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ABSTRACT
Neospora caninum is an obligate intracellular protozoan parasite that infects a wide
range of hosts. It is economically important in the cattle industries, since the
pathologies include abortion and stillbirth of calves. It is primarily transmitted
transplacentally, from dam to calf, and once it enters a herd it is difficult to treat.
There is a need to develop a transmission-blocking vaceine that also prevents the
acute pathologies associated with neosporosis. There are several vaccine sirategies
that may be useful including live delivery using attenuated organisms. The use of
attenuated Toxoplasma gondii has been previously shown to be an efficacious
delivery vector for heterologously expressed proteins. In this thesis, 7. gowndii
tachyzoites are transfected with two genes from N. caninum and their expression
studied. The specific immune response to N. caninwm is measured when mice are
inoculated with the transgenic 7. gordii. The mouse model was carefully chosen to

have minimum clinical symptoms after inoculation with the untransfected 7. gondii.

Several immunodominant antigens of N. caninum have been identified using immune
serum from infected animals. However, proteins that stimulate a cellular immune
response ~ thought to be important in the generation of protection againsl N. caninum
— have not been studied in detail. Proteins were separated using one- and two-
dimensional SDS-PAGE and electrosluted from the gel for use in T-cell proliferation
assays. Proliferation in vifro of T-cells from V. caninum-infected cattle is discussed.
Protein fractions that stimulated a proliferative response were further analysed by
mass spectrometry. One fraction was identified as superoxide dismutase from A.
caninum. The potential of using this protein as a component of a vaceine against the

acute pathology and vertical transmission of N. caninum is discussed.
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1. INTRODUCTION

1.1 Discovery of Neospora caninum

Neospora caninum is an obligate intracellular pathogen first isolated from the central
nervous system of a dog in 1988, although a previously diagnosed neurclogical
discase in dogs was later identified as neosporosis (Bjerkas er al, 1984; Dubey et i,
1988). It was thought for many years previously that the parasite, a coccidian, was
Toxoplasma gondii, but the disease was not like that caused by T. gondii. T. gondii
infects all warm-blooded animals and causes a wide spectrum of disease (Roberts
and Janovy, 1996). N. caninum appears to be limited to canids as definitive hosts
(DH) where the parasite undergoes sexual replication and a variety of intermediate
hosts (IH) where the parasite replicates asexually (Dubey ef al, 1990}, Retrospective
serological and morphological studies have indicated that misdiagnosis of cases of

neosporosis in dogs span back several decades (Dubey ef al, 1990).

1.2 Classification of N. caninum

Despite being morphologically similar, and irrespective of the fact that for many
years they were mistaken as the same organism, T. gondii and N, caninum have been
shown to be genetically and antigenically different (antigenic differences will be
discussed in Section 1.8.1). In phylogenetic studies using ribosomal RNA sequences,
N. caninum was placed in the Sarcocystidae family of the Apicomplexa alongside 7.
gondii (Holmdahl er af, 1994). Holmdahl and colleagues suggested that N, caninum
was sufficiently cluse genetically not to warrant being a separatc genus from 7.
gondii (Holmdahl ef af, 1994), However, in firther phylogenetic studies using full-
length ribosomal RNA sequences, Mugridge and colleagues proposed that M.

caninum was more closely velated to Hammondia heydorni than to T. gondii
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(Mugridge et al, 1999). Mehlhorn and Heydorn (2000} proposed that N. carinum
should be considered to be a strain of H. heydorni, rather than a separate species,

since they were morphologically inseparable (Mehlhorn and Heydorn, 2000).

The majority of the work done in trying to classify N, caninum was carried out using
ribosomal RNA sequence comparison (Holmdahl er af, 1994; Mugridge ef al, 1999).
A study by Schock et @/ (2001) used genomic approaches to determine the extent of
variation between N. caninum and other Apicomplexa. In this work, six strains of &,
caninum were compared with three strains of 7. gondii and a strain of Sarcocystis sp.
using Random Amplification of Polymorphic DNA (RAPD) PCR. This technique
uses random primers to amplily regions of DNA from the genome of the organisms.
When the results were analysed, it was noted that the N. caninum strains clustered
together and were distinct from the 7. gorndii and the Sarcocystis at 222 locations
(Schock er o/ 2001). There werc an additional 54 markers that could be used to
identify the individwal N. canipum strains, indicating some intra-species variation

within &, caninum (Schock et al, 2001).

In an attempt to reach a consensus, a consortium of V. cawninum researchers proposed
a redescription of N. caninum in relation to the other cyst-forming coccidian (Dubey
et af, 2002) based on morphological, antigenic and genetic differences. In this paper,
the authors identilied differences between different cyst-forming coceidia, such as
oocysts morphology and variations in the 16S ribosomal DNA, and sought to

characterize each one according to its differences.
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1.3 Classification of 7. gondii

There is a significant body of literature examining the intra-species variability in 7
gondii using genetic and genomic techniques (Lyons and Johnson, 1998; Appleford
and Smith, 2000; Faezelli ef @f, 2000, Lehmann ¢f al, 2000; Terry ef al, 2001). These
studies used differences in the sequence and expression of a 7. gondii heat shock
protein (Lyons and Johnson, 1998), intergenic spacer polymorphisms (Faezelli ef al,
2000) and variations in genes encoding for antigens and housekeeping genes
(Lehmann ef al, 2000) to examine the differences in 7. gondii strains. Terry and co-
workers (2001) used a PCR-based method to identify differences in the mobile
genetic elements within the 7. gondii genome. Using specific primers, amplification
of a virulence-associated fragment (only found in avirulent strains) occurred (Terry
et al, 2001). All these studies suggested variability at a genetic level between

different strains of 7. gondii.

In an early study, Sibley and Boothroyd examined the penotypes of twenty-eight
virulent and non-virulent strains of 7. gondii (Sibley and Boothroyd, 1992). In this
study, the authors noted that all the virulent strains tested appeared io be
genotypically identical, suggesting a single clonal lineage, whereas the avirulent
strains were polymorphic (Sibley and Boothroyd, 1992). A further study suggested
that the 7. gondii species comprised three distinet clonal lines (Howe and Sibley,
1995). These three clonal lincages ~ Types I, Il and III — differed in their virulence.
Type I T. gondii was considered to be highly virulent in mice and is characterised by
the RIT strain (Howe and Sibley, 1995). Types Il and Il 7. gondii were considered to
be avirulent in mice (Howe and Sibley, 1995). The Prugniaud (PRU) strain was

congidered to be a Type 11 strain.
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1.4 Life Cycle of V. caninum

1.4.1 Definitive and Intermediate Hosts

The life cycle of N. caninum is very similar to that of T, gondii. 1ike T. gondii, N.

caninum can infect many different animals (lable 1,1). Unlike 7. gondii, however,

N. caninum is not thought to be a human pathogen. No natural human infection has,

as yet, been reported. A study by Tranas and colleagues (1999) showed that

seroconversion in humans exposed to N. caninurm was possible, although the anti-

Neospora titre was low with no obvious pathology. There is currently no evidence io

suggest that human infection with N. caninum causes abortion as it does in cattle

{(Petersen et al, 1999). However, other primates have been successfully infected with

N. caninuym in the laboratory (Barr ef af, 1994). In this study, rhesus macaque

foetuses were inoculated in wrero with N. caninum, or preghant macaques were

inoculated intramuscularly with N, caninum (Barr ef al, 1994). All foetuses were

identified as being positive by immunchistochemistry and specific antibody titres for

N. caninum when they were tested ten weeks after inoculation (Barr er al, 1994).

This would suggest that primates are susceptible to infection by N. caninum.

Animal Host status Reference(s)

IH: Intermediatc Host

DH: Definitive Host
Cattle IH {(Anderson ef al, 1994)
Sheep IH (Dubey and Lindsay, 1990)
Goats H (Barr et al, 1992; Dubey et al, 1992)
Deer IH (Dubey et al, 1996)
Red Foxes iH (Buxton et al, 1997; Almeria e/ al, 2002)
Coyotes IH/DH (Lindsay ez al, 1996; Gondim ef al, 2004)
Water Buffalo H {Dubey er al, 1998; Huong ef a/, 1998)
Camels IH (Hilali et al, 1998)
Dogs TH/DH (McAllister ef al, 1998)

Table 1.1 Known intermediate and definitive host organisms of N. caninum
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Table 1.1 shows a number of mammalian hosts can act as intermediate hosis and also
some that are confirmed/suspected definitive hosts. It was not, however, until 1998,
that McAllister and co-workers discovered that dogs shed the sexual form of the
parasite, the oocyst, indicating its role as definitive host (McAllister ¢ al, 1998).
Wild canids, notably coyotes (Canis lairans) have also been identified as definitive
hosts (Gondim et a/, 2004), although others including foxes (Fulpes vulpes) have yet
to be shown as definitive hosts. Initial experiments showed that when experimentally
infected by ingestion of infected mouse placenta, dogs shed small numbers of
oocysts (Lindsay et af, 1999). However, further experiments showed that when dogs
were fed infected bovine placenta, they produced significantly more oocysts than
when they were fed murine placenta (Gondim et af, 2002). This suggests that the
cyclical transmission of parasites between dogs and intermediate hosts is feasible

{Gondim et al 2004),

1.4.2 Life Cycle

The life cycle of N, caninum is shown in Figure 1.1. Qocysts sporulate within 24
hours of excretion (Lindsay ef al, 1999) and are taken up by susceptible hosts
following consumption of contaminated food/water (McAllister ef al, 1998). A very
important mode of transmission is vertically from mother to foetus, which will be
discussed in more dotail in Section 1.6.2. Once inside an intermediate host, the
oocysts excyst and release tachyzoites. Some of the tachyzoites continue to multiply,
while others differentiate to bradyzoites and tissue cysts. Switching from tachyzoites
to bradyzoites is causcd by a number of stimuli (Weiss ef @/, 1999). For example, in
7. gondii an increase in pH to 8.1 causes bradyzoite switching in 7. gondii, as does

an increase in temperature to 43°C (Soete ef al, 1994). The presence of nitric oxide,
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an important immune effector molecule (reviewed in Bogdan et al, 2000) which is
produced by interferon y (IFN-y) stimulation of macrophages and natural killer (NK)
cells increases antigen switching from tachyzoite-specific to bradyzoite specific
antigens, which indicates stage differentiation from tachyzoite to bradyzoites. It is

the ingestion of bradyzoites that causes the infection of the definitive canine host,
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1.5 Neosporosis

1.5.1 Disease

Neosporosis is a worldwide disease, and as such the cost of the disease to agriculture
is spread throughout the globe. The most important pathology attributed to
neosporosis is abortion in cattle. Abortions due to neosporosis are caused in several
ways. A point-source post-natal infection of cattle, often caused by the cohabitation
of cattle and an infected definitive host, is a common cause of abortion (Dijkstra ef
al, 2001; Dijkstra et al 2002). Alternatively, the recrudescence of a latent infection
can also produce an increased risk of abortion (Wouda er al/, 1999). In this study,
abortions within a herd occurred in seasonal “storms” caused by a recrudescence of a
previous N. caninum infection in chronically infected cattle, although there was some
evidence to suggest a concurrent point-source infection in some of the herds studied

in this study (Wouda et al, 1999).

Abortions related to N. caninum cause approximately 25% of all bovine abortions
and stillbirths in California that have known causes (Anderson et al, 1991). In other
studies, aborted cattle foetuses from California were tested for the presence of N.
caninum (Anderson et al, 1995). In this study, up to 42.5% of bovine abortions in
California were attributed to N. caninum infection (Anderson et al, 1995). In a later
study of a different herd in the United States, 40% of cattle within the herd aborted

due to a recent previous infection with N. caninum (Jenkins et al 2000).

In the UK, neosporosis has been identified as a significant cause of pathology in
cattle where up to 12.5% of all bovine abortions in England and Wales may be

attributed to neosporosis (Davison er al, 1999). Similar results were obtained in
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Scotland, where 15.9% of aborted foetuses contained antibodies to N. caninum

(Buxton et al, 1997).

1.5.2 Economic Impact

It is evident that abortions due to neosporosis have the potential 1o be significant
factors in the competitiveness of the dairy industry. Some studies suggest that
infected cattle are three times more likely to abort than uninfected cattle (reviewed in
Trees ef al, 1998) In California, for example, the economic loss associated with N,
caninum infection is estimated at US$35 million annually (Anderson et al 1991).
This may be in part attributed to a decrease in milk production. In herds with
abortion problems, cattle seropositive for N. caninum produce less milk (Hobson ef
al, 2002). The loss of foetuses and rebreeding costs, the cost of veterinary
intervention and decreased milk yield are also important economic factors
(Thurmond & Hiétala, 1996; Thurmond & Hietala 1997a; Thurmond & Hietala

1997b).

It is therefore important to understand the biology of the parasite, and particularly
how it is transmitted in herd animals. This knowledge could then be used to help

farmers identify risk factors and reduce their economic losses due to N. caninum.

1.6 Transmissior of V. caninumn
1,.6.1 Horizontal Transmission
Horizontal transmission of N, caninum is not a major route of natural infection

(Davison er al, 1999; Bjorkman et af, 2003). In thc study by Bjorkman and

- 10 -




Chapter 1

colleagues, horizontal transmission was estimated to be 22% mean annual rate over

three years (Bjorkman ef al, 2003).

There is evidence to suggest that the presence of a V. caminum-infected dog on a
farm increases the likelihood of horizontal transmission of N. caninum (Dijkstra er
al, 2002). The rate of infection of cattle with N, caninum increases when the dog is
fed placenta or consumes uterine discharge from a previously infected cow and is
allowed to defecate near the housed cattle (Dijkstra et al, 2002). In addition to this,
postnatal infection of calves by ingestion of ococysts may have a small role in
horizontal transmission (Hietala and Thurmond, 1999). In this study, despite a high
seroprevalence of N. canimun in the herd, horizontal transmission was estimated at
less than 1% because of the high level of vertical transmission between the dam and

foetus (Hictala and Thurmond, 1999).

A recent study of bull’s semen has indicated the possibility of venereal transmission
of N. caninum (Ortega-Mora ef al, 2003). In this study, fresh and frozen semen was
analysed by nested PCR, IFAT and immunoblot for the presence of N. caninum
tachyzoites. Parasites were found in the celflular component of the scmen, suggesting
N. caninum infection of the sperm cells (Ortega-Mora ef al, 2003). Whether this

route is viable or important in the transmission of neosporosis has yet to be verified.

1.6.2 Vertical Transmission
One mode of infection, not directly dependent on oocysts, is vertical transmission.
This is the infection of a foetus via the placenta, Vertical transmission has been seen

in natural infections in cattle and sheep {Anderson ef al, 1997, Bergeron ef al, 2000;

-11-
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Innes et al, 2001; Landmann et al, 2002; Kobayashi ef al, 2001), as well as
experimentally in dogs and mice (Cole ef a/, 1995a; Cole er al 1995b; Liddell ef al,
1999; Omata et 4/, 2004). Vertical transmission is important in the maintenance of
infection within a herd, since the parasite can be transmitted over several generations
and in successive pregnancies (Davidson e al, 1999). Mathematical models of
transmission have also shown that vertical transmission has a high probability of
oceurrence — 92,5% of seropositive dams gave birth to seropositive calves (Davidson
ef al, 1999). This would suggest that vertical {ransmission is an important mechanism

by which the parasite maintains long-term infection of 4 herd.

Much of the work studying vertical transmission has been carried out using cattle.
Since cattle ave difficult and expensive to handle in an experimental situation, as well
as having long gestation times, mice are also used to study vertical transmission of N.
caninum. It could be argued, however, that mice are not ideal models for studies of

this kind, due to differences in gestation times between catile and mice.

1.6.2.1 Vertical Transmission in Mice

As mice are relatively easy to manipulate in taboratory conditions, they were among
the first animals to be used as a model for vertical transmission in N. caninum studies
(Cole et al, 1995b). In this study, vertical transmission of N. caninum in BALB/¢c
mice was 85%, In a further study of murine congenital neosporosis, an outbred strain
of mouse, the Quackenbush mouse was used (Quinn er a/, 2002). The Quackenbush
mouse displayed low pathology during infection and generated a partially protective

response, sufficient to prevent vertical transimission (Quinn ef al 2002), PCR could

12 -
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not detect parasite DNA within foetal tissue derived from the infected pregnant

Quackenbush mice (Quinn ef al, 2002).

1.6.2.2 Vertical Transmission in Cattle

If a cow is infected with V. caninum, the parasite can be passed through the placenta
to the foetus. As a result of vertical transmission of the parasite, foetuses can be dead
in utero, resorbed, mummified, autolysed, stillborn or born persistently infected
(Dubey, 1999). Persistent infection can be indicated by the calf having identifiable
symptoms. For example, the calf may be born underweight and unable to rise. It may

also have decreased patellar reflexes, ataxia and exopthalia (Dubey, 1999).

The rate of vertical transmission has been estimated using an IgG avidity ELISA at
85.5% (Bjorkman er al 2003). This result confirmed similar rates of vertical
transmission that were estimated using another ELISA test that used Nep38 as the

antigen in a analogous assay (Schares et af, 2002).

While there are several proposed mechanisms for vertical transmission (discussed in
Section 1.6.2), it is likely that the maternal immune response plays an important role

in the progress of the infection by N. caninum,

1.7 Bovine Immunity to N. carinum Infections
Immune response to N. caninum infection in caitle is dependent on the pregnancy
status of the dam. Therefore it is useful to separate discussion on the bovine immune

response to neosporosis into the response in pregnant and non-pregnant cattle.

13-
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1.7.1 Immunity in Non-Pregnant Cattle
Immunity to N. caninum in non-pregnant cattle is associated with both cellular and
humoral immune responses (Dubey ef al, 1996; Lunden e @/, 1998; De Marez, e/ al,

1999; Staska ef al, 2003).

Studies have indicated that protective cellular immunity to neosporosis does not
develop in cattle following infection (Innes et al, 2002). However, later studies
suggest that there is limited protection to further infection, since cattle
experimentally infected with N. cawninum and later challenged with tachyzoites
demonstrated reduced pathology (Williams et ai, 2003). However, this immunity
does not protect against vertical transmission of the parasite from the dam to the calif]
since parasite material was identificd within foetal tissue by histological and

molecular technigues (Williams ef af, 2003).

1.7.1.1 Cell-Mediated Response

In the study by Lunden and co-workers (1998), the in vitro proliferative response of
T-cells to N. caninum crude lysate was measured in calves inoculated with N.
caninum tachyzoites. A high level of cellular proliferation and an increased IFNy
production in infected animals compared with the uninfected controls suggested a

cell-mediated immune response was important in controlling N. caninum infection

(Lunden et al, 1998).

Since cellular responscs arc known to be important in the immune response to 1.

gondii (Innes er af, 1995), it was extrapolated that they may also play a role in the

immune response to N. caninum since the organisms were so similar in their mode of

-14-
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infection (Marks et al, 1998). N caninum lysate was separated on a one-dimensional
SDS-PAGE gel and blotted onto nitrocellulose belore being used to stimulate CD4*
T-cells from N. caninum-infected animals. A high level of proliferation was obscrved
due to a number of protein fractions, and this was correlated with high levels of [FNy
production (Marks ef al, 1998). T-cell proliferation and increased levels of IFNy have
previously been shown to be important in the development of a pro-inflammatory
response against other intracellular pathogens including 7. gondii, and it is possible

that this is also the case in N. caninum infections (Denkers, 1999).

1.7.1.2 Humoral Response

The humoral response to N. caninum infection was further studied by De Marez e? af
(1999). In this study, calves were fed oocysts from dogs and the proliferative and
humoral response examined by studying N. caninum-specific proliferation of T-cells
and the levels of circulating antibodies specific to N. caninum. Although proliferation
by N-caninum-specific T-cells in vitro was observed quickly (within 1 week post-
inoculation), subsequently, . caninum-~specific [gG1 and IgG2 were observed in the
blood of infected calves, The role of a humoral response to N. caninum is not full
understood, but it is thought to be a mechanism by which the host animal prevents
the tachyzoite, i.e. extraccllular, stage of the parasite from invading the host celi

(Hemphill, 1999).

1.7.2 Immunity in Pregnant Cattle
Pregnancy in mammals causes an immunomodulatory effect, down-regulating the
Thl response to protect the foctus from a deleterious maternal immune response

(Raghupathy, 1997). In particular, therc appears to be an up-regulation of IL-10

-1§-
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production, which in turn depresses the level of IFNy (Wegmann et al, 1993)
ITowever, it is the Thl response that has been shown to be important in protecting
both the mother and foetus from infections by intracellular pathogens such as N

caninum (reviewed in Quinn ef al, 2002).

In cattle infected mid-gestation with N. caninum, it has been demonstrated that both a
cell-mediated and humoral response is generated and can be detected in both mother
and calf (Andrianarivo ef al, 2001; Bartley ef al, 2004). Howevet, in a further study
by Almeira et al (2003}, it was proposed that increased levels of IFNy together with
the Th2 cytokine IL-4 thal was observed in dams following infection at mid-
gestation may increase the prevalence of transplacental transmission of N. caninum
(Almeira et g/, 2003). Increased IL-4 levels were also observed in a mouse model of
neosporosis in pregnant mice (Quinn et al, 2004). Since IL-4 and the Th2 response
are not generally protective against imtracellular pathogen infections but are
important with the maintenance of pregnancy, it may be that the increased Th2
responses in N. caninum infections in pregnancy facilitate the transmission of the

parasite from mother to calf (Quinn ez al, 2004).

1.7.3 Mechanismy of Vertical Transmission

Understanding the mechanisms of vertical transmission would aid the development
of treatment to prevent such transmission. Several studies suggest that the maternal
immune response may have a significant role to play in enabling the vertical
transmission of N, caninum (Bjorkman et al, 1996, Guy et al, 2001; Innes ef dl
2001). Bjorkman and colleagues (1996) demonstrated that N. caninum could be

transmitted from mother to call without the presence of a definitive host.

-16 -
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Furthermore, the work by Guy and colleagues (2001) noted that an increase n the
levels of N. caninum-specific antibodies in the second half of pregnancy coincided
with increased foetal infection in persistently infected cattle. Innes and colleagues
(2001) noted a general down-regulation of cell mediated immunity at mid-gestation
in both infected and uninfected cattle. It was suggested that this reduction in cell-
mediated immunity, and in particular the reduction in levels of IFNy, might allow the
recrudescence of &, coninum from tissuc cysts. A reduction in the levels of [FNy, a
cytokine thought to be important in controlling multiplication of N. caninum, could
allow the parasite to become more active and cause some of the pathology associated

with N. caninum infections (Innes ef af, 2001),

1.8 Comparison Between T. gondii and N. caninum

1.8.1 Antigenic Differences and Cross-Prolective Immunity

Despitc being very similar, V. caninum and T. gondii are antigenically diverse. It is
true, however, that some proteins found in N. caninum have homologues in 7. gondii
(Hemphill er af, 1999). Nevertheless, this does not result in any cross-protective
immunity in sheep that were immunised with T, gondii and challenged with N.
caninum (Innes ef af, 2001a). There is some evidence to suggest a level of protection
against lethal 7" gondii infection can be provided by vaccinating with live N
caninum (Lindsay ef al, 1998). However, this protection is relatively limited and
does not significantly reduce the parasite burden in an animal infected with highly

virulent 7. gondii (Lindsay ez al 1998).
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Several classes of antigens have been studied in 7% gondii and N. caninum. However,

for the purposes of this review, the focus will be on two: the surface proteins and the

dense granule proteins.

1.8.2 T, gondii Surface Proteins

A number of proteins, the TgSAG (surface antigen) proteins, are found on the
membranes of 7. gondii tachyzoites. There are several of these proteins, which are
anchored to the cell membrane by GPI (glycosylphosphatidylinositol) anchors {(Hehl
et al, 1997) as revealed by surface-labelling studies of laboratory reference strains
(Couvreur ¢t al, 1988; Tomavo et al, 1989; Tomavo ef al, 1996). The dominant
surface protein is TgSAGI1, which is approximately 30kDa (Burg et af, 1988). It
plays a role in attachment, mediating contact between the parasite and the host
(Smith et al, 1995). TgSAGI exists in a dimorphic state, one allele found in Type 1
virulent strains and the other found in Type II avirulent strains (Boothroyd ef al,
1998). Indeed, there seems to be a higher level of TgSAGI mRNA in virulent than in
avirulent strains (Windeck and Gross, 1996). However, despite this dimorphism,
TgSAGI is remarkably well conserved. TgSAG3 (43kDa) (Cesbron-Delauw ef al,
1994) is relatively homologous to TgSAGI, having a similar N-terminal signal
peptide and glycosylphosphatidylinositol anchor attachment site (Nagel and
Boothroyd 1989, Tomavo ef al, 1992; Tomavo ef al, 1993). TgSAGI and TgSAG3
also have 24% overall amino acid identity and 12 conserved cysteine residues
(Manger er af, 1998). TgSAG3 is thought to be a factor in the attachment of the

parasite to the host (Tomavo ef al, 1996).
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TgSAG2 (22kDa) (Prince et al, 1990), however, shares no homology with TgSAG1
and TgSAG3. TgSAG2 has limited polymorphism, however, having 2 allcles that
differ at 5 nucleotide positions and which generate 4 amino acid changes. These
changes may account for the differences in antigenicity of TgSAG2 (Parmley et al,
1994). The role of TgSAG2 is thought to be in apical re-orientation and detachment
once the tachyzoites have established contact with the host cell surface (Parmley ef
al, 1994). TgSAG3 may play a role in host cell atiachment and invasion. When the
gene for TgSAG3 is knocked out of tachyzoites of T' gondii, they are up to 50% less
efficient in host cell invasion, reducing their virulence in mice (as demonstrated by

decreased mortality) by 1000-fold (Tomavo ef al, 1996),

There is another important family of surface proteins that may play a role in the
immune response to 7. gondii and of which there are homologues in N. caninum.
This family is named the “SAG1-Related Sequences™ or SRS’s, of which 161 have
been identified by homology searches of Genbank and other databases (Jung er a?,
2004). The most abundant molecule of this family is TgSRSI. It is found on the
surface of the tachyzoite and is a TgSAG1 homologue (Febl e ¢f, 1997). However,

TgSRS1 is much less abundant than TgSAG1 (Boothroyd er al, 1998).

TgSRS2 shows high sequence homology to TgSRS1, The former is highly expressed
in the avirulent type II and type III parasites, yet there is little expression of TgSRS2
in the virulent type I RH strain (Manger ¢t o/, 1998). Three other SRS genes have
been fully characterised in 7. gondii (Boothroyd et al, 1997). The members of the
SRS family show a conserved molecular architecture, which includes conserved

cysteine residues and hydrophobic regions (Manger et of, 1998). The sirongly
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hydrophobic C terminus suggests that, likc TgSAG] (Nagel and Boothroyd, 1989),

the TgSRSs are GPI anchored (Manger ef a/, 1998).

1.8.3 N, caninum Surface Proteins

There is a homologue to TgSAGI1 in ¥, caninum, which has been named NeSAG],
NcP29 (native PAGE) and NcP36 (in reducing SDS-PAGE) (Howe et al, 1998), It is,
like TgSAGI] the dominant surface antigen and is 53% conserved with TgSAG!
(Howe, Crawford et al, 1998; ITowe er al, 1998). There is, at present, no identified N.
caninum homologue of TgSAG3, and there is only partial EST data on a putative
NcSAG2 (Genbank Accession Numbers CF797894 and BF824534). TgSR