary infections in 

cytokine- and STAT6- deficient animals on day 2 p.i., when the majority of larvae 

reside in the lungs (Knott et al., 2007; Knott et al., 2009b). A later influx of lung 

inflammatory cells during primary N. brasiliensis infections, such as eosinophils, T and 

B cells and AAM has been reported (Reece et al., 2006). However this response occurs 

when larvae are no longer present in lung tissue (Daly et al., 1999; Reece et al., 2006). 

It is proposed that these cells are largely responsible for tissue repair and priming the 

host for subsequent exposure to the parasite (Reece et al., 2006). In the future, the lung 

stage of infection should be further dissected to examine the cellular response that 

occurs both while larvae are present in the lungs (days 1-3 p.i.) and later after larvae 

have migrated to the intestine (days 4-10 p.i.). This could be achieved both 

histologically and through BAL washouts. These experiments will help to establish 

whether events that occur at the lung stage during primary infections in the absence of 

IL-13, IL-4R or STAT6 may prevent host protection on subsequent infection with the 

parasite, and the delayed expulsion of worms we observed in all of these deficient 

animals. 

 

5.1.3 Eosinophil recruitment in helminth infections 

5.1.3.1 Eotaxin, IL-4, IL-13 and STAT6 in eosinophil recruitment 

The earliest studies that identified eotaxin as a chemo-attractant for eosinophils used an 

allergic lung model in guinea pigs (Jose et al., 1994). This study also showed that when 

eotaxin was isolated from the lungs of guinea pigs, it could be used as a stimulus for 

recruitment of eosinophils into the skin. Other studies have since shown that eotaxin is a 

specific chemokine for the recruitment of eosinophils in a number of different 

conditions, including lung allergy (Rothenberg et al., 1997; Gonzalo et al., 1998; 

Matthews et al., 1998) and atopic dermatitis (Yawalkar et al., 1999; Hossny et al., 

2001). Three eotaxins have been identified in humans (eotaxin-1, -2 and -3), while in 

mice, only eotaxin-1 and -2 have been characterised (reviewed in Rothenberg and 
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Hogan, 2006). Chapter 3 examined the contribution of eotaxin-1 in host protection 

against two helminth species, N. brasiliensis and H. bakeri. We also examined the 

importance of the IL-4/IL-13/STAT6 pathway for protection in these infections since 

IL-4 and IL-13 can induce the production of eotaxin (Zimmermann et al., 2003). IL-4 

and IL-13 are also involved in expulsion of N. brasiliensis from the intestine (Lawrence 

et al., 1996; Urban et al., 1998), but the roles of these cytokines and STAT6 during 

other stages of the infection had not previously been investigated. 

 

5.1.3.2 Eosinophil recruitment in the skin and intestine 

We have shown in this study that mice lacking eotaxin-1 are as resistant to secondary 

infections as WT controls (Knott et al., 2009b). The number of eosinophils recruited to 

the skin in eotaxin-1-/- and WT mice are similar in both primary and secondary 

infections. However, intestinal eosinophil numbers were reduced in eotaxin-1-/- mice 

relative to WT animals following re-infection with N. brasiliensis. This did not affect 

host resistance but suggests that eotaxin-1 is involved in eosinophil recruitment and 

alternative mechanisms of recruitment operate in the absence of this chemokine. This 

was also confirmed by infections in eotaxin-1-/- mice which also expressed the IL-5 

transgene. While eosinophil recruitment was reduced in the skin and intestine of 

eotaxin-1-/-/IL-5 Tg mice relative to IL-5 Tg mice, the former still mounted a significant 

eosinophil response and were resistant to primary and secondary N. brasilienis 

infections. Eotaxin-1-/- mice infected with either T. spiralis or T. muris also had fewer 

intestinal eosinophils than infected WT mice (Dixon et al., 2006). However as in our 

study with N. brasiliensis, worms were still expelled in a similar timeframe to that seen 

in WT mice and this suggests that eotaxin-1 is not the sole eosinophil recruitment factor 

in these infections. 

 

In IL-13-/-, IL-4R-/-, IL-13-/-/IL-4R-/- and STAT6-/- mice infected with N. brasiliensis, 

early secondary resistance was greatly impaired, with significantly more lung larvae 

detected in these animals on day 2 post secondary infections compared with WT 

animals (Knott et al., 2009b). This suggests that not only does this pathway play an 

important role in adult worm expulsion from the small intestine during primary 
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infections (Urban et al., 1998), but it is also involved in the pre-lung stage of infection. 

However, eosinophil numbers recruited to the skin in both primary and secondary 

infections of these mice at 4 hours p.i. were similar to numbers seen in WT mice, 

suggesting that eosinophil recruitment may not be solely dependent on this pathway. 

Other eosinophil recruitment factors are likely to compensate in the absence of eotaxin 

and the STAT6 signalling pathway. During the intestinal phase of secondary infections 

in these animals, eosinophil numbers on day 7 p.i. were not drastically different to 

numbers seen in WT mice. Taken together, this study suggests that alternative 

recruitment factors and mechanisms must operate in the absence of IL-13/IL-4/STAT6 

signalling and eotaxin-1 production, and this pathway is important not only for 

expulsion of worms in primary infections, but loss of this pathway can impair leukocyte 

function. It will be valuable to identify which alternative eosinophil recruitment factors 

operate during N. brasiliensis infections, to further dissect the role of these cells in 

protection during parasitic helminth infections. 

 

In the present study, we were only able to examine the role of eotaxin-1 in resistance to 

intestinal helminths. Eotaxin-2 (Zimmermann et al., 2000) and -3 (restricted to humans) 

have also been shown to be chemotactic for eosinophils (Shinkai et al., 1999) and may 

be involved in recruitment of these cells in helminth infections. Eotaxin-2 has been 

associated with eosinophil recruitment in some helminth infections (Sousa-Pereira et al., 

2006; Intapan et al., 2007). A. cantonensis can induce an eosinophilic meningitis in 

infected patients and the recruitment of eosinophils to the brain and spinal cord during 

these infections has been associated with elevated eotaxin-2 levels (Intapan et al., 

2007). Increased eotaxin-2 levels in the serum have also been associated with 

myeloradiculopathy caused by S. mansoni (Sousa-Pereira et al., 2006). Eotaxin-2 in 

association with IL-5 can recruit eosinophils to the lungs in a model of allergic lung 

disease (Yang et al., 2003) and this may also prove important in helminth infections. 

Eotaxin-2 and IL-5 also promoted IL-13 production in the lungs and airway hyper-

reactivity in this study. Examining infections in mice deficient in eotaxin-2 would be 

useful to determine whether this member of the eotaxin family participates in eosinophil 

recruitment and protection in N. brasiliensis infections. Generation of mice that are 

deficient in both eotaxin-1 and -2 would also prove useful in dissecting the factors that 

are involved in eosinophil recruitment and protection during helminthic infections. An 
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alternative approach would be to use CCR3 gene knock out mice, since CCR3 is the 

receptor for both eotaxin-1 and -2 and would prevent signalling of both chemokines. 

 

5.1.3.3 Alternative eosinophil recruitment factors 

Eotaxin is a specific eosinophil recruitment factor but other factors may also operate 

during helminth infections to result in eosinophil accumulation in infected tissues. Other 

factors that have been shown to recruit eosinophils in vitro and/or in vivo include PAF 

(Wardlaw et al., 1986), the complement proteins C3a and C5a (Daffern et al., 1995; 

DiScipio et al., 1999; Giacomin et al., 2008), MIP-1(Rot et al., 1992), RANTES 

(Schall et al., 1992; Alam et al., 1993) and MCP-2 (Weber et al., 1995), -3 (Noso et al., 

1994) and - 4 (Uguccioni et al., 1996), IL-8 (Schweizer et al., 1994); and macrophage-

derived chemokine (Bochner et al., 1999). So while eotaxin is a potent chemoattractant 

for eosinophils, it may work in conjunction with other chemotactic factors. Further, in 

the absence of eotaxin, these other stimulants may compensate to induce eosinophil 

recruitment into tissues. Measuring the levels of these chemotactic factors in the blood, 

skin and intestine during primary and secondary infections with N. brasiliensis in 

eotaxin-1-/-, IL-13-/-, IL-4R-/-, IL-13-/-/IL-4R-/- and STAT6-/- mice will help to define 

which are important for protection in helminth infections. It is likely that more than one 

of these factors work in conjunction with others to drive eosinophil recruitment under 

inflammatory conditions and can compensate in the absence of eotaxin-1. It is likely 

that C5a would have been a recruitment factor in eotaxin-1-/- mice since complement is 

involved in eosinophil recruitment in the first few hours of infections with N. 

brasiliensis (Giacomin et al., 2008a). It is also likely that eotaxin-2 and other 

recruitment factors play a role in cell recruitment in eotaxin-1-deficient mice. 

 

It will be important to define which factors can compensate to induce eosinophil 

recruitment in the skin in eotaxin-1-/-/IL-5 Tg and STAT6-/-/IL-5 Tg mice, since these 

animals were still highly resistant to N. brasiliensis infections, despite a reduction in 

eosinophil numbers in infected tissues. We have shown previously that complement is 

important for the recruitment of eosinophils into the skin during the first 30 minutes of 

N. brasiliensis infections (Giacomin et al., 2008a). However, by 2.5 hours of infection, 



 

48 

larvae no longer bind complement and this system does not seem to induce eosinophil 

recruitment after this time. Alternative recruitment factors must operate following the 

initial involvement of complement, one of which could still be eotaxin-1. It would be 

useful to develop mice that are deficient in both complement activation (C3-/- or factor 

B-/-) and CCR3, with the additional over-expression of IL-5 (ie. triple mutant mice) to 

examine the interactions and co-ordination of eosinophil recruitment and host resistance 

in the first few hours of N. brasiliensis infections. However, this would require 

extensive backcrossing as the mutant animals currently available to our laboratory are 

on different backgrounds. Alternatively, treating eotaxin-1-/- mice with a complement 

inhibitor (Giacomin et al., 2008a) and then monitoring both the cellular response in the 

skin and parasite migration to the lungs would be a good way in which to examine 

eosinophil recruitment mechanisms. Initial attempts (Knott et al. unpublished data) to 

treat eotaxin-1-/- ± IL-5 Tg mice with a C5aR inhibitor, used in our earlier studies 

(Giacomin et al., 2008a), were unsuccessful, but deserve repetition and refinement. This 

method of treating mice with a complement inhibitor and examining eosinophil 

recruitment and parasite migration to the lungs may also prove useful in mice deficient 

in IL-13, IL-4R and STAT6. These experiments would help to determine why these 

mice are more susceptible than WT mice to secondary N. brasiliensis infections. 

 

5.2 INFECTIONS WITH H. BAKERI 

Infections of eotaxin-1-/-  IL-5 Tg and STAT6-/-  IL-5 Tg mice with H. bakeri, the 

other intestinal nematode used in this study, showed few differences in parasite 

susceptibility when compared with WT and IL-5 Tg control mice (Knott et al., 2009b). 

This parasite differs from N. brasiliensis in that it infects the host orally, spends most of 

its life in the gastrointestinal tract and does not pass through other tissues. H. bakeri is 

also immunosuppressive (Pritchard et al., 1984; Pritchard and Behnke, 1985; Crawford 

et al., 1989), which enables it to survive for many months in some strains of mice. 

Further investigations with this helminth may be informative if the IL-13-/- and   IL-

4R-/- mice in conjunction with eotaxin-1- and STAT6-deficient mice are used, to help 

understand the suppressive mechanisms operating during these infections. IL-4 has been 

implicated in secondary resistance to H. bakeri using anti-IL-4 or anti-IL-4R mAb and 
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IL-4 deficient mice (Urban et al., 1991; Finkelman et al., 1997). However, the 

contributions that IL-13, STAT6 and eotaxin-1 may also make in secondary resistance 

need to be further investigated in this model. One way in which to explore this further 

would be to terminate primary infections using an anthelmintic drug and re-infect  IL-

13-/-, STAT6-/- and eotaxin-1-/- mice and monitor egg and/or worm burdens to determine 

any differences in susceptibility to re-infection in the absence of any of these factors. 

Further, histological examination of the small intestine in both primary and secondary 

H. bakeri infections may prove useful in determining any cellular changes that occur in 

the absence of STAT6 or eotaxin-1. Other mechanisms such as epithelial cell turnover 

and mucus secretion may also be affected by an absence of STAT6 signalling and 

eotaxin-1 and should be examined in these KO mice. Mice described as FVB eliminate 

H. bakeri by day 74 p.i. (Donskow-Schmelter et al., 2007). In our studies, parasite eggs 

were still detectable in significant numbers in FVB/N, CBA/Ca and BALB/c mice at 

day 116 p.i. when the infections were terminated. It will be useful in future studies to 

compare infections in more strains of mice to help dissect the differences that may 

explain why some strains are more resistant than others to H. bakeri. 

 

5.3 RESISTANCE OF FVB/N MICE TO N. BRASILIENSIS 

INFECTIONS 

Little is known about the role that eosinophils may play in resistance to helminths in the 

intestine and we tried to address this using mice with intestine-specific over-expression 

of IL-5 and eotaxin-1 transgenes. However, as discussed previously, the WT FVB/N 

control mice were as resistant to N. brasiliensis as the transgenic mice (Knott et al., 

2009a). Further investigations of this resistance revealed that damage to larvae most 

likely takes place in the pre-lung and lung stages of infection. However, we are yet to 

fully determine the mechanisms by which larvae are damaged or come under attack by 

cells or physiological processes in the FVB/N mouse. It will be important in future 

studies of this mouse strain to identify factors that contribute to resistance, as this may 

have beneficial implications in the development of vaccines against helminths. Future 

vaccine development in this field could focus on elements that stimulate innate 

immunity against parasites very early in the infection. 
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5.3.1.1 Pre-lung and lung phase of infection 

We saw no differences in the number of leukocytes recruited to the skin of WT CBA/Ca 

and WT FVB/N animals 4 hours p.i. (Knott et al., 2009a). This suggests that larvae may 

not be damaged by cells such as neutrophils and eosinophils at this site of infection. 

However, a more extensive analysis of leukocyte subsets is required, particularly in the 

first hour following larval entry into the skin, when parasites first come under attack. 

Our study may have missed any very early events that occur in the first few hours of 

infection and that may ultimately impair larval development and maturation. Further, as 

described in Section 4.1.2.3, there is a strong need to develop methods to visualise and 

track larvae as they migrate from the skin to the lungs. This would be useful in the 

FVB/N mouse model since it would help to identify the cells and other factors that may 

contribute to early damage that subsequently impairs the development of N. brasiliensis 

larvae in the lungs and intestine. Larvae recovered from the lungs of WT FVB/N 

animals were shorter in length and were less motile than larvae recovered from the 

lungs of WT CBA/Ca animals. This damage may begin in the skin, but larvae may also 

come under further attack en route to the lungs. However, this is currently difficult to 

determine, since it is not known exactly where larvae go during migration from the skin 

to the lungs. 

 

Damage to lung larvae in FVB/N mice was first evident on day 1 p.i. despite no obvious 

influx of inflammatory cells into the lungs at this time. Further analysis of physiological 

factors in the lungs may prove useful in determining whether FVB/N mice lack 

something required by larvae for maturation and development. However, when we 

crossed FVB/N mice with CBA/Ca mice and infected the F1 offspring, the latter were 

as resistant to N. brasiliensis as the FVB/N parental mice (Knott et al., 2009a). We 

would expect a deficiency in the FVB/N strain to be restored by genes from the 

CBA/Ca parental strain, and so our evidence suggests that host permissiveness in the 

form of growth factors is not the answer. However, a comparison of gene expression in 

various tissues of these two strains during N. brasiliensis infections might still be useful. 

This approach would help to identify genes that may differ between the two host strains, 

inculding those required by the parasite, as well as those that could be responsible for 
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the strong innate resistance seen in FVB/N mice. Had time and funding permitted, we 

would have performed a micro-array analysis of the FVB/N and CBA/Ca strains at 

various time points following infection, which may have narrowed down the possible 

factors involved in host resistance to N. brasiliensis in the skin, lungs and small 

intestine. Once differences in mRNA levels are identified in tissues, we could develop 

FVB/N mice that are genetically deficient in the candidate factors, as a means of 

determining the precise mechanism(s) on which resistance in FVB/N mice is based. 

 

5.3.1.2 Intestinal phase of infection 

FVB/N mice had few worms present in the small intestine by day 7 p.i. despite 

detection of comparable numbers of larvae in the intestines of CBA/Ca and FVB/N 

animals on days 2-4 p.i. (Knott et al., 2009a). This suggests that despite evidence of 

larval damage in the lungs of FVB/N mice, many of the parasites were still capable of 

migrating to the intestine. Nevertheless, colonisation of the gut and larval maturation 

were impaired, suggesting prior or local damage to the parasite. Migration of larvae 

from the lungs to the intestine was monitored in some detail, with larvae detected in the 

oesophagus, trachea and stomach in FVB/N mice from 2-4 days p.i. If time and 

resources had permitted, cytokine (eg. IL-5, IL-4 and IL-13) levels would have been 

measured in tissues such as the lungs and intestine in FVB/N mice during infections 

with N. brasiliensis. This would help determine if the Th2 arm of the immune system 

makes some contribution to the strong resistance observed in WT FVB/N mice. We 

would also measure intestinal epithelial cell proliferation, mucus production, smooth 

muscle contractility and mast cell numbers to identify whether those mechanisms that 

contribute to expulsion of adult worms in susceptible strains of mice also contribute to 

the early and rapid expulsion from FVB/N mice. 

 

To further identify whether damage caused in the pre-intestinal phase of infection is 

detrimental to larval colonisation and maturation once larvae arrive in the intestine, 

useful experiments would involve transplanting lung or intestinal larvae recovered from 

days 2-3 p.i. from FVB/N animals into the intestines of naïve recipient CBA/Ca hosts. 

This method has previously been successful in our laboratory in early studies of 
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resistance in IL-5 Tg mice. For example, worms that were transplanted from intestines 

of donor IL-5 Tg animals into naïve WT recipients were able to successfully colonise 

the recipients and matured to produce eggs in comparable numbers to healthy worms 

transplanted from WT donors (Daly, 1999). This suggested that whilst many larvae 

were damaged prior to reaching the gut, additional anti-parasite activity unique to IL-5 

Tg mice, operate in the gut. The successful development of lung larvae transplanted 

from FVB/N donors into the intestines of CBA/Ca recipients could be assessed by 

counting parasite eggs and examining and enumerating worms. This would determine if 

the damage that prevents successful reproduction by N. brasiliensis in FVB/N mice 

occurs en route to the intestine rather than after larvae arrive in this tissue. The reverse 

experiment could also be done in which lung larvae recovered from CBA/Ca donors are 

transplanted into intestines of FVB/N recipients. This would help to determine if 

damage to larvae and/or worms occurs after parasites arrive in an intestinal environment 

hostile to worm development, or whether larvae largely come under attack only in the 

pre-intestinal phase which results in subsequent impairment in the intestinal phase. 

 

5.4 H. BAKERI INFECTIONS IN FVB/N MICE 

Whilst several strains of mice may be naturally resistant to a particular helminth, the 

resistance mechanisms in each strain are not necessarily the same. Similarly, host 

resistance mechanisms to one parasite species may not apply to other species. Mice 

described as FVB or FVB/N have been used in several parasite studies. Surprisingly, 

FVB/N mice are more susceptible to Clonorchis sinensis than WT BALB/c, severe 

combined immunodeficiency (SCID) and BALB/c athymic mice (Yoon et al., 2001). 

However, BALB/c, C57BL/6 and mice described as FVB are of comparable 

susceptibility to the fluke Echinostoma hortense and clear infections more rapidly than 

C3H/HeN and ICR mice (Lee et al., 2004). In our study, WT FVB/N mice were as 

susceptible to H. bakeri as the WT CBA/Ca strain (Knott et al., 2009a). Resources 

limited this study to an investigation of parasite egg production and worm burdens over 

four months of primary infection, and much work is still to be done to deterermine why 

FVB/N mice are so resistant to N. brasiliensis infections, and yet are as susceptible as 

other strains to H. bakeri. 
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Adult H. bakeri worms reduce the number of eosinophils and mast cells infiltrating the 

lamina propria of the intestine (Behnke et al., 1993; Doligalska et al., 2001), as well as 

levels of proinflammatory cytokines in the periphery (Doligalska et al., 2006). Further, 

this helminth has been shown to reduce lung allergen inflammation (Rzepecka et al., 

2007). A reduction in the number of lung eosinophils was observed in response to OVA 

following infection with H. bakeri and this also coincided with decreased levels of 

eotaxin in bronchoalveolar lavage fluid, lower expression of the CCR3 receptor on 

eosinophils and impaired chemotaxis of these cells toward eotaxin (Rzepecka et al., 

2007). It was concluded from this study that the allergen-induced immune response in 

the lungs was down-regulated as a result of the nematode infection. Production of IFN-

γ, IL-4, IL-5, IL-6, IL-10 and TNF-α were reduced following establishment of H. bakeri 

adult worms (Rzepecka et al., 2007). H. bakeri is clearly capable of down-regulating 

immune responses and this is likely to be happening in FVB/N mice. Further studies are 

required, including micro-array analysis, measurement of cytokine levels in FVB/N 

mice during infection with H. bakeri, analysis of the intestinal environment throughout 

the course of infection, including leukocyte recruitment and survival, mucus production, 

goblet cell hyperplasia and epithelial cell turn over. 

 

Co-infections of FVB/N animals with N. brasiliensis and H. bakeri may also be useful 

in identifying resistance factors protective against N. brasiliensis that may be down-

regulated in the presence of H. bakeri. Experiments whereby FVB/N mice are infected 

with H. bakeri and followed 10 days later (when H. bakeri worms are mature) with N. 

brasiliensis infections, may result in FVB/N animals being more susceptible to N. 

brasiliensis. FVB mice have been reported to eliminate H. bakeri faster than the 

C57BL/6 strain (Donskow-Schmelter et al., 2007), but these mice may not be 

genetically identical to the FVB/N mice used in our study and we also challenged our 

mice with approximately 70% more larvae. It would be interesting to compare 

susceptibility of the FVB strain used in the study by Donskow-Schmelter et al. with our 

FVB/N strain to both H. bakeri and N. brasiliensis. 

 

Some mouse strains (SWR, NIH and SJL) are resistant to H. bakeri in a repetitive 

infection protocol. In contrast, BALB/c, CBA, A/J, C3H and C57BL/6 strains are 

susceptible to the parasite under the same regime and carried heavy worm burdens to 
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the termination point at least 6 weeks (Behnke et al., 2006). Resistance has been 

associated with increases in serum tumour necrosis factor-, intestinal goblet cells, 

mucosal mast cells and mucosal mast cell protease-1 levels (Behnke et al., 2003). Both 

Th1 and Th2 responses are also strong in the resistant SWR and SJL strains during 

primary H. bakeri infections (Ben-Smith et al., 2003). Quantitative trait linkage 

mapping techniques have been used to identify candidate resistance genes involved in 

immune regulation on chromosomes 1 and 17 (Behnke et al., 2003; Iraqi et al., 2003; 

Menge et al., 2003; Behnke et al., 2006). A similar approach may prove useful in 

identifying why WT FVB/N mice are susceptible to H. bakeri but resistant to N. 

brasiliensis. 

 

5.5 CONCLUSIONS 

This study has examined the roles of IL-5 and eosinophils, as well as recruitment factors 

for these cells, in immunity to the nematodes N. brasiliensis and H. bakeri. In addition, 

the potent protection observed in WT FVB/N mice to N. brasiliensis was explored 

whilst performing experiments with transgenic mice. Although there is a large body of 

work that examines the intestinal phase of helminth infections, with a focus on 

expulsion of the parasite from the host, little is known about the early events that may 

contribute to immunity and parasite damage in the pre-intestinal stages. Our group is 

one of the few that have focused on events that occur in the pre-lung phase of infection, 

where early immune responses may ultimately shape the outcome of infections initiated 

via the skin. A better understanding of how parasites interact with the immune system 

during the first few hours of an infection is required. It may prove beneficial for the 

development of therapies and ultimately, vaccines for similar parasites of humans, by 

targeting the early larval stages before the parasites migrate and mature, and initiate 

severe tissue or organ damage. In the N. brasiliensis model, eosinophils can be of major 

importance for protection and if available in sufficient numbers, can prevent this 

parasite from migrating to other tissues and culminating in a successful infection (Dent 

et al., 1997b; Daly et al., 1999; Knott et al., 2007; Giacomin et al., 2008a). However 

these cells are not essential and it is likely that no single leukocyte type or soluble factor 

is. 
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In the current study, we showed an absence of IL-5 or the dblGATA pathway impairs 

resistance during secondary infections. However, eosinophils and IL-5 do not appear to 

be critical for protection in the intestinal phase of secondary infections, as the majority 

of larvae present in the lungs on day 2 in IL-5-/- and dblGATA mice were expelled 

from the intestine by day 7 in the complete absence of eosinophils. Secondly, we have 

shown that although eotaxin-1 does contribute to eosinophil recruitment during primary 

and secondary N. brasilieinsis infections, it is not an essential component. In contrast, 

the absence of IL-13, IL-4R or STAT6 greatly impairs secondary resistance in both 

the pre-lung and intestinal phases of infection. However, susceptibility to H. bakeri in 

the absence of either eotaxin-1 or STAT6 is unaffected and an abundance of eosinophils 

has little impact on resistance to this intestinal nematode. Thirdly we have identified a 

strain of mice (FVB/N) commonly used in the production of transgenic lines, that is 

strongly resistant to N. brasiliensis but not H. bakeri, and resistance does not appear to 

be mediated by eosinophils or other immune cells. It is clear that the mammalian 

immune system is dynamic and that complex and interactions between signalling factors 

and immune cells are required for successful host protection. Functional overlaps can 

lead to compensation in the way in which cells are recruited to sites of infections, and it 

is difficult to pinpoint one precise mechanism responsible for protection against 

parasitic helminths. This study also highlights that all stages of helminth infections 

should be thoroughly investigated in order to fully understand the interactions between 

helminths and the host. If this is achieved, the development of successful vaccines is 

much more likely. 
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