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Preface  
Malaria vaccine research has generally focused upon single parasite derived 

proteins for the development of a sub-unit vaccine.  However, many of these proteins are 

highly variable and are unable to elicit protective responses to multiple strains.  A vaccine 

approach utilizing the whole parasite is advantageous as it contains multiple parasite 

antigens, including those that are conserved between parasite strains.   

The discovery of the apicoplast, a structure found in all malaria parasites, offers 

an alternative means to current vaccine approaches for crippling the malaria parasite.  

Studies have demonstrated that specific targeting of critical metabolic pathways 

harboured by the apicoplast causes parasite death.  Interestingly, some antibiotics have 

been observed to cause a ‘delayed death’ phenomenon, in which the effects of treatment 

are observed in the progeny rather than the treated parasite itself.   

Given the importance of the apicoplast to the malaria parasite and the ability to 

pharmacologically target it, we investigated the possibility of developing a whole blood-

stage parasite vaccine candidate by specifically targeting the apicoplast.  We initially 

generated apicoplast-minus parasites based on previously published methodology; 

Plasmodium falciparum can be chemically attenuated with a delayed death drug 

(doxycycline) and subsequently rescued with a crucial product produced by the 

apicoplast, isopentenyl pyrophosphate (IPP).  This method renders parasites dependent 

on IPP supplementation, following loss of their apicoplast.  We successfully produced 

apicoplast-minus parasites in vitro, optimising concentrations of doxycycline and IPP.  

Furthermore, we determined that doxycycline was required for at least two cycles of 

replication for complete attenuation.  Despite success in vitro, our attempts at translating 

these studies to an in vivo rodent model was hindered by the lack of a long-term culturing 

system for rodent malaria parasites and the inability to sustain IPP levels in blood to allow 

for in vivo generation of apicoplast-minus parasites.   

We, therefore, decided upon a different approach; current investigation of 

chemoprophylactic immunization involving administration of infective sporozoites under 

chloroquine treatment (termed CPS) has shown promising results in human studies.  

Human studies employing the CPS model have observed sterile protection to homologous 

challenge, yet little to no blood-stage protection was noted.  Similar investigation with 

blood-stage parasites showed protective immunity could be elicited in human and rodent 

studies; however, these studies were impacted by the requirement for delayed 

administration of treatment.  We hypothesised that the use of a delayed death-causing 
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drug could eliminate the lag time between infection and treatment commencement while 

also allowing for the parasite to persist long enough to produce a protective response.   

To investigate this theory, a controlled infection immunization (CII) model was 

established and studied in two mouse strains.  Mice were given P. chabaudi AS or P. 

yoelii YM infection with immediate doxycycline chemoprophylaxis.  We demonstrate 

that the delayed death effect caused by doxycycline allowed the persistence of the 

parasite.  In turn, this persistence allowed the induction of strong protection from 

homologous challenge in groups receiving CIIs.  Heterologous protection was also 

observed in mice immunized by P. chabaudi CII.  Elucidation of the mechanisms of 

protective immunity found that different types of immune responses could be elicited by 

the various rodent/parasite combinations: CD4+ T cells were predominant mediators of 

immunity in P. chabaudi CII mice, whereas immunity was B-cell dependent for P. yoelii 

CII.   Th1 and/or Th2 cytokine responses were also detected in various host/parasite 

groupings.  Refinement of the CII protocol to use a longer-acting drug, azithromycin, 

demonstrated the possibility of reducing repeated drug treatment to a single dose.   

Given the encouraging outcome of our pre-clinical studies, we conducted a pilot 

clinical study investigating the persistence and immunogenicity of P. falciparum 

trophozoite parasites under doxycycline chemoprophylaxis.  Findings from the clinical 

study show that the CII model was tolerable in a clinical setting as well as garnering 

results which corroborate our pre-clinical data.  These findings will inform future clinical 

investigations of the CII approach. 

Malaria has a significant impact on public health worldwide.  There have been 

several measures implemented to alleviate the burden of disease; however, the 

development of a vaccine is vital for substantial control of malarial infections.  The 

discovery of the apicoplast, identification of its key synthetic processes and the revelation 

that delayed death-causing drugs specifically target this organelle offer an Achilles’ heel 

to an otherwise resilient organism.  The exploitation of the apicoplast in vaccine 

development is a novel approach, and our studies indicate that the use of delayed death-

causing drugs in in vivo attenuation of blood-stage malaria is effective in inducing 

protection. 
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1.1 Introduction 

Malaria is an infectious disease caused by protozoan parasites of the Plasmodium 

genus.  An ancient disease, it can be traced back as early as 2700BC in Chinese texts 

which describe a disease resembling malaria; this was followed by similar recounts found 

in Mesopotamia, Egypt and India [1].  It wasn’t until 1880, however, that Charles Louis 

Alphonse Laveran first observed Plasmodium infected red blood cells in the blood of an 

infected patient [1].   

Today, malaria is still the cause of significant morbidity and mortality, affecting 

millions of people in 91 countries as of 2016 [2].  The majority of persons affected are 

located in sub-Saharan Africa, of which the most vulnerable are children and pregnant 

women.  Over half a million deaths were attributed to malaria infection in 2010; however, 

this number has reduced due to a number of preventative measures, such as the issuance 

of mosquito nets and control of vectors using insecticides [2, 3].  Anti-malarial drugs are 

also used in prevention and treatment of malaria infection; however, increasing reports 

of resistance to both drug and insecticides (used to control the mosquito vector) highlight 

the need for alternative control strategies, such as the development of a vaccine against 

malaria [2].   

Both sub-unit and whole parasite approaches are being investigated in the 

development of a malaria vaccine, although the primary focus has been on the former.  

Despite years of research, vaccines produced to date have largely been unsuccessful due 

to the low immunogenicity of candidates, the inability to produce long-lasting immunity 

and antigenic polymorphism [4, 5].  Recently, a sub-unit vaccine candidate, RTS,S, was 

recommended for licensure, and a pilot implementation program will commence in Africa 

in 2018 [6].  Nonetheless, it has a reported efficacy of less than 40% and a short duration 

of action [7, 8]; therefore, the need for a more effective second generation vaccine is 

essential for the control and eventual elimination of malaria.   

To facilitate the development of a vaccine, extensive research has been undertaken 

into understanding the mechanisms by which plasmodia survive and infect humans as 

well as the immunological responses to the parasite [9].  The discovery of the apicoplast, 

an organelle found in all Plasmodium spp., has provided another avenue for vaccine 

development as studies have shown it to be essential to the survival of the parasite [10].  

Recent work has demonstrated that apicoplast-minus strains of Plasmodium spp. can be 
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generated in vitro; this method utilizes a characteristic called ‘delayed death’ that is 

exhibited due to targeting of the apicoplast by certain antibiotics and rescues parasites 

using an exogenous compound that is produced by the organelle [11].  Currently, more 

investigation is required to apply these findings to the development of a vaccine. 

Several other studies outline an unconventional immunization approach whereby 

the parasite is instead attenuated in vivo by chemoprophylaxis [12].  This in turn has 

generated encouraging results with a recent study reporting 100% efficacy against wild-

type infection [13].  Similar, though few, studies have been published which utilize a 

chemoprophylaxis approach with blood-stage parasites [14-16].  There are, however, 

certain limitations to such an approach when conducted with blood-stage parasites.  These 

include the delay in treatment that is generally required to allow sufficient cycles of 

parasite replication to induce an immune response in the recipient and the multiple rounds 

of treatment required.  These limitations may be addressed by a delayed death-causing 

antibiotic, which allows the parasite to undergo at least one asexual cycle before exerting 

its effects upon the progeny.  Although the exact mechanisms of delayed death are still 

unclear, antibiotics that specifically target housekeeping functions of the apicoplast 

appear to induce this phenomenon.   

In this chapter, an introduction to malaria is provided and literature relevant 

towards the apicoplast, the interplay of the Plasmodium parasite with the immune system 

and vaccine efforts will be explored.  
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1.2 Epidemiology 
Malaria continues to be one of the most serious infectious diseases worldwide, 

particularly affecting pregnant women and young children in areas of high transmission 

[17].  A recent WHO report indicated that there are currently 91 countries and territories 

where malaria is still recognised as being prevalent, reduced from the 108 countries 

reported in 2000 [3, 18].  In 2016, there were an estimated 216 million cases of malaria 

worldwide, with most cases reported in sub-Saharan Africa followed by Southeast Asia.  

Furthermore, it was estimated that approximately 445,000 deaths occurred globally due 

to malaria (Table 1.1) [2]. 

 

Table 1.1: Estimated number of deaths by WHO region from 2010 to 2016 

AFR, African region; AMR, Region of Americas; EMR, Eastern mediterranean region; EUR, 
European region; SEAR, Southeast Asia Region; WPR, Western Pacific Region.  Reproduced 
with permission from [2]. 

Estimates of malaria cases and mortality attributable to malaria infection are 

variable, with some groups reporting higher estimates of the number of malaria cases or 

deaths reported compared to WHO [19-21].  One particular systematic analysis of 

available data of malaria mortality from 1980-2010 estimated that 1,238,000 deaths by 

malaria infection had occurred in 2010 [19], twice the number of deaths that WHO had 

reported for the same year [3].   

Endemicity, a measure of disease prevalence within a region, can be described on 

the basis of parasite, spleen or inoculation rates [22-24] in one of four ways:  

holoendemic, in which almost every individual is infected; mesoendemic, where there is 

some transmission of the disease in an area; hyperendemic, wherein a high and continued 

incidence of disease is found within in an area; and hypoendemic, where there is very low 
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incidence of disease [25].  Figure 1.1 illustrates countries that were endemic for malaria 

in 2016. 

Figure 1.1: Countries endemic for malaria in 2010 and 2016.  Blue indicates countries 
that are endemic for malaria in 2016, green indicates countries that were previously 
endemic in 2000 but are no longer endemic in 2016 and white indicates countries that are 
not endemic.  Reproduced with permission from [18].   

Malaria endemicity is dependent upon transmission of the parasite and is often 

classified as stable or unstable [22]; Figure 1.2 illustrates areas of unstable and stable 

malaria transmission globally.  Stability is dependent upon the intensity of transmission 

or the number of times an infected mosquito bites a human during its lifetime [22-24].  In 

areas where transmission is stable, transmission is high and persistent, thus vectors in 

such areas are highly anthropophilic (preference for feeding on humans instead of other 

animals), increasing the chance of a person being infected.  Endemicity in stable areas is 

consequently usually high, with little variation in transmission over time.  Additionally, 

endemicity in stable areas is independent of seasonal changes.  Persons, primarily adults, 

that live in areas of stable endemic transmission will develop high levels of immunity due 

to continuous exposure to infection.  Death is more likely to occur in younger children 

[3, 25].   

Unstable transmission refers to areas in which the prevalence of malaria infection 

fluctuates greatly – transmission is seasonal in that there are periods of low incidence 

with irregular periods of high incidence of infection.  Endemicity is usually low and 

transmission is affected by environmental changes, such as climate or the establishment 

of control measures against vectors [23].  In such areas, there is little to no immunity 
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within the population, thus conditions are optimal for parasite growth, and epidemics can 

occur [25].    

 

Figure 1.2: Spatial distribution in 2010 of Plasmodium falciparum transmission 
areas.  Areas of stable transmission (dark grey), unstable transmission (medium grey) 
and no risk (light grey).  Reproduced with permission from [26]. 
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1.3 Malaria 
1.3.1 Life-cycle of Plasmodium spp. 
The life-cycle of the Plasmodium parasite (Figure 1.3) requires both a vector and 

a vertebrate host, known as the definitive and intermediate hosts respectively.   Within 

the vertebrate host, asexual (schizogony) reproduction and the production of gametes 

(gametocytogenesis) occurs, while sexual reproduction (sporogony) occurs within a 

female Anopheles mosquito [25].   

The sexual phase takes place within the gut of an infected Anopheles mosquito, in 

which the macrogametocyte (female gamete) is fertilized by the microgametocyte (male 

gamete) to form a zygote.  The zygote moves out of the stomach and embeds itself under 

the outer layer of the stomach wall where it becomes an oocyst.  Here, the parasite 

undergoes sporogony, multiplying into many thousands of sporozoites.  Upon rupture of 

the oocyst, the spindle-shaped sporozoites travel to the salivary glands of the mosquito to 

await their injection into a human host. 

Development of the parasite within a human host may be divided into two distinct 

stages: the pre-erythrocytic and erythrocytic stages.  The pre-erythrocytic stage begins 

with the injected sporozoites travelling from the skin to the liver where they invade 

hepatocytes.  Over a period of 5.5-7 days, the sporozoite undergoes mitotic replication 

and develops into a hepatic schizont containing merozoites.  Each sporozoite can develop 

into approximately 30,000 merozoites, although this is dependent upon species [27].  

Certain Plasmodium species may also develop into hypnozoites, the dormant form, 

instead of hepatic schizonts during the pre-erythrocytic stage [25].  Hypnozoites may lie 

dormant for months or years before activation [25]. 

Matured schizont-infected hepatocytes eventually rupture, releasing merozoites.  

These merozoites then travel to the blood stream and infect erythrocytes (erythrocytic 

stage).  Within the erythrocyte, the parasite undergoes erythrocytic schizogony, 

developing from the ring form through to the mature trophozoite-stage.  The schizont is 

the final mature stage, in which continued division results in the accumulation of 8-24 

new merozoites within the erythrocyte [28, 29]. 

The merozoites released from a ruptured erythrocyte can then invade more red 

blood cells where they will continue for many cycles of asexual replication, rupturing 

erythrocytes every 48 or 72 hours depending upon the Plasmodium species.  In some 

erythrocytes, the merozoite will instead develop into gametocytes, which are its sexual 
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form.   These are taken up by another mosquito during a blood meal and undergo further 

development in the mosquito continuing the life-cycle.   

 

 

Figure 1.3: The life-cycle of the malaria parasite.  Reproduced with permission from 

[30].   
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1.3.2 Signs and Symptoms of Malaria 
Symptoms of malaria occur only during the blood-stage of infection in which 

parasites cause the rupturing of erythrocytes [31, 32].  The pre-erythrocytic stage of the 

parasite’s life-cycle is asymptomatic [33].  Based upon the severity of clinical symptoms, 

malaria may be categorized as uncomplicated or severe.   

Uncomplicated malaria is the most common presentation of the disease and is not 

immediately life threatening.  Symptoms associated with uncomplicated malaria are non-

specific and usually flu-like, which can frequently result in a delay in diagnosis.  Those 

infected with malaria often present with fever, chills, headaches and diaphoresis 

(excessive sweating) [25, 34].  Fever is periodic, related to the length of the erythrocytic 

cycle and is dependent upon the species – P. falciparum causes tertian malaria, that is 

fever every second day (48 hours), while a parasite causing quartan malaria (e.g., P. 

malariae) will cause fever every third day (72 hours) [25, 35, 36]. 

Severe malaria, on the other hand, is defined by a list of clinical features and 

syndromes [37].  Such complications can involve the central nervous system, pulmonary 

system, renal system and haematopoietic system [38].  Most fatalities associated with 

severe malaria are attributable to the central nervous system (cerebral malaria) or 

haematopoietic system (severe anaemia) [34].   

 

1.3.3 Plasmodium Species in Humans 
Malaria infection in humans is caused by 6 species of the Plasmodium genus – P. 

vivax, P. malariae, P. ovale (recently split into 2 species) and P. falciparum; the latter of 

which is responsible for the majority of deaths [18].  Recently, it has also been 

demonstrated that P. knowlesi, known to typically infect monkeys, is zoonotic and 

therefore able to infect humans [39].   

Mixed infections, in which two or more species occur in the same host, are not 

uncommon, particularly in endemic areas; in such cases there is a propensity for one 

species to dominate over the other [25].  Diagnosis of mixed infections can be performed 

by blood film examination; however, the use of polymerase chain reaction (PCR) 

techniques garners a more reliable detection, as they are able to detect low level infections 

that may not be detectable by blood film [25].    
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1.3.3.1 Plasmodium falciparum 
P. falciparum is the most lethal malaria parasite that infects humans and causes 

malignant tertian malaria.  It is the chief causative agent of malaria infection, with most 

cases attributable to P. falciparum, and is widespread in endemic countries located in 

Africa, Central and South America and Southeast Asia [2, 24, 26].  Its severity is due to 

the ability to multiply rapidly, attaining higher blood parasite density than other species, 

alongside increased removal of circulating erythrocytes (erythrophagocytosis) and 

decreased production of new red blood cells (haematopoiesis) [40].  Erythrophagocytosis 

and haematopoiesis combined with the rupturing of parasitised red blood cells contribute 

to the development of severe anaemia [40].  In addition to multiplying rapidly, P. 

falciparum, in its later stages of development, may adhere to the endothelium of 

capillaries and sequester in tissues; this results in pathologies such as cerebral malaria 

[27, 41].  Infection with P. falciparum leads to significant mortality and morbidity.  Most 

vaccine development has focused on this parasite, as it is responsible for the majority of 

malaria-associated deaths [27].   

 

1.3.3.2 Plasmodium vivax 
P. vivax is geographically the most widespread malaria infection [42].  Its 

prevalence in Africa, however, is minimal (occurring in some areas of East Africa) but is 

highly prevalent outside the African region, particularly in Asia and South America [18, 

25, 36].  An estimated 1% of malaria cases are attributed to P. vivax in Africa, increasing 

to 50% outside of sub-Saharan Africa [3].  Its lack of presence in Africa can largely be 

explained by the absence of Duffy antigens on erythrocytes (a phenotype predominant in 

Africa), which can determine entry of the parasite into the cell [41], although reports of 

P. vivax Duffy-negative individuals are now emerging [43-46].  P. vivax causes benign 

tertian malaria and many clinical cases.  Infection by P. vivax was thought to not result in 

severe disease and rarely result in a fatal outcome; however, studies in Southeast Asia 

found that approximately 25% of patients with severe malaria had a P. vivax mono-

infection [47-49].  One of its most notable features is its ability to form dormant stages 

after sporozoite infection of the hepatocyte, termed hypnozoites; these remain in the liver 

and may become active at a later stage, thereby causing relapses in infection months or 

even years later [25, 50].   
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1.3.3.3 Plasmodium malariae 
Unlike the other species, P. malariae causes benign quartan (3-day cycle) malaria 

[25, 35, 36].  Distribution of P. malariae is much like P. falciparum, as it is found in 

Africa, Southeast Asia and South America, and there have been some reports of its 

presence in the Pacific [35].  Although P. malariae is not known to form hypnozoites, 

liver-stage forms do not mature on the same day and can allow for the release of parasites 

into the blood over a period of time [35].  While infection is generally not severe, it can 

persist in humans for years if left untreated.   

 

1.3.3.4 Plasmodium ovale 
P. ovale has recently been divided into P. ovale curtisi and P. ovale wallikeri, 

which have been identified as two distinct species [51].  It is found mainly in tropical 

regions, in particular sub-Saharan Africa and islands of the Western Pacific [52].  P. ovale 

infections are of low parasite density, thus diagnosis of infection is very difficult.  The 

number of cases of P. ovale may be vastly underestimated due to difficult detection and 

misdiagnosis [36, 51].  Like P. vivax, P. ovale is able to develop into hypnozoites during 

the liver-stage and cause relapses of infection [25].   

 

1.3.3.5 Plasmodium knowlesi 
This simian parasite, occurring in species of macaques, has recently been 

recognized as being able to cause malaria in humans [53, 54].  The parasite is the common 

cause of malaria in humans in Malaysian Borneo and is spread across Southeast Asia, 

mirroring the geographic range of its simian hosts and the Anopheles leucosphyrus 

mosquito [54].  As the parasite primarily has primates as its intermediate host, infection 

of humans by P. knowlesi is via zoonosis [53].   
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1.3.4 Rodent Models of Malaria 
The use of animal models in the study of malaria has been useful in garnering 

information that would not be possible to generate in an in vitro model or difficult in a 

human in vivo model [55].  Mouse models of malaria are popular for immunological 

studies due to the availability of different inbred and congenic strains.  Moreover, there 

is increasing development of gene-targeted mouse strains in which immunologically 

important genes are made defective and thus provide ways for the specific study of the 

interplay between disease and the immune system [56].  Murine models are also more 

economically sound, and the mouse immune system has been well characterized in 

comparison to the use of other animal models, such as primates [55, 57].    

There are four species of Plasmodium that cause malaria in rodents – P. chabaudi, 

P. vinckei, P. berghei and P. yoelii.  Comparison of Plasmodium spp. infecting rodents 

and humans shows that there is great conservation of genetic and phenotypic traits [58].  

Additionally, these four rodent Plasmodium species exhibit some similarities to those that 

infect humans – P. chabaudi, for example, is able to invade erythrocytes of any age much 

like P. falciparum in humans; however, P. yoelii and P. berghei predominantly invade 

immature erythrocytes like P. vivax [58, 59].  Although there is no animal model that 

represents malaria infection in humans in its entirety, different mouse and parasite strain 

combinations can be used to model different disease manifestations observed in humans 

[57].   Table 1.2 summarises some parasite and mouse strain models and the pathology 

that is exhibited.   

Non-lethal models are often used to study immune mechanisms and pathogenesis.  

P. chabaudi, in particular, is preferable in the study of blood-stage malaria, as it shares 

many biological and immunological features with P. falciparum [57, 60].  Such 

characteristics include its ability to invade normocytes and reticulocytes and to naturally 

cause chronic infection, unlike other rodent Plasmodium parasites, and show synchrony, 

in which different parasite stages generally occur at specific times but never all at once 

[57, 58].  Strains of P. yoelii are also used to look at different aspects of malaria; the non-

lethal strain, P. yoelii 17XNL, is primarily used to investigate pathogenesis and 

mechanisms of protection, whereas P. yoelii YM, a lethal strain, allows for the study of 

vaccine candidates [55].   

In more recent years, researchers have started to develop humanized mouse 

models to allow the study of the human malaria parasite itself within a biological system, 
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as opposed to rodent parasites [33].  Humanized mouse models generally involve 

subjecting highly immune-deficient strains of mice to human cell engraftment (stem cells 

or other human tissues, e.g., erythrocytes and hepatocytes) to produce high levels of 

human chimerism (the existence of human and mouse cell populations within an 

organism), thus allowing human malaria species to be investigated in an in vivo setting 

[61].  This can be particularly advantageous in terms of studying human malaria parasite 

biology as well as pre-clinical assessment of vaccine candidates before movement into 

clinical trials [61].    

Researchers have developed a humanized mouse model which allows the study 

of parasite development in the liver [33].  This model, which uses fumarylacetoacetate 

hydrolase-deficient (FRG) mice, was reported to support complete development of P. 

falciparum in its liver-stage.  Further study found that backcrossing of FRG mice with 

non-obese diabetic (NOD) mice and engrafted with human hepatocytes (FRG NOD 

huHep) could support the transition of liver-stage to blood-stage parasites when mice 

were intravenously injected with human erythrocytes six days after infection [33].   

The development of a humanized mouse model for the study of erythrocytic 

parasites is also being undertaken.  Non-obese diabetic/severe combined 

immunodeficiency (NOD/SCID) gamma mice administered with intravenous injections 

of human erythrocytes, in addition to clodronate liposomes and inosine, could produce a 

100% reproducible model capable of supporting different parasite strains and sustained 

high levels of parasitaemia over several months [62].  Moreover, the model is receptive 

to non-adapted parasites (parasites not exposed to murine serum in vitro before 

administration into mouse); synchronization, sequestration and gametocyte production 

were also observed in this model [62].  While the ability to study human malaria parasites 

in mice can overcome some limitations encountered with rodent parasites, such as the 

lack of long-term culturing systems, investigators may be limited in their scope due to the 

expense and difficulties in maintenance of humanized mice.   
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Table 1.2: Experimental malaria infection in different mouse strains.   
 

 
CM, cerebral malaria; RBC, red blood cell.  Reproduced with permission [63]. 

 
  

Plasmodium 
spp. 

Strain/
Clone 

Mouse 
Strain 

Lethal 
Infection 

Pathology Experimental 
Use 

berghei 

ANKA 

 
BALB/c 
C57BL/6 

 

Yes 
Days 6-8 

 

CM, no 
anaemia, no 

hypoglycaemia 

Pathogenesis of 
CM 

 

K173 

BALB/c 
 
 

C57BL/6 

Yes 
Days 15-22 

 
Yes  

Days 6-8 

No cerebral 
involvement, 

anaemia 
 

CM, no 
anaemia 

Non-CM 
control for CM 

Study 
 

Pathogenesis of 
CM 

yoelii YM 
(lethal) 

BALB/c 
C57BL/6 

Yes 
Days 7-8 

No cerebral 
involvement, 

hypoglycaemia 
Vaccines 

17X 

BALB/c 
 
 
 
 

BALB/c 
C57BL/6 

Yes 
Days 7-9 

 
 
 

No 

CM with RBC 
sequestration, 
anaemia and 

hypoglycaemia 
 

No CM, 
anaemia, no 

hypoglycaemia 

Pathogenesis of 
CM 

 
 

Immune 
mechanisms, 
pathogenesis 

chabaudi 
chabaudi 

AS 

BALB/c 
C57BL/6 

 
 
 

A/J 

No 
Peak day 8-

10 
 

Yes 
Day 9 

No cerebral 
involvement, 

anaemia, 
hypoglycaemia 

Immune 
mechanisms, 
pathogenesis 

vinckei 
vinckei  BALB/c Yes 

Day 8 

No cerebral 
involvement, 

anaemia, 
hypoglycaemia 

Chemotherapy, 
immune 

mechanisms, 
pathogenesis. 
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1.4 The Apicoplast 
The apicoplast is a non-photosynthetic organelle that can be found in all members 

of the Apicomplexan phylum, with the exception of Cryptosporidium spp. [29, 64].   First 

observed in 1975, it has since been identified as a secondary endosymbiotic plastid [64].  

Secondary endosymbiosis entails a eukaryote engulfing another eukaryote that had earlier 

acquired a plastid via primary endosymbiosis [65].  The engulfed eukaryote essentially 

loses its autonomy to the host cell.  This can be seen with the apicoplast which has a 

noticeably reduced circular genome (35kb) due to gene transfer to the host’s genome, 

leaving the apicoplast with genes necessary for transcription and translation [66, 67].  

Many proteins required are nuclear-encoded and must be imported into the organelle from 

the parasite’s endoplasmic reticulum (ER) [29].    

Several studies have established that this organelle is essential to the malaria 

parasites survival as pharmacological targeting of the apicoplast results in parasite death 

[68].  Additionally, the malaria parasite exhibits a delayed death phenotype, in which 

exposure to certain drugs will result in parasite growth arresting in the second cycle rather 

than immediately; this will be further discussed below.  The discovery that the apicoplast 

can be targeted therefore offers potential as another vaccine or drug target [69]. 

 

1.4.1 Apicoplast Morphology 
1.4.1.1 General Morphology 
As an endosymbiont, the apicoplast (Figures 1.4 and 1.5) was stripped of many of 

its components, such as its nucleus and cytoplasm, thus forcing it to become subordinate 

to its host.  Therefore, it contains its genome, the stroma of the plastid and 3-4 bounding 

membranes [64].   

The contents of the apicoplast have been described as having texture that looks 

‘finely granular and sometimes fibrous’, and this is believed to be due to the plastid-type 

70S ribosomes and DNA respectively [70].   
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Figure 1.4: Transmission electron micrograph of the apicoplast (Ap) and 
mitochondrion (Mi) of Toxoplasma gondii.  Reproduced with permission [64]. 

Generally, the apicoplast is believed to have 4 membranes – the inner two 

membranes pertaining to the original plastid, the third membrane also known as the 

periplastid membrane (PPM) resulting from the first endosymbiotic event (believed to 

have been a red alga [71]) and the outer membrane from the second endosymbiotic event 

in which the host phagocytosed the primary endosymbiont [29].   

Much debate has surrounded the exact number of membranes that bind the 

apicoplast; however, it is largely agreed upon that all Apicomplexans will have an 

apicoplast that has at least four membranes (as seen in Figure 1.4) [70]. 

 

1.4.1.2 Apicoplast Morphology in Plasmodium spp.  

Figure 1.5: Ultrastructure of the apicoplasts of a) Plasmodium falciparum and b) 
Toxoplasma gondii.  Black arrowheads indicate envelope membranes, while white 
arrowheads indicate outermost membranes.  M, mitochondrion; P, plastid (apicoplast).  
Reproduced with permission [72]. 
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For the most part, studies of other Apicomplexan and their apicoplasts have 

consistently observed the organelle bound by 4 membranes, although a study by Hopkins 

et al.  argued that P. falciparum is an exception with 3 instead of 4 membranes [73].  

There have been no subsequent studies to support this claim [74].    

Apicoplast morphology changes throughout Plasmodium spp. development, 

particularly during the schizont-stage in erythrocytes where the apicoplast has been 

observed to become a complex structure [29, 75, 76].  Figure 1.6 shows green fluorescent 

protein (GFP) labelled apicoplasts of P. falciparum and its development throughout the 

erythrocytic stage.  The apicoplast is initially seen as rod-shaped and curved (Figure 

1.6A) during the ring-stage; however, as it progresses through to the early and late 

trophozoite stages the apicoplast becomes round and spherical in shape (Figure 1.6, B 

and C).  In the schizont-stage (Figure 1.6, D-F), its morphology changes dramatically, 

becoming elongated and branched.  Finally, in mature schizonts (Figure 1.6G) multiple 

rod-shaped apicoplasts are observed, with merozoites appearing to contain only one 

apicoplast each when they are released from the ruptured schizont (Figure 1.6H) [74].  As 

the number of merozoites produced is variable, this may explain why apicoplast division 

is delayed until after nuclear division, and it is currently hypothesized that the close 

association of the apicoplasts and the centrosomes allows the apicoplast to divide 

accordingly [74].   
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Figure 1.6: P. falciparum apicoplast morphology during erythrocytic stage.  A) ring 
form, B) small trophozoite, C) large trophozoite, D-F) 3 stages of early schizont, g) 
mature schizont, H) early released merozoites.  Reproduced with permission [74]. 
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1.4.2 Protein Targeting and Import 
 The apicoplast has a small genome and is comprised of multiple membranes that 

are indicative of the complex past of the organelle.  Sequencing of the 35kb genome has 

found that it encodes for 30 proteins; these include several ribosomal proteins, a RNA 

polymerase of eubacterial origin, elongation factor-Tu (EF-Tu), large and small 

ribosomal RNAs (rRNAs) and several transfer RNAs (tRNAs) [67].  The vast majority 

of apicoplast proteins, however, are nuclear-encoded and must be imported into the 

organelle.  Amongst the nuclear-encoded proteins are those involved in biosynthetic 

pathways, as well as enzymes required in housekeeping processes, such as DNA 

replication, transcription and protein translation [77].  Protein import is complicated with 

the existence of four membranes surrounding the apicoplast; it is hypothesized that each 

membrane has an evolved import system reflecting the membranes’ origins.  These 

membrane transport systems have been studied most extensively in Toxoplasma and 

Plasmodium spp. [78-83].   

A bipartite sequence located at the N-terminus has been identified on most 

proteins targeted to the apicoplast [78, 84].  The sequence is comprised of a signal peptide 

(SP) followed by a transit peptide (TP) [79].  A study using GFP-labelled proteins has 

demonstrated the SP allows for entry into the secretory pathway by co-translational 

insertion into the endoplasmic reticulum (ER), and the TP specifically signals for its 

movement to the outermost membrane of the apicoplast [74].  Removal of these signals 

resulted in accumulation of GFP-tagged proteins in the cytoplasm or in the 

parasitophorous vacuole [74].   

Transport across the PPM is thought to occur via the endoplasmic reticulum-

associated degradation (ERAD) pathway as homologs of its components (e.g., Der1 and 

Cdc48) have been characterized in the Apicomplexan genome [80-82].  The classical 

ERAD pathway is involved in the recognition and removal of misfolded proteins from 

the ER lumen to cytoplasm.  The plastid ERAD system utilizes the basic function of 

transport across the membrane for required proteins [83].  Der1 is both reported to interact 

with the TP and as being essential in protein import in T. gondii [85, 86].   

Movement of proteins through the outer membrane (OM) and inner membrane 

(IM) is hypothesized to be via homologs of Tic/Toc translocons – a transport system that 

has been more extensively characterized in chloroplasts of higher plants [78].  A Toc 
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complex has yet to be identified; however, recent investigations have identified Tic22 

and Tic20, of which Tic20 is reported to have a protein import role in T. gondii [87].   

 

1.4.3 Synthetic Pathways in the Apicoplast  
The detection of the apicoplast genome and subsequent realization of its origins 

as a red algae plastid lacking photosynthetic ability prompted investigation into other 

possible functions harbored by the apicoplast within the Apicomplexan parasite.  Four 

biosynthetic pathways have since been found to be associated with the apicoplast: heme 

synthesis, iron-sulfur complex synthesis, fatty acid biosynthesis and isoprenoid precursor 

synthesis (Figure 1.7).   

 

1.4.3.1 Heme Synthesis 
Heme is used by the malaria parasite as a prosthetic group for cytochromes [88].  

While the parasite can import haemoglobin during the erythrocytic stages of infection, 

there is a pathway which allows for de novo synthesis.  This is the resulting hybrid of two 

separate pathways inherited by the mitochondrion and apicoplast, with the current 

pathway spanning between the two organelles and the cytoplasmic compartment [68, 70]. 

Synthesis of heme does not appear to be essential to malaria parasites during 

blood-stage infection, with the converse being true of liver and mosquito stages [89, 90].  

This was demonstrated by knocking out aminolevulinic acid synthase (ALAS) and 

ferrochelatase (FC), enzymes of the heme pathway, resulting in no significant changes to 

parasite growth during in vitro and in vivo blood-stage infection; however, oocyst 

development and sporozoite formation was abolished in mosquitoes [89, 90].   

Drugs affecting the heme pathway include succinylacetone, which acts through 

inhibition of aminolevulinic acid dehydratase (ALAD) [89].  Although succinylacetone 

has been reported to be lethal to the malaria parasite at concentrations of 1-2mM, this is 

believed to be due to off-target inhibition rather than complete inhibition of heme 

synthesis [89].  Herbicides have additionally been established as affecting heme synthesis 

through the inhibition of protoporphyrinogen IX oxidase [91].   

 

1.4.3.2 Iron-sulfur (Fe-S) Complex Synthesis  
The malaria parasite harbors genes for two distinct Fe-S synthetic pathways (iron-

sulfur cluster (ISC) and sulfur utilization factor (SUF) pathways) inherited by the 
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mitochondrion and apicoplast respectively.  It is unknown if components of each pathway 

intermingle to form a hybrid pathway, as with heme synthesis, although evidence to date 

suggests that they remain separate [92].   

Fe-S complexes are known to play a role in electron transport and act as co-factors 

to enzymes in a variety of pathways, including fatty acid and isoprenoid biosynthesis.  

Interruption of this pathway may, therefore, also fatally impact on the parasite [68].  This 

was demonstrated when disruption of the apicoplast Fe-S cluster synthesis pathway and 

subsequent chemical rescue with an isoprenoid byproduct was able to rescue parasites 

from death, indicating its importance to isoprenoid biosynthesis [92].  Fe-S cluster 

synthesis was also found to be critical to P. berghei sexual stages when genetic knockouts 

of a cysteine desulfurase involved in the SUF pathway, SufS, were found to have 

defective sporozoite development in oocysts [93].   

D-cycloserine (DCS) is the only drug reported to have an anti-malarial effect 

mediated through inhibition of SufS in the apicoplast SUF pathway in P. falciparum [94].   

 

1.4.3.3 Fatty Acid Biosynthesis 
In the apicoplast, fatty acid synthesis (FAS) is via the Type II pathway, which 

involves several enzymes as opposed to a main enzymatic complex.  This metabolic path 

differs from that of animals which derive their fatty acids via the Type I pathway [70].  

The ability to make fatty acids de novo was initially thought to be non-existent in 

Plasmodium spp. with fatty acids obtained only via scavenging mechanisms [95].  It was 

soon realized, with the discovery of genes pertaining to the FAS II pathway, that 

Plasmodium parasites could obtain fatty acids via both methods [68, 77, 79].   

Studies have since indicated that this pathway is essential to liver-stage but not 

blood-stage parasites, with the latter dependent upon scavenging exogenous fatty acids 

[96].  Disruption to the FAS II pathway resulted in no changes to growth in P. falciparum 

in vitro, and in vivo for P. yoelii and P. berghei, although investigation in the rodent 

models found decreased infectivity of sporozoites and arrested development during the 

liver-stage [96-98]. 

Multiple inhibitory compounds have been described as acting through disruption 

of the FAS pathway and appear to affect P. falciparum growth in vitro.  Of note are 

thiolactomycin [97-99], triclosan [100, 101] and cerulenin [69, 101], each targeting 

different enzymes associated with fatty acid synthesis and resulting in immediate parasite 
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death.  The FAS II pathway appears to be an ideal target for drug development due to the 

differences in parasite and host FAS pathways. 

 

1.4.3.4 Isoprenoid Precursor Synthesis (MEP/DOXP Pathway) 
Synthesis of isoprenoid precursors is exclusive to the apicoplast (for a 

comprehensive review of isoprenoid biosynthesis, refer to [102]).  Precursors are 

produced via the MEP/DOXP (non-mevalonate pathway), which is primarily used by 

bacteria and chloroplasts, as opposed to the mevalonate pathway used in animals.  The 

lack of commonality between the pathways makes the DOXP pathway a suitable target 

for anti-malarial drugs.   

Both pathways produce isomeric compounds – isopentenyl pyrophosphate (IPP) 

and dimethylallyl pyrophosphate (DMAPP).  These precursors produce a diverse range 

of isoprenoids (e.g., sterols, ubiquinone and dolichol) that are involved in several parasite 

functions, such as the regulation of erythrocyte invasion and RNA translation (reviewed 

extensively in [102, 103]).  They also attach as prosthetic groups to enzymes and 

contribute to prenylation of proteins and tRNAs [68, 104]. 

Inhibitors of the second enzyme of the pathway, DOXP reductoisomerase, target 

and successfully inhibit isoprenoid synthesis and subsequently cause parasite death.  

Fosmidomycin and its derivative, FR-900098, are well-known highly specific inhibitors 

of DOXP reductoisomerase [105].  Fosmidomycin has been shown to suppress growth of 

P. falciparum in vitro; and when administered to mice infected with P. vinckei, resulted 

in clearance of the parasites [105].  Additionally, studies with human volunteers have 

shown it to be effective as an anti-malarial drug when given in conjunction with 

clindamycin [106, 107].    

Isoprenoid synthesis is essential to the blood-stage malaria parasite.  This was 

demonstrated in a series of experiments conducted by Yeh & DeRisi (2011), wherein P. 

falciparum parasites treated fosmidomycin could be rescued with IPP [11].  This was not 

observed with DMAPP, or alcohol analogs of both IPP and DMAPP, indicating that the 

production of IPP by the apicoplast is essential to the parasite’s survival.  Additionally, 

continued culturing of P. falciparum parasites with doxycycline and IPP supplementation 

found that parasites eventually lose the apicoplast genome, as well as protein import 

function, becoming entirely dependent on exogenous IPP, thus indicating the importance 

of this pathway to parasite survival [11].   
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Isoprenoids have additionally been shown to be important during 

gametocytogenesis.  Adopting the method established by Yeh & DeRisi, parasites were 

subjected to chemical attenuation and rescue to generate stage V gametocytes without 

apicoplasts [108].  As seen with erythrocytic parasites, these gametocytes were dependent 

upon IPP supplementation.  Mosquitoes infected with apicoplast negative gametocytes 

had impacted oocyst development and no detectable sporozoites in their salivary glands, 

indicating that the apicoplast has an important role in parasite development within 

mosquitoes [108].   

The role of isoprenoid synthesis in liver-stage malaria parasites has been less 

clear.  Studies treating liver-stage P. berghei with fosmidomycin did not see any 

significant effect upon parasite development within hepatocytes, though modification of 

fosmidomycin to improve drug uptake consequently improved growth inhibition [109]. 

As mentioned previously, fosmidomycin is the most well-known and described 

inhibitor of the DOXP/MEP pathway.  There are several other compounds (e.g., 

bisphosphonates, nerolidol, prenyltransferase inhibitors) which can exert inhibitory 

effects downstream of IPP and DMAPP production (reviewed in [102]).   
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Figure 1.7.  Summary of functions housed by the apicoplast and drug targets.  
Compounds are bolded black, enzymes in red, inhibitors in green.  For comprehensive 
legend please refer to [110] in Appendix I.   
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1.4.4 Delayed Death Phenotype  
Delayed death refers to a phenomenon in which treated parasites appear to grow 

normally; however, the effects of drug treatment are observed in the progeny of the 

treated parasite.   This occurrence is still observed even with the removal of the drug prior 

to egression and continuation into the second cycle after treatment, a finding that has been 

observed in both Toxoplasma and Plasmodium spp. [104].   

While the exact mechanism for this delayed death phenotype is still currently 

unknown, the treated parasite appears to initially uphold metabolic pathways; however, 

daughter cells inherit a dysfunctional apicoplast that is unable to sustain critical biological 

processes [11, 111].   

The use of drugs, such as azithromycin, clindamycin and doxycycline, with P. 

falciparum parasites in vitro demonstrated that clinically available antibiotics exerted a 

delayed death effect on asexual blood-stage parasites [112].  These treated parasites 

continued to develop through the first erythrocytic cycle without any ill-effects and were 

observed to invade new erythrocytes [111, 112].  However, the parasite's progeny were 

unable to complete a second cycle with development arresting in the schizont-stage with 

a single abnormal apicoplast being observed [112].  This indicated that the apicoplast 

genome was unable to replicate and segregate during division.  Further, it was observed 

that delayed death-causing drugs were most effective when treating late trophozoite and 

early schizont blood-stage parasites [112].   

Many observations of the delayed death phenotype have been made with drugs 

involved in inhibition of housekeeping processes within the apicoplast (Table 1.3), 

whereas those that target non-housekeeping functions result in rapid death [69, 112].  

Reports of the inducement of delayed death with ciprofloxacin and rifampicin, which act 

upon DNA replication and transcription, have been conflicting within the literature [69, 

112-114].  However, most anti-malarial drugs which affect protein translation (e.g., 

doxycycline), to date, exhibit the delayed death phenomenon [69, 112, 115].  New 

antibiotics that are known to act by targeting bacterial ribosomes, such as telithromycin 

and quinupristin-dalfopristin, have shown similar anti-malarial delayed death effects 

[116].  15-Deoxyspergualin, the only known inhibitor of apicoplast protein import, is also 

reported to display the delayed death phenotype [117]. 
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Table 1.3: Delayed death-causing drugs [110]. 
 

Drug name Housekeeping 
function 

Apicoplast Specific 
Target References 

Macrolides (e.g., 
azithromycin, 
solithromycin, 
erythromycin) 

Protein  
translation 

50S ribosomal sub-unit 
 

[114] 

Ketolides (e.g., 
telithromycin) [116] 

Quinupristin-
dalfopristin [116] 

Chloramphenicol [69] 

Tetracyclines (e.g., 
doxycycline, 
minocycline) 

30S ribosomal sub-unit [69, 112, 
114] 

Indolmycin Tryptophanyl-tRNA 
synthetases [118] 

Mupirocin Isoleucyl-tRNA 
synthetase [119] 

Borrelidin Threonyl-tRNA 
synthetase [120] 

Fluoroquinolones (e.g., 
ciprofloxacin, 
norfloxacin) DNA replication DNA gyrase 

[112, 114] 

Novobiocin [121] 

Rifampicin RNA 
transcription 

RNA polymerase 
(β sub-unit) 

[69, 112, 
114] 

15-Deoxyspergualin 
(DGS) Protein import Transit peptide/Hsp70-1 [117, 122] 
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1.5 Immunity to Malaria 
The immune system is a complex network comprising of various cells, tissues and 

organs, which provide protection from pathogens (e.g., malaria parasites).  The immune 

system can be divided into two broad categories: innate and adaptive, both working 

together to combat disease.   

Innate immunity provides the first two lines of defence.  The first line of defence 

is comprised of mechanical (skin and epithelial lining), chemical (lysozymes, fatty acids 

etc.) and biological (normal flora) barriers, while the second line of defence involves 

circulating cells, such as macrophages and proteins which act non-specifically. 

If the pathogen continues to persist, cytokines produced by cells of the innate 

system will trigger the third line of defence – adaptive immunity.  The adaptive immune 

system encompasses antibody-mediated immunity (B cells) and cell-mediated immunity 

(T cells), both of which mount a specific defence, that is normally able to differentiate 

self-antigens from non-self-antigens and eliminate the latter.  One of the hallmarks of 

adaptive immunity is the development of immunological memory.    

The malaria parasite has co-evolved with humanity and as a result has developed 

mechanisms that allow it to continually evade our defences, thereby ensuring its survival.  

Examples include antigenic variation and its ability to sequester in capillaries by 

adherence to receptors on endothelial cells, thus avoiding destruction by the spleen [27, 

41, 123].  Individuals in endemic areas are known to naturally acquire immunity (NAI, 

premunition – a state of partial, non-sterilising immunity).  Older children and adults 

living in endemic areas develop NAI, thus offering these individuals protection against 

the fatal effects of severe malaria, limiting parasitaemia and symptoms [124-126].  This 

immunity, however, is not sterilising, meaning persons are still at risk of being infected.  

Development and maintenance of NAI is dependent on repeated exposures to infection 

[4, 125].  Individuals that move away from an endemic area and exposure to repeated 

infection may lose NAI [126].  This difficulty in generating and sustaining long-lasting 

immunity against Plasmodium spp. remains a problem in the development of vaccines 

and requires more investigation.   

 

 

 

 



Chapter 1: Introduction 

 

  

 

28 

1.5.1 Innate Immunity 
Research has primarily focused on adaptive immunity and its role in targeting the 

malaria parasite.  The role of the innate immune system has, however, been shown to be 

crucial in initially controlling the malaria parasite both directly and indirectly via 

phagocytosis or cytokine production respectively.   

Neutrophils, macrophages and monocytes mediate phagocytosis, or engulfment, 

of infected red blood cells.  This process can be either antibody-dependent (opsonic) or 

independent (non-opsonic).  Non-opsonic phagocytosis in monocytes and macrophages 

has been noted to occur through the interactions of the scavenger receptor, CD36, and the 

PfEMP-1 protein expressed on the surface of infected erythrocytes [127].  Immunological 

studies in rodents have found less phagocytosis of infected erythrocytes occurred in rats 

lacking CD36 in comparison to those expressing it [128], while increased expression of 

CD36 on human macrophages resulted in increased phagocytosis [129].   

Rodent studies have demonstrated that the rapid production of IFNγ is important 

in controlling parasite burden [130-134].  Both adaptive and innate cells produce IFNγ – 

examples of the latter include γδ T cells and natural killer (NK) cells [135-137].  Early 

production of IFNγ by NK cells has been shown in some studies to be critical in 

controlling parasitaemia [131, 138].  Inhibition of IFNγ production from NK cells was 

also found to affect activation of CD4+ T cells [138, 139].  Other studies have suggested 

γδ T cells, as opposed to NK cells, are the main contributors to IFNγ production [137, 

140] and have a role in the activation of dendritic cells (DCs) via an IFNγ-dependent 

mechanism [140, 141].  Additionally, γδ T cells exhibit anti-parasitic activities, targeting 

extracellular merozoites by degranulation [142].    

Animal and human studies have also observed the activation of the complement 

system, which is comprised of several small proteins and aids in host defence by boosting 

phagocytosis, lysis through terminal complement complex (TCC) formation and 

induction of inflammation [143-145].   

 

1.5.2 Adaptive Immunity 
1.5.2.1 Antibody-Mediated Immunity 
The importance of antibodies in malarial immunity was first demonstrated in The 

Gambia, Africa when γ-globulin, obtained from the serum of immune Gambian adults, 

was administered to children aged 4 months – 2.5 years diagnosed with malignant tertian 
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malaria [146].  This passive transfer of γ-globulin resulted in a decrease of trophozoite 

numbers over time, thereby demonstrating the effectiveness of antibodies in controlling 

malaria infection [146].  In a similar study, extracted IgG from immune African adults 

was administered to Thai patients infected by P. falciparum, resulting in an improvement 

of clinical symptoms and decreased parasitaemia [147].   

Antibodies have been shown to target different stages of the parasite: sporozoites 

in the pre-erythrocytic stage and merozoites, as well as parasitised erythrocytes during 

the blood-stage.  In the pre-erythrocytic stage, field studies in Kenya have found 

antibodies that target antigens involved in invasion (e.g., circumsporozoite protein (CSP) 

and thrombospondin-related adhesive protein (TRAP)) and liver-stage antigen 1 (LSA-

1), which is involved in merozoite release, appear to correlate with decreased risk of 

clinical malaria in both children and adults [148-151].   

During the erythrocytic stage, antibodies may neutralize free merozoites or 

interfere with antigens involved in the process of erythrocytic invasion, such as the 

merozoites surface protein (MSP) antigens, particularly MSP-1 [152] and the apical 

membrane antigen-1 (AMA-1) [5, 153].  Studies also observe antibodies activating the 

complement system by forming antigen-antibody complexes which interact with the 

complement protein, C1q, to aid opsonisation and phagocytosis, and inhibit merozoite 

invasion [154-156]; however, one study suggests that complement activation may aid, 

rather than inhibit, immune invasion [157].   

In addition to recognising invasion antigens, antibodies also react to several 

polymorphic antigens expressed on the surface of infected erythrocytes, known as variant 

surface antigens (VSAs), and facilitate phagocytosis by opsonization [158-161].  Notable 

VSAs include P. falciparum erythrocyte membrane protein-1 (PfEMP-1), RIFINs and 

STEVORs, which play a role in adhesion and sequestration of parasitised RBCs [5, 162-

164].  Studies of NAI in persons living in endemic areas have reported the presence of 

antibodies against many of these antigens [152, 153, 163, 165-168].   

Memory B cells are reported to be poorly induced or short-lived following malaria 

infection in mice [47] and in humans [169, 170].  Evidence to date also indicates that the 

build-up of memory cells is dependent upon increasing malaria exposure [171-174].  One 

study, conducted in Mali, observed memory B cells and P. falciparum specific antibodies 

after acute malaria infection, with antibody titres decreasing after 6 months of decreased 

exposure [172].  Studies report the presence of atypical B cells in individuals living in 
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endemic regions [175-177], which differ to normal B cells by having reduced CD27 

expression and increased expression of inhibitory receptors (e.g., FcRL4, FcRL5) [178, 

179].  Atypical B cells are reported to have impaired effector function compared to 

classical B cells, thus contributing to the inability to attain long-term immunity against 

malaria [178].   

 

1.5.2.2 Cell-Mediated Immunity (CMI)  
CMI is primarily mediated by T cells, which include CD4+ (helper), CD8+ 

(cytotoxic), regulatory and γδ T cells.  Dependent on the cytokines secreted by APCs, 

naïve CD4+ T cells may differentiate into several T-helper (Th) subsets, such as Th1, Th2 

and Th17.  Each of the Th subsets have their own distinctive cytokine profiles, which in 

turn promote different functions [180]; Th1 responses primarily promote cell-mediated 

responses, secreting inflammatory cytokines, such as IFNγ, IL-2 and TNF, whereas Th2 

responses promote a humoral response via anti-inflammatory cytokines, such as IL-4, IL-

6 and IL-10 [181]. 

The importance of CMI in protection against malaria has been shown in several 

studies that demonstrate the lethality of Plasmodium blood-stage infections in T-cell 

deficient chicken and mice [182-184].  Additionally, control of infection by 

chemotherapy in B-cell deficient animals allowed the development of low-grade malaria 

and resistance to subsequent malaria infections in these animals.  This suggests that 

resistance to parasite reinfection was primarily mediated by CMI, whereas initial acute 

infection was controlled by antibody-dependent mechanisms [182].   

The role of CMI in controlling the pre-erythrocytic stage was first demonstrated 

in a study observing that B-cell deficient mice, unlike T-cell deficient mice, could be 

immunized by irradiated sporozoites [185].  CD8+ T cells have since been shown to have 

a principal role in liver-stage protection by responding to processed parasite-antigens 

expressed on the hepatocyte [186-188].  Sterile immunization was found to be dependent 

on the magnitude of the CD8+ T cell response; however, to reach the magnitude required 

for protection, large doses of irradiated sporozoites over multiple administrations were 

required [189-191].  The mechanism by which CD8+ T cells mediate protection was 

suggested to be via secretion of inflammatory cytokines, such as IFNγ, which has been 

previously shown to protect mice from challenge [188, 192, 193]; however, evidence 

towards this has been conflicting [194].   
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Studies have also shown CD4+ T cells to play a role in liver-stage immunity.  

Cytokines produced by CD4+ T cells act to promote phagocytosis and antibody 

production via activation of macrophages and B cells respectively [158, 195].  The role 

of CD4+ T cells during the pre-erythrocytic stage has been shown in adoptive transfer 

studies of CD4+ T cell clones into mice and subsequent protection from sporozoite 

challenge [196, 197] as well as a study in which CD4+ cells were depleted and sporozoite 

challenge resulted in lethal infection [196].  Additionally, CD4+ T cells are known to play 

a role in CD8+ T cell expansion and survival [198].   

The role of CD8+ T cells during blood-stage infection was thought to be minimal; 

however, several studies have shown that adoptive transfer of CD8+ T cells can elicit 

protection [158, 199, 200].  More recent evidence reports activated CD4+ and CD8+ T 

cells both being observed during P. yoelii infection [201].  Activation of CD8+ T cells is 

believed to be due to the presentation of MHC I molecules on antigen presenting cells 

(APCs) that have engulfed infected blood cells [158], while other studies report that CD8+ 

T cells target infected erythroblasts, which exhibit MHC Class I molecules, and enhance 

the activities of macrophages [158, 202].  Several reports, however, indicate that CD8+ T 

cells do not play an important role in blood-stage protection [203-205].   

CD4+ T cells play a role in blood-stage malaria infection through the induction of 

macrophages and antibodies [206-208].  CD4+ T cells play a significant role in blood-

stage malaria infection, independently from antibodies; this was demonstrated when 

protection could still be elicited in studies utilizing B-cell deficient mice [182, 209].  

Depletion of CD4+ T cells in rodent studies resulted in the development of high levels of 

parasitaemia, thus indicating that their role in the control of infection [210].  Protection 

was also observed in mice receiving an adoptive transfer of parasite-specific CD4+ T cells 

[195, 211].   

Although CD4+ T cells have a role in controlling parasitaemia, the longevity of 

CD4+ T cells, however, is influenced by parasite density.  Studies have reported apoptotic 

events occurring exclusively to parasite specific CD4+ T cells during high parasite density 

infections in mice [212, 213].  Conversely, administration of low-doses of parasites 

showed no apoptotic activity occurring in rodents and humans [14, 15].  These T cells 

were also able to strongly respond to the parasite and further shown to protect against 

challenge with heterologous strains in a rodent model [214].   
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1.5.3 Immune Evasion by Plasmodium spp.  

Plasmodium parasites have developed several mechanisms by which they can 

evade the human immune system and survive.  Examples of evasion mechanisms include 

antigenic variation, sequestration and antigenic polymorphism [215]. 

Antigenic variation refers to the switching of gene expression between a number 

of variant genes.  Variant genes that have been identified are var, rif, stevor and Pfmc-

2TM, of which there are 60 var, 149 rif, 28 stevor and 11 Pfmc-2TM genes [216, 217].  

Each of these families of genes encodes a protein: PfEMP-1 (erythrocyte membrane 

protein 1), RIFIN (repetitive interspersed family), STEVOR (subtelomeric variable open 

reading frame), and Pfmc-2TM (Maurer’s cleft two transmembrane) respectively [215].  

Parasites can switch gene expression and, therefore, express different variants of the 

protein.   

The switching of variant genes permits parasites to survive by presenting different 

variant antigens to the immune system, allowing it to evade pre-existing immune 

responses to the previous antigen.   As seen in Figure 1.8, parasitaemia occurs in waves, 

with each wave being indicative of parasites expressing a new variant gene, thus 

rendering antibodies produced specifically against the previous variant protein 

ineffective.  The parasite is then able to clonally expand until antibodies can be made 

against the new variant [27, 215, 218].   

 
Figure 1.8:  P. falciparum parasite density (parasites per µL blood) over time (days) 
in the blood of a patient.  Reproduced with permission [27]. 

The variant protein, PfEMP-1, has been implicated in sequestration [219, 220].  

PfEMP-1 has been reported to bind to host receptors, such as CD36, ICAM-1, VCAM-1 

and CSA [217], which mediate the adhesion of infected red blood cells to the endothelium 
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of capillaries in various organs or to other red blood cells, thereby avoiding destruction 

in the spleen [128, 217, 219, 220].    

Antigenic polymorphism refers to the expression of different allelic forms of a 

gene; of note are the merozoite surface proteins (MSP) and apical membrane antigen 1 

(AMA-1) [221, 222].  MSP-1 has many alleles and thus antibodies may be specific against 

one MSP-1 allele but not recognize others [218].  

1.6 Vaccines 
The creation of a prophylactic malaria vaccine is supported by the demonstration 

of sterile immunity in human volunteers when immunized with irradiated infected 

mosquitoes and exposure to homologous challenge, and the observation that adults living 

in endemic areas develop NAI [223, 224].  Despite much research into the development 

of a vaccine over the past several decades, the mechanisms by which Plasmodium spp. 

can evade the immune system and the difficulty in inducing long-term immunity have 

made this task a challenging one.  Currently, the RTS,S/AS01 (Mosquirix™) vaccine is 

the only candidate that has been recommended for licensure by the European Medicines 

Agency and will be implemented in a pilot program under WHO in 2018 [6]. 

The types of vaccines in development today can be divided primarily into sub-

unit vaccines or attenuated whole parasite vaccines.  Due to the various stages of the 

parasite life-cycle, the stage-specificity of the vaccine must also be taken into 

consideration [225].  For the most part, vaccine candidates target one of the stages of the 

parasite life-cycle – the pre-erythrocytic stage, asexual erythrocytic stage or the sexual 

stage.  Pre-erythrocytic vaccines target sporozoites or infected hepatocytes, inducing 

antibodies and CMI in order to prevent sporozoite invasion and schizont formation in 

hepatocytes.  The sub-unit vaccine, RTS,S/AS01, targets this stage of the malaria life-

cycle, specifically the circumsporozoite protein (CSP), found on the surface of the 

sporozoite and infected hepatocytes [5].   

Asexual erythrocytic stage vaccines target antigens expressed on merozoites and 

infected red blood cells, and this may inhibit the multiplication of the parasites in the 

blood.  Vaccines based upon the merozoite surface proteins (MSP 1, 2 and 3), as well as 

several other antigens, are the most advanced [226].  The induction of antibodies against 

the MSP-1 antigen has been shown to confer protection in rodents and non-human 

primates [226].  There are still many issues, however, in developing vaccines against 
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erythrocytic stage parasites, although such issues are primarily due to evasion tactics of 

the parasite and vaccine approach instead of being exclusively stage specific [5, 225].   

Sexual stage vaccines target antigens to prevent transmission, thereby protecting 

the wider community rather than protecting an individual from disease.  Most progress 

has been with a vaccine targeting P. falciparum ookinete surface antigens Pfs25 and 

Pfs28.  The downside of these vaccines, however, is the assessment of their impact on the 

community, which is difficult to determine in a clinical trial setting [5, 225].   

 

1.6.1 Types of Vaccines 
1.6.1.1 Sub-unit Vaccines 
Sub-unit vaccines are those that do not include the whole organism but rather one 

or more antigens that are expressed by the organism.  Generally, antigens are chosen 

based on their ability to stimulate an immune response, their potential function and if 

immune responses against antigens are associated with protection in a field setting.  These 

antigens are often combined with an adjuvant or viral vector vaccine platforms in order 

to boost immunogenicity [227].  Vaccines of this nature are often a safer option in 

comparison to the use of a whole vaccine, which run the risk of reverting back to a virulent 

state if they have been attenuated [7].    

The ability to induce protective immunity in a rodent model by sub-unit 

vaccination was first observed using purified MSP-1 to protect against P. yoelii infection 

[228].  However, the antigenic diversity of Plasmodium spp. has made the production of 

an effective sub-unit vaccine difficult.  Many of the major antigens, such as PfEMP-1 and 

MSP, exhibit antigenic variation and polymorphism respectively.  Additionally, different 

antigens are expressed throughout the different stages of the Plasmodium spp. life-cycle.  

The difficulty in overcoming the low immunogenicity of sub-unit vaccines and the 

parasite’s ability to evade the immune system via antigenic variation have seen a shift in 

development towards creating a whole parasite vaccine [214, 218, 225, 229].   

The most advanced malaria vaccine is the sub-unit vaccine, RTS,S/AS01, based 

on the circumsporozoite protein (CSP), which is found on the surface of sporozoites and 

in the cytoplasm of infected hepatocytes [5, 27, 230].  The vaccine is comprised of the 

repeat and T cell epitopic regions of the CSP fused to a surface antigen of hepatitis B 

[27].  It is also administered with an adjuvant, AS01 or AS02.  RTS,S/AS01 has 

undergone Phase III clinical trials in Africa and will be implemented in certain countries 
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starting 2018 [6, 7, 148].  The efficacy, however, has been reported to be 26-37% and 18-

28% in children and infants with or without a fourth booster dose, and a decrease in 

immunity has also been reported over a period of 12 months following administration of 

the final dose [8, 230]; therefore, there is still a need for continued development of a 

vaccine [231].   

 

1.6.1.2 Whole Parasite Vaccines 

Whole parasite vaccines are those that include the whole organism that has been 

attenuated to make it less virulent or killed.  In this way, the immune system is exposed 

to a wide variety of antigens.  Only recently has research moved towards the use of a 

whole parasite vaccine approach for malaria due to the inherent difficulties associated 

with sub-unit vaccines. 

Whole parasite vaccines can include attenuated live or dead/inactivated parasites, 

the latter being the safer of the two.  The disadvantage of a dead parasite vaccine is that 

it may produce a weaker immune response in comparison to a live vaccine.  The following 

are different approaches for attenuating parasites for a whole parasite vaccine.   

Radiation Attenuated Whole Parasite Vaccine 

Irradiation of parasites is a popular approach to attenuating the whole parasite 

[232].  It was first reported that an irradiated P. berghei sporozoite vaccine (RAV) 

protected mice against challenge [233].  Further studies have demonstrated human 

volunteers exposed to irradiated infectious mosquitoes were protected from reinfection 

[234-237].  Immunization of large populations of people with live irradiated parasites via 

infected mosquitoes, however, is viewed by some as impractical and has subsequently 

prompted research into alternative routes of administration [225].  Vaccination by 

subcutaneous, intramuscular and intradermal injection of irradiated sporozoites has 

produced successful results in mice [238].  Furthermore, a study in which irradiated 

cryopreserved P. falciparum sporozoites (PfSPZ) were administered intravenously to 

volunteers has demonstrated protective immunity similar to studies in which sporozoites 

were administered by mosquito bite [190].   

Several studies have also investigated irradiation with blood-stage parasites; one 

such study reported the inducement of immunity when administered at low doses [214].  
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Other studies in rodents and non-human primates have observed that immunization with 

radiation attenuated blood-stage parasites can confer protection [239-241].   

Although candidates attenuated with this approach have produced encouraging 

results, there are still problems associated with attenuating parasites with radiation – 

primarily the dosage used to attenuate.  Sub-optimal dosages can result in re-emergence 

of infection; however, excessive irradiation can result in the inability of sporozoites to 

infect the liver, which is important in inducing an immune response against pre-

erythrocytic stage malaria [28].   

Genetically Attenuated Whole Parasite Vaccine 

One approach to genetic modification of the malaria parasite is in identifying 

genes that are crucial for its development in a certain stage.  For example, genetically 

modified sporozoites are created through the selection and deletion of genes that are 

essential to its development in hepatocytes, such as Upregulated in Infectious Sporozoite 

gene 3 (UIS3), which allows sporozoites to invade hepatocytes but arrests further 

development through to blood-stage parasites [232, 242].  Immunization with genetically 

attenuated parasites has been shown to be highly efficacious, providing long-term 

protection from P. berghei and P. yoelii infection in rodents [232].  Breakthrough 

infections have been reported to occur in pre-clinical and clinical studies wherein subjects 

were administered with a genetically attenuated vaccine (GAV) in which the parasite was 

attenuated by a single-gene or double-gene deletions [28, 98, 243-245].  More recent work 

has shown a triple-gene deletion genetically attenuated parasite to be completely 

attenuated in a humanized mouse model and in human subjects [246, 247].   

Chemically Attenuated Whole Parasite Vaccine 

Chemicals, such as those used as anti-malarial drugs, may be used to attenuate 

malaria parasites.  The first instance of chemical attenuation in vitro reported P. berghei 

sporozoites treated with a high concentration of chloroquine which was found to elicit a 

protective immune response in mice [248].   

Most studies utilizing chemical attenuation employ the use of DNA-binding 

agents; centanamycin (CM) and tafuramycin (TFA) act in such a manner by taking 

advantage of the high quantity of A-T nucleotides in the Plasmodium genome and 

alkylating these sequences, resulting in inactivation/death of the malaria parasite [249].   

Centanamycin was also reported to successfully attenuate rodent sporozoites, which were 
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shown to be less effective at hepatic invasion and unable to establish a blood-stage 

infection [28, 250].  Further research into a centanamycin attenuated sporozoite vaccine 

in rodent models showed heterologous protection, although this disappeared with time 

[28, 250].   

The majority of chemically attenuated whole parasite vaccines have used 

sporozoites; however, recent studies have experimented with chemical attenuation of 

blood-stage P. chabaudi [251] and P. yoelii [252], demonstrating successful protection 

against homologous and heterologous challenge.  Further studies were conducted wherein 

P. falciparum FVO was chemically attenuated with TFA and administered to Aotus 

monkeys; although no protection from challenge was observed, the onset of parasitaemia 

was delayed in monkeys receiving the attenuated parasite [253].   

As mentioned previously, Yeh & DeRisi demonstrated the ability to treat and 

chemically rescue P. falciparum with doxycycline and isopentenyl pyrophosphate (IPP) 

[11].  This resulted in the loss of the apicoplast and rendered the parasite dependent upon 

exogenous IPP; however, this method has not been tested as a viable vaccine strategy 

[11].   

In addition to in vitro chemical attenuation, parasites may be attenuated in vivo by 

chemoprophylactic immunization.  This involves the administration of infectious 

parasites to individuals under drug treatment.  Most studies to date have focused on the 

use of infectious sporozoites and thus refer to this as the chemoprophylaxis and sporozoite 

(CPS) model [254].  In conjunction, chloroquine treatment is administered to target 

blood-stage, but not liver-stage, parasites.  Sporozoites are, therefore, allowed to infect 

and develop normally within hepatocytes, with emerging merozoites invading 

erythrocytes and being eliminated by chloroquine. 

Protection, using the CPS model, has been shown in rodent, non-human primate 

and human experimental models [13, 254-262].  Rodent studies demonstrate protection 

against homologous challenge can be induced following immunization with P. berghei, 

P. chabaudi and P. yoelii sporozoites [255-259].  Most recently the CPS model was 

demonstrated with P. knowlesi in rhesus monkeys with two out of four monkeys showing 

complete protection from sporozoite challenge [260].  Sterile homologous protection was 

observed in human volunteers in which volunteers received 3 rounds of immunization 

with P. falciparum sporozoites combined with chloroquine treatment [13, 254, 261, 262].  

Volunteers previously vaccinated and challenged with P. falciparum NF54 were 
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additionally re-challenged 14 months later with a heterologous strain of P. falciparum 

and demonstrated partial heterologous protection [263].  Cross-stage protection has been 

observed in rodent models [256, 259]; however, little to no blood-stage protection has 

been noted in humans [262].   

Similar to the CPS model, administration of low levels of infective whole blood-

stage parasites followed by drug treatment has been investigated, although less 

extensively, in rodents and humans [14-16].  In these studies, treatment with malarone or 

chloroquine commenced in rodents immediately with infection [16] or after 48 hours 

(allowing 2 cycles of parasite replication [14]) and after 8 days in humans (allowing 4 

cycles of replication [15]).  Cross-stage protection (sporozoites) [16] and homologous 

[14, 15] and heterologous [14] blood-stage immunity/protection was induced in these 

studies.  In all instances, multiple doses of drug were required following infection, with 

drug treatment generally being initiated after a specific period following infection.  The 

feasibility of the controlled infection immunization as an immunization approach is 

impacted by the delayed and repeated administration of treatment, requiring individuals 

to return to the clinic to initiate treatment.   
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1.7 Scope of this Thesis 
Malaria has a significant impact on public health worldwide.  Although several 

measures have been implemented to alleviate the burden of disease, the development of 

a vaccine is still vital for substantial control over malaria infections and eventual 

elimination.  There have been numerous attempts at creating a viable vaccine against 

malaria, yet numerous issues, including the complexity of the parasite, have made this 

difficult.   

The discovery of the apicoplast and its importance to parasite survival provides 

an alternative target for drug and vaccine development.  Of particular note is the display 

of the delayed death phenomenon, which is characteristic of antibiotics specifically 

targeting the apicoplast by way of its prokaryotic housekeeping machinery, such as those 

involved in protein translation.   

The research contained in this thesis focuses on two immunization approaches 

which target the apicoplast in the development of a candidate against malaria.  The first 

approach builds on previous literature wherein P. falciparum parasites may be rendered 

dependent on the supplementation of an essential product.  While this method has been 

demonstrated in vitro, it has yet to be translated into an in vivo model for study as a 

vaccine candidate.  We thus demonstrate the replicability of this method with P. 

falciparum in vitro and outline our efforts in translating this method for study in a rodent 

model of malaria.   

The second approach exploits the delayed death effects of antibiotics, such as 

doxycycline and azithromycin, in an effort to improve upon in vivo chemical attenuation 

as a vaccine approach.  Here, we describe the establishment of a controlled infection 

immunization (CII) protocol utilizing doxycycline and show that the delayed effects of 

the antibiotic allow prolonged persistence of the parasite; this in turn allowed animals to 

generate strong protective immunity against wild-type challenge.  We further delve into 

the mechanisms of immunity induced by this approach in rodent models and outline data 

indicating the possibility of giving a single immediate treatment alongside infection.  

Furthermore, we report the results of a pilot clinical study in which volunteers were 

administered one or two CIIs with P. falciparum 7G8.   

The results generated from these pre-clinical and pilot clinical studies and 

reported in this thesis will inform future studies utilizing vaccine approaches targeting 

the apicoplast. 
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2.1 Materials 
2.1.1 Animals 
Female Bagg albino (BALB/c), severe combined immune-deficient (SCID) and 

C57BL/6 mice were obtained from the Animal Resource Centre (ARC, Perth, Australia).  

µMT mice were initially obtained from the Queensland Institute of Medical Research 

(QIMR, Brisbane Australia) and bred in the Institute for Glycomics animal facility at 

Griffith University.  Animals were aged 4-6 weeks at the start of experiments unless 

stated otherwise.  Animals were housed in the Institute for Glycomics animal facility at 

Griffith University per PC2 regulation under pathogen free conditions.  All experiments 

were approved by the Griffith University Animal Ethics Committee. 

 

2.1.2 Parasites 
Cloned lines of P. falciparum W2mef and 7G8 were initially obtained from QIMR 

(Brisbane, Australia).  P. falciparum NF54 strain was obtained from Sanaria Inc. 

(Maryland, USA).  Cloned lines of P. chabaudi AS, P. berghei ANKA, P. vinckei vinckei 

and P. yoelii YM were initially secured from Richard Carter (Edinburgh, United 

Kingdom).  Rodent malaria stabilates were maintained through intravenous (IV) and 

intraperitoneal (IP) passaging into naïve mice.  Parasites were cryopreserved in 

glycerolyte 57 (Baxter Healthcare Corp).  Parasitaemias were monitored by performing 

blood smears stained with Giemsa or a Diff Quick Staining Kit. 

 

2.1.3 Drugs for attenuation 
Doxycycline hyclate was obtained from Sigma Aldrich and dissolved in 1X 

phosphate buffered saline (PBS) or RPMI 1640 complete medium for animal and human 

studies, respectively.  Azithromycin was obtained from Sigma Aldrich and dissolved in 

propylene glycol (Sigma) for a working solution of 100mg/mL.  Isopentenyl 

pyrophosphate (IPP) was provided by the von Itzstein Group (Institute for Glycomics, 

Australia).   
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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 preparation of 1L of 10X phosphate buffered saline (PBS), 85g of sodium 

chloride, 14.8g of disodium phosphate and 4.3g of monopotassium phosphate were 

dissolved in 1L of milliQ water.  The pH was adjusted to pH 7.4.  MilliQ water was then 

used to further dilute 10X PBS at a 1 in 10 dilution and filter sterilised (under positive 

pressure) using membrane filtration (Corning) before use.  PBS was stored at room 

temperature.   

 

2.1.4.2 Complete media  
RPMI-1640 medium was supplemented with 0.3mg/mL L-glutamine (Gibco), 

25mM HEPES (Gibco), 10% heat-inactivated fetal bovine serum (FBS, Gibco), 1% 

penicillin streptomycin (100x) (Gibco) and 0.1% 2-mercaptoethanol (Gibco). For 

splenocyte/lymphocyte proliferations, RPMI-1640 medium was not supplemented with 

25mM HEPES and contained 10% heat-inactivated FBS or human serum (Lonza).  

 

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 Blocking buffer for ELISA 
Blocking buffer was prepared by dissolving 100g of skim milk powder in 100mL 

of wash buffer (Section 2.1.4.5).   

 

2.1.4.5 Wash buffer for ELISA 
Wash buffer was prepared by adding 200mL of 10X PBS and 1mL of Tween 20 

to 1800mL of distilled water.   
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2.1.4.6 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 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; and 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.   

 

2.1.4.7 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.   

  

2.1.4.8 MACS buffer 
MACS buffer was prepared using 1L of 1X PBS, which was supplemented with 

5g of bovine serum albumin (BSA) (Sigma-Aldrich) and 4mL of UltrapureÔ 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.   

 

2.1.4.9 FACS buffer 
FACS buffer was prepared by the addition of 10mL of FBS and 5mL of 10% 

sodium azide in 485mL of 1X PBS.   

 

2.1.4.10 Pyrimethamine 
One tablet of Daraprim (GlaxoSmithKline) containing 25mg of 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.   
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2.1.4.11 Malarone 
One tablet of Malarone (GlaxoSmithKline) was dissolved in 120mL of water.  The 

resulting concentration was 2mg/mL of atovaquone and 0.8mg/mL of proguanil.   

 

2.1.4.12 Other chemicals, reagents and kits 
All common chemicals, reagents and kits used in this study were purchased as 

indicated in Appendix II 

 

2.1.5 Disposable products 
Disposable products (e.g., ELISA plates, filters etc.) were purchased as indicated 

in Appendix II 

2.2 Methodologies used in pre-clinical studies 
2.2.1 Ethics statement 
Animal studies were conducted in strict accordance with the National Health and 

Medical Research Council of Australia guidelines as detailed in the Australian Code of 

Practice for the Care and Use of Animals for Scientific Purposes, 8th ed.  All animal 

experiments were approved by the Griffith University Animals Ethics Committee and 

conducted under the following approval numbers: GLY/05/12, GLY/11/13, GLY/04/16 

and GLY/01/17.   

 

2.2.2 Cryopreservation of parasitised red blood cells 
Parasitised blood was washed with complete medium or 1X PBS and centrifuged 

at 277g for 5 minutes.  Supernatant was aspirated and Glycerolyte 57 (2X pellet volume) 

was added drop-wise to the pellet with gentle shaking.  Aliquots were stored in a 

controlled rate freezing container overnight at -80°C before being transferred to a 

cryobox.  Stocks that required long-term storage were stored in liquid nitrogen.   

 

2.2.3 Thawing of cryopreserved P. falciparum  
Frozen cryovials were thawed in a 37°C water bath.  Cryovial contents were 

transferred to a 50mL centrifuge tube and pre-warmed 12% NaCl (0.5mL) was added 

drop-wise with gentle shaking and incubated at room temperature for 5 minutes.  Pre-
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warmed 1.6% NaCl (9 x pellet volume) was subsequently added drop-wise with gentle 

shaking.  The sample was then centrifuged at 433g for 4 minutes and supernatant was 

aspirated.  0.9% NaCl (9x pellet volume) was added drop-wise with gentle shaking then 

centrifuged at 433g for another 4 minutes.  The pellet was resuspended in 3.5mL of pre-

warmed complete RPMI media (containing 10% heat-inactivated human serum) in a 

small culture dish and 50µL of fresh RBCs added.  The dish was then placed into a gas 

chamber and gassed for approximately 30-60 seconds with 5% O2, 5% CO2 in nitrogen 

gas mixture before being placed in a 37°C incubator.   

 

2.2.4 In vitro culturing of human malaria parasites 
Plasmodium falciparum strains were cultured at 5% haematocrit, respectively, in 

human blood group O erythrocytes (Australian Red Cross Blood Service) in RPMI-1640 

culture medium (GIBCO, Invitrogen Corporation, CA) containing 25mM HEPES, 

0.3mg/mL L-glutamine, 0.01mg/mL gentamicin and 10% inactivated human serum 

(Australian Red Cross Blood Service) and incubated at 37°C, 5% O2 and 6% CO2 in 

nitrogen gas mixture.   

 

2.2.5 Blood smear examination 
Thin smears were prepared by placing 1.5µL of blood from a culture dish or by 

collection of a drop of blood through tail snip from mice.  The smear was fixed using 

methanol and stained with a Diff Quick Staining Kit or Giemsa stain.  Slides were 

examined using bright field microscopy and parasite counts were performed at 100X 

magnification (oil immersion).  Parasitaemia was determined by counting 300 – 1000 

cells and percent parasitaemia was calculated using the following formula:  

 

%	#$%$&'($)*'$ = 	 ,-*.)%	/0	'10)2()3	456
7/($8	1-*.)%	/0456&	2/-1()3 	x	100 

 

2.2.6 Sorbitol synchronization of parasites 
Sorbitol treatment is toxic to late-stage parasites [264].  P. falciparum parasites 

were monitored by blood smear examination to determine timing of treatment.  When 

parasites were determined to be at the optimal stage, cells were suspended in culture dish 

and transferred to a 50mL centrifuge tube and centrifuged at 433g for 5 minutes with no 
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brake, after which the supernatant was discarded.  Subsequently, pre-warmed 5% D-

sorbitol (5x volume of pellet, Sigma) was added drop-wise to the pellet, gently shaking 

throughout and followed by a 5-minute incubation at room temperature.  The cells were 

then centrifuged, and supernatant was aspirated.  Cells were washed with incomplete 

RPMI-1640 (medium with no human serum) before being suspended in complete medium 

at 5% haematocrit and placed in a new petri dish.   

 

2.2.7 In vitro drug susceptibility assays 
Synchronized (5% sorbitol treatment approximately 48 hours prior) late ring-stage 

P. falciparum strains were sub-cultured to an initial parasitaemia of 0.2% at 2% 

haematocrit in 96-well plates.  Serial dilutions of doxycycline and/or isopentenyl 

pyrophosphate were prepared in complete media on the day required.  Parasites were 

exposed to doxycycline treatment for the first 48 hours, following which media was 

replaced with fresh or IPP supplemented complete media.  Parasite growth was assessed 

at 48, 96 and 144 hours by the uptake of [3H]-hypoxanthine.   

 

2.2.7.1 Tritiated hypoxanthine uptake assays 
Incorporation of [3H]-hypoxanthine was performed as previously described in 

[112].  P. falciparum parasites were cultured with 1.2µCi/well of [3H]-hypoxanthine at 

time-points 0, 48 or 96 hours for a period of 48 hours (for 48, 96 or 144 hour drug 

investigation); P. chabaudi was similarly cultured with [3H]-hypoxanthine, however 

radioisotope was added at 0 or 24 hours for a period of 24 hours.  Labelled cells were 

placed at -80°C to stop incorporation and stored before harvesting onto glass fibre filter 

mats (Perkin Elmer, USA).  Radioisotope incorporation was measured by ß–emission 

spectroscopy using a MicroBeta ß counter (Perkin Elmer, USA).  Samples were 

performed in triplicate or quadruplicate.    

 

2.2.7.2 Detection of ring-stage parasites by flow cytometry 
Staining protocol was adapted from [265, 266].  After incubation with drugs, 

samples were fixed with 1% paraformaldehyde (PFA) and incubated at room temperature 

for 5 minutes.  Samples were washed and centrifuged at 450g for 5 minutes.  Cells were 

stained with 2.5X SYBR Green (488nm blue laser, 530/30 filter, Thermo Scientific) for 

30 minutes in the dark, after which samples were washed and resuspended for analysis 
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on the CyAn ADP (Beckman Coulter Inc.).  Data were analysed using FlowJo software 

version 7.6.5.  Parasitaemias were determined from dot plots (forward scatter vs.  

fluorescence).   

 

2.2.8 Quantitative real-time PCR detection of the apicoplast 
DNA was purified from parasites in culture using QiaAMP Blood Kits 

(QIAGEN).  Quantitative real-time PCR for determining the loss of apicoplast was 

conducted as described in [11].  Primer sequences are listed in Appendix II.   

 

2.2.9 In vitro culturing and chemical attenuation of P. 
chabaudi AS 
Protocol for the maturation of P. chabaudi AS parasites in vitro was adapted from 

[267] with minor changes.  Blood was collected from passage mice via cardiac puncture 

when the majority of parasites were early ring-stage.  Parasites were cultured at 3% 

haematocrit in RPMI 1640, supplemented with 10% fetal calf serum (FCS), 0.5mM 

sodium pyruvate, 50µM β-mercaptoethanol and 0.1% gentamicin at 37°C with 5% O2, 

5% CO2 in nitrogen gas mixture.  Doxycycline was added at 0h for 24 or 48 hours to 

cultures that required chemical attenuation and was supplemented in the media used for 

media changes.   

To assess viability of parasites after attenuation, blood was washed 2x with 1X 

PBS and 1 x 106 parasitised RBCs (pRBCs) were injected into naïve BALB/c and SCID 

mice.  Parasitaemia was monitored in mice every day or every alternate day to determine 

if in vitro attenuation was successful.   

 

2.2.10 Immunization of mice with rodent Plasmodium spp. 
under chemoprophylaxis  
Controlled infection immunization (CII) regimens were as follows: P. chabaudi 

AS or P. yoelii YM infected blood was collected into EDTA or lithium-heparin blood 

collection tubes (BD Biosciences).  Blood was washed with 1X PBS, and an immunizing 

dose of 1 x 107 pRBCs (unless stated otherwise) was prepared for intravenous injection 

into mice.  Control groups received the highest equivalent dose of naïve RBCs (nRBCs).  

Approximately one hour later, mice received an intraperitoneal (IP) injection of 
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doxycycline hyclate (50mg/kg, Sigma).  Doxycycline treatment was administered daily 

for the next 6 days thereafter (total of 7 doses).  Groups were rested for two weeks 

between each round of CII (starting after last day of treatment).   

Azithromycin (Sigma) was administered subcutaneously approximately an hour 

after P. yoelii YM infection at a dose of 500mg/kg, 166mg/kg or 55mg/kg.  Azithromycin 

was prepared at 100mg/mL in propylene glycol (Sigma).   

 

2.2.11 Challenge of mice with blood-stage parasites and 
monitoring of disease 
Control and immunized mice were challenged four weeks after the last CII (unless 

stated otherwise) with 1 x 105 pRBCs of P. chabaudi AS or P. yoelii YM for homologous 

or heterologous experiments.  Age-matched naïve mice were also challenged alongside 

experimental groups to account for any drug residual effects.  Mice were monitored every 

alternate day by examining stained thin blood films for parasitaemia and every 4 days by 

measuring haemoglobin levels (HemoCue 201+ Analyser, Hemocue).  Signs of disease 

was monitored using the clinical score sheet every 2 days (Appendix III).  Mice that 

showed signs of severe disease were euthanized using CO2 gas.  Observer bias was 

reduced through blinding of experiments, except for experiments requiring immune cell-

depletion.   

 

2.2.12 Quantification of rodent malaria parasites in blood 
by real-time PCR 
DNA was extracted using the QIAamp DNA Blood Mini Kit (QIAGEN) as per 

manufacturer’s instructions for mouse samples.  qPCR was performed as outlined 

previously [251].  Primer sequences are listed in Appendix II.   

 

2.2.13 Assessment of CD4+ and CD8+ T-cell activation 
Blood was collected from mice on day 7 post infection into 5mM EDTA and lysed 

with ACK lysis buffer for 5 minutes.  Samples were subsequently suspended in 50µL of 

Fc receptor block and incubated on ice for 10 minutes.  Cells were stained with 50µL of 

antibody master mix containing CD3 (17A2, V450, BD Biosciences), CD4 (RM4-5, 

V500, BD Biosciences), CD8 (53.6.7, PerCp-Cy5.5, BD Biosciences), CD11a (2D7, 
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FITC, BD Biosciences) and CD49d (R1-2, PE, BD Biosciences) in MACS buffer on ice 

for 20 minutes before being washed 3 times with MACS.  Cells were resuspended in 

300µL and analysed using the LSR Fortessa flow cytometer (BD Biosciences, FACSDiva 

software version 6) and FlowJo software version 10.  Fluorescence minus 1 (FMOs) were 

used to determine gating for CD11a+CD49d+ and CD8loCD11ahi populations.   

 

2.2.14 Splenocyte proliferation assays 
Spleens were harvested from mice four weeks after the last CII and processed by 

lysing RBCs with Gey’s erythrocyte lysis buffer.  Single cell suspensions were prepared 

and cells were diluted to 4 x 106 cells/mL in complete culture medium (RPMI 1640 

supplemented with 1% L-Glutamine (100X), 1% penicillin streptomycin and 0.1% 2-

mercaptoethanol, with 10% heat-inactivated FBS).  Samples were dispensed at 

100µL/well into U-bottom 96 well plates.  Triplicate wells were cultured with 

concanvalin A (ConA) (10µg/mL), P. chabaudi AS and P. yoelii YM pRBC (5 x 106 

pRBC/mL), an equivalent concentration of normal RBCs or complete media for a period 

of 72 hours at 37°C.  Culture supernatants were removed and stored at -80°C for cytokine 

analysis (see section 2.2.14) and replaced with fresh complete media.  Cultures were 

pulsed with 1µCi/well of [3H]-thymidine (Perkin Elmer) after 54 hours and left at 37°C 

for a further 18 hours.  Incorporation was stopped by storing at -80°C and plates were 

processed as described in Section 2.2.7.1.   

 

2.2.15 Cytokine analysis using cytokine bead array (CBA) 
Cytokines secreted by splenocytes were measured using supernatants removed 

from splenocyte assays at 54 hours and stored at -80°C.  Mouse Th1/Th2/Th17 Cytokine 

Bead Array Kit (BD Biosciences) was used according to manufacturer’s instructions, 

with the following modifications as outlined previously [252].  Samples were analysed 

using an LSR Fortessa flow cytometer (BD Biosciences), FACSDiva software and FCAP 

Array software version 1.0.1 (BD Biosciences).   

 

2.2.16 Assessment of antibodies by ELISA 
To prepare P. chabaudi AS or P. yoelii YM crude parasite antigen, blood was 

washed in 1X PBS and incubated with 0.01% saponin at 37°C for 20 minutes.  The pellet 
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was washed in 1X PBS and resuspended for sonication.  MaxiSorp Nunc immune 96 well 

plates (Thermofisher) were coated overnight at 4°C with 10µg/mL of parasite antigen in 

bicarbonate coating buffer (pH 9.6).  Plates were subsequently blocked with 10% skim 

milk for 1.5 hours at 37°C and washed with PBS Tweenâ 20.  Two-fold serial dilutions 

of sera were performed in 5% skim milk, starting at 1:100.  After incubation for 1.5 hours, 

plates were washed 4 times and goat anti-mouse HRP-conjugated total IgG (1:3000, 

BioRad) was added and incubated for another 1.5 hours.  Tetramethylbenzidine (TMB) 

substrate (BD Biosciences) was added and incubated at room temperature for 10-15 

minutes before being read at 650nm using an ELISA reader.   

 

2.2.17 Passive antibody transfer  
Sera was collected and pooled from immunized, control or hyperimmune mice 

over a period of four weeks approximately one week after receiving the last CII.  

Hyperimmune mice were generated by administering more than three repeated infections 

with P. chabaudi AS or P. yoelii YM, with drug cure starting at parasitaemias of 10-20%. 

Malarone® (0.2mg atovaquone and 0.8mg proguanil in 100µL) was given in treatment of 

P. chabaudi AS by oral gavage for 5 days.  Pyrimethamine (100µL, 0.2mg/mouse) was 

given in treatment of P. yoelii YM by intraperitoneal injection for 4 days.  Naïve recipient 

mice received 500µL of appropriate sera on days -1, 0 and 1 relative to challenge on D0.   

 

2.2.18 Immune cell-depletion of CD4+ and CD8+ T cells 
CII BALB/c mice were depleted of CD4+, CD8+ or a combination of CD4+ and 

CD8+ T cells.  Depletions were undertaken by administering 250µg of anti-CD4+ 

antibodies (GK1.5, BioXCell) and/or anti-CD8+ antibodies (53.5.8, BioXCell) by 

intraperitoneal injection on days -2, -1, 4, and day 8 relative to challenge on day 0.  

Control mice received an equivalent dose of rat Ig control (Sigma Aldrich) in parallel.   

To assess levels of T-cell depletion, spleens were removed from CII unchallenged 

mice depleted of the different T cell subsets on day 1, 9 and 16 relative to challenge on 

day 0.  Spleens were manually processed as described in Section 2.2.14, and 1 x 107 

cells/mL were immediately processed for staining as described in Section 2.2.13 and were 

stained with an antibody mix of CD3 (17A2, V450, BD Biosciences), CD4 (RM4-5, 

V500, BD Biosciences) and CD8 (53.6.7, PerCp-Cy5.5, BD Biosciences) only.   
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2.2.19 NMR detection of IPP 
Two mg of IPP was spiked into 0.9% saline or pooled serum from naïve mice. 

Deuterium oxide (D2O) was added to samples for a final concentration of 10%. 1H and 
31P NMR spectra were acquired using a Bruker Avance III 400 MHZ Ascend 

spectrometer (162 MHz for 31P). Chemical shifts are given in ppm relative to the 

solvent/reagent used (D2O).  

2.3 Methodologies used in clinical studies 
2.3.1 Ethics statement 
The clinical study was approved by the Gold Coast Hospital and Health Services 

District Human Research Ethics Committee (HREC) and the Griffith University HREC.  

Griffith University was the study sponsor.  The study was conducted in accordance with 

the principles of the Declaration of Helsinki and the standards of Good Clinical Practice 

as defined by the International Conference on Harmonization.  An independent Safety 

Review Team was appointed.  Written informed consent was obtained from all the 

participants prior to the commencement of the study.  

 

2.3.2 Clinical studies – immunization protocol and 
treatment 
The clinical study was conducted in the Clinical Trial Unit, Griffith University 

Gold Coast Campus, Southport, QLD, Australia.  Study participants were healthy, RhD 

positive, Caucasian males aged 18-50 years.   Individuals were excluded if they had a 

history of malaria infection or travelled to/lived (>2 weeks) in a malaria endemic country 

during the previous 12 months.  Other key eligibility criteria are listed for each study at 

the Australian New Zealand Clinical Trials Registry (www.anzctr.org.au; study reference 

number ACTRN12615001126505).  

The study utilized the P. falciparum 7G8 cell bank manufactured and 

characterized formed as previously described [268, 269].   All processes were carried out 

in compliance with the Annex 13, PIC/S Guide, in a cleanroom and monitored 

environment suitable for production of sterile biologics in accordance with approved 

protocols.  A vial of the cell bank was retrieved from liquid nitrogen and taken to the 

cleanroom for processing.  Thawing of the pRBC, culture and expansion of the parasite 
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was undertaken as previously described with the following modification [268]; 

leukocyte-depleted human blood group O Rh positive erythrocytes (Key Biologics, LLC, 

Memphis, TN, USA) were used during the manufacturing process.  

On the day of inoculation, the requisite number of pRBCs from continuous 

cultures were harvested.  Trophozoite/schizont-stage pRBCs were purified by magnetic 

separation over CS columns (Miltenyi Biotec) on a VarioMACs magnet (Miltenyi Biotec) 

to limit the number of uninfected RBCs administered in an inoculum.  The purity of the 

inoculum was >95% pRBC. Following purification, a cell count was performed to 

calculate the volume required for an immunizing dose.  This was resuspended in saline 

for injection to give a final volume of 2mL/dose for intravenous administration, with each 

participant receiving 3 x 106 pRBCs.  The number of parasites present in the inoculum 

was verified retrospectively by qPCR assay of surplus material.  

Approximately one hour post-inoculation, volunteers received anti-malarial 

treatment with doxycycline hydrochloride (100mg, one capsule given daily for 21 days).  

Parasite density was monitored on days 1 – 9 and every second day thereafter until day 

37 and on day 90. 

If the numbers of parasites in the blood increased exponentially and the levels 

reached 11,550 parasites/m (by qPCR) or clinical symptoms of malaria developed, rescue 

treatment with artemether-lumefantrine (A/L) was initiated and administration was 

according to its approved dosing schedule.  If participants had not received rescue 

treatment and were not qPCR positive by day 37, A/L treatment was initiated in 

accordance with the study protocol, as a safety precaution.  

 

2.3.3 Quantification of P. falciparum in blood by real-time 
PCR 
Preparation of sample, DNA extraction and measurement of parasitaemia by 

qPCR was conducted as previously described [269].  A vial of lyophilised WHO P. 

falciparum international standard (NIBSC code: 04/176) [270] was reconstituted in 

nuclease-free water.  The reconstituted material was subsequently serially diluted, and 

aliquots were stored at -80°C for later use.  DNA was extracted using the QIAamp DNA 

Blood Mini Kit (QIAGEN), with manufacturer suggested volumes being adjusted to 

extract 2X the volume of blood.  An internal control (Equine Herpes Virus, EHV) was 

added to samples prior to DNA extraction to monitor efficiency and reproducibility of the 
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extraction process; samples that amplified with Ct values <34 were considered efficiently 

extracted.  PCR primers and TaqMan MGB probe design are listed in Appendix II.   PCR 

reactions contained a final concentration of 1X QuantiTect Probe PCR Mastermix, 

0.4 µM of forward and reverse primer and 0.16µM TaqMan Probe in a final reaction 

volume of 25µL.  qPCR was performed under the following conditions: incubation at 

95°C for 15 minutes, followed by 45 cycles of denaturation at 95°C for 15 seconds and 

annealing/extension at 60°C for 60 seconds.  Standards and samples were run as 

triplicates.   

 

2.3.4 Lymphocyte isolation from human whole blood 
Whole blood was collected from volunteers on days -1, 8, 15, 27 and 90 (in 

relation to inoculation on day 0) into lithium heparin tubes and centrifuged at 433g for 10 

minutes.  Plasma was removed and stored at -80°C for analysis of antibody by ELISA 

(Section 2.3.9).  To isolate peripheral blood mononuclear cells (PBMCs), density 

centrifugation with Ficoll-Paque (Amersham) was used according to published methods 

[15].  After PBMC isolation, cells were counted and resuspended in freezing medium 

containing 90% heat inactivated fetal bovine serum (FBS)/10% dimethyl sulfoxide 

(DMSO) and frozen to -80°C at 1°C/min in freezing containers for 24 hours (Nalgene), 

before transfer to liquid nitrogen for storage.  

 

2.3.5 Purification of late-stage P. falciparum  
P. falciparum 7G8 parasites were synchronized (Section 2.2.6) and expanded in 

culture.  When determined to be at optimal stage (late-stage trophozoites and schizonts), 

cultures were resuspended and centrifuged at 433g for 4 minutes, after which supernatant 

was removed.  Trophozoite/schizont-stage pRBCs were purified by magnetic separation 

over CS columns (Miltenyi Biotec) on a VarioMACs magnet (Miltenyi Biotec) to limit 

the number of uninfected RBCs.  Purity after purification was >95% pRBC.   The column 

was subsequently removed from the magnet and complete media was added to elute 

infected RBCs containing late-stage parasites into a 50mL tube.  Once eluted, the cell 

suspension was centrifuged and supernatant was aspirated.  The pellet was combined and 

purity was determined by blood film (Section 2.2.5).   
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2.3.6 Lymphocyte proliferation assay 
Cells were removed from liquid nitrogen, thawed and washed in complete 

medium (RPMI-1640 containing 10% heat inactivated human serum, 2nM L-glutamine, 

100U/mL penicillin and 100mg/mL streptomycin sulphate).  Cells were counted under 

the haemocytometer and resuspended in complete medium at a concentration of 2 x 106 

cells/mL.  Prior to PBMC stimulation, half of the cell suspension was stained with violet 

proliferation dye (VPD V450, BD Biosciences) according to manufacturer’s instructions.  

Both labelled and unlabelled cells were plated out at a concentration of 2 x 105 cells/well 

in U-bottom 96 well plates.  Control wells received 1% phytohemagglutinin (PHA) 

(Gibco) or complete media.  Experimental wells received freshly purified P. falciparum 

7G8 pRBCs or uninfected RBCs at 6 x 105 cells/well.  Plates were incubated at 37°C in 

5% CO2 for 7 days.  For cytokine analysis, supernatants were collected and stored at -

80°C and replaced with fresh media on day 6.  To examine cellular proliferation by [3H]-

thymidine uptake, 1µCi/well was added to appropriate wells following removal of 

supernatants for cytokine analysis and incubated for a further 18 hours.  To stop 

incorporation, plates were placed at -80°C and processed as described in Section 2.2.7.1.   

 

2.3.7 Identification of proliferating parasite-specific T cell 
subsets 
After 7 days of culture, plates were removed and cells that were previously stained 

with VPD were pelleted at 227g for 4 minutes.  Supernatant was removed and cells 

resuspended in 100uL of FACS buffer and triplicate wells were pooled for each treatment 

in a U-bottom 96 well plate.  Cells were stained with Aqua Live/Dead Stain 

(Thermofisher) and incubated on ice for 30 minutes.  After washing, cells were stained 

with Gamma Delta TCR (B1, PE CF594, BD Biosciences) on ice for 20 minutes and 

washed twice with FACS buffer.  An antibody cocktail containing CD3 (SK7, APC-Cy7, 

BD Biosciences), CD4 (RPA-T4, FITC, BD Biosciences) and CD8 (RPA-T8, PE, BD 

Biosciences) was used to stain cells for an additional 20 minutes on ice and washed twice 

with FACS buffer.  After incubation, cells were washed twice in FACS buffer and 

resuspended in 300uL of FACS buffer before transfer to FACS tubes for analysis on the 

LSR Fortessa flow cytometer (BD Biosciences, FACSDiva software version 6) and 

FlowJo software version 10. 
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2.3.8 Cytokine analysis 
Cytokines secreted by PBMCs were measured in supernatants removed from 

lymphocyte proliferation assays on day 6 and stored at -80°C.  Human Th1/Th2/Th17 

Cytokine Bead Array or Human IFNg Flex Set Kit (BD Biosciences) were used according 

to manufacturer’s instructions.  Clinical samples were not diluted for the Human 

Th1/Th2/Th17 CBA; however, for analysis of IFNg, samples were diluted 1:20 in assay 

diluent and analysed using the IFNg Flex Set.  Samples were analysed using an LSR 

Fortessa flow cytometer (BD Biosciences), FACSDiva software and FCAP Array 

software version 1.0.1 (BD Biosciences).   

 

2.3.9 Detection of P. falciparum parasite-specific 
antibodies by ELISA 
Assessment of parasite-specific antibodies to P. falciparum 7G8 infected RBCs 

was conducted as previously described in Section 2.2.16 with the following changes.  

MaxiSorp Nunc immune 96 well plates (Thermofisher) were coated overnight at 4°C with 

5µg/mL of crude P. falciparum 7G8 parasite antigen in bicarbonate coating buffer (pH 

9.6).  Plates were subsequently blocked with 10% skim milk for 1.5 hours at 37°C and 

washed with PBS Tweenâ 20.  Two-fold serial dilutions of sera were performed in 5% 

skim milk, starting at 1:50.  After incubation for 1.5 hours, plates were washed 4 times 

and goat anti-human HRP-conjugated total IgG (1: 10,000 Abcam) or goat anti-human 

HRP-conjugated total IgM (1:2500, Chemicon) was dispensed into wells and incubated 

for another 1.5 hours.  Tetramethylbenzidine (TMB) substrate (BD Biosciences) was 

added and incubated at room temperature for 10-15 minutes before being read at 650nm 

using an ELISA reader.   

 

2.3.10 Quantification of P. falciparum gametocytes in blood 
by qRT-PCR 
One hundred microliters of whole blood was mixed with 500µL of RNAprotect 

Cell Reagent (QIAGEN) and stored at -80°C until analysis.  RNA analysis was measured 

as previously described [271].   
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2.4 Statistical Analysis 
All data were statistically analysed and graphed using GraphPad Prism 7 for Mac.  

Data are presented as mean ± SEM, unless stated otherwise.  Dose response curves were 

generated by first normalizing the data, in which 0% and 100% are defined by negative 

(untreated nRBC) and positive (untreated pRBC) control groups.  Normalized data were 

analysed using non-linear regression, calculating IC50 values from variable-slope dose 

response curves.  One-way or two-way ANOVA was performed on datasets followed by 

Tukey’s or Dunnett’s multiple comparisons test.   
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3.1 Abstract 
The malaria parasite contains a relict organelle, the apicoplast, which is shown to 

be essential for parasite survival.  Methodology for the creation of apicoplast-minus 

Plasmodium falciparum parasites in vitro has previously been established through 

chemical attenuation with doxycycline (Dox) and rescue with isopentenyl pyrophosphate 

(IPP).  With increased interest in a whole parasite approach, the apicoplast-minus parasite 

offers an alternative method for creating a chemically attenuated blood-stage vaccine.  To 

date, there have been no published reports of the generation of apicoplast-minus rodent 

malaria parasites.  We thus endeavoured to translate these findings to the rodent parasite, 

P. chabaudi, to investigate its ability to elicit protection as a vaccine.  Herein, we 

demonstrate that published methodology is replicable and found P. falciparum requires 

at least 2 erythrocytic cycles with 2µM Dox to achieve complete attenuation.  Sensitivity 

to Dox was demonstrated in all rodent malaria species; however, attempts at in vivo 

chemical rescue of P. chabaudi were unsuccessful due to the inability to maintain IPP 

blood concentrations.  We next attempted to attenuate P. chabaudi parasites with Dox in 

vitro.   Although there is no continuous culturing system for P. chabaudi, we show that 

it can be maintained in culture for 24 to 48 hours and remain infectious.  Having 

established infectivity, we investigated Dox as an attenuating agent and found that 

chemical attenuation could be achieved after 48 hours in vitro treatment with 20µM Dox.  

Protective immunity in these mice, however, was not elicited upon challenge.  Although 

the overall aim of our studies was not achieved, the studies outlined in this chapter aid in 

the understanding of doxycycline as an attenuating agent and paved the way for its use in 

an in vivo attenuation approach, which is explored later in Chapter 4.   
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3.2 Introduction 
The apicoplast, a secondary endosymbiotic plastid, is an attractive target for drug 

and vaccine development.  Its prokaryotic origin has allowed the use of some antibiotics, 

which specifically target prokaryotic pathways or proteins, to be used as anti-malarial 

drugs.  These include classes of compounds such as tetracyclines and macrolides [112].   

The use of prokaryotic ribosomal targeting drugs, such as doxycycline and 

azithromycin, has been associated with delayed clearance of malaria.  As such, it is now 

known that specific targeting of the apicoplast ribosomes exerts a ‘delayed death’ effect 

[272].  This phenomenon allows treated parasites to continue normally in their life-cycle, 

producing defective progeny that arrest in the latter stages of maturation [112].   

Although the mechanisms for delayed death are still largely unknown, it is 

theorized that the treated parasite is initially able to continue using metabolic pathways 

despite impairment of apicoplast systems [118, 272, 273].  The daughter cells of these 

parasites, however, inherit defective apicoplasts that are unable to replicate the apicoplast 

genome and thus die [111, 273].   

The isoprenoid pathway was identified as being essential to parasite survival 

during the erythrocytic stage [11] and gametocytogenesis [108].  The former was first 

demonstrated when P. falciparum parasites treated with doxycycline (Dox) were 

chemically rescued by supplementation with isopentenyl pyrophosphate (IPP), a product 

of the isoprenoid pathway [11].  IPP-treated parasites can escape the lethal effects of 

protein translation inhibition but consequently lose their apicoplast with continued IPP 

supplementation.  Without exogenous IPP, an apicoplast-minus parasite is unable to 

survive.   

The ability to generate apicoplast-minus parasites provides an alternate strategy 

for production of a chemically attenuated whole parasite vaccine.  To date, the generation 

of chemically attenuated parasites has focused on the use of DNA alkylating drugs; 

however, these compounds are potentially genotoxic [274].  Apicoplast-minus parasites 

are advantageous as on-market anti-malarial drugs can be used to chemically attenuate 

the parasite; given the prokaryotic nature of the apicoplast, such drugs will not affect 

eukaryotic cellular machinery.   Additionally, the likelihood of reversion to wild-type 

after loss of the apicoplast is low.   Here, we aimed to investigate the use of Dox as an 

attenuating agent and attempted to translate this strategy into a rodent vaccine model.   
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3.3 Results 
3.3.1 Optimization of in vitro chemical rescue protocol with P. 
falciparum 

Initial investigations into apicoplast-minus parasites were conducted with the aim 

of establishing if published methodology could be replicated.  Dose-ranging studies were 

conducted to determine optimal doses of doxycycline hyclate (Dox) and isopentenyl 

pyrophosphate (IPP) for each P. falciparum strain.   

 

3.3.1.1 Doxycycline dose response curves for P. falciparum W2mef and 
NF54  

P. falciparum W2mef and NF54 parasites were treated with varying doses of Dox 

to generate a doxycycline dose response curve.  The effect of the drug was evaluated by 

comparing parasite growth in treated and untreated groups by [3H]-hypoxanthine uptake 

and flow cytometry (Section 2.2.7, Figure 3.1).  Assays assessed parasite growth at 48, 

96 and 144 hours; these time-points are reflective of the first, second and third cycle of 

replication after exposure to the drug (Figure 3.2, A and B).   

 
Figure 3.1.  Gating strategy for the identification of ring-stage parasites by flow 
cytometry.  A) Red blood cell (RBC) population was identified as high side scatter (SSC) 
and high forward scatter (FSC).  B) The RBC gate was then applied to SYBR Green vs 
FSC, with infected RBCs being identified as having high SYBR Green fluorescence and 
high forward scatter (located in Q2).  Uninfected RBCs are located in Q3.  Different stage 
infected RBCs (rings, trophozoites and schizonts) may further be identified as indicated 
by the arrows (synchronized cultures were used to identify gating for each stage).   
 

A) B)
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Figure 3.2.  Dose response curves of P. falciparum treated with varying 
concentrations of Dox.  The effect of Dox treatment was assessed in A) Pf W2mef 
(20nM to 200µM) and B) Pf NF54 (0.1nM to 10mM) by measuring parasite growth.  
Parasite growth was estimated by i) incorporation of [3H]-hypoxanthine and ii) SYBR 
green flow cytometry at 48 (solid line, squares), 96 (dashed line, triangles) and 144 
(dotted line, circles) hours.  Data were normalized to negative (untreated nRBCs) and 
positive (untreated iRBCs) controls, and a non-linear regression analysis was performed 
to generate dose-response curves. 
 

Parasites were incubated with Dox for up to 48 hours, after which Dox-media was 

removed and replaced with non-supplemented complete media.   Dox demonstrated no 

anti-malarial activity at concentrations up to 2µM in W2mef and NF54 at 48 hours (Figure 

3.2, solid line).  However, parasites treated with concentrations above 20µM showed 
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minimal radioisotope incorporation and a low percentage of ring-stage parasites 

indicating non-specific parasite inhibition. 

After 48 hours, survival declined to 0-5% in groups treated with concentrations 

of 1µM to 20µM of Dox (Figure 3.2).  Parasites treated with concentrations of less than 

1µM of Dox had minimal reduction.  Based upon these data, the optimal concentration 

was determined to be 1µM – 2µM, as the majority of parasites treated at these 

concentrations appeared to be undergoing delayed death in comparison to other 

concentrations.   

IC50 values calculated from the flow cytometry assay were considerably lower 

than those by [3H]-hypoxanthine uptake (Table 3.1); however, both assays demonstrate a 

significant decrease after 48 hours, resulting in a leftward shift of the curve.  This 

indicates increased potency and anti-malarial activity occurring after 48 hours, typical of 

drugs causing delayed death [112]. 

 

Table 3.1.  Delayed effects of doxycycline (Dox) on cultured strains of P. falciparum 

 
3.3.1.2 Assessment of Dox-attenuated P. falciparum metabolic activity over 
time 

While 1µM – 2µM of Dox is sufficient to attenuate malaria parasites in vitro [11, 

111], it is unknown if all parasites are permanently attenuated.  Furthermore, it is 

unknown whether treatment with Dox for 1 cycle is sufficient to fully attenuate the 

parasite.   P. falciparum NF54 parasites were treated with 2µM – 10µM of doxycycline 

for 48 or 96 hours, after which the drug was washed out.  Samples were taken for blood 

smears and assessment of parasite growth by radioisotope incorporation to detect any 

Plasmodium 
parasite 

Mean IC50 values ± SEM (µM) 
[3H]-Hypoxanthine Assay SYBR Green Assay 

48h 96h 144h 48h 96h 144h 

Pf NF54 7.33 
± 1.80 

0.26 
± 1.17 

0.09 
± 1.41 

1.13 
± 1.49 

0.10 
± 2.79 

0.07 
± 1.93 

Pf W2mef 71.53 
± 1.75 

0.12 
± 1.22 

0.05 
± 1.09 

1.69 
± 1.22 

0.07 
± 1.23 

0.04 
± 1.17 

P. falciparum W2mef and NF54 ring-stage parasites were incubated with Dox for 48 hours 
before media was changed.  Parasite growth was tested at 48, 96 and 144 hours by [3H]-
hypoxanthine or SYBR Green flow cytometry.  The IC50s presented are means ± SEM.  
Samples were performed in quadruplicate. 
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non-attenuated parasites over 720 hours (30 day) period; this is approximately 15 cycles 

of replication.   

Infected RBCs treated with Dox for 48 hours, regardless of concentration, saw an 

increase in radioisotope incorporation from 288 hours (day 12) onwards, indicating the 

presence of breakthrough (or non-attenuated) parasites (Figure 3.3).  This was 

significantly different for parasites treated with 2µM and 6µM of Dox for 48 hours when 

compared to untreated normal red blood cells (nRBCs, p<0.05) but not for 10µM Dox 

(p>0.05).  Parasites, however, were detected in blood films of all groups treated with Dox 

for 48 hours on day 8-12.   

 Parasites treated with Dox for 96 hours were not significantly different to treated 

or untreated nRBCs after 144 hours (day 6, p>0.05).  No parasites were detected in blood 

films taken from groups treated for 96 hours. 

 

 
Figure 3.3.  [3H]-hypoxanthine incorporation illustrating parasite growth of P. 
falciparum NF54 parasites over a 1 month period after 48 or 96h Dox treatment.  P. 
falciparum NF54 parasites was treated with 2µM (orange), 6µM (green) and 10µM (blue) 
of Dox for 48 (solid colours) or 96 (striped colours) hours and [3H]-hypoxanthine 
incorporation was compared to untreated infected red blood cells (iRBC, solid black) or 
untreated normal red blood cells (nRBCs, white).  Samples were taken over a 720-hour 
period (30 days).  Each group was tested in triplicate per time-point.  Data represents 
mean ± SEM.  Experimental groups were compared to untreated nRBCs at each time-
point by two-way ANOVA followed by Tukey’s multiple comparison test: *p<0.05, 
**p<0.01, ***p<0.001, **** p<0.0001 
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3.3.1.3 Chemical rescue of Dox-treated parasite with IPP 
As previously reported, P. falciparum parasites treated with an apicoplast 

inhibitor may be chemically saved with IPP [11].  We initially investigated chemical 

rescue in P. falciparum W2mef parasites treated with 2µM Dox for 48 hours before 

replacing with IPP supplemented media from 48 hours to 144 hours.   

As seen in Figure 3.4, increased metabolic activity and ring-stage parasites were 

observed in all groups treated with IPP.  Conversely, parasites not receiving IPP treatment 

(Dox-treated iRBC) showed a decline in radioisotope incorporation and detectable ring-

stage parasites.  This suggests that parasites treated with IPP have been chemically 

rescued from the effect of Dox.   

There was a significant difference between all IPP-treated groups and untreated 

iRBC groups in both assays at 144 hours (p<0.0001).  This may be due to some parasites 

dying from non-specific inhibition of the apicoplast by Dox, thereby lowering the 

percentage of parasites.  A significant difference was also detected between 100µM and 

400µM IPP-treated groups (p<0.05), suggesting that at higher concentrations IPP may 

have an inhibitory effect upon the growth of the parasite. 

We repeated this experiment with P. falciparum NF54 (Figure 3.5) with the 

addition of IPP concentrations below 100µM.  Parasites treated with 100µM – 400µM of 

IPP showed increased radioisotope incorporation (Figure 3.5A) and production of rings 

(Figure 3.5B) comparable to untreated parasites.  Groups treated with 25µM and 50µM 

of IPP showed slightly decreased hypoxanthine incorporation at 96 hours in comparison 

to 100µM – 400µM IPP and untreated iRBC groups, which would suggest partial rescue 

of parasites.  However, this is not reflected in Figure 3.5B, wherein groups treated with 

12.5µM – 50µM showed a decrease in ring-stage parasites.  A decrease in ring-stage 

parasites was also seen at 144 hours in untreated iRBCs; blood films revealed a 

deterioration of parasite health due to high parasitaemia (not shown).   

Using quantitative real-time PCR, we confirmed the loss of the apicoplast by 

comparing the ratio of apicoplast (tufA) to nuclear (CHT1) genes (Section 2.2.8).  P. 

falciparum NF54 groups receiving IPP treatment had ratios of less than 10% at 192 hours 

(Figure 3.5C).  Unexpectedly, infected RBCs that were only treated with Dox had a ratio 

of 39.4% ± 4.8%, whereas the ratios of groups receiving 100µM – 200µM of IPP were 

less than 10%.  Based on the data presented in Section 3.4.2, we repeated the chemical 
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rescue of P. falciparum NF54 and extended treatment of Dox to 96 hours, measuring the 

metabolic activity of parasites during a 144-hour period (Figure 3.6). 

 

Figure 3.4.  Chemical rescue of 48 hour Dox-treated P. falciparum W2mef by varying 
concentrations of IPP over a 144-hour period.  Pf W2mef parasites were subjected to 
Dox attenuation for 48 hours, followed by chemical rescue with IPP.  Parasite growth 
was assessed by A) [3H]-hypoxanthine incorporation measured as counts per minute 
(CPM) and B) SYBR green flow cytometry, measuring percentage of ring-stage infected 
red blood cells in total red blood cell population.  Data represents mean ± SEM.  Statistical 
significance on graph refers to comparison of IPP-treated groups to untreated iRBC or 
Dox-treated iRBC, unless indicated otherwise, at 144 hours only.  **** p<0.0001, ** 
p<0.01, * p<0.05.   
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Figure 3.5.  Chemical rescue of 48 hour Dox-treated P. falciparum NF54 by varying 
concentrations of IPP over a 144-hour period.  Pf NF54 parasites were subjected to 
Dox attenuation for 48 hours, followed by chemical rescue with IPP.  Parasite growth 
was assessed by A) [3H]-hypoxanthine measured as counts per minute (CPM) and B) 
SYBR green flow cytometry, measuring percentage of ring-stage infected red blood cells 
in total red blood cell population.  C) qPCR showing loss of apicoplast at 192 hours after 
48 hours of Dox treatment.  Genome ratios were normalised to an untreated control.  Data 
represents mean ± SEM.  Statistical significance on graphs refers to comparison of IPP-
treated groups to untreated iRBC or Dox-treated iRBC (long arm), unless indicated 
otherwise, at 144 hours only.  **** p<0.0001, ** p<0.01, * p<0.05. 
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incorporation over time and were not significantly different to nRBC groups or Dox-

treated iRBCs at 144 hours (p>0.05).   

Significant differences were observed between IPP concentrations.  At 96 hours, 

400µM was significantly different to 100µM (p<0.001), whilst at 144 hours all three 

concentrations were significantly different from each other (p<0.0001).   

Assessment of apicoplast to nuclear gene ratio by qPCR found that the ratio of 

apicoplast to nuclear genes in P. falciparum NF54 parasites treated with Dox for 96 hours 

was lower than previously observed (9.3% ± 0.5%), similar to parasites receiving 100µM 

IPP and 200µM of IPP (Figure 3.6B).   

 

 
Figure 3.6.  P. falciparum NF54 treated with Dox for 96 hours and chemically 
rescued by varying concentrations of IPP over a 144-hour period.  A) Pf NF54 
parasites were subjected to chemical attenuation with 2µM Dox for 96 hours before being 
removed.  100µM – 400µM of IPP was added to Dox-treated parasites at 48 hours.  
Chemical rescue and parasite growth was assessed by [3H]-hypoxanthine measured as 
counts per minute (CPM).  Data represents mean ± SEM.  Statistical significance on graph 
refers to comparison of IPP-treated groups to untreated iRBC or Dox-treated iRBC (long 
arm), unless indicated otherwise, at 144 hours only; **** p<0.0001, ** p<0.01, * p<0.05. 
B) qPCR showing loss of apicoplast at 192 hours after 96 hours of Dox treatment.  
Genome ratios were normalised to an untreated control.   

 
 

 

 

Untr
ea

ted
 nR

BC

Untr
ea

ted
 iR

BC

Dox
 tr

ea
ted

 nR
BC

Dox
 tr

ea
ted

 iR
BC

10
0u

M

20
0u

M

40
0u

M
0

20000

40000

60000

80000

C
P

M

IPP Treated Groups  
[Dox] = 2µM, [IPP] = as labelled above

Dox
Treated Groups
[Dox] = 2µM
[IPP] = 0µM

Untreated Groups
[Dox] & [IPP] = 0µM

48 hours
96 hours
144 hours

****
****

****
****

A) B)

48 19
2

0

20

40

60

80

100

A
pi

co
pl

as
t:N

uc
le

ar
 G

en
om

e 
(%

) Dox-treated only
Dox + 100µM IPP
Dox + 200µM IPP



Chapter 3: Results I 

 

  

 

70 

3.3.2 Dox attenuation in a murine model of malaria  
We next sought to translate the in vitro methodology described above for P. 

falciparum to rodent malaria parasites to investigate them in an in vivo model.  It was 

determined that there were two possible avenues for this: in vitro attenuation with Dox, 

and potentially IPP, or in vivo generation of apicoplast-minus parasites.  Given the lack 

of a continuous culturing system for any of the rodent malaria parasites, we thus opted to 

focus our initial efforts on in vivo chemical rescue of malaria parasites.   

 

3.3.2.1 Sensitivity of rodent malaria parasites to Dox  
Our first steps towards in vivo generation of apicoplast-minus parasites was to 

determine if the rodent malaria parasites (P. berghei, P. vinckei, P. yoelii and P. chabaudi) 

were sensitive to Dox.  This was achieved by subjecting mice to infection and treating 

them for 4 days with Dox (50mg/kg) [275] once parasitaemia was determined to be 5-

15%.   

The effects of Dox were not seen until approximately day 3 of treatment, at which 

time microscopically detectable (patent) parasitaemias began to decline.  Dox-treated 

mice infected with one of the four species had lower peak parasitaemias in comparison to 

the naïve infection control group (Figure 3.7, A to D).  Blood films also showed an 

increased presence of unhealthy and arrested late-stage parasites at day 3 of drug cure 

(Figure 3.8); this has been reported to occur with P. falciparum [111].  Although 

parasitaemia became microscopically undetectable (sub-patent) following drug 

treatment, recrudescence was observed at day 15 and day 12 post-infection in mice 

infected with P. berghei ANKA and P. vinckei respectively (Figure 3.7, B and C).  

Recrudescence was not observed in P. yoelii YM or P. chabaudi AS during the 10 days’ 

post-treatment observation; however, it is uncertain if these mice experienced 

recrudescence after the observation period.   
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Figure 3.7.  Sensitivity of rodent malaria parasites to Dox.  Dox was initially 
administered to BALB/c mice (n=5/group) infected with 1 x 106 pRBCs of A) P. 
chabaudi AS, B) P. berghei ANKA, C) P. vinckei vinckei or D) P. yoelii YM.  Treatment 
groups were injected with doxycycline (Dox, 50mg/kg) for four days.  Solid arrows 
indicate days Dox was administered; dashed lines indicate day in which patent 
parasitaemia was first observed post 4-day treatment.  Results are expressed as mean ± 
SEM.  † Symbol indicates mice were euthanized. 
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Figure 3.8.  Blood film from a P. chabaudi AS infected mouse receiving Dox 
treatment.  Images represent A) Pre-Dox treatment and B) day 3 of Dox treatment.  
Arrows indicate examples of unhealthy late-stage arrested parasites.  
 

Mouse health, alongside parasitaemia, was assessed by clinical score criteria 

throughout the experimental period (See Appendix III for clinical scoring sheet).  Mice 

receiving treatment generally developed milder clinical signs, resulting in lower clinical 

scores in comparison to control groups (Figure 3.9).  Control groups infected with P. 

chabaudi, P. yoelii and P. vinckei started to show clinical signs a day prior to Dox-treated 

mice and continued to develop into a moribund state (bloody urine, impaired movement 

and reaction to stimuli etc.), whereas the highest clinical score across all treatment groups 

was 2-3 (indicative of mild-moderate sickness).   
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Figure 3.9.  Clinical scores in mice receiving Plasmodium spp. infection and Dox-
treatment.  Dox was administered to BALB/c mice (n=5/group) infected with 1 x 106 
pRBCs of A) P. chabaudi AS, B) P. berghei ANKA, C) P. vinckei vinckei and D) P. 
yoelii YM.  Treatment groups were injected with doxycycline (Dox, 50mg/kg) for four 
days.  Solid arrows indicate days Dox was administered.  Results are expressed as mean 
± SEM.  † Symbol indicates mice euthanized. 
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Figure 3.10.  Comparison of Dox treatment regimens in malaria infected mice.  To 
further optimise a treatment schedule with Dox, a comparison between 4 (Group 1) and 
7 days (Group 2) of consecutive Dox treatment was carried out in A) P. chabaudi AS and 
B) P. vinckei vinckei infected mice and i) parasitaemia was monitored by blood film. 
Mouse health was assessed by ii) clinical score.  Solid arrows indicate 4-day treatment 
regimens; dashed lines indicate the day in which patent parasitaemia was first observed 
post 4-day treatment; dotted lines indicate 7-day treatment regimen or day on which 
patent parasitaemia was first observed post 7-day treatment.  Results are expressed as 
mean ± SEM.  † Symbol indicates mice euthanized. 
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Figure 3.11.  Examining residual drug effects on P. chabaudi and P. vinckei infection.  
BALB/c mice (n=5/group) were subjected to daily Dox treatment (IP, 50mg/kg) or PBS 
injections for 4 days.  Approximately 7 to 11 days after treatment, mice were administered 
1 x 106 P. chabaudi AS or P. vinckei vinckei parasites.  Parasitaemia was monitored every 
alternate day by blood film until day 6 post infection.  Results are expressed as mean ± 
SEM.   

 

3.3.2.2 Pilot in vivo chemical rescue of Dox- treated P. chabaudi  
A pilot study was conducted to determine if Dox-treated parasites could be 

chemically rescued by IPP in vivo.  Three groups of BALB/c mice (n=5/group) were 

infected with 1 x 106 P. chabaudi AS pRBCs.  Both Group 1 (IPP and Dox-treated) and 

Group 2 (Dox-treated only) received daily Dox injections (50mg/kg), initiated on day 4 

post-infection.  Group 1 additionally received daily injections of IPP (IV, 100mg/kg), 

initiated on day 5; a group of naive mice received IPP only to monitor any ill-effects that 

may be caused by IPP.  Group 3 served as a naïve infection control.   

Uninfected mice receiving IPP only did not demonstrate any ill-effects throughout 

the duration of IPP administration.  Parasitaemia in all infected groups increased (Figure 

3.12A); however, groups receiving Dox treatment had lower clinical scores than the naïve 

infection control and did not require euthanasia (Figure 3.12B).  This indicated that the 

IPP was unsuccessful in rescuing the Dox-treated parasites.  
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Figure 3.12.  Pilot in vivo chemical rescue of Dox-treated P. chabaudi AS.  BALB/c 
mice were infected with 1 x 106 P. chabaudi AS parasites and commenced on daily 
doxycycline (Dox) treatment (IP, 50mg/kg) and isopentenyl pyrophosphate (IPP, IV 
100mg/kg), indicated by the red and black arrows, until day 8.  A) Parasitaemia and B) 
clinical symptoms assessed by clinical scoresheet were monitored during treatment 
Results are expressed as mean ± SEM.  † Symbol indicates mice euthanized in accordance 
with the clinical scoring system. 
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This pilot study raised the issue of developing a method to measure IPP 

concentration in blood.  Our initial efforts focused upon the development of a high-

performance liquid chromatography (HPLC) method; however, this could not be 

accomplished.  We eventually used nuclear magnetic resonance (NMR) spectroscopy to 

detect IPP (Section 2.2.19); the chemical structure of IPP contains two phosphate groups 

(Figure 3.13A) which can be detected using 31Phosphorus (31P) NMR.  31P NMR was 

used to detect IPP added to saline or pooled naïve mouse serum (Figure 3.13, B-D).  Two 

peaks, each containing doublets, were detected at -6.5 and -10ppm in the saline sample 

containing IPP (Figure 3.13B); these peaks are indicative of the two phosphate groups in 

IPP [276].  Analysis of naïve mouse serum found a peak at 2ppm (Figure 3.13C), whilst 

naïve mouse serum spiked with IPP had four peaks (3.5ppm, 2ppm, -6.5ppm and -10ppm, 

Figure 3.13D).  Based on previous literature, the peaks at 2ppm and 3.5ppm are likely 

inorganic phosphates [277].  The peak at 3.5ppm is only present in serum samples 

containing IPP; given the decreased heights of the peaks at -6.5ppm and -10ppm 

compared to saline, the additional peak at 3.5ppm is likely attributed to the breakdown of 

IPP.   

As the initial testing did not account for the time between the addition of IPP to 

NMR analysis, a fresh sample of naïve serum spiked with IPP was prepared and analysed 

at several time-points over a 24-hour period (Figure 3.13E).  We observed the gradual 

decrease in the two peaks associated with IPP over time and found the peaks associated 

with IPP became undetectable by 8 hours.  Thus, we concluded that the presence of IPP 

after injection into mice was likely short-lived due to degradation and further indicated 

that in vivo generation of apicoplast-minus rodent parasites would not be possible. 
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Figure 3.13.  IPP detection by 31P NMR.  Proton-decoupled 31P NMR spectra were run 
as solutions with 10% added D2O in a final volume of 200µL.   A) Chemical structure of 
isopentenyl pyrophosphate (IPP).  B) IPP spiked into saline.  C) Naïve mouse serum.  D) 
Naïve mouse serum spiked with 2mg of IPP. E) Time course of IPP (2mg) in naïve mouse 
serum, with NMR scale expansion relative to spectra in B-D.  Chemical shifts are 
measured in parts per million (ppm) 
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3.3.2.3 Investigation of the viability of P. chabaudi matured in vitro over a 
24-hour period 

As an alternative to in vivo chemical attenuation and rescue of P. chabaudi, we 

next placed our efforts into in vitro attenuation of P. chabaudi as it shares many 

similarities to P. falciparum, such as its synchronicity within the host [58].  Unlike P. 

falciparum, there is no established protocol for the continuous long-term culture of P. 

chabaudi in vitro; however, it is possible to mature P. chabaudi trophozoites to schizonts 

in vitro short-term [267].  These parasites, when injected into mice, are still able to cause 

infection.  To our knowledge, the viability of P. chabaudi parasites in culture for up to 

24 hours (one full asexual cycle) has not been tested.  This experiment was a preliminary 

step towards attempting to chemically attenuate P. chabaudi in vitro.   

Blood smears were taken at different time-points during the culture period to 

observe the progression of maturation (Figure 3.14A).  Ring-stage parasites (T0) 

developed into trophozoite stages (4 hours (T4) in culture) and continued into late 

trophozoite-stage (T12-T16).  At T20, we observed late-stage parasites and the formation 

of schizonts by T24.  Although we could observe schizont formation, the health of the 

parasites appeared to deteriorate, with some parasites becoming small and condensed in 

morphology (not shown).   

Viability was assessed by injecting cultured pRBCs into BALB/c and SCID mice 

(Figure 3.14, B and C).  All mice developed infection at each time-point, though mice 

infected with T20 and T24 had lower parasitaemia in comparison to T4, T12 and T16, 

suggesting reduced viability of the administered parasites.   

Post-24 hours in culture, we observed the majority of schizonts rupturing and only 

a small percentage of merozoites successfully reinvading RBCs.  We continued the 

culture for another 24 hours and found that the growth of reinvaded parasites appeared 

greatly delayed or stunted (Figure 3.14D).  After 48 hours, BALB/c mice were injected 

with 1 x 106 pRBCs and we found that these parasites could still establish an infection 

(see Section 3.3.2.4).   
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Figure 3.14.  In vitro maturation and viability of P. chabaudi AS.  A) Representative 
images of the maturation progression over 24 hours.  Each image represents blood smears 
taken at different time-points in culture (e.g., T0, Time-point 0 hours).  T0 –ring-stage 
infected red blood cells; T4 – early trophozoites; T12 – mid-trophozoites; T16 – late 
trophozoites; T20 and T24 – late-stage parasites and schizonts.  B) BALB/c and C) SCID 
mice were infected with were infected with 1 x 106 cultured P. chabaudi AS parasites 
taken at 4, 12, 16, 20 and 24 hours.  Parasitaemia was monitored on days 3 and 5 by blood 
smear.  Results are expressed as mean ± SEM.  D) Representative images of P. chabaudi 
parasites after 46-48 hours in vitro.   
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3.3.2.4 In vitro attenuation of P. chabaudi AS  
As cultured P. chabaudi AS was still infective after 24 hours in culture, we first 

tried to attenuate parasites with Dox for 16 or 24 hours (Figure 3.15A).  Sixteen hours 

was investigated as this was the minimum amount of time that parasites could spend in 

culture with minimal effect on parasite viability.  Parasite cultures treated with 2µM for 

both time periods grew similarly to their respective controls.  Parasites treated with 20µM 

for 16 or 24 hours had a delay in the onset of parasitaemia (2-4 days).  Higher 

concentrations of Dox were also tested (100µM-400µM, Figure 3.15B); however, 

attenuation was observed to be incomplete (as determined by infection after 

administration), or non-specific for the apicoplast (dying parasites in culture after 

addition of Dox).  Three of five mice in 100µM developed parasitaemia, with one of three 

mice succumbing to infection.  Two of five mice receiving 200µM also developed 

parasitaemia, which self-resolved before challenge.  Upon challenge, mice that had 

developed parasitaemia after inoculation were protected against challenge, whereas those 

that did not succumbed to infection (Figure 3.15C).   

Based on P. falciparum data, it is likely that P. chabaudi parasites required at least 

2 cycles or more at lower concentrations of Dox to both achieve delayed death and 

complete attenuation.  We next attempted to culture P. chabaudi AS for 48 hours (2 cycles 

of replication) with 20µM Dox (Figure 3.16), having established that parasites in culture 

for 48 hours were still infectious.  During this experiment, we additionally assessed 

metabolic activity of cultures at 24 and 48 hours (Figure 3.16A).  Untreated cultures had 

increased [3H]-hypoxanthine intake compared to control nRBCs; however, this was 

significantly reduced in parasites remaining in culture for 48 hours (p<0.001).  

Furthermore, parasites treated with 20µM Dox had considerably reduced metabolic 

activity at 24 and 48 hours compared to untreated parasites (p<0.0001).  Metabolic 

activity of parasites receiving 20µM Dox treatment for 24 hours, however, were not 

significantly different to 20µM Dox treatment at 48 hours (p>0.05).   
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Figure 3.15.  In vitro attenuation of cultured P. chabaudi AS parasites with Dox for 
24 hours.  A) Parasites were cultured with 2µM or 20µM Dox for a period of 16 or 24 
hours, after which parasites were washed; 1 x 106 parasites were administered to BALB/c 
(n=5/group) and parasitaemia was monitored to assess the development of breakthrough 
infection due to presence of non-attenuated parasites.  B) Parasites were cultured with 
100µM-400µM Dox for a period of 24 hours, after which parasites were washed; 1 x 106 
parasites were administered to BALB/c (n=5/group) and parasitaemia was monitored to 
assess any non-attenuated parasites.  C) Surviving mice inoculated with 100µM-400µM 
were challenged approximately 4 weeks later.  Parasitaemia was assessed by blood film 
every 2nd day.  Results are expressed as mean ± SEM.  † Symbol indicates mice 
euthanized. 
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mice on day 4 and these mice subsequently required euthanasia.  To assess the presence 

of sub-patent parasites, blood was collected from mice and analysed by qPCR (Figure 

3.16C).  No parasite DNA was detected in the blood of mice receiving parasites treated 

with 20µM Dox, indicating the likelihood that dead parasites had been administered.  

Mice injected with parasites treated with 20µM Dox were later subjected to homologous 

challenge but succumbed to infection similar to control mice (Figure 3.16D).   

 
Figure 3.16.  In vitro attenuation of cultured P. chabaudi AS parasites with Dox for 
48 hours.  A) Samples were taken during culturing period to assess metabolic activity by 
[3H]-hypoxanthine uptake in untreated and Dox-treated parasites after 24 and 48 hours.  
Samples were tested in triplicate and measured as counts per minute (CPM).  B) P. 
chabaudi AS was cultured with 20µM Dox for 48 hours and 1 x 106 pRBCs were 
administered to BALB/c mice (n=5/group) to assess attenuation status.  C) qPCR analysis 
of parasitaemia post-inoculation with Dox-treated parasites.  D) Challenge of mice that 
received 20µM Dox-treated parasites.  Results are expressed as mean ± SEM.  † Symbol 
indicates mice euthanized.  Experimental groups were compared to untreated nRBC at 
each time-point by two-way ANOVA: **p<0.01, ***p<0.001, **** p<0.0001. 
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3.4 Discussion 
The discovery of the apicoplast and its importance to parasite survival have made 

it an ideal target for drug and vaccine development.  Interestingly, several anti-malarial 

drugs which target apicoplast housekeeping functions induce a ‘delayed death’ 

phenomenon, in which drug effects are observed in the progeny rather than the treated 

parasite.  Previous work has exploited this phenomenon, alongside the parasites’ 

requirement for isopentenyl pyrophosphate (IPP) – a product of the isoprenoid pathway 

– to generate apicoplast-minus P. falciparum parasites in vitro.   

Herein, we demonstrate with two different strains of P. falciparum (W2mef and 

NF54) the replicability of this method.  As with other reports, we determined the optimal 

concentration of Dox for inducing delayed death was 1µM–2µM [11, 111].  Furthermore, 

treatment was required for at least 2 asexual cycles for complete attenuation.  Parasites 

were additionally chemically rescued with IPP, with concentrations less than 100µM 

showing minimal to no effect on the Dox-treated parasite.  Our data, however, suggest a 

lower concentration (100µM) may be optimal for chemical rescue to that previously 

reported [11].   

Real-time quantitative PCR confirmed the decreased presence of the tufA 

apicoplast gene in parasites treated with 100µM–200µM of IPP when compared to the 

nuclear genome, thus indicating the loss of the apicoplast.  Conversely, parasites treated 

with 2µM Dox for only one cycle had higher than expected apicoplast to nuclear gene 

ratio, suggesting the presence of breakthrough non-attenuated parasites.  This was 

confirmed in experiments investigating Dox treatment for 48 or 96 hours, finding that 

parasites required at least 2 erythrocytic cycles of exposure with 2µM Dox for complete 

attenuation in vitro.  Subsequent chemical rescue experiments with Dox treatment for 96 

hours and IPP found a decrease of apicoplast to nuclear gene ratio in the Dox-treated only 

group, similar to IPP treated groups.   

To our knowledge, the investigation of apicoplast-minus parasites in a rodent 

malaria model has not yet been reported.  We, therefore, aimed to develop a model in 

which these chemically attenuated parasites may be generated either in vivo or in vitro.  

Our initial efforts tested the sensitivity of all rodent parasites to Dox based on published 

methodology [275]; findings from this experiment showed that 4 days of treatment was 

insufficient for in vivo chemical attenuation as recrudescence was observed.  Further 

experiments with two rodent parasite species found that treatment for 7 days could 



Chapter 3: Results I 

 

  

 

85 

eliminate the recrudescence detected in groups treated for 4 days only.  Interestingly, P. 

vinckei infected mice receiving 4 days treatment had 4 of 5 mice survive recrudescence; 

P. vinckei infections are generally uniformly lethal in mice [278], thus the self-resolution 

of infection in the remaining mice was unexpected.  Having ruled out the influence of 

residual drug, further investigation into the immunological status of these mice may be 

of interest.  These findings are reminiscent of a study conducted with another delayed 

death drug, borrelidin, wherein a 4-day treatment regimen was initiated at infection and 

resulting parasitaemia was non-lethal; mice were protected from subsequent infection 

[120].  Given the delayed parasite clearance observed during drug treatment, treatment 

with delayed death anti-malarial drugs may be used for studies investigating in vivo 

chemical attenuation as an immunization approach; this has primarily focused upon the 

use of sporozoites under chloroquine prophylaxis [13, 254], although some studies have 

utilized blood-stage parasites with malarone [14, 15].   

Our pilot attempt of chemically rescuing Dox-treated P. chabaudi in vivo was met 

with little success; theoretically, if chemical rescue were successful, mice treated with 

Dox and IPP injections would be characteristically similar to a wild-type infection.  Yet 

no significant differences between the chemical rescue and Dox-only treated groups were 

observed.  This raised the issue of developing a method to measure IPP blood 

concentrations; however, upon further investigation we observed the degradation of IPP 

when spiked into pooled naïve mouse serum and concluded that the presence of IPP after 

injection was likely short-lived.  Should further attempts be made to generate in vivo 

apicoplast-minus plasmodia, an alternative delivery mechanism of IPP to the treated 

parasite must be considered. 

There have been reports which outline the use of DNA-alkylating agents to 

attenuate rodent malaria parasites in vitro [251, 252]; we, therefore, investigated Dox as 

a possible attenuating agent.  We tested the viability of P. chabaudi AS parasites matured 

over one asexual cycle and attempted to attenuate cultures with Dox for a period of 24 

hours but found that this period was insufficient to completely attenuate parasites as 

evidenced by the delay in onset of parasitaemia.  This is in line with our earlier 

observations which required P. falciparum to be exposed to Dox for 2 erythrocytic cycles 

in vitro.  We next attempted to culture P. chabaudi for 48 hours as some reinvasion had 

been observed after 24 hours and found that control groups receiving untreated parasites 

were still able to establish infection.  To our knowledge, this is the first time that it has 
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been demonstrated that P. chabaudi maintained in culture can still induce infection in 

mice. 

Comparison of untreated and Dox-treated parasites maintained in vitro for 48 

hours found that while untreated parasites could cause infection in mice, Dox-treated 

parasites could not.  The mice who received Dox-treated parasites were not protected 

from homologous challenge.  Although multiple immunizations with 20µM Dox-treated 

parasites were not attempted, a previous study investigating chemically attenuated 

parasites suggested persisting parasites are required to induce elicit protective immunity 

[251].  In the case of the Dox-treated parasite, mice would only be receiving arrested 

dying parasites, and thus it is unlikely that these parasites persist long enough to elicit an 

immune response.  Concurrent culturing or co-administration of treated parasites with 

IPP may be an alternative way to allow in vitro Dox-treated parasites to persist for at least 

an additional cycle.   

Malaria continues to be a worldwide health problem despite the establishment of 

current preventative measures.  The development of a vaccine against malaria remains 

vital for control of malarial infections.  While the use of an apicoplast-minus parasite as 

a malaria vaccine is a novel approach, further research must be conducted in order to 

translate in vitro studies to an in vivo model.  Considering the lack of long-term culturing 

systems for rodent malaria parasites, studies with apicoplast-minus parasites may be 

limited to investigation with human malaria plasmodia only.  As such, alternative avenues 

for investigation of the persistence and immunogenicity of these parasites would be 

limited to that of a humanized mouse model or pilot clinical studies. 
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4.1 Abstract 
Malaria immunity that develops as a result of repeated natural infection is robust 

and protects against all strains of Plasmodium.  It has been shown to involve different 

elements of immunity in different individuals.  However, this takes several years to 

develop, and evidence suggests that apoptosis of immune lymphocytes due to 

uncontrolled parasite growth contributes to this.  To hasten and augment the development 

of natural immunity, we have studied controlled infection immunization (CII) using low 

dose exposure to different parasite species in two rodent systems. Doxycycline and 

azithromycin are ‘delayed death’ drugs, which target the parasite’s apicoplast and allow 

progeny to survive for an additional erythrocytic cycle, provide a mechanism that allows 

extended, but safe, exposure to parasites at low levels.  We show that infection initiated 

at the commencement of doxycycline therapy leads to different combinations of 

protective immune responses in mice, depending on the host/parasite combination, and 

akin to what is observed in naturally acquired immunity.  Parasite-specific antibody plays 

an important role in CII; however, a constant association with protection in rodent models 

is the production of IFNg and TNF following in vitro parasite stimulation of T cells.  

Furthermore, a single dose of the longer-acting drug, azithromycin, given to mice at the 

initiation of the infection, controls that infection and protects them from subsequent 

infection, thus providing a strategy for vaccine development for humans that mimics, yet 

hastens, natural immunity.  

 

 

 

 

 
  



Chapter 4: Results II 

 

  

 

91 

4.2 Introduction 
Malaria is a disease of worldwide importance, with an estimated 445,000 deaths 

being caused by Plasmodium spp. in 2016 [2].  Whilst naturally acquired immunity (NAI) 

can develop in individuals living in endemic areas, this takes several years to develop 

[279-281].  This is believed to be due to not only the malaria parasite’s ability to alter its 

surface antigens [282, 283], but also due to the ‘exhaustion’ of T and B lymphocytes 

during chronic infection [176, 284].  High parasite density is a critical factor leading to 

apoptosis of parasite-specific effector T cells [14, 213].  T cell exhaustion and apoptosis 

is critical as these cells could control parasite growth and often recognize epitopes that 

are highly conserved between parasite strains [14, 213, 285].  It is consistent with these 

observations that an individual requires multiple infections to build and sustain a 

repertoire of protective immune responses [126, 286].  

In more recent years, controlled infection immunization (CII) has been shown to 

mimic the acquisition of natural immunity without prolonged infection.   This approach 

has been studied extensively with sporozoites (in rodents, non-human primates and 

humans), demonstrating strong protection against homologous challenge [13, 254-262] 

and limited heterologous protection [287].  Cross-stage protection was also observed in 

rodent models [256, 259]; however, little to no blood-stage protection was noted in 

humans [262].  Thus, parasites that are able to evade liver-stage immunity can establish 

an uncontrolled blood-stage infection. 

CII was studied using blood-stage malaria parasites, although less extensively 

[14-16].  In these studies, treatment with malarone or chloroquine was administered after 

a certain period of time (e.g., 48 hours to allow for 2 cycles of replication in rodents [14] 

and 8 days to allow for 4 cycles in humans [15]), and protective immune responses were 

demonstrated against cross-stage (sporozoites) [16], and homologous [14, 15] and 

heterologous [14] blood-stage parasites.  An association of protection with the production 

of IFNg, TNF and IL-2 by T cells following parasite stimulation has been noted [14, 16, 

130-132, 195, 288-291].  IFNg and TNF have also been associated with NAI in humans 

[292-295]; additionally, protective antibody responses to blood-stage parasites are well 

recognized in NAI [146, 296].  

In considering the feasibility of a CII vaccination approach using blood-stage 

parasites, two safety issues arise: firstly, drug treatment must be initiated at the time of 

infection, not after a delayed period; and secondly, a single dose of drug, not multiple 
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doses over an extended period, is required.  However, immediate drug treatment may 

completely prevent parasite growth, thus impeding the development of immunity.   

To address these issues, we investigated the use of delayed death anti-malarial 

drugs as opposed to fast-acting drugs (e.g., malarone, chloroquine), which have been used 

previously.  Delayed death is a phenomenon observed in Apicomplexan parasites, such 

as Plasmodium and Toxoplasma spp., wherein the effects of drug treatment are observed 

in the progeny of treated parasites [11, 64, 69, 112].  This phenotype is attributed to 

targeting of housekeeping functions of the apicoplast, such as DNA replication, 

transcription or protein translation.  Delayed death-causing drugs, such as doxycycline 

and the longer-acting drug, azithromycin, are widely used in malaria treatment and 

prophylaxis [297].  The use of azithromycin in conjunction with administration of 

sporozoites was reported to induce strong protection against homologous challenge, but 

blood-stage immunity was not induced [298, 299].   

We report here that CII with doxycycline administered daily allows simultaneous 

infection and drug treatment, enabling parasite persistence that then induces protective 

immune responses.  Furthermore, CII with different parasite species can induce multiple 

combinations of protective immune responses, resulting in immunity against homologous 

and heterologous parasites.  Finally, we demonstrate the ability to induce strong CII after 

the administration of a single dose of azithromycin given at the initiation of infection. 
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4.3 Results 
4.3.1 Establishment of controlled infection immunization (CII) 
regimen  

To establish a CII protocol, we investigated the optimal dose of parasites and 

compared protection against homologous challenge with one or three CII cycles (Figure 

4.1).  We chose to conduct our studies with two rodent malaria parasites (P. chabaudi AS 

and P. yoelii YM) in two mouse strains (BALB/c and C57BL/6), as different parasite and 

mouse strain combinations can elicit different manifestations of disease [63].  Parasite 

doses of 106 or 107 pRBCs in BALB/c and C57BL/6 mice were investigated.  

Homologous challenge of mice receiving 105 pRBCs under doxycycline treatment was 

only studied in C57BL/6 mice receiving P. chabaudi CII. 

 

Figure 4.1.  Controlled infection immunization (CII) schedule.  A CII consisted of 
intravenous infection with Plasmodium parasites, followed by commencement of 
doxycycline chemoprophylaxis.  Doxycycline was administered approximately an hour 
after infection and continued daily until day 6.  Groups receiving 3 CIIs were rested 2 
weeks in between, starting from the last day of treatment.  Homologous or heterologous 
challenge was administered 4 weeks after last CII. 
 
 

Blood from BALB/c mice was collected for malaria parasite qPCR analysis 

during the first and third CII to determine the extent of patency of infection (Section 

2.2.12).  With both parasite species, parasite density was observed to initially increase 

before declining, with complete clearance by day 14 (Figure 4.2, A and B).  Peak 

parasitaemia was significantly reduced during the third CII in comparison to the first CII, 
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with a 7 and 3-fold reduction in groups receiving 106 P. chabaudi AS (p<0.05) and P. 

yoelii YM (p>0.05) respectively, and a 14 and 16-fold reduction in groups receiving 107 

P. chabaudi AS (p<0.0001) and P. yoelii YM (p<0.001).  This indicated that a significant 

level of immunity could develop after the first CII. 

Figure 4.2.  Persistence of Plasmodium spp. parasites during CIIs.  BALB/c mice 
(n=10/group) underwent CIIs with A) P. chabaudi AS or B) P. yoelii YM and persistence 
after inoculation with 106 or 107 parasites during the 1st and 3rd CII was assessed over a 
14-day period by qPCR.  Data are expressed as mean ± SEM.   
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Four weeks after the last CII, mice were challenged with 105 homologous pRBCs.  

All control mice infected with P. chabaudi AS required euthanasia between 7-10 days 

due to the development of high parasitaemia (Figure 4.3) and signs of severe disease 

(Figure 4.4).  Parasitaemia curves of the drug control group (nRBC with Dox treatment) 

were similar to naïve infection controls, indicating that there were no residual drug effects 

influencing control of infection.  We observed that BALB/c mice receiving one P. 

chabaudi CII (Figure 4.3A) had higher parasitaemia compared to mice receiving three 

CIIs (Figure 4.3B).  Although these mice subsequently controlled infection by day 10 and 

survived, they developed moderate-severe signs of disease (Figure 4.4A).   

Unlike BALB/c mice, C57BL/6 mice that received one CII with 106 or 107 P. 

chabaudi AS could control wild-type challenge, with peak parasitaemias under 10% 

(Figure 4.3E); mice that received 105 pRBCs were also able to control infection, albeit 

not as well as those receiving higher doses (peak parasitaemia of ~20%).  When 

administered three CIIs, protection against challenge was further improved across all 

parasite doses, with peak parasitaemias generally under 5% and little to no signs of 

disease (Figure 4.3F and Figure 4.4F).   

Similar results were observed in the P. yoelii YM model: both one (Figure 4.3, C 

and G) and three CIIs (Figure 4.3, D and H) could protect BALB/c and C57BL/6 mice 

against lethal homologous challenge, with control groups requiring euthanasia by days 6 

– 8.  Mice receiving three CIIs had lower parasitaemias compared to those receiving one 

CII in both mouse strains; however, converse to the P. chabaudi AS model, one CII with 

P. yoelii YM in BALB/c could elicit better protection than in C57BL/6 mice (Figure 4.3).  

Based on these data, subsequent experiments were conducted using a regimen of three 

CIIs administering 107 pRBCs of P. chabaudi AS or P. yoelii YM under doxycycline 

treatment. 
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Figure 4.3.  Comparison of protection after homologous challenge of mice receiving 
1 or 3 CIIs with P. chabaudi AS or P. yoelii YM.  BALB/c (n=10/group) and C57BL/6 
(n=5-7/group) mice were administered 105-107 parasites P. chabaudi AS (A, B, E, F) or 
P. yoelii YM (C, D, G, H) and immediately started on Dox (50mg/kg) treatment over a 
7-day period.  Groups received either one CII or three CIIs; those receiving the latter were 
rested for 2 weeks between CIIs.  Mice were challenged with 105 homologous parasites 
4 weeks after the last day of treatment.  Parasitaemia was monitored every 2nd day post 
challenge.  Data are expressed as mean ± SEM.  † indicates number of mice that were 
euthanized based on clinical scores. 
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Figure 4.4.  Clinical scores of mice receiving 1 or 3 CIIs with P. chabaudi AS or P. 
yoelii YM after homologous challenge.  BALB/c (A-D) and C57BL/6 (D-G) mice were 
administered 105 -107 parasites P. chabaudi AS or P. yoelii YM and immediately started 
on Dox (50mg/kg) treatment over a 7-day period.  Mice were challenged with 105 
homologous 4 weeks after the last day of treatment and health was monitored by assessing 
symptoms of disease and scoring mice based on criteria listed on the clinical score sheet.  
Data are expressed as mean ± SEM.  † indicates number of mice that were euthanized 
based on clinical scores.   
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4.3.2 Heterologous challenge of CII mice  
We asked whether cross-species immunity could be elicited after three CIIs with 

P. chabaudi AS or P. yoelii YM in BALB/c (Figure 4.5, A and B) and C57BL/6 mice 

(Figure 4.5, C and D).  Mice receiving CII with P. chabaudi AS were challenged with 

105 P. yoelii YM.  Parasitaemia levels in both BALB/c and C57BL/6 immunized mice 

were seen to fluctuate during the period of observation, with parasites becoming 

undetectable by microscopy by day 22 (Figure 4.5, A and C).  Despite appearing to 

control infection, mice exhibited signs of moderate-severe disease and haemoglobin 

levels dropped to a low of approximately 50g/L (Figure 4.6, A and C).  Survival rates of 

BALB/c and C57BL/6 mice were 44% and 57% respectively.   

Mice receiving CIIs with P. yoelii YM and challenged with P. chabaudi AS were 

not protected.  Immunized BALB/c mice succumbed to disease and presented with similar 

outcomes in parasitaemia (Figure 4.5B), clinical score and haemoglobin levels to control 

groups (Figure 4.6B).  Immunized C57BL/6 mice exhibited lower clinical scores and all 

mice survived infection compared to control groups (Figure 4.6D); however, there was 

no significant difference in peak parasitaemia when compared to control groups (p>0.05, 

Figure 4.5D). 
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Figure 4.5.  Protection after heterologous challenge of mice receiving 3 CIIs with P. 
chabaudi AS or P. yoelii YM.  BALB/c (n=10/group, A and B) and C57BL/6 (n=5-
7/group, C and D) mice were administered 107 parasites P. chabaudi AS (A, C) or P. 
yoelii YM (B, D) and immediately started on Dox (50mg/kg) treatment over a 7-day 
period; groups received 3 CIIs with 2 weeks’ rest in between.  Mice were challenged with 
105 heterologous parasites 4 weeks after the last day of treatment.  i) Parasitaemia was 
monitored every 2nd day post challenge and ii) survival rates of mice receiving 
heterologous challenge are included next to associated parasitaemia curves.  Data are 
expressed as mean ± SEM.  † indicates number of mice that were euthanized based on 
clinical scores. 
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Figure 4.6.  Clinical scores and haemoglobin monitoring of CII mice receiving 
heterologous challenge.  BALB/c (A-B) and C57BL/6 (C-D) mice were administered 
107 parasites P. chabaudi AS (A, C) or P. yoelii YM (B, D) and immediately started on 
Dox (50mg/kg) treatment over a 7-day period.  Mice were challenged with 105 
heterologous parasites 4 weeks after the last day of treatment and health was monitored 
by i) assessing symptoms of disease and scoring mice based on criteria listed on the 
clinical score sheet and ii) haemoglobin concentration.  Data are expressed as mean ± 
SEM.  † indicates number of mice that were euthanized based on clinical scores.   
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4.3.3 Comparison of persistence with delayed or fast-acting anti-
malarial drugs 

We questioned whether the use of a delayed death anti-malarial drug would allow 

parasites to persist for longer and if CII with a delayed death drug would elicit stronger 

protection against homologous challenge compared to CII with a fast-acting drug.  

BALB/c mice were given three CIIs with P. chabaudi AS or P. yoelii YM followed by 

treatment with doxycycline, malarone or pyrimethamine commencing on the same day as 

infection.  Blood samples were taken during the first and third CII to assess persistence 

of parasite in the blood by qPCR (Section 2.2.12).   Mice receiving treatment with 

doxycycline had detectable parasite DNA persisting for at least one week, with complete 

clearance at day 14 (Figure 4.7, A and C).   As seen previously, parasite density was 

observed to increase initially before declining.  However, mice receiving pyrimethamine 

(Figure 4.7A) or malarone (Figure 4.7C) had an immediate decline in parasite levels 

which were undetectable by day 2.    

Following challenge with homologous parasites we observed that cohorts that 

received the delayed death drug were protected better in comparison to those receiving a 

fast-acting drug (Figure 4.7, B and D); Mice that received pyrimethamine treatment 

developed anti-parasite immunity with peak parasitaemia of 11%, while doxycycline-

treated mice had a significantly lower peak parasitaemia (>1%; p<0.01, Figure 4.7B). 

Additionally, doxycycline-treated mice had no clinical signs and maintained haemaglobin 

concentration, whereas pyrimethamine-treated mice had a decrease in haemaglobin levels 

(Figure 4.8A, i and ii).  Mice receiving three CIIs with malarone treatment developed 

lower parasitaemia compared to control mice (Figure 4.7D); however, they showed signs 

of severe disease, including low haemaglobin concentration, and all succumbed to disease 

(Figure 4.8B, i and ii).  Mice receiving doxycycline CII all survived, with a peak 

parasitaemia of 9%.  
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Figure 4.7.  Persistence of malaria parasite under chemoprophylaxis with a fast-
acting or delayed death drug.  Blood was collected from mice receiving 107 pRBC of 
A) P. yoelii YM with pyrimethamine or B) P. chabaudi AS with malarone treatment 
treatment for assessment of i) parasite density by qPCR.  An aged matched cohort of mice 
received similar infection and treatment with doxycycline (Dox).   Dotted arrows indicate 
days Dox was administered and dashed arrows indicate days malarone or pyrimethamine 
was given.  Mice were subjected to homologous challenge 4 weeks after last treatment 
dose and ii) parasitaemia was assessed by blood film.  Data are expressed as mean ± SEM 
and † indicates mice euthanized based on clinical scores. 
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Figure 4.8.  Monitoring of mice receiving CIIs with a fast-acting or delayed death 
drug.  Mice received CIIs with A) P. yoelii YM with pyrimethamine or doxycycline 
treatment and B) P. chabaudi AS with malarone or doxycycline treatment and were 
subsequently subjected to challenge.  Health of mice was assessed by i) clinical score and 
ii) haemoglobin concentration.  Data are expressed as mean ± SEM and † indicates mice 
euthanized based on clinical scores. 
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Figure 4.9.  Example gating strategy for assessing activation of CD4+ and CD8+ T 
cells in peripheral blood 7 days after a CII.  A) Population of lymphocytes were 
initially identified using SSC and FSC.  B) We next identified CD3+ T cells and further 
differentiated them into C) C4+ and CD8+.  D) Activated CD8+ T cells were identified as 
CD8loCD11ahi.  E) Activated CD4+ T cells were identified as CD11ahiCD49dhi.   

 

We observed that after the first CII with P. chabaudi, CD8+ T cells were 

predominantly activated in both BALB/c and C57BL/6 mice (Figure 4.10, p<0.0001); 

however, after the third CII CD4+ T cells, but not CD8+ T cells, were significantly 

activated when compared to control mice receiving equivalent nRBC and doxycycline 

treatment (p<0.01).  In the P. yoelii YM model, there were no significant differences in 

CD4+ activation after the 1st or 3rd CII in both strains.  Activation of CD8+ T cells was 

observed in C57BL/6 mice on the 1st CII (p<0.001), while CD8+ T-cell activation was 

observed after the 3rd CII (p<0.05) in BALB/c mice.  Thus, different patterns of T-cell 

activation were observed across the different parasite/mice combination. 
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Figure 4.10.  T-cell activation after CII administration.  Blood was collected from 
mice (n=15/group) on day 7 post infection of the 1st and 3rd CII.  Mice received 3 CIIs 
with P. chabaudi or P. yoelii, or nRBC under Dox treatment.  Naïve control mice (n=10, 
open circles), which received no CII were also bled at each time-point.  Activated CD4+ 
T cells (1st row) were identified by CD11a+CD49d+ markers, and activated CD8+ (2nd 
row) were identified by CD8loCD11ahi markers.  Data represents mean ± SEM and were 
analysed by two-way ANOVA followed by Tukey’s multiple comparison test.  * p<0.05, 
** p<0.01, ***p<0.001, ****p<0.0001, ns – not significant. 
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Unexpectedly, we observed increased CD4+ and CD8+ T-cell activation in the 

nRBC Dox-treated control group when compared to naïve mice.  To determine which 

components of the treatment were responsible, we administered mice with nRBCs only, 

Dox-treatment only, combined nRBC and Dox treatment, PBS injection only or no 

treatment (Figure 4.11).  We observed that mice receiving nRBCs only, Dox treatment 

only and combined nRBC and Dox treatment all had significantly higher activation when 

compared to naïve mice, particularly during the third CII in BALB/c mice.  In C57BL/6 

mice, CD8+ T-cell activation was observed in all groups when compared to naïve mice.  

These results suggested that handling and injection of mice, per se, contributed in part to 

T-cell activation.   

 
Figure 4.11.  Activation of CD4+ and CD8+ T cells in control treated mice.  A) 
BALB/c or B) C57BL/6 mice (n=5/group) were administered 107 naïve RBCs (nRBCs), 
7 days of Dox treatment, combined nRBC and Dox-treatment or injections with 1X PBS.  
A group of naïve mice which received no treatment or injections was included as a 
control.  i) Activated CD4+ T cells (1st column) were identified by CD11a+CD49d+ 
markers, and ii) activated CD8+ (2nd column) were identified by CD8loCD11ahi markers.  
Data represents mean ± SEM.  Experimental groups were analysed and compared to naïve 
mice by two-way ANOVA followed by Tukey’s multiple comparison test.  * p<0.05, ** 
p<0.01, ***p<0.001. 
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4.3.5 Cell-mediated immune responses in CII mice 
To assess specific T cell responses, mice were sacrificed to measure spleen 

lymphocyte responses to parasites in vitro (Section 2.2.14).  BALB/c (Figure 4.12, A and 

C) and C57BL/6 mice (Figure 4.12, B and D) immunized by P. chabaudi CII had 

significantly higher lymphocyte proliferation to homologous and heterologous parasites 

compared to control mice.  Mice immunized by P. yoelii YM CII were observed to have 

significantly higher cellular proliferation against homologous, but not heterologous 

parasites, when compared to control mice.   

 
Figure 4.12.  Proliferation of splenocytes following CIIs with P. chabaudi and P. 
yoelii.  Proliferation of splenocytes in response to homologous and heterologous pRBCs 
was investigated in (A, C) BALB/C and (B, D) C57BL/6 mice receiving 3 CIIs with (A, 
B) 107 P. chabaudi AS or (C, D) P. yoelii YM.  Lymphocyte proliferation was estimated 
by the incorporation of [3H]-thymidine and measured as counts per minute (CPM).  Each 
group contained n=3 mice, and samples were tested in triplicate.  Data represents mean ± 
SEM and were analysed by two-way ANOVA followed by Tukey’s multiple comparison 
test.  * p<0.05, ** p<0.01, ***p<0.001, ****p<0.0001, ns – not significant.   
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Supernatants taken from splenocyte assays, prior to the addition of [3H]-

thymidine, were used for cytokine analysis (Section 2.2.15).  We found increased levels 

of Th1 cytokines (IFNg, IL-2, TNF) in all parasite and rodent CII combinations.  Both 

BALB/c and C57BL/6 mice receiving P. chabaudi AS CII had significantly increased 

Th1 cytokine response to both homologous and heterologous pRBCs (Table 4.1a).  

Spleen cells from these mice also produced significant levels of IL-10.   

Mice receiving CIIs with P. yoelii YM had increased Th1 cytokine secretion to 

homologous pRBCs only (Table 4.1b).  BALB/c CII mice also showed increased Th2 

cytokine secretion, while only IL-6 was significantly higher in C57BL/6 mice (p<0.001).  

Significantly higher levels of IL-17A was also observed in both strains of CII mice 

(p<0.01).   

As with splenocyte proliferations, significant cytokine responses to both 

homologous and heterologous parasites were observed only in P. chabaudi CII mice; 

increased cytokine production, particularly IFNg and TNF, correlated with low peak 

parasitaemia during homologous or heterologous challenges (Figure 4.13).  In examining 

the correlation between cytokine levels and control of infection, we observed a significant 

inverse relationship between peak parasitaemia and a broad Th1 cytokine response 

(comprising of parasite-induced IFNg, TNF and IL-2) when comparing all combinations 

of mice strains that were challenged and the different species of parasites (homologous 

and heterologous) (p<0.05, Figure 4.13E).  When looking at correlations with individual 

cytokine responses, no correlations reached significance, but the association with IFNg 

was the strongest. 
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Figure 4.13.  Association of peak parasitaemia during challenges with cytokine 
production in CII mice.  (A-D) BALB/c and C57BL/6 received 3 CIIs with 107 P. 
chabaudi AS or P. yoelii YM; control mice received an equivalent number of nRBCs 
with doxycycline treatment.  Four weeks after the last CII, mice received either a 
homologous or heterologous challenge (n=5-10/group). The average peak parasitaemia 
during these challenges is plotted against the left y-axis.  Cytokine production was 
measured in supernatants from homologous or heterologous parasite stimulated 
splenocytes (cytokine concentration is plotted against the right y-axis).  E) Correlation of 
Th1 cytokines (IFNg, TNF, IL-2) production to peak parasitaemia in P. chabaudi/P. yoelii 
CII mice during homologous or heterologous challenges.  Background (nRBC Dox-
treated) was subtracted from parasite stimulated/immunized groups (DTh1 
cytokines/DPeak % Parasitaemia). ‘r’ indicates Pearson’s correlation coefficient.
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Table 4.1a.  Production of Th1, Th2 and Th17 cytokines in response to homologous and heterologous live pRBCs in P. chabaudi AS 
CII mice. 

 
 

 
 

Cytokine 

Cytokine concentration (pg/mL ± SEM) 

BALB/c C57BL/6 

Homologous Heterologous Homologous Heterologous 

Control Immunized Control Immunized Control Immunized Control Immunized 

Th1 

IFNg 1.20 ± 0.03 32.80 ± 8.03 
* 1.24 ± 0.14 37.06 ± 19.52 

** 7.48 ± 3.10 217.17 ± 32.80 
**** 5.79 ± 3.31 209.71 ± 47.64 

**** 

IL-2 0.77 ± 0.44 47.13 ± 14.73 
*** 0.97 ± 0.57 24.11 ± 8.78 0.97 ± 0.46 6.66 ± 0.68 

**** 0.67 ± 0.40 8.58 ± 1.60 
**** 

TNF 0.00 ± 0.00 28.88 ± 5.82 
*** 0.72 ± 0.72 26.70 ± 10.07 

** 54.69 ± 18.42 135.65 ± 28.02 49.20 ± 17.79 141.10 ± 29.51 

Th2 

IL-4 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.09 ± 0.09 0.27 ± 0.09 0.03 ± 0.03 0.33 ± 0.25 

IL-6 1.76 ± 1.40 31.81 ± 14.08 6.26 ± 4.58 29.24 ± 15.36 32.57 ± 11.01 96.55 ± 26.32 
* 20.74 ± 4.99 56.48 ± 15.03 

IL-10 6.16 ± 1.35 36.95 ± 14.35 
** 4.38 ±1.99 27.75 ± 8.93 

* 2.95 ± 1.92 31.62 ± 7.24 
*** 4.97 ± 2.93 32.17 ± 10.37 

** 
Th17 IL-17A 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.05 ± 0.05 0.35 ± 0.19 

* 0.05 ± 0.03 0.04 ± 0.03 

Culture supernatants from splenocyte proliferation assays were collected after 54 hours and used in cytokine bead arrays to quantify the 
level of cytokines produced after stimulation with homologous or heterologous pRBCs.  The supernatant was pooled from triplicate wells 
for each spleen.  Each group contained n=3 BALB/c or C57BL/6 mice.  Mice received 3 CIIs with 107 P. chabaudi AS pRBCs 
(Immunized) or an equivalent dose of nRBCs under doxycycline treatment (Control).  Data represents mean ± SEM and were analysed by 
two-way ANOVA followed by Tukey’s multiple comparison test: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.   
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Table 4.1b.  Production of Th1, Th2 and Th17 cytokines in response to homologous and heterologous live pRBCs in P. yoelii YM CII 
mice.  

Cytokine 

Cytokine concentration (pg/mL ± SEM) 

BALB/c C57BL/6 

Homologous Heterologous Homologous Heterologous 

Control Immunized Control Immunized Control Immunized Control Immunized 

Th1 

IFNg 0.42 ± 0.32 143.33 ± 41.96 
**** 0.21 ± 0.21 0.37 ± 0.36 0.18 ± 0.18 93.85 ± 27.16 

**** 0.18 ± 0.11 22.40 ± 7.79 

IL-2 0.85 ± 0.85 29.54 ± 1.54 
**** 0.00 ± 0.00 1.08 ± 1.08 0.56 ± 0.56 5.44 ± 1.00 

** 0.56 ± 0.56 1.12 ± 0.35 

TNF 5.69 ± 2.35 46.06 ± 4.39 
**** 2.73 ± 1.59 6.75 ± 3.59 0.94 ± 0.63 236.11 ± 102.25 

** 6.36 ± 1.53 52.39 ± 13.69 

Th2 

IL-4 0.48 ± 0.24 5.31 ± 1.35 
**** 0.54 ± 0.18 0.15 ± 0.07 0.60 ± 0.27 0.32 ± 0.14 0.25 ± 0.21 0.81 ± 0.24 

IL-6 9.51 ± 3.62 27.53 ± 4.60 
**** 4.06 ± 1.02 4.70 ± 0.99 2.75 ± 0.58 36.81 ± 11.84 

*** 3.18 ± 1.19 12.28 ± 4.48 

IL-10 1.16 ± 1.16 28.59 ± 4.65 
**** 0.00 ± 0.00 0.00 ± 0.00 7.12 ± 3.58 5.07 ± 5.07 17.36 ± 10.01 1.25 ± 0.79 

Th17 IL-17A 0.27 ± 0.14 26.31 ± 12.97 
** 0.35 ± 0.21 0.44 ± 0.18 0.29 ± 0.11 1.74 ± 0.60 

** 0.73 ± 0.18 0.19 ± 0.10 

Culture supernatants from splenocyte proliferation assays were collected after 54 hours and used in cytokine bead arrays to quantify the 
level of cytokines produced after stimulation with homologous or heterologous pRBCs.  The supernatant was pooled from triplicate wells 
for each spleen.  Each group contained n=3 BALB/c or C57BL/6 mice.  Mice received 3 CIIs with 107 P. yoelii YM pRBCs (Immunized) 
or an equivalent dose of nRBCs under doxycycline treatment (Control).  Data represents mean ± SEM and were analysed by two-way 
ANOVA followed by Tukey’s multiple comparison test: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.   
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To further determine which effector T cell subsets were involved in protection, 

immunized mice were depleted of T cell subsets using monoclonal antibodies (Figure 4.14).  

Mice received depleting antibodies on day -2, -1, 4 and 8, in relation to challenge on day 0 

(Section 2.2.18).  A group of unchallenged P. chabaudi CII mice were used to assess depletion 

on day 1, 9 and 16 (Table 4.2) by flow cytometry (Section 2.2.18, Figure 4.13).  At the time of 

challenge, CII mice had >99% CD4+ cells depleted, whilst there was >78% CD8+ T-cell 

depletion.  It must be noted that the depleting antibody used was CD8b (clone 53.5.8, 

BioXCell), whilst the staining antibody used for detection was CD8a (clone 53.6.7); this may, 

therefore, account for the lower percentage depletion observed.   

 
Figure 4.14.  Gating strategy for determination of T-cell depletion by flow cytometry.  
Spleens were isolated from unchallenged CII mice (n=2/group) cells were stained with CD3+, 
CD4+ and CD8+.  A) Lymphocytes were determined on SSC and FSC, followed by the 
identification of B) CD3+ cells.  CD3+ cells were further differentiated into CD4+ and CD8+ T 
cells.  Representative plots of mice receiving C) Rat Ig (control) D) Anti CD8+ (clone 53.5.8), 
E) Anti CD4+ (clone GK1.5) and F) Anti CD4+ and CD8+.   
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Group 

Percentage Depletion (%) 

Day 1 Day 9 Day 16 

CD4+ CD8+ CD4+ CD8+ CD4+ CD8+ 

Anti CD8+  95.01%  93.12%  89.33% 

Anti CD4+ 99.87%  99.80%  99.12%  

Anti CD4+ and 

CD8+ 
99.86% 86.68% 99.77% 78.91% 99.82% 93.86% 

 
Table 4.2.  Percentage depletion in CII mice.  Unchallenged CII mice (n=2/group/time-point) 
were sacrificed and their spleens removed for analysis of the percentage of CD4+, CD8+ or 
both CD4+ and CD8+ T cells.  Mice received depleting antibodies on D-2, D-1, D4 and D8, 
relative to challenge on D0.  The mean of the percentage of each T cell subset was determined 
and compared to control mice receiving rat Ig.   
 

Mice depleted of both CD4+ and CD8+ T cells were unable to control infection and 

showed signs of severe disease, similarly to the naïve infection controls (Figure 4.15, A and 

B).  Conversely, mice depleted of only CD8+ T cells controlled infection similarly to vaccinated 

control mice receiving normal rat Ig.  Mice depleted of only CD4+ T cells could partially 

control parasitaemia, with 60% of mice surviving at day 8 (Figure 4.15D); however, all mice 

succumbed to challenge by day 18.  Haemaglobin concentration was additionally measured in 

mice during the study to assess anaemia status; mice depleted of only CD4+ T cells had 

significantly more haemaglobin than mice receiving anti-CD8+ and naïve infection control 

(p<0.01, Figure 4.15C) but were not significantly different to rat Ig control mice (p>0.05). 

These data suggested that both CD4+ and CD8+ T cells could both contribute to protection. 
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Figure 4.15.  Assessing the role of T cells in P. chabaudi CII mice.  The role of CD4+ and 
CD8+ T cell subsets in P. chabaudi AS CII-induced protection in BALB/c mice (n=5/group) 
was further investigated by immune cell-depletion on D-2, D-1, D4 and D8, relative to 
homologous challenge on day 0, of one or both T cell subsets.  Protection was assessed by A) 
parasitaemia by blood film, B) clinical score by score sheet, C) haemoglobin concentration; 
percentage of mice surviving challenge is shown in (D).   
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4.3.6 Humoral responses in CII mice 
To investigate the presence of parasite-specific antibodies in CII mice, serum samples 

were collected prior to challenge and assessed for antibodies by ELISA (Section 2.2.16).  

Following CII, parasite-specific antibodies to homologous antigen were detectable in both mice 

strains immunized with P. yoelii, as well as in P. chabaudi CII C57BL/6 mice; however, they 

were not detectable in serum from P. chabaudi CII in BALB/c mice (Figure 4.16).  

 
Figure 4.16.  Assessment of parasite-specific antibody responses to homologous antigen 
in CII mice. Pre-challenge sera was collected from A and B) P. yoelii and C and D) P. 
chabaudi CII BALB/c or C57BL/6 mice.  Control mice received nRBCs and doxycycline 
treatment.  The production of total IgG to crude homologous or heterologous whole parasite 
antigens was measured by ELISA; sera diluted at 1:200.  Sera from naïve (NS) and 
hyperimmune (HIS) mice were included as negative and positive controls.  Results are 
expressed as optical density (OD) at 650nm.  Data represents mean ± SEM and were analysed 
using one-way ANOVA followed by Tukey’s multiple comparison test. **** p<0.0001, ns - 
not significant.   
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Sera from P. yoelii and P. chabaudi CII mice were additionally tested against 

heterologous crude antigen to assess the presence of cross-reactive antibodies (Figure 4.17).  

No heterologous parasite-specific antibodies were observed in both mouse strains receiving P. 

yoelii CII, as well as BALB/c mice receiving P. chabaudi CII; however, P. chabaudi CII 

C57BL/6 mice had significant levels of cross-reactive antibodies to P. yoelii antigen (p<0.01).  

 

 
Figure 4.17.  Assessment of parasite-specific antibody responses to heterologous antigen 
II mice.  Pre-challenge sera was collected from control and A and C) BALB/c and B and D) 
C57BL/6 mice.  The production of total IgG to crude homologous or heterologous whole 
parasite antigens was measured by ELISA; sera diluted at 1:200.  Sera from naïve (NS) and 
hyperimmune (HIS) mice were included as negative and positive controls.  Results are 
expressed as optical density (OD) at 650nm.  Data represents mean ± SEM and were analysed 
using one-way ANOVA followed by Tukey’s multiple comparison test.  ** p< 0.01, ns - not 
significant.   
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To gauge the function of the antibodies, we tested whether serum from immunized mice 

could adoptively transfer protection against homologous parasites to naïve recipient mice.  Sera 

were collected from immunized and control BALB/c mice, pooled and administered to naïve 

recipients (Section 2.2.17).  Prior to administration, sera were analysed by ELISA to determine 

antibody presence (Section 2.2.16).  Sera from P. chabaudi CII mice was not significantly 

different to pooled sera from control mice that received nRBCs with Dox-treatment (p>0.05, 

Figure 4.18A, i); however, pooled serum from P. yoelii CII mice was significantly higher than 

control (p<0.05, Figure 4.18B, i).  Naïve mice that received serum from P. chabaudi AS CII 

mice succumbed to disease (Figure 4.18A, ii and iii); analysis of area under the curve (AUC, 

Figure 4.18A, iv) found no significant differences to naïve infection and nRBC-CII serum 

recipient controls (p>0.05).  Recipient mice of P. yoelii CII serum, on the other hand, had a 

delayed onset of parasitaemia and clinical symptoms in comparison to control groups (Figure 

4.18B, ii and iii).  AUC analysis showed that the group receiving P. yoelii CII serum was not 

significantly different to the group receiving hyperimmune sera (HIS) generated following 

multiple infections and drug cure (p>0.05, Figure 4.18B, iv).   

To confirm whether there was a role of B cells and antibody in P. yoelii CII mice, B-

cell deficient mice (µMT, on a C57BL/6 background) were given one CII and challenged 4 

weeks later alongside C57BL/6 mice receiving the same treatment (Figure 4.19).  We were not 

able to access B-cell deficient BALB/c mice.  Prior to challenge, serum samples were obtained 

and analysed by ELISA for presence of parasite-specific antibodies (Figure 4.19A).  µMT CII 

mice had no P. yoelii YM specific antibodies, whilst C57BL/6 CII mice had significantly 

higher levels of parasite-specific antibodies present compared to control C57BL/6 and µMT 

CII mice (p<0.0001).  After challenge, µMT mice were unable to control infection, whereas 

C57BL/6 mice could control infection with peak parasitaemia at 9% on day 4 (Figure 4.19B).  

This was further reflected in clinical scores, where µMT CII and control mice developed severe 

signs of disease but C57BL/6 CII mice did not (Figure 4.19C). 
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Figure 4.18.  Passive transfer of pooled sera.  Serum was collected and pooled from BALB/c 
mice immunized with 3 CIIs of A) P. yoelii YM and B) P. chabaudi AS.  i) Parasite-specific 
antibodies in pooled sera collected from donor immunized and control mice were assessed by 
ELISA before administration; sera were diluted at 1:200.  BALB/c mice (n=5) each received 
500µL of pooled sera on day -1, 0 and 1 relative to homologous challenge on day 0.  Mice were 
monitored via ii) parasitaemia and iii) clinical score.  Area under the curve (AUC) was 
calculated based upon parasitaemia curves to indicated days.  † indicates mice euthanized.  
Data represents mean ± SEM and were analysed using one-way ANOVA followed by Tukey’s 
multiple comparison test: * p<0.05, **** p<0.0001, ns – not significant.
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Figure 4.19.  Assessing the role of B cells in P. yoelii CII mice.  Humoral immunity 
was assessed in µMT and C57BL/6 mice (n=4-5/group) receiving 1 CII with P. yoelii 
YM.  Prior to challenge, samples were taken from mice and analysed for i) P. yoelii YM 
specific antibodies by ELISA; sera were diluted at 1:200.  Sera from naïve (NS) and 
hyperimmune (HIS) mice were included as negative and positive controls.  Results are 
expressed as optical density (OD) at 650nm.   Mice received homologous challenge with 
105 P. yoelii YM, and ii) parasitaemia was assessed by blood film.  Data represents mean 
± SEM and † indicates mice euthanized.  Data were analysed by two-way ANOVA 
followed by Tukey’s multiple comparison test: ** p<0.01, *** p<0.001, **** p<0.0001, 
ns – not significant. 

nR
BC D

ox
Py C

II

nR
BC D

ox
Py C

II NS
HIS

0.0

0.2

0.4

0.6

0.8

O
D

 (6
50

nm
)

Immune-
compromised 
(µMT) mice

Immune-
competent 
(C57BL/6) 

mice

****
****

ns
2 4 6 8 10 12 14

0

20

40

60

80

100

Days post challenge 

M
ea

n 
%

 P
ar

as
ita

em
ia 5†

5†

5†

4†

2 4 6 8 10 12 14
0

1

2

3

4

5

Days post challenge 

C
lin

ic
al

 S
co

re

µMT nRBC Dox

C57BL/6 nRBC Dox

Naive Infection Control

A)

B)

C)

µMT1 x IDC P. yoelii 

C57BL/6 1 x IDC P. 
yoelii 



Chapter 4: Results II 

 

  

 

120 

4.3.7 Persistence of immunity 
To assess if immunity was long-lived, BALB/c and C57BL/6 mice were rested 

for 3 months after receiving the last of three CIIs (P. chabaudi or P. yoelii) before 

receiving homologous challenge.  All immunized mice displayed strong anti-parasitic 

immunity against challenge (Figure 4.20), although two BALB/c mice receiving 3 CIIs 

with P. chabaudi died at low parasitaemia.  

 

Figure 4.20.  CII-induced protection at 3 months.  BALB/c and C57BL/6 mice, 
receiving 3 CIIs with 107 (A-B) P. chabaudi AS or (C-D) P. yoelii YM parasites, were 
rested for 3 months after the last CII before receiving homologous challenge.  Protection 
was assessed by monitoring of parasitaemia every 2nd day post challenge.  Data represents 
mean ± SEM and † indicates mice euthanized.   
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4.3.8 Reduction of CII drug treatment 
To develop a vaccination strategy, we investigated the use of a single dose of drug 

given at the time of infection and tested azithromycin, as it has a comparatively longer 

half-life to doxycycline [301, 302].  Azithromycin, additionally, has a better safety profile 

in pregnant women and may be used with children.  We tested azithromycin using one 

CII with P. yoelii YM.  Mice received P. yoelii YM infection under the 7-day doxycycline 

protocol (50mg/kg/day) or varying doses of azithromycin (55mg/kg, 166mg/kg and 

500mg/kg), which was administered as a single 100µL subcutaneous injection.  Mice 

receiving lower doses of azithromycin were unable to cure infection and were euthanized 

by day 14 (Figure 4.21A); however, mice that received azithromycin at a dose of 

500mg/kg controlled parasite density (Figure 4.21B) to a similar level to those which 

underwent the doxycycline treatment.  No obvious adverse events were observed during 

the immunization phase.  Following subsequent challenge, the azithromycin group was 

shown to be strongly protected (Figure 4.21C).  Moreover, drug-treated controls 

developed parasitaemia similarly to the naïve infection control animals, indicating that 

no residual azithromycin was present, despite the high dose administered. 
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Figure 4.21.  Investigation of single dose azithromycin administration in one CII 
with P. yoelii YM.  BALB/c mice were subjected to varying doses of azithromycin 
(55mg/kg, 155mg/kg and 500mg/kg) administered by subcutaneous injection (100µL) in 
conjunction with infection with 107 P. yoelii YM parasites.  A control group was 
administered previously described doxycycline regimen.  Parasitaemia was assessed 
during the CII across all groups by A) blood film.  B) Blood was collected from mice 
receiving azithromycin (500mg/kg) or doxycycline (50mg/kg) to assess parasite density 
in mice by qPCR.  C) After 4 weeks, groups receiving azithromycin (500mg/kg) or 
doxycycline (50mg/kg) were subjected to homologous challenge and protection was 
monitored by parasitaemia using blood films. 
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4.4 Discussion 
Controlled sporozoite infection under chemoprophylaxis treatment has provided 

a whole parasite vaccine model wherein sterile immunity against malaria can be 

demonstrated [13]; however, little to no blood-stage protection is observed [303].  As 

such, the possibility of establishing a blood-stage infection remains.  Studies which utilize 

blood-stage parasites with a similar approach, though few, have yielded promising results 

but also present their own issues in relation to the initiation and doses of drug treatment 

required.  Herein, we report the novel use of delayed death anti-malarial drugs – to 

address these issues – combined with simultaneous blood-stage infection as an 

immunization approach.   

To investigate CII with doxycycline, we used two different parasite species, P. 

chabaudi AS and P. yoelii YM, in two different mouse strains, BALB/c and C57BL/6 

mice.  These rodent species share similar characteristics to the human malaria parasites 

P. falciparum and P. vivax and were tested in two mouse strains differing in both MHC 

type and background genes.  Furthermore, the two strains exhibit a predominant Th1 or 

Th2 bias [55, 58, 63, 304].  The use of different combinations of parasite species and 

mouse strains provides a robust test for the utility of the CII strategy.   

Here, we show that CIIs with different parasite/host combinations can elicit both 

cellular and humoral-mediated immune responses with the ability to provide robust 

protection in immunized mice. A recurring finding in many studies using different 

methodologies has been an association with either IFNg and/or TNF and/or IL-2 in serum 

or in vitro, in response to parasite stimulation, and protection [14-16, 130-132, 195, 288-

291, 294, 295].  With a systematic study of different parasites and hosts we demonstrate 

a strong association between protection and the cumulative inflammatory cytokine 

response following CII with delayed death drugs.  

The results indicate that immunity induced by CIIs with doxycycline is 

attributable to the drug’s ability to allow parasites to persist; experiments comparing CIIs 

with doxycycline to fast-acting anti-malarial drugs (malarone/pyrimethamine) support 

this contention.  Treatment with fast-acting drugs rendered parasites undetectable by day 

2; however, parasite density under doxycycline treatment initially increased before the 

effects of the drug were observed; this observation is in accord with the delayed death 

phenomena, whereby the effects of the drug are exerted upon the progeny of treated 

parasites [112].  Thus, parasites under doxycycline treatment can undergo at least one 
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cycle of asexual replication before succumbing to the drug.  This is particularly 

advantageous as a range of antigens from different asexual stages are exposed fostering 

the development of a broad immune response.  Parasite persistence has previously been 

suggested to account for protection in a sporozoite-azithromycin protocol and 

chemically-attenuated parasite vaccine study [251, 299]. 

Cellular-mediated responses were evident in all CII models.  Significant 

activation of CD4+ T cells were observed in both mouse models receiving P. chabaudi 

CII.  Subsequent lymphocyte proliferation assays showed significant cellular responses 

in all CII groups.  Cytokine analysis revealed an increase in Th1, or pro-inflammatory, 

cytokines as well as the anti-inflammatory cytokine, IL-10, across nearly all models in 

response to homologous pRBCs.  Previous studies have shown that protective immunity 

is mediated by IFNg and TNF which are involved in the control of malaria infection [15, 

131, 294], whereas IL-10 is reported to limit host pathology [305]. 

In P. chabaudi CIIs, protection was predominantly cell-mediated.  Immune cell-

depletion studies conducted in P. chabaudi CII mice found that CD4+ T cells were critical 

to protection, as mice depleted of CD8+ T cells could control parasitaemia similarly to 

that of the rat Ig control group.  This finding is consistent with other reports of immunity 

being CD4+ T-cell dependent following whole parasite vaccination [251, 252].  CD4+ T-

cell depletion, however, initially did not completely abrogate protection, suggesting that 

CD8+ T cells also play a role in protection; the role of CD8+ T cells in blood-stage 

immunity has been reported in certain mouse-parasite combinations [158, 202, 306, 307]. 

In contrast to P. chabaudi CIIs, humoral immunity was important during P. yoelii 

CII, as evidenced by the presence of functional parasite-specific antibodies in immune-

competent mice and lack of protection in B-cell deficient mice.  This finding is supported 

by previous studies which observed the control of P. yoelii infection being B cell-

dependent, whereas P. chabaudi infections could resolve infection independently of B 

cells [182, 308] and further highlights the importance of understanding the interplay of 

the immune system with individual Plasmodium species.  We additionally noted that the 

amount of antibody was low in all CII models and significantly less than the positive 

controls (hyperimmune sera).  While it might seem surprising that low levels of antibodies 

could be protective, it is worth noting that small amounts of immunoglobulin from 

malaria-immune adults are able to significantly reduce parasitaemia when transferred into 

parasitaemic children [296].  It is well recognized that high antibody titres to merozoite 
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surface antigens (e.g. MSP1, AMA1) are required for protection, but such high titres to 

other antigens may not be necessary. 

Significant levels of Th2 associated cytokines (IL-4, IL-6 and IL-10) were 

additionally observed in BALB/c mice with P. yoelii CII.  While immune cell-depletions 

were not attempted in the P. yoelii BALB/c model, it is likely that effector CD4+ T cells 

are also important given the strong cell-mediated response to homologous parasites.  The 

presence of parasite-specific antibodies and the combination of Th1 and Th2 responses 

indicate that future investigations into the role of follicular helper T cells (Tfh) may be 

worthwhile; a study utilizing chemically attenuated P. yoelii 17XNL found the presence 

of Tfh cells, showing that the vaccine induced T-cell dependent antibody responses [252].    

Interestingly, we observed that P. chabaudi CII mice could control heterologous 

infection with P. yoelii, although the inverse was not true.  These findings contrast with 

the observations of several studies investigating cross-species immunity, which generally 

found P. yoelii immunized mice able to resist P. chabaudi infection but not vice versa 

[182, 309, 310].  Conversely, one study found mice receiving a primary infection with P. 

chabaudi could protect against a lethal P. yoelii infection [311].  However, these studies 

utilized different strains and largely investigated heterologous immunity after a self-

resolving primary malaria infection.   

Differences in heterologous immunity were further reflected in splenocyte 

proliferative responses, where P. chabaudi CII mice had significant responses and 

concentrations of Th1 cytokines to heterologous antigens but P. yoelii CII mice did not.  

The inability for heterologous antigens to induce Th1 cytokines, such as IFNg,  therefore 

appears to contribute to the lack of heterologous protection.  Early production of IL-12, 

a known inducer of IFNg, by antigen presenting cells is reported to be important to innate 

and cell-mediated activation [134, 312], but also in antibody-mediated protection against 

chronic P. chabaudi infection [313].   Another study observed differences in the 

maturation of dendritic cells in P. berghei and P. yoelii infected mice, with P. yoelii 

infected mice having increased immature DCs and less IL-12 secretion [314].  Further 

investigation of IL-12 production during P. chabaudi and P. yoelii CII may further 

elucidate discrepancies observed in heterologous immunity.   

The level of protection against heterologous species was observed to be not as 

strong as protection against homologous species.  It is expected that much stronger 

protection would be observed against heterologous strains of the same species.   However, 
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the protection that is observed is likely due to the high degree of conservation between 

target antigens of T cells [285].  The almost uniform lack of cross-recognition of 

antibodies to heterologous species is not surprising given that antibodies will often 

recognize polymorphic surface antigens and further suggests that the cross-species 

protection observed is most likely due solely to cellular immune mechanisms that are 

activated by conserved house-keeping antigens and enzymes [285, 315].  However, the 

data do strongly suggest that optimal protection requires both a cellular and an antibody 

response. 

Persisting immunity is critical to a successful malaria vaccine. We have initially 

investigated immunity 3 months after CII and found protection was still evident in all 

models.  Long-term immunity (9-12 months) and the boosting effect of natural infections 

are areas that need to be investigated.   

A disadvantage of the CII model with both sporozoites and blood-stage parasites 

is the need for repeated treatment.  In our rodent studies, we have utilized a 7-day regimen 

in mice.  We sought to reduce drug treatments in an effort to produce a viable vaccination 

strategy.  An alternative delayed death drug, azithromycin, was investigated due to its 

better safety profile and increased half-life [316].  We show that parasite persistence and 

protective immunity can be achieved in mice with a single infection and drug treatment.  

However, neither the subcutaneous route of administration nor the dose of azithromycin 

used here are clinically indicated to treat general infections [317, 318].  Higher doses of 

azithromycin may be tolerable in humans.  No obvious adverse events were observed in 

azithromycin-treated mice. 

In conclusion, we present a novel approach to current in vivo chemical attenuation 

methodology by using delayed death anti-malarial drugs to prolong parasite persistence.  

Despite observing different mechanisms of immunity with different host/parasite 

combinations, mice were ultimately protected from challenge, with a broad Th1 cytokine 

response providing the best correlate of protection but with the need for antibody as well 

for optimal protection. Lastly, we demonstrate the possibility of reducing the 

methodology to a single infection and drug cure, increasing its feasibility as a vaccine 

approach.  While the whole parasite approach itself has its own limitations which still 

need to be addressed, such as the use of blood products in the inoculum, we believe that 

the work outlined here will inform future sporozoite and erythrocytic stage CII 

approaches, particularly advancing the latter into further clinical studies.   
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5.1 Abstract 
Previously, we have shown that a controlled infection immunization (CII) 

approach utilizing blood-stage malaria rodent parasites administered simultaneously with 

delayed death chemoprophylaxis could provide strong protection against blood-stage 

challenge.  This protection was found to be largely cell-mediated, specifically by CD4+ 

T cells, although several other types of immune responses were observed depending upon 

the mouse/parasite combination.  Here, we report the first pilot clinical study of blood-

stage CII which examines the persistence and immunogenicity induced after one or two 

CIIs with P. falciparum 7G8 under doxycycline chemoprophylaxis. CII allowed 

prolonged persistence of the parasite; however, doxycycline was unable to abolish the 

infection in two of four volunteers.  Our investigations found the presence of gametocytes 

in the absence of ring-stage forms.  Immunological findings were similar to rodent 

models, with increased cellular proliferation, the presence of Th1 cytokines and little 

presence of parasite-specific IgG antibodies.  In addition to these findings, we observed 

increased  gd T cell proliferation and detected parasite-specific IgM antibodies.  These 

data show that a single CII can elicit immune responses which are known to be associated 

with malaria immunity and suggests that CII may represent a strategy to induce immunity 

in humans.   
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5.2 Introduction 
Controlled infection immunization (CII) is an immunization model wherein 

protective immunity is induced by repeated exposure to live infection under anti-malarial 

treatment.  Reports have indicated that infection with sporozoites under chloroquine 

treatment (CPS) can elicit sterile protection to homologous challenge; however, 

protection against blood-stage infection has not been observed in clinical studies [13, 

262].   

The induction of immunity against the erythrocytic stage following anti-malarial 

drug treatment has been observed in several studies conducted with non-human primates, 

rodents and humans [14-16, 319].  These studies, however, have generally required the 

delay of drug administration to allow several cycles of parasite asexual replication.  We 

have previously demonstrated that blood-stage parasites may be administered 

simultaneously with a delayed death drug (termed controlled infection immunization or 

CII) in mice.  This was shown to induce strong cell-mediated protective immunity in P. 

chabaudi CII mice and antibody-dependent mediated immunity in P. yoelii CII mouse 

model.  Here, we report the first pilot clinical study investigating the persistence and 

immunogenicity of trophozoite blood-stage Plasmodium falciparum following 

doxycycline chemoprophylaxis.  These findings further inform our understanding of CIIs 

and highlight areas of investigation for future clinical studies.   
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5.3 Results 
5.3.1 Single CII with P. falciparum  
A total of 4 malaria naïve male volunteers (participants 1 – 4) were recruited for 

inoculation with a single CII.  Participants 1 and 2 (P1 and P2) were inoculated first, 

whilst participants 3 and 4 (P3 and P4) were inoculated at a later time.  All volunteers 

were healthy and of Caucasian descent.  The mean age and BMI at the beginning of the 

study was 23 years and 24.62, respectively. 

Volunteers were subjected to live infection with 3 x 106 magnet-purified 

trophozoites and commenced on doxycycline treatment (100mg/day) approximately an 

hour after administration of the inoculum.  Participants received doxycycline treatment 

for 21 days thereafter, and blood samples were obtained over a 3-month period to monitor 

parasite persistence and for immunological analysis. 

Adverse events were recorded in 3 of the 4 participants.  Adverse events deemed 

possibly related to the inoculum are outlined in Table 5.1  

 

Table 5.1.  Adverse events possibly related to inoculum reported during clinical 
study. 

 Recorded cases 

Symptom Severity-Mild Severity-

Moderate 

Severity-

Severe 

Total 

Headache 4 0 0 4 

Nausea 2 0 0 2 

Subjective 

fever 
2 0 0 2 

Buzzing in 

head/hot flush 
1 0 0 1 

 

  
5.3.1.1 Parasite persistence during doxycycline chemoprophylaxis 

None of the volunteers developed microscopically detectable infection.  Parasite 

densities were monitored and calculated by quantitative real-time PCR (Section 2.3.3).  

All participants, bar one (P3), developed infection detectable by qPCR during the study 

(Figure 5.1).  Following the first inoculation, parasite density in P1, P2 and P4 initially 

increased from day 1 (119 – 165 parasites/mL and peaked on day 3 (376 – 6020 
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parasites/mL), before subsequently decreasing thereafter.  Infection in P4 became 

undetectable after day 5 and remained as such until the end of the study.  Parasite density 

also declined in P1 and P2; however, infection was not completely abrogated by drug 

cure.  This resulted in a persistent low level of parasites controlled by doxycycline 

treatment.  Parasite load subsequently increased after the cessation of drug treatment and 

volunteers required rescue treatment with artemether-lumefantrine (A/L).   

 
Figure 5.1.  Persistence of P. falciparum during one controlled infection 
immunization (CII) in individual participants.  Participants (P1 – P4) were subjected 
to one inoculation with 3 x 106 P. falciparum 7G8 parasites and doxycycline treatment.  
Doxycycline treatment was administered approximately an hour after inoculation and 
continued for 21 days (as indicated on graph).  To assess parasite density during CIIs, 
blood was taken and processed for quantitative real-time PCR analysis.  Dashed arrows 
indicate day P1 and P2 received artemether/lumefantrine (A/L), solid arrow indicates day 
P3 and P4 received A/L.  
 

5.3.1.2 Gametocyte detection in participants 1 and 2 

During the period of monitoring, P1 and P2 had enduring parasite detection 

despite the extended 21-day treatment period with doxycycline.  We initially asked 

whether gametocytes contributed to parasite detection by qPCR (Section 2.3.3).  To assess 

this, quantitative reverse transcriptase polymerase chain reaction (qRT-PCR) was 

conducted on samples taken on 7 time-points (day 0, 5, 9, 15, 17, 21 and 27) and 
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transcripts to pfs25, indicating presence of female gametocytes, and PFE0065w, 

indicating presence of ring-stage parasites, were measured. 

Transcripts for pfs25 first became detectable in P1 on day 15 and remained 

detectable up to day 27 (Figure 5.2).  Day 15 was also the peak detection point (2319 

copies of pfs25/µL), decreasing thereafter.  P2 was first detectable for pfs25 on day 5, 

increasing to peak at 15,022 copies of pfs25/µL on day 17.  As with P1, P2 remained 

detectable for pfs25 up to day 27.   

PFE0065w transcripts were first detectable on day 5 in both P1 (518 copies/µL) 

and P2 (1027 copies/µL).  This subsequently decreased and became undetectable by qRT-

PCR on day 15 and 17 before reappearing on day 27.   

 

 
Figure 5.2: Detection of gametocyte and ring-stage P. falciparum during 1st CII with 
P1 and P2.  Blood was analysed by qRT-PCR for detection of gametocyte and ring-stage 
parasites.  Gametocytemia was monitored by detection of pfs25, a messenger RNA 
transcript found in female gametocytes.  To distinguish between asexual parasites, P. 
falciparum ring-stage messenger RNA transcript, PFE0065w, was also quantified.   
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5.3.1.3 Cell-mediated immune responses 

Lymphocytes were isolated from volunteers during the study (Section 2.3.4) and 

were used to assess responses to P. falciparum 7G8 in vitro.  Cellular responses to parasite 

stimulation was measured by [3H]-thymidine incorporation (Section 2.3.5) and 

measurement of proliferation dye dilution by flow cytometry (Section 2.3.6).   

 

 
Figure 5.3: Radioisotope incorporation into PBMCs from volunteers receiving one 
CII.  Isolated PBMCs collected prior (day -1) and post CII commencement (day 8, 15, 
27, 37, 90) were thawed and stimulated with uninfected red blood cells (nRBC) and 
purified trophozoite P. falciparum 7G8 (pRBC) for 7 days.  Lymphocyte proliferation 
was estimated by the incorporation of [3H]-thymidine, which was added on day 6, and 
measured as counts per minute (CPM).  DCPM refers to pRBC stimulated counts with 
background (CPM of PBMCs stimulated with nRBCs) subtracted.  Data represents mean 
± SEM and samples for each time-point were tested in triplicate.  

 

Cellular responses, as determined by radioisotope incorporation (Figure 5.3), saw 

a marked decrease in uptake on D8 in P2 and P4 compared to day -1, whilst P1 and P3 

remained unchanged.  Following day 8, all volunteers saw an increase in proliferation.  

P2, in particular, saw high uptake of radioisotope on day 90; this was not observed for 

any other participants at the same time-point. 

Specific cell proliferative responses to antigenic stimulation were determined 

through flow cytometric analysis.  Cells were initially stained with violet proliferating 
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dye (VPD) and incubated with trophozoite/schizont-stage parasites or normal red blood 

cells for 7 days.  They were subsequently stained with various markers for the 

identification of specific T cell populations (Figure 5.4).   

 
 
Figure 5.4.  Example gating strategy for lymphocyte proliferation using VPD.  
Lymphocytes were identified by SSC and FSC and subsequently were further 
differentiated for live CD3+ cells.  To identify  specific T cell subsets, live CD3+ cells 
were differentiated by Gamma Delta (gd) TCR and CD4+ and CD8+ markers to isolate gd 
T cells (CD3+gdTCR+CD4-), CD4+ (CD3+CD4+) and CD8+ (CD3+CD8+) populations.  
Percentage of proliferating cells were determined as cells that had lost VPD fluorescence; 
VPD-stained unparasitised red blood cells were used to determine the gating. 
    

In comparison of pre-inoculation to day 90, all volunteers showed an overall 

increase in CD3+ proliferation during the 1st CII (Figure 5.5).  P3 and P4, however, 

showed notable sharp decreases in proliferation during the 3-month period of observation. 

P3 showed a decrease on day 37 (11.6%), before peaking on day 90 (51.8%), whilst P4 
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showed decreases on day 15 (23.6%) and day 37 (36.6%), before reaching peak 

proliferation on day 90 (50.5%).  

Parasite-specific CD4+ T cell responses were observed across all volunteers.  Peak 

stimulation after the first inoculation was generally on day 8 (18.5 – 43.6% proliferation).   

Little proliferative CD8+ T cell responses were observed in P1, P2 and P4 during 

the first CII in response to live pRBCs, while P3 showed some CD8+ T cell proliferation 

on day 90 (35.0%).   

gd T cells, like CD4+, in P1 and P2 decreased on day 8 (26 and 29.3%, 

respectively) before increasing and peaking at day 90 (73.3 and 77.5%, respectively).  P4 

had two steep drops in proliferation on day 15 (34%) and 37 (49.8%).  P3 saw a slight 

decrease between day -1 and 27, before decreasing sharply on day 37 (48.3%) and 

reaching peak proliferation on day 90 (73%).  

Figure 5.5: Proliferation of specific T cell subsets before and during 1st CII.  Isolated 
PBMCs collected prior and post CII commencement were thawed and stimulated with 
uninfected red blood cells (nRBC) and purified trophozoite P. falciparum 7G8 (pRBC) 
for 7 days.  Prior to stimulation, cells were stained with violet proliferation dye (VPD) 
and after 7 days were stained for analysis of specific T cell populations: A) CD3+, B) 
CD4+, C) CD8+, and D) gd T cells.  DCD3+/CD4+/CD8+/gd T cell proliferation refers to 
pRBC stimulated counts with background (PBMCs stimulated with nRBCs) subtracted. 
For analysis by flow cytometry, triplicate wells were pooled.  
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Supernatants taken from lymphocyte assays prior to the addition of [3H]-

thymidine were used for cytokine analysis (Section 2.3.7).  Evaluation of cytokine 

secretions (Figure 5.6) found high levels of IFNg across all volunteer samples during the 

first CII.  In addition to this, increased levels of TNF in all participants was also observed, 

with P3 showing steady increase between day -1 and 37; these differences between day 

27 and 37 compared to day -1 were significantly different (p<0.01).  Low levels of IL-10 

was seen across all volunteers, with a sharp increase in concentration observed in P2 on 

day 8 (p<0.05).  P2 also had significantly different IL-4 concentrations on day 8 (p<0.01).  

There were no significant differences compared to pre-inoculation in all participants for 

IL-2, IL-6 and IL-17A (p>0.05).   

 

 
Figure 5.6: Production of Th1, Th2 and Th17 cytokines during 1st CII.  Culture 
supernatants from lymphocyte proliferation assays were collected prior to the addition of 
[3H]-thymidine and used in cytokine bead arrays to quantify levels of cytokines produced 
after stimulation with uninfected red blood cells or P. falciparum 7G8 pRBCs.  
Background (uninfected RBCs) was subtracted from pRBC stimulated samples.  The 
supernatant was pooled from triplicate wells.   
  

D-1 D8
D15 D27 D37 D90

-2

0

2

4

6

8

Δ
 IL

-1
7A

 (p
g/

m
l)

IL-17A

D-1 D8
D15 D27

D37
 

D90
0

200

400

600

800 TNF

Δ
 T

N
F 

(p
g/

m
l)

D-1 D8
D15 D27

D37
 

D90
-5000

0

5000

10000

15000

Δ
 IL

-6
 (p

g/
m

l)

IL-6

D-1 D8
D15 D27

D37
 

D90
-10

0

10

20

30
IL-2

Δ
 IL

-2
 (p

g/
m

l)

D-1 D8
D15 D27 D37 D90

0

200

400

600

800

Δ
 IF

N
γ (

pg
/m

l)

IFNγ

D-1 D8
D15 D27

D37
 

D90
-50

0
50

100
200

225

250

Δ
 IL

-1
0 

(p
g/

m
l)

IL-10

D-1 D8
D15 D27

D37
 

D90
0

20

40

60

80
IL-4

Δ
 IL

-4
 (p

g/
m

l)

P1
P2

P3
P4



Chapter 5: Results III 

 

  

 

139 

5.3.1.4 Antibody mediated immune responses  

To ascertain if the CII elicited any antibody mediated immune responses, plasma 

samples which were collected from volunteers prior and post-inoculation were tested 

against P. falciparum 7G8 crude antigen and assessed for the presence of total IgG and 

IgM by ELISA (Section 2.3.8, Figure 5.7 and 5.8).   

Volunteers, except for P1, receiving one cycle of CII did not have significantly 

different levels of total IgG post-inoculation when compared to pre-inoculation on day -

1 (Figure 5.7).  P1 was found to be significantly different only on day 90 when compared 

to day -1 (p<0.05).   

 

Figure 5.7: Assessment of parasite-specific total IgG responses during 1st CII.   
Participants (P1 – P4) received one cycle of CII.  Pre- and post-inoculation plasma 
samples were collected from participants at several time-points during the study (day -1, 
8, 15, 27, 37, or 90).  The production of total IgG to crude P. falciparum 7G8 whole 
parasite antigen was measured by ELISA; samples were diluted at 1:50. Sera from a 
malaria-naïve and malaria-experienced immune individual were included as negative and 
positive controls.  Results are expressed as optical density (OD) at 650nm.  Samples were 
run in duplicate.  Data represents mean ± SEM.  Groups were analysed by repeated 
measures one-way ANOVA followed by Dunnett’s multiple comparisons test: * - p<0.05. 
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Parasite-specific IgM responses were observed in all participants (Figure 5.8).  A 

panel of serum from 5 malaria-naïve individuals was used and an average plus 3 standard 

deviations was calculated for the negative control.  During the first cycle of CII, P1, P2 

and P4 developed significantly different levels of IgM compared to pre-inoculation (day 

-1).  P1 and P4 were significantly different on day 15 (p<0.05), whilst P2 showed 

significance on day 90 (p<0.01).  P3 had elevated levels of IgM across all time-points, 

including pre-inoculation, when compared to the negative control, although there was no 

significance when post-inoculation time-points were compared to pre-inoculation 

(p>0.05).   

 

 
Figure 5.8: Assessment of parasite-specific IgM responses during 1st CII.   
Participants (P1 – P4) received one cycle of CII.  Pre- and post-inoculation plasma 
samples were collected from participants at several time-points during the study (day -1, 
8, 15, 27, 37, or 90).  The production of IgM to crude P. falciparum 7G8 whole parasite 
antigen was measured by ELISA; samples were diluted at 1:50. Sera from a malaria-
experienced immune individual was included as a positive control.  The negative control 
represents an average of 5 malaria-naïve individuals.  Results are expressed as optical 
density (OD) at 650nm.  Samples were run in duplicate.  Data represents mean ± SEM.  
Groups were analysed by repeated measures one-way ANOVA followed by Dunnett’s 
multiple comparisons test: * - p<0.05, ** p<0.01. 

D-1 D8
D15 D27 D90

Neg
ati

ve
 C

on
tro

l

Pos
itiv

e C
on

tro
l

0.0

0.2

0.4

0.6

0.8

1.0

O
D

 (6
50

nm
)

P1

*

D-1 D8
D15 D27 D37 D90

Neg
ati

ve
 C

on
tro

l

Pos
itiv

e C
on

tro
l

0.0

0.2

0.4

0.6

0.8

1.0

O
D

 (6
50

nm
)

P3

D-1 D8
D15 D27 D90

Neg
ati

ve
 C

on
tro

l

Pos
itiv

e C
on

tro
l

0.0

0.2

0.4

0.6

0.8

1.0

O
D

 (6
50

nm
)

P2

**

D-1 D8
D15 D27 D37 D90

Neg
ati

ve
 C

on
tro

l

Pos
itiv

e C
on

tro
l

0.0

0.2

0.4

0.6

0.8

1.0

O
D

 (6
50

nm
)

P4

*



Chapter 5: Results III 

 

  

 

141 

 
5.3.2 Second CII with P. falciparum  
P1 and P2 were originally enrolled to receive a second inoculation at the time at 

which P3 and P4 would receive their first CII; however, P2 withdrew from the study.  The 

results outlined hereafter are observations of persistence and immunogenicity during a 

second CII in only one participant (P1).  

 

5.3.2.1 Parasite persistence during doxycycline chemoprophylaxis 

P1 received a second inoculation approximately 3 months after the first CII was 

administered.  As with the first CII, P1 was monitored from day 1 to day 37 by blood film 

and qPCR (Figure 5.9).  No parasites were detected microscopically.  Parasites were 

detectable by qPCR only on day 3 (80.1 parasites/mL) and remained negative until the 

end of the study thereafter. Despite testing negative for malaria, P1 underwent 

precautionary rescue treatment with A/L on day 37.   

 

Figure 5.9.  Persistence of P. falciparum during 2nd CII in P1.  P1 was subjected to a 
second inoculation with 3 x 106 P. falciparum 7G8 parasites and doxycycline (Dox) 
treatment.  Dox treatment was administered approximately an hour after inoculation and 
continued for 21 days.  To assess parasite density during CIIs, blood was taken and 
processed for quantitative real-time PCR analysis.  Arrow indicates day participant was 
given A/L.  
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5.3.2.2 Cell-mediated immune responses 

PBMCs isolated from P1 during the 2nd CII were used in proliferation assays to 

assess extent of proliferation in the presence of various stimulants (Figure 5.10).  

Proliferation remained significantly higher compared to pre-CII (day -1 before 1st 

inoculation, p<0.0001).  During the 2nd CII, P1 had a decrease in [3H]-thymidine uptake 

from day -1 to day 15, before increasing on day 27.  This gradually declined thereafter 

till day 90.   

Figure 5.10: Proliferation of PBMCs isolated from P1 during 2nd CII.  Isolated 
PBMCs collected from P1 prior (day -1) and post CII commencement (day 8, 15, 27, 37, 
90) were thawed and stimulated with uninfected red blood cells (nRBC) and purified 
trophozoite P. falciparum 7G8 (pRBC) for 7 days.  Lymphocyte proliferation was 
estimated by the incorporation of [3H]-thymidine, which was added on day 6, and 
measured as counts per minute (CPM).  DCPM refers to pRBC stimulated counts with 
background (CPM of PBMCs stimulated with nRBCs) subtracted.  Data represents mean 
± SEM and samples for each time-point were tested in triplicate.  
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Figure 5.11: Proliferation of specific T cell subsets during 2nd CII.  Isolated PBMCs 
from P1 were thawed and stained with violet proliferating dye (VPD) before being placed 
into culture for 7 days with media, uninfected red blood cells, purified trophozoite P. 
falciparum 7G8 or PHA.  Samples were stained with CD3+ and additional markers for 
analysis of specific T cell populations (CD4+, CD8+ and gd T cells).  
DCD3+/CD4+/CD8+/gd T cell proliferation refers to pRBC stimulated counts with 
background (PBMCs stimulated with nRBCs) subtracted. For analysis by flow cytometry, 
triplicate wells were pooled.  

 

Cellular proliferation of specific T cell subsets was also assessed by flow 

cytometry to determine the degree of dye dilution (Figure 5.11).  Comparison of day -1 

(pre-1st inoculation) to day 90 (2nd inoculation) found an overall increase in CD3+, CD4+ 

and gd T cells.  

During the 2nd CII, proliferation of CD3+ and CD4+ T cells decreased on day 15 

(16.0% and 7.0 %, respectively), before peaking on day 37 (45.26%) and 27 (26.45%) 

when compared to day -1 (2nd inoculation, Figure 5.11).  Additionally, there was very 

little CD8+ T cell proliferation except for day 27 (23.8%).  gd T cells sharply decreased 

compared to pre-2nd inoculation, (day 90 of 1st CII, 73.3%) to day 15 (post-inoculation, 

39.5%) and steadily increased to peak on day 37 (73.2%).   
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Figure 5.12: Production of Th1/Th2/Th17 cytokines in P1 during 2nd CII.  Culture 
supernatants from P1 lymphocyte proliferation assay was collected prior to the addition 
of [3H]-thymidine and used in cytokine bead arrays to quantify levels of cytokines 
produced after stimulation with uninfected red blood cells or P. falciparum 7G8 pRBCs.  
Background (uninfected RBCs) was subtracted from pRBC stimulated samples.  The 
supernatant was pooled from triplicate wells.   
 

Cytokine responses on day 90, compared to day -1 (pre-1st inoculation), found an 

increase in IFNg, TNF and IL-6.  When compared to day -1 (pre-2nd inoculation), analyses 

found an initial decrease in IFNg on day 15, before reaching peak concentration on day 

90 (Figure 5.12).  TNF additionally followed a similar trend, although it did not peak past 

pre-2nd inoculation concentration.  High concentrations of IL-6 were detectable pre-

inoculation, decreasing from day 8 to day 37, reaching peak concentration on day 90.  All 

other cytokines did not increase significantly when compared to pre-2nd inoculation. 
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5.3.1.3 Antibody mediated immune responses  

Assessment of total IgG found that P1 developed slightly increased levels of 

parasite-specific IgG during the second CII when compared to pre-2nd inoculation (day -

1, Figure 5.13A), with significance being observed on day 27 (p<0.05) and 37 (p<0.01).   

IgM serum levels were additionally found to be elevated on day 15; however, 

time-points post-inoculation were not significantly different compared to day -1 (Figure 

5.13B).  

 

 

Figure 5.13: Assessment of parasite-specific total IgG and IgM responses in P1 
during 2nd CII.   Participant 1 received a second cycle of CII.  Pre- and post-inoculation 
plasma samples were collected from participants at several time-points during the study 
(day -1, 8, 15, 27, 37, or 90).  The production of A) total IgG and B) IgM to crude P. 
falciparum 7G8 whole parasite antigen was measured by ELISA; samples were diluted 
at 1:50. For IgG ELISAs, sera from a malaria-naïve and malaria-experienced immune 
individual were included as negative and positive controls.  For IgM ELISAs, the negative 
control represents an average of 5 malaria-naïve individuals.  Results are expressed as 
optical density (OD) at 650nm.  Samples were run in duplicate.  Data represents mean ± 
SEM.  Groups were analysed by repeated measures one-way ANOVA followed by 
Dunnett’s multiple comparisons test: * - p<0.05, ** p<0.01 
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5.4 Discussion 
Having observed encouraging results in our pre-clinical studies, we commenced 

with a small clinical study to test the administration of one or two CIIs with P. falciparum.  

Our results indicate that CII using the delayed death drug, doxycycline, can induce 

immune responses to the same strain of malaria parasite, similar to what was 

demonstrated in Chapter 4.   

For this study, the treatment period was extended from 7 days in our pre-clinical 

model to 21 days; for prophylactic use, it is recommended that doxycycline 

administration continue for 4 weeks after leaving malarious areas [302].  Persistence of 

P. falciparum, however, was not abolished in two of four participants despite this 

extension.  Here, we additionally used the prophylactic dose of 100mg per day, whereas 

the treatment dose is 100mg twice a day [302].  Further optimization of the loading dose 

and/or parasite dose may be required.  We additionally note that two groups of volunteers 

were infected at different times, although inocula prepared in both instances were from 

cryopreserved P. falciparum (7G8 strain) pRBCs taken from the same frozen bank of 

blood and identical procedures were followed (Section 2.3.2 or as described in [268]).  

P1, who received a second inoculation, had decreased peak parasitaemia 

compared to the first inoculation.  This may indicate a degree of protective immunity 

induced after the first CII; however, we cannot definitively attribute this until the study 

is repeated in a larger cohort of volunteers.  

Detection of parasites in P1 and P2 throughout their first CII prompted an initial 

investigation into the presence of gametocyte forms as a contributing factor to parasite 

DNA detection.  Gametocyte mRNA was detected early to midway through the study in 

both participants.  Doxycycline has no reported gametocytocidal effects [302]; only one 

study has investigated the relationship between gametocytemia and doxycycline, finding 

increased presence of P. vivax gametocytes after treatment [320].  As such, investigation 

of gametocyte presence should be investigated in additional participant samples.  Further 

gametocyte investigations should also account for sex ratio due to its importance towards 

mosquito infectivity and, therefore, transmission [321, 322]; the assay reported here 

focused specifically on the detection of female gametocytes.  Differences in sensitivity to 

several anti-malarial compounds between male and female gametocytes has been 

reported, with male gametocytes generally being most vulnerable [323].  Thus, the 
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implications of gametocyte formation during CIIs towards malaria transmission should 

be considered.   

We found that immune responses of the 4 human volunteers were more similar to 

those seen with mice receiving P. chabaudi CII.  This may relate to known similarities 

between P. chabaudi and P. falciparum, including those of a haematological nature (e.g. 

sequestration by CD36 [324, 325]) as well as immunological (reviewed in [58]).  We 

additionally found increased gd T cell and limited CD8+ T cell proliferation.  gd T cells 

are known producers of IFNg and were previously shown as significant contributors of 

the cytokine in response to pRBCs in vitro during a CPS model study [137].  Longitudinal 

studies of children in Papua New Guinea reported the association of gd T cells and IFNg 

with protection [140, 293].  gd T cells are also observed to be critical in controlling 

infection in rodent models [141, 326, 327]. Further studies, given the availability of 

samples, should investigate intracellular cytokines to assess the multifunctional role of 

effector and memory T cells. 

While there was little to no parasite-specific IgG in any of the volunteers, it is 

likely that with further malaria exposure of a second CII, the volunteers would have 

developed an IgG response, as was observed in P1 during the second inoculation.  We 

also observed increased levels of parasite-specific IgM in 3 volunteers.  Surprisingly, we 

found P3 had increased IgM levels at all time-points during the study; P3 additionally had 

no detectable parasites throughout the study.  A possible explanation for this is the 

presence of a-gal-specific IgM to gut microbiota cross reacting to a-gal present on the 

parasite; cross-reactive a-gal-specific IgM has previously been reported to influence 

malaria transmission [328].  The role of IgM in protection against malaria is still largely 

unknown; however, it has been implicated in aiding immune evasion of the malaria 

parasite [329].   

Overall, findings from this pilot clinical study indicate the ability to induce 

responses that are associated with protection and thus inform further clinical assessments 

of CIIs.  Future work should investigate additional CIIs and evaluate if subsequent 

infection can control infection and disease.   
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It is reported that nearly half of the world’s population is at risk for malaria.  Most 

recently it was reported that 216 million cases of malaria occurred in 91 endemic 

countries in 2016 [2]; this was an unexpected increase by 5 million cases compared to the 

previous year [18].  Existing control measures, such as anti-malarial drugs and control of 

vectors with insecticides, have provided some reduction in malaria cases and deaths in 

previous years [18].  Yet, this recent upsurge in cases indicates that our efforts to control 

malaria have been halted by the ever-increasing development of parasite and insecticide 

resistance to these measures [18].  As such, the need for an effective malaria vaccine that 

can completely prevent or limit parasite growth has become increasingly more important.    

Development of naturally acquired immunity (NAI) in individuals living in 

malaria endemic areas takes several years [279-281, 330].  This is believed to be due to 

the malaria parasite’s ability to alter its surface antigens [282, 283].  As a result, an 

individual requires multiple infections to build a repertoire of immune responses that can 

protect against multiple parasite strains [286].   Importantly, it has also been demonstrated 

that NAI against the malaria parasite manifests as a reduction in parasite densities and the 

absence of clinical symptoms as opposed to the complete absence of the parasite in the 

bloodstream [280, 331]. 

Much research has focused upon highly immunogenic parasite derived proteins 

for the development of a sub-unit vaccine (reviewed in [332]).  However, due to the 

variable nature of these proteins, responses elicited often cannot protect against multiple 

strains of the parasite.  These difficulties have caused renewed interest in a whole parasite 

approach; this is advantageous as it contains a wide range of parasite antigens, including 

those that are conserved.    

It is well established that attenuated whole parasite malaria vaccines can induce 

protection from malaria infection.  Of note are the irradiated and chemically attenuated 

approaches, which have been most extensively studied using sporozoites in the induction 

of liver-stage immunity [13, 224, 233, 254].  Chemically attenuated blood-stage parasites 

using DNA alkylating agents have also demonstrated the ability to induce strong 

protection; however, these agents can be genotoxic [251-253].   

Anti-malarial drugs are also used as attenuating agents, whether it be in vitro or 

in vivo.  Here, we focused primarily on the anti-malarial drug, doxycycline, which is 

known to specifically target the apicoplast and cause a delayed death phenotype [111, 

112].  The apicoplast has been shown to be essential to parasite survival; the ability to 
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create an apicoplast-minus parasite was notably reported in 2011.  This method combined 

the delayed death effects of doxycycline with chemical rescue using isopentenyl 

pyrophosphate (IPP) [11].   

Successful chemical rescue with IPP to produce apicoplast-minus parasites has 

only been achieved with Plasmodium falciparum.   In Chapter 3, the task of trying to 

translate in vitro work with P. falciparum to an in vivo model was undertaken to allow 

investigation of the immunogenicity of apicoplast-minus parasites.  While there was 

success in determining the limits of doxycycline attenuation and in vitro generation of 

apicoplast-minus P. falciparum, efforts with rodent malaria parasites were less so.  This 

was in large part due to the lack of a long-term culturing system for P. chabaudi AS.  To 

our knowledge, this is the first time that P. chabaudi AS parasites matured in vitro for 24 

– 48 hours are still infective; however, these processes are tedious and time-consuming, 

often leaving the parasite appearing stressed.  Attempts to generate apicoplast-minus 

parasites in vivo were equally unsuccessful as the presence of IPP after injection was 

observed to be short-lived.  Future experiments, investigating persistence and 

immunogenicity, appear to be limited to human Plasmodium spp., which may be 

investigated in a humanized mouse model or a pilot clinical study. 

Initial studies testing the sensitivity of rodent parasites to doxycycline in Chapter 

3 highlighted it as an attenuating agent and its potential use in other avenues of malaria 

vaccine development.  In Chapter 4, the use of doxycycline in a controlled infection 

immunization (CII) approach was explored.  This immunization approach follows from 

various studies which were undertaken with sporozoites [13, 254] or blood-stage 

infection under chemoprophylaxis [14, 15].  The feasibility of the CII approach as an 

immunization strategy, however, is primarily impacted by either the delayed or repeated 

administration of treatment, requiring individuals to return to the clinic. 

To address the issue of delayed treatment administration, we suggested that a 

delayed death inducing drug may be used at the time of infection.  Delayed death drugs, 

such as doxycycline, are currently used in combination therapy with fast-acting drugs 

(e.g., quinine), as well as for prophylaxis, due to their safety profile and lack of reported 

resistance [297].  The data presented in Chapter 4 demonstrated that CIIs with different 

parasite/host combinations can elicit both cellular and humoral-mediated immune 

responses (summarized in Table 6.1) with the ability to provide robust protection in 

immunized mice.  Numerous studies investigating infection, whether natural or drug 
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controlled, in various rodent/parasite models similarly illustrate the induction of different, 

yet protective, immune responses [120, 182, 307, 311, 327, 333, 334].   

 
Table 6.1: Summary of immune responses to CII with different parasite and host 
combinations 

 

 

Immune 
aspect 

Host Plasmodium species 
P. chabaudi P. yoelii P. falciparum 

Cell-
mediated 
immunity 

BALB/c 

• Early activation of CD4+ 
and CD8+ T cells 

• Lymphocyte 
proliferation to 
homologous and 
heterologous Ag 

• CD4+ T cells critical to 
immunity; some CD8+ T 
cell influence 

• Early activation of 
CD8+ T cells 

• Lymphocyte 
proliferation to 
homologous Ag 

 
 

C57BL/6 

• Early activation of CD4+ 
and CD8+ T cells 

• Lymphocyte 
proliferation to 
homologous and 
heterologous Ag 

• Early activation of 
CD8+ T cells 

• Lymphocyte 
proliferation to 
homologous Ag 

Humans  

• Lymphocyte 
proliferation to 
homologous 
Ag 
(CD4+ and  gd 
T cells) 

Cytokine 
production 

BALB/c 

• Cytokine production to 
homologous and 
heterologous Ag 

• All Th1 cytokines 
(IFNg, TNF, IL-2), IL-
10 

 

• Cytokine production 
to homologous Ag 

• All Th1 (IFNg, TNF, 
IL-2) and Th2 (IL-6, 
IL-10, IL-4) 
cytokines  

C57BL/6 

• Cytokine production to 
homologous and 
heterologous Ag 

• Th1 (IFNg, TNF), Th2 
(IL-6, IL-10) 

• Cytokine production 
to homologous Ag 

• All Th1 cytokines 
(IFNg, TNF, IL-2), 
IL-6 

Humans  Th1 (IFNg, TNF) 

Antibody-
mediated 
immunity 

BALB/c No IgG to homologous and 
heterologous Ag 

Functional IgG to 
homologous, not 
heterologous Ag 

 

C57BL/6 
Some parasite-specific 
IgG to homologous and 

heterologous Ag 
 

• Parasite-specific IgG 
to homologous, not 
heterologous Ag 

• B cells critical to 
immunity 

Humans  
• Little/no IgG 
• Parasite-

specific IgM 
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Protection and initial immunological data indicated that P. chabaudi and P. yoelii 

initiate different immune responses.  P. chabaudi was observed to primarily elicit a cell-

mediated response, whereas B-cell mediated immunity was critical in the P. yoelii model.  

This is supported by studies reporting similar observations between the two species [182, 

308].  We additionally observed differences in heterologous immunity in the two models 

wherein P. chabaudi CII mice could control P. yoelii infection but not vice versa.  Further 

study of the mechanism of protection in P. yoelii CII mice and contrasting it with the P. 

chabaudi model will allow identification of differences and increased understanding of 

heterologous immunity.  The elucidation of such variances is important in informing 

vaccine development due to the numerous strains and species of Plasmodium that exist 

[2, 335].   

In vitro splenocyte proliferation studies indicated that lymphocytes from CII mice 

generally produced a Th1 cytokine profile, with some Th2 cytokine production depending 

on the strain/host combination.  A key area to address is the role of memory CD4+ T cells 

and the establishment of long-term immunity.  Currently, we have initial evidence to 

suggest that immunity is sustained at 3 months; however, further investigation is required 

to determine the direct association of cytokines to effector or memory cells by 

intracellular cytokine staining.   

As mentioned previously, the need for repeated treatments is disadvantageous as 

a vaccine approach.  The ability to administer a single infection and treatment dose was, 

therefore, investigated.  To achieve this an alternative delayed death drug, azithromycin, 

was used during one CII with P. yoelii; results from this study showed that protection, 

similarly to CII with doxycycline, could be elicited against lethal homologous challenge.  

While this proves that the CII model can feasibly be adapted into a vaccine approach, 

further work must be conducted to optimize the dose of azithromycin administered.  Here, 

we used a supra-optimal dose of 500mg/kg – this is well above what is generally used 

clinically [317].  Studies must be conducted to optimize the dose and the route of 

administration, as well as safety assessments must be made in humans before it can be 

administered with a live infection.  An alternative is to also explore extended controlled 

release technology to allow the maintenance of doxycycline concentrations over a time-

period.   

Having demonstrated that the CII approach with doxycycline could elicit 

protection in mice, a pilot clinical study was conducted as outlined in Chapter 5.  We 
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administered one cycle of CII to four volunteers over two separate inoculation time-

points.  Additionally, one of the four participants was re-enrolled for a second cycle of 

CII.   In 3 out of 4 volunteers, parasites were detectable by qPCR monitoring; however, 

2 of 4 volunteers did not completely abolish infection but instead maintained a low level 

of parasite persisting until drug treatment ended.  This may indicate that there is a fine 

equilibrium between the number of parasites administered and drug dosage required to 

achieve a successful CII.   

The unexpected persistence of parasite in two of the volunteers provoked some 

early questions as to whether gametocytes may be a contributing factor to parasite DNA 

detection.  The detection of gametocyte mRNA presents an issue as to whether this 

approach may, while aiding in the control of disease in individuals, contribute to the 

transmission of the parasite.  Thus, further analysis of gametocyte presence should be 

investigated both during pre-clinical and clinical studies and assessments of the likelihood 

of transmission should be considered.   

Immunological studies with participant samples indicated that there was little to 

no antibody production.  However, we saw increased levels of cell-mediated responses, 

particularly that of CD4+ and gd T cells.  The role of gd T cells in our mouse models was 

not investigated and, therefore, should be considered in future experiments.  Cytokine 

analysis additionally found increased levels of IFNg and TNF, although there was little 

secretion of IL-10.  Further studies should investigate intracellular cytokines to assess the 

multifunctional role of effector and memory T cells.  Additional clinical studies will also 

require increased cohort sizes to accommodate for statistical relevance should any 

volunteer withdraw and increase the likelihood of assessing immunology during the 

administration of several CIIs and/or challenge after a CII. 

The work presented within this thesis demonstrates the use of delayed death drugs 

in whole malaria parasite vaccine development.  We report the novel use of the delayed 

death actions of doxycycline and azithromycin in a CII model using live blood-stage 

malaria parasites.  In turn, the ability to produce effective robust protection is shown in 

mice, and immunogenicity is demonstrated in both mice and humans.  The data presented 

provides strong justification for further development as a vaccine approach and its 

advancement in clinical studies.   
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a b s t r a c t

The apicoplast, a relic plastid found in most Apicomplexan parasites, is a notable drug target.
Certain antibiotics elicit a delayed death phenotype by targeting this organelle. Here, we review
apicoplast-targeting drugs and their targets, particularly those that cause delayed death, and highlight
its potential uses in malaria vaccine development.

© 2017 Published by Elsevier Masson SAS on behalf of Institut Pasteur.

1. Introduction

The discovery of the apicoplast opened a new avenue for un-
derstanding the needs of the malaria parasite, as well as the
identification of pathways that could inform further drug and
vaccine development. A non-photosynthetic organelle, the apico-
plast can be found in all members of the Apicomplexan phylum
except for Cryptosporidium spp. [1]. It is now known that the api-
coplast is a red algae derivative from a secondary endosymbiotic
event [2]. Having lost autonomy to its host cell, the apicoplast has a
noticeably reduced circular genome due to the transfer of genes to
the host genome. Most of the genes left in the apicoplast are
necessary for transcription and translation [3,4], while many other
required proteins must be imported into the organelle from the
parasite's endoplasmic reticulum (ER) [5].

Research to date has determined that there are several impor-
tant pathways housed within the apicoplast. Pharmacological tar-
geting and genetic manipulation of the apicoplast have confirmed
the importance of the apicoplast to malaria parasite survival. This
reviewwill briefly explore the different processes that occur within
the apicoplast and the drugs known to affect them, delve into the
curious ‘delayed death’ phenomenon elicited by certain drugs and
the applications for such compounds in vaccine development in the
context of one of the world's most devastating diseases, malaria.

2. Protein importation to the apicoplast and drug targeting

The apicoplast has a small genome and is comprised of multiple
membranes that are indicative of the complex past of the organelle.
Sequencing of the 35 kb genome has found that it encodes for 30
proteins; these include several ribosomal proteins, a RNA poly-
merase of eubacterial origin, elongation factor-Tu (EF-Tu), large and
small ribosomal RNAs (rRNAs) and several transfer RNAs (tRNAs)
[4]. The vast majority of apicoplast proteins, however, are nuclear-
encoded and must be imported into the organelle. Amongst the
nuclear-encoded proteins are those involved in biosynthetic path-
ways, as well as enzymes required in housekeeping processes, such
as DNA replication, transcription and protein translation [6]. Pro-
tein import is complicated with the existence of four membranes
surrounding the apicoplast: the inner two membranes pertaining
to the double membrane of cyanobacteria, the third membrane
(periplastid membrane or PPM) resulting from the first endosym-
biotic event and, finally, the outer membrane from the second
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endosymbiotic event [5]. It is hypothesized that each membrane
has an evolved import system reflecting the membranes' origins.
These membrane transport systems have been studied most
extensively in Toxoplasma and Plasmodium spp. [7e12].

The transport systems involved in the trafficking of apicoplast
proteins to the organelle are an ideal drug target due to the clear
majority of proteins needing importation into the organelle. To
date, the only known inhibitor of apicoplast protein import is 15-
deoxyspergualin (DSG), which has been shown to target nuclear-
encoded proteins that are trafficked to the apicoplast [13]. This is
believed to occur through the interference of interactions between
the transit peptide and the heat shock protein, Hsp70-1, which are
involved in organelle targeting and translocation into the apico-
plast, respectively [14].

On the other hand, the majority of apicoplast drug targets tend
to be intraorganellar proteins involved in both housekeeping and
non-housekeeping functions within the organelle. Effective anti-
malaria drugs targeting these processes must have the ability to
transverse multiple membranes to reach their target; those tar-
geting the apicoplast must also pass through the infected host cell
membrane, parasitophorous vacuolar membrane and parasite
plasmamembrane in addition to the organelle's four membranes to
access their targets. This may be achieved by diffusion across the
lipid bilayer, membrane transporters or a mixture of both [15]. In
theory, drug development should consider the many barriers in
designing a suitable candidate; however, as highlighted in a review
by Bott!e et al. (2011), there are some drugs that do not necessarily
conform to ideal drug characteristics; however, these are effica-
cious against malaria [16].

3. Antibiotics and housekeeping functions of the apicoplast

Given the prokaryotic nature of the apicoplast and its compo-
nents the ability to use readily available antibiotics for treatment of
malaria has since been largely attributed to targeting of the api-
coplast. Families of antibiotics with anti-malarial activity include
tetracyclines, lincosamides, macrolides, and ketolides (for an
extensive list of apicoplast targeting drugs and associated IC50s
please refer to Ref. [17]). These drugs act to disrupt DNA replication,
RNA transcription and protein translation [18]. Most housekeeping
targeting drugs mentioned in this section invoke a delayed death
phenotype, which will be examined later in this review.

DNA replication of the apicoplast genome is achieved through
the D-loop/bidirectional ori model, with most enzymes requiring
import into the apicoplast [19]. Fluoroquinolones and amino-
coumarins, such as ciprofloxacin and novobiocin, specifically
target and inhibit prokaryotic DNA gyrases, which are involved in
the unravelling of DNA in preparation for replication. These an-
tibiotics inhibit the growth of Plasmodium falciparum in in vitro
cultures [18,20].

RNA transcription is dependent upon an RNA polymerase
(aabb0u) that is similar to those found in eubacteria [21]. The
plastid genome encodes for the b and b0 subunits required for this
RNA polymerase. Rifampicin (also known as Rifampin), a selective
inhibitor of the b subunit of bacterial polymerases, has been
shown to have anti-malarial effects [18,22]. Inhibition of apico-
plast protein translation can also indirectly affect RNA transcrip-
tion; studies using thiostrepton and doxycycline observed a
decrease in expression of the genes encoding for the b and b0

subunits (RpoB and RpoC) [23,24].
The machinery required for apicoplast protein translation is

largely encoded by the circular plastid genome, although several
other components, such as aminoacyl-tRNA synthetases, are im-
ported into the organelle [25]. Many antibiotics have been shown
to be effective in targeting the apicoplast via its translational

machineries e of particular note is doxycycline, which targets the
30S rRNA subunit and is currently used worldwide in prophylactic
and combination chemotherapy against malaria [26]. Other anti-
malaria drugs, such as clindamycin, azithromycin and chloram-
phenicol, exert their effect by targeting the 50S rRNA subunit
[18,26]. Most recently, indolmycin and mupirocin, inhibitors
which specifically inhibit apicoplast bacterial aminoacyl-tRNA
synthetases that are involved in the addition of amino acids
onto tRNAs during protein translation, inhibit P. falciparum
growth in vitro [27,28].

4. Drugs affecting the biosynthetic pathways of the
apicoplast

The detection of the apicoplast genome and subsequent reali-
zation of its origins as a red algae plastid lacking photosynthetic
ability prompted investigation into other possible functions har-
boured by the apicoplast within the Apicomplexan parasite. Four
biosynthetic pathways have since been found to be associated with
the apicoplast: heme synthesis, iron-sulphur complex synthesis,
fatty acid biosynthesis and isoprenoid precursor synthesis (Fig. 1).

4.1. Heme synthesis

Heme is used by the malaria parasite as a prosthetic group for
cytochromes [29]. While the parasite can import haemoglobin
during the erythrocytic stages of infection, there is a pathway
which allows for de novo synthesis. This is the resulting hybrid of
two separate pathways inherited by the mitochondrion and api-
coplast, with the current pathway spanning between the two or-
ganelles and the cytoplasmic compartment [30,31].

Synthesis of heme does not appear to be essential to malaria
parasites during blood-stage infection, with the converse being
true of liver andmosquito stages [32,33]. This was demonstrated by
knocking out aminolevulinic acid synthase (ALAS) and ferrochela-
tase (FC), enzymes of the heme pathway, resulting in no significant
changes to parasite growth during in vitro and in vivo blood-stage
infection; however, oocyst development and sporozoite formation
was abolished in mosquitoes [32,33].

Drugs affecting the heme pathway include succinylacetone,
which acts through inhibition of aminolevulinic acid dehydratase
(ALAD) [32]. Although succinylacetone has been reported to be
lethal to the malaria parasite at concentrations of 1e2 mM, this is
believed to be due to off-target inhibition rather than complete
inhibition of heme synthesis [32]. Herbicides have additionally
been established as affecting heme synthesis through the inhibition
of protoporphyrinogen IX oxidase [34].

4.2. Iron-sulphur (Fe-S) complex synthesis

The malaria parasite harbours genes for two distinct Fe-S syn-
thetic pathways (iron-sulphur cluster (ISC) and sulphur utilization
factor (SUF) pathways) inherited by the mitochondrion and api-
coplast, respectively. It is unknown if components of each pathway
intermingle to form a hybrid pathway, as with heme synthesis,
although evidence to date suggests that they remain separate [35].

Fe-S complexes are known to play a role in electron transport
and act as co-factors to enzymes in a variety of pathways, including
fatty acid and isoprenoid biosynthesis. Interruption of this pathway
may, therefore, also fatally impact on the parasite [30]. This was
demonstrated when disruption of the apicoplast Fe-S cluster syn-
thesis pathway and subsequent chemical rescue with an isoprenoid
byproduct was able to rescue parasites from death, indicating its
importance to isoprenoid biosynthesis [35]. Fe-S cluster synthesis
was also found to be critical to Plasmodium berghei sexual stages
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Fig. 1. Summary of functions housed by the apicoplast and drug targets. A) Apicoplast housekeeping functions. B) 15-Deoxyspergualin (DSG) interferes with protein import of
nuclear encoded proteins targeted to the apicoplast [13,14]. C) The Fe-S cluster biosynthesis pathway (highlighted in purple). SufS and SufE aid in sulphur mobilization, releasing
sulphur from cysteine. SufB/SufD/SufC complex aids in assembly of sulphur with iron and are transferred to carrier proteins, Nfu and SufA, for transfer to appropriate proteins
[36,37]. Phosphoenol pyruvate (PEP) is imported into the apicoplast and converted to pyruvate by pyruvate kinase II (PKII). Pyruvate is subsequently used in fatty acid (FAS,
highlighted in orange) or isoprenoid synthesis (highlighted in yellow). D) PDH, pyruvate dehydrogenase; ACC, acetyl-CoA carboxylase; FabD, malonyl-CoA transacylase; FabH, b-
ketoacyl-ACP synthase III; FabB/F, b-ketoacyl-ACP synthase I/II; FabG, b-ketoacyl-ACP reductase; FabZ, b-hydroxyacyl-ACP dehydratase; FabI, enoyl-ACP reductase [85]. E) G3P,
glyceraldehyde-3-phosphate; DXS, 1-deoxy-D-xylulose-5-phosphate synthase; DOXP, 1-deoxy-D-xylulose 5-phosphate; DXR, DOXP reductoisomerase; MEP, 2-c-methyl-D-erythriol
4-phosphate; IspD, MEP cytidyltransferase; CDP-ME, 4-diphosphocytidyl-2-C-methylerythritol; IspE, CDP-ME kinase; CDP-MEP, 4-diphosphocytidyl-2-C-methylerythritol 2-
phosphate; IspF, MeCPP synthase; MEcPP, 2-C-methyl-D-erythritol 2,4-cyclopyrophosphate; HMBPP, 4-hydroxy-3-methyl-but-2-enyl pyrophosphate; IspG, HMBPP synthase; IPP,
isopentenyl pyrophosphate; DMAPP, dimethylallyl pyrophosphate; IspH, HMBPP reductase [47]. F) Heme biosynthesis pathway (highlighted in blue). ALA, aminolevulinic acid;
ALAS, aminolevulinic acid synthase; PBG, porphobilinogen; ALAD, aminolevulinic acid dehydratase; HMB, hydroxymethylbilane; PBGD, porphobilinogen deaminase; Urogen III,
uroporphyrinogen III; UROS, uroporphyrinogen III synthase; Coprogen III, coproporphyrinogen III; UROD, uroporphyrinogen decarboxylase; Protogen IX, protoporphyrinogen IX;
CPO, coproporphyrinogen oxidase; PPIX, protoporphyrin IX; PPO, protoporphyrinogen oxidase; FC, ferrochelatase [33]. Compounds are bolded black, enzymes in red, inhibitors in
green.
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when genetic knockouts of a cysteine desulfurase involved in the
SUF pathway, SufS, were found to have defective sporozoite
development in oocysts [36].

D-cycloserine (DCS) is the only drug reported to have an anti-
malarial effect mediated through inhibition of SufS in the apico-
plast SUF pathway in P. falciparum [37].

4.3. Fatty acid biosynthesis

In the apicoplast, fatty acid synthesis (FAS) is via the Type II
pathway, which involves several enzymes as opposed to a main
enzymatic complex. This metabolic path differs from that of ani-
mals which derive their fatty acids via the Type I pathway [31]. The
ability to make fatty acids de novo was initially thought to be non-
existent in Plasmodium spp. with fatty acids obtained only via
scavenging mechanisms [38]. It was soon realized, with the dis-
covery of genes pertaining to the FAS II pathway, that Plasmodium
parasites could obtain fatty acids via both methods [8,6,30].

Studies have since indicated that this pathway is essential to
liver-stage but not blood-stage parasites, with the latter dependent
upon scavenging exogenous fatty acids [39]. Disruption to the FAS II
pathway resulted in no changes to growth in P. falciparum in vitro,
and in vivo for Plasmodium yoelii and P. berghei, although investi-
gation in the rodent models found decreased infectivity of sporo-
zoites and arrested development during the liver-stage [39e41].

Multiple inhibitory compounds have been described as acting
through disruption of the FAS pathway and appear to affect
P. falciparum growth in vitro. Of note are thiolactomycin [40,42,43],
triclosan [44,45] and cerulenin [45,46], each targeting different
enzymes associated with fatty acid synthesis and resulting in im-
mediate parasite death. The FAS II pathway appears to be an ideal
target for drug development due to the differences in parasite and
host FAS pathways.

4.4. Isoprenoid precursor synthesis (MEP/DOXP pathway)

Synthesis of isoprenoid precursors is exclusive to the apicoplast
(for a comprehensive review of isoprenoid biosynthesis, refer to
[47]). Precursors are produced via the MEP/DOXP (non-mevalonate
pathway), which is primarily used by bacteria and chloroplasts, as
opposed to the mevalonate pathway used in animals. The lack of
commonality between the pathways makes the DOXP pathway a
suitable target for anti-malarial drugs.

Both pathways produce isomeric compounds e isopentenyl
pyrophosphate (IPP) and dimethylallyl pyrophosphate (DMAPP).
These precursors produce a diverse range of isoprenoids (e.g. ste-
rols, ubiquinone and dolichol) that are involved in several parasite
functions such as the regulation of erythrocyte invasion and RNA
translation (reviewed extensively in Refs. [47,48]). They also attach
as prosthetic groups to enzymes and contribute to prenylation of
proteins and tRNAs [30,49].

Inhibitors of the second enzyme of the pathway, DOXP reduc-
toisomerase, target and successfully inhibit isoprenoid synthesis
and subsequently cause parasite death. Fosmidomycin and its de-
rivative, FR-900098, are well-known highly specific inhibitors of
DOXP reductoisomerase [50]. Fosmidomycin has been shown to
suppress growth of P. falciparum in vitro; and when administered to
mice infected with Plasmodium vinckei, resulted in clearance of the
parasites [50]. Additionally, studies with human volunteers have
shown it to be effective as an anti-malarial drug when given in
conjunction with clindamycin [51,52].

Isoprenoid synthesis is essential to the blood-stage ma-
laria parasite. This was demonstrated in a series of experiments
conducted by Yeh & DeRisi (2011), wherein P. falciparum parasites
treatedwith fosmidomycin could be rescuedwith IPP [53]. This was

not observed with DMAPP, or alcohol analogues of both IPP and
DMAPP, indicating that the production of IPP by the apicoplast is
essential to the parasite's survival. Additionally, continued
culturing of P. falciparum parasites with doxycycline and IPP sup-
plementation found that parasites eventually lose the apicoplast
genome, as well as protein import function, becoming entirely
dependent on exogenous IPP, thus indicating the importance of this
pathway to parasite survival [53].

Isoprenoids have additionally been shown to be important
during gametocytogenesis. Adopting the method established by
Yeh & DeRisi, gametocytes were subjected to chemical attenuation
and rescue to generate stage V gametocytes without apicoplasts
[54]. As seen with erythrocytic parasites, these gametocytes were
dependent upon IPP supplementation. Mosquitoes infected with
apicoplast-negative gametocytes had impacted oocyst develop-
ment and no detectable sporozoites in their salivary glands, indi-
cating that the apicoplast has an important role in parasite
development within mosquitoes [54].

The role of isoprenoid synthesis in liver-stage malaria parasites
has been less clear. Studies treating liver-stage P. berghei with
fosmidomycin did not see any significant effect upon parasite
development within hepatocytes, though modification of fosmi-
domycin to improve drug uptake consequently improved growth
inhibition [55].

As mentioned previously, fosmidomycin is the most well-known
and described inhibitor of the DOXP/MEP pathway. There are several
other compounds (e.g. bisphosphonates, nerolidol, prenyltransfer-
ase inhibitors) which can exert inhibitory effects downstream of IPP
and DMAPP production (reviewed in Ref. [47]).

5. A slow, slow demise…the delayed death phenotype

Delayed death refers to a phenomenon in which treated par-
asites appear to grow normally; however, the effects of drug
treatment are observed in the progeny of the treated parasite. This
occurrence is still observed even with the removal of the drug
prior to egression and continuation into the second cycle after
treatment, a finding that has been observed in both Toxoplasma
and Plasmodia [49].

While the exact mechanism for this delayed death phenotype is
still currently unknown, the treated parasite appears to initially
uphold metabolic pathways; however, daughter cells inherit a
dysfunctional apicoplast that is unable to sustain critical biological
processes [23,53].

The use of drugs, such as azithromycin, clindamycin and doxy-
cycline, with P. falciparum parasites in vitro demonstrated that
clinically available antibiotics exerted a delayed death effect on
asexual blood-stage parasites [18]. These treated parasites
continued to develop through the first erythrocytic cycle without
any ill effects and were observed to invade new erythrocytes
[18,23]. However, the parasite's progeny was unable to complete a
second cycle with development arresting in the schizont stage with
a single abnormal apicoplast being observed [18]. This indicated
that the apicoplast genome was unable to replicate and segregate
during division. Further, it was observed that delayed death-
causing drugs were most effective when treating late trophozoite
and early schizont blood-stage parasites [18].

Many observations of the delayed death phenotype have been
made with drugs involved in inhibition of housekeeping processes
within the apicoplast (Table 1), whereas those that target non-
housekeeping functions result in rapid death [18,46]. Reports of
the inducement of delayed death with ciprofloxacin and rifampicin,
which act upon DNA replication and transcription, have been con-
flicting within the literature [18,46,56,57]. However, most anti-
malarial drugs which affect protein translation (e.g. doxycycline),
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to date, exhibit the delayed death phenomenon [16,18,46]. New
antibiotics that are known to act by targeting bacterial ribosomes,
such as telithromycin and quinupristinedalfopristin, have shown
similar anti-malarial delayed death effects [58]. 15-deoxyspergualin,
the only known inhibitor of apicoplast protein import, is also re-
ported to display the delayed death phenotype [13].

6. Utilization of the delayed death phenotype in vaccine
development

The uniqueness of the apicoplast and the vital biosynthetic
functions it provides have identified it as an attractive target for
crippling the malaria parasite. The observation of delayed death
during antibiotic treatment and confirmation of its link to the
apicoplast raises the question as to how can one utilize this
characteristic to our advantage? The obvious answer is to apply it
as screening criteria for new anti-malarials and this has already
been used in such efforts [59,60]. However, can this interesting
phenotype be utilized for purposes other than anti-malarial drug
screening?

While malaria vaccine development has been extensive over
the past half century, it has been fraught with little success. At
present, the sub-unit vaccine, RTS,S/AS01 (Mosquirix™), is the first
and only candidate to recently complete Phase III clinical trials and
as of 2018, will be available in select countries within the frame-
work of a WHO Pilot Implementation Program [61]. Even so, Phase
III results revealed modest vaccine efficacy of 26e37% and 18e28%
in children and infants with or without a fourth booster dose;
efficacy additionally declined with time, and those receiving the
vaccine had an increased associated risk of developing severe
malaria [62]. As such, there is renewed interest in developing a
whole parasite vaccine to combat the limited protective efficacy
seen with sub-unit vaccines.

There are several attenuation approaches utilized in whole
malaria parasite vaccine development, of note is the ability to
attenuate the parasite using chemical treatment. This has produced
encouraging results, with homologous and heterologous protection
observed in rodent models and cell-mediated responses in non-
human primates [63e66]. How then can we exploit the delayed
death phenotype for vaccine development?

6.1. In vitro chemical attenuation

The generation of apicoplast-negative parasites can be consid-
ered as a possible whole parasite vaccine candidate [53,67].
Through combined treatment with a delayed death drug (doxycy-
cline) and chemical rescue with IPP, both blood-stage and sexual-
stage malaria parasites have successfully been able to be grown
in vitro without apicoplasts [53,54]. In vitro observations indicate
that these chemically treated parasites would develop normally

under IPP supplementation but would arrest in latter stages of
development when IPP supplementation is removed [53]. This
would allow for increased persistence and exposure to different
asexual stage antigens. Apicoplast-negative parasites could, theo-
retically, be grown in bulk under IPP supplementation and
administered as a vaccine. Following administration and with the
loss of IPP supplementation, these parasites persist throughout one
cycle before dying [53]. A benefit of this approach lies in the un-
likelihood of reversion to wild-type as the loss of the apicoplast is
not reversible; however, while very uncommon, it is not without
possibility for doxycycline resistance to develop in P. falciparum
[26]. In spite of this, there are no reports of resistant strains culti-
vated in vitro and only one in vivo study reported P. berghei resis-
tance under drug pressure with the tetracycline, minocycline [68].

6.2. In vivo chemical attenuation

In addition to traditional methods of in vitro attenuation,
apicoplast-targeting drugs may also be used for in vivo attenuation.
Chemoprophylaxis immunisation involves the administration of
infectious parasites to individuals under prophylactic treatment, as
opposed to receiving an attenuated or weakened form of the
parasite. Most studies to date have focused on the use of infectious
sporozoites and thus refer to this as the chemoprophylaxis and
sporozoite (CPS) model [69]. In conjunction, chloroquine treatment
is administered to target blood-stage, but not liver-stage, parasites.
Sporozoites are, therefore, allowed to infect and develop normally
within hepatocytes, with emerging merozoites invading erythro-
cytes and being eliminated by chloroquine.

Protection, using the CPSmodel, has been shown in rodent, non-
human primate and human experimental models [69e78]. Rodent
studies demonstrated protection against homologous challenge
can be induced following immunisationwith P. berghei, Plasmodium
chabaudi and P. yoelii sporozoites [70e74]. Most recently the CPS
model was demonstrated with Plasmodium knowlesi in rhesus
monkeys with two out of four monkeys showing complete pro-
tection from sporozoite challenge [75]. Sterile homologous pro-
tection was observed in human volunteers in which volunteers
received 3 rounds of immunisation with P. falciparum sporozoites
combined with chloroquine treatment [69,76e78]. Volunteers
previously vaccinated and challenged with P. falciparum NF54 were
additionally re-challenged 14 months later with a heterologous
strain of P. falciparum and demonstrated partial heterologous pro-
tection [79]. Cross-stage protection has been observed in rodent
models [71,74], however little to no blood-stage protection has
been noted in humans [77].

Similar to the CPS model, administration of low levels of infec-
tive whole blood-stage parasites followed by drug treatment has
been investigated, although less extensively, in rodents and
humans [80e82]. In these studies, treatment with malarone or

Table 1
Delayed death causing drugs.

Drug name Housekeeping function Apicoplast specific target References

Macrolides (e.g. azithromycin, solithromycin, erythromycin) Protein translation 50S ribosomal subunit [57]
Ketolides (e.g telithromycin) [58]
Quinupristin-dalfopristin [58]
Chloramphenicol [46]
Tetracyclines (e.g. doxycycline, minocycline) 30S ribosomal subunit [18,46,57]
Indolmycin Tryptophanyl-tRNA synthetases [27]
Mupirocin Isoleucyl-tRNA synthetase [28]
Fluoroquinolones (e.g. ciprofloxacin, norfloxacin) DNA replication DNA gyrase [18,57]
Novobiocin [20]
Rifampicin RNA transcription RNA polymerase (b subunit) [18,46,57]
15-Deoxyspergualin (DGS) Protein import Transit peptide/Hsp70-1 [13,14]
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chloroquine commenced in rodents immediately with infection
[82] or after 48 h (allowing 2 cycles of parasite replication [81]) and
after 8 days in humans (allowing 4 cycles of replication [80]). Cross-
stage protection (sporozoites) [82] and homologous [80,81] and
heterologous [81] blood-stage immunity/protectionwas induced in
these studies. In all instances, multiple doses of drug were required
following infection, with drug treatment generally being initiated
after a specific period following infection. The feasibility of the
infection and drug cure as an immunisation approach is impacted
by the delayed and repeated administration of treatment, requiring
individuals to return to the clinic to initiate treatment.

To combat the issue of postponed treatment, a delayed death
inducing anti-malarial drug might be used. Delayed death drugs,
such as doxycycline, are currently used in combinational therapy
with fast acting drugs (e.g. quinine), as well as for prophylaxis, due
to their safety profile and lack of reported resistance [26]. An
infection and drug cure model utilising the delayed death charac-
teristic would allow for both the infection and drug treatment to be
administered simultaneously. Ideally, the delayed death-causing
nature of the drug would allow treated parasites to undergo at
least one full cycle of replication with daughter cells arresting,
promoting persistence of the parasite and exposure to a variety of
antigens expressed across the blood-stage of the life-cycle.

Currently, only one laboratory group has published studies
which apply this concept. Mice were immunized with P. berghei
sporozoites under a three-day treatment regimenwith clindamycin
or azithromycin andwere protected from sporozoite challenge [83].
A combination therapy of azithromycin and chloroquine also pro-
duced similar results, however no blood-stage immunity was
observed in both studies [83,84].

Our laboratory group has also adapted the CPS model for
infection and drug cure (IDC) with blood-stage parasites and anti-
biotics. We have found that IDCs with a delayed death inducing
drug were able to induce strong homologous and heterologous
protective immunity against blood-stage challenge.We believe that
the prolonged persistence allowed by the effects of delayed death
permits for the establishment of a protective immune response
(Low et al., unpublished).

7. Conclusion

Since its characterization, the apicoplast has offered inter-
esting insights into the Plasmodium parasite. While much research
is still needed in elucidating all of the apicoplasts secrets, the
identification of key synthetic processes and the revelation that
delayed death-causing drugs specifically target this organelle
offer an Achilles heel to an otherwise resilient organism. Mecha-
nisms of delayed death remain largely unclear. However, this
feature can be exploited in drug discovery, as well as in vaccine
development.
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Appendix II 

8.1.1 Chemicals and Reagents  
Anti-CD4 (Clone: GK 1.5), BioXCell, Lebanon, NH, USA 

Anti-CD8b (Clone: 53-5.8), BioXCell, Lebanon, NH, USA 

Anti-Human CD3 SK7, APC-Cy7, BD Biosciences, Franklin Lakes, NJ, USA 

Anti-Human CD3 SK7, PerCP, BD Biosciences, Franklin Lakes, NJ, USA 

Anti-Human CD4 RPA-T4, FITC, BD Biosciences, Franklin Lakes, NJ, USA 

Anti-Human CD4 RPA-T4, V450, BD Biosciences, Franklin Lakes, NJ, USA 

Anti-Human CD45RO UCHL1, APC-H7, BD Biosciences, Franklin Lakes, NJ, USA 

Anti-Human CD8 RPA-T8, PE, BD Biosciences, Franklin Lakes, NJ, USA 

Anti-Human CD8 RPA-T8, PE-Cy7, BD Biosciences, Franklin Lakes, NJ, USA 

Anti-Human Gamma Delta TCR B1, PE-CF594, BD Biosciences, Franklin Lakes, NJ, 

USA 

Anti-Human IFNg B27, APC, BD Biosciences, Franklin Lakes, NJ, USA 

Anti-Human IL-2 MQ1-17H12, PE, BD Biosciences, Franklin Lakes, NJ, USA 

Anti-Human TNFa 6401.1111, FITC, BD Biosciences, Franklin Lakes, NJ, USA 

Anti-Mouse CD3 17A2, V450, BD Biosciences, Franklin Lakes, NJ, USA 

Anti-Mouse CD4, V500, BD Biosciences, Franklin Lakes, NJ, USA 

Anti-Mouse CD8 53.6.7, PerCp-Cy5.5, BD Biosciences, Franklin Lakes, NJ, USA 

Anti-Mouse CD11a 2D7, FITC, BD Biosciences, Franklin Lakes, NJ, USA 

Anti-Mouse CD49d R1-2, PE, BD Biosciences, Franklin Lakes, NJ, USA 

Azithromycin, Sigma-Aldrich, St.  Louise, MO, USA 

BetaPlate Scint, Perkin Elmer, Waltham, MA, USA 

Bovine Serum Albumin, Sigma-Aldrich, St.  Louise, MO, USA 

Concanavalin A (ConA), Sigma-Aldrich, St.  Louise, MO, USA.   

Cytofix/Cytoperm with GolgiPlug Kit, BD Biosciences, Franklin Lakes, NJ, USA 

Doxycycline hyclate, 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  

Ethanol, Molecular Biology Grade, Sigma-Aldrich, St.  Louise, MO, USA  

Ficoll-Paque, Pharmacia LKB Biotechnology, Uppasala, Sweden 
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Fetal Bovine Serum (FBS), Bovogen, East Keilor, Victoria, Australia 

Australia Fetal Calf Serum (FCS), Lonza Pty Limited, Basel, Switzerland  

Gentamicin, Life Technologies Australia Pty Limited, Victoria, Australia  

Giemsa Staining, Merck KGaA, Darmstadt, Germany  

5% Glucose, Sigma-Aldrich, St.  Louise, MO, USA 

Glycerolyte 57 Solution, Baxter Healthcare Corporation, Deerfield, IL, USA  

L-Glutamine, GibcoTM by Life technologies, Grand Island, NY, USA 

Goat Anti-Mouse IgG-HRP, BioRad, Hercules, CA, USA 

Goat Anti-Human IgG Fc-HRP, Abcam, Cambridge, UK 

Goat Anti-Human IgM Fc-HRP, Merck KGaA, Darmstadt, Germany 

Human serum, Lonza Group, Basel, Switzerland 

Immersion Oil, Sigma-Aldrich, St Louis, MO, USA 

Isopropanol, Merck KGaA, Darmstadt, Germany 

LightCycler 480 SYBR Green I Mastermix, ROCHE, Basel, Switzerland 

Live/Dead Fixable Near-IR Dead cell stain kit, Life Technologies, Carlsbad, CA, USA  

Live/Dead Fixable Aqua Dead cell stain kit, Life Technologies, Carlsbad, CA, USA 

Malarone (250 mg atovoquone/100 mg proguanil hydrochloride), GlaxoSmith Kline, 

Brentford, UK 

Micro-haematocrit tubes, Medlab, Paramaribo, Suriname 

Methanol, Fronine Pty Limited, Riverstone, NSW, Australia 

2-Mercaptoenthanol, GibcoTM by Life technologies, Grand Island, NY, USA 

Mouse Fc Receptor Block™ (CD16/CD32, Clone 2.4G2), BD Biosciences, Franklin 

Lakes, NJ, USA 

Mouse IgG1 APC Isotype Control, BD Biosciences, Franklin Lakes, NJ, USA 

Mouse IgG1 FITC Isotype Control, BD Biosciences, Franklin Lakes, NJ, USA 

Newborn Calf Serum, Thermo Scientific by Life technologies, Carlsbad, CA, USA  

Nuclease-free water, Sigma- Aldrich, St.  Louise, MO, USA 

ODN 1826 (type B), Integrated Science Pty Limited, Invivogen, San Diego, CA, USA  

Penicillin Strepomycin, 10,000 units/mL (Penicillin) and 10,000ug/mL (Streptomycin), 

Life Technologies, Carlsbad, CA, USA 

Phytohemagglutinin (PHA), Life Technologies, Carlsbad, CA, USA 

Polyethylene Glycol 400, Sigma-Aldrich, St.  Louise, MO, USA 

Propylene glycol, Sigma-Aldrich, St.  Louise, MO, USA 
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Pyrimethamine, Sigma-Aldrich, St.  Louise, MO, USA 

RPMI 1640 Medium, GibcoTM by Life technologies, Grand Island, NY, USA  

Rat IgG2a PE, BD Biosciences, Franklin Lakes, NJ, USA 

0.9% Saline, Pfizer, New York, NY, USA 

Saponin, Sigma-Aldrich, St.  Louise, MO, USA 

Scintilattion fluid, Wallac Scintillation Products, Turku, Finland 

100mM Sodium Pyruvate, Thermo Scientific by Life Technologies, Carlsbad, CA, 

USA 

SsoAdvanced™ Universal Probes Supermix, BioRad, Hercules, CA, USA 

SYBR Green I Nucleic Acid Gel Stain (10,000X concentrate in DMSO), Thermo 

Scientific 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  

Trypan Blue Stain, GibcoTM by Life Technologies, Grand Island, NY, USA 

UltraPureTM 0.5M EDTA, GibcoTM by Life Technologies, Grand Island, NY, USA 

Violet proliferation dye, V450, BD Biosciences, Franklin Lakes, NJ, USA 

WHO International Standard for P. falciparum DNA, National Institute for Biological 

Standards and Control (NIBSC), Potters Bar, Hertfordshire, UK  

8.1.2 Radiochemicals  
3[H]-hypoxanthine (370GBq/mmol, 1mCi/mL), Perkin Elmer, Waltham, MA, USA  
3[H]-thymidine (370GBq/mmol, 1mCi/mL), Perkin Elmer, Waltham, MA, USA 

  

8.1.3 Assay Kits  
High Pure PCR Template Preparation Kit, ROCHE, Basel, Switzerland 

Human Th1/Th2/Th17 Cytometric Bead Assay Kit, BD Biosciences, Franklin Lakes, 

NJ, USA 

Human IFNg Flex Set, BD Biosciences, Franklin Lakes, NJ, USA 
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Mouse Th1/Th2/Th17 Cytometric Bead Assay Kit, BD Biosciences, Franklin Lakes, 

NJ, USA 

PierceTM BCA Protein Assay Kit, Thermo Scientific by Life Technologies, Carlsbad, 

CA, USA 

QIAamp DNA Blood Mini Kit (250 reactions), QIAGEN, Victoria, Australia 

QuantiTect Probe PCR kit (2X), QIAGEN, Victoria, Australia  

 

8.1.4 Primers and Probes  
Primers were generated by Sigma Aldrich and probes were generated by Applied 

BiosystemsÔ, Life Technologies.   

 

8.1.4.1 Murine malaria qPCR  

Primer 18SNCB2-F5'-ACTTCCATTAATCAAGAACGAAAGTT-3' (Sigma-Aldrich)  

Primer 18SNCB2-R5'-TGGTTAAGATTACGATCGGTATCTGA-3' (Sigma-Aldrich)  

MGB Probe 18SNCB2-P FAM- 5'-AAGGGAGTGAAGACGA-3'-MGBNFQ (Applied 

Biosystems)  

 

8.1.4.2 Human malaria qPCR  

Primer 18SPFR-F 5'-CTTTTGAGAGGTTTTGTTACTTTGAGTAA-3' (Sigma-

Aldrich) 

Primer 18SPFR-R 5'-TATTCCATGCTGTAGTATTCAAACACA-3' (Sigma-Aldrich) 

TaqMan probe 18SPFR-F FAM-5’- 

TGTTCATAACAGACGGGTAGTCATGATTGAGTTCA -3'- BHQ1 (Applied 

Biosystems)  

 

8.1.4.3 Internal Controls for DNA extraction efficiency with EHV  

Primer EHV-330F5'-GATGACACTAGCGACTTCGA-3' (Sigma-Aldrich) 

Primer EHV-410R5'- CAGGGCAGAAACCATAGACA-3' (Sigma-Aldrich) 

TaqMan probe EHV-360 FAM- 5'-TTTCGCGTGCCTCCTCCAG -3'-BHQ1 

(Biosearch Technologies)  
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8.1.4.4 Apicoplast qPCR  

Primer Tuf-A-F 5'-GATATTGATTCAGCTCCAGAAGAAA-3' (Sigma-Aldrich) 

Primer Tuf-A-R 5'-ATATCCATTTGTGTGGCTCCTATAA-3' (Sigma-Aldrich) 

Primer CHT1-F 5'-TGTTTCCTTCAACCCCTTTT-3' (Sigma-Aldrich) 

Primer CHT1-R 5'-TAATCCAAACCCGTCTGCTC-3' (Sigma-Aldrich) 

 

8.1.5 Disposable products  
500uL EDTA microtainers, 

3mL EDTA Collection Tubes, BD Biosciences, Franklin Lakes, NJ, USA 

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 

96 well flat-bottom tissue culture plates, Corning Glass Works, Corning, NY, USA  

Cryogenic tubes, Nalge Nunc International, NY, USA 

Draw up needle (18G), Terumo, Elkton, MD, USA 

1.5 mL DNA LoBind tubes, Eppendorf, Hamburg, Germany 

1.5 mL eppendorf tubes, Eppendorf, Hamburg, Germany 

Flasks (75cm2, 175cm2), Corning Glass Works, Corning, NY, USA 

Glass fibre filter mats, Perkin Elmer, Waltham, MA, USA 

HemocueÒ Cuvettes 201+, Hemocue, Angelholm, Sweden 

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  

5mL Polystyrene round-bottom FACS tubes, Becton Dickinson Labware, NJ, 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 
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25mL Serological Pipettes, Sarstedt, Nümbrecht, Germany 

50mL 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 

5, 10, 20 mL Syringes, Terumo, Elkton, MD, USA 

5mL Syringe, BD BioSciences, Franklin Lakes, NJ, USA 

3.5mL Transfer Pipette, Sarstedt, Nümbrecht, Germany 

50mL Tubes, Sarstedt, Nümbrecht, Germany 

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 III 
 

 

 

 

Score	sheet	for	malaria	challenge	and	the	monitoring	of	animals	post-challenge	

Date: 12 November 2014                                                  Version Number: 4.00           Page: 1 

 
Score sheet for malaria challenge and the monitoring of animals post-challenge 

 
This score sheet is for use in Professor Michael Good’s group at the Institute for Glycomics, Griffith 
University. It will be used in monitoring the health of any mice that are infected with malaria parasites. 
 

Clinical	Score	 Observation	 Grade	 Criteria	
Healthy	(score	of	0)	 Pallor	 N	 no	pallor:	ankles,	feet	and	ears	pink	in	colour	

Posture	 N	 gait	and	movement	is	smooth	(no	hunching)	
Activity	 N	 very	active	and	running	around	
Fur	Texture	 N	 coat	normal,	glossy	
Reaction	to	Stimuli	 N	 quick	reaction	to	external	stimuli		
Urine	 N	 yellow	urine	(normal)	

Mild	(score	of	1):	
If	any	one	or	more	of	
the	following	criteria		

	

Pallor	 A	 slight	pallor:	slightly	pale	feet,	ankles	and/or	ears	
Posture	 A	 slight	hunched	appearance	
Activity	 A	 activity	may	be	slightly	decreased	
Fur	Texture	 A	 slight	ruffling	of	fur	
Reaction	to	Stimuli	 A	 slightly	slowed	reaction	to	external	stimuli	
Urine	 A	 change	in	urine	colour	(slightly	green	or	pale)	

Moderate	(score	of	2):	
Score	of	1	plus	any	of	
the	following	criteria				

Pallor	 B	 moderate	pallor:	includes	pale	white	feet,	ankles	and/or	ears	
Posture	 B	 moderate	hunching	notice	while	at	rest	
Activity	 B	 activity	moderately	decreased	but	normal	movement	when	stimulated	
Fur	Texture	 B	 moderate	ruffling	of	fur	
Reaction	to	Stimuli	 B	 moderately	slowed	reaction	to	external	stimuli	
Urine	 B	 yellow-green	urine	

	Moderate	–	Severe	
(score	of	3):	

	Score	of	2	plus	any	of	
the	following	criteria		

Pallor	 C	 severe	pallor:	very	pale	feet,	ankles	and/or	ears	
Posture	 C	 moderate	hunching,	gait	and	movement	affected	
Activity	 C	 activity	is	moderately	decreased	and	movement	upon	stimulation	is	slow	
Fur	Texture	 C	 severe	ruffling	of	fur	
Reaction	to	Stimuli	 C	 reaction	to	external	stimuli	is	very	slow	
Urine	 C	 dark	yellow-green	or	orange	urine	

Severe	(score	of	4):	
Score	of	3	plus	any	of	
the	following	criteria							

	

Pallor	 D	 extreme	pallor:	pale	feet,	ankles	and/or	ears	
Posture	 D	 moderate-extreme	hunching	-	movement	impaired	
Activity	 D	 activity	can	be	very	reduced	-	if	not	stationary,	movement	is	severely	affected	
Fur	Texture	 D	 severe	ruffling	and	poor	grooming	(faeces	stuck	to	fur	or	white	matter	near	eyes)	
Reaction	to	Stimuli	 D	 little	to	no	reaction		(just	sits	huddled	in	ball	even	with	stimulation)	
Urine	 D	 urine	bloody	or	dark	green	

 
 
Animals are checked daily.  Moribund animals, that is animals with any grade D symptom and therefore a 
clinical score of four (4), will be immediately euthanased. Animals exhibiting four (4) or more grade C 
symptoms for two (2) consecutive days will be euthanased.  
 
Once completed, score sheets are to be scanned and the PDF version uploaded to the Institute for Glycomics 
server. The original hard copy should be retained by the researcher and added to their laboratory records.




