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Abstract 

 

The development of a vaccine is essential for the elimination and eventual eradication of 

malaria. However, despite many years of effort, a successful malaria vaccine has not yet 

been achieved. Many of the subunit vaccine candidates tested in clinical trials have 

provided limited efficacy; therefore, efforts to develop an effective vaccine against 

malaria need to continue. 

 

The development of a whole parasite blood-stage vaccine would maximise the number of 

blood-stage antigens presented to the immune system, including conserved parasite 

antigens. Chemical treatment has been used to develop attenuated whole organism 

vaccines against pathogens, such as viruses. A blood-stage vaccine approach using DNA-

binding drugs to chemically attenuate Plasmodium parasites was first demonstrated using 

ring stage Plasmodium chabaudi parasites in mice. However, it was not clear whether this 

approach would apply to other parasites and as such have potential for translation to 

human malaria species. We have thus tested the use of these drugs as attenuating agents 

for another blood-stage Plasmodium spp., Plasmodium yoelii.  

 

Here, we chemically attenuated the rodent blood-stage Plasmodium parasite, P. yoelii 

17X (Py17X), using DNA-binding drugs. P. yoelii exists asynchronously during the 

blood-stage of its life cycle, which allows for the development of a whole blood-stage 

vaccine that displays antigens from all stages of asexual blood-stage development. Mice 

vaccinated with chemically attenuated blood-stage Py17X parasites demonstrated 

significantly better outcomes following homologous blood-stage challenge compared 

with unvaccinated mice. A vaccination regimen comprising three vaccine doses was 

required to induce robust protection. Vaccination induced activation of circulating CD8+ 

T cells, parasite-specific proliferative splenocyte responses, both pro- and anti-

inflammatory cytokines, increased numbers of CD4+ T follicular helper cells in the spleen 

and the production of parasite-specific IgG. In vivo studies demonstrated a pivotal role 

for both antibody-producing B cells and CD4+ T cells in vaccine-induced protection, with 

the removal of either cell type leading to the abrogation of vaccine-induced protection 



 

xxii 

 

against homologous blood-stage parasites. However, from depletion studies, the role of 

CD8+ T cells in vaccine-induced protection against blood-stage infection was not evident. 

 

Vaccination with chemically attenuated blood-stage Py17X parasites induced protection 

against homologous blood-stage challenge that was sustained for at least nine months. 

Spleen cells from vaccinated mice proliferated in vitro when stimulated with parasite, and 

produced pro- and anti-inflammatory cytokines for up to six months following 

vaccination. Parasite-specific IgG was detected in the sera of vaccinated mice for at least 

nine months following vaccination. Vaccination with chemically attenuated blood-stage 

Py17X parasites also induced potent strain-transcending protection against the virulent P. 

yoelii YM strain; although, species-transcending protection was limited.  

 

We also investigated whether chemically attenuated blood-stage Py17X parasites were 

capable of inducing cross-stage protection against sporozoite challenge, due to vaccine-

induced activation of circulating CD8+ T cells. This cell type is known to play a role in 

liver-stage immunity. However, vaccination with chemically attenuated blood-stage 

parasites was unable to prevent hepatocyte invasion and liver-stage infection following 

sporozoite challenge, as assessed by quantitative liver-stage PCR. Therefore, the precise 

role of CD8+ in vaccine-induced protection remains to be defined. Vaccinated mice were 

able to effectively curtail blood-stage infection following sporozoite challenge. 

 

These pre-clinical studies have proven that chemically attenuated Plasmodium blood-

stage parasites can be used as a robust and effective vaccine, and have informed our 

understanding of the mechanisms of vaccine-induced protection. The data generated from 

these studies are encouraging for the development of an effective chemically attenuated 

Plasmodium blood-stage vaccine for use in humans, with the potential to inform the 

design and direction of vaccination studies in human volunteers. 

 

 

 

 

 

 

 



 

 

 

 

 

Chapter 1 

Introduction 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

2 

 

Malaria is a disease caused by protozoan parasites of the Plasmodium genus. There are 

six species of Plasmodium capable of causing disease in humans (Plasmodium 

falciparum, Plasmodium vivax, Plasmodium knowlesi, Plasmodium malariae, 

Plasmodium ovale curtisi and Plasmodium ovale wallikeri) (Garnham et al., 1957; 

Sutherland et al., 2010; WHO, 2014a). P. falciparum accounts for the vast majority of 

severe cases and malaria-related deaths (WHO, 2014a). P. malariae, P. ovale curtisi and 

P. ovale wallikeri are relatively infrequent causes of morbidity, whereas P. vivax is a 

common cause of morbidity in Asia and South America, but is rarely fatal (WHO, 2014a). 

P. knowlesi, is a zoonotic species and an increasing cause of severe and fatal human 

malaria in forested areas of South-East Asia (reviewed in Kantele & Jokiranta, 2011; 

WHO, 2014a). Current control measures such as insecticide-treated nets (ITNs), indoor 

residual spraying (IRS) and anti-malarial drug treatment have resulted in some reduction 

in malaria-associated morbidity and mortality; however, the continued emergence of 

resistance to such control measures has hindered progress in the control of malaria. The 

re-emergence of malaria has been reported in different countries (Guarda et al., 1999; 

Faulde et al., 2007; Zhou et al., 2010) and highlights the importance of alternative control 

methods, such as vaccines, to be developed for the sustained reduction and ultimate 

eradication of human malaria.  

 

1.1 Animal models 

In addition to humans, Plasmodium spp. infect a range of vertebrate hosts including birds, 

reptiles, non-human primates and rodents. Studies in rodent models in particular have 

been widely used and have provided substantial insight into parasite biology, 

pathogenesis and host immune responses that have contributed to our understanding of 

human malaria.  

 

The four species of rodent malaria (Plasmodium yoelii, Plasmodium berghei, 

Plasmodium chabaudi and Plasmodium vinckei) were isolated from wild thicket rats in 

the Central African Republic and have been adapted for growth in laboratory rodents 

(Carter & Diggs, 1977). These species are able to reproduce many of the biological 

characteristics of human malaria. Various combinations of rodent Plasmodium spp. and 

mouse strains have been used to mimic the diversity of human malaria infections, in terms 

of disease and immunity, for example P. berghei ANKA is used to study experimental 
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cerebral malaria in C57BL/6 mice. However, there is no single rodent model that 

replicates all of the features of human malaria (reviewed in Wykes & Good, 2009; 

reviewed in Craig et al., 2012), and there are differences between human and rodent 

malaria that need to be acknowledged. For instance, P. berghei has been extensively used 

to study experimental cerebral malaria; however, pathology in this rodent model is 

associated with the large accumulation of leukocytes rather than with prominent 

sequestration of infected red blood cells (RBCs) in brain vessels, as is the case for cerebral 

malaria in humans (Cabrales et al., 2010; MacPherson et al., 1985). Nevertheless, these 

models have provided vast data that have informed research on P. falciparum and other 

human Plasmodium spp.  

 

P. yoelii is a commonly used rodent malaria parasite. It has been used to study liver-stage 

and blood-stage antigens in immunity and as vaccine candidates (Narum et al., 2000; 

Kawabata et al., 2002; Kamali et al., 2012). P. yoelii has similarities with human 

Plasmodium spp., including P. falciparum and P. vivax. There is high homology of P. 

falciparum genes and P. yoelii genes, with more than 3,300 P. yoelii orthologues of the 

approximate 5,300 P. falciparum genes (Carlton et al., 2002). The presence of the pir 

superfamily in both P. yoelii and P. vivax, makes P. yoelii an attractive model for studying 

antigenic variation (reviewed in Cunningham et al., 2010). Additionally, P. yoelii is able 

to invade RBCs using similar invasion mechanisms to those used by P. vivax (Swardson-

Olver et al., 2002). Rodent Plasmodium spp. have been, and continue to be, crucial for 

understanding aspects of human malaria and in the development of control measures 

against malaria. 

 

1.2 Life cycle of the malaria parasite 

Plasmodium parasites are transmitted from one vertebrate host to another by female 

Anopheles mosquitoes. The parasite life cycle is divided into different stages based on the 

host and the host compartment the parasite occupies (Fig 1.1).  

 

1.2.1 Asexual stages 

The asexual life cycle of Plasmodium spp. occurs within the vertebrate host and is divided 

into two distinct stages; the pre-erythrocytic stage and the erythrocytic- or blood-stage.  
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Figure 1.1. Life cycle of Plasmodium parasites (modified from Pleass & Holder, 2005). The 

asexual stages (pre-erythrocytic and blood-stage) occur in the vertebrate host. The pre-

erythrocytic stage is initiated by the inoculation of parasites into the vertebrate host and is 

completed by the emergence of parasites from the liver. The blood-stage proceeds the pre-

erythrocytic stage and begins following the emergence of parasites from the liver and continues 

with parasites re-invading other red blood cells (RBCs), or differentiation of asexual blood-stage 

parasites into sexual gametocytes. Gametocytes that are ingested by female Anopheles mosquitoes 

begin the sexual stage of the parasites’ life cycle.  

 

1.2.1.1 Pre-erythrocytic stage 

The pre-erythrocytic stage of the life cycle is initiated following the inoculation of 

sporozoites into the vertebrate host by an infected female Anopheles mosquito 

(Rosenberg et al., 1990). Some sporozoites are carried by the lymphatic system and are 

transported to the lymph nodes, while others enter the bloodstream and rapidly make their 

way to the liver (Amino et al., 2006). In the liver, sporozoites migrate through resident 

macrophages (Kupffer cells) and infect hepatocytes. Here they begin to develop asexually 

and form exoerythrocytic schizonts. This can be over a period of 6 to 7 days in humans 

(depending on the species) and approximately 2 days in rodents (Vaughan et al., 2012; 
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Baer et al., 2007). Matured hepatic schizonts contain thousands of merozoites that are 

released into the bloodstream (Derbyshire et al., 2012). 

 

In humans, P. vivax, P. ovale curtisi and P. ovale wallikeri can remain dormant in the 

liver for extended periods by developing into dormant hypnozoites rather than actively 

dividing tissue schizonts (Imwong et al., 2007; Nolder et al., 2013). Studies have 

suggested tht hypnozoites can be activated by systemic parasitic and bacterial infections 

(reviewed in Shanks & White, 2013), causing blood-stage infection (i.e. clinical relapses) 

in the host months to years after the initial infection. This phenomenon has not been 

reported for rodent Plasmodium spp.  

 

1.2.1.2 Blood-stage 

The blood-stage of the parasite life cycle is associated with the clinical manifestations of 

malaria. It is initiated by the release of merozoites from the liver into the bloodstream. 

Circulating merozoites can attach to and invade RBCs within 30 seconds of release and 

initial contact (Gilson & Crabb, 2009).  This invasion occurs in several steps including 

ligand-receptor interaction, tight-junction formation, entry into the RBC, and is 

completed by resealing of the RBC membrane (Gilson & Crabb, 2009). Once inside the 

RBC, the parasite resides in a parasitophorous vacuole and develops from an early ring 

stage parasite to a late trophozoite stage parasite. Late blood-stage parasites can sequester 

out of peripheral circulation by binding to receptors on endothelial cells in the 

microvascualture of numerous organs (MacPherson et al., 1985; Silvestrini et al., 2012). 

After mitotic divisions, trophozoites form schizonts, which contain between 8 and 32 

merozoites depending on the species (Yahata et al., 2012; Mancio-Silva et al., 2013). 

Parasite development within the RBC also leads to the depletion of haemoglobin and 

production of a crystallised haeme by-product called haemozoin (Sullivan et al., 1996). 

The eventual rupture of schizont-infected RBCs results in the release of merozoites into 

the bloodstream. Each of these merozoites is capable of invading another RBC, and 

initiating a new blood-stage cycle. The blood-stage of the parasite life cycle is 

approximately 24 hours for rodent malaria parasites (Culleton, 2005) and between 24 to 

72 hours, depending on the species, for human malaria parasites (Mideo et al., 2013). 

During the blood-stage, asexual parasites can also differentiate into gametocytes (sexual 

forms of the parasite). Gametocytogenesis is triggered by a number of different stimuli, 

including parasite density, anaemia, host immune response or drug treatment (Smalley & 
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Brown, 1981; Schneweis et al., 1991; Motard et al., 1993; Sokhna et al., 2001). The 

ingestion of gametocytes by a female Anopheles mosquito during a blood meal initiates 

the sexual stage of the parasites’ life cycle. 

 

1.2.2 Sexual stage 

Sexual reproduction of Plasmodium spp. occurs only in the female Anopheles mosquito. 

Ingested gametocytes differentiate and mature into male (microgamete) and female 

(macrogamete) gametes (reviewed in Kuehn & Pradel., 2010). Fertilisation and zygote 

formation occurs in the mosquito mid-gut (reviewed in Angrisano et al., 2012). The 

parasites differentiate into motile ookinetes, which penetrate the wall of the mid-gut and 

encyst on the outer wall (Zollner et al., 2006). Here they differentiate into mature oocysts, 

where further multiplication results in the formation of thousands of asexual sporozoites 

(Rosenberg & Rungsiwongse, 1991). When oocysts rupture they release this large 

number of sporozoites into the mosquito body cavity (haemocoel) (Stone et al., 2013). 

The sporozoites migrate to the salivary glands, where they reside until injected into a 

vertebrate host during the mosquito’s next blood meal.  

 

1.3 Epidemiology 

Plasmodium spp. have co-existed with the human population for millennia, with their 

detection in the skin and lung samples of ancient Egyptian mummies from as far back as 

3200 BC (Miller et al., 1994). These parasites continue to affect the human population by 

causing disease and death. According to the latest figures from the World Health 

Organisation (WHO), nearly half of the human population (3.3 billion people) is at risk 

of becoming infected with Plasmodium (WHO, 2014a). It was estimated in 2013 that 198 

million (uncertainty range 124 to 283 million) clinical cases of malaria occurred 

worldwide which led to approximately 584,000 (uncertainty range 367,000 to 755,000) 

deaths (WHO, 2014a). Studies have proven, however, that these figures underestimate 

the number of malaria-associated deaths, especially in rural regions where verbal 

autopsies are used and can lead to misclassification of the cause of death (Dhingra et al., 

2010; Murray et al., 2012).  

 

The geographical distribution of malaria is dependent upon many factors, including the 

location of the mosquito host, which is prevalent in tropical and subtropical areas of the 
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world (Fig 1.2A). These areas are also home to some of the poorest nations in the world, 

which therefore bare the greatest burden of the disease (Fig 1.2B) (WHO, 2014a). Ninety 

percent of malaria-related deaths occur in sub-Saharan Africa; where 78% of these deaths 

are among young children under five years of age (WHO, 2014a). Approximately 66% 

of malaria cases occurring outside Africa are reported in Asia (WHO, 2010a). Malaria is 

also a growing concern for developed countries, with approximately 1,500 to 2,000 

imported malaria cases reported each year in the US and UK (Mali, 2008; Bannister, 

2007) and approximately 600 imported cases a year in Australia (Gray et al., 2012). 

 

 
Figure 1.2. The distribution of malaria and poverty (from WHO, 2014a). (A) Areas of malaria 

transmission in 2013. (B) Populations living under $2 (USD) per day from 1995 to 2013. 

 

In malaria endemic areas, the burden of malarial disease is mainly experienced by young 

children with little or no immunity. These children suffer from high parasite densities and 

acute clinical disease (Ali et al., 2008). In non-immune individuals, early symptoms of 
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malaria are non-specific and similar to the symptoms of minor viral illnesses. Symptoms 

include headache, abdominal pain, and muscle and joint aches, before the sequence of 

chills, fever, sweating and convulsions begins (reviewed in Casal-Pascual & Roberts, 

2004). This can also be accompanied by nausea, vomiting and diarrhoea (reviewed in 

Casal-Pascual & Roberts, 2004). If left untreated in non-immune individuals, blood-stage 

malaria infection can progress to more severe disease, which can manifest as one or more 

of a number of syndromes including severe anaemia, cerebral malaria, respiratory 

distress, hypoglycaemia or acute renal failure (Marsh et al., 1995). Progression of severe 

malaria can be fatal (WHO, 2010b). In areas of perennial malaria transmission, older 

children and adults rarely suffer from clinical disease, although low parasite densities 

persist and can occasionally cause mild, uncomplicated febrile illness (reviewed in 

Ndungu et al., 2005). An increased susceptibility to malaria can also occur in women 

during their first pregnancy. This susceptibility is associated with an increased risk of 

anaemia and can predispose expectant mothers to maternal mortality (reviewed in 

Schantz-Dunn & Nour, 2009). These women are also prone to suffer more frequently 

from miscarriage and premature delivery, and are more likely to deliver low birth weight 

infants, which is a leading cause of neonatal mortality (Luxemburger et al., 2001). 

 

1.4 Immune responses against the blood-stage parasite 

In highly endemic areas, immunity against severe malaria and death is essentially 

complete by the age of five (Gupta et al., 1999). A complex and variable range of immune 

responses are induced during natural malaria infection, but these immune responses do 

not provide complete sterile protection to individuals. Older children and adults, who are 

considered to be semi-immune or immune, still become infected with Plasmodium but 

remain asymptomatic with low parasite densities in the blood (Dal-Bianco et al., 2007). 

For these individuals, severe malaria is rare, but mild and uncomplicated disease can still 

occur (reviewed in Ndungu et al., 2005).  
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Figure 1.3. Immune responses during blood-stage Plasmodium infection (from Stanisic et al., 

2013). Antigen presenting cells (APCs), such as dendritic cells (DCs) and macrophages, present 

parasite antigens and secrete IL-12 to prime CD4+ T cells. DCs also present antigen to CD8+ T 

cells. IFNγ production by natural killer (NK) cells, CD8+ T cells and CD4+ T cells induces 

cytokine production that aids DC maturation and macrophage activation. Activated macrophages 

induce phagocytosis and killing of parasites by the production of nitric oxide and reactive oxygen 

intermediates. CD4+ T cells can also engage with B cells to assist with antibody production. 

 

1.4.1 The innate immune response 

During an initial blood-stage malaria infection, the innate immune system is required for 

the control of the first wave of parasitaemia (reviewed in Stevenson & Riley, 2004). 

However, this immune response is also required for the control of the first wave of 

parasitaemia following subsequent re-infections with variant malaria parasite strains and 

species (reviewed in Stevenson & Riley, 2004).  

 

Initial parasite recognition by the immune system triggers non-specific pro-inflammatory 

effector cells. Dendritic cells (DCs), macrophages and natural killer (NK) cells all 

participate in innate immune responses against Plasmodium spp. (reviewed in Sherman, 

1998). DCs are activated by Plasmodium spp. through binding of pattern recognition 

receptors. For instance, plasmacytoid DCs (PDCs) in the blood are activated through 

binding of a haemozoin-parasite DNA complex to Toll-like receptor 9 (Pichyangkul et 

al., 2004; Parroche et al., 2007). Activated DCs, as well as macrophages, are capable of 
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phagocytosing parasitised RBCs (pRBCs) and processing antigens for presentation on 

major histocompatibility complexes (MHC) to T cells. These activated antigen presenting 

cells (APCs) secrete cytokines such as tumour necrosis factor (TNF), interleukin (IL)-6 

and IL-12 (reviewed in Guermonprez et al., 2002; Coban et al., 2005). These cytokines 

are associated with protection against parasitaemia and clinical malaria (Dodoo et al., 

2002), through the activation of other immune cells to produce cytokines and stimulate 

phagocytosis (Fig 1.3).  

 

Plasma levels of DC- and macrophage-derived cytokines are upregulated within hours of 

the emergence of pRBCs in the circulation (Hermsen et al., 2003). Cytokines produced 

by DCs are also crucial in directing the T cell response that is initiated (Guermonprez, et 

al., 2002). Stimulated PDCs can promote the proliferation of γδ T cells, which can inhibit 

the growth of blood-stage parasites in a contact-dependent manner and through the 

production of interferon gamma (IFNγ) (Pichyangkul et al., 2004; Troye-Blomberg et al., 

1999). This cytokine is a key inducer of immune mechanisms required for the control of 

blood-stage malaria (Troye-Blomberg et al., 1999). NK cells are activated through DC- 

and macrophage-derived IL-12 and IL-18, in addition to their requirement for direct 

contact with infected RBCs (Artavanis-Tsakonas & Riley, 2002; Newman et al., 2006). 

This allows NK cells to produce sufficient levels of IFNγ during early infection and 

before production is taken over by cells of the adaptive immune response (Horowitz et 

al., 2010; Artavanis-Tsakonas & Riley, 2002; McCall et al., 2010). Non-specific innate 

immune mechanisms provide an initial immune response against malaria infection and 

direct the subsequent course of adaptive immune responses. However, cells of the innate 

immune response do not generate immunological memory and are therefore unable to 

provide long-lasting protective immunity to individuals. 

 

1.4.2 The adaptive immune response 

The adaptive or acquired immune response results in both antigen-specificity and 

immunological memory. In general, the adaptive immune response can be divided into 

the humoral immune response, involving B cells and antibody production; and the cellular 

immune response, involving CD4+ and CD8+ T cells and cytokine production (Fig 1.3). 

However, the two adaptive immune responses are linked due to the role of CD4+ T cells, 

which can influence both B cell and CD8+ T cell immune responses. 
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1.4.2.1 Humoral immunity 

The humoral arm of the adaptive immune system consists of B cells that mature into 

plasma cells to secrete parasite-specific antibodies during blood-stage infection 

(Woehlbier et al., 2010; Ofori et al., 2002). Numerous parasite proteins located on the 

surface of the merozoite and the pRBC, such as merozoite surface protein 1 (MSP1) and 

P. falciparum erythrocyte membrane protein 1 (PfEMP1) respectively, are targeted by 

circulating antibodies (Patiño et al., 1997; reviewed in Smith & Craig, 2005). Parasite-

specific antibodies are important for the control of parasitaemia through different 

mechanisms. Antibodies bound to merozoites and infected RBCs mark them as targets 

for destruction by complement, antibody-dependent cellular cytotoxicity or phagocytosis 

(Boyle et al., 2015; Jafarshad et al., 2007; Osier et al., 2014). Antibodies can also act by 

antibody-dependent cellular inhibition in cooperation with monocytes by inhibiting 

parasite growth, as well as opsonisation of merozoites for phagocytosis and killing by 

monocytes, macrophages and neutrophils (Bouharoun-Tayoun et al., 1990; Kumaratilake 

& Ferrante, 1992; Bouharoun-Tayoun et al., 1995; Perraut et al., 1995; Mota et al., 2001). 

The importance of parasite-specific antibodies in protection has been demonstrated by 

the transfusion of immunoglobulin G (IgG) from malaria immune individuals to those 

suffering from acute malarial infection with the rapid clearance of parasitaemia and 

recovery from clinical illness in recipients (Cohen et al., 1961; Sabcharoen et al., 1991). 

The cytophilic antibody isotypes IgG1 and IgG3, specific for different malaria antigens, 

appear to predominate in protected subjects (Bouharoun-Tayoun & Druilhe, 1992; 

Tongren et al., 2006; Stanisic et al., 2009). Studies in rodent models have also 

demonstrated that antibody-dependent immunity is protective and is mediated by 

cytophilic IgG2a antibodies (White et al., 1991; Waki et al., 1995; Su & Stevenson, 2002).  

 

Antibodies also prevent cytoadherence and sequestration of infected RBCs, and enhance 

parasite clearance by the spleen to prevent pathology (David et al., 1983). During 

pregnancy, chondroitin sulphate A (CSA) is highly expressed on the placenta and 

interacts with parasite antigens on the surface of pRBCs. This interaction enables parasite 

sequestration and cytoadherence to the placenta (discussed in Section 1.4.4). In vitro and 

ex vivo studies show that naturally acquired antibodies block pRBCs from binding to CSA 

and promote phagocytosis by macrophages (Khattab et al., 2004; Barfod et al., 2010). 

These antibodies have been associated with reduced risk of maternal anaemia, low birth 

weight new-borns and placental malaria (O’Neil-Dunne et al., 2001; Staalsoe et al., 2002; 
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Feng et al., 2009; Salanti et al., 2004; Tuikue Ndam et al., 2006; Tutterow et al., 2012). 

Data show that high levels of antibodies to VAR2CSA, particularly those with high 

avidity produced during mid-pregnancy, are important in the clearance of parasites from 

the placenta (Tutterrow et al., 2012). 

 

In addition to producing antibodies, B cells are also able to act as APCs for T cells 

(Crawford et al., 2006). These T cells can produce cytokines to aid B cell maturation into 

antibody producing plasma cells. The role of T cells is discussed below (Section 1.4.2.2). 

 

1.4.2.2 Cellular immunity 

The cellular (or T cell-mediated) immune response comprises T helper cells (CD4+) and 

cytotoxic or killer T cells (CD8+).  

 

CD4+ T cells have been shown to play key roles in protective immunity against both 

natural and experimental blood-stage infection. There are numerous subsets of CD4+ T 

cells that are involved in the immune response against malaria (reviewed in Perez-

Mazliah & Langhorne, 2015). CD4+ T cells can act as T helper cells to assist B cell 

differentiation and antibody production. CD4+ T cell-mediated responses targeting blood-

stage malaria parasites are induced by the presentation of parasite antigens on APCs 

(reviewed in Stevenson & Urban, 2006). CD4+ T cells produce cytokines, such as TNFα, 

IFNγ, IL-2, IL-4 and IL-10, to aid cellular and humoral immune responses (Kimura et al., 

2010). Although the production of IL-4 was thought to be crucial in the acceleration and 

enhancement of B cell IgG antibody responses (reviewed in Mosmann & Coffman, 1987), 

the control of infection and production of Plasmodium-specific antibodies can occur in 

the complete absence of IL-4 (Langhorne et al., 1989; Stevenson et al., 1993). T follicular 

helper (Tfh) cells function primarily to help B cells (Fig 1.4), through direct interaction 

with B cells or secretion of cytokines such as IL-4 and IL-21 (Breitfeld et al., 2000; 

Schaerli et al., 2000). IL-21 is highly expressed by Tfh cells and is required for plasma 

cell differentiation (Ozaki et al., 2004; Ettering et al., 2005). It has been suggested that 

Tfh cells are critical for B cell help and activation of protective B cell responses during 

blood-stage Plasmodium infections (reviewed in Perez-Mazliah & Langhorne, 2015).  
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Figure 1.4. The role of CD4+ T follicular helper (Tfh) cells in B cell differentiation and 

antibody production (modified from Ma et al., 2012). Dendritic cells (DCs) present antigen to 

activate naive CD4+ T cells, and induce signals that up-regulate chemokine receptor CXCR5 on 

CD4+ T cells allowing them to migrate to B cell follicles in the secondary lymphoid tissues. At 

the T cell-B cell border of these tissues, Tfh cells can help activated B cells that are presenting 

antigen by direct interaction or through the production of IL-21 and IL-4. This results in the 

differentiation of activated B cells into short-lived extrafollicular plasmablasts capable of 

producing antibodies, or their migration into follicles to form germinal centres (GCs). Within the 

GC, Tfh cells continue to provide help to B cells and assist in the generation of long-lived antibody 

producing plasma cells and memory B cells. 

 

The secretion of inflammatory cytokines, such as IFNγ and TNFα, are associated with 

protection against episodes of clinical malaria (Robinson et al., 2009; Tiba et al., 2011). 

Production of IFNγ by CD4+ T cells can activate macrophages to phagocytose and kill 

parasites. Using rodent models, it has been shown that protective immunity against 

malaria can be transferred to naive hosts by the adoptive transfer of immune CD4+ T cells 

(Taylor-Robinson et al., 1993; Amante & Good, 1997).  

 

Immune regulation is mediated by CD4+ T regulatory cells (Tregs) (CD4+CD25+FoxP3+), 

which are induced by and can also produce immunoregulatory cytokines such as IL-10 

and transforming growth factor (TGF)-β (Scholzen et al., 2009). This subset of CD4+ T 

cells has been shown to play an important role in maintaining immune homeostasis and 

controlling excessive immune responses (reviewed in Stockinger et al., 2004; Cambos et 

al., 2008). Tregs have been reported to suppress cellular immune responses through direct 
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contact with immune effectors cells and by production of TGF-β and IL-10 (Nakamura 

et al., 2001; Nie et al., 2007). However, evidence from both human and rodent studies 

suggests that the immunosuppressive effect of Tregs contributes to the immune evasion 

of malaria parasites (Walther et al., 2005; Minigo et al., 2009; Hisaeda et al., 2004; Wu 

et al., 2007). The activation of Tregs and the production of TGF-β during blood-stage 

infection have been associated with increased parasite growth (Hisaeda et al., 2008; 

Minigo et al., 2009; Walther et al., 2005).  

 

The contribution of CD8+ T cells to protective immunity against blood-stage malaria 

parasites is controversial. The lack of MHC class I molecules on mature RBCs, which are 

required for direct antigen presentation to CD8+ T cells, supports the notion of the limited 

role of CD8+ T cells in blood-stage immune responses. The adoptive transfer of CD8+ T 

cells from immune animals to naive recipients was insufficient at protecting recipients 

against blood-stage infection (Vinetz et al., 1990). Additionally, depletion of CD8+ T cells 

from mice infected with P. chabaudi showed no significant difference in acute or chronic 

parasitaemia compared with control mice (Horne-Debets et al., 2013). However, other 

studies have demonstrated the involvement of CD8+ T cells during blood-stage infection. 

Mice depleted of CD8+ T cells had significantly higher parasitaemia and died following 

infection with P. yoelii compared with control mice (Imai et al., 2015). MHC class I 

molecules are highly expressed on erythroblasts that can be infected by P. falciparum, P. 

vivax and P. yoelii (Ru et al., 2009; Tamez et al., 2009; Imai et al., 2015). The protective 

role of CD8+ T cells against blood-stage infection has been shown to be dependent on 

Fas-ligand interactions promoting the externalisation of phosphatidylserine and 

enhancing engulfment of infected erythroblasts by macrophages (Imai et al., 2015). CD8+ 

T cells producing IFNγ and perforin have been shown to be involved in protective 

immunity against infection with blood-stage P. yoelii (Imai et al., 2010). Protection is 

likely to be mediated through the enhanced clearance of parasites by macrophages 

(Horne-Debets et al., 2013). CD8+ T cell clones generated from peripheral blood of 

patients living in malaria-endemic areas have been shown to proliferate and produce IFNγ 

in response to blood-stage P. falciparum antigens in a human leukocyte antigen (HLA)-

restricted manner (Sinigaglia & Pink, 1985). 
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1.4.2.2.1 Immune dysfunction  

In humans, blood-stage malaria infection can cause exhaustion of T cells (Butler et al. 

2011a). This exhaustion is characterised by inadequate effector function and sustained 

expression of inhibitory receptors, which prevent effective control of infection (reviewed 

in Wherry, 2011). Exhaustion of parasite-specific CD4+ and CD8+ T cells has been 

demonstrated by the expression of the T cell inhibitory receptor, Programmed Death 

(PD)-1 (Butler et al., 2011a; Horne-Debets et al., 2013). Additionally, PD-1 mediated loss 

of parasite-specific CD8+ T cells has been reported during infection with P. chabaudi 

(Horne-Debets et al., 2013). Exhausted parasite-specific CD4+ T cells also demonstrated 

impaired production of cytokines, such as IFNγ, TNF and IL-2 (Butler et al., 2011a). 

Homeostatic responses, such as apoptotic deletion of host immune cells, are required to 

limit the overproduction of pro-inflammatory cytokines (Balde et al., 2000). However, a 

study in rodents has shown that parasite-specific CD4+ T cells are targeted by apoptotic 

deletion during blood-stage infection, with IFNγ contributing to the loss of these cells 

(Xu et al. 2002). Suppression of T cell immune responses promotes parasite survival, and 

is also likely to impact on the generation of parasite-specific memory T cells that are 

required for protection and long-lasting immune responses. 

 

1.4.3 Immunopathology 

The clinical manifestations of malaria are associated with blood-stage infection. Host 

symptoms and pathology range from mild fever to severe life-threatening conditions, such 

as cerebral malaria. The severity of clinical disease experienced by Plasmodium infected 

individuals can be influenced by the ability to regulate and control their own immune 

responses (reviewed in Artavanis-Tsakonas et al., 2003). Uncontrolled pro-inflammatory 

responses during malaria infection are implicated in a number of manifestations of severe 

disease (reviewed in Angulo & Fresno, 2002). The release of pro-inflammatory cytokines 

is triggered by the rupture of parasite-infected RBCs, and when not appropriately 

controlled, these cytokines have been associated with symptoms including fever and 

rigors (Kwiatkowski et al., 1989; Karunaweera et al., 1992).  

 

While an early and robust inflammatory response is critical for controlling acute blood-

stage infection, excessive inflammation can contribute to the pathogenesis observed with 

some severe malarial syndromes, such as cerebral malaria (reviewed in Hunt & Grau, 
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2003). For instance, IFNγ plays a central role in the protective immune responses and 

controlling parasite growth (reviewed in McCall & Sauerwein, 2010). The lack of IFNγ 

has been associated with an increase in mortality and delayed development of protective 

immunity in mice (Su & Stevenson, 2000). However, the production of IFNγ is not always 

beneficial for the host. High levels of IFNγ are also associated with some of the clinical 

symptoms of malaria such as fever (Walther et al., 2006). Inflammatory cytokine 

production is also associated with pathological changes in the brain such as endothelial 

cell damage, blood-brain barrier disruption and neuronal dysfunction, contributing to 

cerebral malaria (Kwiatkowski et al., 1990; Wenisch et al., 1999; reviewed in Hunt & 

Grau, 2003). TNFα is a major mediator of malarial fever, with increased levels found in 

the serum of children with cerebral malaria and fatal cerebral malaria (Kwiatkowski et 

al., 1990). In rodent models, the neutralisation of TNFα and IFNγ prevented mice from 

developing cerebral malaria (Grau et al., 1987; Grau et al., 1989). Additionally, increased 

levels of TNFα and IFNγ have been implicated in the suppression of erythropoiesis (Felli 

et al., 2005), contributing to severe malarial anaemia. Anaemia can be further exacerbated 

by the destruction of infected and uninfected RBCs by phagocytosis (Jakeman et al., 

1999; reviewed in Ekvall, 2003). 

 

1.4.4 Parasite genetic factors 

Parasite genetics can also contribute to the susceptibility of the host. Proteins on the 

surface of merozoites and pRBCs, such as MSP1 and PfEMP1 respectively, are important 

targets of antibody-mediated immune responses and are encoded by multiple allelic and 

gene families (Congpuong et al., 2014; reviewed in Kyes et al., 2001).  

 

It is thought that the persistence of Plasmodium infection is due to the sequential 

expression of different antigenic types on the surface of merozoites and pRBCs (reviewed 

in Kyes et al., 2001). Plasmodium spp. spontaneously switch variant surface antigens 

(VSAs) expressed on the surface of infected RBCs during infection, allowing parasites to 

evade antibody responses mounted against a specific VSA (Baruch et al., 1995). The 

largest known VSA gene family in Plasmodium parasites is the pir superfamily. This 

superfamily spans both human (P. vivax and P. knowlesi) and rodent (P. yoelii, P. berghei 

and P. chabaudi) Plasmodium spp. (reviewed in Cunningham et al., 2010). Currently, no 

homologous family has been identified in P. falciparum. However, three families of VSA 
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genes have been characterised for P. falciparum (149 rifin genes, 28 stevor genes and 59 

var genes) (reviewed in Kyes et al., 2001). Substantial antibody-mediated responses are 

generated against the var gene product, PfEMP1 (Deitsch & Hviid, 2004). VSAs are 

thought to be involved in the subversion of host immune mechanisms, including 

inhibition of DC maturation and macrophage function (Urban et al., 1999). Importantly, 

VSA expression is also thought to facilitate deep-tissue sequestration of parasite-infected 

RBCs, to prevent parasite removal via the spleen, and to promote rapid parasite 

multiplication (reviewed in Saul, 1999). During pregnancy, for example, the sequestration 

and adhesion of infected RBCs to the placenta is facilitated by interactions between CSA, 

expressed on placenta endothelia, and VAR2CSA (a member of the PfEMP1 family) on 

the infected RBCs (Sharling et al., 2004). This predisposes previously malaria-immune 

women to pregnancy-associated malaria (PAM), usually during their first and second 

pregnancy. The presence of antibodies specific for VAR2CSA during successive 

pregnancies has been associated with improved outcomes for both mothers and infants 

(Section 1.4.2.1) (Salanti et al., 2004; Tuikue Ndam et al., 2006; Tutterow et al., 2012). 

The acquisition of antibodies to VSAs on infected RBCs also plays a major role in the 

development of age- and exposure-dependent immunity (Barry et al., 2011). 

 

Allelic polymorphism occurs through nucleotide replacement and recombination to create 

a genetically stable alternative form of the antigen-coding gene (reviewed in Ferreira et 

al., 2004). Multiple allelic forms of antigens involved in RBC invasion have been 

identified (Kiwuwa et al., 2013; Bouyou-Akotet et al., 2015). For instance, MSP1 and 

MSP2 antigens are involved in RBC invasion, and are both dimorphic (Tanabe et al., 

1987; Hoffman et al., 2001). These antigens are targets of inhibitory antibodies; however, 

immune responses against one allelic form of the antigen can be subverted by parasites 

expressing the alternate form (Genton et al., 2002). Naturally acquired antibodies to 

MSP1 and MSP2 that recognise multiple allelic forms of the antigens are associated with 

clinical immunity from malaria (Taylor et al., 1995; Metzger et al., 2003; Conway et al., 

2000; Polley et al., 2003).  
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1.5 Prevention and control methods 

Current approaches for malaria control include prevention, primarily through vector 

control and prophylaxis; and treatment with anti-malarial drugs. Vaccines against malaria 

are also being developed and are discussed in Section 1.6.  

 

Prevention through vector control includes the use of insecticide-treated nets (ITNs), and 

indoor residual spraying (IRS). Similar to untreated nets, ITNs reduce the transmission 

of malaria by providing a physical barrier (WHO, 2007). Additionally, ITNs also reduce 

the mosquito population through the incorporation of insecticides such as permethrin. 

When used by the majority of the population, ITNs can provide protection for all members 

of the community, including those that do not sleep under nets (WHO, 2014a). In the past, 

however, insufficient information provided to communities regarding the importance of 

their use and maintenance, has led to their improper use and a reduction in their efficiency 

(WHO, 2007). However in 2013, compliance had increased and WHO reported that 90% 

of distributed ITNs were actively used, with vulnerable groups such as young children 

and pregnant women sleeping under an ITN (WHO, 2014a).  

 

IRS is used as a vector control intervention to reduce malaria transmission through 

repulsion of mosquitoes from entering houses, and by killing female mosquitoes that rest 

inside houses after feeding (WHO, 2006). The use of IRS, primarily DDT (dichloro-

diphenyl-trichlorethane), greatly reduced and eliminated malaria in parts of Asia, Russia, 

Europe and Latin America during the Malaria Eradication Programme (1955-1969) 

(reviewed in Pluess et al., 2010). However, in recent years WHO has reported declined 

use of IRS due to the lack of long term commitment and financing by governments, as 

well as the growing concerns regarding the development of insecticide resistance (WHO, 

2006). 

 

Anti-malarial drugs have been used extensively for the prophylaxis and treatment of 

malaria since the mid-1900s. Chloroquine was developed as an anti-malarial drug during 

the Second World War (reviewed in Hays, 2000). Its universal effectiveness against 

blood-stage parasites of all Plasmodium spp., few side effects and low cost promoted its 

intensive use in the prevention and treatment of acute malaria in endemic areas (reviewed 

in Baird, 2009). However, due to the development of resistance by Plasmodium spp. most 
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countries have progressively updated prophylaxis and treatment guidelines for malaria to 

the recommended artemisinin-based combination therapies (ACTs) (WHO, 2010b). 

Artemisinins are able to reduce parasite numbers 100- to 1,000-fold per blood-stage cycle 

of the parasite, which allows for a rapid reduction in parasite densities in the blood and 

resolution of symptoms (WHO, 2010b). ACTs use artemisinin, or one of its derivatives 

(artesunate, artemether, dihydroarteminsinin), in combination with another longer-acting 

anti-malarial drug (e.g. mefloquine, amodiaquine) (WHO, 2010b). ACTs are part of 

national treatment policy in 77 of 86 countries with P. falciparum, as the first-line 

treatment of falciparum malaria (WHO, 2010b). 

 

1.5.1 Emergence of resistance  

The control measures mentioned above (Section 1.5) have continually been plagued by 

development of resistance. The widespread use of single class insecticides in ITNs and 

IRS increases the risk of mosquitoes developing resistance. In 2009, the development of 

mosquito resistance to pyrethroid insecticides used in ITNs was suggested to have an 

association with the resurgence of malaria in three African countries (Rwanda, Sao Tome 

and Principe, and Zambia) that had previously shown reductions in malaria cases (WHO, 

2010a).   

 

Additionally, widespread, indiscriminate and incomplete use of anti-malarial drugs has 

exerted a strong selective pressure on malaria parasites to develop resistance (WHO, 

2010b). Resistance to anti-malarials has now been documented for P. falciparum, P. 

malariae and P. vivax, and for all classes of anti-malarial drugs (WHO, 2014a). The 

emergence of resistance has been previously reflected in a dramatic increase in malaria-

associated mortality (Trape et al., 1998). Artemisinin and its derivatives have a short half-

life to minimise the period available for the selection of resistant strains (Stepniewska & 

White, 2008). To further limit the development of resistance, WHO has explicitly 

discouraged their use as monotherapies, advocating their use only in combination with 

partner drugs (WHO, 2010b; White & Olliaro, 1996). However, even with these 

precautions, slow clearance of P. falciparum following artemisinin therapy has been 

documented, with a decline in the clinical and parasitological efficacy of ACTs in the 

Indo-China region (WHO, 2010a). Resistance of Plasmodium spp. (especially P. 

falciparum) to anti-malarial medicines has previously been associated with malaria re-



 

20 

 

emergence in many parts of the world (Sharma, 1996; Guarda et al., 1999). The continual 

development of resistance to current control measures should be viewed as a major threat 

to malaria control and a potential public health problem (WHO, 2010b).  

 

1.6 Vaccine development against malaria 

Vaccines have been useful tools in the control of many deadly diseases such as smallpox, 

tetanus, measles, poliomyelitis, and are widely considered to be a necessary tool for the 

complete and successful control of malaria. Vaccines aim to prime the immune system 

and provide long-lasting immunological memory for a more rapid and effective adaptive 

immune response to be induced upon natural exposure to the parasite.  

 

In 2006, a roadmap for global malaria vaccine development set specific goals for 2015 

and 2025 for the development of malaria vaccines able to confer 50% and 80% protection 

against malaria infection, respectively (Roadmap Working Group, 2006). However, in 

2013 a revised road map was published outlining the strategic goals for 2030, including 

the development of malaria vaccines with protective efficacy of at least 75% against 

clinical malaria in at-risk groups in malaria-endemic areas (Roadmap Working Group, 

2013). The development of safe and effective vaccines against P. falciparum and P. vivax 

that prevent malaria-associated disease and death, and malaria transmission, will enable 

progression to the eradication of malaria (WHO, 2014a). 

 

1.6.1 Current vaccine development 

Numerous approaches have been utilised for the development of a malaria vaccine that 

target the various life cycle stages, including recombinant proteins, synthetic peptides 

(including multiple antigen peptides), DNA vaccines, and inactivated whole parasite 

vaccines.  

 

According to WHO’s ‘The Rainbow Tables’ 2015 report, there are currently 43 candidate 

malaria vaccines in pre-clinical and clinical development (WHO, 2015). RTS,S is the 

most advanced vaccine candidate to date. It targets the pre-erythrocytic stage of the 

parasites’ life cycle. The formulation for RTS,S is based on the P. falciparum 

cirumsporozoite surface protein (CSP) antigen; 19 NANP repeats with the carboxy-

terminal, fused with the hepatitis B surface S antigen (HBsAg) (Alonso et al., 2004). The 
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carboxyl terminus of the CSP antigen contains two immunodominant but highly 

polymorphic epitope regions required for T cell reactivity (Escalante et al., 2002). 

Variation in these regions has been associated with the complete evasion of T cell 

recognition and short-lived immunity (Good et al., 1988; Udhayakumar et al., 1994). CSP 

also contains B cell epitopes (NANP) that are invariant. Immunogenicity of RTS,S is 

dependent on its formulation with novel adjuvants (either AS02 or AS01E) (Alonso et 

al., 2004), with no immunogenicity observed when it was combined with the conventional 

alum-based adjuvants (Rutgers et al., 1988). 

 

Field trials have shown the induction of anti-RTS,S antibodies in vaccinated children 

(Alonso et al., 2004). However, antibody levels fell approximately 75% within a 6 month 

period, suggesting that there was no boosting of the immune response following natural 

exposure to malaria parasites (Alonso et al., 2004). Additionally, RTS,S has shown 

limited efficacy in semi-immune Gambian adults (31% vaccine efficacy against 

symptomatic malaria and 34% vaccine efficacy for time to first P. falciparum infection), 

with protection diminishing to 0% by the 15 week follow-up time point (Bojang et al., 

2001). The first preliminary results published from a subset of the phase III RTS,S/ AS01 

vaccine trials showed that the vaccine did not decrease the number of malaria deaths in 

young children (Agnandji et al., 2011). The vaccine efficacy against clinical malaria was 

shown to be 55.8%, and this decreased over the 12 month follow-up period (Agnandji et 

al., 2011). The final analysis from a large-scale phase III clinical trial involving 11 clinical 

trial sites in 7 African countries (Burkina Faso, Gabon, Ghana, Kenya, Malawi, 

Mozambique, and Tanzania) was published in 2014 (The RTS,S Clinical Trials 

Partnership, 2014). Monitoring of young infants (aged 6 to 12 weeks at the first 

vaccination) and children (aged 5 to 17 months at the first vaccination) over a 18 month 

period following a regimen of three vaccine doses at monthly intervals showed significant 

heterogeneity in vaccine efficacy that ranged from 40% to 77% across trial sites (The 

RTS,S Clinical Trials Partnership, 2014). Vaccine efficacy waned over the 18 month 

period in both groups (The RTS,S Clinical Trials Partnership, 2014), as reported 

previously (Agnandji et al., 2011). Participants were given a further booster dose of the 

vaccine 18 months after the third vaccination and were followed for a further 15 months 

(The RTS,S Clinical Trials Partnership, 2015). Vaccine efficacy over the course of the 

entire study ranged from 17.3% to 36.3% for volunteers who received a booster vaccine 
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dose and 1.1% to 28.3% for volunteers that did not (The RTS,S Clinical Trials Partnership 

2015). 

 

The unrivalled progression of RTS,S through clinical assessment has made it the first 

licensed malaria vaccine (MosquirixTM; GSK, 2015). However, data from clinical trials 

suggest that RTS,S is only able to induce temporary immunity, and is unable to provide 

protection to endemic residents over a sustained period of time. Such a vaccine may have 

limited use in endemic countries with intense transmission (Bojang et al., 2001). 

Therefore, efforts in malaria vaccine development will need to continue in order to 

develop a more efficacious second generation malaria vaccine that is capable of providing 

a major contribution to the eradication of malaria. 

 

Further discussion of malaria vaccine development will be limited to blood-stage 

vaccines due to the number of vaccine candidates and the scope of this project.  

 

1.6.2 Blood-stage vaccines 

Blood-stage vaccines aim to reduce parasite densities in the blood. A reduction in parasite 

burden limits symptomatic episodes and the severity of disease symptoms (reviewed in 

Graves & Gelband, 2006). Such a vaccine is greatly needed in malaria endemic areas as 

it would significantly reduce malaria-associated morbidity and mortality (reviewed in 

Good et al., 1998; Genton et al., 2002). Additionally, a vaccine that is able to confer broad 

spectrum protection against multiple Plasmodium strains and species will be required to 

overcome antigenic diversity. 

 

1.6.2.1 Subunit vaccines 

Subunit vaccines use part of or complete parasite antigens to induce immune responses 

focussed on a small portion of the parasite that contains specific immune determinants. 

According to the WHO Rainbow Tables (2015) there are 23 subunit blood-stage malaria 

vaccine candidates currently in development (WHO, 2015). Most blood-stage vaccine 

candidates are based on P. falciparum antigens on the surface of the merozoite that are 

involved in RBC invasion. The subunit vaccine candidates, MSP1, MSP2, MSP3, and 

apical membrane antigen 1 (AMA1) are the most studied asexual stage vaccine antigens. 

Most blood-stage malaria vaccine candidates aim to induce similar antibody responses to 
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those produced during natural infection, as immuno-epidemiological studies have shown 

associations with these responses and protection (Bouharoun-Tayoun & Druilhe, 1992; 

Tongren et al., 2006; Stanisic et al., 2009). However, variability of expressed immune 

targets is a major hurdle in the development of subunit blood-stage vaccines (reviewed in 

Breman et al., 2004), and could limit vaccine efficacy if the protection induced is allele 

specific (Genton et al., 2002). 

 

The Combination B vaccine candidate (MSP1/MSP2/RESA) contains two highly 

polymorphic antigens (MSP1 and MSP2) (Genton et al., 2002). A phase I-IIb trial of the 

vaccine in children aged between 5 and 9 years old in Papua New Guinea showed the 

vaccine was highly effective in reducing parasite density, but that it had no significant 

effect on the overall number of clinical malaria episodes, with a higher incidence of 

disease in vaccinated children in the year following vaccination (Genton et al., 2002). 

Many of the infections were with the alternate MSP2 allele to the one contained in the 

vaccine (Genton et al., 2002). This demonstrated that the use of only one allelic type of a 

polymorphic antigen as component of a vaccine may result in selection of parasites 

expressing alternative antigen alleles (Genton et al., 2002).  

 

FMP1/AS02 is a vaccine candidate comprising a 42kDa C-terminal fragment of the 

polymorphic MSP1. Initial clinical studies showed that FMP1/AS02 was safe and 

immunogenic in adults in both experimental and natural challenge settings, with the 

induction of antibody and proliferative immune responses (Ockenhouse et al., 2006; 

Stoute et al., 2007). However, despite the induction of anitbodies, the vaccine efficacy in 

a subsequent phase Ib efficacy trial in young children (aged between 12 and 47 months) 

was only 5.1% (Ogutu et al., 2009). Reduction was not observed in the overall incidences 

of clinical malaria episodes, of malaria infection per se or reduction in parasite densities 

(Ogutu et al., 2009). Therefore this vaccine candidate has been abandoned for further 

development as a monovalent malaria vaccine (Ogutu et al., 2009). 

 

Vaccines including other polymorphic antigens, such as the vaccine candidate AMA1-C1 

containing the polymorphic antigen AMA1, have been shown to be only moderately 

immunogenic (Sagara et al., 2009). AMA1-C1 was tested in a phase II field trial in Malian 

children aged between 2 and 3 years old. Although antibodies to AMA1 were induced 

following vaccination, these titers were not sustained and rapidly decreased (Sagara et 
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al., 2009). Vaccination with AMA1-C1 had no effect on the number of episodes of clinical 

malaria or parasite densities (Sagara et al., 2009). The study did not assess cellular 

immune responses following vaccination, and may have shown better association with 

protection. 

 

Many of the blood-stage vaccine candidates have aimed to induce antibody responses. 

The polymorphic nature of blood-stage antigens against which these antibodies are 

directed, as well as the ability of parasites to switch immunogenic components through 

antigenic variation, has limited the efficacy of these vaccine candidates in clinical trials 

(Genton et al., 2002; Ogutu et al., 2009). This has been a major impediment in achieving 

consistently high vaccine efficacy in human trials. In order for the subunit approach to 

overcome antigenic diversity, vaccines should be designed to contain more conserved 

antigens, contain multiple allelic forms of an antigen or combine multiple subunit vaccine 

candidates.  

 

The long synthetic peptide (LSP) of the MSP3 C-terminal region is being developed as a 

blood-stage malaria vaccine. Unlike the above blood-stage vaccine candidates this 

vaccine contains highly conserved regions. Two phase Ib trials in Tanzania and Burkina 

Faso reported short- and mid-term safety and immunogenicity in children aged 12-24 

months (Lusingu et al., 2009; Sirima et al., 2009). Vaccination induced strong IgG1 and 

IgG3 responses (Sirima et al., 2009). Cellular immune responses were not assessed. 

Preliminary analysis on the short-term protective effect of the vaccine was also conducted 

on the data generated from the phase Ib trial in Burkina Faso. The MSP3 vaccine was 

shown to be protective against clinical malaria (Sirima et al., 2011). However, a larger 

scale phase II trial needs to be conducted to fully evaluate the efficacy of MSP3 in 

children living in malaria endemic areas. 

 

Allelic polymorphism is a major impediment to vaccine development. However, 

combining multiple allelic forms of antigens may overcome this limiting factor to provide 

more efficacious vaccine candidates. Studies using sera from animal experiments have 

shown that vaccination with multiple allelic forms of recombinant AMA1 antigen 

achieved higher inhibition of parasite growth than vaccination with any single AMA1 

antigen (Miura et al., 2013). A maximum combination of six allelic AMA1 antigens was 

used. Parasite growth inhibition was optimal following vaccination with five allelic 
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AMA1 antigens, with no further inhibition observed following the addition of a sixth 

allelic form (Milura et al., 2013). Therefore, protection against the majority of the parasite 

population could be induced by vaccination with a limited number of allelic forms (Milura 

et al., 2013). These results rationalise the requirement to redesign current subunit vaccine 

candidates to include multiple alleles of polymorphic antigens.  

 

In addition, protective immune responses are elicited against a number of antigens 

(Metzger et al., 2003; Conway et al., 2000; Polley et al., 2003; Stanisic et al., 2009); 

therefore, the rationale to combine multiple antigens is clear. Studies have identified that 

cumulative antibody responses to a combination of antigens were strongly associated with 

protective immunity (Richards et al., 2013; Osier et al., 2014). This demonstrates the 

benefit of including multiple antigens in the development of subunit vaccine candidates. 

 

1.6.2.1.1 Identification of new antigenic targets 

As highlighted above (Section 1.6.2.1), there has been limited success of subunit vaccine 

candidates when transitioning from malaria naive individuals to endemic malaria settings, 

with many candidates performing suboptimally with limited efficacy. There is a strong 

need to identify and rationalise the selection of antigens for vaccine development to obtain 

greater efficacy. Advances in genomics and proteomics, and methods for protein 

expression, have facilitated the identification and expression of a number of antigen 

targets of immunity and potential vaccine candidates (reviewed in Chia et al., 2014). New 

or understudied antigens have shown a stronger association with protection than current 

vaccine candidates in clinical trials, such as the MSP antigens (Richards et al., 2013; Osier 

et al., 2014). Using sera of malaria-exposed individuals, high level antibody responses 

were identified to rhoptry and microneme proteins that function in RBC invasion 

(Richards et al., 2013). Antibody responses to these parasite antigens were more strongly 

associated with protective immunity and a reduced risk for malaria compared with other 

antigens (Richards et al., 2013). These antigens (PfRh5, Ripr, PfRh2, RON2, GAMA, 

EBA175RIII-V, EBA140RII and MSPDBL1) have been highlighted as potential vaccine 

candidates (Richards et al., 2013).  

 

Protein microarrays have been used to identify immunodominant antigens (Doolan et al., 

2008; Trieu et al., 2011). Recombinant antigens can be tested with serum from individuals 

exposed to P. falciparum and with varying degrees of immunity, in order to identify these 
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immunodominant antigens (Doolan et al., 2008). This may help to prioritise promising 

targets for vaccine development. A study using microarray technology was able to 

identify 56 novel immunoreactive P. falciparum antigens, and advocated for the 

prioritisation of five hypothetical proteins (MAL7P1.32, PFI0580c, PF10_0138, 

PFE0060w and PFL2410w) due to their high serodominance amongst naturally and 

experimentally exposed groups (Doolan et al., 2008).  

 

1.6.2.1.2 Requirement for an adjuvant  

Adjuvants are used to increase immunogenicity of antigens, and are essential for the 

development of a malaria vaccine candidate based on recombinant proteins. Common 

adjuvants are made of aluminium salts or emulsions (combinations of oil and water) to 

stabilise the antigens and to slow their release to the immune system (reviewed in Coler 

et al., 2009). Adjuvants can also contain stimulants such as toll-like-receptors (TLRs) 

ligands, cytokines, bacterial toxins or saponins (reviewed in Coler et al., 2009).  

 

Adjuvants should be selected depending on the immune response that needs to be 

enhanced. The most widely used adjuvants are aluminium salts (or alum), as they induce 

high antibody titers and longer-lasting antibody responses (reviewed in Clements & 

Griffiths, 2002). However, they are unable to elicit CD8+ T cell mediated responses 

(reviewed in Edelman et al., 2002). CpG adjuvants are extremely efficient inducers of 

cell-mediated responses (reviewed in Bauer & Wagner, 2002), and are moderately safe 

and well-tolerated in humans (Mullen et al., 2008). The RTS,S malaria vaccine candidate 

has used adjuvants AS01 and AS02 (MPL-saponin combination), which induce both 

strong humoral and cell-mediated immune responses (Bejong et al., 2008; Bojang et al., 

2001; Alonso et al., 2004).  

 

Adjuvants are essential in the development of a subunit malaria vaccine. They are 

required for the stimulation of an effective antigen-specific immune response that is 

capable of generating and maintaining immunological memory. Therefore, continued 

efforts in the development of novel adjuvants will aid the development of an efficacious 

malaria vaccine. 
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1.6.2.2 Whole parasite vaccines 

Another approach to vaccination is the use of whole blood-stage parasites. This 

maximises the number of antigens presented to the immune system, with the inclusion of 

conserved parasite antigens, for recognition by cellular and humoral immune responses. 

Antigenic diversity may consequently have a limited impact on the efficacy of whole 

blood-stage vaccine candidates. 

 

Protection induced by whole blood-stage parasites has been studied using infection and 

drug-cure. Administration of a limited number of whole blood-stage parasites followed 

by drug-cure can induce protection against malaria (Pombo et al., 2002; Elliott et al., 

2005). In humans, protection was associated with a strong cell-mediated immune 

response in both CD4+ and CD8+ T cell populations, with the production of IFNγ (Pombo 

et al. 2002). Interestingly, there were no parasite-specific antibodies detected in protected 

individuals (Pombo et al., 2002). However, protection may have in part been due to the 

longer than expected anti-malarial activity of atovaquone-proguanil, that was used to 

drug-cure volunteers (Edstein et al., 2005). In a rodent model, submicroscopic or 

subpatent infections with whole blood-stage parasites followed by drug-cure induced 

protection against homologous and heterologous parasite strains (Elliott et al., 2005). 

Proliferation of T cells in response to homologous and heterologous parasites was similar, 

suggesting that antigenic targets of this cell-mediated immunity were conserved (Elliott 

et al., 2005). Apoptosis of T cells, associated with patent infection (Xu et al., 2002), did 

not occur during subpatent infection (Elliott et al., 2005). Additionally, subpatently 

infected mice demonstrated malaria-specific antibodies to merozoite surface antigens that 

were conserved between the two strains (Elliott et al., 2005). Other studies have shown 

that exposure to blood-stage parasites under chloroquine cover can induce cross-stage 

protection against sporozoite challenge (Belnoue et al., 2008; Nahrendorf et al., 2015). 

Using a rodent model, administration of P. yoelii infected RBCs under chloroquine cover 

conferred long-lasting protection against blood-stage and liver-stage parasites. CD4+ and 

CD8+ T cells were required to inhibit liver-stage parasites, with their effect being 

mediated by and completely dependent on nitric oxide, and partially mediated through 

production of IFNγ (Belnoue et al., 2008). Antibodies were induced against both pre-

erythrocytic and blood-stage parasites, and were essential for protection (Belnoue et al., 

2008). Unfortunately, infection and drug-cure is not feasible as a logistical or effective 

vaccination approach for individuals in malaria endemic countries. However, these 
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studies highlight the potential use of whole blood-stage parasites and support the 

development of whole blood-stage parasites as vaccine candidates.  

 

A whole parasite blood-stage vaccine using killed parasites with a strong T cell adjuvant 

(CpG-ODN) has been tested in a rodent model (Pinzon-Charry et al., 2010). This study 

demonstrated the induction of parasite-specific CD4+ T cells. These CD4+ T cells had the 

potential for memory differentiation, and correlated with protection (Pinzon-Charry et al., 

2010). Cross-strain protection was elicited and dependent on CD4+ T cells, IFNγ and 

nitric oxide (Pinzon-Charry et al., 2010). It remains to be shown whether similar 

responses are induced in humans.  

 

Whole parasite blood-stage vaccine approaches are also being developed by the use of 

parasite attenuation methods. Methods of attenuation include γ-radiation, genetic 

attenuation and chemical attenuation. Radiation is a well-established method of 

attenuating blood-stage parasites (Corradetti et al., 1966). Studies in rodent models show 

radiation attenuated blood-stage parasites confer protection against subsequent challenge 

infections with the original virulent blood-stage or the pre-erythrocytic parasites 

(Corradetti et al., 1966; Waki et al., 1986). Irradiated P. berghei blood-stage parasites 

were able to protect mice from parasitaemia and severe disease, as well as from 

experimental cerebral malaria (Gerald et al., 2011). Protection was associated with the 

induction of parasite-specific antibodies and an early but limited IFNγ response (Gerald 

et al., 2011). 

 

Genetic attenuation of parasites can be achieved by the disruption or deletion of genes 

that are essential for parasite development and replication. Studies in mice have shown 

that blood-stage parasites lacking proteins involved in the essential purine-salvage 

pathway, such as purine nucleoside phosphorylase (PNP) and parasite nucleoside 

transporter 1 (NT1), are a self-curing attenuated parasite strain and mice are subsequently 

protected against lethal challenge with virulent P. yoelii YM, as well as challenge with a 

heterologous strain P. yoelii 17XNL (Ting et al., 2008; Aly et al., 2010). Protection was 

associated with both humoral and cellular immune responses in mice vaccinated with 

NT1-deficient parasites (Aly et al., 2010). However, substantial growth of PNP-deficient 

parasites was recorded in mice following vaccination, with parasitaemias of up to ~30% 

(Ting et al., 2008). This extensive growth of PNP-deficient parasites will need to be 
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limited, potentially by deleting or disrupting other genes, before this approach can be 

developed further to produce a vaccine candidate for use in humans.  

 

Chemical attenuation of blood-stage parasites using DNA-binding drugs has also been 

shown as an effective method for vaccinating mice (Good et al., 2013). Originally 

developed as anti-cancer agents, centanamycin (CM) and tafuramycin-A (TF-A) belong 

to a family of chemical agents that covalently bind to poly-A regions of DNA (Sato et al., 

2005). Simple sequence repeats of adenine are abundant in the A-T rich genome of 

Plasmodium spp. (Su & Wellems, 1996). These drugs were originally investigated as anti-

malarials and then developed as attenuating agents for Plasmodium spp. (Yanow et al., 

2008; Purcell et al., 2008a; Purcell et al., 2008b; Good et al., 2013). Vaccination with 

chemically attenuated P. berghei sporozoites elicited sterile immunity against 

homologous and heterologous challenge with P. yoelii sporozoites (Purcell et al., 2008a; 

Purcell et al., 2008b). The use of these drugs as attenuating agents was then extended to 

blood-stage parasites. CM and TF-A were used in vitro to attenuate Plasmodium spp. 

before injection into mice (Good et al., 2013). Mice vaccinated with chemically 

attenuated ring stage P. chabaudi parasites showed protection against homologous and 

heterologous blood-stage parasite challenge (Good et al., 2013). Protection was mediated 

by CD4+ T cells in the absence of parasite-specific antibodies (Good et al., 2013).  

 

1.7 Scope of thesis 

The development of a vaccine is essential for the elimination and eventual eradication of 

malaria. Despite many years of effort, a successful malaria vaccine has not yet been 

achieved. Many of the vaccine candidates that have progressed through to clinical trials 

in malaria endemic countries have demonstrated inadequate efficacy; therefore, efforts to 

develop an effective vaccine against malaria need to continue. 

 

The whole parasite blood-stage vaccine approach has been explored with promising 

results (Section 1.6.2.2). This approach allows for the presentation of a large number of 

antigens to the immune system, with the inclusion of conserved blood-stage parasite 

antigens. The use of DNA-binding drugs for the chemical attenuation of ring stage P. 

chabaudi parasites has shown that chemically attenuated blood-stage parasites can induce 

protection against homologous and heterologous blood-stage challenge in mice (Good et 
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al., 2013). Protection in mice vaccinated with chemically attenuated ring stage P. 

chabaudi parasites was mediated by CD4+ T cells in the absence of antibodies (Good et 

al., 2013). The use of these drugs as attenuating agents for other blood-stage Plasmodium 

spp. will be investigated. 

 

P. yoelii is a commonly used rodent malaria parasite. It has been extensively used to study 

both liver-stage and blood-stage parasite antigens for vaccine development (reviewed in 

Cunningham et al., 2010; Swardson-Olver et al., 2002). P. yoelii exists asynchronously 

during the blood-stage of its life cycle (Bagnaresi et al., 2009), which allows for the 

development of a whole blood-stage vaccine candidate that displays antigens from all 

stages of asexual blood-stage development. This study will examine the effect of 

vaccination with chemically attenuated blood-stage parasites using the rodent 

Plasmodium spp., P. yoelii. The model developed will be designed to investigate whether 

vaccination with a subpatent dose of chemically attenuated, whole parasite, blood-stage 

P. yoelii parasites can induce protection against blood-stage challenge. The investigation 

and development of a vaccination regimen will need to provide significant reduction in 

disease severity and improve outcomes in mice. The assessment of the immune responses 

induced by vaccination will be investigated and the responses crucial for vaccine-induced 

protection will be dissected and assessed. Vaccine-induced protection against different 

strains and species of rodent Plasmodium will also be investigated. Additionally, with 

reports of blood-stage parasites conferring protection against sporozoite challenge 

(Belnoue et al., 2008), assessment of whether chemically attenuated blood-stage P. yoelii 

parasites can induce cross-stage protection will be conducted. 

 

Data obtained from these pre-clinical studies will advance our understanding of the 

mechanisms of vaccine-induced protection by whole parasite vaccines, and will have the 

potential to inform the design and direction of vaccination studies in human volunteers 

using chemically attenuated, blood-stage Plasmodium parasites.  
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2.1 Materials  

2.1.1 Animals 

Six to eight week old female severe combined immunodeficient (SCID), BALB/c, 

C57BL/6 and µMT mice were used. SCID, BALB/c and C57BL/6 mice were obtained 

from Animal Resource Centre, Perth, Australia. µMT mice were originally obtained from 

the Jackson Laboratory (Bar Harbour, ME) and were backcrossed on the Bl/6 background 

for >10 generations. Mice were housed in the Institute for Glycomics Animal Facility 

under PC2 and QAP (where applicable) regulations. Animal work was approved by the 

Griffith University Animal Ethics Committee under approval numbers BDD/07/10 and 

GLY/05/12. Animal work in Section 2.2.16 and 2.2.17 was approved by the Australian 

National University Animal Experimentation Ethics Committee under approval number 

A2013/12. 

 

2.1.2 Rodent malaria parasites 

Blood-stage Plasmodium yoelii 17X, Plasmodium yoelii YM, Plasmodium berghei 

ANKA, Plasmodium vinckei vinckei and Plasmodium chabaudi AS strains were initially 

obtained from Richard Carter (Edinburgh, UK), and maintained by serial passage in 

inbred and outbred mice. P. yoelii sporozoites that were used in Section 2.2.16 and 2.2.17 

were obtained from Fidel Zavala (Johns Hopkins University, Baltimore, MD, USA) under 

quarantine guidelines. P. yoelii sporozoites that were used in Section 2.2.18 were obtained 

from Stephen Hoffman (Sanaria Inc., Rockville, MD USA) under quarantine guidelines.  

 

2.1.3 Drugs for chemical attenuation 

Centanamycin and tafuramycin-A were synthesised and obtained from Moses Lee (Hope 

College, MI, USA). A 2mM stock of centanamycin was prepared using 1mg of 

centanamycin dissolved in 109µL Dimethyl Sulfoxide (DMSO) (Sigma-Aldrich), 327µL 

P.E.T (6 parts of Polyethylene glycol 400 (Sigma-Aldrich), 3 parts of 100% Ethanol 

(Sigma-Aldrich) and 1 part of Tween® 80 (Merck)) and 654µL 5% glucose (Sigma-

Aldrich), with vortexing between the addition of each solution. The 2mM stock was 

aliquoted and stored at -80°C. A 2mM stock of tafuramyin-A was prepared using 1mg of 

tafuramycin-A in 110µL DMSO (Sigma-Aldrich), 330µL P.E.T solution and 661µL 5% 

glucose (Sigma-Aldrich), with vortexing between the addition of each solution. The 2mM 

stock was aliquoted and stored at -80°C. 
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2.1.4 Reagents 

All common chemicals and reagents used were of analytical or tissue culture grade. 

 

2.1.4.1 Phosphate buffered saline (PBS) 

For the preparation of 1L of 10x phosphate buffered saline (PBS), 1L of milliQ water was 

supplemented with 85g of sodium chloride, 14.8g of disodium phosphate, 4.3g of 

monopotassium phosphate and the pH was adjusted to pH 7.4. Ten times PBS was diluted 

1 in 10 in milliQ water and filter sterilised (under positive pressure) using membrane 

filtration (Corning) before use. PBS was stored at room temperature. 

 

2.1.4.2 Complete media 

Medium (RPMI) was prepared in accordance with manufacturer’s instructions (Gibco) 

and filter sterilised (under positive pressure) by membrane filtration (Corning) before use. 

Complete medium consisted of RPMI supplemented with 10% heat-inactivated foetal 

bovine serum (FBS) (Bovogen), 1% L-Glutamine (100x) (Gibco), 1% Penicillin 

Streptomycin (100x) (Gibco) and 0.1% 2-mercaptoethanol (Gibco). Complete media was 

filter sterilised (under positive pressure) by membrane filtration (Corning) before use. 

 

2.1.4.3 Coating buffer for ELISA  

Coating buffer was prepared by dissolving 3.03g of sodium carbonate and 6.0g of sodium 

bicarbonate in 1L of distilled water. The pH was adjusted to pH 9.6.  

 

2.1.4.4 Preparation of OptiprepTM density gradient 

Complete media (Section 2.1.4.2) containing 20% FBS was diluted 5:1 with sterile water 

(Baxter) to produce a hypo-osmotic solution. An OptiprepTM gradient was prepared with 

2.7mL of OptiprepTM density gradient medium (Sigma-Aldrich) in 9.3mL of hypo-

osmotic solution at the time of use. 

 

2.1.4.5 Gey’s lysis buffer 

The lysis of red blood cells (RBCs) from harvested spleens was carried out using Gey’s 

lysis buffer. The buffer was prepared using three stock solutions. One litre of Stock A 

was prepared using 35g of ammonium chloride, 1.85g of potassium chloride, 1.5g of 

sodium dihydrogen phosphate dodecahydrate, 0.12g of monopotassium phosphate, 5g of 
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glucose and 50mg of Phenol red in distilled water. One hundred millilitres of Stock B 

contained 0.42g of magnesium chloride hexahydrate, 0.14g of magnesium sulphate 

heptahydrate and 0.34g of calcium chloride in distilled water. One hundred millilitres of 

Stock C contained 2.25g of sodium bicarbonate in distilled water. Gey’s lysis buffer was 

prepared using 20 parts of Stock A, 5 parts of Stock B and 5 parts of Stock C in 70 parts 

of distilled water. Gey’s lysis buffer was filter sterilised (under positive pressure) by 

membrane filtration (Corning) and stored at room temperature. 

 

2.1.4.6 ACK lysis buffer 

The lysis of RBCs in peripheral blood samples was carried out using ACK lysis buffer. 

ACK lysis buffer was prepared using 8.29g of ammonium chloride, 1g of potassium 

bicarbonate and 37.2mg of EDTA disodium magnesium salts in 1L of distilled water. The 

pH was adjusted to pH 7.4. ACK lysis buffer was filter sterilised (under positive pressure) 

by membrane filtration (Corning) and stored at room temperature. 

 

2.1.4.7 MACS buffer 

MACS buffer was prepared using 1L of PBS (Section 2.1.4.1) which was supplemented 

with 5g of bovine serum albumin (BSA) (Sigma-Aldrich) and 4mL of UltraPureTM 0.5M 

EDTA (Gibco). MACS buffer was filter sterilised (under positive pressure) by membrane 

filtration (Corning) and degassed overnight. The buffer was stored at 4°C. 

 

2.1.4.8 DEPC water 

Diethyl pyrocarbonate (DEPC) treatment was conducted in a fume hood. One millilitre 

of DEPC (Sigma-Aldrich) was added to 1L of milliQ water, and mixed by inversion three 

times every 2 hours for a total of 6 hours. The water was left overnight in fume hood and 

then autoclaved at 100°C for 15 mins to terminate the treatment. DEPC water was stored 

at room temperature. 

 

2.1.4.9 Pyrimethamine 

One tablet of DaraprimTM (GlaxoSmithKline), containing 25mg pyrimethamine was 

crushed and dissolved in 1.25mL of 1% glacial acetic acid (Merck). A final concentration 

of 20mg/mL was achieved by adding 11.25mL of PBS (Section 2.1.4.1).  
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2.1.4.10 Malarone® 

One tablet of Malarone® (GlaxoSmithKline) was dissolved in 120mL of water. The 

resulting concentration was 0.2mg of atovaquone and 0.08mg of proguanil in 100µL. 

 

2.1.4.11 Denaturing solution 

Denaturing solution was used in Section 2.2.19.1 to aid the homogenisation of dissected 

livers. The solution was prepared using three stock solutions. Stock A (10% sarkosyl) 

was prepared by dissolving 10g N-Laurosylsarcosine sodium salt in 100mL of water. 

Stock B (0.75M sodium citrate) was made by dissolving 22.05g sodium citrate tribasic 

dehydrate in 100mL water, and this was adjusted to pH 7. Stock C was made by dissolving 

250g guanidinium thiocyanate in 293mL water. The final denaturing solution was made 

by adding 26.4mL of stock A and 17.6mL of stock B to 293mL of stock C. Just before 

use, 0.36mL of 100mM 2-mercaptoethanol (Gibco) was added to 50mL of the denaturing 

solution. 

 

2.1.4.12 Sodium acetate solution 

A 2M sodium acetate solution was prepared using two stock solutions. Stock A was made 

by adding 11.4mL acetic acid to 100mL of distilled water. Stock B was made by adding 

sodium acetate (27.5g of sodium acetate trihydrate and 16.4g of sodium acetate 

anhydrous) to 100mL of distilled water. Forty five millilitres of stock A was combined 

with stock B until the pH reached 4. Once the pH was at 4, the volume of the final solution 

was increased to 100mL with distilled water. 

 

2.1.5 Other chemicals, reagents and kits 

All common chemicals, reagents and kits used in this study were purchased as indicated 

in Appendix 1. 

 

2.1.6 Disposable products  

Disposable products (e.g. ELISA plates, filters etc.) were purchased as indicated in 

Appendix 1. 
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2.2 Methods 

2.2.1 Cryopreservation and thawing of parasitised red blood cells 

Cardiac puncture was performed on infected mice and blood was collected into an EDTA 

or lithium-heparin blood collection tube (BD Biosciences). Blood was washed with PBS 

by centrifugation at 277 × g for 10 mins. The supernatant was removed and the packed 

cell volume (PCV) was estimated. The total volume of glycerolyte solution (Fenwal Inc.) 

to be added was equivalent to two times the PCV. A fifth of the total volume of 

glycerolyte was added drop-wise with frequent mixing. The mixture was allowed to stand 

for 5 mins at room temperature. The remaining glycerolyte solution was added with 

frequent mixing. The mixture was then aliquoted in cryogenic tubes that were stored in a 

controlled rate freezing container at -80°C overnight before being transferred to a 

cryobox. Frozen parasitised red blood cells (pRBCs) were transferred to liquid nitrogen 

for long term storage. 

 

To infect mice, frozen pRBCs were removed from storage and thawed at room 

temperature. A fifth of the blood volume of 12% sodium chloride was added drop-wise 

with mixing and left to stand for 5 mins at room temperature. Ten times the blood volume 

of 1.6% sodium chloride was then added drop-wise with mixing. The mixture was 

centrifuged at 277 × g for 10 mins. The supernatant was removed and the pellet 

resuspended in a small volume of PBS before injection into mice by the intravenous (i.v.) 

route. To maintain the blood-stage life cycle, cryopreserved parasites were passaged into 

mice by intraperitoneal (i.p.) injection without the above thawing steps (frozen sample 

thawed on ice and injected i.p.). 

 

2.2.2 Preparation and examination of blood films 

The percentage of parasite-infected RBCs was determined by examination of thin blood 

films. A drop of blood was taken from a tail snip and smeared on a clean slide 

(Livingstone). Smears were air dried and stained with the Diff-Quick staining kit (Bacto 

Laboratories Pty Ltd) or 10% Giemsa (Merck) in PBS. Slides were examined using a light 

microscope and counts were carried out under 100x magnification. For negative or low 

parasitaemia films (parasitaemia <1%), at least 20 fields of the blood film were counted. 

For high parasitaemia blood films, at least 300 RBCs were counted. The percentage of 

pRBCs was calculated as follows: 
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Number of pRBCs × 100 

Number of total RBCs 

 

2.2.3 Parasite attenuation and vaccination of mice 

For parasite attenuation, infected blood was collected via cardiac puncture into EDTA or 

lithium-heparin blood collection tubes (BD Biosciences). The percentage parasitaemia of 

an infected mouse was determined as above (Section 2.2.2). Blood was diluted to a 10% 

v/v solution in filter sterilised RPMI (Gibco). The diluted blood was incubated for 

approximately 40 mins (with agitation every 10 mins) at 37°C in CO2 in the presence of 

2µM centanamycin or tafuramycin-A. Treated pRBCs were washed twice in RPMI and 

once with PBS at 277 × g for 10 mins. The cells were resuspended in 0.9% saline (Pfizer) 

or PBS. A cell count was carried out using a haemocytometer. Viable cells were counted 

based on the exclusion of dead cells by trypan blue (0.1% w/v in PBS). The total number 

of pRBCs was calculated using: 

 

Total number of pRBCs/mL = Total RBC count/mL × % parasitaemia 

             100 

The specific pRBC dose (either 104, 105 or 106) was calculated and mice were injected 

with 200µL intravenously. 

 

2.2.4 Chemical treatment of normal RBCs and injection into control mice 

Uninfected blood was collected via cardiac puncture into EDTA or lithium-heparin blood 

collection tubes (BD Biosciences). Blood was diluted to a 10% v/v solution in filter 

sterilised RPMI (Gibco). The diluted blood was incubated for approximately 40 mins 

(with agitation every 10 mins) at 37°C in CO2 in the presence of 2µM centanamycin. 

Treated normal RBCs (nRBCs) were washed twice in RPMI and once with PBS at 277 × 

g for 10 mins. The cells were resuspended in 0.9% saline (Pfizer) or PBS. A cell count 

was carried out using a haemocytometer. Viable cells were counted based on the 

exclusion of dead cells by trypan blue (0.1% w/v in PBS). An nRBC dose of 106 was 

calculated and mice were injected with 200µL intravenously. 
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2.2.5 Challenge of mice with blood-stage parasites and monitoring of disease 

Control and/or vaccinated mice used in experiments were challenged by i.v. injection 

with 105 live pRBCs in a volume of 200µL (saline (Pfizer) or PBS). Following challenge, 

mice were monitored every other day by examining thin blood films (Section 2.2.2) and 

every 4 days (unless otherwise indicated) by measuring weights and haemoglobin levels 

(HemoCue® 201+ Analyser). To reduce observer bias, all experiments, except for those 

in Section 4.3.1.2 and 4.3.2.2, were monitored with the observer blinded to the 

identification of the experimental groups. Mice were also monitored using a clinical 

scoring system (Appendix 2) that was originally developed for mice infected with P. 

chabaudi. The clinical scoring criteria was used to monitor disease in vaccinated and 

control mice. Mice were monitored until the majority of groups had zero parasites by 

microscopy, their weights and haemoglobin levels had returned to or were >90% of their 

Day 0 values and clinical scores were zero. Mice that showed signs of severe disease, 

according to the criteria in Appendix 2, were euthanised using CO2 gas or by cervical 

dislocation.  

 

2.2.6 Quantification of blood-stage P. yoelii 17X parasites by Real-Time PCR  

A standard curve was developed using blood from mice infected with P. yoelii 17X 

(Py17X). Blood was collected by cardiac puncture and pooled into EDTA blood 

collection tubes. A blood film was prepared and the % parasitaemia calculated as above 

(Section 2.2.2). The number of pRBCs/mL were calculated as above (Section 2.2.3). The 

infected blood was aliquoted and stored at -80oC. DNA was extracted from 10µL of 

infected blood using the High Pure PCR Template Preparation Kit (ROCHE) in 

accordance with manufacturer’s instructions, and eluted in 31µL of pre-warmed elution 

buffer (ROCHE). The eluted DNA was quantified using a NanodropTM2000c 

Spectrophotometer (Thermo Scientific) and was stored at -20oC. The standard curve was 

prepared by 10 and 5 fold serial dilutions of gDNA and quantitative PCR (qPCR) was 

performed using 5µL per reaction of each dilution in triplicate on a BioRad (CFX96) 

Real-Time PCR machine.  

 

To test unknown samples, 10µL of blood was collected into 190µL of 0.9% saline (Pfizer) 

from the tail of pre-challenged and challenged mice at specific time points. For storage 

of infected blood for qPCR, the samples were centrifuged at 8,928 × g for 5 mins and the 
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pellet was stored at -80oC. At the time of DNA extraction, the 10µL pellet of infected 

blood was resuspended in 190µL of 0.9% saline (Pfizer). DNA extraction was carried out 

using High Pure PCR Template Preparation Kit (ROCHE) in accordance with 

manufacturer’s instructions. Extracted DNA was eluted in 31µL of pre-warmed elution 

buffer (ROCHE) and stored at -20oC. 

 

PCR reagents were thawed on ice, briefly mixed by vortex and centrifuged before use. A 

mastermix containing 10µL of SsoAdavancedTM Universal probe supermix (2X) 

(BioRad), 3.8µL of autoclaved milliQ water, 0.4µL of 10µM forward primer (18SNCB2-

F 5’-ACTTCCATTAATCAAGAACGAAAGTT; Sigma-Aldrich), 0.4µL of 10µM 

reverse primer (18SNCB2-R 5’-TGGTTAAGATTACGATCGGTATCTGA; Sigma-

Aldrich) and 0.4µL of 10µM MGB TaqMan Probe (FAM-AAGGGAGTGAAGACGA-

MGBNFQ; Applied Biosystems) per sample was prepared and dispensed at 15µL per 

tube (BioRad). Five microlitres of template (negative controls, unknown samples, 

positive control or standard curve) was added to the relevant tubes (BioRad). Tubes were 

sealed with optical flat cap strips (BioRad) and spun for approximately 2 secs using a 

picofuge. The PCR was run using a thermal profile of 95ºC for 2 mins followed by 45 

cycles at 95ºC for 15 secs and 60ºC for 45 secs on the FAM channel of the BioRad 

(CFX96) Real-Time PCR machine. 

 

2.2.7 Purification of asexual blood-stage parasites 

Blood from mice infected with Py17X was collected by cardiac puncture and pooled into 

EDTA or lithium-heparin blood collection tubes (BD Biosciences). A blood film was 

prepared and the % parasitaemia calculated as above (Section 2.2.2). Attenuation was 

carried out and the number of pRBCs/mL were also calculated as above (Section 2.2.3). 

Blood was resuspended to 5mL in 20% FBS (Bovogen) complete medium and overlaid 

on a 4mL OptiprepTM density gradient (Section 2.1.4.4). This was centrifuged at 326 × g 

for 25 mins. The interface was collected and contained a majority of late stage parasites 

and a minority of ring stage parasites. The pellet was also collected and contained a 

majority of RBCs and ring stage parasites, as well as a minority of late stage parasites. 

Both were washed twice in filter sterilised RPMI media (Gibco) and once with PBS at 

277 × g for 10 mins. The cells were resuspended in 0.9% saline (Pfizer) or PBS. The 
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specific pRBC dose of 106 was calculated and mice were injected with 200µL 

intravenously. 

 

2.2.8 Production of positive and negative control sera for ELISA 

Infection-drug cured sera were required as a positive control for antibody ELISAs. 

BALB/c mice were given three rounds of an infection and drug treatment regimen. For 

the production of positive control sera against P. yoelii 17X, P. yoelli YM, P. berghei 

ANKA, P. vinckei vinckei or P. chabaudi AS, mice were infected with 105 pRBCs of the 

relevant Plasmodium spp. at a volume of 200µL by i.p. injection. Mice infected with P. 

yoelii 17X, P. yoelli YM, P. berghei ANKA and P. vinckei vinckei were cured at peak 

parasitaemia with 100µL i.p. injections of 2mg pyrimethamine (Section 2.1.4.9) over 4 

consecutive days. The mice were left for 3 weeks before the next infection or before blood 

was collected. Mice infected with P. chabaudi AS were cured at peak parasitaemia with 

100µL of Malarone® (Section 2.1.4.10), administered by oral gavage, for 5 consecutive 

days. The mice were left for 4 weeks before the next infection or before blood was 

collected. After three rounds of the infection and drug treatment regimen, blood was 

collected via cardiac puncture and pooled. The blood was left to clot at room temperature 

for at least 4 hours. The clot was removed and the remaining sample was centrifuged at 

8,928 × g for 5 mins. The serum was aliquoted at volumes of 200µl, and stored at -80oC. 

This procedure was carried out separately to produce positive control sera for each 

Plasmodium spp. 

 

Sera from naive mice were required as a negative control for antibody ELISAs. Blood 

was collected via cardiac puncture and pooled. The blood was left to clot at room 

temperature for at least 4 hours. The clot was removed and the remaining sample was 

centrifuged at 8,928 × g for 5 mins. The serum was aliquoted at volumes of 200µl, and 

stored at -80oC. 

 

2.2.9 Production of crude parasite antigens for ELISA 

BALB/c mice were infected with 106 pRBCs by i.v. injection. Blood was collected from 

infected mice by cardiac puncture into lithium-heparin blood collection tubes when 

parasitaemia was >40%. The infected blood was washed twice with PBS at 624 × g for 

10 mins and the PCV was estimated. The pRBCs were lysed with 0.01% saponin/PBS 
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(1mL saponin (Sigma-Aldrich)/ 0.2mL PCV) and incubated at 37°C for 20 mins with 

mixing every 5 mins. The pellet was washed twice with PBS by centrifugation at 771 × 

g for 10 mins and resuspended in 1.5mL PBS. The resuspended pRBCs were sonicated 

using VibraCellTM (Sonics®) for 1 min at 90% output on ice. This was repeated 5 times. 

The cells were centrifuged at 7,378 × g for 10 mins and the supernatant (lysate) was kept. 

The lysate was dialysed using a 3,500 MW dialysis cassette (Thermo Scientific) overnight 

against PBS at 4°C.  

 

The protein concentration was determined using the PierceTM BCA protein assay kit 

(Thermo Scientific) in accordance with the manufacturer’s instructions. The 

concentration of the test sample was calculated from a standard curve. A single batch of 

antigen was used for all experiments. 

 

2.2.10 Detection of antibodies against crude parasite antigen by ELISA 

Ten microlitres of blood was collected in 190µL of saline (Pfizer) from the tail of pre-

challenged and challenged mice at specific time points. The samples were centrifuged at 

8,928 × g for 5 mins. The supernatant was removed and stored at -80oC for antibody 

ELISAs. Ninety-six well immuno plates (MaxiSorp Nunc) were coated with 10µg/mL of 

crude antigen (Section 2.2.9) for 2 hours at room temperature. The plates were washed 

(PBS 0.05% Tween® 20 (Merck)) and then blocked (5% non-fat milk in PBS) overnight 

at 4˚C. Blocking buffer was removed from the plates. Serial dilutions of serum samples 

were made. Samples were dispensed at a volume of 50µL/ well and incubated for 2 hours 

at room temperature, and then washed 5 times (PBS 0.05% Tween® 20; Merck). The 

plates were incubated with goat anti-mouse IgG-HRP conjugated antibody (1:3000 in 

blocking buffer; BioRad), rat anti-mouse IgG1-HRP conjugated antibody (1:1000 in 

blocking buffer; BD Biosciences) or rat anti-mouse IgG2a-HRP conjugated antibody 

(1:1000 in blocking buffer; BD Biosciences) for 2 hours at room temperature and washed 

5 times (PBS 0.05% Tween® 20; Merck). The plates were then incubated with 

tetramethylbenzidine substrate (BD Biosciences) for 15 mins in the dark. The reaction 

was stopped using 1M sulphuric acid and the plates were read using a Victor 3TM (Perkin 

Elmer) plate reader at 450nm. Parasite-specific titers for sera from vaccinated mice were 

calculated as three standard deviations above the sera from control mice that received 

CM-treated nRBCs. 
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2.2.11 Transfer of sera 

Donor BALB/c mice were injected with three doses of 1 x 106 CM-attenuated Py17X 

pRBCs (Section 2.2.3) or 1 x 106 CM-treated nRBCs (Section 2.2.4). Approximately 3 

weeks following their final injection, blood was collected from mice via submandibular 

bleeds into 0.8mL serum separator tubes (Greiner Bio-One) every week for 4 weeks. 

Tubes were inverted 10 times and the blood was left to clot at room temperature for at 

least 1 hour. They were then centrifuged at 3,000 × g for 10 mins. The sera for each group 

were pooled separately and stored at -20oC. Just prior to transfer, parasite-specific IgG 

was measured in the pooled sera from the vaccinated group (Section 2.2.10). Five hundred 

microlitres of sera was transferred to naive recipient BALB/c mice by i.p. injection on 

Day -1, 0 and 1 relative to challenge infection with 1 x 105 Py17X pRBCs (Section 2.2.5). 

Donor mice were also challenged with 1 x 105 Py17X pRBCs (Section 2.2.5) 

 

2.2.12 Assessment of T cell activation 

Fifty microlitres of blood was collected from vaccinated and control mice on Day 7 post 

each injection. Blood was collected into 1mL of 5mM EDTA (Gibco) in PBS. Samples 

were centrifuged at 400 × g for 5 mins and the supernatants were removed. One millilitre 

of ACK lysis buffer (Section 2.1.4.6) was added per sample and incubated for 5 mins at 

room temperature. Samples were centrifuged at 400 × g for 5 mins and supernatants were 

removed. Samples were resuspended in 100µL of MACs buffer (Section 2.1.4.7) and 

transferred into a V-bottom 96 well plate (Sarstedt). The samples were centrifuged and 

resuspended in 60µL Fc receptor block (from cell line 2.4G2, ATTC) and incubated for 

10 mins on ice. The samples were centrifuged and 50µL of an antibody mastermix 

containing CD4 (RM4-5, V500, BD HorizonTM), CD8 (53.6.7, PerCP-Cy5.5, BD 

PharmingenTM), CD11a (2D7, FITC, BD PharmingenTM) and CD49d (R1-2, PE, BD 

PharmingenTM) in MACS buffer was added per well. Cells were incubated on ice for 20 

mins and washed 3 times in MACS buffer by centrifugation at 400 × g for 5 mins. Cells 

were resuspended in 300µL of MACS buffer and transferred to FACs tubes. Samples 

were analysed using the LSR Fortessa flow cytometer (BD Biosciences), FACSDiva 

software version 6 (BD Biosciences) and FlowJo software version 7.6.5. 

 



Chapter 2. Materials & Methods 

 

43 

 

2.2.13 Depletion of CD4+ and CD8+ T cells 

Following a regimen of three vaccine doses mice were depleted of CD4+ T cells, CD8+ T 

cells or a combination of CD4+ and CD8+ T cells. CD4+ T cells were depleted using 

250µL i.p. injections of anti-CD4 antibodies from clone GK1.5 (Bio-x-cell) at 1mg/mL 

from Day -3 to Day 0 relative to challenge on Day 0. CD8+ T cells were depleted using 

500µL i.p. injections of anti-CD8 antibodies from clone 53.5.8 (Bio-x-cell) at 1mg/mL 

from Day -3 to Day 0 relative to challenge on Day 0. CD4+ and CD8+ T cells were 

depleted using a combination of i.p. injections with 250µL at 1mg/mL of anti-CD4 and 

500µL at 1mg/mL of anti-CD8 antibodies as above. T cell depletions were maintained by 

continued injections of the relevant antibodies on Day 7, 15 and 22 relative to challenge 

on Day 0. A control group of vaccinated mice received 500µL i.p. injections of non-

specific Rat Ig antibodies (1mg/mL; Sigma-Aldrich) at each time point.  

 

The level of T cell depletion was assessed in the spleens of vaccinated, unchallenged mice 

on Day 1, 9 and 28 relative to challenge on Day 0. Mice were euthanised with CO2 gas 

and the spleens were removed and placed into complete medium (Section 2.1.4.2). 

Spleens were broken down manually and then lysed with Gey’s lysis buffer (Section 

2.1.4.5). The spleen cells were washed with complete medium at 277 × g for 5 mins, and 

were dispensed at 1 x 106 cells per well into V-bottom 96 well plates (Sarstedt). One 

hundred microlitres of yellow live/ dead stain (Life technologies; diluted 1 in 100 in PBS) 

was added per well and incubated for 30 mins on ice. Cells were washed in 100µL of PBS 

at 177 × g for 5 mins. Sixty microlitres of Fc receptor block (from cell line 2.4G2, ATTC) 

was added per well and incubated on ice for 10 mins. Cells were washed in 100µL of PBS 

at 177 × g for 5 mins. Spleen cells were labelled with fluorescent antibodies specific for 

cell surface markers of CD4 (RM4-5, APC, BD PharmingenTM) and CD8 (53.6.7, PerCP-

Cy5.5, BD PharmingenTM) and incubated for 20 mins on ice. Cells were washed 3 times 

in PBS and resuspended in 200µL of MACS buffer (Section 2.1.4.7). Samples were 

analysed using an LSR Fortessa flow cytometer (BD Biosciences), FACSDiva software 

version 6 (BD Biosciences) and FlowJo software version 7.6.5. 

 

2.2.14 Identification of vaccine-induced CD4+ T follicular helper cells 

Mice were euthanised with CO2 gas and the spleens removed into complete medium 

(Section 2.1.4.2). Spleens were broken down manually and then lysed with Gey’s lysis 
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buffer (Section 2.1.4.5). The spleen cells were washed with MACS buffer (Section 

2.1.4.7) at 277 × g for 5 mins, and were dispensed at 3 x 106 cells per well in MACS 

buffer (100 µL per well) into V-bottom 96 well plates (Sarstedt). Cells were incubated in 

100µL of Fc receptor block (from cell line 2.4G2, ATTC) for 10 mins on ice and 

centrifuged at 177 × g for 3 mins. Supernatants were removed and cells were resuspended 

by gentle vortexing. Fifty microlitres of an antibody mastermix containing CD4 (GK1.5, 

FITC, BD PharmingenTM), CD3 (17A2, V450, BD HorizonTM), CXCR5-Biotinyated 

(2G8, Biotin, BD PharmingenTM) (diluted in MACS buffer) was added per well.  Cells 

were incubated on ice for 20 mins and washed twice in MACS buffer by centrifugation 

at 177 × g for 3 mins. Fifty microlitres of Streptavidin-APC (BD PharmingenTM) was 

added to each well and incubated for 15 mins on ice and washed at 177 × g for 3 mins. 

One hundred microlitres of Fix/Perm buffer (eBioscience) was added per well and 

incubated for 30 mins on ice. Cells were washed twice with 200µL of Perm/Wash buffer 

(eBioscience) at 177 × g for 3 mins. Supernatant was removed and cell were resuspended 

by gentle vortexing. Fifty microlitres of Bcl6 antibody (K112-91, PE, BD PharmingenTM; 

diluted 1/50 in Perm/Wash buffer) was added per well and incubated on ice for an hour. 

Cells were washed in 200µL of Perm/Wash buffer (eBioscience) and resuspended in 

300µL of Perm/Wash buffer (eBioscience) before being transferred to FACs tubes. 

Samples were analysed of the LSR Fortessa flow cytometer (BD Biosciences), 

FACSDiva software version 6 (BD Biosciences) and FlowJo software version 7.6.5. 

 

2.2.15 Splenocyte proliferation and cytokine assays 

Mice were euthanised with CO2 gas and the spleens removed into complete medium 

(Section 2.1.4.2). Spleens were broken down manually and then lysed with Gey’s lysis 

buffer (Section 2.1.4.5). The spleen cells were washed with complete RPMI medium at 

277 × g for 5 mins, and were dispensed at 4 x 106 cells per mL in complete medium 

(100µL per well) into U-bottom 96 well plates (BD Falcon). Spleen cells were cultured 

for 72 hours at 37°C and 5% CO2 in the presence of complete medium alone (negative 

control), RBCs from a naive mouse (nRBCs; negative control), 1µg/mL of the T cell 

specific mitogen Concanavalin A (Con A; positive control) (Sigma-Aldrich) or pRBCs. 
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2.2.15.1 Cytokine profiling using a cytokine bead array (CBA) assay  

To assess the cytokines secreted by cultured spleen cells, supernatants were removed, 

aliquoted and stored at -80°C just prior to the addition of [3H] thymidine. A 

Th1/Th2/Th17 CBA kit (BD Biosciences) was used. The kit standard was reconstituted 

with 200µL of assay diluent. One hundred and eighty microlitres of assay diluent was 

added to a 20µL aliquot of reconstituted standard. Serial dilutions of the standard were 

made. Twenty microlitres of a master mix containing 2µL of each vortexed capture bead 

per sample and equal volume of PE detection reagent was added per well to a V-bottom 

96 well plate (Sarstedt). Ten microlitres of standards and sample were added to the 

appropriate wells and incubated for 2 hours at room temperature. Wells were washed with 

150µL wash buffer and centrifuged at 177 × g for 3 mins. Supernatants were removed 

and samples were resuspended in 200µL wash buffer. Samples were analysed using an 

LSR Fortessa flow cytometer (BD Biosciences), FACS Diva software version 6 (BD 

Biosciences) and FCAP Array software version 1.0.1. 

 

2.2.15.2 [3H] thymidine spleen cell proliferation assay 

[3H] thymidine (radioisotope-labelled nucleoside; Perkin Elmer) was used as a method 

for assessing spleen cell responses through its incorporation into the DNA of dividing 

cells. Cultured spleen cells were pulse-labelled with 1 µCi [3H] thymidine/ well for the 

last 18 hours of a 72 hour incubation at 37°C and 5% CO2. The cells were stored at -80°C. 

The cells were thawed at 37°C for at least 30 mins, and then harvested onto a glass fibre 

filter mat (Perkin Elmer) using a cell harvester (Perkin Elmer). The filter mats were dried 

overnight. Incorporation of the radiolabel was estimated by β-emission spectroscopy 

(MicroBeta2, Perkin Elmer). 

 

2.2.16 Challenge with sporozoites by mosquito bite 

Mice were anaesthetised using ketamine-xylazine. Each mouse was laid over a cage 

containing 10 Py17X infected mosquitoes for 30 mins. Livers from mice were removed 

40-42 hours following challenge by mosquito bite. All work was conducted in PC2 QAP 

facilities and under quarantine guidelines. 
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2.2.17 Challenge with freshly dissected sporozoites by intravenous injection 

Sporozoites were dissected from the salivary glands of infected mosquitoes between 14 -

21 days post infection. Mosquitoes were contained in a vessel and anaesthetised by 

submersion in ice for 10 mins. The salivary glands were removed and placed in PBS 

containing 1% naive mouse serum. The glands were manually broken down and 

centrifuged at 300 × g for 3 mins. The supernatant was removed and placed in a new tube. 

A small volume (10-200L) of PBS (supplemented with 1% heat-inactivated naive mouse 

serum) was added to the tube and centrifuged at 300 × g for 3 mins. The number of 

sporozoites was determined using a counting chamber. Sporozoites were diluted in PBS 

containing 1% heat inactivated naive mouse serum. Mice were injected intravenously 

with 2,000 sporozoites in a volume of 200µL. All work was conducted in PC2 QAP 

facilities and under quarantine guidelines. 

 

2.2.18 Challenge with cryopreserved sporozoites by intravenous injection 

Py17X sporozoites (Sanaria Inc.) were thawed in a 30°C waterbath for 30 secs. The vial 

was centrifuged briefly. Sporozoites were diluted in PBS containing 5% naive mouse 

serum. Mice were injected intravenously with 4000 sporozoites in a volume of 200µL. 

Infection in mice was either followed through to blood-stage infection or livers were 

removed from mice 40 to 42 hours following injection. Mice that were followed through 

to blood-stage infection were monitored as described in Section 2.2.5. All work was 

conducted in PC2 QAP facilities and under quarantine guidelines. 

 

2.2.19 Quantification of liver-stage Py17X parasites by Real-Time PCR 

2.2.19.1 Method 1 

This method was used following the sporozoite challenge described in Section 2.2.16 and 

2.2.17. Livers were removed from mice 40-42 hours following sporozoite challenge. 

Livers were homogenised in 4mL of denaturing solution (Section 2.1.4.11). Sixty 

microlitres of 2M sodium acetate (Section 2.1.4.12) was added to 600µL aliquots of 

homogenised liver and vortexed until thoroughly mixed. Seven hundred and fifty 

microlitres of acid phenol-chloroform (Ambion) was then added to each sample and 

vortexed. Samples were placed on ice for 15 mins and then centrifuged at 15,000 × g for 

20 mins at 4°C. The upper aqueous phase was collected and 400µL isopropanol (Merck) 

was added to precipitate RNA. The sample was vortexed and left at -20°C for at least 1 
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hour or overnight. Samples were centrifuged at 15,000 × g for 20 mins at 4°C. Each pellet 

was washed twice in 1mL of cold 70% ethanol by centrifugation at 15,000 × g for 5 mins 

at 4°C. The ethanol was removed and the pellets re-centrifuged at 5,000 × g for 30 secs 

at 4°C, to remove excess ethanol. The pellet was dried by leaving the tubes upside down 

on paper towel for 10 mins, and then resuspended in 200µL UltraPureTM water (Gibco) 

and mixed by vortexing. The RNA concentration was measured using the 

NanodropTM2000c Spectrophotometer (Thermo Scientific). RNA was diluted to a 

concentration of 50ng/µL in a volume of 100µL. cDNA synthesis was carried out using 

a iScriptTM cDNA synthesis kit (Biorad) in accordance with the manufacturer’s 

instructions. Samples were centrifuged briefly and stored at -20°C following synthesis. 

 

All cDNA and PCR reagents were thawed on ice, vortexed briefly and centrifuged before 

use. A master mix containing 8.8µL UltraPureTM water, 10µL of Power SYBR® Green 

PCR Master Mix (Applied Biosystems), 0.1µL of 100pmol/µL forward primer NYU-Py3 

(5’-GGGGATTGGTTTTGACGTTTTTGCG-3’; Sigma-Alrich) and reverse primer 

NYU-Py5 (5’-AAGCATTAAATAAAGCGAATACATCCTTAT-3’; Sigma-Aldrich) 

per sample was prepared and dispensed at 19µL per well into a MicroAmp® optical 96-

well reaction plate (Applied Biosystems). One microlitre of template (negative controls, 

unknown samples, positive control or standard curve) was added to corresponding wells. 

The plate was covered with MicroAmp® optical adhesive film (Applied Biosystems) and 

spun at 500 × g for 30 secs. The PCR was run using a thermal profile of 50°C for 2 mins, 

95°C for 10 mins, followed by 40 cycles of 95°C for 15 secs, 60°C for 1 min and then 

terminated by 95°C for 15 secs, 60°C for 1 min, 95°C for 15 secs and 60°C for 15 secs on 

the Applied Biosystems® 7500 Real-Time PCR System. 

 

A PCR for the housekeeping gene GAPDH was run to control for sample to sample 

variation, where required. For 20µL reactions, a master mix containing 8.8µL 

UltraPureTM water, 10µL of Power SYBR® Green PCR Master Mix (Applied 

Biosystems), 0.1µL of 100pmol/µL forward primer (5’-GTTGTCTCCTGCGACTTCA; 

Sigma-Aldrich) and 0.1µL of 100pmol/µL reverse primer (5’-

GGTGGTCCAGGGTTTCTTA; Sigma-Aldrich) was prepared per sample and dispensed 

at 19µL per well into a MicroAmp® optical 96-well reaction plate (Applied Biosystems). 

One microlitre of template (negative controls, unknown samples, positive control or 
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standard curve) was added to corresponding wells. The plate was covered with 

MicroAmp® optical adhesive film (Applied Biosystems) and spun at 500 × g for 30 secs. 

The PCR was run using the same thermal profile as above on the Applied Biosystems® 

7500 Real-Time PCR System. 

 

2.2.19.2 Method 2 

This method was used following the sporozoite challenge described in Section 2.2.18. 

Livers were removed from mice 40-42 hours following injection of sporozoites. Each 

liver was placed into 5mL of RLT lysis buffer (Qiagen), containing 50µL of 2-

mercaptoethanol (Gibco) (added at time of use). Each liver was homogenised using a 

TissueRuptor® homogeniser and probes (Qiagen). RNA from homogenised liver aliquots 

was extracted using an RNeasy mini kit (Qiagen) in accordance with the manufacturer’s 

instructions. The concentration and purity of RNA was measured using a 

NanodropTM2000c Spectrophotometer (Thermo Scientific). RNA was stored at -80oC. 

cDNA synthesis was carried out using a SuperScript® VILOTM cDNA Synthesis Kit 

(Invitrogen) in accordance with the manufacturer’s instructions. Samples were 

centrifuged briefly and store at -20°C following synthesis. 

 

 

All cDNA and PCR reagents were thawed on ice, vortexed briefly and centrifuged before 

use. cDNA was diluted to 50µL in DEPC water (Section 2.1.4.8). A master mix 

containing 7.5µL of TaqMan® Fast Advanced Master mix (Applied Biosystems), 

2.125µL DEPC water, 1.5µL of 10µM forward primer (Py685F 5’-

CTTGGCTCCGCCTCGATAT; Sigma-Aldrich), 1.5µL of 10µM reverse primer 

(Py782R 5’-TCAAAGTAACGAGAGCCCAATG; Sigma-Aldrich) and 0.375µL 10µM 

Py18S probe (6FAM-CTGGCCCTTTGAGAGCCCACTGATT-BHQ-1; Sigma-

Aldrich) per sample was prepared and dispensed at 13µL per tube (BioRad). Two 

microlitres of template (negative controls, unknown samples, positive control or standard 

curve) was added to corresponding tubes (BioRad). Tubes were sealed with optical flat 

cap strips (BioRad) and spun for approximately 2 secs using a picofuge. The PCR was 

run using a thermal profile of 50°C for 2 mins, 95°C for 2 mins followed by 50 cycles of 

95°C for 5 secs and 60°C for 30 secs on the FAM channel using the BioRad (CFX96) 

Real-Time PCR machine. 
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A PCR for the housekeeping gene GAPDH was run to control for sample to sample 

variation, where required. For 15µL reactions, a master mix of 1.5µL 10x PCR buffer (no 

MgCl2, Invitrogen Platinum® Taq), 1.5µL 50mM MgCl2 (Invitrogen Platinum® Taq), 

0.15µL 20mM dNTPs (Promega), 0.15µL GAPDH kit (Applied Biosystems), 0.075µL 

Platinum® Taq (Invitrogen) and 9.625µL DEPC water was prepared per sample and 

dispensed at 13µL per tube (BioRad). Two microlitres of template (negative controls, 

unknown samples, positive control or standard curve) was added to corresponding tubes. 

Tubes were sealed with optical flat cap strips (BioRad) and spun for approximately 2 secs 

using a picofuge. The PCR was run using a thermal profile of, 95°C for 2 mins followed 

by 45 cycles of 95°C for 5 secs and 60°C for 30 secs on the FAM channel using the 

BioRad (CFX96) Real-Time PCR machine. 

 

2.2.20 Statistical analysis 

All statistical analysis were conducted using GraphPad Prism software version 6. An un-

paired, two-tailed t-test was used when comparing two experimental groups. For 

experiments comparing more than two groups, a one-way ANOVA was used followed by 

Tukey’s multiple comparison tests. Statistical correlations were conducted using linear-

regression and Pearson correlation. 
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Chemically attenuated Plasmodium yoelii 17X parasitised red 

blood cells as a malaria vaccine 

 

3.1 Abstract 

Chemical treatment has been used to develop attenuated whole organism vaccines against 

pathogens, such as viruses. Here, we have demonstrated that the rodent blood-stage 

Plasmodium parasite, Plasmodium yoelii 17X (Py17X), can be chemically attenuated 

with DNA-binding drugs. Mice vaccinated with chemically attenuated blood-stage 

Py17X parasites demonstrated significantly better outcomes following homologous 

blood-stage challenge compared with unvaccinated mice. The results showed that a 

vaccination regimen comprising three vaccine doses was required to induce robust 

protection against homologous parasite challenge, with protection sustained for at least 

nine months following vaccination. We also showed that vaccination with chemically 

attenuated blood-stage Py17X parasites induced potent protection against heterologous 

blood-stage challenge with the virulent Plasmodium yoelii YM strain. Vaccination 

provided limited heterologous protection against Plasmodium chabaudi and Plasmodium 

vinckei blood-stage parasites, though no protection was demonstrated against challenge 

with the more virulent species, Plasmodium berghei.  
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3.2 Introduction 

Vaccines have been used successfully for the prevention and control of many infectious 

diseases, and notably the successful eradication of smallpox. Almost all successful 

vaccines have targeted bacteria and viruses, and there are currently no licensed vaccines 

against diseases, such as leishmaniasis, chagas disease and malaria, that are caused by 

protozoan pathogens.  

 

Malaria vaccines are being designed to target each of the parasites’ life cycle stages. 

Novel approaches include the use of recombinant-subunit vaccines, DNA vaccines and 

attenuated whole parasite vaccines. Many of the recombinant-subunit blood-stage vaccine 

candidates have aimed to induce immune responses against polymorphic blood-stage 

antigens. The ability of parasites to switch immunogenic components has limited the 

efficacy of many blood-stage malaria vaccine candidates in clinical trials (Genton et al., 

2002; Ogutu et al., 2009; Sagara et al., 2009). An alternative approach is the development 

of a blood-stage malaria vaccine that contains more conserved antigens. This could be 

achieved by combining multiple blood-stage subunit vaccines candidates, or by using 

whole blood-stage parasites. 

 

The whole parasite approach maximises the number of blood-stage parasite antigens that 

are presented to the immune system, along with the likelihood of including conserved 

parasite antigens. This vaccine approach may be developed using killed or attenuated 

parasites. Attenuation methods that have been explored include γ-irradiation, genetic 

manipulation and chemical attenuation. Chemical treatment has been widely used in the 

production of attenuated viral vaccines e.g. the use of formalin to produce an inactivated 

polio virus vaccine in the 1950s (Salk et al., 1954). The use of chemicals to attenuate 

Plasmodium spp. has been proposed as a method to develop a malaria vaccine (Purcell et 

al., 2008a; Purcell et al., 2008b; Good et al., 2013). Chemical attenuation of blood-stage 

parasites using DNA-binding drugs has been shown to be an effective method for 

vaccinating mice (Good et al., 2013). Mice vaccinated with chemically attenuated ring 

stage P. chabaudi parasites showed profound protection against homologous and 

heterologous blood-stage parasite challenge (Good et al., 2013). Chemical attenuation of 

parasites offers a method to develop a whole parasite, blood-stage vaccine against 

malaria. 
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3.3 Results 

Investigations into the use of chemicals to attenuate blood-stage P. yoelii 17X (Py17X) 

parasites were conducted, with the aim to develop an attenuated blood-stage Py17X 

vaccine. Protection against homologous and heterologous challenge was assessed using 

a range of clinical parameters.  

 

3.3.1 Chemical treatment using DNA-binding drugs  

       
                    Centanamycin                                                        Tafuramycin-A 
 

Figure 3.1. Chemical structures of attenuating agents (A) Centanamycin and (B) 

Tafuramycin-A.  

 

Originally developed as anti-cancer agents, centanamycin (Fig 3.1A) and tafuramycin-A 

(Fig 3.1B) belong to a family of chemical agents that covalently bind to poly-A regions 

of DNA (Sato et al., 2005). Simple sequence repeats of adenine are abundant in the A-T 

rich genome of Plasmodium spp. (Su and Wellems, 1996). This led to investigations into 

the potential anti-malarial activity of centanamycin in mice (Yanow et al., 2008). Mice 

received injections of 15mg/kg, 5mg/kg or 1.5mg/kg of centanamycin on Day 4 post 

infection with blood-stage P. chabaudi. Although these studies showed promising results, 

the known genotoxicity of such compounds remained a major concern. However, the use 

of these chemicals at a much lower concentration of 2µM as an in vitro treatment for 

attenuation of Plasmodium spp. before injection has been proposed as a method to 

develop a whole parasite, blood-stage malaria vaccine candidate (Good et al., 2013). 

 

3.3.1.1 Assessment of parasite attenuation following chemical treatment of blood-stage 

Py17X 

The ability of centanamycin (CM) and tafuramycin-A (TF-A) to attenuate blood-stage 

Py17X was determined. Investigations were conducted in severe combined 
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immunodeficient (SCID) mice that lack functional B and T lymphocytes (reviewed in 

Bosma & Carroll, 1991). Therefore, the level of parasite attenuation (complete or partial) 

was determined in the absence of functional immune components, which may otherwise 

result in parasite clearance. Mice received a single dose of 1 x 106 untreated Py17X 

parasitised red blood cells (pRBCs) or chemically-treated (2µM CM or 2µM TF-A) 

Py17X pRBCs by intravenous injection (Section 2.2.3). Parasite growth and disease were 

monitored in mice over a period of 40 days using Real-Time qPCR (Section 2.2.6), 

microscopy and clinical scores (Section 2.2.5).  

 
Figure 3.2. Parasite growth in the blood of SCID mice following injection with chemically-

treated Py17X pRBCs. Detection of parasite growth by (A) Microscopy (3 mice per group) and 

(B) Real-Time qPCR (2 mice per group) in SCID mice following administration of 1 x 106 

untreated Py17X pRBCs or treated (2µM CM or 2µM TF-A) Py17X pRBCs. Negative values are 

represented as 100. Error bars show standard error of mean for each group. + indicates mice 

succumbed to infection.  

 

SCID mice that received chemically-treated Py17X parasites had no detectable parasite 

growth by microscopy; in contrast, exponential parasite growth was seen in mice that 

received untreated parasites (Fig 3.2A). Using Real-Time qPCR, parasite DNA was 
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detected in all groups (Fig 3.2B). The level of parasite DNA fluctuated in mice that 

received chemically-treated parasites, compared with the increasing levels recorded in 

mice that received untreated parasites. Parasite DNA levels varied between 0 - 64,200 

pRBCs/mL among mice that received CM-treated Py17X and between 0 - 11,600 

pRBCs/mL among mice that received TF-A-treated Py17X. There was no significant 

difference in the levels of detectable parasite DNA between these two treatment groups 

over time (p = 0.4395).  

 
Figure 3.3. Disease outcomes in SCID mice following injection with chemically-treated 

Py17X pRBCs. Evaluating disease severity according to (A) Clinical scores and (B) Survival in 

SCID mice following administration of 1 x 106 untreated Py17X pRBCs or treated (CM or TF-A) 

Py17X pRBCs. Each group contained 3 mice. Error bars show standard error of mean for each 

group. + indicates mice succumbed to infection.  

 

SCID mice that received untreated Py17X parasites reached clinical scores of 2 (Fig 

3.3A). Mice in this group showed pallor and observable weight loss, although no ruffling 

or hunching was observed. All mice in this group succumbed to infection (Fig 3.3B). The 
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clinical scores of SCID mice that received CM- or TF-A-treated Py17X remained at zero 

throughout the study period. No fatalities occurred in these groups.   

 

These data indicate that chemical treatment of blood-stage Py17X parasites with 2µM of 

CM or TF-A results in attenuation of parasite growth. There were fluctuating levels of 

detectable parasite DNA over the observation period among mice that received attenuated 

parasites. Whether these data indicate partial attenuation is unclear. Microscopy data 

suggest complete arrest of parasite growth, supported by the lack of morbidity observed 

in mice that received chemically-attenuated parasites, compared with mice that received 

untreated parasites. It is important to note that although SCID mice lack functional B and 

T cells, they do possess other functional immune cells (e.g. macrophages, natural killer 

cells) that may contribute to the lack of observable growth of attenuated parasites 

(reviewed in Bosma & Carroll, 1991). 

 

3.3.1.2 Assessing the anti-parasitic effect of residual chemical 

An experiment was undertaken to exclude the possibility that residual chemical (that may 

be present in the vaccine preparation) may have an anti-parasitic effect. Naive BALB/c 

mice and BALB/c mice that received a single dose of 1 x 106 CM-treated normal (i.e. 

uninfected) RBCs (nRBCs) (Section 2.2.4) were challenged with 1 x 105 Py17X pRBCs 

five weeks post injection (Section 2.2.5). 

 

Following challenge, peak parasitaemia was on Day 16 and was comparable between 

mice given CM-treated nRBCs (50.83 + 2.47%) and naive mice (48.70 + 2.84%; p = 

0.6290) (Fig 3.4A). Comparable clinical scores of 3.2 + 0.20 and 3.5 + 0.50 (p = 0.5133) 

and survival rates of 20% and 0% (p = 0.4071) were also recorded between naive mice 

and mice that received chemically treated nRBCs respectively (Fig 3.4B&C). These data 

confirm the absence of an anti-parasitic effect at the time of challenge or post-challenge, 

that may have been mediated by residual CM present in the treated nRBC preparation. 

Therefore, it is unlikely that residual chemical in the attenuated Py17X pRBC 

preparations would contribute to the observed protective effect. 



 

58 

 

 
Figure 3.4. Assessing the anti-parasitic effect of residual chemical on parasite burden, 

morbidity and mortality following challenge with blood-stage Py17X parasites. Evaluating 

disease severity by (A) Parasitaemia, (B) Clinical scores and (C) Survival of naive BALB/c mice 

(n=5) and BALB/c mice that received CM-treated nRBCs (n=4) prior to challenge with 1 x 105 

Py17X pRBCs. Error bars show the standard error of mean for each group. + indicates mice 

succumbed to infection.   
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3.3.2 Development of an effective vaccination regimen using chemically attenuated 

Py17X  

Data from Section 3.3.1.1 showed that blood-stage Py17X parasites can be attenuated 

through chemical treatment with 2µM of CM or TF-A. The use of these chemically 

attenuated blood-stage parasites as a vaccine was investigated, with the aim to develop a 

regimen protective against homologous parasite challenge. 

 

3.3.2.1 Assessing the safety of vaccination 

The safety of the vaccine was assessed prior to challenge. Weight and haemoglobin levels 

were recorded every four days during vaccination (up to Day 28) and just prior to 

challenge (on Day 56). Data from BALB/c mice receiving the maximum three vaccine 

doses of 1 x 106 CM-attenuated Py17X pRBCs at two week intervals were compared to 

control mice receiving saline at each time point. 

 

Over the course of injections and prior to challenge, both control and vaccinated mice 

were able to maintain their weights (106.0 + 1.52% and 106.1 + 1.68% respectively) and 

haemoglobin levels (107.0 + 0.96% and 102.5 + 0.78% respectively) relative to baseline 

(Fig 3.5A&B). There was no observable clinical disease among vaccinated mice 

compared to control mice (Fig 3.5C). Therefore, vaccination of mice using chemically 

attenuated Py17X pRBCs was considered to be safe. 

 

3.3.2.2 Vaccination of mice using varying doses of chemically attenuated Py17X pRBCs  

This study was conducted to determine whether mice could be vaccinated with chemically 

attenuated Py17X pRBCs to provide protection against homologous parasite challenge, 

and whether the level of protection observed was dependent on the dose of pRBCs 

administered. BALB/c mice received a single dose of CM-attenuated Py17X parasites at 

a pRBC dose of 104, 105 or 106 (Section 2.2.3). Control mice received a single dose of 1 

x 106 CM-treated nRBCs (Section 2.2.4). Following vaccination, weekly blood smears 

were parasite negative by microscopy. All mice were challenged with 1 x 105 Py17X 

pRBCs at five weeks post injection (Section 2.2.5). 
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Figure 3.5. Assessing the safety of a chemically attenuated vaccine during vaccination and 

prior to challenge. Safety assessed during vaccination regimen by (A) Weight, (B) Haemoglobin 

and (C) Clinical scores in BALB/c mice that received saline or attenuated parasites. Each group 

contained 10 mice. Error bars show standard error of mean for each group. 
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Figure 3.6. Assessing parasite burden, morbidity and mortality following homologous 

challenge in mice vaccinated with different doses of chemically attenuated Py17X pRBCs. 

Evaluating disease severity according to (A) Parasitaemia, (B) Clinical scores and (C) Survival 

in BALB/c mice that received a single dose of 1 x 106 CM-treated nRBCs (control) or 104, 105 or 

106 CM-attenuated Py17X pRBCs prior to challenge with 1 x 105 Py17X pRBCs. Each group 

contained 4 mice. Error bars show the standard error of mean for each group. + indicates mice 

succumbed to infection.   
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Following challenge infection, mice that received a single dose of 105 (8.60 + 1.67%; p 

= 0.0013) or 106 (6.92 + 1.73%; p = 0.0002) attenuated Py17X pRBCs had significantly 

lower mean parasitaemia over the course of infection compared with control mice (20.23 

+ 3.08%) (Fig 3.6A). Mice that received a single dose of 104 attenuated Py17X pRBCs 

also had a lower mean parasitaemia (12.12 + 2.14; p = 0.0518) compared with control 

mice. All surviving mice that received attenuated Py17X parasites were able to control 

and completely clear parasites. Mice in these groups also showed reduced disease severity 

compared with control mice during infection (Fig 3.6B). Mice that received attenuated 

Py17X parasites at pRBCs doses of 104 (2 + 0; p = 0.0263), 105 (2 + 0; p = 0.0263) or 106 

(1 + 0.41; p = 0.0009) recorded significantly lower clinical scores compared with control 

mice (3.5 + 0.50). All control mice succumbed to infection, whereas 75% survival was 

recorded for mice that received 104 CM-attenuated Py17X pRBCs, and 100% of mice that 

received 105 or 106 attenuated Py17X pRBCs survived (Fig 3.6C). 

 

Data show that mice vaccinated with a single dose of chemically attenuated Py17X 

pRBCs conferred significantly better outcomes following homologous blood-stage 

challenge, in terms of lower mean parasitaemias, lower clinical scores and higher survival 

rates compared with control mice. From this experiment, a pRBC dose of 106 attenuated 

Py17X parasites was selected as the optimal parasite dose for use in subsequent vaccine 

experiments. 

 

3.3.2.3 Evaluating the effect of purified asexual blood-stage Py17X parasites on vaccine-

induced protection 

P. yoelii exists asynchronously during the blood-stage of its life cycle (Bagnaresi et al. 

2009). During the course of blood-stage infection with Py17X, approximately 34% of 

parasites are rings, 65% are trophozoites and 1% are schizonts (Fig 3.7). The low 

percentage of schizonts present in the peripheral blood of mice infected with Py17X is 

likely to be due to sequestration of this parasite form (Coquelin et al., 1999). 
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Figure 3.7. The percentage of asexual blood-stage Py17X parasites during infection. 

Percentage of ring, trophozoite and schizont stage parasites present in BALB/c mice during the 

course of blood-stage infection with Py17X parasites. 

 

As whole blood from infected mice was used to produce the Py17X vaccine, all blood-

stage forms of the parasite (rings, trophozoites and schizonts) were present in the vaccine. 

An experiment was conducted to determine whether different asexual stages of Py17X 

parasites induced different levels of protection against parasite challenge. Following 

chemical attenuation (Section 2.2.3), an OptiPrep® density gradient was used to isolate 

different asexual stages of Py17X parasites (Section 2.2.7). The resulting purified 

fractions contained either 87.5% rings or 81.4% late stage parasites (trophozoites and 

schizonts) of the total parasite population (Fig 3.8A&B). BALB/c mice were vaccinated 

with a single dose of 1 x 106 CM-attenuated Py17X mixed stage pRBCs (vaccine used in 

Section 3.3.2.2), predominantly ring stage pRBCs (87.5%) or predominantly late stage 

pRBCs (81.4%). The control group received a single dose of 1 x106 CM-treated nRBCs 

(Section 2.2.4). Mice were challenged four weeks post injection (Section 2.2.5).  

 

Following challenge, the mean parasitaemia over the course of the infection was 

significantly lower among mice vaccinated with attenuated mixed stage (5.34 + 0.86; p = 

0.001), ring stage (3.93 + 0.53%; p <0.0001) and late stage parasites (2.94 + 0.44%; p 

<0.0001) compared with control mice (9.03 + 0.90%), but were comparable between 

vaccinated groups (p >0.0509) (Fig 3.9A). There was a significantly higher survival rate 

of 90% for mice vaccinated with mixed stage pRBCs (p = 0.0300) and 100% for mice 

vaccinated with purified parasites (p = 0.0045) compared with 50% survival of control 

mice (Fig 3.9B). There was no significant difference in survival between vaccinated 

groups (p >0.8853). 
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Figure 3.8. Purified fractions of asexual blood-stage Py17X parasites. OptiPrep® density 

gradient was used to isolate (A) rings and (B) late stage (trophozoites and schizonts) blood-stage 

Py17X parasites. 

A 

B 
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Figure 3.9. Assessing parasite burden and mortality following homologous challenge in mice 

vaccinated with different asexual blood-stage Py17X parasites. (A) Parasitaemia and (B) 

Survival in BALB/c mice that received a single dose of 1 x 106 CM-treated nRBCs (control) or 

CM-attenuated Py17X mixed stage pRBCs, ring stage pRBCs or late stage pRBCs prior to 

challenge with 1 x 105 Py17X pRBCs. Each group contained 10 mice. Error bars show standard 

error of mean for each group. + indicates mice succumbed to infection.  

 

Additional parameters including weight, haemoglobin and clinical scores were used to 

assess disease severity following challenge. Mice in all groups were able to maintain their 

weight over the course of infection (Fig 3.10A). However, a reduction in haemoglobin 

values was observed in all groups, with the greatest reduction from baseline recorded on 

Day 12 for all groups (Fig 3.10B). There was significant reduction from baseline 

haemoglobin levels recorded for control mice (74.05 + 1.46 %) compared with mice that 

received attenuated mixed stage parasites (61.54 + 5.65%; p = 0.0400), whereas the fall 

in haemoglobin among mice vaccinated with purified parasites was similar to that in 
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control mice (p >0.1467). However, on Day 16 (the timepoint immediately following 

peak reduction) significantly higher haemoglobin readings were recorded for all 

vaccinated groups compared with control mice (p <0.0165), demonstrating a quicker 

recovery in vaccinated mice. All surviving mice in the vaccinated groups were able to 

recover their Day 0 haemoglobin readings to >92% by the end of the 30 day observation 

period, compared with <88% for control mice. The highest clinical scores were recorded 

on Day 12 for all groups (Fig 3.10C). Control mice had significantly higher clinical scores 

(2.9 + 0.10) than mice vaccinated with ring stage pRBCs (2 + 0.13; p = 0.0037) or late 

stage pRBCs (2.2 + 0; p = 0.0319). Mice vaccinated with mixed stage parasites (2.3 + 

0.3) had comparable clinical scores to mice vaccinated with ring stage pRBCs (p = 

0.6084) or late stage pRBCs (p = 0.9760). 

 

Overall, mice in vaccinated groups exhibited better protection (reduced mean 

parasitaemia, increased survival, reduced anaemia and reduced disease severity) than 

control mice following homologous challenge. For all measured outcomes, protection 

against challenge was comparable across the different vaccinated groups. These data 

suggest that parasite stage did not impact the protection induced by a single vaccine dose. 

Therefore, to avoid unnecessary manipulation of parasites, mixed stage parasites were 

used in subsequent vaccine experiments. 

 

3.3.2.4 Evaluating the effect of different vaccine doses on vaccine-induced protection 

As described in Section 3.3.2.2, a single vaccine dose of 106 attenuated Py17X pRBCs 

resulted in the best protection against disease outcomes following homologous challenge. 

To determine whether increasing the number of vaccinations would improve protective 

outcomes, BALB/c mice were vaccinated with 1 x 106 CM-attenuated Py17X pRBCs 

once, twice (at two week intervals) or three times (at two week intervals) (Section 2.2.3). 

The control group received CM-treated nRBCs at each time point (Section 2.2.4). All 

mice were challenged with 1 x 105 Py17X pRBCs four weeks after their final injection 

(Section 2.2.5). 
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Figure 3.10. Assessing morbidity following homologous challenge in mice vaccinated with 

different asexual blood-stage Py17X parasites. Evaluating disease severity according to (A) 

Weight, (B) Haemoglobin and (C) Clinical scores in BALB/c that received a single dose of 1 x 

106 CM-treated nRBCs (control) or CM-attenuated Py17X mixed stage pRBCs, ring stage pRBCs 

or late stage pRBCs prior to challenge with 1 x 105 Py17X pRBCs. Each group contained 10 mice. 

Error bars show standard error of mean for each group. + indicates mice succumbed to infection. 
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Figure 3.11. Assessing parasite burden and mortality following homologous challenge in 

mice that received 1, 2 or 3 vaccine doses. (A) Parasitaemia and (B) Survival in BALB/c mice 

that received 3 injections of CM-treated nRBCs (control) or 1, 2 or 3 vaccine doses of 1 x 106 

CM-attenuated Py17X pRBCs prior to challenge with 1 x 105 Py17X pRBCs. The group which 

received 3 vaccine doses contained 9 mice. All other groups contained 10 mice. Error bars show 

standard error of mean for each group. + indicates mice succumbed to infection.  

 

Following challenge, peak parasitaemia for mice that received one vaccine dose (25.20 + 

6.38%) and control mice (33.71 + 3.12%) was reached on Day 18 (in the surviving mice) 

and were comparable between the groups (p = 0.2215) (Fig 3.11A). Peak parasitaemia 

for mice that received two (12.44 + 0.66%) or three (4.11 + 0.40%) vaccine doses were 

reached on Day 8 and 4 respectively, and were significantly lower compared with control 

mice (p <0.0001). The peak parasitaemia among mice that received two or three vaccine 

doses were similar (p = 0.1133). Mice vaccinated two or three times also cleared parasites 

faster (by Day 16 and Day 18 respectively) compared with mice in the control group (by 

Day 30 post challenge) and in mice that received one vaccination (by Day 28 post 
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challenge). Vaccination resulted in an overall survival rate of 80% across the three 

vaccinated groups, compared to 20% survival of control mice (Fig 3.11B). A significantly 

lower survival of 40% was recorded for mice vaccinated once compared with 100% 

survival of mice vaccinated twice (p = 0.0019) or three times (p = 0.0025).  

 

Following challenge, reduced disease severity was observed in mice from all vaccinated 

groups compared with the control group. Control mice showed the greatest reduction in 

their weights (20.80 + 4.29%), haemoglobin levels (84.20 + 1.07%) and the highest 

clinical scores of 3.6 + 0.31 during the study period. The weight and haemoglobin levels 

of control mice did not recover to their pre-challenge values by the end of the 28 day 

observation period (Fig 3.12A-C).  

 

Among vaccinated mice, mice that received one vaccine dose had a significant weight 

loss of 16.82% + 1.60 on Day 12 post challenge, compared with mice vaccinated with 

two or three vaccine doses (p <0.0001); the latter groups maintained their weights 

throughout the study period (Fig 3.12A). The greatest reduction of haemoglobin values 

from Day 0 and highest clinical scores were recorded on Day 8 for mice that received two 

or three vaccine doses and on Day 12 for mice that received one vaccine dose (Fig 

3.12B&C). Mice vaccinated once (76.10% + 1.33; p <0.0001) or twice (59.32% + 1.34; 

p <0.0003) had a significant reduction in their baseline haemoglobin values compared 

with mice vaccinated three times (47.18% + 2.59). Only mice that received two or three 

vaccine doses showed recovery in their haemoglobin levels to >90% of their Day 0 

reading by the end of the observation period. Significantly reduced disease severity, as 

determined by clinical scores, was apparent in mice that received three vaccine doses (1.1 

+ 0.11) compared with mice that received one (2.9 + 0.13; p <0.0001) or two (2 + 0; p = 

0.0073) vaccine doses (Fig 3.12C).  

 

Overall, the data suggest that three vaccinations with 106 CM-attenuated Py17X pRBCs 

provided significantly better protection against homologous blood-stage challenge than 

one or two vaccinations, in terms disease severity. There was a decrease in disease 

severity as the number of vaccinations increased. 
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Figure 3.12. Assessing morbidity following homologous challenge in mice that received 1, 2 

or 3 vaccine doses. Evaluating disease severity according to (A) Weight, (B) Haemoglobin and 

(C) Clinical scores in BALB/c mice that received 3 injections of CM-treated nRBCs (control) or 

1, 2 or 3 vaccine doses of 1 x 106 CM-attenuated Py17X pRBCs prior to challenge with 1 x 105 

Py17X pRBCs. The group that received 3 vaccine doses contained 9 mice. All other groups 

contained 10 mice. Error bars show standard error of mean for each group. + indicates mice 

succumbed to infection.  
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3.3.2.5 The effect of vaccination timing on vaccine-induced protection 

In Section 3.3.2.4, it was demonstrated that three vaccinations with 106 CM-attenuated 

Py17X pRBCs provided the best protection following homologous parasite challenge 

according to the disease-specific outcomes evaluated (lowest reduction in haemoglobin 

levels and clinical scores). It was of interest to determine whether the superior protection 

was due to the increased number of vaccinations or whether the interval from vaccination 

to challenge was important. This was of interest as studies using the chemically attenuated 

P. chabaudi vaccine demonstrated that increased duration between a single vaccine dose 

and challenge improved vaccine-induced protection (Good et al., unpublished 

observations). To investigate this, BALB/c mice were vaccinated once with 1 x 106 CM-

attenuated Py17X pRBCs (Section 2.2.3) and rested for four weeks (group C, Fig 3.13), 

six weeks (group D, Fig 3.13) or eight weeks (group E, Fig 3.13) before challenge. A 

control group that received CM-treated nRBCs (group A, Fig 3.13) (Section 2.2.4) and a 

group that received three vaccine doses (group B, Fig 3.13) (Section 2.2.3) were also 

included and challenged four weeks after final injection. All groups were aged-matched 

and challenged with 1 x 105 Py17X pRBCs (Section 2.2.5). 

 

Figure 3.13. Vaccination timelines that show varying times to challenge. Regimen for mice 

that received (A) 1 x 106 CM-treated nRBCs, (B) 3 vaccine doses or 1 vaccine dose of 1 x 106 

CM-attenuated Py17X pRBCs and rested for (C) 4, (D) 6 and (E) 8 weeks prior to challenge with 

1 x 105 Py17X pRBCs. The group rested for 8 weeks before challenge contained 9 mice. All other 

groups contained 10 mice. 

 

Following challenge, the highest peak parasitaemia of 14.05 + 2.11% was recorded in 

control mice, and was comparable to peak parasitaemia among mice that received one 
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vaccine dose before challenge at four (11.09 + 1.48%; p = 0.5420), six (11.32 + 0.88%; 

p = 0.6174) or eight (13.66 + 1.39%; p = 0.9996) weeks post vaccination (Fig 3.14A). 

Mice that received three vaccine doses (2.38 + 0.20%) recorded significantly lower peak 

parasitaemia than control mice (p <0.0001), and mice vaccinated once and rested for four 

weeks (p = 0.0004), 6 weeks (p = 0.0003) or eight weeks (p <0.0001). All vaccinated 

groups had 100% survival compared with 80% survival of the control group (Fig 3.14B). 

 
Figure 3.14. Assessing parasite burden and mortality following homologous challenge at 4, 

6 and 8 weeks after final vaccination. (A) Parasitaemia and (B) Survival among BALB/c mice 

that received 1 x 106 CM-treated nRBCs (control), 1 vaccine dose and rested for varying periods 

of time (4, 6 or 8 weeks) or 3 vaccine doses of 1 x 106 CM-attenuated Py17X pRBCs prior to 

challenge with 1 x 105 Py17X pRBCs. The group rested for 8 weeks before challenge contained 

9 mice. All other groups contained 10 mice. Error bars show standard error of mean for each 

group. + indicates mice succumbed to infection. 
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Figure 3.15. Assessing morbidity following homologous challenge at 4, 6 and 8 weeks after 

final vaccination.  Evaluating disease severity according to (A) Weight, (B) Haemoglobin and 

(C) Clinical scores among BALB/c mice that received 1 x 106 CM-treated nRBCs (control), 1 

vaccine dose and left for varying periods of time (4, 6 or 8 weeks) or 3 vaccine doses of 1 x 106 

CM-attenuated Py17X pRBCs following challenge with 1 x 105 Py17X pRBCs. The group rested 

for 8 weeks before challenge contained 9 mice. All other groups contained 10 mice. Error bars 

show standard error of mean for each group. + indicates mice succumbed to infection. 
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Following challenge, mice in all groups maintained their weight throughout the study 

period (Fig 3.15A). There was no significant difference in the reduction from Day 0 the 

haemoglobin levels of control mice (67.61 + 1.92%) compared with mice vaccinated once 

and rested for six weeks (59.42 + 1.85%; p = 0.1567) or eight weeks (57.90 + 1.92%; p 

= 0.0719) before challenge (Fig 3.15B). However, control mice had a significant 

reduction in haemoglobin levels compared with mice vaccinated three times (32.07 + 

2.99%; p <0.0001) and mice vaccinated once and rested for four weeks before challenge 

(49.67 + 3.37%; p <0.0001). Mice vaccinated three times had a significantly smaller 

reduction in haemoglobin from Day 0 compared to mice vaccinated once and rested for 

four weeks (p = 0.007), six weeks (p <0.0001) or eight weeks (p <0.0001) before 

challenge. Clinical scores indicate significantly reduced disease severity among mice 

vaccinated three times (1 + 0.15) compared with control mice (2.3 + 0.24) (Fig 3.15C). 

Mice that received three vaccine doses also had significantly lower clinical scores 

compared with mice vaccinated once and rested for four (1.9 + 0.10), six (2 + 0) or eight 

(2 + 0) weeks before challenge (p <0.0001). These scores were comparable between all 

other groups. 

 

The data from this study indicate that protection of mice that received one vaccine dose 

was not improved by increasing the interval to challenge, in contrast to what has been 

observed for the chemically attenuated P. chabaudi vaccine (Good et al., unpublished 

observations). Three vaccine doses of chemically attenuated Py17X parasites remained 

the optimal regimen for inducing protection. 

 

3.3.2.6 The effect of different attenuating drugs on vaccine-induced protection 

Tafuramycin-A (TF-A) and CM belong to the same family of chemical agents, both 

covalently binding to poly-A regions of DNA (Howard et al. 2002, Sato et al. 2005). The 

ability of TF-A to attenuate Py17X was demonstrated in Section 3.3.1.1. An experiment 

was conducted to compare outcomes of vaccination with TF-A-attenuated and CM-

attenuated parasites. Using a regimen of three vaccine doses, BALB/c mice were 

vaccinated at two week intervals with 1 x 106 Py17X pRBCs attenuated with CM or TF-

A (Section 2.2.3). The control group received saline injections at two week intervals. All 

groups were challenged with 1 x 105 Py17X pRBCs four weeks post final injection 

(Section 2.2.5).  
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Figure 3.16. Assessing parasite burden and mortality following homologous challenge in 

mice vaccinated with parasites attenuated with different drugs. (A) Parasitaemia and (B) 

Survival in BALB/c mice that received 3 injections of saline (control) or 3 vaccine doses of 1 x 

106 CM- or 1 x 106 TF-A-attenuated Py17X pRBCs prior to challenge with 1 x 105 Py17X pRBCs. 

Each group contained 10 mice. Error bars show standard error of mean for each group. + indicates 

mice succumbed to infection.  

 

Following challenge, vaccinated mice had significantly lower mean parasitaemias 

compared with control mice over the course of infection (17.31 + 3.24%; p <0.0001) (Fig 

3.16A). Mice vaccinated with CM-attenuated Py17X pRBCs had significantly lower 

mean parasitaemia (0.39 + 0.09%) compared with mice vaccinated with TF-A-attenuated 

Py17X pRBCs (4.02 + 0.76%; p = 0.0023) (Fig 3.16A). These mice also cleared 

parasitemia faster (by Day 16 post challenge) compared to mice vaccinated with TF-A-

attenuated parasites (by Day 32 post challenge). All mice in the vaccinated groups 

survived homologous challenge, whereas all control mice succumbed to infection (Fig 

3.16B).  
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Figure 3.17. Assessing morbidity following homologous challenge in mice vaccinated with 

parasite attenuated with different drugs. Evaluating disease severity according to (A) Weight, 

(B) Haemoglobin and (C) Clinical scores in BALB/c mice that received 3 injections of saline 

(control) or 3 vaccine doses of 1 x 106 CM or 1 x 106 TF-A-attenuated Py17X pRBCs prior to 

challenge with 1 x 105 Py17X pRBCs. Each group contained 10 mice. Error bars show standard 

error of mean for each group. + indicates mice succumbed to infection. 
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Following challenge, mice in both vaccinated groups were able to maintain their weight 

throughout the study period compared with control mice (p <0.0001) (Fig 3.17A). The 

greatest reduction in haemoglobin values from Day 0 were recorded on Day 8 for mice 

that received attenuated parasites, and on Day 10 for control mice (Fig 3.17B). Control 

mice showed significant reduction in haemoglobin from Day 0 values (85.78 + 2.33%) 

compared with vaccinated groups (p <0.0001). Significant reductions in haemoglobin 

from Day 0 values were recorded for mice vaccinated with TF-A-attenuated parasites 

(48.29 + 2.60%) compared to mice vaccinated with CM-attenuated parasites (35.58 + 

4.59%; p = 0.0410). Haemoglobin levels recovered among mice in both vaccinated 

groups by the end of the 32 day observation period. Over the course of the infection, 

vaccinated mice showed significantly reduced clinical scores compared with control mice 

(2.1 + 0.57; p <0.0001) (Fig 3.17C). Comparable clinical scores were recorded for mice 

vaccinated with CM-attenuated parasites (0.06 + 0.04) and those vaccinated with TF-A-

attenuated parasites (0.45 + 0.09; p = 0.3521).  

 

These data show that administration of three doses of TF-A-attenuated Py17X parasites 

induced an effective level of protection against homologous challenge. Although, mice 

from both vaccinated groups had similar outcomes in terms of their weights, clinical 

scores and survival, mice vaccinated with CM-attenuated Py17X pRBCs had significantly 

better outcomes in their mean parasitaemias and haemoglobin levels, compared with mice 

vaccinated with TF-A-attenuated pRBCs. Therefore, in all subsequent experiments three 

vaccine doses of 106 CM-attenuated Py17X pRBCs were used. 

 

3.3.3 Duration of vaccine-induced protection against homologous challenge 

Three vaccinations with 1 x 106 CM-attenuated Py17X pRBCs induced effective 

protection against homologous challenge at one month post final vaccination (Section 

3.3.2.4 to 3.3.2.6). To assess the duration of vaccine-induced protection against 

homologous challenge, vaccinated BALB/c mice (Section 2.2.3) were challenged with 1 

x 105 Py17X pRBCs at three months, six months or nine months post final vaccination. 

Age-matched control mice that received three doses of 106 CM-treated nRBCs (Section 

2.2.4) were also challenged at each time point. Mice were monitored in accordance with 

Section 2.2.5.  
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Figure 3.18. Assessing the duration of vaccine-induced protection on parasite burden 

following homologous challenge.  Parasitaemia in BALB/c mice that received 3 injections of 1 

x 106 CM-treated nRBCs (control) or CM-attenuated Py17X pRBCs prior to challenge with 1 x 

105 Py17X pRBCs at (A) 1 month, (B) 3 months, (C) 6 months or (D) 9 months post final 

injection. The vaccinated group challenged at 1 month contained 9 mice. All other groups 

contained 10 mice. Error bars show standard error of mean for each group. + indicates mice 

succumbed to infection.  

 

Following challenge, mean parasitaemia over the course of infection among vaccinated 

mice was significantly lower than among their control counterparts at each challenge time 

point (p <0.0001) (Fig 3.18A-D). Vaccinated mice challenged at three months (0.94 + 

0.19%; p = 0.9999) and nine months (2.23 + 0.60%; p = 0.8243) following their final 

vaccination recorded mean parasitaemia that was comparable to mice challenged at the 

standard one month time point (0.40 + 0.11%). However, the mean parasitaemia was 

significantly higher among vaccinated mice challenged at six months (5.52 + 1.09%) 

compared with mice challenged at one month (p = 0.0034). Interestingly, control mice at 

these time points recorded comparable mean parasitaemias (p = 0.9646). Therefore, 

increased virulence of infection at the six month time point did not account for the 

increased mean parasitaemia recorded for vaccinated mice challenged at six months post 

final vaccination compared with those challenged at one month. 
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Figure 3.19. Assessing the duration of vaccine-induced protection against mortality 

following homologous challenge.  Survival of BALB/c mice that received 3 injections of 1 x 106 

CM-treated nRBCs (control) or CM-attenuated Py17X pRBCs prior to challenge with 1 x 105 

Py17X pRBCs at (A) 1 month, (B) 3 months, (C) 6 months or (D) 9 months post final injection. 

The groups challenged at 1 month contained 9 mice. All other groups contained 10 mice. 

 

Survival of vaccinated mice was significantly higher than their control counterparts at 

each challenge time point (Fig 3.19A-D). One hundred percent of vaccinated mice 

survived homologous challenge at one month and three months post final vaccination 

compared with 30% (p = 0.0011) and 40% (p = 0.0063) in their respective control groups 

(Fig 3.19A&B). Sixty percent of vaccinated mice survived following challenge at six 

months with an infection that was completely fatal in control mice (p = 0.0063) (Fig 

3.19C). Ninety percent of vaccinated mice compared with 10% of control mice survived 

homologous challenge at nine months after final injection (p <0.0001) (Fig 3.19D). 

Survival rates of vaccinated mice challenged at the standard one month time point were 

the same as vaccinated mice challenged at three months (p >0.9999) and comparable with 

vaccinated mice challenged at nine months (p = 0.9985) post final vaccination. There was 

no significant difference in the survival of vaccinated mice challenged at one month and 

six months post final vaccination (p = 0.2176).  
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Figure 3.20. Assessing the duration of vaccine-induced protection against malaria-

associated weight loss following homologous challenge.  Evaluating disease severity according 

to weight of BALB/c mice that received 3 injections of 1 x 106 CM-treated nRBCs (control) or 

CM-attenuated Py17X pRBCs prior to challenge with 1 x 105 Py17X pRBCs at (A) 1 month, (B) 

3 months, (C) 6 months or (D) 9 months post final injection. The groups challenged at 1 month 

contained 9 mice. All other groups contained 10 mice. Error bars show standard error of mean for 

each group. + indicates mice succumbed to infection. 

 

Following challenge, weight loss was observed in control mice at each time point (Fig 

3.20A-D). In contrast, vaccinated mice were consistently able to maintain their weights 

throughout the study period at each challenge time point. 

 

Overall, control mice had significantly greater reduction in haemoglobin from their Day 

0 readings compared with their respective vaccinated groups at each challenge time point 

(Fig 3.21A-D). This is clearly shown by Day 8 values (the greatest reduction from Day 0 

values for vaccinated mice) for control and vaccinated mice at each challenge time point. 

The reduction in haemoglobin from Day 0 levels was significantly higher for control mice 

challenged at one month (72.15 + 2.19%; p <0.0001), three months (28.44 + 3.40%; p 

<0.0001), six months (76.38 + 2.02%; p = 0.0023) and nine months (64.56 + 3.24%; p = 

0.0002) compared with vaccinated mice at each challenge time point (18.14 + 3.94%, 

54.84 + 3.50%, 55.52 + 4.63% and 40.70 + 4.15% respectively). A significant fall in 
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haemoglobin from Day 0 values was recorded for vaccinated mice challenged at three 

months (p <0.0001), six months (p <0.0001) and nine months (p = 0.0007) compared with 

vaccinated mice challenged at the standard one month time point. Interestingly, no 

significant difference in the reduction of haemoglobin from Day 0 levels was recorded 

for control mice challenged at three months (p >0.9999), six months (p = 0.9901) and 

nine months (p = 0.7781) compared with control mice challenged at one month after their 

final injection. This suggests a loss of vaccine-induced protection against anaemia at 

challenge time points greater than one month following the final vaccination. However, 

this malaria-associated anaemia did not increase over time, as vaccinated groups 

challenged at three, six and nine months after their final vaccination had comparable 

reduction in haemoglobin (p >0.0646). Haemoglobin levels among vaccinated mice 

across all challenge time points recovered to > 89% of their Day 0 reading by the end of 

their respective observation periods.  

 
Figure 3.21. Assessing the duration of vaccine-induced protection against malaria-

associated anaemia following homologous challenge. Evaluating disease severity according to 

haemoglobin in BALB/c mice that received 3 injections of 1 x 106 CM-treated nRBCs (control) 

or CM-attenuated Py17X pRBCs prior to challenge with 1 x 105 Py17X pRBCs at (A) 1 month, 

(B) 3 months, (C) 6 months or (D) 9 months post final injection. The groups challenged at 1 

month contained 9 mice. All other groups contained 10 mice. Error bars show standard error of 

mean for each group. + indicates mice succumbed to infection. 
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Figure 3.22. Assessing duration of vaccine-induced protection against morbidity as 

determined by clinical scores following homologous challenge.  Evaluating disease severity by 

clinical score in BALB/c mice that received 3 injections of 1 x 106 CM-treated nRBCs (control) 

or CM-attenuated Py17X pRBCs prior to challenge with 1 x 105 Py17X pRBCs at (A) 1 month, 

(B) 3 months, (C) 6 months or (D) 9 months post final injection. The groups challenged at 1 

month contained 9 mice. All other groups contained 10 mice. Error bars show standard error of 

mean for each group. + indicates mice succumbed to infection. 

 

Clinical scores of mice indicated significantly reduced disease severity in vaccinated mice 

compared with their respective control groups at each challenge time point (p <0.0001) 

(Fig 3.22A-D). There was no observable differences in the clinical scores of vaccinated 

mice as the time between vaccination and challenge increased. The overall clinical scores 

of vaccinated mice challenged at the three month (0.45 + 0.06; p = 0.1321) and nine 

month (0.36 + 0.08; p = 0.4438) time points were comparable with vaccinated mice 

challenged at the standard one month time point (0.09 + 0.03). However, vaccinated mice 

challenged at six months (0.84 + 0.12) had significantly higher clinical scores than 

vaccinated mice challenged at the standard one month time point (p <0.0001). 

Interestingly, clinical scores of control mice at all challenge time points were comparable 

(p = 0.9988). The data suggests decreased vaccine-induced protection against disease 

severity at the six month challenge time point only. 
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Mice vaccinated three times with 1 x 106 CM-attenuated Py17X pRBCs remained 

protected against homologous blood-stage challenge infection for at least nine months 

following their final vaccination. It should be noted that vaccinated mice challenged six 

months after their final vaccination had increased morbidity and mortality compared with 

vaccinated mice challenged at other time points, including a later time point. Outcomes 

for control mice at all challenge time points remained comparable. Therefore, increased 

virulence of infection is an unlikely explanation for the difference between vaccinated 

mice challenged at one month and six months after their final vaccination. Inadequate 

stimulation of vaccine-induced immune responses may be the reason for the recorded 

decrease in vaccine-induced protection; this is assessed in Section 4.3.3. The level of 

protection in vaccinated mice challenged at three months and nine months following final 

vaccination remained similar to vaccinated mice challenged at the standard one month 

time point, in terms of parasitaemia, survival, maintenance of weights and clinical scores. 

However, there was a significant reduction in the level of vaccine-induced protection in 

terms of protection against anaemia compared with mice challenged at the standard one 

month time point. Variation in the virulence of infection at each challenge time point is 

an unlikely explanation for this difference, as reduction from baseline haemoglobin in 

control mice at these challenge time points were comparable with control mice challenged 

at the one month time point. Interestingly, this significance did not increase over time. 

Overall, vaccinated mice had consistently better outcomes than their respective control 

groups at each challenge time point. Data show that vaccination induced long-lasting 

protection against homologous parasite challenge. 

 

3.3.4 Investigating vaccine-induced protection against heterologous blood-stage 

challenge 

Previous experiments described in Section 3.3.2.4 to 3.3.2.6, demonstrated that three 

vaccine doses of 1 x 106 CM-attenuated Py17X pRBCs provided protection against 

homologous parasite challenge. Additional experiments were undertaken to determine 

whether the vaccine and vaccination regimen were capable of providing protection 

against heterologous challenge with different strain (P. yoelli YM) and species (P. 

berghei ANKA, P. vinckei vinckei and P. chabaudi AS) of rodent Plasmodium. 



 

84 

 

3.3.4.1 Heterologous challenge with P. yoelii YM 

Following vaccination with three vaccine doses of 1 x 106 CM-attenuated Py17X pRBCs 

(Section 2.2.3), BALB/c mice were challenged at four weeks following final vaccination 

with 1 x 105 P. yoelii YM pRBCs (Section 2.2.5). A control group that received three 

injections of 1 x 106 CM-treated nRBCs (Section 2.2.4) was also challenged (Section 

2.2.5). 

 

Following challenge, peak parasitaemia was reached on Day 6 in both control and 

vaccinated mice. Vaccinated mice had significantly lower peak parasitaemia (7.18 + 

2.22%) compared to mice in the control group (56.26 + 2.67%; p <0.0001) (Fig 3.23A). 

Vaccinated mice were able to completely clear parasites by Day 20, and were completely 

protected with 100% survival. All control mice succumbed to infection (Fig 3.23B).  

 

The greatest disease severity as assessed by weight loss, fall in haemoglobin and clinical 

scores was recorded on Day 8 following challenge for both control and vaccinated groups. 

A weight loss of 10.56 + 1.01% from their baseline was observed in control mice, whereas 

vaccinated mice maintained their weight throughout the study period (103.0 + 0.66%) 

(Fig 3.24A). Haemoglobin levels also significantly fell from their Day 0 values among 

control mice (83.20 + 1.11%) compared with vaccinated mice (53.30 + 6.05%; p = 

0.0036) (Fig 3.24B). Haemoglobin levels recovered to pre-challenge levels among 

vaccinated mice by the end of the 28 day observation period. There was a significant 

reduction in disease severity, as assessed by clinical scores, among vaccinated mice 

compared with control mice (p <0.0001) (Fig 3.24C). The highest clinical score recorded 

following heterologous challenge with P. yoelii YM was 3.4 + 0.24 for control mice 

compared with 1.4 + 0.22 for vaccinated mice. 
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Figure 3.23. Assessing parasite burden and mortality following heterologous challenge with 

P. yoelii YM in vaccinated mice. (A) Parasitaemia and (B) Survival in BALB/c mice that 

received 3 injections of 1 x 106 CM-treated nRBCs (control) or CM-attenuated Py17X pRBCs 

prior to a heterologous challenge with 1 x 105 P. yoelii YM pRBCs. The control group contained 

9 mice and the vaccinated group contained 10 mice. Error bars show standard error of mean for 

each group. + indicates mice succumbed to infection. 

 

Three vaccine doses of 106 Py17X pRBCs protected BALB/c mice from heterologous 

strain challenge with virulent blood-stage P. yoelii YM. Vaccinated mice had 

significantly better outcomes (lower peak parasitaemia, reduced anaemia, maintenance of 

weight, reduced disease severity and 100% survival) compared with control mice. 
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Figure 3.24. Assessing morbidity following heterologous challenge with P. yoelii YM in 

vaccinated mice. Evaluating disease severity according to (A) Weight, (B) Haemoglobin and (C) 

Clinical scores in BALB/c mice that received 3 injections of 1 x 106 CM-treated nRBCs (control) 

or CM-attenuated Py17X pRBCs prior to a heterologous challenge with 1 x 105 P. yoelii YM 

pRBCs. The control group contained 9 mice and the vaccinated group contained 10 mice. Error 

bars show standard error of mean for each group. + indicates mice succumbed to infection. 
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3.3.4.2 Heterologous challenge with P. berghei ANKA 

Following vaccination with three vaccine doses of 1 x 106 CM-attenuated Py17X pRBCs 

(Section 2.2.3), BALB/c mice were challenged four weeks after their final vaccination 

with 1 x 105 P. berghei ANKA pRBCs (Section 2.2.5). A control group that received three 

injections of 1 x 106 CM-treated nRBCs (Section 2.2.4) was also challenged (Section 

2.2.5). 

 
Figure 3.25. Assessing parasite burden and mortality following heterologous challenge with 

P. berghei ANKA in vaccinated mice. (A) Parasitaemia and (B) Survival among BALB/c mice 

that received 3 injections of 1 x 106 CM-treated nRBCs (control) or CM-attenuated Py17X pRBCs 

prior to a heterologous challenge with 1 x 105 P. berghei ANKA pRBCs. Each group contained 

10 mice. Error bars show standard error of mean for each group. + indicates mice succumbed to 

infection. 

 

Following heterologous challenge with P. berghei ANKA, peak parasitaemia for both 

groups occurred on Day 14 following challenge. Comparable peak parasitaemias were 

observed in vaccinated (42.70 + 1.92%) and control mice (44.22 + 3.06%; p = 0.6881) 
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(Fig 3.25A). Infection with P. berghei ANKA was universally fatal for both control and 

vaccinated groups (Fig 3.25B).  

 
Figure 3.26. Assessing morbidity following heterologous challenge with P. berghei ANKA in 

vaccinated mice. Evaluating disease severity according to (A) Weight, (B) Haemoglobin and (C) 

Clinical scores in BALB/c mice that received 3 injections of 1 x 106 CM-treated nRBCs (control) 

or CM-attenuated Py17X pRBCs prior to a heterologous challenge with 1 x 105 P. berghei ANKA 

pRBCs. Each group contained 10 mice. Error bars show standard error of mean for each group. + 

indicates mice succumbed to infection. 

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
0

20

40

60

80

100

120

Days post challenge

%
 o

f 
d

a
y

 0
 v

a
lu

e

+

+
+

+

+

+

+
+

+

+

+

+

+
+

+
+

+

+
+

+

Control

Vaccinated

Weight

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
0

20

40

60

80

100

120

Days post challenge

%
 o

f 
d

a
y

 0
 v

a
lu

e

+

+
+

+
+

+ +
+

+

+

+

+

+

+

+
+

+

+
+

+

Haemoglobin

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
0

1

2

3

4

Days post challenge

C
li

n
ic

a
l 
s

c
o

re +

+
+

+

+

+

+
+

+

+

+

+

+
+

+
+

+

+
+

+

Clinical score

A

B

C



Chapter 3. Results I 

89 

 

Disease severity was equivalent among vaccinated and control mice, with the greatest 

weight loss (p = 0.3846) and fall in haemoglobin (p = 0.2804) experienced on Day 16 

following challenge (Fig 3.26A&B).  Both groups reached clinical scores of 4 (Fig 

3.26C). These data show that three vaccinations with 106 CM-attenuated Py17X pRBCs 

did not provide protection against heterologous challenge with P. berghei ANKA in 

BALB/c mice. 

 

3.3.4.3 Heterologous challenge with P. vinckei vinckei 

Following vaccination with three vaccine doses of 1 x 106 CM-attenuated Py17X pRBCs 

(Section 2.2.3), BALB/c mice were challenged four weeks after their final vaccination 

with 1 x 105 P. vinckei vinckei pRBCs (Section 2.2.5). A control group that received three 

injections of 1 x 106 CM-treated nRBCs (Section 2.2.4) was also challenged (Section 

2.2.5). 

 

Following heterologous challenge with P. vinckei vinckei, peak parasitaemia occurred on 

Day 8 for both groups (Fig 3.27A). Vaccinated mice had significantly lower peak 

parasitaemias (39.90 + 3.60%) compared with control mice (55.55 + 6.33%; p = 0.0455). 

One surviving control mouse cleared parasitaemia by Day 12 compared with Day 22 for 

the two surviving vaccinated mice. Comparable survival of 10% and 20% was recorded 

following challenge with P. vinckei vinckei for control and vaccinated mice respectively 

(p = 0. 5560) (Fig 3.27B).  

 

Data from Day 8 after challenge (when all mice in both groups were alive), showed 

maintenance of weight in both groups (p = 0.4008) (Fig 3.28A). The reduction in 

haemoglobin levels from Day 0 to Day 8 following challenge were also similar between 

both groups (p = 0.4030) (Fig 3.28B). However, clinical scores on Day 8 after challenge 

showed significant reduction in disease severity among vaccinated mice (1.3 + 0.21) 

compared with control mice (2.6 + 0.26; p = 0.0013). These data suggest that three 

vaccine doses of 1 x 106 CM-attenuated Py17X pRBCs provided limited protection 

against specific disease outcomes in terms of lower peak parasitaemia and lower clinical 

scores during the early infection compared with control mice; however, ultimately 

vaccination did not provide significant protection against mortality following 

heterologous challenge with P. vinckei vinckei. 

 



 

90 

 

 

 

 

 

 
Figure 3.27. Assessing parasite burden and mortality following heterologous challenge with 

P. vinckei vinckei in vaccinated mice. (A) Parasitaemia and (B) Survival of BALB/c mice that 

received 3 injections of 1 x 106 CM-treated nRBCs (control) or CM-attenuated Py17X pRBCs 

followed by heterologous challenge with 1 x 105 P. vinckei vinckei pRBCs. Each group contained 

10 mice. Error bars show standard error of mean for each group. + indicates mice succumbed to 

infection. 
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Figure 3.28. Assessing morbidity following heterologous challenge with P. vinckei vinckei in 

vaccinated mice. Evaluating disease severity according to (A) Weight, (B) Haemoglobin and (C) 

Clinical scores in BALB/c mice that received 3 injections of 1 x 106 CM treated nRBCs (control) 

or attenuated Py17X pRBCs prior to a heterologous challenge with 1 x 105 P. vinckei vinckei 

pRBCs. Each group contained 10 mice. Error bars show standard error of mean for each group. + 

indicates mice succumbed to infection. 
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3.3.4.4 Heterologous challenge with P. chabaudi AS 

Following vaccination with three vaccine doses of 1 x 106 CM-attenuated Py17X pRBCs 

(Section 2.2.3), BALB/c mice were challenged at four weeks following final vaccination 

with 1 x 105 P. chabaudi AS pRBCs (Section 2.2.5). A control group that received three 

injections of 1 x 106 CM-treated nRBCs (Section 2.2.4) was also challenged (Section 

2.2.5). 

 
Figure 3.29. Assessing parasite burden and mortality folloeing heterologous challenge with 

P. chabaudi AS in vaccinated mice. (A) Parasitaemia and (B) Survival in BALB/c mice that 

received 3 injections of 1 x 106 CM-treated nRBCs (control) or CM-attenuated Py17X pRBCs 

prior to a heterologous challenge with 1 x 105 P. chabaudi AS pRBCs. Each group contained 10 

mice. Error bars show standard error of mean for each group. + indicates mice succumbed to 

infection. 

 

Following heterologous challenge with P. chabaudi AS, peak parasitaemia in vaccinated 

mice was on Day 8 and was significantly lower (11.69 + 0.74%) than in the control mice, 

which peaked slightly later on Day 10 (19.69 + 0.64%; p <0.0001) (Fig 3.29A). 

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
0

10

20

30

40

Days post challenge

%
 P

a
ra

s
it

a
e

m
ia

Control

Vaccinated

Parasitaemia

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
0

20

40

60

80

100

Days post challenge

%
 S

u
rv

iv
a

l

Survival

A

B



Chapter 3. Results I 

93 

 

Vaccinated mice also cleared parasitaemia faster (by Day 16 after challenge) compared 

to control mice (by Day 18 after challenge). There were no fatalities in either group (Fig 

3.29B). 

 
Figure 3.30. Assessing morbidity following heterologous challenge with P. chabaudi AS in 

vaccinated mice. Evaluating disease severity according to (A) Weight, (B) Haemoglobin and (C) 

Clinical scores in BALB/c mice that received 3 injections of 1 x 106 CM-treated nRBCs (control) 

or CM-attenuated Py17X pRBCs prior to a heterologous challenge with 1 x 105 P. chabaudi AS 

pRBCs. Each group contained 10 mice. Error bars show standard error of mean for each group. + 

indicates mice succumbed to infection. 
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Control mice had a reduction of 8.07 + 1.11% in their baseline weights on Day 12, but 

their weights recovered by Day 16 (Fig 3.30A). Vaccinated mice maintained their weight 

throughout the study period (102.00 + 0.49%). The greatest reduction in haemoglobin 

from Day 0 levels and highest clinical scores were recorded on Day 12 after challenge 

among both groups (Fig 3.30B&C). Haemoglobin levels in control mice fell significantly 

from their Day 0 value (62.12 + 2.15%) compared with vaccinated mice (47.09 + 1.69%; 

p <0.0001). However, clinical scores were similar between control and vaccinated mice 

following heterologous challenge infection with P. chabaudi AS (p = 0.0886). These data 

show that a regimen of three vaccine doses of 1 x 106 CM-attenuated Py17X pRBCs 

provided protection against specific disease outcomes, in terms of lower peak 

parasitaemia and reduction in anaemia, following heterologous challenge with P. 

chabaudi AS. 

 

3.4 Conclusion 

We have shown that chemical treatment with DNA-binding drugs, centanamycin (CM) 

and tafuramycin-A (TF-A), attenuated blood-stage Py17X parasites. The level of 

attenuation prevented the detection of parasites by microscopy; however, whether there 

was complete arrest of parasite growth following chemical attenuation of blood-stage 

Py17X parasites remains to be elucidated. The use of these chemically attenuated 

parasites was proven to be safe in mice. Vaccination with chemically attenuated blood-

stage Py17X parasites provided significantly better outcomes following homologous 

blood-stage challenge, in terms of reduced parasite burden and disease, as well as higher 

survival rates, compared with unvaccinated control mice. This protection was not due to 

residual chemical that may have been present in the vaccine preparation at the time of 

challenge or post-challenge. Therefore, the protective effects observed in mice were due 

to vaccination with chemically attenuated Py17X parasites.  

 

The level of vaccine-induced protection was dependent on the pRBC dose administered. 

From the pRBC doses assessed, a dose of 106 chemically attenuated Py17X parasites 

provided the best protection against homologous challenge, in terms of parasite levels, 

clinical scores and survival outcomes. Higher pRBC doses were not assessed, and may 

have further improved vaccine-induced protection in mice. However, higher pRBC doses 
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are associated with T cell apoptosis (Xu et al., 2002; Elliott et al., 2005) and may be less 

relevant for translation to human studies. 

 

The level of protection was not influenced by the asexual blood-stage form of the 

parasites in a single vaccine dose. However, the optimal vaccine regimen using mixed 

stage Py17X parasites was three vaccine doses (Section 3.3.2.4 and 3.3.2.5); therefore, 

three vaccine doses of stage-purified parasites may have identified differences in 

protection induced by the mixed stage parasite vaccine and the stage-purified parasite 

vaccines. The time interval from vaccination to challenge (during the vaccination 

regimen) also had no effect on vaccine-induced protection, as outcomes were not 

improved in mice vaccinated once and rested for varying periods of time before challenge; 

a finding that was demonstrated for the chemically attenuated blood-stage P. chabaudi 

vaccine (Good et al., unpublished observations). However, protection was improved as 

the number of vaccinations increased. Three vaccine doses were superior to one or two 

vaccine doses. Many licensed vaccines (Hepatitis B, Inactivated polio virus, human 

papillomavirus etc.) also require multiple vaccine doses to optimise protection and 

longevity of protective immune responses (WHO, 2009; CDC, 2013; WHO, 2014b). 

Three vaccine doses of CM- or TF-A-attenuated Py17X parasites evoked a comparable 

protective response against mortality and certain morbidity parameters (weights and 

clinical scores). Overall, mice vaccinated with CM-attenuated Py17X pRBCs fared better 

following homologous challenge. 

 

An effective vaccination regimen using three vaccine doses of 106 CM-attenuated Py17X 

pRBCs administered at two week intervals was developed. This regimen provided robust 

protection against homologous blood-stage challenge in terms of lower parasitaemia and 

reduced disease severity, as well as better survival outcomes. Mice vaccinated using this 

regimen remained protected against homologous blood-stage challenge for at least nine 

months after their final vaccination. There was a reduction in vaccine-induced protection 

in terms of protection against anaemia following challenge at time points greater than one 

month after their final vaccine dose, an observation that was not explained by altered 

virulence of the challenge inoculum. Interestingly, the level of vaccine-induced protection 

against malarial anaemia did not decline with time, as comparable reduction in 

haemoglobin levels were recorded between vaccinated mice challenged at later time 

points. Vaccine-induced protection remained consistent in terms of parasitaemia, 
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survival, maintenance of weight and clinical scores, as the time interval increased 

between the final vaccination and challenge. However, there was a reduction in vaccine-

induced protection at the six month challenge time point that was not accounted for by 

increased virulence of parasites in the challenge inoculum. It is likely that there was a 

failure to evoke substantial immune responses (evaluated in Section 4.3.3), and not due 

to waning protection over time, as vaccine-induced protection at nine months was 

comparable with protection at one month. Overall, protection remained significantly 

higher in vaccinated mice compared to control mice at each challenge time point. 

 

Vaccination with three vaccine doses of 1 x 106 CM-attenuated Py17X pRBCs provided 

robust strain-transcending protection against virulent P. yoelii YM challenge compared 

with control mice. However, vaccine-induced species-transcending protection was 

limited. Our vaccine regimen provided protection against specific disease outcomes, in 

terms of reduced parasite burden and malaria-associated anaemia following heterologous 

challenge with P. chabaudi AS. Vaccination also induced limited protection against 

specific disease outcomes in terms of reduced parasite burden and disease severity during 

the early infection with P. vinckei; but vaccination did not protect mice from mortality. 

Vaccination was unable to protect mice against heterologous challenge with P. berghei. 

This has been reported in other studies, where mice that were previously exposed to P. 

yoelii, as well as other rodent Plasmodium spp., demonstrated little to no protection 

against P. berghei challenge (Yoshida et al., 2010; McColm & Dalton, 1983). The limited 

protection against heterologous species induced by our vaccine may be due to limited 

cross-reactive immune responses induced by vaccination with chemically attenuated 

blood-stage Py17X parasites (assessed in Section 4.3.4). 

 

These studies have proven that chemically attenuated blood-stage Py17X parasites can be 

used as a robust and effective vaccine against homologous and heterologous blood-stage 

P. yoelii parasite challenge in mice. Long-lasting vaccine-induced protection against 

homologous challenge has been demonstrated. These data are encouraging for the 

development of an effective chemically attenuated Plasmodium blood-stage vaccine for 

use in humans.  
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Characterising vaccine-induced immune responses to a 

chemically attenuated Plasmodium yoelii 17X blood-stage 

vaccine 

 

4.1 Abstract 

Previously, we have shown that three vaccine doses of chemically attenuated Plasmodium 

yoelii 17X (Py17X) blood-stage parasites protect mice against homologous parasite 

challenge for at least nine months following vaccination. Here we investigate the immune 

responses induced by vaccination. Vaccination with chemically attenuated Py17X 

parasites induced long-lasting immunological memory against homologous parasites. 

Spleen cells from vaccinated mice were able to proliferate and produce pro- and anti-

inflammatory cytokines in response to homologous parasites for up to six months 

following vaccination. Parasite-specific IgG was detected in sera of vaccinated mice for 

at least nine months following vaccination. In vivo studies demonstrated a pivotal role for 

both antibody-producing B cells and CD4+ T cells in vaccine-induced protection, with the 

removal of either cell type leading to a striking loss of vaccine-associated protection 

against homologous blood-stage parasites.  
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4.2 Introduction 

The immune system uses a broad range of defences against foreign pathogens, such as 

bacteria, viruses and parasites. The initial encounter triggers a rapid, non-specific innate 

immune response. A specific, antigen-dependent adaptive immune response develops 

slowly upon the first encounter, but provides a rapid and efficient response to subsequent 

infection. The immune responses associated with malaria infection are complex and 

variable.  

 

Antibodies are an important component of the naturally acquired immune response to 

blood-stage Plasmodium infection (Bouharoun-Tayoun & Druilhe, 1992; Tongren et al., 

2006; Stanisic et al., 2009). The targets of these antibodies are often polymorphic or 

variant surface antigens (Kiwuwa et al., 2013; Bouyou-Akotet et al., 2015). Naturally 

acquired immunity to malaria is slow to develop and is thought to require multiple 

exposures to a broad range of antigens (Taylor et al., 1998; Metzger et al., 2003; Conway 

et al., 2000; Polley et al., 2003). CD4+ T cell-mediated immune responses have been 

shown to play a key role in protective immunity against blood-stage infection (Amante 

& Good, 1997; Gitau et al., 2014). CD4+ T cells, specifically follicular helper (Tfh) cells, 

can assist B cell differentiation and antibody production (reviewed in Ma et al., 2012). 

CD4+ T cells also produce cytokines, such as IFNγ and TNFα (Tiba et al., 2011). These 

cytokines are associated with protection against episodes of clinical malaria (Robinson et 

al., 2009; Tiba et al., 2011). Other cells, such as CD8+ T cells, also produce these 

cytokines (Sinigaglia & Pink, 1985; Imai et al., 2010). However, the role of CD8+ T cells 

in protective immunity against blood-stage malaria parasites remains controversial (Imai 

et al., 2010; Vinetz et al., 1990). Cellular immune responses can also contribute to the 

pathogenesis of malaria, resulting in severe disease or death, if they are not appropriately 

controlled (reviewed in Hunt & Grau, 2003).  

 

Vaccines can induce immunity to a disease in a controlled manner. Adaptive immune 

responses can be induced following vaccination with a non-pathogenic form of the 

organism (i.e. subunit, DNA, attenuated) to provide subsequent protection against natural 

infection. Most blood-stage malaria vaccine candidates contain only a portion of a 

specific antigen to induce immune responses (Genton et al., 2002; Ogutu et al., 2009). 

However, variability of immune targets is a major hurdle in the development of subunit 
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blood-stage vaccines (reviewed in Breman et al., 2004), and can limit vaccine efficacy if 

the protection induced is allele specific (Genton et al., 2002). The use of whole blood-

stage parasites maximises the number of antigens presented to the immune system, along 

with the likelihood of including antigens that may be less affected by polymorphism and 

variation. A whole parasite vaccine approach capable of inducing both antibody- and cell-

mediated immune responses may therefore be a superior candidate for vaccine 

development. 

 

4.3 Results 

The development of a protective vaccination regimen using chemically attenuated blood-

stage Py17X parasites was demonstrated in Chapter 3. Investigations into the immune 

responses induced by the vaccination regimen were conducted using in vitro and in vivo 

studies, and are detailed below. 

 

4.3.1 The induction of B cells and/or antibodies following vaccination 

Three vaccine doses of CM-attenuated blood-stage Py17X parasites were capable of 

protecting mice against homologous parasite challenge (Chapter 3). B cells and 

antibodies play a key role in naturally acquired immunity to blood-stage malaria parasites; 

therefore, the role of B cells and/or antibodies following vaccination with three vaccine 

doses of CM-attenuated blood-stage Py17X parasites was assessed. 

 

4.3.1.1 Determining the induction of parasite-specific IgG following vaccination  

IgG antibodies in mice can be subdivided into isotypes including IgG2a and IgG1, which 

can also be used as markers of Th1 and Th2 immune responses respectively (Stevens et 

al., 1988). An investigation into whether IgG, specifically IgG1 and IgG2a isotypes, were 

induced following vaccination with chemically attenuated blood-stage Py17X parasites 

was conducted using an ELISA (Section 2.2.10) for the detection of antibodies against 

Py17X crude blood-stage antigens (Section 2.2.9).  

 

Pooled sera from 20 vaccinated mice contained both IgG1 and IgG2a Py17X-specific 

antibodies (Fig 4.1A&B). IgG1 titers were 51,400, whereas titers of IgG2a only reached 

400 in vaccinated mice. These data suggest a greater Th2 response is induced by 

vaccination than a Th1 response as determined by detection of parasite-specific IgG1 and 
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IgG2a respectively. It is worth noting that these titers do not reflect the avidity and affinity 

of vaccine-induced parasite-specific IgG isotypes, which may be more relevant for 

protection. 

 

Figure 4.1. Induction of IgG following vaccination. The titer of Py17X-specific (A) IgG1 and 

(B) IgG2a in pooled sera from 20 mice that received 3 vaccinations with 1 x 106 CM-attenuated 

Py17X pRBCs was assessed. Titers from duplicate wells were calculated as 3 x standard 

deviations above the mean of the control sera. Control sera was from mice that received 3 

injections with 1 x 106 CM-treated nRBCs. Sera from naive mice and infection-drug cured mice 

were included as a negative and positive control respectively. 

 

These data show the induction of parasite-specific IgG, and led to further investigations 

into the role of antibodies and B cells in vaccine-induced protection. 

 

4.3.1.2 Assessing protection against homologous parasite challenge in recipient mice 

following the transfer of sera from vaccinated mice 

To assess whether transfer of sera from vaccinated mice was able to protect recipient mice 

from homologous parasite challenge, donor BALB/c mice were vaccinated with three 

doses of 1 x 106 CM-attenuated Py17X pRBCs (Section 2.2.3) and sera were collected 

from these mice. Just prior to transfer, parasite-specific IgG was measured in the pooled 

sera from vaccinated mice (Section 2.2.10). Parasite-specific IgG titers in pooled sera 

from vaccinated mice were 12,800. Sera from mice that received 1 x 106 CM treated 

nRBCs (Section 2.2.4) were also included as a control and transferred to a separate group 

of naive recipient mice. Sera were transferred to naive recipient BALB/c mice on Day -
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1, 0 and 1 relative to challenge infection with 1 x 105 Py17X pRBCs (Section 2.2.11). 

Vaccinated donor mice were protected against homologous parasite challenge, with a 

mean parasitaemia of 0.40 + 0.23% and 100% survival.  

 
Figure 4.2. Assessing the control of parasite burden and mortality following challenge in 

mice that received sera from vaccinated mice. (A) Parasitaemias and (B) Survival in BALB/c 

mice that received sera from mice injected 3 times with 1 x 106 CM-treated nRBCs (sera from 

control mice) or CM-attenuated Py17X pRBCs (sera from vaccinated mice) on Day -1, 0 and 1 

relative to challenge with 1 x 105 Py17X pRBCs. The group that received sera from control mice 

contained 10 mice and the group that received sera from vaccinated mice contained 9 mice. Error 

bars show standard error of mean for each group. + indicates mice succumbed to infection.  

 

Following challenge, the mean parasitaemia over the course of infection was comparable 

between mice that received sera from vaccinated mice (22.07 + 3.17%) and mice that 

received sera from control mice (27.09 + 5.55%; p = 0.4081) (Fig 4.2A). However, when 

comparing the parasitaemia on Day 6, before any mice succumbed to infection, mice that 

received sera from vaccinated mice (17.72 + 2.33%) had significantly lower parasite 

burden in the blood compared with mice that received sera from control mice (33.52 + 
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1.92%; p <0.0001).  By the end of the 28 day observation period, only one mouse that 

received sera from vaccinated mice completely cleared blood-stage parasites. Infection 

was completely fatal in mice that received sera from control mice, whereas 22.2% 

survival was recorded at the end of the 28 day observation period for mice that received 

sera from vaccinated mice (Fig 4.2B). One of the surviving vaccinated mice; however, 

had continued morbidity and was euthanised on Day 29. Interestingly, between Day 8 and 

Day 20, survival was significantly higher among mice that received sera from vaccinated 

mice than mice that received sera from control mice (p <0.041). 

 

Overall, mice in both groups were able to maintain their weights during the course of 

infection (p = 0.1399) (Fig 4.3A). The overall reduction in haemoglobin levels from Day 

0 was comparable between both groups (p = 0.9869) (Fig 4.3B). The mean clinical scores 

during infection were similar between mice that received sera from control mice and mice 

that received sera from vaccinated mice (p = 0.4971) (Fig 4.3C). However on Day 6, mice 

that received sera from vaccinated mice recorded significantly lower clinical scores (1.3 

+ 0.17) than mice that received sera from control mice (3.0 + 0.24; p <0.0001).  

 

The transfer of 1.5mL of sera (in total) from mice vaccinated with three vaccine doses of 

1 x 106 Py17X pRBCs was unable to protect recipient mice over the full course of 

homologous infection. However, data from time points during early infection showed 

significantly lower parasitaemia, clinical scores and better survival in mice that received 

sera from vaccinated mice compared with mice that received sera from control mice. This 

suggests that sera from vaccinated mice (containing parasite-specific IgG) did provide a 

level of protection to recipient mice during early infection. However, parasite-specific 

IgG in the transferred sera would have been depleted during the control of early infection 

leading to the observed loss of protection and progression of disease. Blood-stage 

infection with Py17X parasites can last up to and beyond 30 days. Therefore, prolonged 

transfer of sera from vaccinated mice may have provided better outcomes against Py17X 

infection. Additionally, the level of parasite-specific IgG in recipient mice was not 

quantified following administration of sera from vaccinated mice in order to confirm 

whether parasite-specific IgG titers were comparable to vaccinated mice.  
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Figure 4.3. Assessing the control of morbidity following challenge in mice that received sera 

from vaccinated mice. Evaluating disease severity according to (A) Weight, (B) Haemoglobin 

and (C) Clinical scores in BALB/c mice that received sera from donor mice injected 3 times with 

1 x 106 CM-treated nRBCs (sera from control mice) or CM-attenuated Py17X pRBCs (sera from 

vaccinated mice) on Day -1, 0 and 1 relative to challenge with 1 x 105 Py17X pRBCs. The group 

that received sera from control mice contained 10 mice and the group that received sera from 

vaccinated mice contained 9 mice.  Error bars show standard error of mean for each group. + 

indicates mice succumbed to infection.  
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4.3.1.3 The role of B cells and/or antibodies in vaccine-induced protection 

To further investigate the role of B cells and/or antibodies in vaccine-induced protection, 

immunocompromised µMT mice were used. B cell development is blocked in the bone 

marrow of these mice, resulting in a complete deficiency of mature B cells and a severe 

lack of antibodies (Kitamura et al., 1991). µMT mice were vaccinated with three vaccine 

doses of 1 x 106 CM-attenuated Py17X pRBCs (Section 2.2.3). A control group of µMT 

mice received 1 x 106 CM-treated nRBCs at each vaccination (Section 2.2.4). Vaccinated 

immunocompetent C57BL/6 mice were also included to confirm that vaccination induced 

protection.  

 
Figure 4.4. Assessing vaccine-induced parasite-specific IgG in B cell-deficient mice. Parasite-

specific IgG against crude Py17X antigens in the sera of C57BL/6 mice and µMT mice that 

received 3 injections of 1 x 106 CM-treated nRBCs (control) or CM-attenuated Py17X pRBCs. 

Results are represented as optical density (OD) at a wavelength of 450nm. Sera from naive mice 

and infection-drug cured mice were included as a negative and positive control respectively. The 

µMT control group contained 7 mice and C57BL/6 control group contained 8 mice. Vaccinated 

groups contained 10 mice. All samples were tested in duplicate. Error bar show standard error of 

mean for each group. Data were analysed using an unpaired t-test.  

 

Just prior to challenge, serum samples from mice were collected to assess the induction 

of parasite-specific IgG in vaccinated groups (Section 2.2.10). Sera from vaccinated 

immunocompetent C57BL/6 mice contained parasite-specific IgG, whereas sera from 

vaccinated immunocompromised µMT mice did not (Figure 4.4). Mice were challenged 
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four weeks post final injection to determine the role of vaccine-induced antibodies and B 

cells in protection (Section 2.2.5).  

 

Following challenge, vaccinated immunocompetent C57BL/6 mice recorded a mean 

parasitaemia of 1.62 + 0.33% over the course of infection and all mice survived. 

Vaccinated µMT mice had similar mean parasitaemias (24.64 + 0.98%) to the control 

µMT mice (27.09 + 1.60%; p = 0.1707) (Fig 4.5A). All vaccinated and control µMT mice 

eventually succumbed to infection (Fig 4.5B). However on Day 30 post challenge (the 

mid-point of the 60 day observation period), vaccinated µMT mice recorded a 

significantly higher survival of 100% compared with 57.14% for control µMT mice (p = 

0.0212).  

 

Additional parameters including weight, haemoglobin and clinical scores were used to 

assess disease severity following challenge. Significant weight loss was recorded for 

control µMT mice (5.47 + 1.53%) compared with vaccinated µMT mice (p <0.0001), 

which were able to maintain their weights at 102.20 + 0.74% relative to Day 0 during the 

course of infection (Fig 4.6A). The reduction from baseline haemoglobin levels was 

comparable between control (70.04 + 3.91%) and vaccinated (74.82 + 2.37%) µMT mice 

(p = 0.2713). Vaccinated (2.3 + 0.06) and control (2.4 + 0.11) µMT mice also recorded 

comparable clinical scores (p = 0.6066) (Fig 4.6B&C).  

 

Data from this study show a role for B cells and/or antibodies in vaccine-induced 

protection. Vaccinated B cell deficient mice had similar outcomes to control mice in terms 

of mean parasitaemias, reduction in haemoglobin levels and clinical scores. Although 

vaccinated and control µMT mice eventually succumbed to infection, vaccinated µMT 

mice showed prolonged survival compared with control µMT mice during the first half 

of infection. This suggests a role for cellular and cytokine-based vaccine-induced immune 

responses in protection against early mortality; however, such immune responses were 

unable to provide overall protection in the absence of B cells and/or antibodies. 
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Figure 4.5. Assessing the role of B cells and/or antibodies in vaccine-induced protection 

against parasite burden and mortality following homologous challenge. (A) Parasitaemia and 

(B) Survival in µMT mice that received 3 injections of 1 x 106 CM-treated nRBCs (control) or 

CM-attenuated Py17X pRBCs prior to challenge with 1 x 105 Py17X pRBCs. The control group 

contained 7 mice and the vaccinated group contained 10 mice. Error bars show standard error of 

mean for each group. + indicates mice succumbed to infection.  
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Figure 4.6. Assessing the role of B cells and/or antibodies in vaccine-induced protection 

against morbidity following homologous challenge. Disease severity assessed by (A) Weight, 

(B) Haemoglobin and (C) Clinical scores of µMT mice that received 3 injections of 1 x 106 CM 

treated nRBCs (control) or attenuated Py17X pRBCs prior to challenge with 1 x 105 Py17X 

pRBCs. The control group contained 7 mice and the vaccinated group contained 10 mice. Error 

bars show standard error of mean for each group. + indicates mice succumbed to infection.  
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4.3.2 The induction of CD4+ and CD8+ T cells following vaccination 

The induction and role of antibodies and B cells in vaccine-induced protection was shown 

in Section 4.3.1. A potential role for cellular immune responses in vaccine-induced 

protection was suggested in Section 4.3.1.3. Further investigations were conducted to 

determine the induction and role of cellular immune responses following three vaccine 

doses of chemically attenuated blood-stage Py17X parasites. 

 

4.3.2.1 Vaccine-induced activation of circulating CD4+ and CD8+ T cells  

Experiments were undertaken to investigate whether vaccination induced activation of 

CD4+ and CD8+ T cells. Following a regimen of three vaccine doses of 1 x 106 CM-

attenuated Py17X pRBCs at two week intervals (Section 2.2.3), blood was collected from 

BALB/c mice on Day 7 after each vaccination to assess the up-regulation of CD4+ 

(CD49dhiCD11ahi; gating strategy from Butler et al., 2011a) and CD8+ (CD8loCD11ahi; 

gating strategy from Butler et al., 2011b) T cell activation markers (Section 2.2.12) (Fig 

4.7A-H). A control group of BALB/c mice that received injections of 1 x 106 CM-treated 

nRBCs at each vaccination time point was also included (Section 2.2.4).  

 

There was no significant difference in the percentage of CD4+ T cells expressing an 

activated phenotype (CD49dhiCD11ahi) in the peripheral blood of vaccinated mice and 

control mice (p >0.2728), except following the second vaccination (p = 0.0028) (Table 

4.1). However, there was a significantly higher percentage of CD8+ T cells expressing an 

activated phenotype (CD8loCD11ahi) in the peripheral blood of mice following each 

vaccination compared with control mice (p <0.0001). This activated CD8+ T cell 

phenotype remained significantly higher among vaccinated mice compared to control 

mice for at least four weeks post final injection (p = 0.0001).  

 

The relationship between protection, in terms of peak parasitaemia, and the percentage of 

activated CD4+ and CD8+ T cells in the peripheral blood of vaccinated mice just prior to 

challenge was assessed using Pearson correlation. There was no significant correlation 

between the percentage of CD4+ T cells (R2=0.1949; p = 0.2015) with an activated 

phenotype in the peripheral blood of vaccinated mice just prior to challenge and reduced 

peak parasitaemia. However, there was a moderate negative correlation between the 
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percentage of CD8+ T cells (R2=0.4228; p = 0.0418) with an activated phenotype in the 

peripheral blood of vaccinated mice just prior to challenge and reduced peak parasitaemia. 

 
Figure 4.7. Gating strategy to identify activated circulating CD4+ and CD8+ T cells following 

vaccination. Activated CD4+ and CD8+ T cells were identified as any cells with fluorescence 

above (red) that demonstrated by the isotype matched control antibodies (blue) (A-D). Gating was 

used to identify (E) the lymphocyte population, (F) CD4+ and CD8+ T cells, (G) activated CD4+ 

T cells expressing CD49dhiCD11ahi and (H) activated CD8+ T cells expressing CD8loCD11ahi. 

B 

C D 

H G 

E F 

A 



Chapter 4. Results II 

111 

 

Time points % of CD4 T cells with an 
activated phenotype 

% of CD8 T cells with an 
activated phenotype 

Control Vaccinated Control Vaccinated 

Baseline 2.47 3.95 

Post 1st 
injection 

5.07 6.06 7.45 11.69**** 

Post 2nd 
injection 

3.42 5.41** 5.15 8.19**** 

Post 3rd 
injection 

3.47 4.68 7.25 10.89**** 

Pre-challenge 4.83 5.62 6.81 9.70*** 

Table 4.1. Vaccine-induced activation of circulating CD4+ and CD8+ T cells. CD49dhiCD11ahi 

markers were used to identify activated CD4+ T cells and CD8loCD11ahi markers were used to 

identify activated CD8+ T cells in the blood of BALB/c mice that received 3 injections of 1 x 106 

CM-treated nRBCs or CM-attenuated Py17X pRBCs. Time points were 7 days after each 

injection. Data represents the mean of 20 mice per group. Baseline data represents mice from both 

groups prior to injection. **P=0.0028, ***P=0.0001 and ****P<0.0001. Data were analysed using an 

unpaired t-test. 

 

Overall, circulating CD4+ T cells showed limited activation in vaccinated mice compared 

with control mice. Significant activation of CD8+ T cells was identified in the blood of 

mice vaccinated with chemically attenuated blood-stage Py17X parasites compared with 

control mice. This may indicate a potential role for CD8+ T cells in vaccine-induced 

immunity, as there was a moderate correlation between the percentage of circulating 

CD8+ T cells expressing markers of T cell activation just prior to challenge and reduced 

peak parasitaemia following challenge. It must be noted that T cell activation was only 

determined in peripheral blood. T cell activation was not assessed in lymphoid organs, 

which may have better characterised vaccine-induced activation of CD4+ T cells.  

 

4.3.2.2 The role of CD4+ and CD8+ T cells in vaccine-induced protection 

Experiments were conducted to further investigate the role of CD4+ and CD8+ T cells in 

vaccine-induced protection. BALB/c mice were vaccinated with three vaccine doses of 1 

x 106 CM attenuated Py17X pRBCs (Section 2.2.3). Just prior to challenge, vaccinated 

mice received intraperitoneal injections of Rat Ig (control), anti-CD4 (clone GK1.5), anti-

CD8 (clone 53.5.8) or a combination of anti-CD4 and anti-CD8 antibodies, as described 

Section 2.2.13. Depletion of CD4+ and CD8+ T cells was assessed at challenge and during 

the depletion regimen (Fig 4.8A-H and Table 4.2). 
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Figure 4.8. Gating strategy to identify effectiveness of CD4+ and CD8+ T cell depletion in 

spleens of vaccinated mice. (A) CD4+ T cells and (B) CD8+ T cells were identified as any cells 

with fluorescence above (red) that demonstrated by the isotype matched control antibodies (blue). 

Gating was used to identify (C) lymphocyte population and (D) viable lymphocytes. Spleen cells 

from vaccinated mice that received 3 doses of 1 x 106 CM-attenuated Py17X pRBCs before a 

course of intraperitoneal injections of (E) Rat Ig (control), (F) anti-CD4 antibodies (clone GK1.5), 

(G) anti-CD8 antibodies (clone 53.5.8) or (H) anti-CD4 and anti-CD8 antibodies. 
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Days post 
challenge 

CD4-depleted CD8-depleted CD4- and CD8-depleted 

% of CD4+ T 
cells 

% of CD8+ T 
cells 

% of CD4+ T 
cells 

% of CD8+ T 
cells 

0 3.27 2.15 2.37 4.06 

9 0.75 3.82 1.15 10.90 

28 0.2 3.46 0.42 3.40 

Table 4.2. Monitoring CD4+ and CD8+ T cells during the course of depletion in vaccinated 

mice. Spleen cells from BALB/c mice vaccinated with 3 vaccine doses of 1 x 106 CM-attenuated 

Py17X pRBCs before receiving intraperitoneal injections of anti-CD4 antibodies (clone GK1.5), 

anti-CD8 antibodies (clone 53.5.8) or anti-CD4 and anti-CD8 antibodies on Day -3, -2, -1, 0, 7, 

15 and 22 relative to challenge on Day 0. 

 

At the time of challenge, vaccinated mice that received anti-CD4 antibodies or anti-CD8 

antibodies, or a combination of both, had >95% of their CD4+ and CD8+ T cells depleted 

(Table 4.2). Over the course of anti-CD4 and anti-CD8 antibody injections, CD4+ T cells 

remained below 4% and CD8+ T cells remained below 11% respectively, at the time 

points that were assessed.  

 

Following challenge, the mean parasitaemia was significantly lower among vaccinated 

mice that received Rat Ig injections (1.56 + 0.29%) compared with naive control mice 

(9.58 + 0.98%; p <0.0001) (Fig 4.9A). Naive mice had a significant reduction in their 

survival in comparison with vaccinated mice that received Rat Ig (p = 0.013) (Fig 4.9B). 

These data demonstrate that vaccination induced protection.  

 

Vaccinated mice that received anti-CD4 (19.64 + 1.28%) or a combination of anti-CD4 

and anti-CD8 (24.84 + 1.40%) antibodies had significantly higher mean parasitaemias 

compared with vaccinated mice that received control Rat Ig (p <0.0001). Similar mean 

parasitaemias were recorded for vaccinated mice that received anti-CD8 antibodies (2.54 

+ 0.49%) and vaccinated mice that received Rat Ig (p = 0.9487). At the end of the 28 day 

observation period, all mice that received Rat Ig, anti-CD8 or a combination of anti-CD4 

and anti-CD8 antibodies survived. A significant reduction in survival was recorded for 

vaccinated mice that received anti-CD4 antibodies compared with all other vaccinated 

groups (p = 0.0002). Vaccinated mice that received anti-CD4 or a combination of anti-

CD4 and anti-CD8 antibodies were euthanised on Day 30 after challenge, as their 

parasitaemias remained elevated above 25% for the latter half of the experiment.  
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Figure 4.9. Assessing the role of CD4+ and CD8+ T cells in vaccine-induced protection 

against parasite burden and mortality following homologous challenge. (A) Parasitaemia and 

(B) Survival in BALB/c mice that received 3 vaccinations of 1 x 106 CM-attenuated Py17X 

pRBCs followed by intraperitoneal injections of Rat Ig, anti-CD4, anti-CD8 or a combination of 

anti-CD4 and anti-CD8 antibodies prior to and during challenge with 1 x 105 Py17X pRBCs. A 

naive control group was also included. The group that received Rat Ig contained 9 mice. All other 

groups contained 10 mice. Error bars show standard error of mean for each group. + indicates 

mice succumbed to infection. 

 

Following challenge, the overall weights of naive mice showed a significant reduction 

from baseline (5.60 + 1.02%) compared with vaccinated mice that received Rat Ig (103.50 

+ 0.41%; p <0.0001) (Fig 4.10A). The mean reduction from Day 0 haemoglobin levels 

was also significant for naive mice (37.61 + 4.06%) compared with vaccinated mice that 

received Rat Ig (23.15 + 2.33%; p = 0.0342) (Fig 4.10B). Additionally, naive mice 

demonstrated significantly higher clinical scores (1.13 + 0.12) compared with vaccinated 
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mice that received Rat Ig (0.31 + 0.50%; p <0.0001) (Fig 4.10C). These data show that 

vaccination induced protection. 

 
Figure 4.10. Assessing the role of CD4+ and CD8+ T cells in vaccine-induced protection 

against morbidity following homologous challenge. Evaluating disease severity according to 

(A) Weight, (B) Haemoglobin and (C) Clinical scores in BALB/c mice that received 3 

vaccinations with 1 x 106 CM attenuated Py17X pRBCs followed by intraperitoneal injections of 

Rat Ig, anti-CD4, anti-CD8 or a combination of anti-CD4 and anti-CD8 antibodies prior to and 

during challenge with 1 x 105 Py17X pRBCs. A naive control group was also included. The group 

which received Rat Ig contained 9 mice. All other groups contained 10 mice. Error bars show 

standard error of mean for each group. + indicates mice succumbed to infection. 
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Overall, vaccinated mice that received anti-CD4 (10.43 + 1.44%) or a combination of 

anti-CD4 and anti-CD8 (5.81 + 0.73%) antibodies had significantly greater weight loss 

compared with vaccinated mice that received Rat Ig (p <0.0001). Vaccinated mice that 

received anti-CD4 had significant weight loss compared with vaccinated mice that 

received a combination of anti-CD4 and anti-CD8 antibodies (p = 0.0009). Vaccinated 

mice that received anti-CD8 antibodies after vaccination and during challenge were able 

to maintain their weights (101.5 + 0.34%) similar to vaccinated mice that received Rat Ig 

(p = 0.4058). Overall, vaccinated mice that received anti-CD4 (51.09 + 4.77%) or a 

combination of anti-CD4 and anti-CD8 (51.86 + 3.69%) antibodies showed a significant 

reduction in haemoglobin from Day 0 levels compared with vaccinated mice that received 

Rat Ig (p <0.0001). There was no significant difference in the reduction from baseline 

haemoglobin levels in vaccinated mice that received anti-CD8 antibodies (18.32 + 2.42%) 

and vaccinated mice that received Rat Ig (p = 0.8472). Overall, clinical scores were 

similar between vaccinated mice that received Rat Ig and those that received anti-CD8 

antibodies (0.35 + 0.06; p = 0.9971). However, vaccinated mice that received anti-CD4 

(1.92 + 0.12) or a combination of anti-CD4 and anti-CD8 (1.99 + 0.10) antibodies 

recorded significantly higher clinical scores compared with vaccinated mice that received 

Rat Ig (p <0.0001).  

 

These data show that CD4+ T cells, but not CD8+ T cells, are important in vaccine-induced 

protection against homologous blood-stage Py17X challenge. Vaccinated mice depleted 

of their CD4+ T cells had significantly reduced vaccine-induced protection in terms of 

higher mean parasitaemia, reduced survival, increased weight loss, anaemia and increased 

clinical scores compared with vaccinated mice that received control Rat Ig. Vaccinated 

mice that were depleted of both CD4+ and CD8+ T cells demonstrated similar outcomes 

in terms of parasitaemia, anaemia and clinical scores compared with vaccinated mice 

depleted of CD4+ T cells only. Interestingly, no deaths occurred over the 28 day 

observation period in vaccinated mice depleted of both CD4+ and CD8+ T cells, whereas 

80% of vaccinated mice depleted of CD4+ T cells only succumbed to infection by the end 

of the 28 day observation period. This may be due to the exacerbation of 

immunopathology by CD8+ T cells in the absence of protective CD4+ T cell-mediated 

immune responses, such as the production of IL-10 by CD4+ T cells which can 

counterbalance pro-inflammatory immune responses (reviewed in Perez-Mazliah & 

Langhorne, 2015). However, vaccinated mice depleted of both CD4+ and CD8+ T cells 
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received a larger amount of depleting antibodies (anti-CD4 and anti-CD8 antibodies) than 

mice depleted of CD4+ T cells only. This may have also contributed to the prolonged 

survival of vaccinated mice depleted of both CD4+ and CD8+ T cells compared with mice 

depleted of CD4+ T cells only. Vaccinated mice depleted of CD4+ T cells or a combination 

of CD4+ and CD8+ T cells were euthanised due to continued morbidity. Interestingly, 

although vaccination induced CD8+ T cell activation that correlated with lower peak 

parasitaemia (Section 4.3.2.1), CD4+ T cells were crucial for vaccine-induced protection 

against homologous blood-stage challenge. CD8+ T cells have a predominant role in liver-

stage immunity rather than blood-stage immunity (Vinetz et al., 1990; Weiss et al., 1988; 

Schofield et al., 1987). Therefore, vaccine-induced CD8+ T cell activation may suggest a 

mechanism for potential cross-stage protection, and is assessed in Chapter 5.  

 

4.3.2.3 Induction of CD4+ T follicular helper cells by vaccination  

The data in Section 4.3.1.2 and 4.3.2.2 show the importance of B cells and/or antibodies 

and CD4+ T cells respectively in vaccine-induced protection. An experiment was 

conducted to determine whether vaccination induced CD4+ T cells with a follicular helper 

cell function. Follicular helper cells are a distinct subset of CD4+ T cells that are important 

in the stimulation of B cells in germinal centres and the induction of long-lived antibody 

responses (reviewed in Ma et al., 2012). BALB/c mice were vaccinated with three vaccine 

doses of 1 x 106 CM-attenuated Py17X pRBCs (Section 2.2.3). A control group of 

BALB/c mice received three injections of 1 x 106 CM-treated nRBCs (Section 2.2.4). 

Two days following the final injection, spleens from vaccinated and control mice were 

removed and dissected to identify CD4+ T follicular helper (Tfh) cells (Bcl6+CXCR5+) 

(Section 2.2.14) (Fig 4.11A-H).  

 

Following vaccination with chemically attenuated blood-stage Py17X parasites, 

vaccinated mice had a significantly higher percentage of Tfh cells (1.48 + 0.27%) in their 

spleens compared with control mice (0.24 + 0.07%; p = 0.0006) (Fig 4.12). These data 

show that Tfh cells are induced by vaccination with chemically attenuated blood-stage 

Py17X parasites, and confirmed the induction of both cellular and humoral immune 

responses by vaccination. 
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Figure 4.11. Gating strategy to identify CD4+ T follicular helper (Tfh) cells. (A-D) Cells were 

identified as any fluorescence above (red) that demonstrated by the isotype matched control 

antibodies (blue). Gating used to identify (E) lymphocyte population, (F) CD3+ and (G) CD4+ T 

cells. (H) Tfh cells were identified as Bcl6+CXCR5+. 
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Figure 4.12. Induction of CD4+ T follicular helper (Tfh) cells following vaccination. 

Percentage of CD4+ T cells expressing Tfh markers (Bcl6 and CXCR5) in the spleens of BALB/c 

mice that received 3 injections of 1 x 106 CM treated nRBCs (control) or CM-attenuated Py17X 

pRBCs. Each group contained 10 mice. Error bars show standard error of mean for each group. 
***P=0.0006. Data were analysed using an unpaired t-test. 

 

4.3.3 The duration of vaccine-induced immune responses to homologous parasite 

BALB/c mice that were vaccinated three times with 1 x 106 CM-attenuated Py17X pRBCs 

were protected against homologous blood-stage challenge infection for at least nine 

months after their final vaccination (Section 3.3.3). To assess the duration of vaccine-

induced immune responses to homologous parasites, in vitro assays were conducted up 

to nine months post final injection (Section 2.2.10 and 2.2.15). 

 

Immediately prior to challenge, a subset of eight mice from each group were sacrificed to 

assess splenocyte proliferation in response to homologous parasites at the one month, 

three month, six month and nine month time points. Spleen cells were incubated with 

media, nRBCs, Concanavalin (Con) A or Py17X pRBCs, and cultured in the presence of 

[3H] thymidine for the last 18 hours of the 72 hour incubation period (Section 2.2.15.2).  

 

Splenocytes from vaccinated mice showed significant proliferation in response to 

homologous parasites at one month (24,132 + 2,410 CCPM), three months (26,998 + 

884.9 CCPM) and six months (35,885 + 1,940 CCPM) after their final vaccination 

compared with splenocytes from their respective control groups (3,811 + 231.8 CCPM, 

8,538 + 868 CCPM and 6,313 + 489.02 CCPM respectively; p <0.0001) (Fig 4.13A-C). 

However, there was no significant difference in the parasite-specific proliferation of 

spleen cells from vaccinated mice (14,753 + 1,880 CCPM) compared with control mice 

(10,007 + 1,181 CCPM) at nine months post final injection (p = 0.2809) (Fig 4.13D). 
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Figure 4.13. Induction of splenocyte proliferation at 1, 3, 6 and 9 months following 

vaccination with chemically attenuated parasites. Proliferation of splenocytes from BALB/c 

mice that received 3 injections of 1 x 106 CM-treated nRBCs (control) or CM-attenuated Py17X 

pRBCs was assessed at (A) 1 month, (B) 3 months, (C) 6 months or (D) 9 months post final 

injection. Proliferation was estimated by the incorporation of [3H] thymidine into the DNA of 

dividing cells and is represented as corrected counts per minute (CCPM). Py17X pRBCs were 

used to test parasite-specific spleen cell proliferation. Each group contained 8 mice. Splenocytes 

from each mouse were tested in triplicate. Error bars show standard error of mean for each group. 
****P<0.0001. Data were analysed using an unpaired t-test. 

 

Immediately prior to the addition of [3H] thymidine, supernatants from splenocyte 

proliferation assays were removed to identify cytokines produced by spleen cells in 

response to homologous Py17X pRBCs, as described in Section 2.2.15.1. Cytokines assist 

cellular and humoral immune responses, and can generally be divided into Th1 and Th2 

cytokines. Th1 cytokines (e.g. IL-2, IFNγ and TNFα) are associated with inflammatory 

cellular immune responses, whereas Th2 cytokines (e.g. IL-4, IL-6 and IL-10) can 

contribute to humoral immune responses or help regulate inflammatory responses. 

However, some cytokines, such as IL-6, are pleiotropic and have multiple functions 

(Scheller et al., 2011). 
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The concentration of IFNγ produced in response to pRBCs was significantly higher for 

spleen cells from vaccinated mice at one month (365 + 136.60 pg/mL; p = 0.0008), three 

months (87.03 + 51.50 pg/mL; p <0.0001) and six months (349.4 + 48.95 pg/mL; p = 

0.0015) than for spleen cells from their respective control mice at each time point (0 + 0 

pg/mL, 0.51 + 0.31 pg/mL and 0.764 + 0.29 pg/mL) (Fig 4.14A). The level of IL-2 

measured in response to pRBCs was significantly higher in vaccinated mice at three 

months (88.41 + 14.03 pg/mL; p = 0.0048) and six months (126.80 + 34.57 pg/mL; p 

<0.0001) post final vaccination compared with their respective control mice (0 + 0 pg/mL 

and 0 + 0 pg/mL) (Fig 4.14B). The level of TNFα produced in response to pRBCs was 

also significantly higher in vaccinated mice at three months (131.40 + 15.49 pg/mL; p = 

0.0002) and six months (205.50 + 35.30 pg/mL; p <0.0001) post final vaccination 

compared with their respective control mice (7.04 + 1.57 pg/mL and 7.183 + 1.06 pg/mL) 

(Fig 4.14C). However at the one month time point, spleen cells from vaccinated mice 

produced similar levels of IL-2 (p = 0.9974) and TNFα (p = 0.9945) in response to pRBCs 

compared with control mice. At nine months post final injection, there was no significant 

difference in the levels of these three Th1 cytokines (IFNγ, IL-2 and TNFα) produced in 

response to Py17X by splenocytes from vaccinated mice compared with control mice (p 

>0.9809). 

 

There was no significant difference in the levels of IL-4 produced by spleen cells in 

response to Py17X pRBCs between vaccinated mice and control mice at each time point 

(p >0.2942) (Fig 4.15A). There was significantly higher production of IL-6 in response 

to Py17X pRBCs from splenocytes from vaccinated mice at one month (35.13 + 6.16 

pg/mL; p <0.0001), three months (51.84 + 3.03 pg/mL; p <0.0001) and six months (26.97 

+ 2.20 pg/mL; p = 0.0004) than from splenocytes from control mice at these time points 

(4.08 + 0.82 pg/mL, 2.83 + 0.73 pg/mL and 4.29 + 0.68 pg/mL respectively) (Fig 4.15B). 

The concentration of IL-10 produced by spleen cells from vaccinated mice at one month 

(89.23 + 21.62 pg/mL), three months (87.62 + 5.63 pg/mL) and six months (65.06 + 4.97 

pg/mL) post final vaccination was significantly higher than for control mice (0 + 0 pg/mL, 

4.65 + 1.60 pg/mL and 2.82 + 0.53 pg/mL respectively; p <0.0001) (Fig 4.15C). 

Vaccinated and control mice at nine months post final injection produced comparable 

levels of these measured Th2 cytokines (IL-4, IL-6 and IL-10) in response to homologous 

parasites (p >0.7474). 
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Figure 4.14. Induction of Th1 cytokines at 1, 3, 6 and 9 months following vaccination with 

chemically attenuated parasites. Supernatants from splenocyte proliferation assays from 

BALB/c mice that received 3 injections of 1 x 106 CM-treated nRBCs (control) or CM-attenuated 

Py17X pRBCs were used to quantify the level of (A) IFNγ, (B) IL-2 and (C) TNFα produced in 

response to homologous pRBCs at 1, 3, 6 and 9 months post final injection. Each group contained 

8 mice. The supernatant was pooled from triplicate wells for each mouse. Error bars show 

standard error of mean for each group. Data were analysed using an unpaired t-test. 
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Figure 4.15. Induction of Th2 cytokines at 1, 3, 6 and 9 months following vaccination with 

chemically attenuated parasites. Supernatants from splenocyte proliferation assays from 

BALB/c mice that received 3 injections of 1 x 106 CM-treated nRBCs (control) or CM-attenuated 

Py17X pRBCs were used to quantify the level of (A) IL-4, (B) IL-6 and (C) IL-10 secreted in 

response to homologous pRBCs at 1, 3, 6 and 9 months post final injection. Each group contained 

8 mice. The supernatant was pooled from triplicate wells for each mouse. Error bars show 

standard error of mean for each group. Data were analysed using an unpaired t-test. 
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Immediately prior to challenge at each time point, serum samples from vaccinated and 

control mice were collected to assess the duration of vaccine-induced parasite-specific 

IgG (Section 2.2.10).  

 
Figure 4.16. Assessing parasite-specific IgG at 1, 3, 6 and 9 months following vaccination 

with chemically attenuated parasites. IgG production was measured using sera diluted at 1 in 

20 from BALB/c mice that received 3 injections of 1 x 106 CM-treated nRBCs (control) or CM-

attenuated Py17X pRBCs and rested for 1 month, 3 months, 6 months or 9 months post final 

injection. Results are represented as optical density (OD) at a wavelength of 450nm. Sera from 

naive mice and infection-drug cured mice were included as a negative and positive control 

respectively. Each group contained 10 mice. Samples from each mouse were tested in duplicate. 

Error bars show standard error of mean for each group. Data were analysed using a one-way 

ANOVA followed by Tukey’s multiple comparison tests. 

 

Serum samples from vaccinated mice collected immediately prior to challenge at one 

month (0.85 + 0.10; p <0.0001), three months (1.21 + 0.06; p <0.0001), six months (0.66 

+ 0.09; p = 0.0030) and nine months (1.72 + 0.13; p <0.0001) post final vaccination 

contained significantly higher amounts of parasite-specific IgG compared with control 

mice at each of these time points (0.14 + 0.03, 0.26 + 0.08, 0.21 + 0.02 and 0.25 + 0.04 

respectively) (Fig 4.16). Parasite-specific IgG was significantly higher in the sera of 

vaccinated mice at three months (p = 0.0400) and nine months (p <0.0001) compared 

with vaccinated mice at one month. Comparable levels of parasite-specific IgG were 

recorded in sera from vaccinated mice at six months and one month post final vaccination 

(p = 0.6577).  

 

The relationship between protection in terms of peak parasitaemia, haemoglobin, clinical 

scores and survival of individual vaccinated mice and parasite-specific IgG in their serum 
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prior to challenge was assessed using Pearson correlation. There was a weak negative 

correlation between pre-challenge parasite-specific IgG and peak parasitaemia 

(R2=0.1284; p = 0.0251) and peak clinical score (R2=0.1269; p = 0.0260). There was no 

significant correlation between the reduction in haemoglobin (R2=0.07737; p = 0.0864) 

and survival (R2=0.09026; p = 0.0631) of vaccinated mice compared with their parasite-

specific IgG. 

 

Separate studies were conducted to assess whether B cell memory responses were induced 

following vaccination with CM-attenuated Py17X pRBCs. Sera from BALB/c mice that 

received three vaccine doses of 1 x 106 CM-attenuated Py17X pRBCs (Section 2.2.3) 

were taken just prior to challenge with 1 x 105 Py17X pRBCs (Section 2.2.5) and on Day 

6 post challenge infection at one month, three months and nine months following the final 

vaccination to confirm stimulation of memory B cells. The stimulation of memory B cells 

is indicated by a rapid antibody response within six days of re-stimulation with antigen, 

whereas a primary immune response would take at least nine days to produce parasite-

specific IgG (Sprent & Tough, 1994; Wykes et al., 2005). Sera from age-matched mice 

that received three injections of 1 x 106 CM-treated nRBCs (Section 2.2.4) were also taken 

pre- and post-challenge at these time points. Sera were titrated using three-fold dilutions 

from 1 in 50 to 1 in 109,350. A dilution of 1 in 1,350 was chosen as a representation of 

the data. This was the lowest dilution across all time points at which there was no 

significant difference in the pre-challenge parasite-specific IgG levels between control 

and vaccinated mice. 

 

Pre-challenge sera from vaccinated and control mice contained comparable levels of 

parasite-specific IgG at one month (p = 0.9357), three months (p = 0.9717) and nine 

months (p = 0.0837) post final injection (Fig 4.17A-C). However, on Day 6 following 

challenge, significantly higher levels of parasite-specific IgG were measured in sera of 

vaccinated mice compared with control mice at one month (0.05 + 0.002), three months 

(0.11 + 0.02) and nine months (0.07 + 0.01; p <0.0001). Sera from vaccinated mice had 

significantly elevated parasite-specific IgG on Day 6 post homologous challenge at one 

month (0.35 + 0.04), three months (0.70 + 0.11) and nine months (1.33 + 0.13) compared 

with levels prior to challenge at these time points (0.02 + 0.003, 0.06 + 0.006 and 0.28 + 

0.03 respectively; p <0.0001). There was no significant difference in parasite-specific IgG 
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in pre- and post-challenge sera from control mice at one month (p = 0.3816), three months 

(p = 0.6954) and nine months (p = 0.9948).  

 
Figure 4.17. Assessing memory B cell response at 1, 3 and 9 months post final vaccination 

by induction of parasite-specific IgG pre- and post-challenge. Parasite-specific IgG to crude 

Py17X antigens in the pre- and post-challenge sera of BALB/c mice that received 3 injections of 

1 x 106 CM-treated nRBCs (control) or CM-attenuated Py17X pRBCs and rested for (A) 1 month, 

(B) 3 months and (C) 9 months. Sera was titrated using 3-fold dilutions from 1 in 50 to 1 in 

109350 dilution, with the 1 in 1350 dilution shown as a representation of the data. Results are 

expressed as optical density (OD) at 450nm. Sera from naive mice and infection-drug cured mice 

were included as a negative and positive control respectively. Each group contained 10 mice. 

Samples were tested in duplicate per mouse. Error bars show standard error of mean for each 

group. Data were analysed using a one-way ANOVA followed by Tukey’s multiple comparison 

tests. 

 

These data show that vaccination with chemically attenuated blood-stage Py17X parasites 

induced long-lasting immunological memory. The ability of spleen cells to proliferate 
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and produce Th1 and Th2 cytokines in response to homologous parasite remained for up 

to six months following vaccination. Parasite-specific IgG was present in the sera of 

vaccinated mice for at least nine months following vaccination and prior to challenge. 

This may be due to the induction of long-lived plasma cells following vaccination. 

Additionally, an increase in parasite-specific IgG in vaccinated mice following challenge 

suggests the induction of memory B cell responses that remained for at least nine months 

after vaccination. Interestingly, there was a correlation between pre-challenge parasite-

specific IgG in the sera of vaccinated mice and protection, in terms of peak parasitaemia 

and clinical scores; but not in terms of haemoglobin levels and survival. The avidity and 

affinity of these parasite-specific antibodies were not assessed and may have shown a 

better association with protection for all parameters that were assessed.  

 

4.3.4 Investigating the induction of cross-strain/ species immune responses following 

vaccination with chemically attenuated, blood-stage Py17X parasites 

Cellular and humoral immune responses are induced against homologous Py17X 

parasites following three vaccine doses of 1 x 106 CM-attenuated Py17X pRBCs (Section 

4.3.1 and 4.3.2). In vitro assays were used to investigate vaccine-induced immune 

responses against heterologous strain (Plasmodium yoelii YM) and species (Plasmodium 

berghei ANKA, Plasmodium vinckei vinckei and Plasmodium chabaudi AS) of rodent 

Plasmodium, and whether these immune responses reflected the protection observed 

against heterologous Plasmodium parasite challenge (Section 3.3.4). 

 

Immediately prior to challenge, a subset of mice from each group were sacrificed to assess 

splenocyte proliferation in response to heterologous parasites (Section 2.2.15.2). Data 

show that spleen cells from mice vaccinated with chemically attenuated Py17X parasites 

proliferated significantly more than spleen cells from control mice in response to 

heterologous parasites (Fig 4.18A-D). There was significantly higher proliferation of 

spleen cells from vaccinated mice when incubated with P. yoelii YM pRBCs (37,239 + 

2,582 CCPM; p <0.0001), P. berghei ANKA pRBCs (6,528 + 1,343 CCPM; p = 0.0060), 

P. vinckei vinckei pRBCs (7,443 + 656.1 CCPM; p <0.0001) and P. chabaudi AS pRBCs 

(8,700 + 1,082 CCPM; p <0.0001) compared with spleen cells from their respective 

control mice (6,207 + 239 CCPM, 2,222 + 214.8 CCPM, 3,139 + 512.3 CCPM, 2,941 + 

158.3 CCPM respectively).  
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Figure 4.18. Induction of splenocyte proliferation to heterologous Plasmodium parasites 

following vaccination with chemically attenuated Py17X. Proliferation of splenocytes from 

BALB/c mice that received 3 injections of 1 x 106 CM-treated nRBCs (control) or CM-attenuated 

Py17X pRBCs. Proliferation was estimated by the incorporation of [3H] thymidine into the DNA 

of dividing cells and is represented as corrected counts per minute (CCPM). Splenocytes were 

incubated with (A) P. yoelii YM pRBCs, (B) P. berghei ANKA pRBCs, (C) P. vinckei vinckei 

pRBCs or (D) P. chabaudi AS pRBCs to assess parasite-specific proliferation. Each group 

contained 3 mice, except for spleens from the vaccinated group incubated with P. yoelii YM 

pRBCs, which contained 2 mice. Splenocytes from each mouse were tested in triplicate. Error 

bars show standard error of mean for each group. Data were analysed using an unpaired t-test. 

 

Just prior to challenge, sera from mice that received three vaccinations with 1 x 106 CM-

attenuated Py17X pRBCs was assessed for the presence of IgG that was cross-reactive 

with heterologous parasite antigens (Section 2.2.10). Data show that sera from mice 

vaccinated with chemically attenuated Py17X parasites recognised crude P. yoelii YM, 

P. berghei ANKA, P. vinckei vinckei and P. chabaudi AS blood-stage antigens (Fig 

4.19A-D). Sera from vaccinated mice had IgG titers of 15,700 + 10,875 against P. yoelii 
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YM antigens, 306 + 77.81 against P. berghei ANKA antigens, 22,920 + 13,263 against 

P. vinckei vinckei antigens and 15,750 + 10,871 against P. chabaudi AS antigens. 

 

Figure 4.19. Assessing vaccine-induced IgG titers to heterologous Plasmodium parasites 

following vaccination with chemically attenuated Py17X. The titers of (A) P. yoelii YM, (B) 

P. berghei ANKA, (C) P. vinckei vinckei and (D) P. chabaudi AS specific IgG were measured in 

the sera of mice that received 3 vaccinations with 1 x 106 CM-attenuated Py17X pRBCs. Titers 

were calculated as 3 x standard deviation above the mean of the control sera. Control sera was 

from 10 mice that received 3 injections of 1 x 106 CM-treated nRBCs. The vaccinated group 

contained 10 mice. Sera from naive mice and infection-drug cured mice (for each parasite species) 

were included as a negative and positive control respectively. All samples were tested in 

duplicate. Error bars show standard error of mean for each group. 

 

In summary, both cellular and humoral immune responses are induced against the 

heterologous parasites P. yoelii YM, P. vinckei vinckei and P. chabaudi AS following 

vaccination with chemically attenuated Py17X parasites. This suggests a role for both 

cellular and humoral immune responses in vaccine-induced protection against 

heterologous P. yoelii YM blood-stage challenge (Section 3.3.4.1), and protection from 
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specific disease outcomes during infection with P. vinckei vinckei (i.e. reduction in peak 

parasitaemia and clinical scores) (Section 3.3.4.3) and P. chabaudi AS (reduction in peak 

parasitaemia and haemoglobin level) (Section 3.3.4.4). However, although there was 

significantly higher proliferation of spleen cells in the presence of P. berghei ANKA from 

vaccinated mice compared with control mice, there was limited induction of IgG capable 

of recognising P. berghei ANKA antigens following vaccination. This low level of cross-

reactive IgG may reflect the inability of vaccinated mice to control P. berghei ANKA 

infection in vivo (Section 3.3.4.2).  Additionally, the avidity and affinity of these cross-

reactive antibodies were not assessed and may have shown a better association with 

protection. In response to homologous parasite, spleen cells from vaccinated mice 

produced IL-2, IFNγ, TNFα, IL-6 and IL-10; these cytokines may be pivotal in vaccine-

induced protective immunity. However, the production of cytokines in response to 

heterologous parasites was not examined, and differences in cytokine production may 

explain the lack of protection against P. berghei ANKA in vivo (Section 3.3.4.2).  

 

4.4 Conclusion 

It was previously shown that three vaccine doses of CM-attenuated blood-stage Py17X 

parasites induced protection against blood-stage parasite challenge (Chapter 3). Here, 

investigations were conducted to elucidate the immune responses induced by vaccination 

and the immune mechanisms required for protection. It was shown that three vaccine 

doses of CM-attenuated blood-stage Py17X parasites induced both cellular and humoral 

immune responses. 

 

In vitro, vaccine-primed spleen cells proliferated and produced both Th1 (IL-2, IFNγ and 

TNFα) and Th2 (IL-6 and IL-10) cytokines in response to homologous parasites. 

Additionally, vaccination induced parasite-specific IgG responses against homologous 

parasite antigens. The mouse IgG isotypes, IgG1 and IgG2a were both induced following 

vaccination, with higher titers of IgG1 detected in the sera of vaccinated mice. IgG 

isotypes, IgG2a and IgG1, can be used as markers of Th1 and Th2 immune responses 

respectively (Stevens et al., 1988). Further investigations are required to quantify the 

relative amounts of these vaccine-induced parasite-specific IgG isotypes. Parasite-

specific IgG in the sera of vaccinated mice just prior to challenge was shown to correlate 
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with protection in terms of lower peak parasitaemia and clinical scores, but not in terms 

of anaemia or mortality. 

 

Further examination into the role of vaccine-induced parasite-specific antibodies 

demonstrated that the transfer of sera from vaccinated mice was able to limit the initial 

parasite burden in the blood, as well as disease severity, in recipient mice following 

challenge. However, the sera transferred was insufficient in preventing the progression of 

parasitaemia and disease. The level of parasite-specific IgG in recipient mice was not 

quantified following administration of sera from vaccinated mice, which would have 

established whether recipient mice had comparable parasite-specific IgG titers to 

vaccinated mice. Additionally, better outcomes against Py17X infection in recipient mice 

may have been achieved if transfer of sera from vaccinated mice was extended for a 

longer period of time. The role of B cells and/or antibodies in vaccine-induced protection 

was further investigated using B cell deficient mice. In the absence of B cells, vaccinated 

mice were unable to control parasite burden and disease severity; these mice had similar 

outcomes to control mice following blood-stage infection. Interestingly, vaccinated B cell 

deficient mice survived for a longer period of time following infection compared with 

control mice. This suggests the importance of vaccine-induced cellular immune responses 

in protection against early mortality. However, in this study vaccinated B cell deficient 

mice eventually succumbed to infection. 

 

Studies were conducted to investigate the cellular immune responses induced following 

vaccination with chemically attenuated blood-stage Py17X parasites. Vaccination 

induced circulating CD8+ T cells with an activated phenotype, but only limited activation 

was observed for circulating CD4+ T cells. There was a correlation between the elevated 

number of circulating CD8+ T cells expressing an activated phenotype in vaccinated mice 

just prior to challenge and better protection following challenge, in terms of reduced peak 

parasitaemia; although, other clinical outcomes (survival, anaemia and disease severity) 

were not assessed. Future experiments should also investigate vaccine-induced CD4+ and 

CD8+ T cell activation in lymphoid organs as this may better characterise vaccine-induced 

activation of both CD4+ and CD8+ T cells. Following vaccination, CD4+ T cells with a 

Tfh phenotype (Bcl6+CXCR5+) were present in elevated numbers in the spleen. Tfh cells 

are crucial for the formation of germinal centres and long-lived antibody responses 

(Breitfield et al., 2000; Moon et al., 2011). Further investigations into the role of CD4+ 
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and CD8+ T cells in vaccine-induced protection demonstrated the crucial role of CD4+ T 

cells against blood-stage parasite challenge, with the abrogation of vaccine-induced 

protection in the absence of CD4+ T cells. Interestingly, vaccinated mice depleted of 

CD4+ T cells only succumbed to malaria more quickly than vaccinated mice depleted of 

both CD4+ and CD8+ T cells. This may indicate exacerbation of immunopathology by 

CD8+ T cells in the absence of regulatory cytokines, such as IL-10, produced by CD4+ T 

cells (reviewed in Perez-Mazliah & Langhorne, 2015). However, whether CD8+ T cell-

mediated immunopathology would also occur during infection in control mice depleted 

of CD4+ T cells was not investigated. In the absence of CD8+ T cells, there was no 

alteration in vaccine-induced protection following challenge. This may be due to the 

presence of γδ T cells, which were not depleted. γδ T cells also have cytotoxic ability and 

can produce granulysin and perforin (Costa et al., 2011).  The complete role of vaccine-

induced CD8+ T cells during blood-stage infection remains to be determined. CD8+ T 

cells are known to play a role in liver-stage immunity (Vinetz et al., 1990; Weiss et al., 

1988; Schofield et al., 1987); therefore, activation of CD8+ T cells following vaccination 

may indicate a potential mechanism for vaccine-induced cross-stage protection, and is 

assessed in Chapter 5.  

 

Vaccination with chemically attenuated Py17X parasites induced long-lasting parasite-

specific immune responses. The detection of parasite-specific IgG prior to challenge 

remained for at least nine months. This may suggest the presence of long-lived plasma 

cells in the absence of parasite antigen (reviewed in Slifka & Ahmed, 1998). Vaccinated 

mice also demonstrated a memory B cell response, with a significant elevation in parasite-

specific serum IgG on Day 6 post challenge compared with pre-challenge. In vitro 

parasite-specific spleen cell proliferation and cytokine production remained for up to six 

months, but was diminished by nine months following vaccination. However, it is 

important to note that in vitro spleen cell proliferation and cytokine assays were 

conducted on spleens from different mice to those assessed for in vivo protection; 

therefore, potential variation of vaccine-induced immune responses may explain the 

differences between in vitro assays and protection data. Vaccinated mice remained 

protected against challenge with homologous parasite for at least nine months following 

vaccination. Humoral immune responses may therefore be required for long-lived 

vaccine-induced protection.  
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Studies from Chapter 3 show that vaccinated mice challenged at six months after their 

final vaccination recorded increased morbidity and mortality compared with vaccinated 

mice at other challenge time points (Section 3.3.3). Unfortunately, proliferation assays 

from different time points cannot be compared as assays were not conducted at the same 

time. However, parasite-specific IgG levels between the different time points were 

assessed in the same ELISA and can therefore be compared. Vaccinated mice had 

significantly higher parasite-specific IgG at three months and nine months than at the one 

month time point, whereas parasite-specific IgG at the six month time point was 

comparable to the one month time point. This difference between parasite-specific IgG at 

six months compared with three months and nine months may explain the reduced 

vaccine-induced protection at the six month time point compared with other challenge 

time points (Section 3.3.3). However, it is important to note that the affinity and avidity 

of the parasite-specific IgG antibodies induced by vaccination were not determined, and 

may have shown a better association with protection data. 

 

Vaccine-induced immune responses were demonstrated against heterologous strain and 

species of rodent Plasmodium parasites, in terms of spleen cell proliferation and serum 

IgG. Vaccination induced splenocyte proliferation and IgG that were able to cross-react 

with P. yoelii YM, P. vinckei vinckei and P. chabaudi AS. Vaccinated mice showed robust 

protection following challenge with P. yoelii YM and partial protection against specific 

disease outcomes following challenge with P. vinckei vinckei and P. chabaudi AS. 

However, proliferative splenocyte responses in vitro did not always reflect protection 

following challenge. For instance, vaccine-primed spleen cells proliferated significantly 

in the presence of P. berghei ANKA, but there was no vaccine-induced protection 

following challenge with P. berghei ANKA (Section 3.3.4.2). However, it must be noted 

that in vitro spleen cell proliferation was measured in spleens from different mice to those 

assessed for in vivo protection. Vaccine-induced cross-reactive IgG may be a better 

indicator of protection, as only limited cross-reactive IgG titers were shown against P. 

berghei ANKA antigens. The affinity and avidity of cross-reactive antibodies induced by 

vaccination were not determined, and may have also demonstrated a better association 

with protection data. Additionally, cytokine production was not assessed and may be 

crucial for vaccine-induced protection against heterologous Plasmodium parasites, as 

well as other unmeasured parameters. 
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Overall, three vaccine doses of CM-attenuated blood-stage Py17X parasites induced both 

cellular and humoral immune responses that were long-lasting and protective against 

homologous parasites. A crucial role for B cells and/or antibodies and CD4+ T cells in 

vaccine-induced protection against homologous blood-stage challenge was demonstrated, 

with a loss of vaccine-induced protection in the absence of these immune components.
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Assessing cross-stage protection induced by a chemically 

attenuated Plasmodium yoelii 17X blood-stage vaccine 

 

5.1 Abstract 

Published studies have described the induction of cross-stage protection induced by 

blood-stage parasites. Here, we investigated whether chemically attenuated blood-stage 

Plasmodium yoelii 17X (Py17X) parasites were capable of inducing cross-stage 

protection against sporozoite challenge. Previously, we have shown that mice vaccinated 

with chemically attenuated blood-stage Py17X parasites have activated CD8+ T cells. 

However, only CD4+ T cells were shown to be crucial for vaccine-induced protection 

against homologous blood-stage challenge. As CD8+ T cells are known to play a role in 

liver-stage immunity, we examined vaccine-induced cross-stage protection. Vaccination 

with chemically attenuated blood-stage parasites was unable to prevent hepatocyte 

invasion and liver-stage infection following sporozoite challenge, as assessed by 

quantitative liver-stage PCR. However, robust protection against blood-stage parasites 

was evident following challenge with sporozoites.  
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5.2 Introduction 

In the vertebrate host, Plasmodium spp. have two distinct stages, the pre-erythrocytic 

stage and the blood-stage. The pre-erythrocytic stage of the life cycle is initiated 

following the inoculation of sporozoites into the vertebrate host. Some sporozoites are 

carried by the lymphatic system and are transported to the lymph nodes, whilst others 

enter the bloodstream and rapidly make their way to the liver (Amino et al., 2006). The 

liver-stage of the life cycle is initiated by inoculated sporozoites invading hepatocytes. 

Here they develop asexually forming exoerythrocytic schizonts containing thousands of 

merozoites (Derbyshire et al., 2012). These merozoites are transported from the liver into 

the bloodstream in vesicles (merosomes), which contain up to several hundred parasites 

(Sturm et al., 2006; Graewe et al., 2011). The liver-stage of the life cycle is complete 

within seven days in humans (depending on the species) and approximately two days in 

rodents (Vaughan et al., 2012; Baer et al., 2007).  

 

Inside host hepatocytes, the parasites are vulnerable to recognition and elimination by 

CD8+ T cells (Chakravarty et al., 2007). Experiments using radiation or genetically 

attenuated sporozoites have demonstrated the induction of immunity in rodents and 

humans (Hoffman et al., 2002; Gruner et al., 2007; Tarun et al., 2007). In rodents, CD8+ 

T cells are primed by antigen presenting DCs in the skin-draining lymph nodes following 

sporozoite inoculation (Chakravarty et al., 2007). Primed CD8+ T cells migrate to the 

liver where they can eliminate parasites following recognition of antigens presented on 

infected hepatocytes (Chakravarty et al., 2007). These cytotoxic T cells can deliver 

effector responses through a variety of pathways, including perforin- or granzyme-

mediated killing or the secretion of inflammatory cytokines such as IFNγ or TNFα 

(Cooney et al., 2013). However, natural immune responses against the liver-stage 

parasites are inadequate in providing sterile protection against blood-stage infection. 

 

During its life cycle in the vertebrate host, the parasite presents a multitude of antigens 

that can be recognised by the immune system. Proteomic analysis of different parasite life 

cycle stages has revealed that many Plasmodium proteins are shared between liver-stage 

and blood-stage parasites (Florens et al., 2002; Tarun et al., 2008). Some of these proteins 

could induce some degree of cross-stage immunity (Belnoue et al., 2008; Butler et al., 

2011b; Nahrendorf et al., 2015; Sack et al., 2015). Malaria vaccine development has 
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largely focussed on developing a vaccine against a single stage of the parasite’s life cycle. 

However, antigenic targets shared between liver-stage and blood-stage parasites may 

offer the possibility of inducing cross-stage protection, which would be advantageous in 

the development of a malaria vaccine.  

 

5.3 Results 

In Section 4.3.2.1, activation of CD8+ T cells was demonstrated in the blood of mice 

vaccinated with chemically attenuated blood-stage P. yoelii 17X (Py17X) parasites. This 

suggested a potential role for CD8+ T cells in vaccine-induced immunity. However, in 

Section 4.3.2.2, CD4+ T cells, not CD8+ T cells, were shown to be crucial for vaccine-

induced protection against homologous blood-stage challenge. CD8+ T cells are known 

to have a role in liver-stage immunity (Schofield et al., 1987; Weiss et al., 1988). 

Therefore, vaccine-induced cross-stage protection was examined. 

 

5.3.1 Assessing vaccine-induced protection following sporozoite challenge by 

mosquito bite 

Vaccine-induced cross-stage protection was assessed following sporozoite challenge via 

mosquito bite. BALB/c mice received three vaccine doses of 1 x 106 CM-attenuated 

Py17X pRBCs at two week intervals (Section 2.2.3). Due to an extended time frame from 

the third vaccination to challenge, mice received a fourth vaccine dose of 1 x 106 CM-

attenuated Py17X pRBCs four months after their third vaccination. A control group 

received 1 x 106 CM-treated nRBCs injections at each time point (Section 2.2.4). Mice 

were challenged with bites from 10 mosquitoes infected with Py17X parasites nine weeks 

after their final injection (Section 2.2.16). 

 

Following sporozoite challenge by mosquito bite, livers from control and vaccinated mice 

were removed and homogenised to assess parasite burden in the liver. Separate Real-Time 

qPCRs were conducted for the Py18S parasite gene and the mouse housekeeping gene 

GAPDH (to control for sample to sample variation) for each liver (Section 2.2.19.1). As 

variation in the level of GAPDH housekeeping gene between samples was limited, 

parasite burden in the liver was expressed as Py18S copies. 
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Figure 5.1. Assessing the effect of vaccination on parasite burden in the liver following 

sporozoite challenge by mosquito bite. Parasite burden in the liver of BALB/c mice that 

received 4 doses of 1 x 106 CM-treated nRBCs (control) or 1 x 106 CM-attenuated Py17X pRBCs 

prior to challenge with bites from 10 Py17X infected mosquitoes, as assessed by Real-Time 

qPCR. The control group contained 4 mice and the vaccinated group contained 5 mice. Error bars 

show standard error of the mean for each group. Data were analysed using an unpaired t-test. 

 

Following sporozoite challenge, there was no significant difference in the parasite burden 

in the livers of vaccinated mice (18182 + 13500 copies) compared with control mice 

(2035 + 1249 copies; p = 0.3277) (Fig 5.1). Therefore, vaccination with CM-attenuated 

blood-stage Py17X parasites did not significantly decrease parasite burden in the liver, 

and mice from both groups were susceptible to infection with sporozoites. It should be 

noted that the number of sporozoites transmitted to the mice via mosquito bite could not 

be quantified, and therefore the sporozoite dose received by each mouse was not 

controlled. Quantification of the number of sporozoites injected by a mosquito has proven 

difficult (Beier et al., 1991a; Beier et al., 1991b; Medica & Sinnis, 2005). It is known that 

a single infected mosquito can inject between 0 and 1297 sporozoites during a blood meal 

(Medica & Sinnis, 2005). In addition, variability has also been documented in the number 

of sporozoites exiting the dermis and invading hepatocytes (Yamauchi et al., 2007; 

Kebaier et al., 2009). Due to this inherent variability, further studies were conducted using 

intravenous (i.v.) administration of quantified sporozoites for challenge. 
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5.3.2 Assessing vaccine-induced protection following sporozoite challenge by 

intravenous injection 

To assess the effect of vaccination on liver-stage protection following i.v. sporozoite 

challenge, BALB/c mice received three vaccine doses of 1 x 106 CM-attenuated Py17X 

pRBCs at two week intervals (Section 2.2.3). Due to an extended time frame from the 

third vaccination to challenge, mice received a fourth vaccine dose of 1 x 106 CM-

attenuated Py17X pRBCs four months after their third vaccination. A control group 

received 1 x 106 CM-treated nRBCs injections at each time point (Section 2.2.4). Mice 

were challenged with 2,000 Py17X sporozoites from freshly dissected salivary glands of 

infected mosquitoes five weeks after their final injection (Section 2.2.17). 

 

Following sporozoite challenge, livers from control and vaccinated mice were removed 

and homogenised to assess parasite burden in the liver. Separate Real-Time qPCRs were 

conducted for the Py18S parasite gene and the mouse housekeeping gene GAPDH (to 

control for sample to sample variation) for each liver (Section 2.2.19.1). As variation in 

the level of GAPDH housekeeping gene between samples was substantial, parasite burden 

in the liver was normalised and expressed as GAPDH units. 

 

The data show there was no significant difference in the parasite burden of livers from 

vaccinated mice (1276 + 229.9 units) compared with control mice (650.5 + 212.8 units) 

following sporozoite challenge (p = 0.0686) (Fig 5.2). Mice from both groups were 

susceptible to infection with sporozoites. Therefore, vaccination with CM-attenuated 

blood-stage Py17X parasites did not significantly decrease parasite burden in the liver. 

These data suggest a trend towards increased susceptibility to liver-stage infection in 

vaccinated mice compared with control mice. A further investigation was conducted, and 

this possibility was assessed (Section 5.3.3). 
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Figure 5.2. Assessing the effect of vaccination on parasite burden in the liver following i.v. 

challenge with sporozoites from freshly dissected salivary glands of infected mosquitoes. 

Parasite burden in the liver of BALB/c mice that received 4 doses of 1 x 106 CM-treated nRBCs 

(control) or 1 x 106 CM-attenuated Py17X pRBCs prior to i.v. challenge with 2,000 Py17X 

sporozoites from freshly dissected salivary glands of infected mosquitoes, as assessed by Real-

Time qPCR. The control group contained 8 mice and the vaccinated group contained 10 mice. 

Error bars show standard error of mean for each group. Data were analysed using an unpaired t-

test. 

 

5.3.3 Assessing vaccine-induced liver-stage and blood-stage protection following 

sporozoite challenge by intravenous injection 

A final experiment to assess both liver-stage and blood-stage protection was conducted 

using cryopreserved Py17X sporozoites. BALB/c mice received three vaccine doses of 1 

x 106 CM-attenuated Py17X pRBCs at two week intervals (Section 2.2.3). A control 

group received 1 x 106 CM-treated nRBCs injections at each time point (Section 2.2.4). 

Mice were challenged intravenously with 4,000 cryopreserved Py17X sporozoites four 

weeks after their final injection (Section 2.2.18).  

 

Following sporozoite challenge, livers from control and vaccinated mice were removed 

and homogenised to assess parasite burden in the liver. Separate Real-Time qPCRs were 

conducted for the Py18S parasite gene and the mouse housekeeping gene GAPDH (to 

control for sample to sample variation) for each liver (Section 2.2.19.2). As variation in 

the level of GAPDH housekeeping gene between samples was limited, parasite burden in 

the liver was expressed as Py18S copies. 
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Figure 5.3. Assessing the effect of vaccination on parasite burden in the liver following i.v. 

challenge with cryopreserved sporozoites. Parasite burden in the liver of BALB/c mice that 

received 3 doses of 1 x 106 CM-treated nRBCs (control) or 1 x 106 CM-attenuated Py17X pRBCs 

prior to i.v. challenge with 4,000 cryopreserved Py17X sporozoites, as assessed by Real-Time 

qPCR. The control group contained 7 mice and the vaccinated group contained 6 mice. Error bars 

show standard error of the mean for each group. Data were analysed using an unpaired t-test. 

 

Following challenge with cryopreserved sporozoites, parasite burden in the livers of 

vaccinated mice (11542 + 4420 copies) was comparable to the burden in control mice 

(13212 + 2626 copies; p = 0.7429) (Fig 5.3). Therefore, three vaccine doses of CM-

attenuated blood-stage Py17X parasites did not significantly decrease parasite burden in 

the liver. These data show that mice from both groups were equally susceptible to 

infection with sporozoites, and that vaccination did not alter susceptibility to liver-stage 

infection (as noted in Section 5.3.2) 

 

To assess the effect of vaccination on blood-stage infection following challenge with 

4,000 cryopreserved sporozoites (assessed using parameters from Section 2.2.5), a subset 

of mice from both groups were followed through to the blood-stage of the parasite life 

cycle.  

 

Following sporozoite challenge, peak parasitaemia was reached on Day 8 and Day 12 for 

vaccinated (0.2311 + 0.1548%) and control (3.52 + 0.6042%) mice respectively (Fig 

5.4A). There was significantly lower peak parasitaemia in mice that received three 

vaccine doses of chemically attenuated blood-stage Py17X parasites prior to sporozoite 
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challenge compared with control mice (p <0.0001). All mice in both groups survived (Fig 

5.4B). 

 
Figure 5.4. Assessing the effect of vaccination on parasite burden in the blood and mortality 

following i.v. challenge with cryopreserved sporozoites. (A) Parasitaemia and (B) Survival in 

BALB/c mice that received 3 doses of 1 x 106 CM-treated nRBCs (control) or 1 x 106 CM-

attenuated Py17X pRBCs prior to i.v. challenge with 4,000 cryopreserved Py17X sporozoites. 

Each group contained 10 mice. Error bars show standard error of the mean for each group.  

 

Additional parameters including weight, haemoglobin and clinical scores were used to 

assess disease severity following challenge with cryopreserved sporozoites. Vaccinated 

and control mice were able to maintain their weights at 103.1 + 0.898% and 103.5 + 

1.032% of their Day 0 values respectively (Fig 5.5A). On Day 16 following challenge, a 

significant reduction from Day 0 haemoglobin levels was recorded for control mice 

(39.35 + 2.72%) compared with vaccinated mice (15.97 + 4.666%; p = 0.0004) (Fig 

0 2 4 6 8 10 12 14 16 18 20 22 24
0

2

4

6

8

10

Days post challenge

%
 P

a
ra

s
it

a
e

m
ia

Control

Vaccinated

Parasitaemia
A

B

0 2 4 6 8 10 12 14 16 18 20 22 24
0

20

40

60

80

100

Days post challenge

%
 S

u
rv

iv
a

l

Survival



 

144 

 

5.5B). The disease severity, as measured by clinical scores, was significantly higher on 

Day 16 following sporozoite challenge in control mice (1.3 + 0.2143) compared with 

vaccinated mice (0 + 0; p <0.0001) (Fig 5.5C). The clinical scores of vaccinated mice 

remained at zero throughout the study period. 

 

To further elucidate vaccine-induced protection during blood-stage infection, blood 

samples were collected from mice in both groups during the pre-patent period on Day 4 

post sporozoite challenge. Quantitative Real-Time PCR was performed on blood samples 

from Day 4, to assess blood-stage parasite burden (Section 2.2.6). There was no 

significant difference in the blood-stage parasite burden of vaccinated mice (792.9 + 

320.9 pRBCs/mL) compared with control mice (12603 + 6345 pRBC/mL) on Day 4 

following sporozoite challenge (p = 0.0794) (Fig 5.6). However, the data suggest a trend 

towards lower blood-stage parasite burden in vaccinated mice compared with control 

mice. 

 

Three vaccine doses of 1 x 106 CM-attenuated Py17X pRBCs were unable to provide 

protection against hepatocyte invasion and parasite burden in the liver of mice following 

i.v. challenge with 4,000 cryopreserved sporozoites, as assessed by qPCR. However, 

vaccinated mice were protected from blood-stage infection, with a substantial reduction 

in peak parasitaemia and disease severity recorded among vaccinated mice compared 

with control mice. Interestingly, on Day 4 post sporozoite challenge (i.e. two days after 

release from the liver), there was a trend towards fewer parasites in the blood of 

vaccinated mice compared with control mice. This suggests a rapid blood-stage specific 

immune response that limited the initial parasite burden in the blood of vaccinated mice. 

An alternative hypothesis is that vaccine-induced immune responses either limited the 

number of parasites in the liver maturing into merozoites, and were thereby halted at the 

late liver-stage or that the vaccine-induced immune responses directly interfered with 

merosome budding. Both would lead to fewer merozoites exiting the liver and entering 

into the blood of vaccinated mice. Further investigations are required to test these 

hypotheses. 
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Figure 5.5. Assessing the effect of vaccination on morbidity following i.v. challenge with 

cryopreserved sporozoites. Evaluating disease severity according to (A) Weight, (B) 

Haemoglobin and (C) Clinical scores of BALB/c mice that received 3 doses of 1 x 106 CM-treated 

nRBCs (control) or 1 x 106 CM-attenuated Py17X pRBCs prior to i.v. challenge with 4,000 

cryopreserved Py17X sporozoites. Each group contained 10 mice. Error bars show standard error 

of the mean for each group. 
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Figure 5.6. Assessing the effect of vaccination on blood-stage parasite burden during the 

pre-patent period following i.v. challenge with cryopreserved sporozoites. Detection of 

parasite growth by Real-Time qPCR on Day 4 post i.v. challenge with 4,000 cryopreserved Py17X 

sporozoites in BALB/c mice that received 3 doses of 1 x 106 CM-treated nRBCs (control) or 1 x 

106 CM-attenuated Py17X pRBCs. Each group contained 10 mice. Negative values are 

represented as 100. Error bars show standard error of the mean for each group. Data were analysed 

using an unpaired t-test. 

 

5.4 Conclusion 

Studies have shown that blood-stage parasites can induce cross-stage protection against 

liver-stage parasites (Belnoue et al., 2008; Nahrendorf et al., 2015). Nahrendorf et al. 

(2015) showed that cross-stage protection following sporozoite challenge by mosquito 

bite was dependent on prior exposure to a patent blood-stage infection, whereas Belnoue 

et al. (2008) showed that exposure to a subpatent blood-stage infection prior to sporozoite 

challenge by i.v. administration was able to significantly reduce parasite-burden in the 

liver. Chemically attenuated blood-stage Py17X parasites were shown to activate CD8+ 

T cells (Section 4.3.2.1), and this raised the possibility of vaccine-induced cross-stage 

protection. Our studies showed that vaccination with chemically attenuated blood-stage 

Py17X parasites, which do not result in patent infection following inoculation (Section 

3.3.1.1), did not protect mice against parasite invasion of hepatocytes and liver-stage 

infection, as assessed by qPCR following intravenous or mosquito bite sporozoite 

challenge.  
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Vaccination with chemically attenuated blood-stage Py17X parasites did protect mice 

against blood-stage infection following sporozoite challenge by intravenous inoculation. 

Vaccinated mice showed distinctly lower parasite burden in the blood and reduced disease 

severity compared with control mice. Data from the pre-patent stage (on Day 4) after 

challenge with cryopreserved sporozoites, showed a trend towards fewer blood-stage 

parasites in the blood of vaccinated mice compared with control mice. This may indicate 

rapid vaccine-induced immune responses against blood-stage parasites, which limited 

parasitaemia and disease severity in vaccinated mice. Alternatively, this may indicate a 

reduction in the number of parasites that completely matured and were able to rupture 

from hepatocytes or potentially prevented from budding from hepatocytes, leading to 

fewer merozoites entering the bloodstream of vaccinated mice compared with control 

mice. However, this cannot be confirmed by the current data. P. yoelii parasites have a 

46 hour incubation cycle in the liver before emergence as blood-stage parasites (Baer et 

al., 2007). The first blood sample was collected on Day 4 post sporozoite challenge. 

Further investigations will need to include sampling at time points prior to Day 4 to 

answer whether vaccination limits the number of viable parasites developing and exiting 

the liver into the bloodstream or whether immune responses targeting blood-stage 

parasites effectively curtail the initial release of parasites into the blood. Additionally, in 

future investigations, it may be possible to use GFP-labelled sporozoites to visualise 

parasite growth within hepatocytes and determine whether vaccination induces the arrest 

of late liver-stage development and parasite release into the bloodstream (Tarun et al., 

2006; Strum et al., 2006). 

 

Overall, vaccination with chemically attenuated blood-stage Py17X parasites was unable 

to prevent hepatocyte invasion and reduce parasite burden in the liver following 

sporozoite challenge. However, further investigations need to be conducted to determine 

whether vaccine-induced protection targets late liver-stage or early blood-stage parasites, 

or both. Nevertheless, the robust vaccine-induced protection against blood-stage parasite 

burden and disease severity following sporozoite challenge is encouraging for further 

development of a chemically-attenuated, whole parasite, blood-stage malaria vaccine.  
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Malaria is a major global health burden, with nearly half of the human population (3.3 billion 

people) at risk of becoming infected with Plasmodium parasites (WHO, 2014). In 2013 there 

were an estimated 198 million clinical cases of malaria, and a malaria-associated death toll of 

approximately 584,000 (WHO, 2014). Current control measures against malaria such as 

insecticide-treated nets (ITNs), indoor residual spraying (IRS) and anti-malarial drug therapies 

have provided some reduction in malaria-associated morbidity and mortality; however, 

resistance against these control methods continues to impede progress in the control of malaria. 

The re-emergence of the disease in many parts of the world (Guarda et al., 1999; Faulde et al., 

2007; Zhou et al., 2011) emphasises the need for alternative control methods, such as vaccines, 

to be developed for the continued reduction and eventual eradication of human malaria.  
 

Malaria vaccine development has largely focussed on a limited number of recombinant subunit 

antigens, immune responses to which have shown an association with protection in immuno-

epidemiological studies (Bouharoun-Tayoun & Druilhe, 1992; Tongren et al., 2006; Stanisic 

et al., 2009). Many of these immune targets, such as antigens involved in RBC invasion, are 

encoded for by multiple alleles. Genetic diversity of Plasmodium, especially allelic 

polymorphism, has been a major stumbling block for subunit vaccine candidates to provide 

sustained vaccine efficacy in endemic settings (Genton et al., 2002; Ockenhouse et al., 2006; 

Stoute et al., 2007; Sagara et al., 2009). An alternative approach is the development of a blood-

stage malaria vaccine that contains more conserved antigens. This could be achieved by using 

whole blood-stage parasites. 

 

A vaccine approach using whole blood-stage parasites would maximise the number of antigens 

presented to the immune system, with the inclusion of conserved parasite antigens. This may 

consequently yield better efficacy for whole blood-stage vaccine candidates than subunit 

vaccine candidates. Protection induced by whole blood-stage parasites has been extensively 

studied using infection and drug-cure systems, and has provided evidence and the rationale for 

the development of a whole parasite blood-stage vaccine (Pombo et al., 2002; Elliott et al., 

2005; Belnoue et al., 2008). Attenuation methods, such as chemical attenuation using DNA-

binding drugs, have provided the means of investigating the whole parasite vaccine approach 

(Purcell et al., 2008a; Purcell et al., 2008b; Good et al., 2013). Vaccination with chemically 

attenuated Plasmodium sporozoites or synchronous ring stage parasites has been shown to 

protect mice against homologous and heterologous parasite challenge (Purcell et al., 2008a; 

Purcell et al., 2008b; Good et al., 2013). Protection of mice vaccinated with chemically 
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attenuated ring stage Plasmodium chabaudi parasites was mediated by CD4+ T cells in the 

absence of parasite-specific antibodies (Good et al., 2013). Here we have used these DNA-

binding drugs for the attenuation of blood-stage Plasmodium yoelii 17X parasites and 

investigated the protective efficacy of these attenuated parasites.  

 

P. yoelii, unlike P. chabaudi, exists asynchronously during the blood-stage of its life cycle 

(Bagnaresi et al., 2009). This feature of P. yoelii allows for the development of a whole parasite, 

blood-stage vaccine that displays antigens from all stages of asexual blood-stage parasite 

development. In Chapter 3 and Chapter 4, vaccination with chemically attenuated blood-stage 

P. yoelii 17X parasites protected mice from homologous blood-stage challenge, with the 

induction of both cellular and humoral immune responses.  

 

Investigations into the cellular immune responses induced by vaccination with chemically 

attenuated P. yoelii 17X showed activated circulating CD8+ T cells, but only limited activation 

of circulating CD4+ T cells (Section 4.3.2.1). The expression of activation markers on CD4+ 

and CD8+ T cells was assessed only in the peripheral blood. It is likely that activated CD4+ T 

cells were present in lymphoid organs to aid the development of immune responses (Jenkins et 

al., 2001). This may explain the minimal activation of CD4+ T cells in the peripheral blood of 

vaccinated mice. Future experiments should be designed to investigate vaccine-induced CD4+ 

and CD8+ T cell activation in lymphoid organs, which may better characterise vaccine-induced 

activation of these T cells. 

 

Further investigations into the role of CD4+ and CD8+ T cells in vaccine-induced protection 

demonstrated the crucial role of CD4+ T cells against blood-stage parasite challenge, with the 

loss of vaccine-induced protection in the absence of CD4+ T cells (Section 4.3.2.2). Therefore, 

vaccination induced protective CD4+ T cell-mediated responses. Although the role of CD4+ T 

cells in vaccine-induced protection was evident from depletion studies (Section 4.3.2.2), the 

role of CD8+ T cells remained unclear. Vaccine-induced activation of CD8+ T cells was shown 

in the peripheral blood (Section 4.3.2.1); however in the absence of CD8+ T cells, vaccinated 

mice remained protected against blood-stage parasite challenge (Section 4.3.2.2). In vitro 

cytokine analysis showed the production of both pro- and anti-inflammatory cytokines (IFNγ, 

TNFα, IL-2, IL-6 and IL-10) by spleen cells from vaccinated mice in response to a whole 

parasite stimulus (Section 4.3.3). Cytokines, such as IFNγ and TNFα are produced by both 

CD4+ and CD8+ T cells, as well as other immune cells (reviewed in Angulo & Fresno, 2002); 
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however, investigations to identify the cellular source of these cytokines were not conducted, 

and this remains to be elucidated. Pro-inflammatory cytokines, such as IFNγ and TNFα, are 

involved in the resolution of malaria and are required for protection (Dodoo et al., 2002; De 

Souza et al., 1997); however, they are also implicated in the pathogenesis of malaria if not 

appropriately controlled (Felli et al., 2005; Walther et al., 2006). IL-10 is an anti-inflammatory 

and immuno-regulatory cytokine produced by CD4+ T cells, and is necessary to dampen the 

potentially pathogenic effects of pro-inflammatory cytokines, such as IFNγ and TNFα 

(reviewed in Couper et al., 2008). The balance of these pro- and anti-inflammatory cytokines 

in vivo may limit disease severity and aid the quick resolution of blood-stage infection 

associated with vaccination (Chapter 3). Interestingly, vaccinated mice depleted of only CD4+ 

T cells succumbed to the symptoms of malaria more rapidly than vaccinated mice depleted of 

both CD4+ and CD8+ T cells. This may indicate exacerbation of immunopathology by CD8+ T 

cell responses in the absence of CD4+ T cells and their production of regulatory cytokines, such 

as IL-10 (reviewed in Perez-Mazliah & Langhorne, 2015). It remains to be determined whether 

such CD8+ T cell-mediated immunopathology was vaccine-induced or whether this would also 

occur during infection in control mice depleted of CD4+ T cells. Therefore, the role of vaccine-

induced CD8+ T cells during blood-stage infection remains to be defined.  

 

CD8+ T cells are known to play a role in liver-stage immunity; therefore, activation of CD8+ T 

cells following vaccination may indicate vaccine-induced cross-stage protection. During the 

liver-stage of their life cycle, parasites are vulnerable to recognition and elimination by 

cytotoxic CD8+ T cells (Chakravarty et al., 2007). These T cells can eliminate parasites 

following recognition of antigens presented on infected hepatocytes (Chakravarty et al., 2007) 

either directly, through perforin- or granzyme-mediated killing, or indirectly, by the secretion 

of inflammatory cytokines such as IFNγ or TNFα to promote killing by phagocytic cells 

(Cooney et al., 2013). The life cycle of the parasite has added complexity to the development 

of a malaria vaccine. However, shared antigenic targets (Florens et al., 2002; Tarun et al., 2008) 

between different life cycle stages offers the possibility of inducing cross-stage protection 

(Belnoue et al., 2008; Butler et al., 2011b; Nahrendorf et al., 2015; Sack et al., 2015), which 

would be valuable in the development of a malaria vaccine. Studies have shown that exposure 

to blood-stage parasites under chloroquine cover can induce cross-stage protection against 

liver-stage parasites following sporozoite challenge (Belnoue et al., 2008; Nahrendorf et al., 

2015). These studies are encouraging for the development of a whole parasite blood-stage 

vaccine candidate capable of inducing cross-stage protection. However, our studies showed 
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that vaccination with chemically attenuated blood-stage P. yoelii 17X parasites was unable to 

induce protection against intravenous or mosquito bite sporozoite challenge in terms of parasite 

burden in the liver, as assessed by qPCR (Chapter 5). Although, when infection was followed 

through to the blood-stage, vaccinated mice showed significantly lower blood-stage parasite 

burden and disease severity compared with control mice (Section 5.3.3). Following intravenous 

sporozoite challenge, there was a pre-patent period in the blood vaccinated and control mice. 

Data from this pre-patent period suggest a trend towards reduced blood-stage parasite burden 

in vaccinated mice compared with control mice. However, further investigations are required 

to fully elucidate the significance of this trend, as well as the precise targets of vaccine-induced 

protection following sporozoite challenge. Further studies may clarify whether a reduced 

blood-stage parasite burden in vaccinated mice indicates the reduced viability of late liver-

stage parasites, and therefore a reduction in parasites exiting the liver into the bloodstream, or 

whether immune responses targeting blood-stage parasites effectively curtail the initial release 

of parasites into the blood. The use of GFP-labelled sporozoites to visualise parasite growth 

within hepatocytes would allow assessment of whether vaccination induces the arrest of late 

liver-stage development and limits parasite release into the bloodstream (Tarun et al., 2006; 

Strum et al., 2006). 

 

During natural exposure to blood-stage Plasmodium infection, parasite-specific antibodies are 

acquired and predominate in protected individuals (Bouharoun-Tayoun & Druilhe, 1992; 

Tongren et al., 2006; Stanisic et al., 2009). Strong and long-lasting humoral immune responses, 

which are characterised by germinal centre formation and long-lived plasma and memory B 

cells, have been shown to be dependent on CD4+ T cells with a follicular helper (Tfh) cell 

phenotype (Breitfield et al., 2000; Moon et al., 2011). Vaccination with chemically attenuated 

P. yoelii 17X blood-stage parasites induced parasite-specific IgG (Section 4.3.1.1). In addition, 

Tfh cells were present in higher numbers in the spleens of vaccinated mice compared with 

control mice (Section 4.3.2.3). This suggests the induction of T cell-dependent antibody 

responses (Ansel et al., 1999). An assessment of the role of vaccine-induced parasite-specific 

antibodies (Section 4.3.1.2) demonstrated that sera from vaccinated mice were able to curtail 

the initial parasite burden in the blood, as well as disease severity, in recipient mice following 

challenge. However, the sera transferred were insufficient in preventing the progression of 

parasite growth and disease. The level of parasite-specific IgG in recipient mice was not 

quantified following administration of sera from vaccinated mice. Future studies will need to 

quantify the level of parasite-specific antibodies in the sera of recipient mice following the 
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transfer of sera from vaccinated mice in order to establish whether parasite-specific IgG titers 

are comparable between donor and recipient mice. Additionally, prolonged transfer of sera 

from vaccinated mice may have provided better outcomes against P. yoelii 17X infection. A 

further investigation into the role of B cells and/or antibodies in vaccine-induced protection 

was conducted using B cell deficient mice (Section 4.3.1.3). In the absence of B cells, 

vaccinated mice were unable to control parasite burden or disease severity, with similar 

outcomes to control mice following blood-stage infection. This study also showed the 

importance of vaccine-induced cellular immune responses in protection against mortality, as 

vaccinated B cell deficient mice had prolonged survival following infection compared with 

control mice. However, mice in both groups eventually succumbed to infection. Further studies 

will need to be conducted to identify the antigen targets of antibodies induced following 

vaccination with chemically attenuated P. yoelii 17X parasites. This may reveal new and 

understudied antigens, of which there may be orthologs in human Plasmodium spp. 

Additionally, it will be important to identify whether antibody responses are required against a 

single specific antigen or against a breadth of antigens. It is likely that antibody responses to a 

wide range of antigens are required, as protective immune responses have been shown to be 

elicited against a number of antigens (Rono et al., 2013; Osier et al., 2008; Metzger et al., 2003; 

Conway et al., 2000; Polley et al., 2003; Stanisic et al., 2009). The development of a malaria 

vaccine for use in humans will also need to consider the impact of long-term in vitro culture of 

parasites on antigen expression, as expression may differ between laboratory and field isolates 

(Viriyakosol et al., 1994). 

 

An effective vaccine should aim to induce long-lasting protective immunity. Many malaria 

vaccine candidates have been unable to produce long-lasting efficacy during clinical evaluation 

(Sagara et al., 2009; Bojang et al., 2001; White et al., 2014). Vaccination with chemically 

attenuated whole P. yoelii 17X blood-stage parasites provided long-lasting protection against 

homologous blood-stage challenge which was sustained for at least nine months in mice 

(Section 3.3.3), with parasite-specific IgG detectable during this period (Section 4.3.3). The 

half-life of serum IgG in mice is less than two weeks (Vieira & Rajewsky, 1986; Vieira & 

Rajewsky, 1988); therefore, the continuous production of parasite-specific antibodies over such 

a prolonged period requires maintenance, either by antigen persistence or by the presence of 

long-lived plasma cells and memory B cells. The persistence of parasite DNA for more than 

110 days was reported following a single dose of a chemically attenuated blood-stage P. 

chabaudi vaccine (Good et al., 2013). Although it was not confirmed, this may indicate the 
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persistence of intact attenuated parasites and therefore parasite antigen, as opposed to free DNA 

or DNA inside phagocytic cells that may be quickly degraded. If antigen persists following 

vaccination with the present P. yoelii 17X vaccine, then parasite-specific IgG detected in the 

sera of vaccinated mice may be due to the continuous activation of short-lived antigen-

producing plasma cells (reviewed in Slifka & Ahmed, 1998). Alternatively, in the absence of 

antigen persistence, parasite-specific IgG may be maintained by the presence of terminally 

differentiated but long-lived plasma cells (Manz et al., 1997; Slifka et al., 1998). These cells 

continually produce antigen-specific antibodies in the absence of antigen (reviewed in Slifka 

& Ahmed, 1998). However, memory B cells may also be induced by vaccination, as a 

significant elevation in parasite-specific IgG was detected during early infection in vaccinated 

mice. This boost in parasite-specific antibodies following challenge demonstrated a memory B 

cell response, as a primary parasite-specific IgG immune response would take at least nine days 

to develop (Wykes et al., 2005). It is likely that both long-lived plasma cells and memory B 

cells were induced by vaccination. However, further experiments are required to definitively 

answer whether memory B cells are induced by vaccination.  

 

The role of CD4+ T cells in vaccine-induced protection has been demonstrated (Section 4.3.2.2) 

and our data suggest the potential role of T cell-dependent parasite-specific antibody 

production (Section 4.3.2.3); therefore, investigations into the role of memory CD4+ T cells 

and whether they are required for the boosting of parasite-specific antibodies following 

challenge infection need to be conducted. A study using low doses of whole killed blood-stage 

parasites, an approach that induced antibodies, showed the essential requirement of memory 

CD4+ T cells, as naive CD4+ T cells were insufficient in providing protection following 

challenge (Pinzon-Charry et al., 2010). 

 

The development of a malaria vaccine also needs to consider the multitude of Plasmodium 

strains and species that exist and are capable of causing disease in humans (Garnham et al., 

1957; Sutherland et al., 2010; WHO, 2014). A malaria vaccine able to provide protection 

against multiple strains, and also multiple species of Plasmodium, would be advantageous. 

Mice vaccinated with chemically attenuated P. yoelii 17X blood-stage parasites demonstrated 

robust protection against heterologous blood-stage infection with the lethal P. yoelii YM strain 

(Section 3.3.4.1). Although, the virulent P. yoelii YM strain was derived from an isolate of P. 

yoelii 17X (Walliker & Sanderson, 1976), the course of infection between the two strains is 

strikingly different. P. yoelii YM causes an extremely aggressive blood-stage infection in 
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BALB/c mice, with death occurring within 10 days (Section 3.3.4.1). Therefore, the complete 

protection against death and the resolution of P. yoelii YM infection in mice vaccinated with 

chemically attenuated P. yoelii 17X vaccine is encouraging for the development of this vaccine 

approach.  

 

Vaccination did induce parasite-specific proliferative splenocyte responses in vitro and the 

induction of cross-reactive antibodies to all heterologous parasites (Section 4.3.4), including 

different species; however, this did not always translate to protection in vivo (Section 3.3.4). 

Mice vaccinated with chemically attenuated blood-stage P. yoelii 17X parasites demonstrated 

protection against parasite burden and malaria-associated anaemia following heterologous 

challenge with P. chabaudi (Section 3.3.4.4). Vaccination also induced limited protection 

against parasite burden and disease severity during the early infection with P. vinckei; however, 

the P. yoelii 17X vaccine was unable to provide protection against mortality following 

Plasmodium vinckei challenge (Section 3.3.4.3). Interestingly, mice vaccinated with a single 

dose of a chemically attenuated ring stage P. chabaudi vaccine provided complete protection 

against mortality from P. vinckei (Good et al., 2013). Previous reports have also demonstrated 

that exposure to infection with P. chabaudi provides better survival against subsequent 

infection with P. vinckei compared with previous exposure to P. yoelii (Cox, 1969). This may 

suggest species similarities between P. chabaudi and P. vinckei. Additionally, differences 

between the immune responses elicited by the P. chabaudi vaccine and P. yoelii vaccine may 

account for the differences in protection against P. vinckei.  

 

Vaccination with chemically attenuated P. yoelii 17X did not provide protection against 

infection with Plasmodium berghei (Section 3.3.4.2). Other groups have also reported the 

difficulty in inducing heterologous protection against P. berghei following prior exposure to 

other rodent Plasmodium spp. (McColm & Dalton, 1983; Yoshida et al., 2010). It is also 

important to note that the affinity and avidity of cross-reactive antibodies induced by 

vaccination were not determined, and these immunological parameters may have shown a 

better association with protection data. In addition, cytokine production in response to 

heterologous parasites was not assessed, and may be of potential importance in vaccine-

induced protection. Further studies will be required to improve vaccine-induced heterologous 

protection against different species, potentially by combining different Plasmodium spp. into 

one vaccine. 
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Rodent Plasmodium spp. have been, and continue to be, crucial in understanding aspects of 

human malaria and in the development of control measures against malaria. Our studies have 

demonstrated that chemically attenuated blood-stage P. yoelii 17X parasites can be used as a 

robust and effective vaccine against challenge with homologous and heterologous blood-stage 

P. yoelii parasites in mice. Long-lasting vaccine-induced protection and immunological 

responses were demonstrated against homologous parasites. Further investigations are required 

to fully elucidate the vaccine-induced immune responses and the precise targets of these 

responses. Nevertheless, these data are encouraging for the development of an effective 

chemically attenuated blood-stage Plasmodium vaccine for use in humans.
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Appendix 1 

 

Chemicals, Reagents & Kits 

Acid-Phenol:Chloroform, Ambion® by Life technologies, Carlsbad, CA, USA 

Bcl6 K112-91, PE, BD PharmingenTM, Franklin Lakes, NJ, USA 

BetaPlate Scint, Perkin Elmer, Waltham, MA, USA 

Bovine Serum Albumin, Sigma-Aldrich, St. Louise, MO, USA 

CD3 (clone 17A2), V450, BD HorizonTM, BD Biosciences, Franklin Lakes, NJ, USA 

CD4 (clone GK1.5), FITC, BD PharmingenTM, BD Biosciences, Franklin Lakes, NJ, 

USA 

CD4 (clone RM4-5), APC, BD PharmingenTM BD Biosciences, Franklin Lakes, NJ, 

USA 

CD4 (clone RM4-5), V500, BD HorizonTM, BD Biosciences, Franklin Lakes, NJ, USA 

CD8 (clone 53.6.7), PerCP-Cy5.5, BD PharmingenTM BD Biosciences, Franklin Lakes, 

NJ, USA 

CD11a (clone 2D7), FITC, BD PharmingenTM, BD Biosciences, Franklin Lakes, NJ, 

USA 

CD49d (clone R1-2), PE, BD PharmingenTM, BD Biosciences, Franklin Lakes, NJ, USA 

Concanavalin A (Con A), Sigma-Aldrich, St. Louise, MO, USA 

CXCR5-Biotinyated (clone 2G8), Biotin, BD PharmingenTM, BD Biosciences, Franklin 

Lakes, NJ, USA 

Deoxynucleotide Triphosphates (dNTPs) Mix, Promega, Madison, WI, USA 

Diethyl Pyrocarbonate (DEPC), Sigma-Aldrich, St. Louise, MO, USA 

Diff-Quick Staining Kit, Bacto Laboratories Pty Ltd, Mt Pritchard, NSW, Australia 

Dimethyl Sulfoxide (DMSO), Sigma-Aldrich, St. Louise, MO, USA 

Foetal Bovine Serum (FBS), Bovogen, East Keilor, Victoria, Australia 

GAPDH Kit, Applied BiosystemsTM by Life technologies, Carlsbad, CA, USA 

Giemsa Staining, Merck KGaA, Darmstadt, Germany 

5% Glucose, Sigma-Aldrich, St. Louise, MO, USA 

Glycerolyte 57 Solution, Fenwal Inc., Lake Zurich, IL, USA 

Goat Anti-Mouse IgG-HRP, BioRad, Hercules, CA, USA 

Goat Anti-Mouse IgG1-HRP (clone X56), BD Biosciences, Franklin Lakes, NJ, USA 
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Goat Anti-Mouse IgG2a-HRP (clone R19-15), BD Biosciences, Franklin Lakes, NJ, 

USA 

High Pure PCR Template Preparation Kit, ROCHE, Basel, Switzerland 

Intracellular Fixation & Permeabilization Buffer Set, eBioscience, San Diego, CA, USA 

iScriptTM cDNA Synthesis Kit, BioRad, Hercules, CA, USA 

Isopropanol, Merck KGaA, Darmstadt, Germany 

2-Mercaptoenthal, GibcoTM by Life technologies, Grand Island, NY, USA 

L-Glutamine, GibcoTM by Life technologies, Grand Island, NY, USA 

Mouse Th1/Th2/Th17 Cytometric Bead Assay Kit, BD Biosciences, Franklin Lakes, NJ, 

USA  

OptiprepTM Density Gradient Medium, Sigma-Aldrich, St. Louise, MO, USA 

Penicillin Streptomycin, GibcoTM by Life technologies, Grand Island, NY, USA 

PierceTM BCA Protein Assay Kit, Thermo Scientific by Life technologies, Carlsbad, CA, 

USA 

Platinum® Taq DNA Polymerase, InvitrogenTM by Life technologies, Carlsbad, CA, 

USA 

Polyethylene Glycol 400, Sigma-Aldrich, St. Louise, MO, USA 

Power SYBR® Green PCR Master Mix, Applied BiosystemsTM by Life technologies, 

Carlsbad, CA, USA 

RLT Lysis Buffer, Qiagen, Limburg, Netherlands 

RNeasy Mini Kit, Qiagen, Limburg, Netherlands 

RPMI 1640 Medium Powder, GibcoTM by Life technologies, Grand Island, NY, USA 

0.9% Saline (sterile), Pfizer, New York, NY, USA 

Saponin, Sigma-Aldrich, St. Louise, MO, USA 

SsoAdavancedTM Universal Probes Supermix (2X), BioRad, Hercules, CA, USA 

Sterile Water, Baxter, Newbury, UK 

Streptavidin-APC, BD PharmingenTM, BD Biosciences, Franklin Lakes, NJ, USA 

SuperScript® VILOTM cDNA Synthesis Kit, InvitrogenTM by Life technologies, 

Carlsbad, CA, USA 

TaqMan® Fast Advanced Master mix, Applied BiosystemsTM by Life technologies, 

Carlsbad, CA, USA 

Tween® 20, Merck KGaA, Darmstadt, Germany 

Tween® 80, Merck KGaA, Darmstadt, Germany 

Tetramethylbenzidine Substrate Reagent Set, BD Biosciences, Franklin Lakes, NJ, USA 



Appendix 1 

 

161 

 

Trypan Blue Stain, GibcoTM by Life Technologies, Grand Island, NY, USA 

UltraPureTM 0.5M EDTA, GibcoTM by Life Technologies, Grand Island, NY, USA 

UltraPureTM Water, GibcoTM by Life Technologies, Grand Island, NY, USA 

Yellow Live/ Dead Stain, Life technologies, Carlsbad, CA, USA 

 

Cell Lines & Depleting Antibodies 

Anti-CD4 antibodies (clone GK1.5), Bio-x-cell, West Lebanon, NH, USA 

Anti-CD8 antibodies (clone 53.5.8), Bio-x-cell, West Lebanon, NH, USA 

Fc Receptor Block produced in-house from cell line 2.4G2, ATTC, Manassas, VA, USA 

Rat Ig antibodies, Sigma-Aldrich, St. Louise, MO, USA 

 

Radiochemicals 

3[H] Thymidine (370GBq/mmol, 1mCi/mL), Perkin Elmer, Waltham, MA, USA 

 

Primers and Probes 

All primers were generated by Sigma-Aldrich and probes generated by Applied 

BiosystemsTM, Life technologies. 

 

Blood-stage PCR (from Section 2.2.6) 

Primer 18SNCB2-F5’-ACTTCCATTAATCAAGAACGAAAGTT-3’ (Sigma-Aldrich) 

Primer 18SNCB2-R5’-TGGTTAAGATTACGATCGGTATCTGA-3’ (Sigma-Aldrich) 

MGB TaqMan Probe 18SNCB2-P FAM- 5'-AAGGGAGTGAAGACGA-3'-MGBNFQ 

(Applied BiosystemsTM) 

 

Liver-stage PCR (from Section 2.2.19) 

Method 1 (Section 2.2.19.1) 

NYU-Py3 F5’-GGGGATTGGTTTTGACGTTTTTGCG-3’ (Sigma-Aldrich)  

NYU-Py5 R5’-AAGCATTAAATAAAGCGAATACATCCTTAT-3’ (Sigma-Aldrich) 

GAPDH F5’-GTTGTCTCCTGCGACTTCA (Sigma-Aldrich) 

GAPDH R5’-GGTGGTCCAGGGTTTCTTA (Sigma-Aldrich) 

 



 

162 

 

Method 2 (Section 2.2.19.2) 

Py18S 5’ primer Py685F 5’-CTTGGCTCCGCCTCGATAT 

Py18S 3’ primer Py782R 5’-TCAAAGTAACGAGAGCCCAATG 

Py18S probe 6FAM-CTGGCCCTTTGAGAGCCCACTGATT-BHQ-1 

 

Disposable products 

3,500 MW Dialysis Cassettes, Thermo Scientific by Life technologies, Carlsbad, CA, 

USA 

3mL EDTA Collection Tubes, BD Biosciences, Franklin Lakes, NJ, USA 

Glass Fibre Filter Mats, Perkin Elmer, Waltham, MA, USA 

HemoCue® Cuvettes 201+, Hemocue, Ängelholm, Sweden 

3mL Lithium-Heparin Collection Tubes, BD Biosciences, Franklin Lakes, NJ, USA 

250mL Membrane Filter, Corning, Dallas, TX, USA 

500mL Membrane Filter, Corning, Dallas, TX, USA 

MicroAmp® optical 96-well Reaction Plate, Applied BiosystemsTM by Life technologies, 

Carlsbad, CA, USA 

MicroAmp® Optical Adhesive Film, Applied BiosystemsTM by Life technologies, 

Carlsbad, CA, USA 

Microscope Glass Slides, Livingstone, Rosebery, NSW, Australia 

Nunc-Immuno 96 well MaxiSorp Plates, Thermo Scientific by Life technologies, 

Carlsbad, CA, USA 

PCR Strip Caps, BioRad, Hercules, CA, USA 

PCR Strip Tubes, BioRad, Hercules, CA, USA 

5mL Serological Pipettes, Sarstedt, Nümbrecht, Germany 

10mL Serological Pipettes, Sarstedt, Nümbrecht, Germany 

25mL Serological Pipettes, Sarstedt, Nümbrecht, Germany 

0.8mL Serum Separator Tubes, Greiner Bio-One, Frickenhausen, Germany 

0.5mL (27G x 13mm) Syringe, Terumo, Elkton, MD, USA 

1mL (27G x 13mm) Syringe, Terumo, Elkton, MD, USA 

5mL Syringe, BD BioSciences, Franklin Lakes, NJ, USA 

TissueRuptor® Homogeniser Probes, Qiagen, Limburg, Netherlands 

3.5mL Transfer Pipette, Sarstedt, Nümbrecht, Germany 

50mL Tubes, Sarstedt, Nümbrecht, Germany 
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15mL Tubes, Sarstedt, Nümbrecht, Germany 

10mL Tubes, Sarstedt, Nümbrecht, Germany 

5mL Tubes, Sarstedt, Nümbrecht, Germany 

U-bottom 96 well plates, BD Falcon, BD BioSciences, Franklin Lakes, NJ, USA 

V-bottom 96 well Plates (Sarstedt) Nümbrecht, Germany 
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Appendix 2 

 

Clinical Scoring System 

 
Clinical Score Checklist Criteria 

0 

  

 coat normal, glossy 

 yellow urine 

 good pallor: ankles, feet, toes and ears pink in colour 

 very active and running around 

 gait and movement is smooth 

  quick reaction to external stimuli  

1 

  

If any of the following criteria 

A change in urine colour (slightly green or pale) 

B slight pallor: pale feet or pale ankles 

C slight hunched appearance 

D slight ruffling of fur 

2 

  

Score of 1 plus any of the following criteria  

E increased pallor: includes pale white toes  

F activity may be slightly decreased 

G moderate ruffling of fur 

3 

  

Score of 2 plus any of the following criteria  

H pallor: very pale feet and/or ears 

I urine orange  

J severe ruffling of fur 

K activity is moderately decreased but still moves upon 

stimulation 

L reaction to external stimuli is slightly slowed - slow 

4 

  

Score of 3 plus any of the following criteria  

M extreme pallor: pale feet, ears, white toes 

N urine bloody or dark green 

O moderate-extreme hunching 

P activity can be very reduced - stationary (just sits huddled 

in ball even with stimulation) 

Q poor grooming may be present (faeces stuck to fur or white 

matter near eyes) 

R loss of muscle condition (feels like a bag of bones with 

loose skin when handling) 

S splayed (spread) hind legs with or without head down 

(collapse) after handling 

T failure to respond to stimuli 
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