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East Coast fever 

East Coast fever (ECF) is lymphoproliferative disease of cattle caused by Theileria 

parva, an apicomplexan parasite transmitted by ticks (Hayashida, Abe et al. 2013). Dr. Arnold 

Theiler working in South Africa in the early1900s, identified T. parva as the causal organism 

of ECF and distinguished the disease from Redwater that is caused by Babesia (Theiler 1912). 

He also identified the three host tick Rhipicephalus appendiculatus as the main vector for ECF 

transmission (Theiler 1912). In the past, T. parva was thought to comprise three distinct sub-

species; T. parva parva, T. parva lawrencei and T. parva bovis, causing ECF, Corridor disease 

and January disease respectively.  However, it is now  known that T. parva is genetically a 

single species and the sub-species nomenclature was abandoned (Perry and Young 1993). 

Parasite isolates are now described as either cattle-derived or buffalo-derived depending on 

their originating host species (reviewed in Nene, Kiara et al. 2016).  The most common form 

of the disease caused by cattle-derived T. parva is called classical ECF. It presents with high 

parasitemia and high mortality in cattle. A less virulent form of the disease known as January 

disease caused by cattle derived T. parva is found in Zimbabwe (reviewed in Latif and Hove 

2011). The latter disease occurs seasonally, with outbreaks occurring in January simultaneously 

with emergence of adult ticks from diapause (Matson 1967). It presents with high morbidity 

but with low mortality and low parasitemia (reviewed in Latif and Hove 2011). However, 

another form of the disease caused by buffalo derived parasite known as Corridor disease is 

more acute than ECF and in the face of an outbreak, the mortality rate can exceed 90% 

(reviewed in Norval, Perry et al. 1992, Mbizeni, Potgieter et al. 2013). Classical ECF was 

introduced to South Africa and Zimbabwe in the 1900s following importation of cattle from 

East Africa for restocking after devastation of cattle by Rinderpest in 1895 (Lawrence 1979). 

Currently, ECF is present in 12 countries in eastern, central and southern Africa namely; 

Kenya, Tanzania, Uganda, South Sudan, Burundi, Rwanda, Democratic Republic of Congo, 

Malawi, Mozambique, Zambia, Zimbabwe and Comoro Islands (Nene, Kiara et al. 2016). 

T. parva pathogenicity to cattle varies per breed and mortality appears to be higher in 

Bos taurus and their crosses compared to Bos indicus (reviewed in Morrison, Connelley et al. 

2015). In Bos taurus mortality can approach 100% and T. parva is considered a major factor 

undermining the introduction and sustenance of highly productive taurine breeds of cattle in 

sub-Saharan Africa (reviewed in Morrison, Connelley et al. 2015). Rearing taurine breeds in 

T. parva endemic regions is usually accompanied by high costs associated with the use of toxic 

and expensive acaricides to kill the tick vector. Epidemics of ECF in areas previously 

unaffected by T. parva infection are renowned for their devastating effect on cattle populations. 

For smallholder farmers, extinction of the entire herd is common when actions are not taken to 

mitigate the outbreaks. This has dramatic social, economic and health effects due to loss of 

food and income. On regional basis, it was estimated that ECF kills approximately 1 million 

cattle/year causing annual losses of approximately USD 300 million (McLeod and Kristjanson 

1999). However, these estimates were made several years ago and it is likely that the current 

impact is much larger.  

T. parva has probably made a host jump from the African Cape buffalo in  which it 

does not cause disease (reviewed in Norval, Perry et al. 1992) to cattle, where it causes ECF 

(review ed in Norval, Perry et al. 1992). The African buffalo plays an important role as parasite 

reservoir and drives the epidemiology of the disease (figure 1). In regions where there is 

wildlife-cattle interface, the buffaloes provide a source of infection for the ticks which in turn 

infect cattle. Indigenous cattle that spontaneously recover from the disease after mild reactions 

are solidly immune to reinfection and form another reservoir for the parasite since they do not 

usually clear the infection (Kariuki, Young et al. 1995). ECF is characterised by high fever, 

leukocytopenia, severe damage to the lymphoid system and pronounced clinical symptoms 
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develop as the schizont infected lymphocytes disseminate rapidly (Brown 1990). Acute lethal 

disease usually lasts about three weeks after infection with sporozoites, before death occurs. 

The ECF death cases show evidence of pneumonia and pulmonary oedema with froth in the 

nostrils, trachea and bronchi (Brown 1990). 
                                                                                                                                  

 
                    

Figure 1. Theileria parva transmission. The African Cape buffalo, Syncerus caffer (a) is a 

reservoir for T. parva parasite and provides a source of infection for the R. appendiculatus 

vector (b) during the tick feeding. Once infected, the tick provides a source of infection to 

susceptible cattle (c) which die about 3 weeks after infection from the acute form of ECF 

disease.  

Pictures adapted from (http://www.afrivip.org/sites/default/files/theileria_1_introduction.pdf) 

 

Life cycle of Theileria parva 

The features of the lifecycle of T. parva are illustrated in figure 2. Like other 

apicomplexans, T. parva is an obligate intracellular parasite which invades and survives inside 

a mammalian or tick host cell. R. appendiculatus is the principal vector for the transmission of 

T. parva and larvae and nymphal stages of this tick acquire an infection from the piroplasm 

stage present in red blood cells (RBCs) of infected cattle, during feeding. In the tick gut the 

piroplasms differentiate into macro- and micro-gametes that fuseto form zygotes. These enter 

cells of the tick gut epithelium and develop into motile kinetes, which are released into the tick 

hemocel. Sporogony occurs in e-cells in type III acini and the release of sporozoites from tick 

salivary glands occurs4-8 days after attachment of the tick to the host. Infected nymphs and 

adults transmit sporozoites, the life-cycle stage infective to cattle, during blood meal.  

Unlike other apicomplexans, Theileria sporozoites are immotile, have a less defined 

apical complex and host cell entry is not orientation-specific (Shaw 2003). Sporozoites bind 

and enter host cells by a ‘‘zippering’’ process of the host and the sporozoite cell membranes 

(Fawcett, Doxsey et al. 1982b). After entry into the host cell, rhoptries/microspheres are 

discharged with a rapid escape of the sporozoite from the surrounding host cell membrane. 

Sporozoites differentiate to the schizont stage, which resides free in the host cytoplasm 

surrounded by host cell microtubules that are seemingly nucleated by parasite molecules 

(reviewed in Shaw 2003). Establishment of the multinucleate schizont stage is associated with 

activation of the infected cells, which start to proliferate and acquire a cancer-like phenotype 

and are the principal cause of disease (Norval, Perry et al. 1992). The schizonts associate with 

host mitotic spindle during cell division and this allows them to divide simultaneously with the 

host cell, leading to maintenance of infection in the daughter cells (Hulliger, Wilde et al. 1964, 

von Schubert, Xue et al. 2010). T. parva sporozoites bind and enter lymphocytes and 

macrophages/afferent lymph veiled cells, although only lymphocytes are susceptible to 

transformation as sporozoites appear to only differentiate to an early schizont stage in the latter 

cell types (Shaw, Tilney et al. 1993). 
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 Schizonts undergo merogony, from approximately 10-14 days post infection, producing 

merozoites which are released by host cell rapture (reviewed in Morrison, Connelley et al. 

2015). Through a similar process like sporozoite entry into lymphocytes, merozoites invade 

red blood cells where they develop into the tick infective piroplasm stage which resides freely 

in the cytoplasm (Shaw and Tilney 1995). Piroplasms undergo limited multiplication and 

anaemia caused by destruction of the erythrocytes does not contribute significantly to the 

pathology of ECF (reviewed in Morrison, Connelley et al. 2015). However, in animals that 

recover from infection, parasites persist for several months or years and are not detectable by 

microscopy, this asymptomatic carrier state functions as an important source of infection for 

ticks (Kariuki, Young et al. 1995). 

Transformation of the host cells 

Schizont-infected B and T-cells acquire a cancer-like phenotype characterized by 

proliferation, immortality and dissemination throughout the lymphoid system and other tissues, 

especially the lungs and gut mucosa (Irvin and Morrison 1987, Sivakumar, Hayashida et al. 

2014). Transformation occurs more in the infected T-cell lineage than in the infected B-cell 

lineage and high level  pathology is associated with T-cell transformation (Morrison, MacHugh 

et al. 1996). Proliferation of the infected cells is independent of exogenous growth factors and 

is completely dependent on the presence of live parasites (Dobbelaere, Roditi et al. 1991). 

Killing of the parasites by anti-theilerial drugs such as buparvaquone results in the cells 

reverting to non-proliferative state (Brown, Shaw et al. 1989). 
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Figure 2. Life cycle of Theileria parva (Nene, Kiara et al. 2016). Sporozoites enter 

lymphocytes where they develop to the schizont stage, which causes host cell transformation 

resulting proliferation of schizont-infected cells. Some of the schizonts undergo merogony, 

producing merozoites, which mature into the piroplasm stage in RBCs, and are infective to 

ticks. Tick larvae and nymphs acquire an infection while feeding on infected cattle or buffalo, 

and transmit the parasites. 

 

Parasite molecules that are associated with the transformation process have been 

tentatively identified by taking advantage of comparative genomics and cancer biology (Shiels, 

Langsley et al. 2006, Hayashida, Hara et al. 2012, Tretina, Gotia et al. 2015). A parasite-
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encoded prolyl isomerase has been recently identified as playing a key role in this complex 

host cell transformation process (Marsolier, Perichon et al. 2015). In addition, several host cell-

signalling pathways that contribute to host cell transformation have been studied (reviewed in 

Dobbelaere and Küenzi 2004, Dessauge, Lizundia et al. 2005). Understanding the mechanisms 

of host cell transformation by these parasites presents opportunities for cancer therapy and 

control of ECF as novel drugs may target these pathways for disruption. 

Control of ECF by vaccination 

A live parasite-based vaccine, which immunizes the animals by an infection and 

treatment method (ITM), is available (Radley, Brown et al. 1975, Radley, Brown et al. 1975b). 

It involves deliberate infection of the animals with live parasite followed by treatment with 

antibiotic such as long acting oxytetracycline. The antibiotic controls but does not kill the 

parasite, allowing the animal to develop a protective acquired immune response. For control of 

ECF in southern Africa ITM is performed with a single parasite isolate and in parts of eastern 

Africa a composite ITM vaccine, the Muguga cocktail, is used (Morzaria, Nene et al. 2000). 

The Muguga cocktail consists of three isolates namely; Muguga, Serengeti transformed and 

Kiambu-5. These isolates have been shown to confer broad-spectrum protection against ECF. 

The use of combinations of isolates in ITM followed the discovery that a single parasite isolate 

did not offer sufficient protection against isolates of different geographical location. The choice 

of parasite isolates/strains included in the vaccine is based on the degree of cross-protection 

among the isolates/strains. Usually, there is 20–30% cross-protection between the individual 

isolates in different cross-immunity groups (reviewed in Nene, Kiara et al. 2016).  

Although the ITM vaccine is effective in controlling ECF, it has serious disadvantages. It 

requires a liquid nitrogen cold chain for delivery and oxytetracycline co-treatment. In addition, 

the very laborious production of the vaccine from infected ticks, which takes 18 months, makes 

it expensive and animals vaccinated by the ITM protocol remain life-long carries of the 

parasite, which could pose a risk for spread of the disease (reviewed in Di Giulio, Lynen et al. 

2009). Therefore, there is need for development of subunit vaccines without these 

disadvantages.  

Over the years, there have been efforts in identifying antigens that are targets of 

neutralizing antibodies and CD8+ T-cells (reviewed in Nene, Kiara et al. 2016). Neutralizing 

antibodies are directed against sporozoite surface proteins to prevent it from infecting host cells 

while CD8+ cytotoxic T cells (CTLs) are directed against antigens of the schizont stage to 

interrupt the infection by killing the schizont infected host cells. A number of antigens that are 

targets of neutralizing antibodies have been identified before, including p67, p32, p104, PIM 

and p150. The most preferred antigen, p67 was identified by murine monoclonal antibodies 

which neutralized sporozoite infection in vitro (Dobbelaere, Spooner et al. 1984, Musoke, 

Nantulya et al. 1984, Dobbelaere, Shapiro et al. 1985). This 709 amino acid residue protein, is 

totally conserved among cattle derived T. parva strains, making it a suitable candidate to 

function as cross-protective immunogen among cattle derived T. parva strains (Nene, Musoke 

et al. 1996). It can also function as immunogen among buffalo derived T. parva strains because 

even though it’s polymorphic among buffalo derived T. parva strains, its alleles share greater 

than 90% sequence identity (Nene, Musoke et al. 1996). There have been several vaccine trial 

experiments using several constructs of full length and recombinant fragments of the protein 

with a number of adjuvants and gene based delivery systems. Results from these experimental 

vaccine trials were recently summarized by Nene et al (2016) and protection from parasite 

challenge following p67 immunization ranges from 13 to 70% depending on construct, 

concentration, dosage regimen and formulation (Nene, Kiara et al. 2016). The best outcome of 

these experiments involved p67C fragment, an 80 amino acid peptide from the C-terminal with 
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epitopes recognized by sporozoite neutralizing monoclonal antibodies (Bishop, Nene et al. 

2003). This fragment is easier to express in E. coli in a stable manner and in high yield than 

the p67 full length protein and it induces comparable immunity, suggesting it represents a 

critical target (Bishop, Nene et al. 2003). The consistent evidence of immunity induced by p67 

constructs, although variable, cements p67 as a strong candidate vaccine antigen and research 

is ongoing to increase its efficacy by testing different formulations and immunization schemes. 

The limitation with p67 is that in most experiments, there has been no consistent correlate of 

the various antibody assays (such as antibody titres, CD4+ T-cell proliferation, etc.) with 

immunity, and immunity in field trials is relatively lower than laboratory challenge experiments 

(Musoke, Morzaria et al. 1992, Nene, Musoke et al. 1996, Schetters, Arts et al. 2015). Although 

the field vs laboratory based experimental differences can be attributed to some cattle naturally 

recovering from infection in the control group under field conditions, Schetters et al (2015) 

recently reported susceptibility to disease in immunized and control cattle  in the field 

following p67 immunization (Schetters, Arts et al. 2015). 

Research was discontinued on the 32 kDa (p32) protein, identified 

through immunoprecipitation of biotin labeled sporozoites with the murine monoclonal mAb 

4C9 (Skilton, Musoke et al. 2000). A recombinant p32 protein produced bovine antisera that 

did not induce neutralizing antibodies and the p32 immunized cattle were susceptible to 

parasite challenge (Skilton, Musoke et al. 2000). A series of murine monoclonal antibodies 

raised to the schizont stage of the parasite identified another antigen, the polymorphic immuno-

dominant molecule (PIM). Named for its polymorphic nature and identification by a number 

of antibodies, PIM is localized in the rhoptries/micronemes in the sporozoites (Toye, Nyanjui 

et al. 1996) but located on surface of the schizonts (Shapiro, Fujisaki et al. 1987).  However, 

due to its highly polymorphic sequence in both cattle- and buffalo-derived T. parva strains 

(Geysen, Bazarusanga et al. 2004) and findings that  rats immunized by PIM produce 

neutralizing antibodies,(Toye, Metzelaar et al. 1995)  but cattle immunized by PIM do not 

make sporozoite neutralizing antibodies, the role of PIM as a vaccine candidate antigen was 

not been evaluated (Toye, Nyanjui et al. 1996). We have investigated a role of p104 antigen in 

this study but the role of p150 as a candidate vaccine antigen remains to be evaluated. Based 

on the large number of apicomplexan proteins involved in host cell entry, it possible that there 

are additional novel T. parva candidate sporozoite vaccine antigens to be discovered. The main 

aim of this project was to identify novel sporozoite vaccine candidates that can be used by 

themselves or in combination with p67 to increase the effectiveness of vaccination for ECF. 

Control of ECF by chemotherapy  

In addition to vaccination, ECF is controlled by direct killing of the parasites using 

chemotherapeutic drugs and indirectly by using acaricides to kill the tick vectors responsible 

for transmission of the parasites. Regular spraying and/or dipping of cattle in acaricide have 

effectively been used in preventing ECF but have limitations. Firstly, the acaricides are toxic 

chemicals, raising concerns about environmental pollution and possible contamination of the 

food chain by leaving residues in milk and meat products. Secondly, many of the poor farmers 

in the affected regions cannot afford the chemicals for spraying and dipping. Finally, the ticks 

are increasingly developing resistance to the acaricides. Therefore, control by acaricides seems 

unsustainable. 

Halofuginone lactate under trade name Terit® was the first commercial drug to be 

licensed against Theileria (Kaba 2003). It was followed by hydroxynaphthoquinone 

parvaquone traded as Clexon® (Kaba 2003). Buparvaquone traded as Butalex®, a derative of 

https://www.sciencedirect.com/topics/medicine-and-dentistry/immunoprecipitation
https://www.sciencedirect.com/topics/medicine-and-dentistry/biotin
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parvaquone was subsequently synthesized and found to be more active and since its discovery 

about 30 years ago, it has remained the frontline drug of choice for the control of both T. parva 

and T. annulata infections (Nene, Kiara et al. 2016).  

Buparvaquone effectiveness requires administration during the early stage of parasite 

infection before widespread immune system destruction by the advanced stages. During the 

latter stage several doses of the drug are required to resolve infection (Morrison and McKeever 

2006). Buparvaquone is also relatively expensive to small holder farmers and is not always 

available to these farmers (Morrison and McKeever 2006). As with other 

hydroxynaphtoquinones, buparvaquone most likely inhibits mitochondrial electron transport in 

the parasite (McHardy, Wekesa et al. 1985) (Birth, Kao et al. 2014). Resistance to the drug has 

been described in T. annulata and is associated with mutations in cytochrome b (cytb) gene 

encoding for ubiquinone reductase of the respiratory chain (Sharifiyazdi, Namazi et al. 2012, 

Mhadhbi, Chaouch et al. 2015). Therefore, recent identification of nuclear encoded peptidyl-

prolyl isomerase in T. annulata as a potential target for burpavaquone resistance was not 

expected (Marsolier, Perichon et al. 2015). Nevertheless, the findings of buparavaquone 

resistance in T. annulata are of great concern for future control of theileriosis and ECF 

(Mhadhbi, Naouach et al. 2010). Although resistance in T. parva has not been documented, it 

might just be a matter of time before it happens. We have undertaken studies to identify new 

drug compounds as starting points to anti-theilerial drug discovery and part of this thesis 

describes these efforts. 

Scope of thesis   

This work is part of a larger theme focused on improvement of vaccines for the control 

of ECF in cattle in Africa. The larger theme aimed on improving aspects of the live infection 

and treatment method of vaccination against ECF, inducing antibody based immunity by 

targeting the sporozoite stage of the parasite and inducing a T-cell mediated immunity by 

targeting the schizont stage of the parasite.  

In Chapter 1, and overview of ECF biology and the different approaches to control the 

disease are discussed, with a focus on vaccine development.   

In Chapter 2, to identify novel potential sporozoite vaccine candidates  the proteome 

of  T. parva sporozoites, purified by ion-exchange chromatography (Musoke, Morzaria et al. 

1992), was characterized by a Multidimensional Protein Identification Technology (MudPIT) 

mass spectrometry-based approach (reviewed in Schirmer, Yates et al. 2003) To the 2,007 

parasite proteins revealed by this approach bioinformatics analysis identified orthologs of 

Plasmodium falciparum surface proteins and proteins involved in host cell infection, of which 

some may represent novel T. parva vaccine candidates.  

In Chapter 3, using bioinformatics and literature review, we analyzed the 2,773 vector 

proteins co-purified with the sporozoite proteins in the infected salivary glands and identified 

known R. appendiculatus antigens that are targets of transmission blocking vaccines and novel 

antigens that may be involved in sporozoite infection of lymphocytes. The control of ECF may 

benefit from vaccines that can block sporozoite infection of lymphocytes as well as R. 

appendiculatus attachment and feeding.  

Chapter 4 describes selection of potential sporozoite surface proteins, recombinant 

expression of putative vaccine candidate antigens and in vitro neutralization assay with antisera 
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against the recombinant proteins. The proteins, which in majority were identified in Chapter 

2, were selected based on the presence of a predicted C-terminal Glycosylphosphatidylinositol 

(GPI) anchor signal and /or N-terminal signal peptide, since proteins with such features are 

likely to be located on the surface of the cell where they are involved in extracellular interaction 

(Ferguson 1999). 

In Chapter 5 the results of screening the MMV malaria box, pathogen box and 

dasatanib drug compounds against T. parva infected lymphocytes is presented. Dasatanib, a 

tyrosine kinase inhibitor indicated in certain leukemias was found to inhibit proliferation of T. 

parva infected lymphocytes comparable to buparvaquone and non-toxic (CC50 > 8µM) on 

bovine PBMCs immortalized by Concanavalin A (Con A blasts). One of the 400 malaria box 

compounds and one of the 396 pathogen box compounds inhibited proliferation of T. parva 

infected lymphocytes with a therapeutic index greater than five.   

Finally, in Chapter 6, we discuss the implications of our research for the rational design 

of intervention strategies for ECF and propose future research opportunities.  
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Abstract  

East Coast fever (ECF) is a lymphoproliferative disease caused by the tick-borne protozoan 

parasite Theileria parva. The sporozoite stage of this parasite, harbored and released from the 

salivary glands of the tick Rhipicephalus appendiculatus during feeding, invades and 

establishes infection in bovine lymphocytes. Blocking this initial stage of invasion presents a 

promising vaccine strategy for control of ECF and can in part be achieved by targeting the 

major sporozoite surface protein p67. To support research on the biology of T. parva and the 

identification of additional candidate vaccine antigens we report on the sporozoite proteome, 

as defined by LC-MS/MS analysis. In total, 4,780 proteins were identified in an enriched 

preparation of sporozoites. Of these, 2,007 were identified as T. parva proteins, representing 

close to 50% of the total predicted parasite proteome. The remaining 2,773 proteins were 

derived from the tick vector. The identified sporozoite proteins include a set of known T. parva 

antigens targeted by antibodies and cytotoxic T cells from cattle that are immune to ECF. We 

also identified proteins predicted to be orthologs of Plasmodium falciparum sporozoite surface 

molecules and invasion organelle proteins, and proteins that may contribute to the phenomenon 

of bovine lymphocyte transformation. Overall, these data establish a protein expression profile 

of T. parva sporozoites as an important starting point for further study of a parasitic species of 

considerable agricultural impact. 

Keywords 

Theileria, sporozoites, proteomics, mudPIT, antigens, East Coast fever 
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Introduction  

East Coast fever (ECF), a fatal bovine disease, is caused by the apicomplexan parasite 

T. parva (Norval, Perry et al. 1992). The disease kills about one million cattle every year in 

Africa and causes significant economic losses to small holder farmers in eastern, central and 

southern Africa in the range of $300 million annually (reviewed in Nene, Kiara et al. 2016) . 

These estimates were derived several years ago and it is highly likely that the current losses 

due to ECF are much larger. Vaccination against ECF by an infection and treatment method 

(ITM) is available (Radley, Brown et al. 1975). For control of ECF in southern Africa, except 

South Africa where vaccination is not permitted as it is free of ECF, ITM is performed with a 

single parasite isolate, and in parts of eastern Africa a composite ITM vaccine, the Muguga 

cocktail, is used (Morzaria, Nene et al. 2000). Although ITM confers solid and long-lived 

immunity it has disadvantages in that it is an unstable and potentially lethal product, and 

animals vaccinated by the ITM protocol remain life-long asymptomatic carries of the parasite 

that poses risk for spread of the disease. It also requires a liquid nitrogen cold chain for storage 

and oxytetracycline for co-treatment (reviewed in Di Giulio, Lynen et al. 2009). The vaccine 

is expensive and laborious to produce, and it requires skilled personnel for delivery (reviewed 

in Di Giulio, Lynen et al. 2009). Therefore, development of a subunit vaccine that is easier to 

produce and with minimal risks is necessary. 

Although classified in the phylum Apicomplexa, aspects of the biology of Theileria are 

atypical of such organisms. For example, Theileria sporozoites are not motile, they have a less 

defined apical complex and host cell entry is not orientation-specific (Shaw 2003).  Sporozoites 

bind and enter lymphocytes by a ‘‘zippering’’ process of the host and the sporozoite cell 

membranes (Fawcett, Doxsey et al. 1982b). After entry into the host cell, 

rhoptries/microspheres are discharged with a rapid escape of the sporozoite from the 

surrounding host cell membrane. Sporozoites differentiate to the schizont stage, which resides 

free in the host cytoplasm surrounded by host cell microtubules that are seemingly nucleated 

by parasite molecules (reviewed in Shaw 2003). Schizont-infected cells acquire a cancer-like 

phenotype and are the cause of disease (Norval, Perry et al. 1992). Sporozoites also bind and 

enter macrophages/afferent lymph veiled cells by a zippering process, but these cells are not 

susceptible to transformation and sporozoites appear to only differentiate to an early schizont 

stage (Shaw, Tilney et al. 1993). Several host cell-signaling pathways that contribute to host 

cell transformation have been studied (Dobbelaere and Küenzi 2004, Dessauge, Lizundia et al. 

2005). In addition, parasite molecules that are associated with the transformation process have 

been tentatively identified by taking advantage of comparative genomics and cancer biology 

(Shiels, Langsley et al. 2006, Hayashida, Hara et al. 2012, Tretina, Gotia et al. 2015). A 

parasite-encoded prolyl isomerase has been recently identified as playing a key role in this 

complex host cell transformation process (Marsolier, Perichon et al. 2015). 

There is good evidence for a role of T. parva sporozoite and schizont antigens as candidate 

vaccine antigens. Several schizont antigens are targets of cytotoxic T lymphocytes (CTLs) that 

lyse schizont-infected cells (Graham, Pelle et al. 2006, Graham, Honda et al. 2007, Graham, 

Pellé et al. 2008) and two sporozoite antigens are targets of neutralizing antibodies 

(Dobbelaere, Shapiro et al. 1985, Shapiro, Fujisaki et al. 1987). One of the latter antigens, p67, 

has been shown to consistently protect a proportion of immunized cattle against challenge with 

needle-injected sporozoite and by infected ticks in field trials (reviewed in Nene, Kiara et al. 

2016). The p67-based vaccine might be improved by including additional antigens that can 

neutralize sporozoite infectivity.  
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As a first step towards improving our molecular understanding of the biology of T. parva 

we have undertaken a Multidimensional Protein Identification Technology (MudPIT) mass 

spectrometry-based approach (reviewed in Schirmer, Yates et al. 2003) to characterize the 

proteome of  T. parva sporozoites purified by ion-exchange chromatography (Musoke, 

Morzaria et al. 1992). We have employed bioinformatic tools to analyze 2,007 parasite proteins 

that we were able to detect and identified T. parva orthologs of PlasmodiumPlasmodium 

falciparum invasion organelle proteins, calcium signaling proteins and surface proteins. Some 

of these may represent novel T. parva vaccine candidates.  
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Materials and methods  

Animals and sporozoite production 

The procedure for sporozoites production has been described in detail before (Patel, 

Mwaura et al. 2016). Briefly, cattle, aged seven to nine months, previously managed under 

strict acaricide regime, were maintained for at least two months and tested for exposure to T. 

parva, Theileria mutans, Babesia bigemina, and Anaplasma marginale using ELISA and, in 

certain instances, PCR analysis (Morzaria, Katende et al. 1999, Odongo, Sunter et al. 2010). 

The naïve cattle were then inoculated with T. parva stabilates of the Muguga isolate and 

infection of the cattle was assessed. A colony of R. appendiculatus nymphs, previously tested 

for viruses, such as Bovine Viral Diarrhea virus (BVDV) and Bunya viruses, and demonstrated 

to be free from tick-borne haemoparasites (Patel, Mwaura et al. 2016), was then applied to the 

infected cattle. The fully-fed nymphs were collected and incubated for 6 weeks at 24°C to 

induce molting into adults and infection rates assessed by microscopy as described before 

(Büscher and Tangus 1986). A total of 300 adult ticks infected with T. parva Muguga isolate 

(mean infection rate of 167 acini per tick) were allowed to feed on rabbits to induce sporozoite 

maturation. After four days, the tick salivary glands were dissected from the ticks. 

 

 Sporozoite purification 

 Dissected tick salivary glands were collected in a tube with 2 ml cold PBS, transferred 

to a chilled glass hand homogenizer (‘UNI-FORM’ 4-5 ml homogenizer) and disrupted by 

gentle up, down and circular motion of the pestle until a uniform cloudy suspension was 

formed. The suspension was then centrifuged at 1000 x g at 4°C for 5 min. The resulting 

supernatant containing sporozoites was applied to an 8 ml diethylaminoethyl cellulose (DE-52; 

Sigma-Aldrich Cat. No. D3764) column (Musoke, Morzaria et al. 1992). Flow-through 

fractions of 3.5 ml were collected in siliconised 10 ml conical bottomed glass tubes on ice. The 

sporozoite rich cloudy fractions (number 2 to 5) were pooled and centrifuged at 12,000 x g at 

4°C for 5 min. The resulting sporozoite rich small yellowish pellet was re-suspended in SDS-

PAGE sample buffer and heated at 100°C for 5 min prior to fractionation on 10% one-

dimensional SDS-PAGE and staining with Coomassie Blue. 

 

In-gel trypsin digestion for LC-MS/MS analysis 

The gel lane containing sporozoite material was excised and divided into four fractions of 

different size proteins (>100 kDa, 100-55 kDa, 55-35 kDa and <35 kDa). The gel pieces were 

de-stained overnight in 50% methanol, 5% acetic acid in water. After dehydration with 

acetonitrile, proteins were reduced with 10 mM DTT in 100 mM ammonium bicarbonate and 

subsequently alkylated using 50 mM iodoacetamide in ammonium bicarbonate for 30 min at 

room temperature. Following washing the gel pieces in 100 mM ammonium bicarbonate, 

proteolytic digestion was carried out with 100 ng trypsin in 50 mM ammonium bicarbonate 

over night at 37°C. Tryptic peptides were extracted from each gel with 50% acetonitrile, 5% 

acetic acid in water, dried and re-suspended in 20 μl 2% acetonitrile, 0.1% formic acid in water 

for LC-MS/MS analysis. 

 

LC-MS/MS analysis 

Peptides from each gel fraction were separated on an Ultimate 3000 RSLC nano System 

utilizing a PepMap C18 column, 2 µm particle size, 75 µm x 50 cm (Thermo Scientific) and 
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subsequently analyzed on a QExactive mass spectrometer (Thermo Scientific). Peptides were 

introduced into the mass spectrometer using an EASY-Spray™ nano source at a flow rate of 

250 nl/min at approximately 400-600 bar. The 15 most intense precursors were selected for 

MS/MS analysis using higher-energy collisional dissociation (HCD) fragmentation and all 

fragmented precursor ions were actively excluded from repeated MS/MS analysis for 27s. 

 

Data Analysis 

Protein identification and relative abundance 

RNAseq data of the schizont stage of T. parva has recently been made available in Genbank 

(BioSample accession SAMN03981746) and used to improve the annotation of the genome (in 

preparation, as cited in Tretina, Pelle et al. 2016). The format for open reading frame (ORF) 

locus tags in the re-annotated genome of the Muguga strain has been changed from 

TPXX_YYYY (Gardner, Bishop et al. 2005) to TpMuguga_0Xg0YYYY, where X stands for 

the chromosome number and YYYY for the gene number. This study relied on the re-annotated 

genome and the new format for T. parva ORF locus tags has been adopted. 

Raw MS/MS data files were analysed with the Peaks software (Bioinformatics solutions) 

using a database containing all Uniprot database entries for R. appendiculatus and the re-

annotated proteome of T. parva (a total of 16,969 protein entries with 4,084 T. parva and 

12,884 R. appendiculatus protein entries, July 2016). A peptide false discovery rate (FDR) of 

1.2% was applied and only proteins with unique peptide identification were included in the 

final sporozoite proteome list.  

In order to rank the identified proteins by their abundance in the sample, an Exponentially 

Modified Protein Abundance Index (emPAI) was calculated using Mascot (Matrix Science) 

(Ishihama, Oda et al. 2005). EmPAI is the exponential form of protein abundance index (PAI) 

minus 1 (emPAI =10PAI -1) and is proportional to protein content in a protein mixture 

(Ishihama, Oda et al. 2005). PAI is calculated by dividing the number of observed peptides by 

the number of observable peptides per protein. 

Classification of subcellular localization of the identified T. parva sporozoite proteins 

Proteins were classified according to their putative localization in the sporozoite using 

TargetP (Emanuelsson, Nielsen et al. 2000). Trans-membrane domains (TMDs) were predicted 

by TMHMM Server v. 2.0 (Krogh, Larsson et al. 2001), signal peptides (SP) by SignalP 4.1 

(Petersen, Brunak et al. 2011) and GPI-anchor signal by GPI-SOM (Fankhauser and Mäser 

2005).  

 

Classification of the identified T. parva sporozoite proteins by orthology 

We clustered all sporozoite protein coding sequences of T. parva with the complete predicted 

proteome of P. falciparum into putative orthologous groups using the OrthoMCL standalone 

software Version 2.0.2 (Li, Stoeckert et al. 2003). The blast step of OrthoMCL was performed 

using an E-value cut-off of 1e-10, and minimum 70% sequence identity over 75% sequence 

coverage. PlasmodiumPlasmodium falciparum 3D7 release of 26-06-2017 sequence data was 

downloaded from PlasmoDB (Aurrecoechea, Brestelli et al. 2010) 
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Results  

Sporozoite proteome determination and relative quantification of expressed sporozoite 

proteins 

 LC-MS/MS was used to identify proteins expressed in a sample of semi-purified T. 

parva sporozoites. A complete list of all the proteins identified in this study is provided in the 

supplemental information (Supplementary Table S1). In total 4,780 proteins were identified of 

which 2,007 originated from T. parva and 2,773 from R. appendiculatus. Most proteins (3,847) 

were identified with two or more peptides, while 933 protein identifications were based on a 

single peptide match, which includes 296 T. parva proteins (Supplementary Table S2). Thus, 

there is a higher confidence in the identification of 1,711 expressed parasite proteins. Sequence 

coverage of over 85% was achieved for three proteins, glyceraldehyde 3-phosphate 

dehydrogenase NAD binding domain, histone H2B.1 and ribosomal protein S21e, all encoded 

by single copy genes. Protein TpMuguga_03g00168, annotated as a hypothetical protein, was 

identified by as many as 94 unique peptides. 

The 2,007 T. parva sporozoites proteins that were identified represent approximately 50% 

of the 4084 proteins predicted to be encoded by the re-annotated T. parva genome (in 

preparation, as cited in Tretina, Pelle et al. 2016). Of the 2,007 proteins, 1,287 were further 

ranked by calculation of relative abundance in the sample using emPAI values (Supplementary 

Table S3), a parameter that is useful for obtaining an overview of proteome profiles with a 

wide dynamic range of concentrations (30 fmol to 1.8 pmol/μl) (Ishihama, Oda et al. 2005). 

The 20 most abundant T. parva sporozoite proteins are shown in Table 1. Even within this data 

set, there is a large range in the abundance of parasite proteins with histones being the most 

abundant. Other housekeeping proteins, e.g., ribosomal proteins, heat shock protein 70, 

phosphoglycerate mutase and glyceraldehyde 3-phosphate dehydrogenase, feature in this list.  

 

Identification of known T. parva antigens within the sporozoite proteome 

The major circumsporozoite surface protein of T. parva, p67, which is a target of sporozoite 

neutralizing antibodies (Dobbelaere, Spooner et al. 1984), was identified among the 20 most 

abundant proteins (Table 1). Additional antigens that had been previously characterized were 

also identified in this study, e.g., p104 (Ebel, Gerhards et al. 1999), p150 microneme/rhoptry 

proteins (Skilton, Bishop et al. 1998) and p32, a merozoite antigen (Skilton, Musoke et al. 

2000). We searched the sporozoite proteome data (Supplementary Table S1 ) for characterized 

schizont CD8 T cell antigens (Graham, Pelle et al. 2006, Graham, Pellé et al. 2008) and found 

evidence for expression of all known CTL antigens (reviewed in Nene and Morrison 2016) at 

the sporozoite stage.  In contrast to CD8 T cell antigens, CD4 T cell antigens still require better 

characterization. CD4 antigens are presented by intact schizont-infected cells (Brown, 

Sugimoto et al. 1989) as well as cell extracts (Ballingall, Mwangi et al. 2000). Soluble cytosolic 

parasite antigens stimulatory to CD4 T cell clones with fractions ranging between 10 and 24 

kDa (Brown, Zhao et al. 1995) have been described, but further analysis and identification of 

the specific constituent proteins is required. However, among the most abundant sporozoite 

proteins we identified a protein that is homologous to a T. annulata protein annotated as rhoptry 

associated protein-1 (RAP-1) (Table 1). RAP-1 of Babesia bigemina has been shown to be a 

CD4 T cell antigen (Brown, McElwain et al. 1999), suggesting that the  T. parva RAP-1 is a 

potential CD4 T cell antigen. 
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Table 1. Abundant T. parva sporozoite proteins.  

ORF locus tag Annotation a Mass (Da) emPAI 

TpMuguga_04g00404 Histone H2B.1 12040 7228.34 

TpMuguga_04g00071 Histone H2B 13682 900.39 

TpMuguga_04g00675 Histone H4 11362 457.35 

TpMuguga_04g00690 phosphoglycerate mutase 1 family 29221 105.17 

TpMuguga_04g00050 Ribosomal protein S19 17150 99.38 

TpMuguga_03g00655 hypothetical protein 17296 96.5 

TpMuguga_04g00036 AhpC/TSA family 22120 84.68 

TpMuguga_02g00487 Ribosomal protein S6e 25553 67.36 

TpMuguga_02g00903 Actin 42270 60.62 

TpMuguga_04g00322 Histone H2A 13498 60.26 

TpMuguga_03g00067 hypothetical protein 11572 54.06 

TpMuguga_01g00726 elF-Tu GTP binding domain 49779 52.64 

TpMuguga_01g00541 hypothetical protein 24796 52.36 

TpMuguga_04g00383 GAPDH NAD binding domain 36883 51.37 

TpMuguga_01g00701 RAP-1* 70441 47.73 

TpMuguga_02g00148 Heat shock 70 kDa protein 71445 42.22 

TpMuguga_04g00179 RanBP1 domain  38982 41.34 

TpMuguga_03g00700 hypothetical protein 23995 40 

TpMuguga_03g00287 Sporozoite P67 surface antigen 75453 39.16 

TpMuguga_01g00067 Acyl CoA binding protein 10043 39.11 

Proteins detected from whole cell lysates of sporozoites are ranked by relative abundance in 

the sample. Data presented include the ORF locus tag, annotation, mass in Daltons (Da) and 

relative protein abundance in sample (emPAI). Known antigens are in bold face. 
aAhpC/TSA (Alkyl hydroperoxide reductase subunit C/ Thiol specific antioxidant) family, elF 

(Elongation factor), RAP-1* (this protein was a homolog of a Theileria annulata protein 

annotated as Rhoptry-associated protein 1), GAPDH (Glyceraldehyde 3-phosphate 

dehydrogenase), NAD (Nicotinamide adenine dinucleotide), RanBP1 (Ran binding protein 1), 

CoA (Co-enzyme A) and hypothetical is of unknown function. 
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T. parva sporozoite proteins associated with apicomplexan invasion of host cells 

Sporozoite secretory organelle proteins are typically located in the micronemes, rhoptries 

and dense granules in P. falciparum (reviewed in Lindner, Swearingen et al. 2013). To 

determine whether these proteins are present in T. parva sporozoites, we clustered our 

identified T. parva sporozoite proteins using OrthoMCL into orthologous groups with all P. 

falciparum genes. A total of 1105 proteins of the 2,007 T. parva proteins were defined as P. 

falciparum orthologs (Supplementary Table S 4) and we searched this list for apical organelle 

proteins. We identified T. parva orthologs of eight rhoptry proteins, three microneme proteins 

and a dense granule protein (Table 2). Featured in the list are orthologs of P. falciparum AMA-

1, a microneme protein essential during host cell invasion (Treeck, Zacherl et al. 2009), and 

CelTOS, a malarial antigen mediating host cell invasion (Kariu, Ishino et al. 2006). AMA-1 is 

a leading malaria vaccine candidate (Remarque, Faber et al. 2008), and orthologs of it are also 

found in Neospora caninum and Toxoplasma gondii (Zhang, Compaore et al. 2007).
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Table 2. Invasion organelle proteins. Proteins detected from whole cell lysates of T. parva salivary gland sporozoites are aligned by orthology 

with P. falciparum sporozoites proteins. 

Orthologous Group Organism  ORF locus tag Gene name Annotation (Reference) 

Rhoptry Proteins     

OG5_142870 P. falciparum PF3D7_1452000 PfRON2 rhoptry neck protein 2 (Cao, Kaneko et al. 2009) 

  T. parva TpMuguga_01g00014 - hypothetical protein 

OG5_153587 P. falciparum PF3D7_0817700 RON5 conserved Plasmodium protein, unknown function 

(Curtidor, Patiño et al. 2011) 

  T. parva TpMuguga_01g01161 - hypothetical protein 

OG5_153563 P. falciparum PF3D7_1347500 ALBA4 conserved Plasmodium protein, unknown function 

(Sam-Yellowe, Florens et al. 2004) 

  T. parva TpMuguga_02g00645 - hypothetical protein 

OG5_128020 P. falciparum PF3D7_0932300 PfM18AAP M18 aspartyl aminopeptidase (Lauterbach and 

Coetzer 2008) 

  T. parva TpMuguga_01g01150 - aspartyl aminopeptidase 

OG5_145111 P. falciparum PF3D7_0906000 RNaseII RNB-like protein, putative (Sam-Yellowe, Florens et 

al. 2004) 

  T. parva TpMuguga_01g00396 - hypothetical protein 

OG5_141731 P. falciparum PF3D7_1361800 GAC conserved Plasmodium protein, unknown function 

(Sam-Yellowe, Florens et al. 2004) 

  T. parva TpMuguga_01g00092 - hypothetical protein 
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OG5_129273 P. falciparum PF3D7_0814200   ALBA1 DNA/RNA-binding protein Alba 1(Lindner, 

Swearingen et al. 2013) 

 T. parva TpMuguga_03g00655  hypothetical protein 

OG5_154281 P. falciparum PF3D7_1006200   ALBA3 DNA/RNA-binding protein Alba 3 (Lindner, 

Swearingen et al. 2013) 

 T. parva TpMuguga_03g00067  hypothetical protein 

Microneme Proteins     

OG5_147452 P. falciparum PF3D7_1133400 AMA1 apical membrane antigen 1, AMA1 (Cowman and 

Crabb 2006) 

  T. parva TpMuguga_01g00650 - apical membrane antigen 1 

 falciparum    

OG5_171217 P. falciparum PF3D7_1216600 CelTOS cell-traversal protein for ookinetes and sporozoites , 

putative (Kariu, Ishino et al. 2006) 

  T. parva TpMuguga_01g00232 - hypothetical protein 

OG5_135185 P. falciparum PF3D7_0212900 - Leu/Phe-tRNA protein transferase, putative 

(Lindner, Swearingen et al. 2013) 

  T. parva TpMuguga_02g00627 - leucyl/phenylalanyl-tRNA protein transferase 

Dense Granules     

OG5_126706  P. falciparum  PF3D7_0818200 -  14-3-3 protein, putative (Lindner, Swearingen et al. 

2013) 

  T. parva  TpMuguga_02g00607   Hypothetical protein 
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In T. parva, mobilization of Ca2+ is necessary for successful sporozoite invasion of bovine 

lymphocytes and reagents that prevent Ca2+ mobilization significantly curb zippering and 

internalization stages of the entry process (Shaw 1995). Table 3 shows 13 proteins identified 

in T. parva clustered with the Plasmodium proteins that play a role in calcium signaling, 

including calmodulin, an intracellular target for Ca2+ activation that acts on proteins such as 

guanylyl cyclases, protein kinases and phosphatases to aid in signal transduction.  

 

Putative T. parva surface proteins within the sporozoite proteome 

We used two methods to search for novel putative surface proteins. The first method was 

to use bioinformatics tools to predict the presence of GPI anchors and signal peptide (SP) in 

proteins expressed by sporozoites. Only 12 proteins of the 2007 sporozoite proteins were found 

in this category (Table 4). The list includes TpMuguga_01g00939 (gp34), a protein that 

undergoes GPI modification when expressed in mammalian cells and a schizont surface protein 

(Xue, von Schubert et al. 2010). Since there is no direct evidence for addition of GPI anchors 

to parasite expressed proteins, we searched for enzymes of the GPI biosynthesis pathway 

encoded by the T. parva genome. Eight genes are essential for GPI synthesis in P. falciparum 

(Delorenzi, Sexton et al. 2002). We found homologs of all eight genes in T. parva 

(TpMuguga_04g00759, TpMuguga_04g00881, TpMuguga_04g00525, 

TpMuguga_01g00169, TpMuguga_02g00201, TpMuguga_03g00397, TpMuguga_03g00846 

and TpMuguga_02g00741) and identified that the latter four are expressed in the sporozoite 

proteome. This suggests the existence of GPI anchored proteins in T. parva, although this 

remains to be formally proven.  

Secondly, we compiled from the literature a list of surface-exposed P. falciparum proteins 

and determined if orthologs exist within the T. parva sporozoite proteome.  We identified 

orthologs of AMA-1 (TpMuguga_01g00650) and a hexose transporter (TpMuguga_01g01069) 

which were both identified by specific biotinylation of P. falciparum and Plasmodium yoelii 

surface proteins (Lindner, Swearingen et al. 2013).  
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Table 3. Proteins involved with calcium signaling. Proteins detected from whole cell lysates of T. parva salivary gland sporozoites are aligned 

by orthology with P. falciparum sporozoites proteins. 

Orthologous 

Group 

Organism ORF locus tag Gene 

name 

Annotation (Reference) 

OG5_126800 P. falciparum PF3D7_1434200 CAM calmodulin 

  T. parva TpMuguga_02g00717 - calmodulin 

OG5_129380 P. falciparum PF3D7_1027700 PfCEN1 centrin-1 (Khan, Franke-Fayard et al. 2005) 
 

 T. parva TpMuguga_01g00227 - centrin 

OG5_152981 P. falciparum PF3D7_1140000 CA carbonic anhydrase (Lindner, Swearingen et al. 2013) 
 

 T. parva TpMuguga_02g00412 - hypothetical protein 

OG5_126600 P. falciparum PF3D7_0717500 PfCDPK4 calcium-dependent protein kinase 4 (Holder, Mohd Ridzuan et al. 

2012) 

  T. parva TpMuguga_01g01073 - calmodulin-domain protein kinase 
 

P. falciparum PF3D7_1337800   CDPK5 calcium-dependent protein kinase, (Dvorin, Martyn et al. 2010) 
 

 T. parva TpMuguga_02g00399 - calcium-dependent protein kinase 

OG5_131887 

 

P. falciparum PF3D7_1123100   CDPK7 calcium-dependent protein kinase 7 (Lindner, Swearingen et al. 

2013) 

  T. parva TpMuguga_04g00518  Protein tyrosine kinase 

OG5_127599 P. falciparum PF3D7_1436600 PKG cGMP-dependent protein kinase (Lindner, Swearingen et al. 2013) 

  T. parva TpMuguga_03g00511  Protein tyrosine kinase 

OG5_133188 P. falciparum PF3D7_1138400 GCalpha guanylyl cyclase (Pradel 2007) 
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 T. parva TpMuguga_02g00848 - guanylyl cyclase 

OG5_141757 P. falciparum PF3D7_1246400 MTIP myosin A tail domain interacting protein (Jones, Kitson et al. 2006) 
 

 T. parva TpMuguga_01g00513 - myosin light chain 

OG5_126577 P. falciparum PF3D7_1329100 MyoC Myosin C (Tyagi, Swapna et al. 2009) 
 

 T. parva TpMuguga_01g00774 - Myosin C 

OG5_126674 P. falciparum PF3D7_1211900  
 

ATPase4 non-SERCA-type Ca2+ -transporting P-ATPase (Budu and Garcia 

2012) 
 

P. falciparum PF3D7_0106300 ATP6 calcium-transporting ATPase, putative (Budu and Garcia 2012) 
 

 T. parva TpMuguga_01g00720 - P-type ATPase 
 

 T. parva TpMuguga_02g00524 - calcium-transporting ATPase 

OG5_127599 P. falciparum PF3D7_0934800 PKAc cAMP-dependent protein kinase catalytic subunit (Lindner, 

Swearingen et al. 2013) 
 

 T. parva TpMuguga_02g00378 - cAMP-dependent protein kinase 

 falciparum    
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Table 4. Potential sporozoite surface proteins.  

ORF locus tag 

 

Annotation Unique 

peptides 

emPAI TMD a GPI-

anchor b 

SP c 

TpMuguga_01g00438 hypothetical 

protein 

34 1.01 0 1 1 

TpMuguga_01g00939 hypothetical 

protein (gp34) 

12 3.65 1 1 1 

TpMuguga_01g00939 hypothetical 

protein 

12 3.65 1 1 1 

TpMuguga_01g00972 hypothetical 

protein 

4 0.45 1 1 1 

TpMuguga_01g01056 Merozoite Antigen 

(p32) 

12 6.78 0 1 1 

TpMuguga_02g00412 hypothetical 

protein 

5 0.3 0 1 1 

TpMuguga_02g00538 hypothetical 

protein 

31 1.34 1 1 1 

TpMuguga_02g00553 hypothetical 

protein 

6 2.95 1 1 1 

TpMuguga_02g00950 hypothetical 

protein 

2 <0.05 1 1 1 

TpMuguga_03g00287 Sporozoite p67 

surface antigen 

53 39.16 1 1 1 

TpMuguga_04g00437 104 kDa 

microneme/rhoptry 

antigen (p104) 

60 12.35 1 1 1 

TpMuguga_04g00615 Probable N-

acetylglucosaminyl

-

phosphatidylinosit

ol de-N-acetylase 

2 <0.05 0 1 1 

Proteins detected from whole cell lysates of T. parva salivary gland sporozoites predicted to 

contain GPI anchor and either transmembrane domain (TMD) or signal peptide (SP). Data 

presented include ORF locus tag, annotation, number of unique peptides identified for the 

protein and relative protein abundance in sample (emPAI). Hypothetical protein is of unknown 

function(s). 
aPredicted using the TMHMM Server v. 2.0 (http://www.cbs.dtu.dk/services/TMHMM/) 

bPredicted using the GPI-SOM (http://gpi.unibe.ch/) 

cPredicted using the SignalP 4.1 server (http://www.cbs.dtu.dk/services/SignalP/). 

 

T. parva proteins as candidate manipulators of host cell signaling leading to transformation  

Lymphocyte transformation characterized by cancer-like cell phenotypes is solely 

dependent on viable schizonts and requires the schizont proteins to interact with and manipulate 

pathways regulating lymphocyte apoptosis, proliferation and gene expression (Dobbelaere and 

Heussler 1999, Tretina, Gotia et al. 2015).  We identified 17 proteins predicted to be 

manipulators of host cells (Shiels, Langsley et al. 2006) in the sporozoite stage, suggesting that 

these proteins may be required immediately upon host cell entry (Supplementary Table S 5). 

Transcripts for the genes encoding all 17 proteins are found in the RNAseq data from schizont-
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infected cells (see Materials and Methods), although to different levels (data not shown). 

Among the identified proteins are members of two multigene families, the Sub-telomere-

encoded Variable Secreted Protein (SVSP) gene family and the Theileria annulata schizont 

AT-hook (TashAT) gene family, or T. parva host nuclear (TpHN) gene family. TashAT 

proteins display a high degree of sequence conservation in their DNA-binding domains (AT-

hook) in T. annulata but not in T. parva and contain an N-terminal signal sequence for transport 

across the parasite plasma membrane (reviewed in Tretina, Gotia et al. 2015). TashAT family 

proteins are implicated in regulation of host gene expression and as accessory factors for 

parasite transcription (Shiels, Langsley et al. 2006). Other families featured are DEAD-box 

RNA helicases with members implicated in alteration of RNA secondary structures and 

promotion of proto-oncogene c-myc expression (e.g., DDX6) (Abdelhaleem 2004), 

thioredoxin/glutaredoxin family that are redox regulators and influence important signaling 

pathways such as NF-kB and AP1 pathways that are both activated in Theileria-transformed 

cells (Shiels, Langsley et al. 2006). In addition, we also identified T. parva Schizont-derived 

Cytoskeleton-binding Protein (TpSCOP), a protein that activates host NF-κB and MAPK 

pathways, leading to resistance to programmed host cell death (Hayashida, Hattori et al. 2010) 

and a peptidyl-prolyl isomerase, which has been demonstrated to interact with and lead to 

degradation of host ubiquitin ligase FBW7, thereby stabilizing host c-JUN and promoting 

transformation of host cells (Marsolier, Perichon et al. 2015). Interestingly, the bulk schizont 

RNAseq data identified a high level of anti-sense transcription of the TpSCOP gene (data not 

shown), suggesting that expression of this gene in the schizont stage may be under differential 

control. Resolution of the significance of this observation will require analysis of cell-cycle 

synchronized samples. 

 

Sporozoite proteins involved in glycolysis and tricarboxylic acid (TCA) cycle 

Proteins of the glycolytic pathway are conserved in most eukaryotic organisms and 10 

genes encoding glycolytic enzymes have been found in Theileria genomes (Gardner, Bishop 

et al. 2005, Pain, Renauld et al. 2005). We identified expression of all the 10 enzymes of the 

glycolytic pathway in this study (Figure 1) including lactate dehydrogenase, an enzyme that 

converts pyruvate, the last product of glycolysis, to lactate during low or no oxygen conditions. 

We also identified all the TCA cycle enzymes by mass spectrometry (Figure 1) with the 

exception that malate dehydrogenase is functionally replaced by malate-quinone 

oxidoreductase (Gardner, Bishop et al. 2005), and was identified in the proteome data. 

Glutamate dehydrogenase was also identified in the proteome and glutamate has been 

suggested to be a supplementary intermediate for the TCA cycle (Gardner, Bishop et al. 2005). 

The only functional link we have found between glycolysis and the TCA cycle is the presence 

of phosphoenolpyruvate carboxykinase.  Neither glycerol kinase nor glycerol 3-phosphate 

dehydrogenase were identified, although T. parva encodes genes for both enzymes. These 

enzymes were identified with low levels in the schizont stage of T. annulata (Witschi, Xia et 

al. 2013).  

 



 

 53 | C h a p t e r  2  
 

 

Figure 1. Most of T. parva proteins involved in glycolysis and tricarboxylic acid (TCA) 

cycle were identified in this study. The glycolysis pathway is shown on the left and TCA cycle is 

shown on the right. Color code for proteins: green indicates enzymes that we identified by mass 

spectrometry, blue shows enzymes encoded in the T. parva genome but not identified by mass 

spectrometry, and red shows enzymes not encoded by T. parva genome and not identified in this study. 

Enzymes identified by mass spectrometry have ORF locus tags included in brackets: HK, hexokinase 

(TpMuguga_01g00043); GPI, glucose 6-phosphate-isomerase (TpMuguga_03g00346); PFK, 

phosphofructokinase (TpMuguga_02g00577); FBP, fructose bisphosphatase; FBA, fructose 

bisphosphate aldolase (TpMuguga_01g00101); TPI, triosephosphate isomerase 

(TpMuguga_04g00464); Gly-3PDH, glycerol-3-phosphate dehydrogenase; Gly-K, glycerol kinase; 

GAPDH, glyceraldehyde phosphate dehydrogenase (TpMuguga_02g00858); PGK-1, phosphoglycerate 

kinase (TpMuguga_01g00965); PGM-1, phosphoglycerate mutase (TpMuguga_04g00690); ENO, 

enolase (TpMuguga_04g00700); PK, pyruvate kinase (TpMuguga_02g00134, TpMuguga_04g00607); 

LDH, lactate dehydrogenase (TpMuguga_01g01182); PC, pyruvate carboxylase; ACH, aconitate 

hydratase-1 (TpMuguga_01g01050); IDH, isocitrate dehydrogenase (TpMuguga_04g00620); OGDH, 

oxoglutarate dehydrogenase (TpMuguga_01g00262); SCL, succinyl coenzyme A ligase 

(TpMuguga_04g00660); SDH, succinate dehydrogenase (TpMuguga_01g00210); FH, fumarate 

hydratase-1 (TpMuguga_03g00078); MDH, malate dehydrogenase; MQOR, Malate: quionone 

oxidoreductase (TpMuguga_03g00758); CS, citrate synthase (TpMuguga_02g00666); PEPC, 

phosphoenolpyruvate carboxylase; PEPCK, phosphoenolpyruvate carboxykinase 

(TpMuguga_01g00495). 
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Tick proteins 

Searching the Uniprot database entries for R. appendiculatus with the LC MS/MS data led 

to identification of 2,773 tick proteins in addition to the T. parva proteins. The complete list of 

all the identified tick proteins is presented in Supplementary Table S 1, but a detailed analysis 

of vector proteins will be reported in Chapter 3. 
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Discussion 

In this study, we employed a DE-52 ion-exchange column purification method to semi-

purify T. parva sporozoites from infected tick salivary glands. Although tick proteins 

constituted 58% (2773/4780) of the total number of proteins of all proteins identified by LC-

MS/MS and the Peaks and Mascot software packages, we were able to identify 2,007 T. parva 

proteins expressed in the sporozoite life-cycle stage. This represents ~50% of the total predicted 

re-annotated T. parva proteome of 4084 proteins (see Materials and methods). About 40% of 

these proteins are annotated as hypothetical proteins. Hence, our data provides evidence that 

real genes encode these proteins, although their function remains unknown. 

Studies on the proteome of P. falciparum sporozoite stages have reported identification of 

~13% (Lasonder, Janse et al. 2008), ~19% (Florens, Washburn et al. 2002) and ~36% (Lindner, 

Swearingen et al. 2013) of the 5,524 annotated P. falciparum genes using materials purified by 

DEAE-cellulose chromatography only (Florens, Washburn et al. 2002, Lasonder, Janse et al. 

2008), and on 17% w/v Accudenz cushion followed by DEAE-cellulose chromatography 

(Lindner, Swearingen et al. 2013). The range of vector contamination is an important 

component of such studies and varied depending on the method of parasite purification. 

Lasonder et al (2008) reported 65% to 89% mosquito protein contamination in the samples 

analyzed, while Lindner et al (2013) reported 60.1% mosquito proteins in the sample, but had 

to do double purification, initially on a 17% w/v Accudenz cushion then followed by DEAE-

cellulose chromatography to reduce mosquito protein contamination to 29% (Lasonder, Janse 

et al. 2008, Lindner, Swearingen et al. 2013). The presence of mosquito material in the sample 

was not discussed by Florens and colleagues (Florens, Washburn et al. 2002). We managed to 

achieve low levels of vector protein contamination with a single DE-52 column purification 

step.  

Positive identification of proteins by mass spectrometry confers confidence in their 

presence, especially when the proteins are identified by more than one unique peptide hit. 1,708 

of the 2,007 parasite proteins were identified by more than one hit, providing a high degree of 

confidence in 85% of the data. For the purposes of our current analyses we have, however, 

reported on the entire data set of 2007 proteins. Failure to identify T. parva proteins does not 

directly imply their absence in the sample. Peptides from proteins with low abundance may fall 

below the detection limit or are simply not sequenced by the mass spectrometer due to limited 

dynamic range and/or speed of instrument acquisition. Furthermore, unknown, complex, or 

amino acid modifications leading to alteration of the peptide mass can only be detected in some 

cases by the Peaks software. Finally, trypsin digestion of proteins with low or irregular 

arginine/lysine content can lead to very short and very long tryptic peptides that fall out of the 

acquired mass range and may therefore not be detected. 

Identification of T. parva sporozoite proteins through mass spectrometry has allowed us to 

assess the proteomic component of the mammalian-infective stage of the parasite. We have 

also calculated the emPAI using Mascot to estimate the relative abundance ranking of proteins 

in the sample, which revealed a very high range of abundance with histones ranked with an 

emPAI of 60~7200 for the different histone subunits to an emPAI index of 39 for the major 

circumsporozoite p67 protein. Subunits of two enzymes within the glycolytic pathway, 

phosphoglycerate mutase and glyceraldehyde 3-phosphate dehydrogenase, are among the 20 

most abundant sporozoite proteins detected (Table 1). A high abundance of histones is not 

unusual. Lindner et al (2013) reported histones as the third most abundant protein in 
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Plasmodium sporozoite proteome after the circumsporozoite protein and mitochondrial ATP 

synthase, subunit beta (Lindner, Swearingen et al. 2013). 

A number of known antigens were identified within the sporozoite proteome, including 

p67, a leading vaccine antigen, and previously described components of secretory organelles 

(e.g., p104 and p150) (Table 4). RAP-1, a rhoptry antigen protective against P. falciparum 

infection in Saimiri monkeys (Ridley, Takacs et al. 1990) was also identified (Table 1). 

Unexpectedly, the polymorphic immuno-dominant molecule (PIM), a well-known antigen 

(Toye, Goddeeris et al. 1991), was not identified in this study, even though p150, an antigen 

that is immunologically cross-reactive with PIM (Skilton, Bishop et al. 1998) was identified. 

The PIM protein sequence contains a large repetitive domain rich in glutamine and proline 

amino acid residues that is devoid of lysine and arginine residues (Toye, Goddeeris et al. 1991). 

An in silico digestion of PIM with trypsin leads to prediction of few detectable tryptic peptides 

(data not shown). This may explain why we did not detect it. All schizont proteins that have 

been identified as CTL antigens are also expressed in sporozoites (emPAI range of 0.76 to 

31.69). Some of these antigens are encoded by housekeeping proteins (e.g., hsp90) and 

translation elongation initiation factor 1A, so expression by sporozoites of some CTL antigens 

is not unexpected. The finding that all the known CTL antigens are expressed by sporozoites 

raises the question of whether infection of dendritic cells by sporozoites results in direct 

presentation of antigen for priming CTL responses in vivo, provided the antigen load is 

sufficient. 

A study on the proteome of T. annulata schizont stage, in which 798 proteins were 

identified, failed to identify any member of SVSP and TashAT families (Witschi, Xia et al. 

2013). In contrast, we identified members of both families in the sporozoite stage 

(Supplementary Table S 5). There is increasing evidence pointing to a role of these proteins in 

host-parasite interaction, for instance SVSP epitope-tagged TpMuguga_03g00882 protein 

expressed in mammalian cells was found to translocate into the host nucleus pointing to 

potential role in transforming host cells (Schmuckli-Maurer, Casanova et al. 2009). In addition, 

we identified other predicted host manipulation proteins such as DEAD-box RNA helicases, 

peptidases and two proteins, namely a peptidyl prolyl-isomerase and TpSCOP, demonstrated 

to play role in host manipulation by stabilizing c-JUN and activation of NF-kB respectively 

(Shiels, Langsley et al. 2006, Hayashida, Hattori et al. 2010, Marsolier, Perichon et al. 2015). 

Host cell manipulation is known to occur at the schizont stage and the finding of these proteins 

in the sporozoite stage suggests early expression of these proteins may be required, or multi-

functionality of the proteins. 

Sporozoite invasion of lymphocytes begins with binding events that trigger the 

mobilization of Ca2+ within the sporozoites (Dobbelaere and Heussler 1999). The free 

intracellular Ca2+ can be utilized by calmodulin to remodel itself structurally so as to act on 

downstream effectors like CDPKs, which have been shown to be useful for parasite infectivity. 

We detected both calmodulin and CDPKs in this study (Table 3). We have also detected other 

calcium signaling proteins including guanylyl cyclases, cGMP-dependent protein kinases and 

cAMP-dependent protein kinases, all of which are important for downstream calcium signaling 

and have been shown to be essential for sporozoite invasion (reviewed in Dobbelaere and 

Heussler 1999).  

In motile apicomplexans such as Plasmodium, free calcium induces microneme secretion 

by sporozoites to aid in gliding motility and host invasion (Lindner, Swearingen et al. 2013). 

Although, T. parva sporozoites are immotile (Shaw 2003), we identified orthologs of 
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Plasmodium microneme components, including AMA-1, CelTOS and Leu/Phe-tRNA protein 

transferase (Cowman and Crabb 2006, Kariu, Ishino et al. 2006, Lindner, Swearingen et al. 

2013). These proteins may be involved solely in invasion processes together with the detected 

rhoptry proteins (PfRON2, Conserved Plasmodium protein, PfM18AAP and RNB-like protein) 

and dense granules protein (14-3-3 protein) (Sam-Yellowe, Florens et al. 2004, Lauterbach and 

Coetzer 2008, Cao, Kaneko et al. 2009, Curtidor, Patiño et al. 2011, Lindner, Swearingen et al. 

2013). Since most of these proteins are still classified as hypothetical in T. parva, they present 

an opportunity for further analysis in studies aiming to block parasite invasion of host cells. 

In conclusion, these data establish the expression profile of T. parva sporozoite proteins, 

the only such profile available to date. One or more of the newly identified proteins, in 

particular putative surface proteins, may prove to be effective vaccine candidates and might be 

combined with the major surface protein p67 to induce broader anti-sporozoite immunity, and 

protection against ECF. 
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Abstract  

Ticks are obligate hematophagous arthropods and are vectors of many pathogens 

including parasites, viruses and bacteria. The brown ear tick Rhipicephalus appendiculatus is 

the major vector of Theileria parva, an apicomplexan parasite that causes a lymphoproliferative 

disease in cattle known as East Coast fever (ECF). Sporozoites, the bovine infective stage of 

T. parva, are harbored in the salivary glands of R. appendiculatus and are transmitted to the 

bovine host during tick feeding. Tick salivary glands and saliva contain proteins that facilitate 

tick feeding by enhancing attachment and dampening of bovine host defenses. Therefore, these 

proteins are targets for development of anti-tick vaccines, which block attachment or 

compromise tick feeding, which subsequently results in poor reproductive fitness and limited 

or no pathogen transmission. We have characterized the salivary gland proteome of R. 

appendiculatus ticks infected by T. parva sporozoites using LC-MS/MS. In total 4,780 proteins 

were identified, of which 2,773 were R. appendiculatus proteins and 2,007 were of parasite 

origin. The R. appendiculatus proteins identified include known R. appendiculatus salivary 

glands antigens such as Rhipicephalus Immuno-dominant Molecule 36 (RIM 36) and orthologs 

of proteins playing roles in host defense modulation including, calreticulins, ixodegrins and 

histamine binding proteins, among others . Some of the novel tick proteins identified that are 

associated or attached to the sporozoites could induce antibodies which opsonize the 

sporozoites leading to destruction of the parasite through phagocytosis or complement lysis. 

 

Keywords: 

Rhipicephalus appendiculatus, salivary glands, proteomics, vaccine antigens 
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Introduction  

Ticks are obligate blood sucking arachnids and vectors of viruses, bacteria and protozoa 

which, when transmitted to vertebrate hosts, may cause disease (Cupp 1991). Ticks acquire 

pathogens from infected blood and pathogens are transmitted by a trans-stadial route, i.e., 

where infection is acquired by one life-cycle stage and transmitted by the next tick instar, or a 

trans-ovarial route, which gives rise to infectious larvae upon hatching of infected eggs 

(Norval, Perry et al. 1992)  Tick infection is usually followed by pathogen replication, although 

passive transfer of pathogens can also occur (Norval, Perry et al. 1992). Tick saliva is the major 

route for pathogen transmission and release of pathogens from infected salivary glands 

coincides with excretion of excess water acquired during feeding (Sauer, Essenberg et al. 

2000). Components of the tick saliva may enhance infectivity of the pathogens by regulating 

host hemostasis, immune and inflammatory responses (Sauer, Essenberg et al. 2000). 

Furthermore tick proteins bound to the surface of the sporozoite might induce protective 

antibodies resulting in activation of complement and enhanced phagocytosis and destruction 

by macrophages. Thus, understanding the proteins involved in these processes, may be useful, 

for example, in designing anti-sporozoite vaccines, transmission blocking vaccines, and 

gaining a better understanding of tick biology.    

Rhipicephalus appendiculatus is a three-host tick and the principal vector for the 

transmission of Theileria parva, an apicomplexan parasite causing, a lymphoproliferative cattle 

disease known as East Coast fever (ECF) (Theiler 1912). Transmission of T. parva occurs 

trans-stadially by the nymph and the adult ticks after acquiring infections as either larvae or 

nymphs (reviewed by Norval, Perry et al. 1992). After a blood meal the ticks are infected by 

T. parva piroplasms, a life cycle stage of the parasite that resides inside red blood cells 

(reviewed by Norval, Perry et al. 1992) . The piroplasms differentiates into gametes in the tick 

gut post-ingestion. The macro- and micro-gametes then fuse forming zygotes, which enters the 

gut epithelial cells and differentiates into motile kinetes, that are subsequently released into the 

tick hemocoel (reviewed in Nene, Lee et al. 2004). The kinetes invade e-cells of type III acini 

of the salivary glands and goes through final differentiation, with complete sporogony 

occurring only after the tick molts into the next instar, a process essentially triggered by blood 

feeding (Fawcett, Büscher et al. 1982). Release of mature mammalian infective sporozoites 

from the salivary glands occurs as a trickle between day 4-8, with peak production on day 4 

and 5, after initiation of feeding (reviewed in Nene, Lee et al. 2004, Shaw and Young 2009). 

Control of ECF includes killing of R. appendiculatus by acaricide treatment and by 

chemotherapy using drugs such as buparvaquone. However, both strategies have serious 

limitations ranging from resistance of ticks to acaricides to concerns of T. parva developing 

resistance to buparvaquone following resistance in Theileria annulata. There are also concerns 

of toxic residues in food and in the environment following acaricide use. A live vaccine is 

available and involves deliberate infection with sporozoites, followed by treatment with long 

acting oxytetracycline (Radley, Brown et al. 1975). There are ongoing efforts to develop next 

generation subunit vaccines based on what is known about the mechanism of immunity of this 

live vaccine, including characterization of the sporozoite proteome for identification of 

antigens and testing of novel and known antigens in different formulations for both humoral 

and cellular immune responses (Nene, Kiara et al. 2016). Another area of research attracting 

attention is the development of novel transmission blocking vaccines, which can be integrated 

with the other methods to control ECF. Therefore, there is still need for identification of tick 

antigens with cross-protective epitopes. 

 As an initiative to improve the understanding of the biology of T. parva, we recently 

undertook a Multidimensional Protein Identification Technology (MudPIT) mass 

spectrometry-based approach (reviewed in Schirmer, Yates et al. 2003) to characterize the 
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proteome of  T. parva sporozoites purified from tick salivary glands by ion-exchange 

chromatography and precipitation (Nyagwange, Tijhaar et al. 2018), where we identified 2,007 

parasite proteins. In the process, we also identified 2,773 R. appendiculatus proteins. Here, we 

have employed bioinformatics tools to analyze these R. appendiculatus proteins to identify tick 

salivary glands proteins associated with or bound to sporozoites as they may be involved in 

infectivity and/ or transmission of the parasites. Moreover, the tick proteins bound to 

sporozoites could be targets for opsonizing antibodies that may aid in the destruction of the 

sporozoite.Therefore some of these tick proteins could represent potential ECF vaccine 

candidates.  

  



 

 69 | C h a p t e r  3  
 

 

Materials and methods 

DE-52 column purification and LC-MS/MS analysis  

The procedure for production of T. parva infected ticks has been described before (Patel, 

Mwaura et al. 2016) and we have recently described  the DE-52 column  purification method 

used for purification of sporozoites (Nyagwange, Tijhaar et al. 2018). Briefly, sporozoite 

infected tick salivary glands were dissected, homogenized and lysate centrifugated at 1000 

rpm, 5 min, 4oC, in a pre-chilled centrifuge before the resulting supernatant added onto the DE-

52 column bed and the sporozoites eluted by SP buffer (0.16M NaCl, 0.16M D-glucose, 0.16M 

Na2HPO4, 0.16M Trisbase, pH 8.2) . The resulting cloudy suspension was centrifuged and the 

resulting pellet re-suspended in SDS-PAGE sample buffer and denatured at 100°C for 5 min 

then fractionated on 10% one-dimensional SDS-PAGE and stained with Coomassie Blue.  

Trypsin digestion was performed in-gel and tryptic peptides analyzed by LC-MS/MS 

(Nyagwange, Tijhaar et al. 2018).  

 

Data Analysis 

Protein identification and relative abundance 

Raw MS/MS data files were analysed with the Peaks software (Bioinformatics solutions) 

as described in (Nyagwange, Tijhaar et al. 2018). Briefly, a database containing the re-

annotated proteome of T. parva (4,084 proteins) and all Uniprot database entries for R. 

appendiculatus (12,884 proteins, July 2016) was used for analysis and a peptide false discovery 

rate (FDR) of 1.2% was applied.  

Exponentially Modified Protein Abundance Index (emPAI) was calculated using Mascot 

(Matrix Science) (Ishihama, Oda et al. 2005) and was used to rank the identified proteins by 

their abundance in the sample. 

Classification of the identified R. appendiculatus proteins by orthology 

We clustered all protein coding sequences of R. appendiculatus with the predicted salivary 

gland proteomes of Rhipicephalus microplus, Ambylomma variegatum, Rhipicephalus 

pulchellus, Ixodes scapularis and Ixodes ricinus  (Ribeiro, Alarcon-Chaidez et al. 2006, 

Ribeiro, Anderson et al. 2011, Tan, Francischetti et al. 2015) into putative orthologous groups 

using the OrthoMCL standalone software Version 2.0.2 (Li, Stoeckert et al. 2003). The blast 

step of OrthoMCL was performed using an E-value cut-off of 1e-10, and minimum 70% 

sequence identity over 75% sequence coverage.  
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Results 

Determination and relative quantification of tick salivary gland proteins 

LC-MS/MS was used to identify 4,780 proteins purified by DE-52 column, of which 2,773 

proteins originated from R. appendiculatus and 2007 from T. parva. Most proteins (3,780) were 

identified with 2 or more unique peptide identifications, while 1,000 protein identifications 

were based on a single unique peptide match, which includes 437 R. appendiculatus proteins. 

Thus, there is a higher confidence in the identification of 2,336 tick proteins. A sequence 

coverage of over 70% was achieved for some of the R. appendiculatus proteins with others 

identified by as many as 150 unique peptide identifications. 

It was only possible to rank 1,319 proteins of the 2,773 identified proteins by calculation 

of relative abundance in the sample using emPAI values (Supplementary Table S2). The  

emPAI parameter is useful for obtaining an overview of proteome profiles with a wide dynamic 

range of concentrations (30 fmol to 1.8 pmol/μl) (Ishihama, Oda et al. 2005), and the 20 most 

abundant R. appendiculatus salivary gland proteins are shown in Table 1. Even within this data 

set, there is a considerable range in the abundance of tick proteins with NADH dehydrogenase 

(Ubiquinone) 1 alpha subcomplex subunit 4 being the most abundant. Other housekeeping 

proteins, e.g., cytochromes, ATPases, heat shock protein 70, actin and Thioredoxin, feature in 

this list. 

Known R. appendiculatus salivary antigens relevant for T. parva transmission  

Rhipicephalus Immuno-dominant Molecule 36 (RIM36), expressed predominantly in the e 

cells of the type III salivary gland acinus (Bishop, Lambson et al. 2002) and a candidate antigen 

for anti-tick vaccine development is among the known antigens identified in the salivary glands 

by MS. Additional vaccine candidate antigens that had been previously characterized were 

identified in this study e.g. serine protease inhibitors (serpins), proteins used by ticks to disrupt 

host defensive processes and to sustain tick homeostasis (Imamura, Namangala et al. 2006, 

Imamura, Konnai et al. 2008) and Glutathione S-transferase (GST), a protein used by ticks for 

detoxification by catalyzing a nucleophilic conjugation reaction of the toxic compound with 

reduced glutathione (Sabadin, Parizi et al. 2017). A 20/24 kDa immunodominant saliva protein 

was also identified (Nene, Lee et al. 2004). 

Protein 64TRP expressed in the salivary glands and functioning in anchoring tick 

mouthparts to the host during feeding and a vaccine candidate antigen (Havlíková, Roller et al. 

2009), was not identified, suggesting that the protein is involved in the feeding of the tick but 

may not be associated with the sporozoites.  
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Table 1. Abundant R. appendiculatus salivary glands proteins 

ORF locus tag Annotation  Mass (Da) emPAI 

A0A131YIK5 NADH dehydrogenase (Ubiquinone) 1 alpha 

subcomplex subunit 4 

9301 137.99 

A0A131Z701 Cytochrome c 12159 93.99 

A0A131Z7X1 Cytochrome c oxidase subunit 4 20758 89.65 

A0A131YGU7 F-type H+-transporting ATPase subunit O 22974 87.64 

A0A131YXJ2 Capping protein (Actin filament) muscle Z-

line, beta 

11515 81.21 

A0A131YYS7 ATP synthase subunit beta 56382 70.33 

A0A131YUP7 Peptidyl-prolyl cis-trans isomerase 21922 57.39 

A0A131YWH5 Heat shock 70kDa protein 1/8 71203 46 

A0A131Z5N9 Cytochrome c oxidase subunit 5b 14618 44.12 

A0A131Z614 ATP synthase subunit alpha 60187 42.19 

Q6X4W2 Actin 42180 34.64 

A0A131YU54 Chaperonin GroES 17149 33.71 

A0A131YNP5 Solute carrier family 25 (Mitochondrial 

adenine nucleotide translocator), member 

4/5/6/31 

33252 33.12 

A0A131Z2K0 Nucleoside diphosphate kinase 17342 32.19 

A0A131YRI2 Chaperonin GroEL 61200 31.23 

A0A131Z1V0 Thioredoxin 16203 30.51 

A0A131Z6D0 Large subunit ribosomal protein L23e 14882 30.21 

A0A131YWW0 Ras-related protein Rab-1A 23281 29.46 

A0A131Z560 Enolase 47651 27.95 

A0A131YTE0 Small subunit ribosomal protein S3e 26764 27.01 
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Tick proteins involved in modulation of host defense responses 

During feeding, ticks cause injury to the host and face challenges of host hemostasis 

(mechanisms that prevent loss of host blood), inflammation (mechanisms producing itching 

and pain and initiating host defense responses) and immunity (humoral and cellular defense 

responses). Ticks have evolved pharmacological active compounds to counter host defense and 

assist in tick feeding. Many of these compounds have been identified and they involve several 

families of proteins (Ribeiro, Anderson et al. 2011, Šimo, Kazimirova et al. 2017). We have 

identified some members of these families in the MS data and indicated host processes targeted 

for inhibition by these proteins (table 2). The list features ixodegrins, nucleotidases and 

lipocalins. Ixodegrin family have members with a conserved Arg-Gly-Asp (RGD) domain and 

are implicated in disruption of fibrinogen binding to platelets (Francischetti, My Pham et al. 

2005, reviewed in Ribeiro, Anderson et al. 2011). Nucleotidases also known as apyrases 

hydrolyze tri- and di-phosphonucleotides (such as ATP and ADP) to their monophosphate 

esters plus inorganic phosphate. ATP and ADP are important agonists of neutrophil (O'Flaherty 

and Cordes 1994) and platelet aggregation (Gachet 2008).  Lipocalins are proteins that not only 

bind lipophylic compounds such as leukotrienes and thromboxane A2 but also serotonin and 

histamine, which are agonists of inflammation (Beaufays, Adam et al. 2008).  
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Table 2. Identified tick proteins involved in modulation of host defense responses 

OG group Organism ORF locus tag Annotation  Mechanism 

targeted for 

inhibition 

(reference) 

Calreticulins 

OG_430 Amblyomma 

variegatum  
F0JA25 Calreticulin  

Blood 

coagulation 

(Jaworski, 

Simmen et al. 

1995) 

 R. 

appendiculatus 

A0A131Z2S4 Calreticulin 

Metalloproteases  

OG_614 Ixodes 

sanguineus 

A0A068LGB8 Metalloprotease 1  

 

 

 

 

 

 

 

 

Wound healing/ 

angiogenesis 

(Ribeiro and 

Mather 1998, 

Decrem, 

Beaufays et al. 

2008) Blood 

coagulation and 

Innate immune 

responses  

 I. sanguineus A0A068LE08 Metalloprotease 1 

 R. 

appendiculatus 

A0A131YXN8 Reprolysin 

 R. 

appendiculatus 

A0A131YMV3 Reprolysin 

 I. ricinus A0A0K8RKL9 Putative 

metalloprotease 

 R. 

appendiculatus 

A0A131YJK3 Reprolysin 

OG_1653 I. sanguineus A0A068LER5 Metalloprotease 5 

 Rhipicephalus 

microplus 

A0A068LEA0 Metalloprotease 5 

 R. 

appendiculatus 

A0A131Z4U4 Reprolysin 

 R. 

appendiculatus 

A0A131YFM5 Reprolysin 

OG_6106 A. variegatum F0J8I5 Salivary gland 

metalloprotease 

(Fragment) 

 R. 

appendiculatus 

A0A131YWB8 Reprolysin 

Ixodegrins 

OG_1591 I. ricinus A0A0K8RFW7 Putative secreted 

stromal cell-derived 

factor 2 

 

 

 

Platelet 

aggregation 

(Francischetti, 

My Pham et al. 

2005, Gachet 

2008)  

 R. 

appendiculatus 

A0A131ZBX5 Ixodegrin 

(Fragment) 

OG_145 I. ricinus A0A0K8R9T6 Putative 5'-

nucleotidase/apyrase 

 R. 

appendiculatus 

A0A131Z1W4 5'-Nucleotidase 

Histamine binding proteins 
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OG_250 I. scapularis Q4PMH4 Histamine binding 

protein 

 

 

 

 

 

Innate immune 

responses 

(Paesen, Adams 

et al. 1999) 

(Beaufays, 

Adam et al. 

2008)  

 R. 

appendiculatus 

A0A131Z256 Lipocalin 

OG_11545 Rhipicephalus 

pulchellus 

L7MA16 Putative group viii 

salivary lipocalin 

 R. pulchellus L7M9J3 Putative group viii 

salivary lipocalin 

 R. 

appendiculatus 

A0A131YT83 lipocalin 

 R. 

appendiculatus 

M1NKV5 Japanin-like-RA2 

Cystatins 

OG_12859 R. pulchellus L7LRB4 Putative tick salivary 

cystatin 

Inflammation 

and innate 

immune 

responses 

(Ribeiro, 

Anderson et al. 

2011) 

 R. 

appendiculatus 

A0A131Z1J2 Cystatin 

     

OG_7257 Amblyomma 

cajennense 

A0A023FRE6 fed tick salivary 

protein 

 

 R. 

appendiculatus 

A0A131Z0K9 Fed tick salivary 

protein 7 

 

Serpins  

OG_8521 R. microplus V9VP22 Serine protease 

inhibitor 15 RmS15 

 

Blood 

coagulation 

(Xu, Lew-Tabor 

et al. 2016) 

 R. 

appendiculatus 

A0A131YYG3 Serpin B 

Da-p36 immunosuppressant 

 

OG_11462 R. pulchellus L7LTD7 Putative da-p36 

protein 

Immune 

responses 

(reviewed in 

Ribeiro, 

Anderson et al. 

2011) 

 R. 

appendiculatus 

A0A131YVJ3 DA-P36 family 

member 
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Discussion  

The current study reports on R. appendiculatus proteins co-purified with T. parva 

sporozoites. Although our initial aim was to identify T. parva sporozoites proteins from 

infected tick salivary glands, tick proteins constituted 58% (2773/4780) of all the proteins 

identified by LC-MS/MS and Peaks and Mascot software packages, in addition to the identified 

2,007 parasite proteins which we have reported on elsewhere. Ideally the DE-52 is a positively 

charged resin that should trap the negatively charged proteins and allow the positively charged 

sporozoite cells to elute in the SP buffer used. However, abundant tick proteins, proteins that 

are not negatively charged or those tightly associated with sporozoites can still end up in the 

flow-through fraction. The following centrifugation of the flow through fraction should 

eliminate the soluble tick proteins from the sporozoite fraction leaving tick proteins bound to 

sporozoites, insoluble uncharged and positively charged tick proteins. We have searched this 

list of tick proteins co-purified with the sporozoites to identify proteins that are likely to play a 

role in sporozoite infection.  

Positive identification of proteins by MS especially, by multiple unique peptides, 

confers confidence in the presence of such proteins. A total of 2,088 of the 2,773 tick proteins 

identified with more than a single unique peptide, giving confidence in 75% of the data. We 

have however reported on the complete set of the 2,773 proteins. Although positive 

identification confer confidence in the presence of the protein, failure to identify a protein does 

not necessarily imply their absence in the sample.  

We have calculated the emPAI using Mascot to estimate the relative abundance of 

proteins in the sample. Although the list consisted of many housekeeping genes, such as NADH 

dehydrogenase (Ubiquinone) 1 alpha subcomplex subunit 4, Cytochrome c oxidase subunit 4, 

ATP synthases (alpha and beta subunits) and solute carrier family 25 (mitochondrial adenine 

nucleotide translocator), member 4/5/6/31 (table 1), some proteins were identified that are 

involved in immune modulation and therefore might be useful for sporozoite infection (table 2 

and supplementary table S1). The salivary glands is a highly active organ requiring energy for 

its functions such as maintenance of water and ion balance during blood feeding, formation of 

cement for tick attachment to the host and secretion of pharmacological armament modulating 

host processes (reviewed in Šimo, Kazimirova et al. 2017) and so high expression of 

mitochondrial proteins is not surprising.  

Targeting salivary proteins involved in tick feeding as vaccine antigens, is expected to 

either lead to tick rejection, blocking/ limiting pathogen transmission or interfere with 

completion of blood meal and compromising tick reproductive fitness (Šimo, Kazimirova et 

al. 2017). Since tick proteins can induce host immune responses, tick proteins associated with 

sporozoites can also be targeted as anti-sporozoite vaccines. Such a vaccine would function on 

the basis of antibodies induced by the respective sporozoite bound tick antigen leading to 

opsonization of the sporozoites, increased phagocytosis by macrophages and complement 

dependent lysis. A number of known antigens were identified within the R. appendiculatus 

salivary glands proteome including serpins, anti-tick vaccine candidates targeted for their role 

in disrupting host haemostasis thereby facilitating tick feeding (Imamura, Namangala et al. 

2006, Imamura, Konnai et al. 2008) and RIM36, a salivary gland protein and a component of 

tick cement targeted for its role in tick attachment and protecting the tick hypostome during 

feeding (Bishop, Lambson et al. 2002). However, a vaccine candidate antigen, 64TRP protein 

expressed in the salivary glands (Havlíková, Roller et al. 2009) was not identified. Although, 

an in silico 64TRP tryptic digestion leads to only few detectable peptides (data not shown), it 

is also possible that this protein was efficiently bound by the column or is not bound to 

sporozoites, hence not identified. 

Hard ticks such as R. appendiculatus require extended periods of between 10 to 14 days to 

feed to repletion (Cupp 1991). During the feeding process, the ticks inflict injuries to the host 
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which triggers host defense and repair reactions including; platelet activation and aggregation, 

blood clotting and vasocontraction (Ribeiro 1987). All these processes are aimed at expelling 

the intruding tick. The intruding ticks respond by secreting numerous active substances in their 

saliva to promote feeding by countering the host hemostatic and immune effector mechanisms 

to maintain a steady blood flow to the feeding site (Ribeiro 1987). Host animals can naturally 

acquire resistance to these salivary glands associated molecules following multiple tick 

infestations or active immunization with crude tick extracts (reviewed in Mulenga, Sugimoto 

et al. 2000). Therefore, tick salivary gland molecules are potential vaccine candidate antigens. 

Many tick proteins inhibiting host coagulation cascade and modulating host immune responses 

have been described but their molecular identities have not been elucidated (Mulenga, 

Sugimoto et al. 2000). However, some have been characterized and have molecular identities 

(Parizi, Githaka et al. 2012, Šimo, Kazimirova et al. 2017). We have identified known R. 

appendiculatus antigens (section 3.2) and orthologs of other tick antigens known to modulate 

host defenses (Table 2). The list features calreticulin, histamine binding proteins and 

metalloproteases. Whereas calreticulin is implicated in inhibiting blood coagulation by 

sequestering calcium ions which act as cofactors of the coagulation enzymes (Jaworski, 

Simmen et al. 1995), histamine binding proteins and salivary metalloproteases bind histamine 

and hydrolyze bradykinins respectively (Ribeiro and Mather 1998, Paesen, Adams et al. 1999). 

Histamines and bradykinins produced by mast cells in the skin promote inflammation, pain and 

itching at the site of tick intrusion and prevention of these processes interferes with downstream 

recruitment of host immune cells against the invading tick (Šimo, Kazimirova et al. 2017).  

In conclusion, these data confirm the expression of 2,773 proteins of R. appendiculatus 

salivary glands infected by T. parva, the only such profile available to date. Although known 

vaccine antigens targeting transmission blocking were identified, determining the specific 

sporozoite bound proteins was not possible owing to the large number of tick proteins still 

present. A method for further isolation of sporozoites from the mixture of tick proteins might 

help in identifying the specific sporozoite bound proteins. Labelling sporozoites by monoclonal 

antibodies against p67 followed by FACS sorting before LC-MS/MS can increase the 

likelihood that the identified vector proteins are truly bound to the sporozoites. Nevertheless, 

we have confirmed the expression and abundance of some of the previously identified 

transmission blocking vaccine candidates and identified many orthologs of R. appendiculatus 

antigens implicated in modulating host defenses in other ticks. Some of the latter may represent 

novel antigens that could be used in transmission blocking anti-tick vaccines.  
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Abstract 

East Coast fever (ECF) caused by Theileria parva kills cattle in East, Central and Southern 

Africa leading to significant economic losses. Vaccination is used as a control strategy against 

ECF and is presently dependent on deliberate infection with live sporozoites and simultaneous 

treatment with a long-acting oxytetracycline. Although effective, this method has serious 

limitations; the immunity is parasite strain specific and immunized cattle can become life-long 

asymptomatic carriers of the parasite, posing risk for the spread of the disease. In efforts to 

develop a subunit vaccine, the role of antibodies in the neutralization of T. parva sporozoites 

infection of host cells has been investigated and a circumsporozoite protein, p67, is able to 

induce such neutralizing antibodies. However, the p67 protein only protects a proportion of 

immunized cattle against T. parva challenge and such protection might be improved by 

inclusion of additional parasite antigens that neutralize sporozoite infection. In an attempt to 

identify such antigens, we searched the re-annotated T. parva genome for genes predicted to 

contain GPI anchor signals, since they are likely to be located on the cell surface, and expressed 

fragments of six of the selected genes in E. coli. The recombinant proteins were used to raise 

antisera in mice. Antisera to two proteins, TpMuguga_01g00876 and TpMuguga_01g00939, 

neutralized sporozoite infectivity to a high degree, while antisera to two additional proteins, 

TpMuguga_01g00095 and TpMuguga_04g00437, exhibited moderate neutralizing capacity. 

We conclude that these four antigens are potential vaccine candidates, which should be 

evaluated further in cattle. 

Key words 

Theileria, sporozoites, antigens, neutralising antibodies, vaccine 
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Introduction 

East Coast fever (ECF) caused by Theileria parva is prevalent in East, Central and 

Southern Africa where it causes significant losses by reducing cattle productivity and kills a 

large number of them (Nene, Kiara et al. 2016). The disease is of major economic importance 

because of the high mortality it causes, and the expensive measures used to control the tick 

vector. In the 1900s, Dr. Arnold Theiler identified the three-host life cycle tick, Rhipicephalus 

appendiculatus, as the chief vector for transmission of T. parva, which occurs trans-

stadially (Norval, Perry et al. 1992). The sporozoites, which are the mammalian infective stage 

of the parasite develop in the tick salivary glands and are introduced into the bovine host during 

tick feeding (Shaw 1996). The sporozoites enter the host lymphocytes rapidly by a zippering 

process of the host and sporozoite cell membranes (Fawcett, Doxsey et al. 1982b, Shaw 1996). 

Once inside the lymphocytes, the sporozoites differentiate into schizonts that undergo several 

multiplication cycles (Shaw 2003). A proportion of the schizonts undergo merogony resulting 

in the production of merozoites that invade erythrocytes and develop into piroplasms. These 

piroplasms are the tick infective stage and after uptake during blood feeding they will restart 

the life cycle of the parasite (Shaw 2003). Blocking sporozoite proteins involved in the 

lymphocyte invasion process, such as p67, presents a vaccine control strategy for ECF. The 

p67 protein, named for its size ∼67 kDa protein, is the major surface antigen of sporozoites 

and the primary target of monoclonal antibodies that neutralize sporozoite infectivity in in vitro 

assays (Dobbelaere, Spooner et al. 1984, Musoke, Nantulya et al. 1984, Dobbelaere, Shapiro 

et al. 1985) 

Apart from controlling the tick vectors by acaricides, infected cattle can be treated and 

burpavaquone has remained the commercial drug of choice three decades after its discovery 

(McHardy, Wekesa et al. 1985). However, the drug needs to be administered early in infection 

in order to be effective (Babo Martins, Di Giulio et al. 2010) and resistance has been reported 

in Theileria annulata (Mhadhbi, Naouach et al. 2010), which raises concerns for future ECF 

control as resistance could occur in T. parva. A live vaccine, based on an infection and 

treatment method (ITM) is also used to control ECF (Radley, Brown et al. 1975, Radley, Brown 

et al. 1975b). It involves infection with live sporozoites and simultaneous treatment with a 

long-acting oxytetracycline (Radley, Brown et al. 1975b). The drug controls but does not kill 

the parasite allowing generation of protective acquired immunity (reviewed in Nene, Kiara et 

al. 2016).  However, the generated immunity is strain specific and animals vaccinated using 

the ITM can become life-long carries of the parasite, posing risk for spread of the disease 

(Uilenberg 1999). Production of the vaccine from infected ticks is also very laborious and the 

vaccine requires a liquid nitrogen cold chain for delivery making it expensive (Uilenberg 

1999).    

The protection conferred by the ITM vaccination is mediated by major 

histocompatibility complex (MHC) class I-restricted cytotoxic T lymphocytes (CTL) 

(Morrison and Goddeeris 1990, Morrison 2009). The sporozoites injected in the animal 

differentiate into schizonts and produces a transient parasitosis resulting in induction of specific 

MHC class I-restricted CTL that are directed against the schizont infected lymphoblasts 

(Morrison and Goddeeris 1990). These cellular responses were established in experiments that 

passively transferred immunity from immune animals to their naïve twins by transferring 

thoracic duct leukocytes from the former to the latter (Emery 1981). It was later determined 

that immunity was related to  CD8+ cells  as demonstrated by transfer of efferent lymph CD8+ 

cells enriched by monoclonal antibody mediated complement lysis of CD4+ cells, γδ T-cells 

and B-cells (McKeever, Taracha et al. 1994). However, there is indirect evidence for a role of 

antibodies in mediating immunity to ECF derived from observations that animals that survive 

repetitive challenge with infected ticks either in the field or experimentally develop sporozoite 
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neutralizing antibodies (Musoke, Nantulya et al. 1982). Monoclonal antibodies against p67, a 

circumsporozoite protein, also neutralizes sporozoite infection in vitro (Dobbelaere, Spooner 

et al. 1984, Musoke, Nantulya et al. 1984) and experimental vaccines based on this protein has 

shown partial protection (Musoke, Morzaria et al. 1992, Hall, Boulter et al. 2000, Bishop, Nene 

et al. 2003). The p67 based vaccine might be improved by including additional sporozoite 

antigens.  

In order to identify vaccine candidate antigens that might  neutralize sporozoite 

infectivity, we performed a bioinformatics search of the re-annotated T. parva genome ( cited 

in Tretina, Pelle et al. 2016) for proteins predicted to contain a C-terminal 

Glycosylphosphatidylinositol (GPI) anchor signal and /or N-terminal signal peptide. GPI-

anchored proteins are usually expressed on the cell surface where they are involved in 

extracellular interaction (Ferguson 1999). Proteins with signal peptides are usually destined to 

the secretory pathway (von Heijne 1990). Therefore, proteins with these features are likely to 

be located on the cell surface and are likely vaccine candidates to induce sporozoite neutralizing 

antibodies. Structurally, the proteins are linked via the C-terminal to ethanolamine with a 

phosphodiester bond linking the core glycan (tri-mannoside glucosamine), which in turn is 

linked to inositol phospholipid (Ikezawa 2002). GPI-anchored proteins are ubiquitous among 

eukaryotic species and play different roles including infection (Tachado, Gerold et al. 1996, 

Delorenzi, Sexton et al. 2002) and can elicit strong immune responses, making them targets of 

vaccine development (Gilson, Nebl et al. 2006). We report on the expression of six of the in 

silico selected GPI anchored proteins and neutralization of sporozoite infection by antisera 

raised against four of the recombinant proteins. 

Materials and methods 

In silico analysis and selection of genes encoding GPI-anchored protein 

We performed a bioinformatics search of the re-annotated T. parva genome (cited in 

Tretina, Pelle et al. 2016) for proteins predicted to contain a C-terminal GPI anchor signal 

and/or an N-terminal signal peptide using PredGPI (Pierleoni, Martelli et al. 2008) and SignalP 

4.1 (Petersen, Brunak et al. 2011), respectively. Following PredGPI analysis, GPI-proteins 

were sorted based on their Hidden Markov Model (HMM) scores in decreasing order of 

prediction accuracy, from highly probable, probable and weakly probable. The selected 

proteins were further analyzed for the presence of predicted N-terminal signal peptide.  

To determine if the selected genes are conserved across various isolates of T. parva, 

DNA sequence reads for the genomes of 16 T. parva isolates for which data is available in the 

European Nucleotide Archive (ENA) were mapped to the re-annotated T. parva Muguga 

reference genome (cited in Tretina, Pelle et al. 2016) using the smalt short read aligner 

(www.sanger.ac.uk/resources/software/smalt) set at default settings. Duplicates were marked 

using Picard Tools (http://broadinstitute.github.io/picard) set at default parameters. FreeBayes 

(Garrison and Marth 2012) was used for calling single nucleotide polymorphisms (parameters: 

-K -i -X -u -q 20 --min-coverage 6). SNPs were annotated using snpEff (Cingolani, Platts et al. 

2012). 

Sporozoite RNA preparation and cloning of gene fragments 

The procedure for sporozoites production has been described before (Patel, Mwaura et 

al. 2016) and we have recently reported on DE-52 column purification of T. parva sporozoites 

(Nyagwange, Tijhaar et al. 2018). RNA was extracted from the sporozoites using high pure 

RNA isolation kit (cat no. 11828665001; Roche) and primers used in RT-PCR reaction (one 

step RT of 3 mins at 95 °C, 30 cycles of 30s at 95 °C, 60s at 60 °C, 60s at 72 °C and final 

elongation of 5 mins at 72 oC). We designed primers (Supplementary Table S1b) to amplify 

http://www.sanger.ac.uk/resources/software/smalt)
http://broadinstitute.github.io/picard)
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not the whole predicted protein, but fragments from the highly-conserved regions of the 

selected genes. The fragments would also reduce expression and solubility problems associated 

with full length recombinant proteins. The resulting PCR products were run on 2% agarose gel 

and purified with Qiaquick gel extraction kit (cat no. 28704; Qiagen) according to the 

manufacturers’ protocol. The gel-extracted products were cloned in pJET1.2 vector (cat no. 

K1231; Thermo Fisher Scientific) using the CloneJET PCR cloning kit’s protocol.  

Expression and purification of recombinant proteins  

The gene fragments were digested with BamHI (site designed in the forward primer) 

and NotI from pJET1.2 vector and ligated in pET28a expression vector, which was used to 

transform BL21 (DE3) star and/or JM109 (DE3) E. coli strains. An overnight culture was 

generated by inoculating 50 ml of 2x YT medium (tryptone 16 g/liter; yeast extract, 10 g/liter; 

NaCl, 5.0 g/liter) containing 50 µg/ml kanamycin monosulphate (kanamycin A), with a loop 

of E. coli cells containing pET-28a with the cloned T. parva gene fragments and incubated at 

37 oC with shaking. The next morning, 5 ml of this overnight culture was added to 500 ml of 

2x YT containing 50 µg/ml kanamycin and incubated at 37 °C with shaking until the cells 

reached A600 between 0.5 and 0.7 then isopropyl-1-thio-b-D-galactopyranoside (IPTG) 

added to a final concentration of 2mM. Samples of 2 ml were taken just before induction 

(non-induced control), 4hrs post induction and overnight post induction and were used to 

screen expression levels. Cells were harvested by centrifugation and then sonicated in buffer 

B (100 mM NaH2PO4, 10 mM Tris·Cl, 8 M urea, pH 8.0). The resulting supernatant was 

bound to Ni-sepharose (GE Healthcare Life Sciences, cat no. 17-5318-01) overnight and 

column purified. The column was washed with buffer C (buffer B at pH 6.3) and protein 

eluted in elution buffer (0.1M NaH2PO4, 0.3M NaCl, 10% glycerol, pH 3) and dialyzed 

extensively in PBS. Two proteins (TpMuguga_01g00972 and TpMuguga_01g00095) could 

not be eluted successfully from the resin. These resin bound proteins were denatured, run on 

SDS-PAGE gels and stained with Nile Red (8 µg/ml final concentration in deionized water) 

as described in (Daban, Bartolomé et al. 1996). The proteins were visualized by UV trans-

illuminator and cut from the gel. The gel pieces with the proteins were ground using mortar 

and pestle, dissolved in PBS, vortexed briefly then centrifuged and the supernatants 

containing the were proteins retained.  

Generation of murine antibodies to purified recombinant protein 

All animal procedures described in this article were approved by ILRI’s Institute 

Animal Care and Use Committee (IACUC File Number 2015.16). The mice used for 

production of polyclonal antibodies were Swiss mice, 6-8 weeks old and each recombinant 

antigen was used for immunization of two mice.  Blood was collected from the tails of the mice 

(pre-immunization control) and each mouse inoculated intraperitoneally with 75µg 

recombinant protein (in PBS) and Freund’s adjuvant, Incomplete (cat no. F5506) mixture. 

Antigen and adjuvant were mixed on equal volume basis. Boosting was performed bi-weekly 

until day 42. Blood was collected by cardiac puncture after cervical dislocation at the end of 

the experiment. 

Assessment of immune responses via ELISA  

 ELISA was performed by coating the Nunc Maxisorp 96 well plates (cat no.439454) 

with 100 µl/well recombinant protein (500 ng/ml) in PBS and incubated overnight at 4 oC. The 

coating solution was flicked out and the inverted plates slapped onto paper towels and washed 

with 150 µl of PBS-T20 (0.1% tween 20 in PBS) four times. Blocking was then done by adding 

150 µl of blocking buffer (0.2 % casein in PBS-T20) per well and incubated for 1 hr. at 37oC. 

The blocking buffer was flicked out and washed as before, four times with 150 µl of PBS-T20. 

Corresponding sera diluted from 1/33 to 1/72900 were added to the wells at 100 µl per well 
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and incubated for 1.5hr at 37oC. The sera were flicked out and washed four times as before 

with 150 µl of PBS-T20. Secondary antibody, anti-mouse IgG peroxidase produced in rabbit 

(Sigma A9044), was added at 1/1000 dilution, 100 µl/well. The reactions were revealed using 

the substrate 2, 2’-azino-di-[3-ethyl-benzothiazoline-6 sulfonic acid] diammonium salt 

(ABTS). Optical density was read at 405nm on a microplate reader (Labsystems Multiskan 

MCC 340, Helsinki, Finland).  

Sporozoite neutralization assays 

The neutralization of sporozoite infectivity was performed using a slight modification 

of a previously described method (Musoke, Morzaria et al. 1992). The procedure for 

sporozoites production and infection rates assessment has been described before (Patel, 

Mwaura et al. 2016). In each well of a 96-well microtiter plate, 5 x 105 bovine peripheral blood 

mononuclear cells isolated from uninfected bovine blood by Ficoll-Paque density gradient 

centrifugation were added and incubated for 2hr at 37 °C, 5% C02. A sporozoite suspension 

obtained from 1050 infected acini (approximately 3.7 x 107 sporozoites, mean infection rate of 

28,570 sporozoites/acinus) in 100 µl RPMI 1640 medium with 7.5 % fetal bovine serum and 

5% DMSO was diluted 100 times and 100 µl with approximately 3.7 x 105 sporozoites/well 

added to various dilutions (1/10, 1/100 and 1/1000) of pre- and day 56 post-immunization sera 

(poled for each antigen, heat inactivated at 56 °C for 30 min) and positive control monoclonal 

antibody (ARIV21.4) with neat concentration of 670µg/ml, previously generated against the 

major sporozoite protein p67 and incubated for 10 min at 37 °C, 5% C02. Giemsa-stained 

cytospin smears prepared from each well were examined for the presence of schizonts at day 

14. One hundred cells from each well were counted and the percentage of cells containing 

schizonts was determined. Percent reduction in infection intensity were calculated relative to 

the control (PBMCs incubated with sporozoites only). The assays were performed in triplicate 

and scored by a blinded operator. All analyses were performed using GraphPad PRISM® 

version 7.01 with alpha = 0.05. For each antiserum, the Mann–Whitney U test was used to 

assess the differences in neutralizing ability of the recombinant antisera in relation to positive 

control monoclonal antibody, antip67c.  
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Results  

Selection and in silico analysis of proteins 

Sequence analysis of the predicted T. parva proteome of 4085 genes with PredGPI 

(Pierleoni, Martelli et al. 2008) revealed 21 highly probable GPI anchored proteins. The top 10 

highly probable proteins were selected for this study. Analysis of these 10 proteins with SignalP 

4.1 (Petersen, Brunak et al. 2011) revealed signal peptides for all the proteins except one, 

TpMuguga_04g02375 (Table 1). 

Table 1. The 10-selected putative T. parva surface proteins  

ORF locus tag (antisera) Annotation  cDNA 

amplicon 

size (bp) 

Expressed 

protein 

size 

(kDa)**  

Full 

protein 

size 

(kDa) 

Identifie

d by LC-

MS/MS 

TpMuguga_04g00437 (anti437) 104 kDa 

antigen (p104) 

312 12 104 Yes 

TpMuguga_01g00939 (anti939) hypothetical 

protein (gp34) 

375 15 34 Yes 

TpMuguga_01g00876 (anti876) hypothetical 

protein 

274 10 13 Yes 

TpMuguga_01g00095 (anti095) hypothetical 

protein 

331 12 28.6 No 

TpMuguga_01g00575 (anti575) hypothetical 

protein 

366 14 197.4 No 

TpMuguga_01g00972 (anti972) hypothetical 

protein 

320 12 37.8 Yes 

TpMuguga_03g00844 hypothetical 

protein 

330 NE 13.3 Yes 

TpMuguga_02g00792 hypothetical 

protein 

331 NE 15 Yes 

TpMuguga_03g00136 hypothetical 

protein 

310 NE 20.6 No 

TpMuguga_04g02375* hypothetical 

protein 

296 NE 40 No 

Selected T. parva proteins predicted to contain a C-terminal GPI anchor signal and/or an N-

terminal signal peptide. Data presented include ORF locus tag with the corresponding antisera 

in brackets, annotation, cloned gene fragment size and corresponding expressed protein size, 

the full protein size and whether the protein was identified by mass spectrometry in the 

sporozoite proteome (Nyagwange, Tijhaar et al. 2018). Hypothetical protein is of unknown 

function(s). GPI anchor predicted using the PredGPI (http://gpcr2.biocomp.unibo.it/predgpi/) 

and signal peptides predicted using the SignalP 4.1 server 

(http://www.cbs.dtu.dk/services/SignalP/)  

(*) Reannotated from TP04_0030 and protein does not contain a predicted signal peptide; (**) 

Size excludes His-tag; (NE) Protein not expressed. 

Cloning, expression and purification of recombinant proteins 

Amplification of fragments of the selected genes by RT-PCR yielded amplicons of 

expected sizes ranging from 274 to 375 base pairs (Supplementary Fig. S1A). Fragments and 

not the whole proteins, were selected from the more conserved regions of the genes (Table 2). 

The conserved fragments would ensure broader protection but also avoid expression and 

solubility problems associated with the recombinant full-length proteins. All the fragments 

were inserted into pJET1.2 blunt vector and subsequently transferred to the expression plasmid 

http://www.cbs.dtu.dk/services/SignalP/
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pET28a (Supplementary Fig. S1B). All the expressed fragments were in pET28a except 

TpMuguga_01g00972, which was expressed in pGS-21a as GST fusion protein because 

expression with the pET28a vector was not successful (Supplementary Fig. S1C). All the 

recombinant proteins were expressed with a hexa-histidine tag that enables affinity purification 

by immobilized metal affinity chromatography (IMAC). Sequence analysis of the cloned gene 

fragments demonstrated 100% sequence identity with the published gene sequences (results 

not shown).  

Analysis by SDS-PAGE demonstrated that E. coli cells transformed with pET28a-

inserts and pGS-21a - TpMuguga_01g00972 insert, expressed, considerable amounts of the six 

recombinant proteins after IPTG induction (Fig. 1a). Four constructs failed to express 

detectable recombinant protein (data not shown). All the expressed proteins were in the 

insoluble fractions (inclusion bodies) after cell lysis and were dissolved in 8 M urea buffer and 

purified on Ni2+ chelating sepharose beads, employing the 6xHis-tags. Four of the expressed 

proteins bound to the column and were successfully eluted by addition of elution buffer. Once 

eluted, the recombinant proteins remained soluble after removal of urea arising from the wash 

buffers by step dialysis against PBS at 4 °C (Fig. 1b). Two proteins, C and D could not be 

eluted successfully and were extracted from SDS-PAGE gels following Nile red staining (see 

Materials and methods) and remained soluble in PBS.  

 

Figure 1. SDS-PAGE and western blot showing expressed (a), purified (b) and antisera 

detected (c) recombinant protein fragments. (a) Bacteria lysate before IPTG induction (T0), 

4hrs (T1) and overnight (T2) post IPTG induction. (b) IMAC purified or gel extracted 

recombinant proteins are shown. Recombinant proteins include; TpMuguga_01g00939 (A), 

TpMuguga_01g00876 (B), TpMuguga_01g00972 (C), TpMuguga_01g00095 (D), 

TpMuguga_01g00575 (E) and TpMuguga_04g00437 (F). 

http://www.sciencedirect.com/science/article/pii/S0378113506004639#fig1
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Analysis of antibodies to recombinant proteins 

Each purified recombinant protein was used to immunize two mice. Sera from these 

mice showed indirect ELISA titres higher than 1000 (Fig. 2) and binding in immunoblots (Fig. 

1c) to the corresponding recombinant proteins used for the immunizations. More importantly, 

when used in a 1:100 dilution all the antisera, apart from antisera 972 (Mann–Whitney U test p 

= 0.0022; Fig. 3A), were able to neutralize sporozoite infectivity to a similar extent as the 

positive control, a monoclonal antibody (ARIV21.4) previously generated against the major 

sporozoite protein p67. At a higher antiserum dilution of 1:1000 two antisera (anti095, p = 

0.0152 and anti437, p =0.0260) still showed some neutralizing activity, although significantly 

lower than the antip67C. However, antisera 876 and 939 displayed similar or even higher 

sporozoite neutralizing activity than the anti-p67C positive control (Fig. 3B).  

 

Figure 2. ELISA for antibody titres to the recombinant proteins. Immunization of mice 

was done at day 0 and three boosts performed biweekly thereafter. OD at 405nm is shown 

relative to three-fold dilutions of the sera. 
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Figure 3. Summary of the in vitro neutralization of sporozoite infectivity. Monoclonal 

antibodies against p67c (positive control), normal mouse serum (pre-immune) and antisera 

against the six recombinant protein fragments were used for neutralization of sporozoites in 

vitro. Results are shown for sera - gene related to; TpMuguga_01g00939 (anti939), 

TpMuguga_01g00095 (anti095), TpMuguga_04g00437 (anti437), TpMuguga_01g00575 

(anti575), TpMuguga_01g00876 (anti876) and TpMuguga_01g00972 (anti972). Antisera were 

diluted 1:100 (A) and 1:1000 (B). 

 Conservation of selected gene fragments 

Ideal vaccine candidate antigens should be conserved amongst the various isolates of 

T. parva to ensure broad protection following vaccination. We used the re-annotated T. parva 

genome sequence information (cited in Tretina, Pelle et al. 2016) to developed a SNP map of 

the six expressed genes both the whole gene (WG) sequences and the expressed fragments 

(EF). We found that most of the genes are conserved amongst the cattle derived isolates than 

the two-wild buffalo derived isolates, Buffalo LAWR and Buffalo Z5E5, and that the EF are 

more conserved than the WG sequences (Table 2).   For all the WG sequences except 

TpMuguga_01g00575 and TpMuguga_04g00437, non-synonymous SNPs made up <50% of 

the SNPs observed (data not shown). TpMuguga_01g00095 WG sequence was the most 

conserved antigen being totally conserved amongst the cattle-derived isolates with just a single 

synonymous SNP representing a rate of 0.1% of SNPs per WG sequence length and fairly 

conserved with the two-wild buffalo derived isolates Buffalo LAWR (2%) and Buffalo Z5E5 

(2.1%). TpMuguga_01g00575 WG sequence was the least conserved antigen with many SNPs 

relative to cattle derived isolates, Kiambu5 (23.5%) and KiambuZ464/C12 (7.6%) and also 

relative to the two buffalo derived isolates Buffalo LAWR and Buffalo Z5E5, 6.1% and 7.7% 

SNPs per WG sequence, respectively (Table 2). Although majority of the EF were conserved, 

polymorphism was observed amongst many of the WG sequences selected.
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Table 2. Nucleotide sequence polymorphism of open reading frames and recombinantly expressed fragments, in cattle and buffalo derived T. parva 

isolates. SNPs expressed as percentage of DNA sequence length for the whole gene (WG) sequence and recombinantly expressed fragment (EF). 

Isolate TP01_0095 TP01_0575 TP01_0876 TP01_0939 TP01_0972 TP04_0437 

 WG EF WG EF WG EF WG EF WG EF WG EF 

ChitongoZ2 0 0 5.7 0.3 0 0 2.3 0.3 0.5 0 1.5 0 

Entebbe 0 0 4.1 0.3 0 0 2.1 0.3 0.4 0 0.7 0 

KateteB2 0 0 5.5 0.3 0.8 0 2.3 0.3 0.5 0 1.1 0 

Katumba 0 0 6.0 1.9 2.6 0.4 2.6 1.6 0.5 0 0.8 0 

Kiambu5 0 0 23.5 2.5 7.1 1.1 3.0 1.6 0.5 0 1.8 0 

KiambuZ464/C12 0 0 7.6 2.5 2.6 1.1 2.7 1.6 0.5 0 1.5 0 

MandaliZ22 0 0 4.4 0.3 0 0 2.1 0.3 0.4 0 0.6 0 

Marikebuni 0 0 3.8 0.3 5.8 1.1 0.1 0.3 0.1 0 1.7 0 

MugMar 0 0 3.7 0.3 6.1 1.1 0.1 0.3 0.1 0 1.7 0 

MugUg 0 0 5.9 0.3 0.3 0 2.4 0.3 0.6 0 1.7 0 

Muguga2* 0 0 0 0 0 0 0 0 0 0 0 0 

Nyakizu 0.1 0 0.7 0.3 5.0 1.1 2.9 1.6 0.5 0 1.2 0 

Serengeti 0 0 0 0 0 0 0 0 0 0 0 0 

Uganda 0 0 5.9 0.3 0.3 0 2.4 0.3 0.6 0 1.7 0 

Buffalo LAWR**     2.0 1.2 6.1 0.3 3.2 0.4 2.0 1.1 1.4 1.9 2.8 0.6 

Buffalo Z5E5**  2.1 0.9 7.7 0.8 1.9 0.7 2.0 0.8 1.0 1.6 3.0 0.6 

The isolates shown include cattle derived and two buffalo derived isolates (**) and the reference genome isolate (*).
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Discussion 

GPI anchors are common attachment signals for surface proteins of parasites such as 

Plasmodium, Trypanosomes, Toxoplasma, etc. and many are promising vaccine candidate 

antigens (Ferguson 1999, Ferguson MAJ 2009). One such example is the circumsporozoite 

(CS) protein of Plasmodium which is the antigenic target of the malaria vaccine RTS, S 

(Lancet, 2015).  Researchers have employed the strategy of targeting GPI anchored proteins 

for evaluation as candidate vaccine antigens. In this study, we also employed this strategy to 

select T. parva proteins predicted to contain GPI anchor signals for evaluation as vaccine 

candidates. 

We selected a list of 10 genes with high probability of containing a GPI-anchored tail 

(Table 1). Using specific primers for the more conserved regions of the selected genes, we were 

able to synthesize cDNA of expected sizes in a one-step RTPCR reaction (Supplementary Fig. 

1A). We have expressed six out of the 10 selected genes as recombinant proteins in E. coli. 

Five of the proteins were expressed with a His tag, which increases the molecular weight by 

approximately 1 kDa (Fig. 1). TpMuguga_01g00972 was expressed as a GST fusion protein, 

adding 26 kDa to the size resulting in a total size of 39 kDa (Fig. 1C). Although sequencing 

data showed that the cloned sequences were in-frame, we were not successful in expressing 

four of the 10 selected gene fragments even after transfer to various expression vectors 

(pET28a, pQE30 and pGS-21a) and E. coli strains, BL21(DE3) star and JM109(DE3).  

 The six expressed recombinant proteins were used to raise antisera in mice. The 

antisera were found to bind to the respective protein product of the cloned gene fragments (Fig. 

1c) and most importantly, antisera against two of the recombinant proteins, 

TpMuguga_01g00876 and TpMuguga_01g00939, highly (>60%) neutralize sporozoite 

infectivity at 1000-fold dilution. Antisera against two additional proteins, 

TpMuguga_01g00095 and TpMuguga_04g00437, moderately (>30%) neutralize sporozoite 

infection of bovine PBMCs in vitro (Fig. 3B).  

In this study, we tested gene fragments. It is tempting to speculate that antisera to full 

length proteins of the four antigens would produce higher neutralizing activities because of the 

longer sequence with putative additional epitopes. Therefore, it is desirable to test the full 

length recombinant proteins for immunogenicity. However, expression of long proteins is 

usually accompanied by solubility and expression problems of the recombinant proteins. To 

overcome expression problems, other expression systems could be employed or several shorter 

fragments comprising the full protein can be combined and evaluated. 

Among the protein fragments that produce high sporozoite neutralizing antibodies is 

TpMuguga_01g00939, a protein previously referred to as gp34, that undergoes GPI 

modification when expressed in mammalian cells (Xue, von Schubert et al. 2010). Although 

originally reported as a schizont stage specific antigen (Xue, von Schubert et al. 2010), we have 

recently identified gp34 protein in the sporozoite proteome (Nyagwange, Tijhaar et al. 2018). 

We therefore conclude that the protein is expressed in both parasite life-cycle stages. In the 

schizont stage, gp34 seems to play a role in parasite-host interaction during host cell division 

(Xue, von Schubert et al. 2010). Immunization with TpMuguga_04g00437, also known as p104 

a sporozoite microneme/rhoptry protein (Ebel, Gerhards et al. 1999), resulted in mouse antisera 

that moderately neutralized sporozoite infection of bovine PBMCs in vitro. The p104 protein 

was originally identified by sporozoite neutralizing bovine antisera C16 (Iams, Young et al. 

1990), but was never evaluated as a vaccine candidate antigen (Nene, Kiara et al. 2016). The 

p104 protein is also expressed at the surface of the schizont and recent evidence suggests a role 

for this protein in interacting with the host-cell mitotic machinery (Huber, Theiler et al. 2017). 

With the results presented here, it appears that gp34 and p104 also play a role in the lymphocyte 
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invasion process, perhaps through additional interactions with host cell microtubules during 

invasion.  

Neutralization of parasite infection of host cells is one of the most important features 

of an anti-sporozoite vaccine candidate antigen, and in this study, we have identified four 

vaccine candidates that are able to induce sporozoite neutralizing antibodies. Two of these 

proteins (p104 and gp34) were identified before and two are completely new, including 

TpMuguga_01g00876 which produced antibodies inducing the strongest sporozoite 

neutralizing activity. However, following previous observations in which rats immunized with 

recombinant polymorphic immuno-dominant molecule (PIM) make neutralizing antibodies 

while cattle immunized with the same do not (Toye, Metzelaar et al. 1995, Toye, Nyanjui et al. 

1996), it is important to raise and test bovine antibodies against these antigens to formally 

confirm their role as candidate vaccine antigens.  
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Supplementary figures  

 

Supplementary figure S1. Selected gene fragments cDNA synthesis (A) and ligation in 

pET28a (B) and pGS-21a (C). Genes include; TpMuguga_04g00437 (p104), 

TpMuguga_01g00939 (p34), TpMuguga_03g00136 (136), TpMuguga_01g00095 (095), 

TpMuguga_01g00972 (972), TpMuguga_01g00876 (876), TpMuguga_04g00030 (030), 

TpMuguga_01g00575 (575), TpMuguga_02g00792 (792) and TpMuguga_03g00844 (844). 

Genes in pET28a (B) and pGS-21a (C) loaded as non-digested and BamHI/NotI digested. Size 

of fragments are shown in brackets.  
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Abstract 

Chemotherapy of East Coast fever, a lymphoproliferative cancer-like disease of cattle causing 

significant economic losses in Africa, is largely dependent on the use of buparvaquone, a drug 

that was developed in the late 1980’s. The disease is caused by the tick-borne pathogen 

Theileira parva. Buparvaquone can be used prophylactically to prevent disease and it is also 

active against tropical theileriosis, caused by the related parasite Theileria annulata. Recently, 

drug resistance was reported in T. annulata, and could also occur in T. parva. Therefore, there 

is need to identify new drugs that could be used for the control of Theileria infections. Using a 
3H-thymidine incorporation assay we screened the Medicines for Malaria Venture (MMV) 

open source 400 malaria box and 396 pathogen box compounds to discover novel compounds 

with anti-parasitic activity. We identified nine malaria box compounds and eight pathogen box 

compounds that inhibit the proliferation of a T. parva infected cell line. However, only two 

compounds, MMV008212 (malaria box) and MMV688372 (pathogen box) represent 

promising leads with half maximal inhibitory concentration (IC50) values of 0.78 and 0.61 µM, 

respectively, and half maximal cytotoxic concentration (CC50) values > 5 µM. The remaining 

selected compounds exhibited a high degree of non-specific cytotoxicity (CC50 values < 1.09 

µM) on the proliferation of bovine peripheral blood mononuclear cells stimulated with 

concanavalin A. We also tested the anti-cancer drug, dasatinib, used in the therapy of some 

leukemias. Dasatinib was as active and safe as buparvaquone in vitro, with an IC50 of 5 and 4.2 

nM, respectively, and CC50 > 10 µM. Our preliminary data suggest that it may be possible to 

repurpose compounds from the cancer field as well as MMV malaria and pathogen boxes.  
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Introduction 

East Coast fever (ECF), a lymphoproliferative disease caused by Theileira parva is the 

most important tick-borne disease in sub-Saharan Africa. It kills a million cattle a year with an 

estimated economic loss of USD 300 million and impedes growth of the livestock industry. 

Theileria belongs to the phylum Apicomplexa, which contains other parasites responsible for 

major human and animal diseases, such as malaria, babesiosis, toxoplasmosis and 

cryptosporidiosis (Morrissette and Sibley 2002). Considerable progress has been made in 

developing vaccines for the control of some of these diseases. For example, a live infection and 

treatment method of immunization is commercially available for the control of ECF (Radley 

1981) and tissue-culture vaccines are available for the control of tropical theileriosis caused by 

T. annulata (Brown 1990). Advanced clinical trials are in progress with a malaria vaccine 

(Lancet 2015). However, drug treatment often remains a frontline method of disease control.  

Derivatives of naphthoquinones exhibit significant pharmacological properties and have 

given rise to development of anti-parasitic drugs, including commercial products to control 

malaria, e.g., atavaquone, a hydroxy-napthoquinone (Nixon, Moss et al. 2013). One of the 

byproducts of this effort gave rise to development of anti-theilerial drugs, e.g., parvaquone and 

the improved derivative, buparvaquone, that is the current drug of choice for treatment of 

theileriosis (McHardy, Wekesa et al. 1985). Members of this class of compounds display 

activity against other human and animals’ parasites, e.g., trypanosomes (O. Salas, Faundez et 

al. 2011). Unfortunately, resistance to atavaquone, an analog of ubiquinone, emerged quite 

rapidly and drug resistance to atavaquone in Plasmodium is associated with mutations in the 

mitochondrial gene encoding apo-cytochrome b (Nixon, Moss et al. 2013). Resistance to other 

classes of anti-malarial drugs has also emerged, limiting the efficacy of several frontline drugs 

(Cui, Mharakurwa et al. 2015). The Medicines for Malaria Venture (MMV) was inaugurated 

in 1999, with a mandate of developing new anti-malarial drugs, as it was recognized that the 

pipeline for developing such drugs was small and not an attractive venture for the 

pharmaceutical industry.  

Fortunately, T. parva resistance to buparvaquone has not been described. However, the 

recent identification of drug resistance in T. annulata is a cause for concern and suggests that 

this drug may be of limited veterinary use in the future. As for many tropical diseases, there is 

no program to develop new anti-theilerial drugs. Although focused on developing novel anti-

malarial drugs, MMV has catalyzed neglected disease drug discovery by making available 

drug-like and probe-like compounds available to the scientific community through the Malaria 

and Pathogen Box (Van Voorhis, Adams et al. 2016). A unique aspect of the biology of T. 

parva and T. annulata is that parasite infected leukocytes behave and proliferate like cancer 

cells in vitro, a property that is dependent on parasite viability. We have taken advantage of 

this phenomenon and the availability of MMV compounds to screen for molecules that inhibit 

the growth the T. parva cells.  

We screened compounds in both the malaria and pathogen boxes against a bovine 

lymphocyte cell line infected with the schizont stage of T. parva and against bovine peripheral 

blood mononuclear cells (PBMC) stimulated by concanavalin A (ConA), the latter to determine 

cytotoxicity. We have identified two compounds with an in vitro therapeutic index >5, which 

could act as starting points for discovery of novel anti-theilerial drugs. In addition, we screened 

an anti-cancer drug, dasatinib that is used for treatment of chronic myelogenous leukemia and 

acute lymphoblastic leukemia, and found that it selectively kills the parasite with an in vitro 

therapeutic index > 2,000 
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Methods 

Experimental compounds 

The MMV malaria box and pathogen box were obtained from the Medicines for Malaria 

Venture (MMV, Geneva, Switzerland). Plate mapping and full data on the malaria box were 

accessed at (http://www.mmv.org/research-development/malaria-box-supporting information) 

and (http://www.pathogenbox.org/) for the pathogen box. All plates were received at 10mM 

stock concentrations and diluted in 100% DMSO to form copies of the plates at 1mM 

concentration. From the 1mM stock plates serial dilutions were made in RPMI 1640 culture 

media to a 10 µM working stock plates. Buparvaquone (Butalex) was used as a positive control 

drug and Dasatinib was purchased from Selleckchem, USA (cat no. S1021).  

In vitro parasite cytotoxicity assay 

All the compounds were initially tested for inhibitory activity on the growth of T. parva 

infected lymphocytes at 1µM final concentration. F100TpM, a bovine lymphocyte cell line 

infected by T. parva, was seeded in 100l RPMI 1640 media at 1 x 104 cells per well in 96 well 

plates and incubated overnight in 5% CO2 at 37oC before addition of drug compounds (0 to 2 

µM final concentration). Compounds found to inhibit growth of T. parva infected lymphocytes 

were further screened for non-specific cytotoxicity on the proliferation of uninfected bovine 

cells. Briefly, 1 x 104 peripheral blood mononuclear cells (PBMCs) isolated from uninfected 

bovine blood by Ficoll-Paque density gradient centrifugation were seeded in 100l RPMI 1640 

media per well in 96 well plates and cultured overnight in 5% CO2 at 37oC in the presence of 

concanavalin A (final concentration of 5µg/ml) before addition of drug compounds (0 to 10 

µM). Both cell lines were cultured in RPMI 1640 medium for 48 hours prior to pulsing with 
3H-thymidine. Lower drug concentrations of buparvaquone were used to a maximum of 0.08 

µM. All compounds tested in triplicate wells. 

Thymidine incorporation as a marker for inhibitory activity 

Radiolabeled DNA precursor, 3H-thymidine is incorporated in DNA strands during cell 

replication and is often used as a measure of cell proliferation. All cells were pulsed with 20µl 

of RPMI 1640 media containing 3H-thymidine (0.5µCi) per well and incubated in 5% CO2 at 

37oC for a minimum of 8 hrs before harvesting. The cells were then harvested by a Filtermat 

Harvester (Perkin Elmer) onto Glass fiber matt filters (part No. 6005422) that captures the 

labelled DNA. The filters were then air- dried and placed in Omni Filter cassette and 30µl of 

MicroScintTM (Perkin Elmer Cat No 6013611) liquid added, then sealed with TopSeal (Perkin 

Elmer, Part No 6050195) and loaded on TopCount NXT reader (Perkin Elmer) for 

determination of incorporation of 3H-thymidine. 

Calculation of IC50 and CC50 for bioactive compounds 

IC50 values were calculated using the Graph Pad Prism 7 software (GraphPad Software, Inc., 

La Jolla, CA), and average values of radio-isotope incorporation in wells with and without 

compound on the growth of F100TpM cells determined. The CC50 values were calculated using 
3H-thymidine incorporation values of PBMC stimulated with conA incubated with different 

concentrations of the tested compound.  

  

http://www.pathogenbox.org/
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Results and Discussion 

In a search for new lead anti-theilerial compounds, we screened the open source MMV 

malaria box and pathogen box using a two-step process. Compound-induced inhibition (final 

concentration of 1 µM) of 3H-thymidine incorporation by a T. parva infected cell line 

(F100TpM) was used as a marker of anti-theilerial activity. Proliferation of infected cells is 

parasite-dependent, and appears to occur through manipulation of several complex host-cell 

signaling pathways (Shiels, Langsley et al. 2006). To get an indication of the in vitro potency 

of the different compounds on T.parva the concentration that inhibited 50% of the proliferation 

of F100TpM (the IC50 value) was determined. To determine the non-specific cytotoxicity of 

the compounds, the concentration that inhibited 50% (CC50 values) of the proliferation of 

bovine PBMCs stimulated with conA was determined. Most infected cells lines are derived by 

“transformation” of T-lymphocytes by the parasite (Baldwin, Black et al. 1988). Since conA 

drives the proliferation of T-lymphocytes (Palacios 1982) we reasoned that these conA blasts 

represent a suitable control to assess non-specific cytotoxicity in vitro. 

In the malaria and pathogen boxes, nine (IC50 values ranging from 0.04 to 1.93 µM) 

and eight (IC50 values ranging from 0.35 to 0.97 µM) compounds inhibiting TpM proliferation 

were identified, respectively, representing approximately a 2% hit rate (Table 1 and 2). 

However, the majority of these compounds were also highly active on inhibiting the uninfected 

conA stimulated PBMCs. Only two compounds, one from each box, MMV008212 and 

MMV688372, exhibited an in vitro therapeutic index (CC50/IC50) of 8 and 10, respectively. An 

index > 5 has been used to determine parasite selectivity of MMV compounds (reviewed in 

Duffy, Sykes et al. 2017). In many cases the therapeutic index was close to or less than one in 

our assay. This might be due to the different cell lines and assays used.  In our hands, the 

positive control drug, buparavquone had an IC50 of 4.2 nM and a CC50 >10 µM, with a 

therapeutic index of more than 2,000. Interestingly, four pathogen box compounds were more 

inhibitory on the control conA stimulated PBMCs, than on F100TpM, indicating that there 

could be differences in the molecular and cellular biology of the two cell lines. 

Of the malaria box compounds identified here, MMV008212, with a therapeutic index 

of 12 for T.parva infected lymphocytes, was previously shown to also have activities against 

Trypanosoma cruzi (100% growth inhibition at 5 µM), Plasmodium berghei ookinete (76% 

growth inhibition at 10 µM), P. falciparum gametocyte NF54-late stage (91% growth inhibition 

at 5 µM) and P. falciparum 3D7 asexual blood stage (98% growth inhibition at 5 µM) 

(reviewed in Van Voorhis, Adams et al. 2016). Cytotoxicity of this compound was observed 

only in one cell line (U87, 76% cell death at 5 µM) of the nine cell lines tested previously (Van 

Voorhis, Adams et al. 2016). However, the mode of action of this compound is still unknown. 

The remaining eight malaria box compounds with activity against T.parva infected 

lymphocytes exhibited varied inhibitory activities on other organisms including Plasmodium, 

Toxoplasma, Leishmania, Cryptosporidium and Wolbachia (Table 1). Among them, compound 

MMV665800 has shown P. falciparum ATP4 inhibitor activity, while MMV006455 possibly 

acts through a respiratory target (reviewed in Van Voorhis, Adams et al. 2016). In general, 

these compounds exhibited less cytotoxicity on mammalian cell lines and zebrafish embryo 

that were tested previously (Van Voorhis, Adams et al. 2016).
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Table1. Malaria box compounds inhibiting growth of T. parva infected lymphocytes (F100TpM) 

Compound Structurea MW 

g/molb 

ALogPc IC50 (µM) 

F100TpM 

CC50 (µM) 

Con A 

blasts 

T.Id 

(CC50/ IC50) 

Activity in other organisms and 

cytotoxicity (reference) 

MMV008212 

 

280.32 3.59 0.78  >10 >12 Trypanosoma cruzi, P. berghei 

ookinete, P. falciparum 

gametocyte NF54-late stage 

(Van Voorhis, Adams et al. 

2016) 

MMV498479 

 

245.27 

 

2.32 0.05  0.13  2.6 T. cruzi (Van Voorhis, Adams et 

al. 2016) 

MMV006455  

 

370.49 3.97 0.84 0.90 1.07 P. falciparum early ring stage 

and gametocyte (Van Voorhis, 

Adams et al. 2016) 

MMV665820 

 

293.53 3.13 0.15 0.25 1.67 Cryptosporidium parvum, 

Leishmania donovani axenic 

amastigotes (Van Voorhis, 

Adams et al. 2016), T. annulata 

(Hostettler, Müller et al. 2016) 

MMV665841 

 

273.33 3.13 0.36 0.66 1.83 T. cruzi and Wolbachia (Van 

Voorhis, Adams et al. 2016) 
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MMV665800 

 

347.84 4.33 0.49 0.53 1.08 P. falciparum and P.berghei 

(Van Voorhis, Adams et al. 

2016) 

MMV000356 

 

379.27 4.16 0.87  0.86  0.99 Leishmania donovani 

amastigotes axenic 

(extracellular) (Van Voorhis, 

Adams et al. 2016) 

MMV007363 

 

232.71 3.3 1.93  1.09  0.56 T. cruzi, Toxoplasma gondii 

(Van Voorhis, Adams et al. 

2016) 

MMV007273 

 

480.58 7.24 0.04 0.06 1.5 P. falciparum (Van Voorhis, 

Adams et al. 2016) 

Buparvaquone  

 

326.435  6.45 0.0042  >10 >2380 Theileria annulata (Hashemi-

Fesharki 1991) 

a Structure of drug compounds from ChemSpider (http://www.chemspider.com/) or DrugBank (https://www.drugbank.ca/). b Molecular weight of 

the compound. c Lipophilicity index of the compound. d Therapeutic index (TI) of the compound

http://www.chemspider.com/
https://www.drugbank.ca/
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Of the 8 pathogen box compounds that were shown in this study to display activity 

against T.parva infected lymphocytes, five were previously shown to also have anti-

trypanosomal activity, one has anti-malarial activity and two are reference compounds (Table 

2). Mebendazole (MMV003152) is a known anti-helminthic drug that binds tubulin, inhibiting 

their assembly into microtubules and consequently perturbing the motility, division and the 

secretion processes of cells (Wampande, Richard McIntosh et al. 2007). In helminthes, binding 

of the drug leads to loss of cytoplasmic microtubules which perturbs glucose intake leading to 

exhaustion of glycogen reserves and consequent death (Oxberry, Gear et al. 2001). Auranofin 

(MMV688978) is a drug indicated for rheumatoid arthritis and thought to act through inhibition 

of nuclear factor kappa-B kinase subunit beta (Jeon, Byun et al. 2003) and thioredoxin 

reductase (Rigobello, Folda et al. 2005) leading to reduced inflammatory responses and 

reduced free radical production, respectively. The antimalarial compound, MMV023985 has 

CDPK1 or PK7 proposed as the target (reviewed in Duffy, Sykes et al. 2017). Although these 

compounds demonstrated activities on F100TpM with IC50s < 1 µM, their low therapeutic 

index questions a role for them as anti-theilerial lead compounds. MV688372, which had a 

high therapeutic index against F100TpM cells has anti-trypanosomal activity. This compound 

is a substituted 2-phenylimidazopyridine with activities against Trypanosoma brucei brucei 

and T. cruzi with therapeutic indexes of 230 and 24, respectively, in relation to HEK293 cells 

(Duffy, Sykes et al. 2017). The mode of action of MMV688372 is still unclear, but a 

structurally related azabenzoxazole has been identified as a proteasome inhibitor in 

kinetoplastid parasites (Duffy, Sykes et al. 2017).  
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Table2. Pathogen box compounds inhibiting growth of T. parva infected lymphocytes (F100TpM) 

Compound Structurea MWb 

(g/mol) 

ALogPc IC50 (µM) 

F100TpM 

CC50 

(µM) 

Con A 

blasts 

T.Id 

(CC50/ IC50) 

Activity in other 

organisms and 

cytotoxicity (reference) 

MMV688372 

 

401.44 3.83 0.61 5.3 8.69 Anti-Trypanosoma 

(Duffy, Sykes et al. 2017)  

MMV676600 

 

474.55 2.06 0.55 <0.001 <0.001 Anti-Trypanosoma 

(Duffy, Sykes et al. 2017) 
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MMV676602 

 

460.57 3.83 0.35 0.30 0.86 Anti-Trypanosoma 

(Duffy, Sykes et al. 2017) 

MMV688180 

 

495.43 3.22 0.97 <0.001 <0.001 Anti-Trypanosoma 

(Duffy, Sykes et al. 2017) 

MMV688271 

 

403.27 3.81 0.59 0.56 0.95 Anti-Trypanosoma 

(Duffy, Sykes et al. 2017) 
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MMV023985 

 

324.38 3.18 0.52 <0.001 <0.001 Anti-malarial (Duffy, 

Sykes et al. 2017) 

MMV003152 

(Mebendazol

e) 

 

295.29 3.06 0.36 <0.001 <0.001 Anti-helminthic 

(Oxberry, Gear et al. 

2001)  

MMV688978 

(Auranofin) 

 

678.484  - 0.54 0.40 0.74 Rheumatoid arthritis drug 

(Jeon, Byun et al. 2003) 

a Structure of drug compounds from ChemSpider (http://www.chemspider.com/) or DrugBank (https://www.drugbank.ca/). b Molecular weight of 

the compound. c Lipophilicity index of the compound. d Therapeutic index (TI) of the compound 
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The MMV malaria box was previously screened for activity against Theileria annulata 

by Hostettler et al (2016) and MMV665820 was the only compound that was identified in our 

anti-T.parva assay that also had activity against T. annulata (Hostettler, Müller et al. 2016). 

Although this compound did not impair viability of the human foreskin fibroblast control cells 

in the T. annulata assay, it was eliminated as a lead compound for not specifically targeting the 

parasite since it failed to lower the relative expression of T. annulata gene TaSP by 50%  

(Hostettler, Müller et al. 2016). In our assay, the therapeutic index for this compound was 1.67 

leading to its elimination as a lead compound. The differences in drug activities between these 

two related parasites illustrates the differences in biology between these parasites and the 

tightrope walk towards development of anti-theilerial drug. The pathogen box compounds we 

have identified should therefore, be tested against T. annulata, just as was done for the MMV 

malaria box compounds. 

Dasatinib exhibited very potent inhibitory activity on F100TpM cells with IC50 (5 nM) 

and CC50 (>10 µM) values similar to buparvaquone, the current anti-ECF drug of choice. It 

will be interesting to test dasatinib activity on T. annulata and other transforming Theileria 

pathogen cell lines. Dasatinib is a commercial drug approved and indicated for chronic 

myelogenous leukemia and acute lymphoblastic leukemia (Talpaz, Shah et al. 2006, Steinberg 

2007). It is being considered for treatment of other cancers (Finn, Dering et al. 2007, Hochhaus, 

Baccarani et al. 2008, Johnson, Bekele et al. 2010). In humans, the drug has multiple targets 

including tyrosine-protein kinases (Bcr-Abl, Lck and Src family) (Quintas-Cardama, 

Kantarjian et al. 2006), platelet-derived growth factor receptor beta (Chen, Lee et al. 2006) and 

signal transducer and activator of transcription 5B (Nam, Williams et al. 2007).  Recent target 

similarity search using another apicomplexan parasite (P. falciparum) proteome identified 

ABC transporters as possible target for dasatinib (Mogire, Akala et al. 2017). Therefore, 

dasatinib’s mode of action on T. parva infected lymphocytes could be through one or a 

combination of the targets, as these cells exhibit cancer-like properties with an up-regulation 

of growth factor receptors, NF-kB and tyrosine protein kinase cell-signaling pathways, among 

other cellular changes (Shiels, Langsley et al. 2006). This raises the possibility that the 

inhibitory activity of dasatinib on parasite infected cells is via inhibiting a host cellular 

pathway, rather than directly targeting the pathogen, and opens an additional avenue for drug 

discovery for Theileria. Although dasatinib might have a direct effect on the parasite, this was 

not tested in our current assay and we recommend testing this in future as this may reveal the 

mode of action of this drug on the parasites. 

In conclusion, we have identified two lead MMV compounds one from the malaria box 

and the other from the pathogen box with a therapeutic index > 5 that present starting points 

for development of alternative drugs to control ECF, and, possibly other forms of theileriosis. 

In addition, we have demonstrated a very high therapeutic index of dasatinib on a T. parva 

infected lymphocyte cell line. A large number of related tyrosine kinase inhibitors are available 

and our results suggests that these molecules as well as other anti-cancer drugs could be 

explored for their use as repurposed anti-theilerial drugs, provided cost is not an inhibitory 

factor.  
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Introduction and aims of thesis  

ECF caused by the hemoprotozoan pathogen Theileria parva is the leading tick-borne 

disease of cattle in sub-Saharan Africa, causing death of cattle and significant economic losses  

(Norval, Perry et al. 1992, De Deken, Martin et al. 2007). Currently control of the disease is 

dependent on vaccination and drug treatment. The infection and treatment method of 

vaccination involves deliberate infection with live sporozoites from three strains namely T. 

parva Muguga, Kiambu5 and Serengeti (known as Muguga cocktail) and simultaneous 

treatment with a long-acting oxytetracycline. Although effective, this method has serious 

limitations which have been discussed in detail in Chapter 1. Briefly, the immunity generated 

by the vaccine is strain specific and immunized cattle can become life-long asymptomatic 

carriers of the parasite, posing risk for the spread of the disease through introduction of 

‘foreign’ T. parva strains in areas where the strains in the vaccine are not present. The 

production and distribution of the vaccine involves complex procedures requiring 

infrastructure and specialized expertise which are not always available. These concerns 

undermine the widespread uptake of this vaccine (Chapter 1). There have been efforts to 

identify sporozoite antigens that are targets of neutralizing antibodies and one protein, p67 is 

considered the lead candidate for development of a subunit vaccine. However, this protein only 

protects only a proportion of immunized cattle (Chapter 1). Although research is ongoing on 

different formulations and immunization regimen to improve the efficacy of this antigen, 

protection against ECF might be improved by additional sporozoite antigens that induce 

sporozoite neutralizing antibodies. Chemotherapy is another method of ECF control and is 

currently dependent on the use of buparvaquone, a drug that was developed in the late 1980’s 

and to which resistance has been reported in the related parasite Theileria annulata. 

Fortunately, resistance has not been reported in T. parva, but this could occur, underscoring 

the urgency for discovery of new cost effective drugs.  

Traditionally, acaricides were used to prevent tick infestation and by extension ECF control. 

However, as discussed in Chapter 1, this method is not sustainable as parasite challenge occurs 

over many months of the year, thereby requiring application of acaricides over prolonged 

periods making it expensive and detrimental to the environment. Additionally, this method 

leaves the cattle population susceptible to infection by tick borne pathogens and vulnerable to 

disease outbreaks, should the acaricides be unavailable due to local political or economic 

changes.  

These shortcomings of ECF control measures highlight the need for development of an 

effective subunit vaccine and discovery of alternative drug compounds to provide a sustainable 

means of controlling this disease. 

The research described in this thesis (summarized in Figure 1) therefore aimed to 

characterize the sporozoite proteome and identify novel proteins from the sporozoite stage that 

can be evaluated as vaccine antigens. Furthermore, this thesis aimed to recombinantly express 

and evaluate some of the identified proteins for neutralization of sporozoite infection of 

lymphocytes. In addition, this study aimed at identifying new drug compounds that could be 

used for the control of Theileria infections. Towards this end we took advantage of the open 

source MMV malaria box, pathogen box and anti-cancer drug dasatanib to screen for molecules 

that inhibit the growth of T. parva infected lymphoblastoid cells. 
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ECF vaccine development challenges 

Vaccine development had its roots in the work of Edward Jenner (1749-1823), who 

discovered how to protect people from smallpox through inoculation with a harmless but 

related virus, cowpox and Louis Pasteur (1822-1895) who developed the first rabies vaccine 

(Fenner 2000). Since then, vaccines have become the most cost-effective means of controlling 

diseases with successful eradication of diseases such as smallpox and rinderpest, with great 

progress towards poliomyelitis eradication. 

Vaccine development follows approaches that either make use of whole organisms, 

weakened or alive or components of the pathogens. Live vaccines can elicit both humoral and 

cellular immunity and single or few doses usually give lifelong protection (Hansson, Nygren 

et al. 2000). The Infection and Treatment Method (ITM) vaccination against ECF is a good 

example of this type of vaccine in veterinary use. However, live vaccines have the potential to 

cause disease through replication of the pathogens in the host. To circumvent this, the live 

organisms are usually attenuated, for example by multiple passages in media, to prevent them 

from causing disease (Hansson, Nygren et al. 2000). In Theileria, vaccination with passaged 

infected leukocyte cell lines was evaluated and  this approach induced immunity against T. 

annulata but a similar approach for T. parva was not successful (Morrison and McKeever 

2006). Transfer of infection by T. parva infected leukocyte cells occurred at a much lower 

frequency, and immunity was only achieved definitively by administering large doses (≥ 108 

cells) of parasitized cells (Morrison and McKeever 2006). Therefore, this method of 

vaccination continued to be used in T. annulata while T. parva vaccination adopted the ITM 

method (discussed in Chapter 1). The ITM method is possible because of oxtetracycline, 

which is administered as a slow release formulation with activity lasting 5 to 6 days. This delays 

development of the parasite leading to mild infection with recovery and induction of 

immunological memory. Nevertheless, the risk of these organisms reverting to the original 

virulent strain or forming new recombinant virulent strains presents a disadvantage of live 

vaccines such as ITM. 

Subunit vaccines on the other hand are designed to include only portions of the 

pathogen required for protective immunization and are therefore safer than whole-inactivated 

or live-attenuated vaccines (Hansson, Nygren et al. 2000). By combining technological 

possibilities with knowledge in areas of immunology and molecular biology, candidate 

antigens can be identified and delivered to the susceptible hosts inducing broad immunological 

response and long-lived memory.  Recombinant DNA techniques are now dominating the strive 

for subunit vaccines with DNA vaccines such as West Nile-Innovator® DNA, by Fort Dodge 

and APEX-IHN®, by Novartis already licenced for veterinary use in horses and farm raised 

salmons respectively (Dalmo 2018).  However, unlike live attenuated or killed vaccines, most 

subunit antigens lack self-adjuvanting and immunomodulatory components (Hansson, Nygren 

et al. 2000). This poses challenge in the development of subunit vaccines since they are often 

poorly immunogenic and have short in vivo half-life (Hansson, Nygren et al. 2000). However, 

these can be circumvented for example, by choice of a good delivery system and/or adjuvants 

(Liljeqvist and Ståhl 1999, Hansson, Nygren et al. 2000).  In T. parva, studies are in progress 

with different formulations of p67 including; hepatitis B core expressed surface p67, p67 

antigen in slow release vesicles and p67 expressing nanoparticles (Lacasta et al, unpublished 

data). Previous formulations of p67 based vaccines have induced varied protection capacities 

ranging from 13 to 70% (reveiwed in Nene, Kiara et al. 2016) as discussed in Chapter 1. 
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Challenges with p67 vaccines stem from observations that cattle immunized produce high 

antibody titres against p67, but in most experiments there has been no consistent correlate of 

various antibody assays with immunity (Nene, Kiara et al. 2016). Furthermore levels of 

immunity elicited by the vaccines in the field trials were overall lower compared to the results 

obtained under well controlled experimental challenge (Nene, Kiara et al. 2016).  

Identification of T. parva candidate vaccine antigens 

To identify novel antigens and to improve understanding of the biology of T. parva, a 

Multidimensional Protein Identification Technology (MudPIT) mass spectrometry-based 

approach (reviewed in Schirmer, Yates et al. 2003) was followed in Chapter 2, to characterize 

the proteome of  T. parva sporozoites purified by ion-exchange chromatography (Musoke, 

Morzaria et al. 1992).  The MudPIT method chosen allows for analysis of fractions containing 

several proteins using the bottom–up approach. The method basically involves direct 

proteolysis of the proteins in the mixture and generation of a large number of peptides which 

are subsequently separated by liquid chromatography before tandem mass spectrometry (Han, 

Aslanian et al. 2008). Mass spectra are then generated and collected for as many peptides as 

possible, and the results are searched by an algorithmic comparison (via SEQUEST or 

MASCOT) against a database of proteins derived from genomic sequencing to identify the 

peptides (Han, Aslanian et al. 2008). This approach was more appropriate for our sample, 

which contained a mixture of proteins than the top down methods which allows for 

identification of single or less complex protein mixtures and involves ionization of intact 

proteins without enzymatic digestions (Han, Aslanian et al. 2008). As reported in Chapter 2, 

a total of 4,780 proteins were identified; 2,773 R. appendiculatus proteins and 2,007 T. parva 

proteins, representing approximately 50% of the total predicted re-annotated T. parva proteome 

of 4084 proteins. About 40% of the identified proteins are annotated as hypothetical proteins 

providing evidence that real genes encode for these proteins, although their function remains 

unknown. This pool of hypothetical proteins presents an opportunity for discovery of novel 

antigens.  

The DE-52 column purification method we employed provided better coverage for T. parva 

proteins than reported for P. falciparum sporozoites that also resides in the salivary glands of 

the vector.  P. falciparum proteomic studies based on DE-52 column purification  reported 

~13% (Lasonder, Janse et al. 2008), ~19% (Florens, Washburn et al. 2002) and ~36% (Lindner, 

Swearingen et al. 2013) of the 5524 annotated P. falciparum genes. Although tick vector 

proteins constituted 58% of the total proteins identified, this was still better compared with the 

P. falciparum studies in which mosquito proteins made up 60.1% to 89% of the proteins 

(Lasonder, Janse et al. 2008, Lindner, Swearingen et al. 2013). There are a number of factors 

that could have resulted in better coverage for T. parva proteome compared to P. falciparum 

proteome and also less contamination with vector derived proteins. Since the same DE-52 

column purification method was used, differences in sample quality and processing prior to the 

column purification could have contributed  to the difference. For instance, after 

homogenization of the sporozoite infected tick salivary glands we included a centrifugation 

step to pellet the insoluble tick material and enrich the sporozoites in the supernatant. In the 

three studies mentioned above, only Florens et al (2002) reported inclusion of a centrifugation 

step to remove the large mosquito debris (Florens, Washburn et al. 2002). The quality of the 

starting sample such as the number of the starting sporozoites, which is dependent on infection 

rates can also influence the coverage for the parasite proteins, as more parasite starting material 

should lead to more parasite protein identifications. For our study salivary glands were 

dissected from 300 adult ticks infected with T. parva Muguga isolate with approximately 4–

5×108 sporozoites (mean infection rate of ~28,570 sporozoites/acinus, ~15-20,000 infected 
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acini) as starting material. Whereas Lindner et al  and Florens et al did not state the number of 

starting of sporozoites in the starting sample, Lasonder et al reported approximately 1–4×107 

sporozoites as starting material, approximately 10-fold less than our study with T. parva. The 

main challenge with proteomic studies on salivary glands sporozoites is the contamination with 

vector proteins since there are no in vitro methods to culture sporozoite stages and harvest 

vector free parasites. To reduce vector contamination, double purification in which 17% w/v 

Accudenz cushion purification followed by DEAE-cellulose chromatography was employed 

Lindner et al (2013) and found to reduce vector contamination from 60.1% to 21% (Lindner, 

Swearingen et al. 2013). Such a method can be adapted for purification of T. parva sporozoites 

from tick salivary glands in future studies. Another method to improve sporozoite purity is by 

using antibodies which bind sporozoite surface proteins such as anti-p67 monoclonal 

antibodies to label and sort sporozoites from vector mixtures by Fluorescence-activated cell 

sorting (FACS) provided there are enough sporozoites and its cost effective.  In our hands 

staining with monoclonal antibody, ARIV21.4 against p67C fragment resulted in very little 

recovery of sporozites, requiring several samples to get enough sporozoites for mass 

spectrometry.  Optimization of antibody staining protocol and/or use of multiple antibodies 

targeting different surface proteins might improve sporozoite yield after sorting. 

We employed bioinformatics following mass spectrometry on sporozoite whole cell lysates 

to identify surface proteins that are likey to be vaccine candidate antigens ( Chapter 2). 

Although it was possible to identify many proteins including known surface antigens such as 

p67, providing confidence in the data, other studies such as Lindner et al (2013) have employed 

surface biotinylation followed by streptavidin capture to identify such proteins in P. falciparum 

(Lindner, Swearingen et al. 2013). The latter method focuses on the surface proteome of 

sporozoites and provides more confidence that the proteins are located on the surface or 

secreted and could therefore be vaccine antigens. However, by targeting the whole cell 

proteome, we were able to identify more proteins providing better understanding of the parasite 

biology. For instance, we identified proteins involved in metabolic processes such as glycolysis 

and citric acid cycle (Chapter 2, Figure 1) and proteins involved host cell transformation 

(Chapter 2, section 3.5). To identify novel T. parva sporozoites proteins that play a role in 

host entry, we clustered the identified proteins into orthologous groups with P. falciparum 

genes, since this malaria causing parasite is well studied and its genomics, transcriptomics and 

proteomics data is available. Clustering revealed orthologs of several proteins associated with 

host cell invasion by P. falciparum, among them AMA-1 and CelTOS, which are microneme 

proteins and leading malaria vaccine candidates (Kariu, Ishino et al. 2006, Remarque, Faber et 

al. 2008). Orthologs of these proteins in T. parva can be recombinantly expressed and tested 

for immunogenicity in cattle, and protection against parasite challenge. 

Failure to identify some of the expected T. parva proteins e.g. the polymorphic immuno-

dominant molecule (PIM), a well-known antigen (Toye, Goddeeris et al. 1991) does not 

directly imply absence of these proteins in the sample. There are several reasons why a protein 

may not be identified by proteomics. Trypsin digestion of proteins with low or irregular 

arginine/lysine content can lead to very short and very long tryptic peptides that fall out of the 

acquired mass range and may therefore not be detected. This was possibly the case with PIM 

protein whose sequence contains large repetitive domain rich in glutamine and proline amino 

acid residues but devoid of lysine and arginine residues (Toye, Goddeeris et al. 1991). An in 

silico digestion of PIM with trypsin led to prediction of few detectable tryptic peptides. Other 

possible reasons for failure to detect proteins include; peptides from low abundance proteins 
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may fall below the detection limit or are simply not sequenced by the mass spectrometer due 

to limited dynamic range and/or speed of instrument acquisition. Furthermore, unknown, 

complex, or amino acid modifications leading to alteration of the peptide mass can only be 

detected in some cases by the Peaks software.  

In Chapter 3, the 2,773 tick proteins co-purified with sporozoites were also analyzed. We 

hypothesized that some of these proteins persisting after DE-52 column purification may be 

bound or associated with sporozoites and therefore may be important vaccine candidates 

themselves. Our analysis revealed a list of known tick antigens, some of which are being 

explored for development of anti-tick vaccines such as RIM36 (Bishop, Lambson et al. 2002). 

Tick proteins involved in host immunomodulation such as ixodegrins and lipocalins were also 

found through this analysis. Whereas host immunomodulation proteins are reported to be useful 

for successful tick feeding, association with sporozoites would make them important antigens 

as they could aid sporozoite infection of host cells. These tick proteins therefore present an 

opportunity for a combined vaccine approach targeting both the vector and the parasite. 

However, it was not possible to identify the specific sporozoite bound tick proteins due to the 

large number of tick proteins still present after elimination of housekeeping proteins and 

proteins of known functions highlighting the limitation of the purification method used. As 

discussed above, methods that lead to a purer sporozoite sample such as antibody staining and 

FACS sorting, following DE-52 column and 17% w/v Accudenz cushion purification would 

improve chances of identifying these proteins. 

Neutralization of infection by antibodies from candidate antigens 

Whereas different formulations and delivery systems for p67 antigen, e.g. viral vectors, 

could improve immune response to the antigen, addition of novel sporozoite (associated) 

antigens to a p67 vaccine might increase the level of induced protection, due to the additional 

immunogenic epitopes. GPI anchors are common attachment signals for surface proteins of 

parasites such as Plasmodium, Trypanosomes, Toxoplasma, etc. and many are promising 

vaccine candidate antigens (Ferguson 1999, Ferguson MAJ 2009). One such example is the 

circumsporozoite (CS) protein of Plasmodium which is the antigenic target of the malaria 

vaccine RTS, S (Lancet, 2015).  In an attempt to identify surface antigens, we searched the re-

annotated T. parva genome (cited in Tretina, Pelle et al. 2016) for genes predicted to contain 

C-terminal GPI anchor signals, since they are likely to be located on the cell surface. Out of 

the 21 highly probable GPI anchored proteins predicted by PredGPI (Pierleoni, Martelli et al. 

2008), we selected the top 10 highly probable proteins for our study. We were able to express 

conserved fragments of six of the proteins, raised murine antisera with these recombinant 

proteins and performed sporozoite neutralization assays (SNA) (Chapter 4).  SNA is a 

common assay for screening of antigens to establish whether they are candidates for anti-

sporozoite vaccine development.  This method is used in several studies involving parasites 

with sporozoite stages such as Plasmodium, Cryptosporidium, Eimeria, etc. (Crane, Murray et 

al. 1988, Perryman, Riggs et al. 1990, Kumar, Oliveira et al. 2004). In Chapter 3, we show 

that antisera to two proteins, TpMuguga_01g00876 and TpMuguga_01g00939 (gp34), showed 

similar or better sporozoites neutralization compared to the positive control p67 monoclonal 

antibody. Whereas TpMuguga_01g00876 is a novel antigen with sporozoite neutralization 

activity, gp34 was described before as a schizont specific antigen by Xue et al (2010), but was 

never tested for sporozoite neutralization, perhaps since it was believed to be a schizont specific 

antigen. However, we identified this protein by mass spectrometry (Chapter 2) with 12 unique 
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peptides (peptides that match the particular protein sequence only, and do not match any other 

protein in the database), providing confidence of its existence in the sporozoite stage. The other 

two recombinant proteins, TpMuguga_01g00095 and TpMuguga_04g00437 (p104), produced 

antisera which showed some neutralization, but to a lesser extent when compared to the p67 

monoclonal antibody (Chapter 4). TpMuguga_01g00095  is another novel antigen but p104, 

is a sporozoite microneme/rhoptry protein (Ebel, Gerhards et al. 1999) which was identified 

before, but was never evaluated as vaccine antigen . These four are therefore promising vaccine 

candidate antigens that should be formally validated in cattle for production of sporozoite 

neutralizing antibodies and for protection against parasite challenge. However, priority should 

be given to the two proteins, TpMuguga_01g00876 and gp34 which, produced the strongest 

neutralizing antisera.  The latter protein has been shown to undergo GPI modification when 

expressed in mammalian cells (Xue, von Schubert et al. 2010) pointing to a possibility of this 

protein existing as a GPI anchored protein in T. parva . Since there is no direct evidence for 

addition of GPI anchors to T. parva expressed proteins, we searched for enzymes of the GPI 

biosynthesis pathway and found eight Plasmodium homologs (Delorenzi, Sexton et al. 2002) 

in T. parva genome pointing to the existence of a process for GPI anchor addition to T. parva 

proteins. Four of the eight enzymes identified from the genome were confirmed to be expressed 

in the sporozoite proteome (Chapter 2).  

Mechanism of protective immunity by prospective subunit vaccine  

Surface and secreted proteins such as p67 and the vaccine candidates identified in this thesis 

can elicit antibody production leading to protective immunity by limiting the establishment of 

the sporozoites and preventing infection. Antibodies to these proteins can also enhance 

phagocytosis of sporozoites by opsonization and provide Fc receptors for C1q binding 

triggering complement cascade and formation of membrane attack complex on the surface of 

sporozoites (Musoke, Morzaria et al. 1992). Generally, identified exogenous antigens such as 

p67, which is shed before parasite entry into host cells provides a CD4 dependent immunity. 

The mechanism of which involves the protein being endocytosed by lymphocytes and dendritic 

cells, processed into peptides and displayed on MHC class II molecules. Such a mechanism 

would lead to stimulation of CD4 T cells  which helps in production of antibodies, useful for 

neutralization, opsonization and complement dependent lysis (Musoke, Morzaria et al. 1992). 

In addition to known sporozoite surface and secreted proteins, we identified all the 

characterized schizont CD8 T cell antigens in the sporozoite proteome (Graham, Pelle et al. 

2006, Graham, Pellé et al. 2008). Among the schizont CD8 T cell antigens are housekeeping 

genes such as, hsp90, translation elongation initiation factor 1A, etc. and therefore not 

surprising to find at the sporozoites stage. However, identification of all schizont CD8 T cell 

antigens in the sporozoite stage, suggests that for T. parva infection, both direct and cross 

presentation mechanisms are involved in priming CTL responses in vivo by dendritic cells. 

Cross presentation is the processes by which antigen presenting cells such as dendritic cells 

uptake exogenous antigens, process them into peptides and display them on MHC class I 

molecules for priming CTL response (Cruz, Colbert et al. 2017). The process of peptide display 

on MHC class I molecules is present in all cells, but presentation of peptides is usually 

restricted for self- antigens or antigens of pathogens infecting the cells. This mechanism known 

as direct presentation, has been adapted by the immune system to help in identifying cells 

infected by pathogens such that, cells displaying foreign peptides are destroyed while cells 

displaying self-peptides are tolerated by CTL (Cruz, Colbert et al. 2017). However, since naïve 

CD8 T cells do not directly patrol peripheral tissues looking for antigen presenting cells, 

dendritic cells must survey the peripheral tissues where they collect exogenous antigens 
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through phagocytosis or other endocytic mechanisms and then migrate to the T cell zone in 

lymph nodes and display the antigens acquired as MHC class I bound peptides (Cruz, Colbert 

et al. 2017). This ability of dendritic cells to present exogenous antigens as peptides on MHC 

class I peptides implies that dendritic cells can present T. parva peptides to CD8 T cells via 

both direct and cross presentation. The latter by uninfected dendritic cells while the former by 

T. parva infected dendritic cells. The finding of CD8 antigens in the sporozoite suggests that 

sporozoites phagocytosed by uninfected dendritic cells are processed and peptides cross 

presented to CD8 T cells. Therefore, an ideal subunit vaccine for ECF control should be able 

to induce B cells, CD4 and CD8 T-cells. A future vaccine can therefore combine humoral 

inducing antigens such as p67 or the candidates identified herein with CD8 T cell antigens 

especially Tp1 and Tp2 since they have been found to be dominant targets of the CD8+ T-cell 

response in cattle expressing the A18 and A10 class I MHC haplotypes, respectively (Pelle, 

Graham et al. 2011).  

Identification of lead chemical inhibitors of T. parva infected lymphoblastoid cells 

Chemotherapy of ECF and tropical theileriosis, caused by T. parva and T. annulata 

respectively, is largely dependent on the use of buparvaquone, a derivative of naphthoquinones 

developed in the 1980’s. Other than buparvaquone, derivatives of naphthoquinones have given 

rise to development of anti-parasitic drugs, including commercial products to control malaria, 

such as, atavaquone, a hydroxy-napthoquinone (Nixon, Moss et al. 2013). Unfortunately, 

resistance to atavaquone emerged quite rapidly, and drug resistance to atavaquone in 

Plasmodium is associated with mutations in the mitochondrial gene encoding apo-cytochrome 

b (Nixon, Moss et al. 2013). Fortunately, T. parva resistance to buparvaquone has not been 

described. However, the recent identification of drug resistance in T. annulata is a cause for 

concern as resistance might occur in T. parva, which would make this drug of limited veterinary 

use in the future. 

The Medicines for Malaria Venture (MMV) was inaugurated in 1999, with a mandate to 

develope new anti-malarial drugs, as it was recognized that the pipeline for developing such 

drugs was small and not an attractive venture for the pharmaceutical industry. MMV has 

catalyzed neglected disease drug discovery by making drug-like and probe-like compounds 

available to the scientific community through the Malaria and Pathogen Box (Van Voorhis, 

Adams et al. 2016). We took advantage of the availability of these compounds and screened 

them against a bovine lymphocyte cell line infected with the schizont stage of T. parva (TpM). 

A unique aspect of the biology of T. parva and T. annulata is that parasite infected leukocytes 

behave and proliferate like cancer cells in vitro, a property that is dependent on parasite 

viability. This phenomenon made it possible to screen for molecules that inhibit the growth of 

the T. parva infected cells. In addition to MMV compounds, we also screened the cancer drug 

dasatinib and used buparvaquone as control drug in these in vitro assays. 

In the malaria and pathogen boxes, nine (IC50 values ranging from 0.04 to 1.93 µM) and 

eight (IC50 values ranging from 0.35 to 0.97 µM) compounds inhibiting TpM proliferation were 

identified, respectively, representing approximately 2% hit rate. Two compounds, 

MMV008212 and MMV688372, from malaria box and pathogen box respectively, exhibited 

an in vitro therapeutic index (CC50/IC50) of 8 and 10, respectively. Dasatanib and control drug 

buparvaquone exhibited therapeutic indexes > 2000. An index > 5 has been used to determine 

parasite selectivity of MMV compounds (reviewed in Duffy, Sykes et al. 2017). These 

compounds with therapeutic indexes > 5 present lead starting point compounds for the 

development of new anti-theilerial drugs.  Although the majority of the malaria and pathogen 

box compounds inhibiting TpM were also highly active on inhibiting the control cell line, they 
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have been found to be less toxic in other cells such as zebrafish, HEK293 etc (Duffy, Sykes et 

al. 2017). However, the low therapeutic indexes <5, raises questions on the role of these 

compounds as anti-theilerial drugs. Interestingly, four pathogen box compounds were 

inhibitory on the control cell line, than on F100TpM, indicating that there could be differences 

in the molecular and cellular biology of the two cell lines. 

The lead malaria box compound, MMV008212, has been tested against other parasites and 

has activities against Trypanosoma cruzi (100% growth inhibition at 5 µM), Plasmodium 

berghei ookinete (76% growth inhibition at 10 µM), P. falciparum gametocyte NF54-late stage 

(91% growth inhibition at 5 µM) and P. falciparum 3D7 asexual blood stage (98% growth 

inhibition at 5 µM) (reviewed in Van Voorhis, Adams et al. 2016). Cytotoxicity of this 

compound was observed only in one cell line (U87, 76% cell death at 5 µM) of the nine cell 

lines tested (Van Voorhis, Adams et al. 2016). However, its mode of action is still unknown. 

MV688372, pathogen box compound with the high therapeutic index against F100TpM cells 

has anti-trypanosomal activity. This compound is a substituted 2-phenylimidazopyridine with 

activities against Trypanosoma brucei brucei and T. cruzi with therapeutic indexes of 230 and 

24, respectively, in relation to HEK293 cells (Duffy, Sykes et al. 2017). The mode of action of 

MMV688372 is still unclear, but a structurally related azabenzoxazole has been identified as a 

proteasome inhibitor in kinetoplastid parasites (Duffy, Sykes et al. 2017). Dasatinib, which 

exhibited very potent inhibitory activity on F100TpM cells is a commercial drug approved and 

indicated for chronic myelogenous leukemia and acute lymphoblastic leukemia (Talpaz, Shah 

et al. 2006, Steinberg 2007). It is being considered for treatment of other cancers (Finn, Dering 

et al. 2007, Hochhaus, Baccarani et al. 2008, Johnson, Bekele et al. 2010) 

Comparing the screening results of the malaria box in T. annulata (Hostettler, Müller et al. 

2016) to T. parva revealed only one common inhibitory compound, MMV665820 in both 

parasites. However, in both cases the compound was eliminated as a lead, in T. parva we 

eliminated it for low therapeutic index while in T. annulata it was eliminated for not 

specifically targeting the parasite (Hostettler, Müller et al. 2016). The rest of T. parva inhibitory 

compounds were not leads in T. annulata screens and vice versa, illustrating the difficulty of 

developing a universal anti-theilerial drug. The pathogen box compound, MMV688372 and 

dasatanib, which are inhibitory to T. parva infected cells and have high therapeutic indexes, 

should be tested in T. annulata. 

Recommendations for future research  

 The major sporozoite antigen, p67 has been the focus and lead antigen for the 

development of a subunit vaccine against ECF since the 1980s. Although considerable progress 

has been made with this antigen, it is becoming clear that this single antigen may not be able 

to provide sufficient protection. To provide a denser map of sporozoite antigens, we defined 

the sporozoite proteome by mass spectrometry and identified novel parasite antigens. We 

recommend screening some of these antigens for production of anti-sporozoite neutralizing 

antibodies. Priority should be given to antigens that have been tested in related organisms as 

vaccine antigens and found to induce protective antibodies such as CelTOs and AMA-1 (Table 

2, Chapter 2) and novel putative surface proteins (Table 4, Chapter 2) which we have not tested. 

Although desirable to test these antigens directly in cattle, it might be cost –effective to 

eliminate antigens producing non-neutralizing antibodies by a preliminary murine study as 

described in this thesis. 

We have provided preliminary evidence that some of the antigens we selected and 

expressed recombinantly generates sporozoite neutralizing antibodies. However, following 

findings in which rats produced sporozoite neutralizing antibodies but cattle did not against 

certain recombinant antigens, we recommend evaluation of these antigens in cattle, in 

combination with p67 antigen to assess the nature of protection conferred by such a multivalent 
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vaccine. Since we tested gene fragments but not the whole protein, it is tempting to speculate 

that antisera to full length proteins of the four promising antigens would produce higher 

neutralizing activities because of the longer sequence with putative additional epitopes. 

Therefore, it is desirable to test the full length recombinant proteins for immunogenicity. 

However, since E. coli expression of long proteins is usually accompanied by solubility and 

expression problems of the recombinant proteins, we recommend other expression systems 

such as the baculovirus expression system in insect cells or the yeast Pichia pastoris or 

mammalian cells for full length expressions (Tebaldi, Williams et al. 2017). Alternatively, 

several shorter fragments comprising the full protein can be expressed, combined and 

evaluated. 

In Chapter 3, we have reported on known tick vaccine antigens identification and 

several tick proteins associated with host immune modulation. However, for anti-sporozoite 

vaccines, it is necessary to identify the specific tick proteins bound on the sporozoite surface, 

which was not possible from the purification method described in this thesis. We recommend 

additional purification step, involving staining the sporozoites by monoclonal antibodies 

against surface protein, such as p67, followed by FACS analysis and sorting. Such a purer 

sample would reveal the specific tick proteins associated with the sporozoites. 

Finally, on vaccine development, the finding of CD8 T-cell antigens in the sporozoite 

proteome suggests a possibility of cross-presentation of exogenous antigens by dendritic cells 

to prime CTL responses in vivo. By taking advantage of this process, future vaccines could be 

a combination of sporozoite antigens such as p67 and/or the ones identified in this study and 

schizont antigens, especially Tp1 and Tp2 since they have been found to be dominant targets 

of the CD8+ T-cell response in cattle expressing the A18 and A10 class I MHC haplotypes, 

respectively (Pelle, Graham et al. 2011).  Such a combination vaccine might provide an 

improved protection by inducing both humoral and cellular responses.   

 The drug compounds identified in this thesis (Chapter 5), via in vitro assays represent 

lead compounds that could act as starting points for the development of drugs against T. parva 

and possibly T. annulata. Although we have observed inhibition of growth of T. parva infected 

lymphoblasts, we did not test the effect of these compounds on the parasite directly. We 

recommend such tests as they could reveal the modes of action of these compounds and rule 

out the possibility that the observed inhibition is based on other differences between the test 

and control cells other than infection by the parasite. Such a test can be achieved for example, 

by measuring the transcription levels of parasite genes in the course of drug administration in 

relation to host genes by quantitative reverse transcriptase PCR. 

Whereas the malaria box compounds have been screened in T. annulata, the pathogen 

box compounds have not been screened for activity against this parasite. We recommend 

screening of the pathogen box compounds in T. annulata especially the compounds found to 

be active in T. parva as that could lead to discovery of a lead anti-theilerial compound. The 

cancer drug, dasatinib was as effective as the standard anti-Theileria drug buparvaquone in in 

vitro assays described in Chapter 5. This drug should be screened in T. annulata as well and 

should be evaluated in cattle for control of ECF. 
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Propositions 

1. Reverse vaccinology presents a tool for identification of novel Theileria parva 

vaccine candidates.  

(this thesis) 

 

2. Repurposing of drugs or drug like compounds can accelerate the process of drug 

discovery for Theileria. 

(this thesis) 

 

3. Cross presentation by dendritic cells is a mechanism for presenting exogenous 

antigens on MHC class I pathway, common for viruses but still poorly acknowledged 

for parasites. 

 

4. Intermittent funding is a major factor that slows down scientific discoveries. 

 

 

5. The irony of many social media networks is that they greatly contribute to anti-social 

behaviour. 

 

6. In scientific research, imagination is a more important driver of discovery than 

knowledge. 
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