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Summary

Ascaris lumbricoides and Ascaris suum are widespread parasitic nematodes of humans
and pigs respectively. Ascaris worms exhibit an overdispersed frequency distribution in
their hosts. In addition, observation of re-infection patterns post-chemotherapy has
indicated that individuals display a degree of predisposition to their worm burden
status. The underlying reasons for the observed variation in worm burden within host
populations have yet to be fully defined and are difficult to elucidate in humans and pigs
for ethical and logistical reasons. Comparative studies on larval migration demonstrated
that the mouse is a suitable mode! for the early phase of A. suum infection. A murine
model was recently developed and optimised and two inbred strains were identified as
putatively susceptible (C57BL/6j) and resistant (CBA/Ca) to infection. The present study
was focused upon the mechanism underlying the generation of resistance and
susceptibility to A. suum infection in the mouse model. All experiments conducted
involved the comparison of different host parameters in the two different host strains

during single-pulse infections.

The first set of experiments investigated the dispersal of larvae in intestinal-hepatic-
pulmonary migratory stages, with particular focus on the composite lobes of the liver
and lungs. Live larvae were isolated from these tissues and a similar number of larvae
were recovered in the livers of both strains, while significant differences were observed
in the lungs. Heterogenous lobar distribution of larvae was evident in the two mouse
strains. In C57BL/6j mice, the majority of larvae were recovered from the middle and
caudal lobes of the right lung, accounting for the higher pulmonary larval numbers in
the susceptible strain. Despite this, strain-specific imaging using optical projection
tomography (OPT) indicated that there are no obvious differences in pulmonary arterial
structure that would facilitate a higher level of larval dispersal in the lungs of the

susceptible strain.

A backcross experiment was undertaken with the two mouse host strains to test the
association between a gene known as Intelectin-2, which is absent from the C57BL/6j

mouse genome, and susceptibility to A. suum. Co-habitation of male and female mice
i



prior to and during infection in this experiment resulted in further increases in
pulmonary larval burdens for male C57BL/6j mice, indicating a possible
immunosuppressive effect of sex hormones. The emergence of this so-called “sex
effect” further pointed towards a factor with an immunological rather than anatomical

basis accounting for variation in pulmonary larval burdens.

Histopathological examination of lung sections from timepoints representing pulmonary
larval migration did not reveal any evidence of a pulmonary mechanism, as the
inflammatory response mirrored the observed larval burden. However, an earlier, more
severe hepatic inflammation was detected on day 4 p.i. in the resistant CBA/Ca mice,
which coincided with reduced numbers of larvae successfully migrating from the liver to
the lungs. In contrast, a more delayed severe inflammatory reaction was evident on day
6 p.i. in the susceptible C57BL/6j mice, when the majority of the larvae had already
migrated to the lungs. In addition, the resolution of the necrosis and inflammation in
CBA/Ca mice was more rapid following the reduction in larval numbers. The more
effective and timely inflammatory response in the resistant strain was mirrored by
higher levels of the inflammatory cytokine IL-6 measured in liver tissue homogenate.
Coupled with this, the rapid tissue repair appears to be induced by increased levels of

IL-10 and IL-13 over time in CBA/Ca mice.

The work presented in this thesis has elucidated a novel inflammatory mechanism of
resistance, focused in the liver. Collectively, these results greatly advance our
knowledge of both the impact and response to Ascaris larval migration at the hepatic

stages of infection in lightly- and heavily-infected hosts.
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1.1. Introduction

The human roundworm Ascaris lumbricoides is one of the most common parasites in
the world, infecting 1.2 billion people globally (De Silva et al., 2003). The spectrum of
disease associated with A. lumbricoides infection is known as ascariasis, and morbidity
assessed as disability-adjusted life years (DALYs) is approximately 10.5 million (Chan,
1997). Furthermore, morbidity with serious health consequences is observed in 122
million cases per year (Chan, 1997). However, ascariasis is still considered a neglected

tropical disease (NTD) (Hotez et al., 2008).

Ascaris suum is a widespread parasitic nematode that causes infection in pigs with high
prevalence rates in host populations (Roepstorff et al., 1998; Nansen and Roepstorff,
1999). Porcine ascariasis interferes with health and performance of pigs while resulting
in reduced feed to gain ratios and liver condemnation incurring economic losses

(Stewart and Hale, 1988).

Similarly to most macroparasites, Ascaris of both human and pig origin exhibit an
overdispersed frequency distribution, which results in the worms aggregating in few
heavily infected hosts (Croll and Ghadirian, 1981; Croll et al., 1982; Thein-Hlaing, 1984;
Elkins et al., 1986; Bundy et al., 1987; Guyatt et al., 1990; Boes et al., 1998; Holland and
Boes, 2002). Furthermore, observations of re-infection patterns post-chemotherapy
have indicated that individuals display a degree of predisposition to their worm burden
status (Haswell-Elkins et al., 1987; Holland et al., 1989; Boes et al., 1998). The
generative mechanism(s) of these observed phenomena are currently unknown and are

difficult to elucidate in humans and pigs for ethical and logistical reasons.

Helminthiases are frequently coendemic with malaria and HIV/AIDS (Druilhe et al.,
2005; Hotez et al., 2006b). There has been renewed interest in the public health

significance of A. lumbricoides in recent years, as observations suggest geohelminth



infection modifies the host’s immune response to HIV and TB, which increases the

susceptibility and spread of these diseases in the developing world (Bundy et al., 2000).

Comparative studies on larval migration have demonstrated that the mouse is a suitable
model for investigating the early phase of A. suum infection (Murrell et al., 1997;
Slotved et al., 1998). Mitchell et al. (1976) reported that mouse strains vary in their
susceptibility to Ascaris infection and therefore provide a convenient model for
investigating the genetic basis of variation in migratory kinetics and immune responses
to infection. A murine model was recently developed and optimised, and two inbred
strains were identified as putatively susceptible (C57BL/6j) and resistant (CBA/Ca) to
infection (Lewis et al., 2006). This was reflected in the distinct, repeatable difference in
A. suum larval burden in the lungs on day 7 post-infection (Lewis et al., 2006). The
contrast of resistance and susceptibility between CBA/Ca and C57BL/6j mouse strains
respectively represents the extremes of host phenotype displayed in an aggregated
distribution. The underlying mechanism responsible for the loss of A. suum larvae
during primary infections and its precise location within the body are currently

unknown.

The established mouse model facilitates research on the impact of larval infection,
which is not possible in human hosts due to obvious ethical considerations, and
investigation of the underlying mechanism of resistance/susceptibility. Work conducted
on the mouse model to date has indicated that a hepatic/post-hepatic factor varies
between susceptible and resistant mice, which results in a large discrepancy in
pulmonary larval numbers between the two mouse strains (Lewis et al., 2006; 2007).
Therefore, the overall objective of the present study was to exploit the optimised and
established A. suum mouse model in order to identify the underlying mechanism(s) of
resistance and susceptibility. Various parameters of early A. suum infection were
compared in C57BL/6j and CBA/Ca mice, and explored as possible explanatory

mechanisms of resistance and susceptibility.

The aims of the present study, therefore, were to identify whether there existed a
quantifiable difference in both the rate and extent of larval attrition and accumulation
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in the intestines, liver and lungs of each strain, with particular focus on the hepatic and
pulmonary lobes. Additionally, we sought to elucidate whether differences observed in
these parameters between strains were attributable to immunological factors, such as
the hepatic and pulmonary cellular inflammatory response and the hepatic cytokine
immune response, or alternatively occur as a consequence of a differing anatomical
structure between strains, with respect to branching of the pulmonary arteries of the
left and right lungs. In conjunction with this, we sought to investigate the association
between susceptibility to infection and a candidate gene, Intelectin-2 which is absent in

C57BL/6j mice.



1.2. Literature Review

1.2.1. Taxonomy, morphology and life cycle of Ascaris

Ascaris lumbricoides, Linnaeus, 1758 and Ascaris suum, Goeze, 1782 are parasitic

nematode (Family Ascarididae) infections of humans and pigs respectively.

Morphologically indistinguishable, human and pig Ascaris have been shown to differ by
only six (1.3%) nucleotides in the first internal transcribed spacer (ITS-1) (Zhu et al.,
1999; Abebe et al., 2002) and differ in sequence by 3-4% in the mitochondrial genome
(mtDNA) sequence (Anderson et al., 1993), indicating that the species are closely

related at a phylogenetic level.

Even though both parasitic nematodes display strong affinity for their conventional
hosts (Crompton, 2001), experimental cross-transmission studies have demonstrated
that A. lumbricoides can infect pigs and vice versa (Takata, 1951; Galvin, 1968). In A.
lumbricoides non-endemic areas in North America and Denmark, infected human hosts
were found to harbour worms of pig origin (Anderson, 1995; Nejsum et al., 2005),
indicating that pigs are a potential reservoir of infection for the human host population.
However, molecular epidemiological studies in Ascaris endemic regions of Guatemala
and China indicate that the level of cross-infection between host species is low or
absent (Anderson et al., 1993; Anderson and Jaenike, 1997; Peng et al., 1998; 2003) and
that gene flow is limited between/among different genotypes (Peng et al., 1998;

Anderson, 2001; Peng et al., 2003; 2006).

Other work was focused upon clustering of worm genotypes in host populations.
Anderson et al (1995) demonstrated that in Guatemalan host populations, worms
bearing identical mtDNA genotypes are found within the same host. Furthermore, the
proportion of A. suum larvae with four differing mtDNA haplotypes varied in their

porcine hosts in experimental infections (Nejsum et al., 2008), supporting the



hypothesis of Anderson et al. (1995) that the clustering of particular genotypes within

individual hosts may be a result of natural selection against certain genotypes.

1.2.2.  Life cycle of Ascaris species

Hosts contract Ascaris infection via the faecal-oral route. It is known that when infective
eggs are ingested and hatch, Ascaris larvae develop in host parenteral tissues.
Knowledge of the pattern of A. suum larval migration stems from a range of studies
systematically examining the intestinal, hepatic and pulmonary larval counts in both
pigs (Roberts, 1934; Douvres and Tromba, 1971; Keittivuti, 1974; Murrell et al., 1997;

Roepstorff et al., 1997) and abnormal hosts (see section 1.2.6).

The pattern of extra-intestinal migration in the pig is illustrated in Fig. 1.1. Following
ingestion of infective ova, L3 larvae covered by the L, cuticle (Maung, 1978; Geenen et
al., 1999), hatch in the small intestine and migrate to the caecum and proximal colon
where they penetrate the mucosa (Murrell et al., 1997). The larvae then migrate via the
portal blood to reach the liver, where the L, cuticle is shed. After migration in the liver,
the larvae advance to the lungs on days 6-8 p.i. (Roepstorff et al., 1997). The larvae
penetrate the alveolar space and move to the pharynx where they are swallowed,
resulting in the helminths returning to the small intestine on days 8-10 p.i. (Douvres et
al., 1969; Roepstorff et al., 1997). A. suum moult again to L, stage larvae in the small
intestine on day 10 p.i. (Pilitt et al., 1981). Larvae mature and reach sexual maturity in

the small intestine, moulting again (Ls stage larvae) on day 24 p.i. (Pilitt et al., 1981).

In the most detailed study examining the migratory pattern of A. suum in pigs,
Roepstorff et al. (1997) divided the intestines into sections. When returning to the small
intestine, the worms demonstrated an affinity for the first three quarters of the organ
but particularly the latter portion of the first half. On day 14 p.i., few larvae were
recorded in the first quarter and the majority was found in the second half of the
intestine. This trend appeared to continue as Roepstorff et al. (1997) recovered the

majority of the worms in the third and fourth section with only few larvae residing in



the first two sections. The pattern of posteriorly located worms on days 14-21 p.i.
coincided with expulsion of A. suum from the intestines and thus the host. By day 28
p.i., at which point worm populations were established and loss of worms had ceased,
the majority of parasites were recovered in the second quarter of the intestine distal to

the stomach (Roepstorff et al., 1997).

Adult worms may reside in the intestines for approximately one year, but the majority
of worms are expelled by the 23" week of infection in pig infections (Olsen et al., 1958).
Male and female adult worms measure 15-25cm and 20-35cm respectively. Estimates of
daily Ascaris female egg production generally are in the range of 200,000 eggs (Brown
and Cort, 1927; Sinniah, 1982) but the number of eggs a female produces decreases
with worm load (Sinniah and Subramaniam, 2009). Unembryonated ova enter the
environment via the faeces and can remain viable in the soil for up to 15 years (WHO,
1967; Krasnonos, 1978; Storey and Phillips, 1985), and their viability is influenced by
variables such as moisture, oxygen and shade (Crompton, 1994). During embryonation,

larvae undergo two moults in the egg (Geenen et al., 1999; Fagerholm et al., 2000)

The hepato-tracheal migration (Sprent, 1954) takes place over a 10 to 14- day period
after the uptake of eggs in pigs and humans respectively. It is not clearly understood
why a parasite undertakes a migratory route within its definitive host which results in
the eventual return to the site of larval emergence. Smyth (1994) speculated that the
observed extraintestinal migration represented “evolutionary baggage”, a vestigial
behaviour that may have once been a part of the life cycle in another host. Later,
authors argued that migratory behaviour must confer a specific survival strategy (Read
and Skorping, 1995; Mulcahy et al., 2005), as during migration in parenteral tissues
larvae risk becoming lost or killed by host immune responses. Migratory behaviour may
serve as an immuno-evasive strategy to avoid an immunological response in the
intestine, where ova hatch (Mulcahy et al., 2005). As stated by Parker et al. (2009), “if
growth rate/mortality rate is higher in the tissues, it may pay to migrate to the tissues
for growth and return to the gut for propagule release”. In a review by Read and
Skorping (1995), the larger growth seen in migratory parasites is argued as the
associated fitness benefit despite the inherent cost to survival. When pigs are
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administered an intravenous dose of larvae hatched in vitro, A. suum larvae do not
undergo hepatic migration and develop slower (Jungersen et al., 1999a), thus indicating

the importance of migration for helminth growth.
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Figure 1.1. A schematic representation of the life cycle of A. suum in the pig

(illustration by Wm P Hamilton CMI) (Roepstorff and Nansen, 1998)

1.2.3.  Epidemiology of Ascaris

Recent figures estimate that 1.2 billion people are infected with A. lumbricoides (De
Silva et al.,, 2003). The parasitic nematode is distributed in over 150 countries
(Crompton, 1989). A joint Nordic survey on swine endoparasites revealed that A. suum
is one of the most common parasites in swine hosts in the countries studied (Roepstorff

et al., 1998). The prevalence of A. suum infection varies with geographical region and
8



farm management practices but, as pointed out by Nansen and Roepstorff (1999) and
reviewed by Roepstorff (2003), few swine herds are totally free of infection.

Helminthic infections are characteristically overdispersed in their host populations, with
a small proportion of people harbouring the majority of parasitic worms present
(Anderson and May, 1985). Ascaris of both human and pig origin exhibit an
overdispersed frequency distribution, which results in the worms aggregating in few
heavily infected hosts (Croll and Ghadirian, 1981; Croll et al., 1982; Thein-Hlaing, 1984;
Elkins et al., 1986; Bundy et al., 1987; Guyatt et al., 1990; Roepstorff et al., 1997). This
epidemiological pattern in which ‘wormy persons’ (Croll and Ghadirian, 1981) harbour
disproportionately large worm burdens is also high within groups stratified by age and

sex (Croll et al., 1982; Thein-Hlaing, 1984; Elkins et al., 1986; Bundy et al., 1987).

Furthermore, studies involving the provision of anthelminthic treatment and
subsequent observation of intensity of re-infection have shown that individuals tend to
re-acquire similar worm burdens to those harboured before treatment. This
phenomenon, which is termed predisposition, has been demonstrated in longitudinal
studies for ascariasis in both humans (Elkins et al., 1986; Haswell-Elkins et al., 1987;
Thein-Hlaing et al., 1987; Holland et al., 1989; Forrester et al., 1990; Chan et al., 1992;
Hall et al., 1992) and pigs (Boes et al., 1998), and can be detected over multiple rounds
of chemotherapy (Holland et al., 1989; Chan et al., 1992). Predisposition to Ascaris
infection has important implications for transmission, morbidity and control (Anderson
and May, 1985). The consistent variability in infection intensity observed between hosts
generates the over-dispersed frequency distribution displayed in host populations

discussed above.

While predisposition to A. lumbricoides is observed within age cohorts, changes in the
average intensity of A. lumbricoides infection with age are convex in form with intensity
peaking in the 5-10 year old age groups (Thein-Hlaing, 1984; Elkins et al., 1988; Holland
et al., 1989; Peng et al., 1996). Furthermore, the strength of predisposition decreases
with age (Elkins et al., 1986).



In a review of the phenomenon, Keymer and Pagel (1990) collated the data obtained in
12 studies of helminth infection demonstrating predisposition and noted that the
relationship between initial and final infection levels is seldom strong. However, the
authors also identified factors such as the influence of age on intensity, the means of
measuring intensity and the duration of the reinfection period as important
contributors to the detection of predisposition, which varies among the studies

evaluated (Keymer and Pagel, 1990).

The bases for heterogeneity of infection or predisposition are not yet fully understood.
Much focus has been placed on investigating whether variation in infection intensity is a
result of differences in environmental exposure to infection or susceptibility.
Determinants of infection intensity may be divided into two categories — long-term
effects that operate on the time-scale of the host life expectancy (e.g. host genetics,
host socio-economic status), and short-term effects that operate on the time-scale of
the parasite life expectancy (e.g. host acquired immune response). In an attempt to
estimate the relative importance of long- and short-term effects on infection intensity,
McCallum (1990) used probability theory and concluded that both categories have an

approximately equal contribution to the observed heterogeneity.

Differential exposure to infection in humans is difficult to quantify and requires a
detailed behavioural study (Bundy and Blumenthal, 1990). Kightlinger et al. (1998)
assessed exposure to infection in a population of children in S.E. Madagascar by
environmental, demographic, behavioural, and socio-economic indicators. Results
suggested that intensity of A. lumbricoides infection is influenced by gender-related
behavioural and environmental factors that contribute to exposure. Furthermore,
longitudinal studies in human host populations indicate that a range of socio-economic
conditions such as housing conditions (Holland et al., 1988) and cultural practices such
as unhygienic defecation practices (Haswell-Elkins et al., 1989a) influence infection

intensity.

Behavioural-mediated reduction in exposure with age is a likely determinant of the
observed age-intensity profiles (Keymer, 1982). Adults are also known to harbour A.
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lumbricoides worms, but generally at a lower intensity than children (Thein-Hlaing,
1984; Elkins et al., 1988; Holland et al., 1989; Peng et al., 1996). This has led to the
suggestion that less marked aggregation in older age cohorts reflects a slow build-up of
specific immunity or variation in susceptibility to infection over time. However,
overdispersed worm frequency distributions are also recorded within age classes as age
is not the only source of variation. Coupled with this, as Bundy (1988) points out the
epidemiological pattern of predisposition shows that hosts with the greatest prior
experience of infection are subsequently re-infected. This indicates that acquired

immunity cannot be the only primary determinant of variability in infection intensity.

McCallum (1990) reported that genetic factors also play a significant role in
predisposition to Ascaris infection. However Chan et al. (1994b) noted that
environmental or behavioural features of the family household were found to be a
major determinant of infection status. Nevertheless, there are many lines of evidence
indicating that the underlying mechanism of resistance/susceptibility to Ascaris
infection is also influenced by host genetics, the host’s immune repertoire (which is
ultimately under genetic control) and concurrent infections. The role of each of these
determinants in the observed heterogeneity of infection intensities is discussed below

(see section 1.2.11).

1.2.4.  Strategies for control of Ascaris

For human hosts, there are three major strategies for the control of soil transmitted
helminths; reducing parasite intensity (and consequent morbidity) by means of
improvements in sanitation, health education and anthelminthic treatment

(chemotherapy) (Hotez et al., 2006a).

The long-term control and eradication of A. lumbricoides infection lies in the provision
of sanitation for the safe disposal of human faeces (Hotez et al., 2006a). Sanitation aims
to interrupt transmission, prevent re-infection and gradually reduce worm loads. The

construction of sanitary facilities may be encouraged through health education
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(Albonico et al.,, 1999), which aims to stimulate changes in behaviour related to
environment and family hygiene. Furthermore, education programmes have been
successful in parasite control. For example, the Japanese Association of Parasite Control
(JAPC) implemented education programmes in schools and has contributed to the
recent successful control of soil transmitted helminths (Dickson et al.,, 2000) and

schistosomiasis in Japan (Ohta and Waikagul, 2007).

Since STH infections are coendemic, deworming programmes are targeted at all three
helminth infections. WHO (2002) implemented the combined approach of integrated
control of both schistosomiasis and STHs. Therefore, most commonly adminstered
drugs to treat STH infections are albendazole, levamisole and mebendazole, which are
combined with praziquantel in areas with schistosomiasis (Urbani and Albonico, 2003).
Several papers highlight the potential interaction of STH infection on promoting the “big
three” diseases (HIV/AIDS, TB and malaria) (e.g. Nacher et al., 2000; Wolday et al.,
2002). Therefore, the importance of integrated parasite control of STH with other

debilitating infections has also been highlighted (Molyneux et al., 2005).

Anthelminthic drug treatment programmes are aimed to reduce morbidity as opposed
to eradicate helminths, which is not a feasible goal (WHO, 2002). Regular treatment is
necessary due to high reinfection rates in endemic regions. For example, A. lumbricoides
reached 55% of pre-treatment rates within 11 months (Elkins et al., 1988). Several
approaches to treatment programmes exist; mass (universal), selective and targeted
treatment (Albonico et al., 2006). Mass universal treatment is offered to all individuals
in an affected population, regardless of age, gender, worm burden or other social
characteristics. In contrast, targeted treatment is selectively offered to a particular
group within the affected population, defined by the age, gender, worm burden or
other social characteristics shared among the targeted group. In the selective treatment
approach, hosts with the highest worm burdens are preferentially offered
chemotherapy. As described earlier, children tend to acquire heavier worm burdens and

so are considered a suitable group for targeted treatment (Haswell-Elkins et al., 1989a).

12



Studies on the efficacy of the various approaches to treatment programmes support the
concept of mass treatment (Stephenson et al., 1980b; Asaolu et al., 1991), while
targeted treatment for children aged 5-15 years also results in a significant reduction in
post-treatment egg counts (Asaolu et al., 1991). Furthermore, since children act as
significant contributors of infective stages into the environment targeted treatment for
children aged 5-15 years led to a significant difference in pre- and post-treatment egg
counts in untreated adults (Asaolu et al., 1991). Current efforts to control STH are
targeted at the school age population (Brooker et al., 2006) as 25-35% of school-age
children are infected with one or more parasitic worm species (Bundy, 1997; De Silva et
al., 2003) so are considered as a high risk group. Therefore, in an effort to reduce
morbidity by 80% by 2010, WHO (2002) recommended regular administration of
anthelminthics to at least 75% of all school children. Coupled with this, the need to
incorporate younger age cohorts (less than 24 months) in large scale deworming

programmes has recently been highlighted (WHO, 2003; Kirwan et al., 2009).

There are concerns about periodic deworming with anthelminthics and the emergence
of anthelminthic resistance, which is now widespread in nematode parasites of livestock
(Bethony et al., 2006). The development of drug resistance in these nematode
populations results from frequent treatment of animals kept in close proximity with
little gene flow (Geerts et al., 1997). Humans are more heterogeneous and are
subjected to less frequent treatment, which is targeted at certain populations and so

reduces selection pressure (Albonico et al., 2004).

Transmission of A. suum among pig populations is dependent on factors such as housing
systems, hygiene, management practices and anthelminthic treatment (Nansen and
Roepstorff, 1999). Therefore, as Roepstorff (2003) discussed, there is a need for
multivariate analyses encompassing a range of variables in order to assess the most
important risk factors for controlling A. suum infection in pigs. Such analyses have been
undertaken on three occasions (Roepstorff and Jorsal, 1990; Dangolla et al., 1996;
Roepstorff et al., 1999) yet only one study encompassed a wide range of age categories
(Roepstorff et al., 1999). The variables tested that were significantly associated with A.
suum infections were ‘age-group’, with large fatteners and gilts (young female swine)
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recorded to have the highest infection intensity (Roepstorff et al., 1998), ‘country’,
‘weaning age’ as late weaning was associated with higher prevalence of infection, and
‘water supply’, which indicated that drinking facilities located in the lying area was a risk

factor.

A. suum is the most prevalent intestinal parasite in Danish herds (Roepstorff et al.,
1998) and therefore concurrent infections are common. The importance of control
strategies for A. suum infection was highlighted recently as the parasite was shown to
reduce the efficacy of the Mycoplasma hyopneumoniae vaccine, which is commonly

used to prevent pneumonia in pig herds (Steenhard et al., 2009).

1.2.5.  Ascaris associated pathology and morbidity

Ascariasis is the term used to describe the spectrum of disease symptoms observed in
infected humans and pigs. Morbidity and mortality increases with worm burden
(Pawlowski and Davis, 1989). Aggregation leads to relatively few individuals harbouring
sufficient worms to precipitate life-threatening or severe morbidity (Anderson and May,
1991). As observed by Crompton (1999), most A. lumbricoides-induced morbidity is
borne by school-age children due to the age-related intensity patterns, discussed above.
Furthermore, as Ascaris larvae develop, different stage-specific antigens are observed
(Kennedy and Qureshi, 1986) and various tissues are invaded, so therefore the effects of

infection differ over the course of larval migration and development.

While the majority of infections are asymptomatic, an estimated 8-15% (120-220 million
cases) of those infected with A. lumbricoides demonstrate associated morbidity (Chan,
1997; Albonico et al, 1999). The manifestations of ascariasis can be broadly
characterised into acute and chronic symptoms. Human hosts tend to experience acute
lung inflammation, difficulty in breathing and fever as a result of larval migration
through the pulmonary tissue. Abdominal distension and pain, nausea and diarrhoea
are also characteristic symptoms of adult worm infection and chronic ascariasis

(Crompton, 2001). Entangled adult worms have also been documented as leading to
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mechanical intestinal obstruction (Pawlowski and Davis, 1989; Crompton, 1994;
Villamizar et al., 1996; de Silva et al., 1997) in 0.005-2 per 1000 infections per year
(Pawlowski and Davis, 1989). In an analysis of published hospital reports, de Silva et al.
(1997) revealed that intestinal obstruction was the most common complication of
chronic human ascariasis with an associated mean case fatality rate of 5.7 %. Intestinal
obstruction occurs most frequently in children under five years old despite peak
infection intensity occurring in 5-10 year olds (de Silva et al., 1997), which may be due
to the narrower intestinal lumen in younger hosts (Villamizar et al., 1996). Biliary
ascariasis is the second most documented complication of chronic infection at 5-39% of

hospital cases (de Silva et al., 1997).

Chan (1997) described a model in which the worm burdens were separated into two
threshold levels based on the disabilities experienced by the human hosts. The model
facilitated calculation of the disability-adjusted life years (DALYs), which translates
disabilities experienced into years of healthy life lost. As calculated by Chan (1997), the
DALYs lost due to ascariasis are 10.5 million, while the combined DALYs for the soil
transmitted helminths, Ascaris lumbricoides, Trichuris trichiura and hookworms are 39.0

million, higher than the DALYs estimated for malaria (35.7 million).

While Ascaris is most prevalent in areas of low socioeconomic status and thus poverty
and malnutrition, studies indicate that Ascaris infection exerts a chronic influence on
host nutrition (Crompton and Nesheim, 2002). Various intervention and clinical studies,
the majority of which are focused on school children, demonstrated that infection is
associated with appetite loss (Hadju et al., 1996), lactose maldigestion (Carrera et al.,
1984; Taren et al., 1987) and impaired weight gain (Stephenson et al., 1980c; Hadju et
al., 1996). Nutritional consequences of infection are generally most pronounced in
those who harbour the heaviest burdens. In contrast, results in a study of Mexican
school children conducted by Quihui-Cota et al. (2004) indicated that intestinal parasitic
infections were not the causal factor but are rather associated with malnutrition in the
host population. Intestinal malabsorption is considered a potential cause of nutritional
impairment in Ascaris-infected children, particularly by Tripathy et al. (1972) who
studied worm-induced gastrointestinal tract physiopathology in children. Abnormalities
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in jejunal biopsies such as broadening and shortening of villi, elongation of crypts and
decrease in villus-crypt ratio were observed in infected patients but the morphology of
the intestines reverted to normal post-chemotherapy simultaneously to increased
protein and fat absorption. Later studies showed that A. lumbricoides infection can
induce vitamin A and C deficiency (Thein-Hlaing, 1993), which may be a result of

inhibited intestinal absorption.

While A. lumbricoides is of considerable public health importance, porcine ascariasis is
also known to interfere with the health and performance of pigs and is responsible for
reduced feed to gain ratios resulting in considerable economic losses (Stewart and Hale,
1988). Similarly to human infection, porcine hosts display stunted growth and consume

less food than uninfected controls (Stephenson et al., 1980c; Forsum et al., 1981).

As stated by Boes and Helwigh (2000) A. suum infections in young malnourished pigs
provide an useful model for A. lumbricoides infection in children. Ascaris-infected pigs
also display reduced food intake and growth rate (Stephenson et al., 1980c; Stephenson
et al., 1980a; Forsum et al., 1981), and impaired lactase activity in the intestinal mucosa
(Forsum et al., 1981), all of which are significantly correlated with the intensity of
infection (Stephenson et al., 1980a; Forsum et al., 1981). Stephenson et al. (1980c)
examined the effects of adult Ascaris infection in pigs on controlled diets and
demonstrated that the effects on the nutritional status of the hosts was most evident in
pigs on marginal protein diets. Furthermore, the efficiency of feed utilisation in Ascaris-
infected pigs was decreased, which was a product of the observed reduction of the villar

height to crypt depth ratio in the intestines.

There is a proposed association between helminth infection and a reduction in host
cognitive abilities (reviewed by Kvalsvig, 2002). However, confounding variables such as
age, gender, socio-economic status, baseline nutritional status, food intake and
polyparasitism pose difficulties when designing a well-controlled study. In two recent
intervention studies, whereby children were assessed within a 6 month time frame
post-treatment, conflicting results on the influence of A. lumbricoides on cognitive
function were observed. Watkins et al. (1996) demonstrated that anthelminthic
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treatment in Guatemalan children did not improve reading, vocabulary or school
attendance. However, a study conducted by Hadidjaja et al. (1998) in Indonesia
indicated that mebendazole-treated children showed significant improvements in

learning ability, concentration and eye-hand co-ordination.

The impact of larval migration within human hosts remains an elusive topic for obvious
ethical reasons (Cooper et al., 1992). An inflammatory reaction in the liver has been
observed in A. lumbricoides- (Javid, 1999) and A. suum- (Sakakibara et al., 2002;
Kakihara et al., 2004) infected humans, pigs (Schwartz and Alicata, 1932; Ronéus, 1966;
Copeman and Gaafar, 1972; Pérez et al., 2001; Frontera et al., 2003) and model
organisms such as calves (McCraw and Greenway, 1970), guinea pigs (Fallis, 1948;
Leventhal et al., 1978), rabbits (Arean and Crandall, 1962) and mice (Bindseil, 1981;
Eriksen, 1981). In A. suum infections, white spots (WS) are white pathological lesions
that are formed by the mechanical injury and inflammatory response induced by
migrating larvae in the liver (Ronéus, 1966). WS formation over the superficial hepatic
surface and within the liver tissue is characteristic of porcine infections in response to
larval migration through the liver (Schwartz and Alicata, 1932; Copeman and Gaafar,
1972). WS are also induced by other ascarids such as Toxocara canis, Toxocara cati and
Parascaris equorum (Ronéus, 1966; Helwigh et al., 1999), as well as immature
Stephanurus dentatus (Batte et al., 1975), metacestodes of Echinococcus multilocularis
(Sydler et al., 1998) and Schistosoma japonicum eggs (Willingham et al., 1994). Studies
of the location, distribution and cellular infiltrate composition of WS in pigs have been

described in detail previously (Ronéus, 1966; Pérez et al., 2001).

There are three types of WS observed in A. suum-infected pigs. The granulation tissue
type WS (GT-WS) have been suggested to form along the larval migration routes (small
GT-WS) or encapsulate trapped larvae (large GT-WS) (Ronéus, 1966; Copeman and
Gaafar, 1972; Pérez et al., 2001) and therefore have been proposed to play a role in
immunity to A. suum infection in pigs (Copeman and Gaafar, 1972; Eriksen et al., 1980).
A. suum larval debris has been previously detected within GT-WS (Schwartz and Alicata,
1932; Sprent and Chen, 1949; Copeman and Gaafar, 1972; Pérez et al., 2001), centrally
located within the granular mass (Schwartz and Alicata, 1932). The larvae-induced GT-
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WS have been proposed as a precursor to the lymphonodular types WS (LN-WS)
(Ronéus, 1966; Copeman and Gaafar, 1972), as the appearance of the latter on day 10
p.i. in pigs coincides with the healing of GT-WS (Roepstorff et al., 1997).

Larval migration in the host lung tissue induces pulmonary distress in both porcine
(Matsuyama et al., 1998) and human (Beaver and Danaraj, 1958; Spillmann, 1975)
hosts. The respiratory distress experienced during pulmonary ascariasis is referred to
Lofflers syndrome (Loffler, 1956), which is a recognised eosinophilic disease (Allen and
Davis, 1994; Ribeiro and Fischer, 2002). In A. lumbricoides infection, dyspnoea (difficult
or laboured breathing) and bronchospasm may be severe (Ribeiro and Fischer, 2002).
Severe dyspnoea has also been documented in porcine infections (Taffs, 1968; Eriksen,
1981; Yoshihara et al., 1983). Short dry coughs are also a typical feature of A. suum-
induced respiratory distress in pigs (Yoshihara et al., 1983) and have been reported in

experimental infections of cows (Greenway and McCraw, 1970a).

1.2.6. Animal models of Ascaris infection

Studies of A. lumbricoides worms in the human host are limited due to ethical
considerations. Therefore, research involving human hosts is confined to the adult stage
of Ascaris infection. Furthermore, difficulties exist in determining the complex
immunoepidemiological patterns or importance of host genetics in disease
development under field conditions, due to the multiplicity of environmental factors
which must be considered (Woolhouse, 1993; Dessein et al., 2001). For these reasons,
many researchers have turned to exploring Ascaris infection in a wide variety of model
organisms (Table 1.1), which has contributed to the current knowledge of the larval

migratory pattern in early infection as well as the immune response to Ascaris spp.

As discussed by Boes and Helwigh (2000), an appropriate model of helminth infection
should mimic the human host, the parasite and the human host parasite system. A.
suum infection in the pig is a naturally occurring host parasite system and as discussed

earlier A. suum is closely related to the human parasite species, A. lumbricoides (e.g.
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Anderson, 1995). Therefore, the pig serves as a suitable model for human Ascaris
infection. The pig model has contributed to demonstrating that epidemiological

patterns of infection are comparable in humans and pigs (Boes et al., 1998).
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Table 1.1. Parameter(s) investigated in experimentally infected model organisms excluding mice (shown in Table 1.2)

Model organism

Parameter(s) investigated

Reference

larval migration

(Stewart, 1916a; Ransom and Foster, 1919; Yoshida, 1919; 1920; Kerr, 1938; Fallis,

ik immunological response 1948; Soulsby, 1957; Taffs, 1965; Douvres and Tromba, 1971)
immunological response
. larval migration (Arean and Crandall, 1962; Taffs, 1965; Galvin, 1968; Berger, 1971; Douvres and
Gl hepatic pathology Tromba, 1971)
pulmonary pathology
gerbil larval migration (Cho et al., 2007)
rat larval migration (Stewart, 1916b; Yoshida, 1919)
larval migration
cow immunological response (Greenway and McCraw, 1970a; 1970b; McCraw and Greenway, 1970)
pathology
(Ransom and Foster, 1919)
lamb larval migration
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Model organism

Parameter(s) investigated

Reference

goat

larval migration

(Ransom and Foster, 1919)

pig

larval migration
immunological response
epidemiological patterns
hepatic pathology
pulmonary pathology
concurrent infections
Ascaris suum genetics

host genetics

(Stewart, 1917a; Stewart, 1919; Schwartz and Alicata, 1932; Kelley et al., 1957; Ronéus,
1966; Galvin, 1968; Taffs, 1968; Douvres et al., 1969; Douvres and Tromba, 1971;
Copeman and Gaafar, 1972; Keittivuti, 1974; Eriksen et al., 1980; Eriksen, 1981;
Yoshihara et al., 1983; Urban and Romanowski, 1985; Eriksen et al., 1992b; Eriksen et
al., 1996; Jungersen et al., 1996; Murrell et al., 1997; Roepstorff et al., 1997; Boes et al.,
1998; Jungersen et al., 1999b; Coates, 2000; Pérez et al., 2001; Boes et al., 2002;
Frontera et al., 2003; Eriksen et al., 2004; Frontera et al., 2004; Frontera et al., 2005;
Nejsum et al., 2005; Nejsum, 2008; Nejsum et al., 2008; Nejsum et al., 2009a; Nejsum
et al., 2009b)
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Furthermore, model organisms facilitate a greater degree of control over the different
parameters under study, since the ecological parameters that impact helminth infection

can be controlled or eliminated (Boes and Helwigh, 2000).

1.2.7. The mouse host as a model of early Ascaris infection

The mouse has been extensively studied as a model of early Ascaris infection. Infection
in mice only represents larval stages of the life cycle as worms do not return to the
small intestine to mature, therefore this constitutes an abnormal host-parasite
relationship. However, Slotved et al. (1998) confirmed by means of comparative work
with the pig that the migratory pattern of A. suum is similar in murine and porcine
hosts. Therefore, the mouse is deemed an appropriate host of early Ascaris infection
(Slotved et al., 1998). Prior to this, Kennedy et al. (1986) concluded that Ascaris in the
mouse was a suitable model for genetic control of host immune responses to defined
antigens. Therefore, the mouse has been confirmed as an appropriate organism for
modelling the early Ascaris migratory pattern, and also host genetics and immunology

as determinants of infection intensity.

The migratory pattern of Ascaris larvae has been studied extensively in mice and
previous studies (Jenkins, 1968; Keittivuti, 1974) have documented the preferential
penetration of the caecal and colon wall during early migration. This migratory stage
was recognised in mice before it was recorded in pigs (Murrell et al., 1997), highlighting
the important role abnormal host model organisms have played in understanding the
Ascaris life cycle. Furthermore Ransom and Foster (1920) detected larvae in the portal
vein on day 1 p.i. so were the first researchers to document the role of a blood vessel in

facilitating the onward migration from the intestines to the liver.

Timing of Ascaris migration is similar in mice and pigs (section 1.2.2) yet migration
extends over a slightly longer time in pigs (Murrell et al., 1997) When infective
embryonated ova are administered to a mouse (Fig. 1.2 (1)) into the stomach via gastric
intubation (Fig. 1.2 (2)), larvae hatch in the small intestine (Fig. 1.2 (3)). Larvae migrate

to the large intestine (Fig. 1.2 (4-5)) and within two to three hours p.i. a large number of
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larvae are recovered in the caecal and colonic tissue (Jenkins, 1968; Keittivuti, 1974;
Slotved et al., 1998). From here, larvae migrate to the liver (Fig. 1.2 (6)) as early as four
hours p.i. (Slotved et al., 1998). While the first appearance of larvae in the lungs (Fig. 1.2
(7)) has been documented as early as 6 hours (Slotved et al., 1998) but more commonly
on days 4-5 p.i in mice (Douvres and Tromba, 1971; Lewis et al., 2006), the numbers do
not tend to peak in this tissue until approximately days 5-7 p.i in mice (Douvres and

Tromba, 1971; Keittivuti, 1974; Slotved et al., 1998; Lewis et al., 2006).

Working with the mouse model is advantageous in terms of economical and practical
considerations. Furthermore, as stated by Slotved et al. (1998) there is a greater
availability of reagents for mice which makes the mouse an attractive model organism
especially for immunological studies. The migratory pattern of Ascaris in the mouse can
be studied over a shorter time-frame than in the pig. Moreover, as stated by Behnke et
al. (2009) in mouse models “the mechanism of resistance can be conveniently dissected
at a variety of highly sophisticated levels.” Furthermore, sequencing of the mouse
genome (Waterston et al., 2002) has provided a valuable tool for investigating the role

of particular gene(s) that influence resistance to infection.

Inbred strains of mice that vary in their susceptibility to Ascaris infection have been
identified (Mitchell et al., 1976; Lewis et al., 2006) and two inbred strains were recently
recognised to represent hosts susceptible or predisposed to infection (C57BL/6j) and
those that are resistant (CBA/Ca). These mouse strains, in the absence of environmental
variables, represent the extremes of outbred populations containing individuals that

vary in their ability to resist Ascaris infection.

C57BL/6j and CBA/Ca mice have different MHC haplotypes (C57BL/6j: H-2°, CBA/Ca: H-
2%). C57BL s thought to be the most widely used of all inbred strains and the sub-strain
C57BL/6 alone accounts for over 14% of occasions on which an inbred strain is used for

a study (Mouse Genome Informatics www.informatics.jax.org).
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Figure 1.2. Migration of Ascaris suum in the mouse.

In experiments involving the mouse as a model organism, embryonated ova (1) are
typically administered by means of gastric intubation into the stomach (2). Larvae hatch
in the small intestines (3) and migrate to the large intestine (4), where they penetrate
the caecal and colonic wall (5). From here, larvae migrate to the liver (6) and then the

lungs (7). (Original illustration)
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Table 1.2. Selection of studies which the mouse was used as a model for early Ascaris migration and the host immunological response to Ascaris

infection

Study Type

Reference

intestinal-hepatic

migratory pattern

(Ransom and Foster, 1919 (strain not specified); 1920 (strain not specified); Ransom and Cram, 1921 (strain not specified);

Jenkins, 1968 (albino mice); Keittivuti, 1974 (IKR strain); Slotved et al., 1998 (BALB/c strain))

hepatic-pulmonary

migratory pattern

(Stewart, 1917b (strain not specified); Stewart, 1917a (strain not specified); Sprent, 1952 (white mice, strain not specified);
Sinha, 1967 (white mice, strain not specified); Douvres and Tromba, 1971 (general purpose Swiss mice); Song et al., 1985

(strain not specified); Lewis et al., 2006 (A/J, BALB/c, CBA/Ca, C57BL/6j, C3H/HeN, DBA/2, NIH, SJL, and SWR strains))

hepatic pathology

(Bindseil, 1969b; Crandall and Crandall, 1971; Bindseil, 1981 (NMRI/Bom strain); Eriksen, 1981 (albino mice, nu/nu, nu/+,
+/+))

pulmonary pathology

(Sprent, 1949 (strain not specified); Crandall and Crandall, 1971; Eriksen, 1981 (albino mice, nu/nu, nu/+, +/+); Lewis et al.,
2007 (C57BL/6j and CBA/Ca))

immunological

response

(Sprent and Chen, 1949 (strain not specified); Bindseil, 1969a (NMRI strain); 1969b (NMRI strain); Guerrero and Silverman,
1969 (strain not specified); Bindseil, 1970b (NMRI strain); 1970a (NMRI strain); Mitchell et al., 1976 (C57BL/6 and BALB/c
strains); Brown et al., 1977 (CBA/N, CBA/H and C57BL/6j strains); Crandall et al., 1978 (C57BL/6j); Eriksen, 1981 (albino
mice, nu/nu, nu/+, +/+); Kennedy et al., 1986 (NIH, C3H/He, BALB/c, SJL, CBA/Ca, DBA/2 and C57BL/6 strains); Jeska and
Stankiewicz, 1989 (NFR/N strain))
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1.2.8. The immunological response to infection

Immunity can be broadly categorised into innate and adaptive immunity. Innate
immunity represents the first line of defence, affording protection by recognising “non-
self”. Combat with a pathogen by the innate immune system does not confer long-
lasting memory, whereas a unique feature of the adaptive immune system is generation
of immunological memory. Therefore, once a vertebrate is exposed to an infectious
agent, the adaptive immune response is immediate and stronger against subsequent

exposure to the particular infectious agent.

The innate immune system’s recognition of “non-self” is mediated by a detection
system composed of pathogen recognition receptors (PRRs) (Akira et al., 2006). PRRs
are cell receptors that recognise specific common structures known as pathogen-
associated molecular patterns (PAMPs) (Janeway Jr and Medzhitov, 2002) found on
exogenous pathogens (e.g. flagellin, viral RNA and bacterial DNA) as well as endogenous
ligands (e.g. heat shock proteins released by damaged necrotic host cells). The
pathways that follow recognition of PAMPs initiate the activation of principal effector
cells of innate immunity such as monocytes, macrophages, neutrophils and/or dendritic

cells.

Effector cells of the innate immune response are activated once non-self is detected
then communicated by means of cytokines, soluble peptides secreted by cells that
modulate a wide range of potent immunoeffector mechanisms. Chemokines, a subset
of cytokines, attract cells such as neutrophils and monocytes by promoting chemotaxis
from the bloodstream into infected tissues (Borish and Steinke, 2003). Therefore,
cytokines play a key role in the initiation and promotion of the inflammatory response.
Inflammation is a general term used to describe the recruitment of cells and molecules

of innate immunity in response to host tissue damage.

Macrophages and neutrophils are the chief cell types involved in the initial phase of an

inflammatory response. The latter cell type are recruited early in response to pathologic
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conditions to the site of injury in the host by means of chemokines (Cyster, 1999;
Mackay, 2001). Monocytes are recruited shortly after neutrophils and rapidly
differentiate into macrophages while eosinophils are recruited at a later stage.
Cytokines also influence the permeability of blood vessels, thus further facilitating the

migration of cells to the site of injury.

The effector cells of the innate immunity which are involved in the inflammatory
response function in destroying both invading infectious agents and damaged host
tissue. Both macrophages and neutrophils phagocytose invading pathogens while the
former cell type acts as general scavenger cells, clearing dead cells and cell debris.
Eosinophils are believed to be involved in the destruction of parasites too large to be

phagocytosed by neutrophils and macrophages (Meeusen and Balic, 2000).

During the inflammatory response, cytokines also promote activation of the synthesis
and release of further soluble mediators of innate immunity, such as acute phase
proteins (APPs) and complement, which bind to pathogens and target them for
destruction and phagocytosis. APPs are produced in the liver and contribute to the
systemic immune response. A raised level of the APP C-reactive protein (CRP) is a widely
used marker of inflammations. As reviewed by Gao et al. (2008), liver hepatocytes are

also responsible for the biosynthesis of 80-90% of complement components.

Adaptive immunity is mediated by clonally distributed T and B lymphocytes. The first
and crucial step of adaptive immunity is the activation of T lymphocytes. By becoming
activated by pathogen recognition receptors, professional antigen presenting cells
(APCs) (dendritic cells, macrophages and B cells), which form part of the innate system,
stimulate naive antigen-inexperienced T lymphocyes. The APCs present fragments of
the pathogen, now called antigen, to T lymphocytes in peripheral lymphoid organs
(Trombetta and Mellman, 2005). APCs also produce cell-surface proteins known as co-
stimulatory molecules, which provide signals to stimulate T lymphocytes to proliferate
and differentiate. Antigens are presented on APCs cell surfaces, complexed with MHC

molecules.
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Different classes of T cells recognise intracellular and extracellular antigens. MHC class |
proteins present peptides derived from endogenous antigens, generated from within a
cell such as viral proteins, while MHC class Il proteins bind and display proteins from
exogenous antigens living in macrophage vesicles or internalised by phagocytic B-cells.
MHC class | proteins are recognised by cytotoxic T cells (CD8") and MHC class Il proteins
are recognised by helper T (Th) cells (CD4") , which in turn activate other cells of the
adaptive response. All elements of the MHC:antigen complex are required for T cell

recognition — neither is effective alone (Murphy et al., 2008).

The differentiation of naive T cells into functional effector cells is controlled by signals
from the innate immune system (Abbas et al., 1996; Murphy and Reiner, 2002). CD4+ T
cells are classified as T-helper 1 (Th1) and Th2 cells on the basis of contrasting patterns
of cytokines they secrete (Mosmann and Coffman, 1987). The selective differentiation
of precursor CD4" T cells into effector Thl and Th2 cells is based on the cytokine
environment and the antigenic peptide presented to the cells by specialised APCs (Fig
1.3). Release of IL-12 and IL-18 by macrophages and dendritic cells and IFN-y by natural
killer (NK) cells stimulates the development of CD8" T cells and Th1 cells. Release of IL-4
and IL-6 promotes the development of Th2 cells. Furthermore, Thl cells are generally
induced by viruses and intracellular bacteria, while Th2 cells are induced by allergens

and helminths.

Th1 and Th2 cells are important sources of cytokine production and the Thl and Th2
arms of the immune response are modulated by a highly integrated network of
molecular and cellular interactions driven by cytokines. Table 1.3. shows the signature
cytokines of the Thl and Th2 subsets, which are known to inhibit each other’s
secretions. Therefore, the highly integrated network of cytokines maintains a balance

between the Th1l and Th2 response.

In general, Thl cells are responsible for generating strong cellular immunity against

intracellular pathogens. Th2 cells activate differentiation and class-switching of B-cells

thus promoting the development of humoral responses that direct effector functions

using specific antibodies against extracellular pathogens (Fig 1.3, Table 1.3) (Abbas et
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al., 1996; Murphy and Reiner, 2002). Allen and Maizels (1997) noted that Th1l and Th2
responses represent extremes of a continuum of cytokine production profiles, and
warned that the strong existing preconceptions that exist that regarding the roles of Th1
and Th2 cytokines in parasite clearance may threaten the process of discovery.
Therefore, the authors recommend that researchers assess the immune response of
each by the individual cytokines and the effector pathways that are subsequently

induced.
Recently a third population of CD4" T cells with a regulatory function known as Th3 or T

regulatory 1 (Trl) cells were described. These cells produce IL-10 and transforming

growth factor-B (TGF-B) and suppress Th1l responses (Mills, 2004; Dunne et al., 2008).
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Table 1.3. Cytokines and their roles in immunity

Cytokine Producer cells

Function

Stimulates macrophages and T-cells
Stimulates acute phaseresponse

Stimulates T cell proliferation
Co-stimulates B-cell differentiation

Simulates B cell activation

Stimulates differentiation of Th2 cells
Enhances IgG1 and IgE synthesis
Inhibits Thl differentiation

Stimulates eosinophil proliferation
Stimulates B cell growth and IgA switch

Stimulates T and B cell growth and differentiation

Stimulates acute phaseresponse

Inhibits macrophages and NK cell functions

Inhibits Thl cytokine production

IL-1 macrophages
epithelial cells
APCs
IL-2 ATWhl cells
'vIl:—4” : Th27cells
NK cells
L5 Th2cells  Stimulates eo
IL6  macrophages
Th2 cells
hepatocytes
II!-8 -méAcrvc;ph'ages ‘ Stimﬁlates cell .migratibn
b8 ThReells . -
10 macrophages
B cells
Th2 cells

113 Th2cells
NK cells

TNF-a  macrophages
NK cells

TGF;B macfophageé
Th3 cells

IFN-a macrophawgﬂé‘; i

IFN-y  Thlcells
NK cells

IFN-B fibroblasts

IL18  macrog

Inhibits viral replicration

Inhibits viral replication

macrophages

Stimulates B-cell growth and differentiation

Stimulates IgE switch

Inhibits macrophage inflammatory cytokine production

Inhibits Th1 cell functions

Stimulates macrophages

Stimulates acute-phase response

V I‘nhibits 'B,T, and NK cells and nfiacrdphages
Stimulates fibrogenesis and B cell 1gA switch

Stimulates NK cells

Inh| bitsﬁvrirarlylr'epi icétio'nr a'n’d VTVh'2 dirfiferentria'tioh y

Stimulates Th1l and NK cell activation

Stimulates Th1 cell differentiation
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Figure 1.3. Early detection of pathogen by means of TLR and, activation and regulation
of naive CD4+ T cells

(adapted from Akira et al., 2001)

1.2.9. The immunological response to helminth infection

Despite variations in the experimental outcome using different host systems, it is known
that helminth parasites induce a stereotypical host response: Th2-type immunity
(Grencis, 1997; Cooper et al., 2000; Finkelman and Urban, 2001; Turner et al., 2003),
which is broadly characterised by the activation of eosinophils, basophils and mast cells
and the production of IgE. As reviewed by Urban et al. (1992), Th2 cytokines play an
important role in protective immunity to helminth infection as their secretion
stimulates the major immunologic “hallmarks” of helminth infection. For example, IgE is
stimulated by IL-4 (Finkelman et al., 1988), eosinophilia by IL-5 (Coffman et al., 1989)
and mastocytosis by IL-3, IL-4 and IL-10 (Madden et al., 1991; Thompson-Snipes et al.,
1991).
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While antibody production, particularly IgE is typically detected in individuals
considered resistant to helminth infection (Anthony et al., 2007), antibody-independent
mechanisms have also been demonstrated to be important in mediating protection
from chronic helminth infection. For example, the role of intestinal mucins in expulsion
of helminths, notably for Trichinella spiralis (Knight et al., 2008) and Nippostrongylus
brasiliensis (Miller et al., 1981; Ishikawa et al., 1994; Nawa et al., 1994), has been
previously demonstrated. Eosinophils are characteristic of the inflammatory response to
helminth infection yet, as reviewed by Meeusen and Balic (2000) there is conflicting
evidence as to whether or not eosinophils mediate protective immunity or expulsion of
helminth parasites. Eosinopilia appears to be more effective against tissue-migrating

helminths (Finkelman et al., 1997; Maizels and Holland, 1998; Maizels and Balic, 2004).

1.2.10. The immunological response to Ascaris infection

While resistance to helminth infection tends to be associated with Th2 responses, the
precise underlying immunologicali mechanisms that lead to the expulsion of Ascaris

worms are yet to be defined.

It is known that gastrointestinal nematodes induce immune responses in their human
hosts, although the mechanisms involved in putative functional resistance are not
known. Due to ethical reasons, direct experimental studies are not possible in humans.
However, various surveys of endemic host antibody and cellular immune response
patterns to antigens have been undertaken, typically prior to and after chemotherapy.
Such studies generally correlate the immune signalling or effector molecules with

infection intensity and/or predisposition.

Early field surveys examined the relationship between specific immunoglobulin
responses in A. lumbricoides-infected humans and intensity of infection. While the
magnitude of the antibody response is likely to be determined by age, infection
intensity, history of infection and individual host genetics, studies have shown that

antibodies of all isotypes (IgM, 1gG, IgA and IgE) are induced during human infections
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with A. lumbricoides (Cooper et al., 2000). Antibody responses appear to be stimulated
by Ascaris larvae as demonstrated by studies involving experimental infection whereby
antibodies were detected shortly after infection, lasting 3-4 months p.i. (Lejkina, 1965).
In studies where interruption of transmission during the winter has been documented,
host antibody levels coincide with parasite transmission in the remaining months

(Lejkina, 1965).

The age-related changes in intensity patterns of A. lumbricoides infections observed in
human populations (e.g. Elkins et al., 1988), discussed earlier, are mirrored by the
antibody response levels recorded, indicating that the humoral immune response is
dependent on burden as opposed to being protective (Haswell-Elkins et al., 1989b;
Haswell-Elkins et al., 1992). Coupled with this, in studies conducted in Bangladesh and
Ecuador, Palmer et al. (1995) and Cooper et al. (2000) both demonstrated that antibody

levels are reflective of parasite burdens.

Contrasting 1gG and IgE responses have been detected in lightly- and heavily-infected
hosts. Geiger et al. (2002) recorded that both total IgG and the subclass 1gG4 were
significantly elevated in response to A. lumbricoides in infected patient groups. In
contrast to this, a minimal 1gG4 response was detected in infected hosts in a Nigerian
population (McSharry et al., 1999), while Cooper et al. (2000) also showed that levels of
Ascaris-specific 1gG, 1gG1 and 1gG2 antibodies are positively correlated with parasite
burdens. High circulating levels of IgE, in excess of 10,000 IU/ml (Cooper, 2002), and
Ascaris-specific IgE have been consistently associated with human ascariasis (Johansson
et al., 1968; Jarrett and Miller, 1982; Hagel et al., 1993; Lynch et al., 1993; Cooper,
2002). It has been speculated that the heightened IgE response in A. lumbricoides-
infected hosts is stimulated by larval migration (Radermecker et al., 1974) because non-
invasive helminths are not associated with significant increases in IgE levels (Orren and
Dowdle, 1975). Heightened levels of IgE in infected hosts has been considered to be a
result of direct mitogenic effects of Ascaris allergens on B cells responsive to Ascaris
allergens (Lee and Xia, 1995), as many allergens are secreted during larval migration
(Kennedy and Qureshi, 1986; Fraser et al., 1993) or are associated with the production
of large amounts of IL-4 (Cooper et al., 2000). A negative association between IgE and
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susceptibility to A. lumbricoides reinfection was reported in a Venezuelan population
(Hagel et al., 1993), and McSharry et al. (1999) found that levels of specific and total IgE
were related to protection rather than to exposure to infection, indicating that high IgE

producers have natural immunity to A. lumbricoides infection.

Focus has also been placed on cytokine expression and A. lumbricoides infection
patterns in human populations. Cooper and colleagues (2000) first described the
cytokine phenotypes associated with A. lumbricoides infection in endemic Ecuadorian
populations and thus demonstrated that the cellular immune response to Ascaris
antigens is characterised by a highly polarised Th2 cytokine response. In this study,
frequencies of peripheral blood mononuclear cells (PBMCs), expressing IL-4 and IL-5
were significantly greater in the infected group, whereas the frequencies of IL-10 and
interferon-y (IFN-y) were similar in the both the infected and control groups. While
levels of IFN-y were not raised in infected subjects, there was no evidence for impaired

IFN-y expression, which may indicate a mixed Th1/Th2 response (Cooper et al., 2000).

A study on a Cameroonian population further highlighted the importance of a Th2
response and resistance to Ascaris infection, as hosts considered persistently
susceptible were characterised by a weak Th2 response (Jackson et al., 2004).
Resistance to reinfection at 8-9 months post-chemotherapy was positively related to
pre-treatment levels of IL-5 (Jackson et al., 2004), indicating a negative association of
this Th2 cytokine with general susceptibility. This is consistent with the effectiveness of
IL-5 driven Th2 cellular responses being greatest against larvae, rather than established
adult infections (Maizels and Balic, 2004). Furthermore, IL-13 levels have been
documented to be negatively associated with general susceptibility (Jackson et al.,
2004). In addition a separate study recorded increased IL-13 levels in the older age

classes, in which lower infection intensities were observed (Turner et al., 2003).

Contrasting levels of IL-10 have been documented in endemic populations, with some
studies showing no difference in expression between the infected and uninfected
groups (Coop<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>