
 

 

 

Assessment of Anti-Merozoite Antibody 

Function in the Context of Blood-Stage 

Malaria Vaccine Development 
 

Thesis submitted for the degree of Doctor of Philosophy 

Trinity Term 2014 

 

 

David C. C. Llewellyn 

St John’s College 

 

 

 

Word Count: ~40,000



 

i 

 

Assessment of Anti-Merozoite Antibody Function in the Context of Blood-

Stage Malaria Vaccine Development 

David C. C. Llewellyn, St John’s College, University of Oxford 

Thesis submitted for the degree of Doctor of Philosophy, Trinity Term 2014 

 

ABSTRACT 

In regions endemic for malaria, natural exposure results in an acquired immunity which 

protects individuals from severe disease. However, no vaccine against the blood-stage of 

malaria, against which naturally-acquired immunity is targeted, currently exists that is 

capable of emulating, or out-performing, natural protection. To rationally direct the next 

generation of blood-stage malaria vaccine development, a greater understanding of the 

immunological mechanisms involved in clinical protection is required.  

To date, the assessment of naturally-acquired and vaccine-induced immunity to the blood-

stage of malaria has suffered from a paucity of in vitro immunological assays that are both 

robust and reproducible, whilst allowing for assessment of anti-parasitic activity induced by 

antibodies, either alone, or in conjunction with immune cells. Thus this Thesis describes the 

development of the antibody-dependent respiratory burst (ADRB) assay, for assessment of 

blood-stage immunity against Plasmodium falciparum, as well as the Duffy antigen receptor 

for chemokines (DARC) – Duffy binding protein (DBP) binding inhibition assay, for 

assessing antibody mediated immunity to P. vivax. A reproducible and standardised assay of 

ADRB activity was developed here and applied to studies of immunity in both mice and 

humans. ADRB activity, which assesses antibodies’ ability to activate oxidative burst in 

neutrophils via Fc receptor (FcR)-dependent pathways, was shown to associate with clinical 

protection in a cohort from Mali where FcR-independent immunological assays, such as the 

assay of growth inhibition activity, did not. This work thus elucidates the importance of FcR-

dependent immunity to P. falciparum malaria and establishes the ADRB assay as a useful 

tool for future vaccine development. In addition, the DARC-DBP binding inhibition assay 

was established and utilised to assess inhibitory activity of antibodies induced in the first 

Phase I clinical trial of this antigen. Results identify the need for significant improvements in 

vaccine design, and show the utility of the assay as a tool for assessing future blood-stage 

vaccine development efforts against this neglected parasite. 
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1. INTRODUCTION 

1.1. Malaria 

Malaria is a disease caused by the infection of a vertebrate host with apicomplexan parasites 

of the genus Plasmodium. While there are over 250 species of Plasmodium, only five are 

known to infect and cause disease in humans: P. falciparum, P. vivax, P. ovale, P. malariae, 

and P. knowlesi. The first medical records of malaria-like illnesses come from more than 

4,500 years ago (Nei Ching, The Canon of Medicine, 2700BC), and since then, reports 

consistent with malarial disease are present throughout the historical literature of many 

civilisations (1). 

It wasn’t until 1880 that malaria parasites were first observed and described in the blood by 

Alphonse Laveran followed 17 years later by Ronald Ross’ proof of the role of mosquitoes in 

malaria transmission, kick-starting modern malaria research and attempts to understand and 

control the disease. This early 20th century work culminated in the Global Malaria 

Eradication campaign of the 1950s - 1960s. Unfortunately, in the wake of this unsuccessful 

campaign, efforts towards the treatment and elimination of malaria waned. Today, 

recognition of both the health and economic cost of uncontrolled malaria transmission has led 

to a re-invigorated effort to control, and ambitiously, eradicate malaria from human 

populations (2, 3). While current techniques for reducing malaria burden such as indoor 

residual spraying, use of insecticide-treated mosquito nets and post diagnosis drug treatments 

may prove effective in eliminating malaria from areas of low or intermittent transmission, 

there is wide acceptance that these approaches alone will not be sufficient to block malaria 

transmission in high intensity areas (4). Development of new technologies will thus play a 

vital role in future initiatives, with one of the leading focuses being vaccination. 
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1.1.1. Malaria Life Cycle 

Plasmodium parasites have a multi-stage life cycle split across the female Anopheles 

mosquito (definitive host) and the vertebrate host (Figure 1-1). The life cycle can be split into 

three major stages. 

 

Figure 1-1. Plasmodium life cycle. 

The multi-stage life cycle of Plasmodium parasites involves stages in both the human 

host (blue arrows) and the female Anopheles mosquito (red arrows). Adapted from (5). 

Pre-erythrocytic stage: As an infected female Anopheles mosquito takes a blood meal, it 

injects sporozoites, the infective, motile stage of the malaria parasite, into the dermis of the 

vertebrate. The infectious inoculum only represents a fraction of the parasite load in the 

mosquito salivary glands and is typically about 15 sporozoites for P. falciparum (although 

this has been reported as high has 1000) (6, 7). Sporozoites then migrate away from the bite 
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site over the course of an hour or more with approximately 70% finding their way into the 

blood, and the remainder entering the lymphatic system (8, 9). Those in the blood stream 

make their way to the liver and exit the circulation predominantly through Kupffer cells 

lining the sinusoids (10). Sporozoites can be found in the liver as soon as two minutes after 

introduction to the circulation (11). Several hepatocytes are traversed by breaching their 

plasma membranes followed by rapid repair before the parasite finally infects a hepatocyte 

via the formation of a parasitophorous vacuole (12). Once a hepatocyte is infected the 

parasite multiplies over several days to form 1000s of merozoites, the erythrocyte infective 

form of the parasite. Eventually, the infected hepatocyte buds off vesicles of several thousand 

infective merozoites (merosomes) into the blood which can stay intact for over an hour (13, 

14). 

Erythrocytic stage: The erythrocytic stage of malaria is responsible for the pathology 

associated with disease, with ongoing replication of the parasite approximately every 48 

hours (depending on the species) leading to the cyclical nature of fevers. Infection and 

replication in the blood is mediated by merozoites, ~1μm long cells which are highly 

specialised for the invasion of erythrocytes. Once released into the circulation, it takes less 

than one minute for a merozoite to find a cell to invade. Upon contact between any part of the 

merozoite and an erythrocyte, the merozoite quickly reorients itself onto its apical end. This 

allows the deployment of specialised invasion organelles, namely the rhoptries and 

micronemes, to initiate the invasion event. An irreversible tight junction forms between the 

merozoite and the erythrocyte, signifying commitment to invasion, which moves around the 

merozoite as it moves into the host cell via an actin-myosin motor anchored to the merozoite 

inner-membrane complex (15). Assuming that invasion efficiency is similar in vivo to that 

observed in vitro, the entire invasion process occurs in 30 s (16) meaning that in total the 

merozoite is only exposed, outside the erythrocyte, for <2 min. Within 5 h of invasion, the 
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parasite will have developed into a ring and have started exporting proteins to the erythrocyte 

membrane (17). Replication of the parasite at this stage of the life cycle is asexual, with 

nuclear division occurring by cytokinesis and only occurring once the parasite is inside the 

erythrocyte. The parasite develops through early and late trophozoite stages before becoming 

a schizont with 16-32 (for P. falciparum) discernible new merozoites. When the new 

merozoites are mature, the erythrocyte ruptures expelling them into the plasma. These 

merozoites go on to infect new erythrocytes, thus forming an exponential growth phase 

within the parasite life cycle. 

Sexual stage: Instead of continuing within this asexual replicative cycle, a small percentage 

of parasites in the blood become sexual cells, or gametocytes. This is essential for malaria 

parasites to be transmitted through the mosquito. Recently, PfAP2-G has been identified as 

the transcriptional switch controlling sexual differentiation, and it is suggested that stochastic 

activation could explain biological gametocyte levels (18, 19). Alternatively, it is also 

possible that the PfAP2-G switch is activated by exosome mediated cell-cell communication 

between infected erythrocytes (20). When a female Anopheles mosquito feeds on an infected 

vertebrate, erythrocytes containing mature gametocytes are taken up (along with asexual 

forms of the blood-stage parasite which will ultimately die). The change in temperature and 

pH experienced by parasites as they enter the mosquito gut causes the gametocytes to lyse 

their encasing erythrocyte and form gametes. The male gamete exflagellates and moves 

through the blood meal to make contact with, and fuse to, a female gamete for fertilisation. 

Over 18-24 h, the resultant zygote develops into an ookinete which traverses the mosquito 

midgut epithelium and implants between the midgut epithelium and the basal lamina. Here, 

the ookinete differentiates into an oocyst in which, over the course of 6-10 days, sporozoites 

develop (21, 22). Mature sporozoites asynchronously rupture from the oocyst and migrate to 
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the salivary glands ready to infect a new vertebrate upon mosquito feeding, thus completing 

the life cycle. 

1.1.2. Plasmodium falciparum  

Of the five Plasmodium species that infect humans, P. falciparum is the most prevalent (23), 

with an estimated 220 million cases, and over 0.6 million deaths every year (2, 24). The 

majority of the mortality burden is borne by children under the age of five in sub-Saharan 

Africa as well as pregnant women, although it also occurs across the tropics of South 

America and Asia (Figure 1-2). Furthermore, in Africa alone, the burden of disease is 

estimated to have an economic cost of over US$ 12 billion annually (3). 

 

Figure 1-2. 2010 spatial distribution of P. falciparum endemicity 

Estimates of the annual mean parasite rate (PfPR) in children aged 2-10 years within 

areas of stable P. falciparum transmission. Medium grey areas depict areas of unstable 

transmission (P. falciparum annual parasite incidence (PfAPI) < 0.1 per 1,000 per 

annum) and light grey where there is no risk of malaria (PfAPI = 0 per 1,000 per 

annum) (25). 

As a result of the high burden of disease and level of mortality, P. falciparum has been by far 

the most studied of the five human malaria species. The development of techniques for long 

term in vitro culture of P. falciparum in erythrocytes during the 1970s (26) further 
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accelerated work on falciparum malaria and has been vital in understanding the parasite’s 

invasion biology and subsequent development of anti-malarial drugs and vaccine candidates. 

1.1.3. Plasmodium vivax 

P. vivax is the most geographically widespread of the Plasmodium species to infect humans 

with up to 2.5 billion people at risk and 80 million clinical cases each year particularly across 

South America and South-East Asia (Figure 1-3). Infection leads to an incapacitating, 

relapsing disease with symptoms including acute respiratory distress syndrome, vicious 

paroxysms, fever, severe anaemia, and in extreme cases, death (27).  

The P. vivax life-cycle differs from that of P. falciparum in two important ways. Firstly, P. 

vivax is able to stay dormant in the liver for anything from several weeks to years after initial 

infection meaning that relapses of the disease are possible after leaving a malaria infected 

area (28). This is achieved via a specialised form of the pre-erythrocytic stage parasite known 

as the hypnozoite. What causes a subset of parasites to become hypnozoites instead of 

progressing along the normal development pathway and dividing into merozoites, and the 

subsequent trigger for a parasite to escape dormancy and cause a new wave of infection, 

remains unknown (29). Secondly, once in the blood, P. vivax merozoites almost exclusively 

infect reticulocytes (30). Again, the exact receptors and interactions that lead to this 

reticulocyte restriction remain unknown. While both P. falciparum and P. vivax have at least 

one member within each of the two major protein families involved in erythrocyte invasion, 

the erythrocyte binding-like (EBL) and the reticulocyte binding-like proteins, unlike P. 

falciparum which has multiple redundant micronemal EBL proteins (EBA-175, 140, 181 and 

EBL-1) it can utilise for erythrocyte invasion (31, 32), P. vivax relies on an essential 

interaction between the Duffy antigen receptor for chemokines (DARC) on the erythrocyte 

surface and the parasite’s Duffy binding protein (DBP) (33). The necessity of this interaction 
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is exemplified by the virtual disappearance of P. vivax from sub-Saharan African and Papua 

New Guinean populations where Duffy blood group negativity has arisen (Figure 1-3) (34-

36). 

 

Figure 1-3. 2010 spatial distribution of P. vivax endemicity 

Estimates of the annual mean parasite rate (PvPR) in people aged 1-99 years within 

areas of stable P. vivax transmission. Medium grey areas depict areas of unstable 

transmission (P. vivax annual parasite incidence (PvAPI) < 0.1 per 1,000 per annum) 

and light grey where there is no risk of P. vivax malaria (PvAPI = 0 per 1,000 per 

annum). Striped areas indicate locations where Duffy negativity is predicted to be 

>90% (37). 

Despite the significant burden of disease caused by P. vivax, it has been overlooked for many 

decades. Yet if new ambitious calls to eradicate malaria are to be met, it is obvious that 

strategies involving P. vivax will be essential. A major hindrance to the study of P. vivax to 

date has been that, unlike P. falciparum, long term in vitro cultures of P. vivax parasites are 

not possible (38). The development of a reproducible in vitro culture technique for P. vivax 

would be a significant breakthrough in the field and would greatly assist the acceleration of 

studies into P. vivax biology and prevention. 
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1.2. Pathogenesis of Malaria 

Only about 1% of malaria infections result in severe disease, with disease progression being 

influenced by both parasite factors such as species, multiplication rate and antigenic 

variation, as well as host pre-existing immunity, age and genetic traits. Most infections result 

in an uncomplicated mild cyclic fever which resolves as the body’s immune system 

eliminates the disease, but can also include headaches, fatigue, vomiting and nausea. 

However, in non-immune individuals, especially children under the age of five, disease can 

progress to severe malaria, an often fatal condition encompassing cerebral malaria, metabolic 

acidosis, and severe anaemia (39, 40).  

An important feature of Plasmodium biology is its ability to cause infected red blood cells 

(iRBC) to adhere to the vascular endothelium, which likely evolved as a way to avoid being 

cleared in the spleen. While causal mechanisms of iRBC sequestration in pathology remain 

debated, sequestration mediated by the interaction between parasite antigen PfEMP1 and host 

endothelial protein C receptor has been associated with severe disease (41). Resultant 

obstruction of blood flow through capillaries may reduce blood flow in the brain resulting in 

neuronal death and coma as typical in cerebral malaria. Additionally the high concentration 

of iRBCs and free haem from lysed red blood cells (RBCs) at the site of sequestration may 

lead to high levels of proinflammatory cytokines as well as reactive oxygen species (ROS) 

being produced by host immune cells, thus causing damage to the blood brain barrier and 

leading to cerebral oedema (40, 42). Similarly in the periphery, obstruction of 

microvasculature by sequestered iRBCs could reduce oxygen delivery and thus lead to 

hypoxia in downstream tissues. The resultant metabolic acidosis is the most important 

determinant of survival and has been related to the development of respiratory distress (39, 

43). Finally, severe anaemia is a common manifestation of malaria infection. Anaemia is 
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likely not only to result from the lysis of iRBCs, but more importantly from the haemolysis of 

uninfected RBCs (44); a concurrent impairment in erythropoiesis driven by cytokines such as 

tumour necrosis factor α (TNFα) and interferon γ (IFN-γ) released in response to schizont 

rupture; and hepcidin upregulation restricting dietary iron uptake and locking iron within 

macrophages (45-47). Increased deposition of complement protein C3b on uninfected 

erythrocytes in malaria infected children has been suggested as a mechanism for the 

increased clearance of uninfected RBCs (48). 

Importantly, malaria pathogenesis is often complicated by the presence of co-infections, 

making the range of symptoms and progression of disease even more diverse than that 

described here. 

1.3. Models for studying malaria 

Non-human Plasmodium species have been essential in the study of malaria and the testing of 

vaccine candidates. In particular, rodent malaria models have been extensively utilised. There 

are four species of rodent malaria (P. berghei, P. chabaudi, P. vinckei and P. yoelii) and a 

number of different strains within these species. Some strains cause lethal disease (e.g. P. 

berghei ANKA and P. yoelii YM) in various strains of laboratory mouse, while infections with 

others are naturally resolved. Like the human malaria species, different rodent malarias vary 

in their morphology, cell invasion preference and pathologies, and thus are suited to different 

study types. The two lethal strains mentioned here are the most commonly used for vaccine 

studies. Importantly, the role of Fc-dependent immune mechanisms in protection against 

these two species differs, with P. berghei being controlled by Fc-dependent mechanisms (49), 

while protection against P. yoelii infection is Fc-independent, or at least independent of 

functional γ-chain signalling (50). Thus results must be carefully interpreted in the context of 

the chosen model when conducting vaccine and other immunological studies. 
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The utility of mouse models for studying human malaria immunology and vaccine 

development remains debated (51). Not only must differences in parasite species be 

considered, but also important fundamental differences between human and murine 

immunological processes can make results difficult to extrapolate. However due to the ability 

to use multiple different parasite species in combination with different mouse strains 

(especially genetically modified mice), rodent malaria models continue to constitute powerful 

tools for studies on malaria immunology, pathology and vaccine development. 

1.4. Genetic Resistance to Malaria 

There are a number of genetic traits which have been associated with reduced rates of 

malarial disease in human populations. One example is glucose-6-phosphate dehydrogenase 

(G6PD) deficiency which affects over 400 million people worldwide and leaves erythrocytes 

more susceptible to damage by reactive oxygen species. The abundance of this X-linked trait 

is attributed to the fact that heterozygote females and hemizygote males are protected from 

severe malaria (52). Like G6PD deficiency, many additional genetic polymorphisms 

influencing immune pathways and processes have been implicated in affecting malaria 

disease progression (53). However, genetic traits affecting cell phenotype and morphology 

are also capable of affecting disease progression. As mentioned in Section 1.1.3, Duffy 

negativity has arisen across much of sub-Saharan Africa protecting the population from P. 

vivax disease progression (35, 36). Probably the most well studied genetic trait affecting 

malaria is sickle cell trait (HbS). While homozygosity (SS) of the trait results in anaemia and 

a relatively severe pathology, heterozygosity (AS) is associated with protection from malaria 

(54). This protection is likely imparted by a combination of impaired invasion, and reduced 

growth of parasites in affected RBCs (55). The relative abundance of sickle cell trait in 

malaria endemic areas highlights the selective pressure imparted by malaria infection. 
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1.5. Immunity to Malaria 

Along with genetic factors affecting cellular morphology, the host immune system is the most 

important factor determining the outcome of malaria infection. Upon entering the human 

body, the malaria parasite is subject to multiple waves of the human immune response which 

attempt to pacify the pathogen. Both innate and adaptive immune responses play pivotal roles 

in the response to malaria infection. 

1.5.1. Innate immunity 

The innate immune system provides the first line of defence against infection once physical 

barriers such as the skin are breached. This defence system acts very rapidly to give a broadly 

specific effector response. Importantly however, no long-lasting immunological memory is 

conferred from the innate immune system. It is likely that innate immunity to malaria acts to 

control parasite density and is effective against multiple parasite strains, but that acquired 

adaptive responses are required to completely control and eliminate the parasite (56, 57). 

1.5.1.1. Toll-like receptors 

Pathogens are initially recognised by germline-encoded pattern recognition receptors such as 

Toll-like receptors (TLR) which signal through MyD88 and/or MAP kinases to activate NF-

κB and subsequent regulation of immune and inflammatory genes (58, 59).  The roles of 

TLRs in Plasmodium recognition and disease progression are not completely understood. 

TLRs are, however, thought to recognise Plasmodium infection in two ways. Firstly, different 

parasite glycosylphosphatidylinositol (GPI) motifs are recognised by TLR2/TLR1, 

TLR2/TLR6 heterodimers and to a lesser extent by TLR4 (60). Genetic variants which reduce 

the expression of TLR1 and TLR6 have been associated with increased incidence of malaria 

(61) highlighting the potential importance of this recognition pathway. However, it is thought 
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that GPI may contribute to severe disease by inducing a proinflammatory response, initiated 

by TLR signalling, which contributes to advanced clinical pathology (62). Secondly, TLR9 is 

activated during the blood-stage of the malaria life cycle by CpG motifs present in 

Plasmodium DNA. Importantly, parasite DNA binds to haemozoin (the waste product from 

digestion of haemoglobin) which is targeted to the endosome and thus brings the parasite 

DNA in contact with TLR9 to allow activation (63, 64). Again, polymorphisms in TLR9 have 

been associated with an increased risk of malaria highlighting the importance of TLR 

recognition in disease progression (65). 

1.5.1.2. Complement system 

The serum complement system represents an important part of the innate immune system. 

Activation via innate pattern recognition receptors or adaptive immune response-induced 

antibody, initiates a cascade involving over 30 plasma and cell surface proteins (66, 67). 

There are three described pathways by which complement based immunity can be activated: 

the alternate pathway whereby continuous hydrolysis of complement protein C3 produces 

C3b which can covalently bind microbial cell surface carbohydrates or proteins initiating 

further activation; the mannose-binding lectin pathway which relies on recognition of 

microbial pathogen associated molecular patterns by mannose-binding lectin associated 

proteases thus activating the complement cascade; and the classical pathway which is 

activated by antibodies induced through adaptive immune processes. All three pathways 

converge at the formation of a C3 convertase and cleavage of C3 leading to opsonisation with 

C3b. Subsequent formation of the C5 convertase leads to the formation of the membrane 

attack complex (MAC) via deposition of C5b-9. Importantly, the complement cascade can be 

deactivated by heating test serum to 56oC for 30 min, greatly assisting the study of 
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complement and its role in different immune processes and diseases in ex-vivo experiments 

(68, 69). 

It seems that a fine balance between complement activation and regulation is important for 

the pathogenesis of malaria infection. Indeed complement activation occurs during malaria 

infection (70-72), and can be activated by parasite-specific antibodies (73). The importance 

of complement in immunity to malaria is supported by genetic studies which associate 

reduced complement activation ability with higher parasitaemias in patients (74). In addition 

to MAC formation, complement activation has been shown to induce macrophage 

phagocytosis of iRBCs and thus potentially assist in the control of disease (75, 76). However, 

in some circumstances, complement activation may detrimentally affect disease outcome. 

This may manifest due to associated inflammatory response activation or increased 

cytoadhesion between iRBCs and endothelial cells (71, 77). Indeed, high-level complement 

activation has been associated with cerebral malaria (70), and a reduced ability to activate 

complement has been seen to improve severe clinical outcomes (78). Furthermore, 

complement-mediated immunity directed toward iRBC, especially in the absence of adequate 

regulatory proteins, has been implicated in an increased chance of anaemia (75, 76, 79, 80). 

Thus it remains unclear exactly what level of complement activation is desired for optimal 

disease outcome. 

It is likely, however, that the malaria parasite itself utilises host complement regulatory 

factors to increase its chances of survival (71). Almost all host cells possess complement 

regulatory proteins to prevent self-cell destruction under normal physiological conditions (66, 

67). Host CD59, a complement regulatory protein, has been shown to be important in 

preventing lysis of iRBC and thus helping the parasite evade the immune system (81). 

Furthermore, in the midgut of the mosquito, where complement remains active for 
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approximately 1 h, P. falciparum gametes express PfGAP50 which binds Factor H, a human 

protein which deactivates C3b and prevents complement-based lysis (82). Preliminary 

evidence also suggests that MSP3-family proteins on the merozoite may preferentially bind 

IgM, shielding the merozoite from efficient complement deposition (83). 

1.5.1.3. Innate immune cells 

A number of different cell types contribute to the innate immune response against pathogens, 

however, their specific involvement in immunity to malaria has been widely debated and is 

still the focus of much research (57). Non-phagocytic cells such as eosinophils, basophils and 

masts cells are particularly important in the protection of epithelial surfaces and are also 

involved in inflammation and allergy (84). They are particularly effective against parasites, 

releasing histamine upon pathogen recognition (85, 86). Natural killer (NK) cells are also 

non-phagocytic with cytotoxic effects mediated through granzyme and perforin release as 

well as cytokine producing effector functions initiated upon contact with target cells (87). 

IFN-γ produced by NK cells upon contact with iRBC has been shown to be essential for 

immunity to P. chabaudi malaria (88), and inherent differences in NK cell reactivity have 

been suggested to play a role in differing susceptibilities of humans to P. falciparum infection 

(89). 

Sharing properties of both NK cells and T cells, NK T cells recognise glycolipids presented 

on antigen presenting cell (APC) CD1d and are activated to secrete IFN-γ and other cytokines 

within the first hours of infection (90). Despite being present in high numbers in the liver, NK 

T cells do not appear to effect immunity to pre-erythrocytic malaria, but instead may be 

important in assisting antibody production important for blood-stage immunity (91). In fact, 

NK T cell activation may be detrimental to individuals infected with malaria, with early NK 

T cell IFN-γ induction in mouse models promoting cerebral malaria pathology (92). The 
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same observation has been made with γδ T cells, with γδ knockout mice being resistant to the 

development of cerebral malaria (93). γδ T cells bridge the innate and adaptive immune 

systems. They recognise a broad array of antigens but do not require peripheral maturation or 

clonal expansion, instead acquiring their effector phenotype during thymic maturation. 

Unlike the αβ T cell receptor (TCR), the γδ TCR is not restricted to the recognition of 

peptides bound to major histocompatibility (MHC) molecules (94). Soluble schizont derived 

non-peptide antigens thus stimulate γδ T cell polyclonal expansion during P. falciparum 

infection (95, 96), which may play an important role in controlling blood-stage replication 

rates in vivo given γδ T cells ability to inhibit parasite growth in vitro (97). 

There are also a number of phagocytic cells which are involved in innate immunity including 

macrophages, dendritic cells (DC) and neutrophils. While a number of effector functions of 

these cell types are stimulated by innate signals such as pattern recognition receptors, in 

many cases they also constitute an important link between innate and adaptive immunity. 

Macrophages, for example, have been reported to recognise parasite antigens expressed on 

iRBCs, such as PfEMP1 with scavenger receptor CD36, leading to induction of phagocytosis 

(98, 99). However, macrophages also have the ability to present malarial antigens to the 

adaptive immune system, inducing CD4+ T cell IFN-γ production (100, 101). In fact DCs are 

professional APCs providing one of the most important links between innate and adaptive 

immunity. They are the only cell capable of inducing a primary immune response and 

subsequent immunological memory. They have a high phagocytic capacity, taking up 

antigens in the periphery before migrating to the lymphoid organs and presenting them on 

MHC molecules along with co-stimulatory molecules to activate both T and B cells (102, 

103). Aside from their role as APCs, the role that DCs play in P. falciparum immunity is 

complex and still being elucidated (104). While blood-stage parasite products have been 

reported to induce DC maturation (105), it has also been shown that P. falciparum infected 
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erythrocytes are capable of preventing DC maturation and subsequent T cell activation (106). 

While this tension is yet to be resolved, it is possible that DC activation early in infection is 

important for initial control of parasitaemia, while down-regulation of proinflammatory 

signals later in infection helps to prevent severe pathologies. 

Neutrophils 

Neutrophils, or polymorphonuclear cells (PMN), are one of the innate immune system’s most 

important cellular components. Neutrophils are capable of destroying microbes in four major 

ways: phagocytosis, the release of granules, respiratory burst, and the production of 

neutrophil extracellular traps (NETs). The ferocity of PMNs’ antimicrobial activities also 

commonly leads to host cell damage and thus the control and efficient clearance of 

neutrophils from sites of inflammation is very important (107). As such, neutrophils are 

programmed to die by apoptosis, and macrophages play an important role in the clearance of 

apoptotic neutrophils to resolve inflammation (108). 

In a process regulated by the rate of neutrophil apoptosis in the periphery, some 1-2 x 1011 

PMNs are generated each day in the bone marrow of an adult human and upon emerging, 

circulate for 6-8 h (109). Inflammatory signals generated at a site of infection prompt 

proximal endothelial cells, especially in post-capillary venules, to express adhesion molecules 

which are recognised by PMNs causing them to adhere and roll along the endothelium before 

eventually migrating across the endothelium and into the site of inflammation (109, 110). 

Once at the site of inflammation, neutrophils have an important role in recruiting and 

activating other cells types. They express cytokines such as CCL3, CCL12 and TNFα which 

attract and activate DCs, monocytes and NK cells. They are also capable of activating the 

proliferation and maturation of T cells and B cells with subsequent T cell production of IFN-γ 

capable of prolonging neutrophil lifespan (107, 110). Neutrophils’ primary function, 
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however, is in the direct killing of microbes. Efficient phagocytosis is triggered by TLR, Fc 

gamma receptor (FcγR) or complement receptor recognition of pathogens. PMNs 

constitutively express all TLRs (except TLR3), and FcγRIII (CD16) surface expression is 

upregulated upon PMN adhesion to endothelium meaning the cells are highly susceptible to 

activation once in the tissue (110).  

In addition, neutrophils possess an array of granules containing proteins with anti-microbial 

and tissue digesting activities. These granules are classified into three groups based on their 

contents and the time during granulocyte differentiation at which they are made (109). 

Primary, or azurophil, granules contain myeloperoxidase (MPO) which is important for 

respiratory burst; secondary (specific) granules contain proteins such as lactoferrin which is 

capable of binding free iron which is essential for some bacterial growth (111) and 

flavocytochrome b558 which is essential for respiratory burst; and tertiary granules which 

contain gelatinase, a proteinase important for the degradation of all major components of the 

extracellular matrix (112). Activation of granule release is thus a powerful mechanism for 

destroying both cells and connective tissue. 

As well as releasing anti-microbial granules, and of particular importance to this Thesis, 

neutrophils utilise respiratory burst to kill invading pathogens. This involves an abrupt, non-

mitochondrial reduction of O2 which can be stimulated by large particles such as bacteria and 

yeast, molecules involved in cell chemotaxis, bioreactive lipids, and antibodies (113). 

NADPH-oxidase is the multi-component complex which mediates respiratory burst. It is 

made up of cytosolic p47phox, p67phox, p40phox, Rac2, Cdc42 and p29 peroxiredoxin, and 

membrane gp91phox, p22phox and Rap1A. Together, membrane bound gp91phox and p22phox 

heterodimerise to form flavocytochrome b558 which functions to transfer electrons generated 

by the reduction of NADPH at the cytosolic surface across the plasma membrane to be 
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donated to molecular oxygen, either in the phagolysosome or the extracellular environment 

(114). Upon adhesion of neutrophils to endothelial cells, neutrophils enter a primed state 

where specific granules fuse with the plasma membrane inserting further b558 into the 

membrane. Final activation results in the cytosolic components of the NADPH oxidase 

complex assembling with the membrane bound components at the plasma membrane (Figure 

1-4). The resultant electrons transferred across the plasma membrane are accepted by 

molecular oxygen to form O2
-. O2

- can then react to generate a number of further ROS 

including hydroxyl radicals (OH-), ozone (O3), 
1O2 and hydrogen peroxide (H2O2) via 

granular enzyme MPO (113, 114). The exact mechanisms by which ROS kill microbes 

remain debated, however likely processes include the damaging of biomolecules and 

enzymes, especially those bound to iron-sulphur clusters, by O2
- and H2O2 which causes 

metabolic defects; and DNA base oxidation and the carbonylation of proteins by hydroxyl 

radicals (115, 116). 

Finally, activated neutrophils are capable of forming NETs which can trap and kill bacteria. 

This process is dependent on signals generated through NADPH oxidase and ultimately leads 

to PMN cell death (117). NETs contain a number of granule proteins as well as histones, with 

chromatin comprising the major structural component (118). NETs are able to capture 

pathogens and eliminate them due to their high concentration of anti-microbial peptides 

(119). 

The role of neutrophils in malarial immunity remains debated, although they have been 

shown to be important in animal challenge models (120). Phagocytosis of both free 

merozoites (121) and iRBCs (122) has been shown to inhibit parasite growth in vitro (123, 

124), but its relevance in vivo remains unknown. Indeed, despite neutrophils’ ability to 

effectively phagocytose gametocytes and gametes, phagocytosis does not appear to play a 
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significant role in naturally-acquired transmission blocking activity (125). Probably of most 

relevance is the PMN derived respiratory burst, given the susceptibility of P. falciparum 

parasites to ROS (126, 127).  

 

Figure 1-4. Activated NADPH oxidase complex 

Representative image showing the NADPH oxidase complex as it would exist in an 

activated PMN. All components which exist in the cytosol of a resting neutrophil have 

translocated to the plasma membrane and complexed with b558 (light blue) allowing 

electron transfer across the membrane and the generation of O2
-. O2

- is capable of 

producing further ROS. Adapted from (114). 

 

1.5.2. Adaptive Immunity 

In the cases where the innate immune system is not sufficient to overcome an invading 

pathogen, the adaptive immune system is activated. Innate immune mechanisms play a vital 

role in this activation (128). Importantly, adaptive immunity is highly specific and is capable 

of producing long lasting memory. Adaptive immune responses are responsible for naturally-

acquired immunity (NAI) to malaria and are the target of vaccination. 

 

Intracellular Extracellular 
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1.5.2.1.  T cells 

The cellular arm of the adaptive immune system comprises T lymphocytes which are 

activated by the presentation of antigen by APCs on MHC molecules along with other co-

stimulatory molecules. T cells are characterised by their surface expression of the T cell 

receptor/CD3 complex, as well as either CD4 or CD8.  

The cell type activated by an antigen relies largely on the source of that antigen. Exogenous 

particles that are internalised by APCs enter the endocytic pathway and are broken down into 

peptide fragments by enzymes such as cathepsins (129). MHC class II (MHC II) molecules 

assembled in the ER bind to the invariant chain and are transported to the late endosomal 

compartment. The resultant compartment containing antigen peptide fragments and 

membrane-bound MHC II-invariant chain complex is termed the MHC II containing 

compartment (MIIC). In the MIIC, chaperone HLA-DM assists the exchange of invariant 

chain peptide with antigen peptide into the MHC II peptide binding groove. MHC II, bound 

to its antigen peptide, is then transported to the plasma membrane enabling the antigen to be 

presented to immune effector cells (130). CD4+ T cells recognise antigen presented on MHC 

II molecules, and in the presence of co-stimulatory molecules are activated. Once activated, 

CD4+ T cells act primarily to recruit and activate other cell types.  

CD4+ T cells can be further broken down into, among others, Th1, Th2, Th17, T follicular 

helper (TFH), and T regulatory (Treg) cell subsets according to their cytokine expression 

profiles. In the presence of interleukin (IL)-12 and IFN-γ, naïve CD4+ T cells will develop 

into Th1 cells characteristically secreting IFN-γ, IL-2, TNF-α and TNF-β (131, 132). Th1 

cells are important in the recruitment and activation of macrophages, NK cells and CD8+ T 

cells, as well as facilitating the production of opsonising and complement fixing antibodies 

(133). Th2 cells are activated in the presence of IL-4 and secrete IL-4, IL-5, IL-10 and IL-13. 
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They are particularly efficient in attracting histamine-producing cells as well as promoting 

the production of IgE and are thus typically associated with immunity against helminths and 

other extracellular parasites (131). Th17 cells produce large amounts of pro-inflammatory 

cytokine IL-17 and are stimulated by TGF-β and IL-6. IL-17 is capable of mediating tissue 

inflammation and signalling the proliferation and maturation of neutrophils as well as their 

subsequent homing to sites of infection (134, 135). Indeed reduced neutrophil recruitment 

due to dysfunctional IL-17 signalling has been implicated in disease progression in mouse 

models of Candida (136). TFH cells express CXCR5 and are important for the formation of 

germinal centres (GC) within the B cell follicles of secondary lymphoid organs. Activated 

TFH cells induce B cell differentiation and proliferation to initiate GC formation and then play 

an important role in ongoing B cell survival. Continual TFH derived survival signalling via 

CD40L, IL-4, IL-21 and PD-1 is essential for GC maintenance and thus the development of 

plasma cells capable of secreting high-affinity, isotype-switched antibody (137). Importantly 

for the prevention of excessive T cell activation and subsequent tissue damage, Tregs act to 

suppress T cell responses via direct cell contact signalling of apoptosis and the production of 

immunosuppressive cytokines (138). 

Unlike CD4+ T cells, CD8+ T cells are activated when they recognise antigen peptides on 

MHC class I (MHC I) molecules. MHC I molecules are expressed on all nucleated cells. 

Endogenous proteins which are degraded into peptides within the cytosolic proteasome are 

transported to the lumen of the endoplasmic reticulum where they associate with MHC I. The 

MHC I/peptide complex is then transported through the Golgi to the plasma membrane via 

the secretory pathway (139). It is also possible for CD8+ T cells to recognise exogenous 

antigen through cross-presentation onto MHC I molecules which occurs primarily in DCs 

(140). Activated CD8+ T cells directly kill infected target cells by the secretion of cytokines 
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such as IFN-γ and TNF-α, ligation of Fas (CD95) by Fas ligand, or the release of cytotoxic 

granules containing perforin and granzymes (141). 

Given that RBCs do not express MHC molecules, T cell derived immunity to malaria is 

unlikely to affect the erythrocytic stage of malaria as supported by normal courses of blood-

stage infection in CD8+ T cell knockout mice (142). CD4+ T cells may play an indirect role in 

immunity to blood-stage malaria as evidenced in the widely used P. chabaudi chabaudi 

mouse model (143), however, T cell inducing vaccines have so far failed to impact blood-

stage growth rates (144, 145). It is, however, widely accepted that T cell immunity can play 

an important role in vaccine-induced immunity to the pre-erythrocytic stages of infection. In 

contrast, little evidence exists that adaptive cellular immunity significantly contributes to NAI 

at the liver-stage in humans, however vaccine-induced T cell responses have been shown to 

protect animals from malaria and have been associated with protective outcome following 

experimental vaccination of humans (146, 147). While CD8+ T cells secreting IFN-γ seem to 

be the key effectors in T cell-mediated immunity to liver-stage malaria (148), CD4+ T cells 

likely play a role in maintaining a sustained CD8+ T cell response (149). CD8+ T cell derived 

IFN-γ may bind hepatocyte receptors to induce intracellular changes that prevent parasite 

growth (150) as well as recruiting IL-12 secreting DCs and macrophages which have been 

shown to be important for protection against disease, at least in the mouse model (151).  

1.5.2.2. B cells and Antibodies 

The humoral arm of the adaptive immune system involves B cells which secrete antibodies. 

Progenitor B cells in the bone marrow undergo genetic rearrangement of their heavy and light 

chain genes before the expression of immunoglobulin (Ig) molecules (in the form of IgM) on 

their surface as functional B cell receptors (BCR). These immature B cells are then able to 

leave the bone marrow and migrate to the peripheral lymphoid organs. Upon binding antigen 
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for which the particular B cell’s BCR is specific, the B cell migrates to the T cell zone of the 

secondary lymphoid organs enabling the cell to interact with antigen-primed T cells (152). 

The antigen bound to the BCR is internalised and cleaved into peptides for presentation on 

the B cell surface in MHC II molecules. This allows CD4+ T cells which recognise the 

antigen to provide T cell help, signalling both the B cells and T cells to proliferate. Upon 

activation, B cells undergo somatic hypermutation and class switching, processes mediated 

by the enzyme activation induced cytidine deaminase, which leads to the introduction of 

point mutations in the variable regions of Ig genes. This is important for ensuring that 

antibodies have high affinity for the antigens they recognise. During proliferation, B cells 

differentiate into short lived plasma cells or enter the germinal centre reaction to form long-

lived plasma cells and memory B cells (153). Memory B cells are capable of differentiating 

into plasma cells upon re-encountering antigen and constitute an important part of long term 

immunological memory. Plasma cells, or antibody secreting cells, produce large quantities of 

immunoglobulin and are capable of producing high affinity IgG, IgA and IgE.  

Immunoglobulins, or antibodies, are simply the secreted form of the BCR. Their structure 

was described in the 1970s (154) and since then the importance of this structure in antibody 

immune function has been well characterised (Figure 1-5). They consist of two identical 

heavy chains which determine the class of the antibody, and two identical light chains classed 

as either κ or λ depending on their genetic origin. The heavy and light chains are linked by 

disulfide bridges. Each of the heavy and light chains have a variable domain (VH and VL 

respectively) as well as constant domains. The folding of the antibody structure brings 

together the VH and VL to form the antigen binding site which is highly specific and, unlike T 

cell receptors, can recognise conformational epitopes on antigens. The immunoglobulin is 

structured so that there are two antigen binding regions (Fab) and a single constant region 

(Fc) (155). Antibodies are capable of imparting their anti-microbial activity in a number of 
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ways. They can simply bind to antigens and block them from interacting with their intended 

target effectively neutralising the pathogen; they may opsonise a pathogen, binding to its 

surface and signalling it to be ingested by phagocytes; or through binging to a pathogen, 

antibodies may signal through their Fc domain to activate complement pathways, or Fc 

receptors (FcR) on immune cells to initiate antibody dependent cellular cytotoxicity (ADCC) 

(156). 

  

Figure 1-5: Immunoglobulin structure 

Immunoglobulins consist of two identical heavy chains and two identical light chains 

linked by disulfide bridges. Each light chain (yellow) is comprised of a constant 

domain (CL) and a variable domain (VL) and each heavy chain (red and orange) has 

three (IgD, IgG and IgA) or four (IgM and IgE) constant domains (C1-3/4) and a single 

variable domain (VH). In human IgG molecules, as represented here, the Fab and Fc 

domains are separated by a flexible hinge region. Adapted from (155). 

IgG is the most common isotype found in the body with the longest serum half-life. Based on 

differences of the constant regions of the heavy chain which affect hinge flexibility, among 

other properties, IgG has been stratified into four subclasses (IgG1-4 in humans and IgG1, 

IgG2a, IgG2b, IgG3 in mice; Table 1-1). The different constant regions affect a subclass’ 

downstream effector functions, for example by affecting their ability to bind C1q and thus 

activate the classical complement cascade (in humans IgG3>IgG1>IgG2), and by affecting 
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the FcRs they bind to and activate (human IgG1 and IgG3 bind all FcγR classes but IgG2 

only binds FcγRII) (157). 

Table 1-1. Antibody classes and their effector functions 

Class 

Heavy 

chain Subclass Primary function 

IgG γ Humans: IgG1, IgG2, IgG3, IgG4 

Mice: IgG1, IgG2a, IgG2b, IgG3 

Neutralisation, opsonisation, 

complement activation, induction of 

phagocytosis, ADCC 

IgA α Humans: IgA1, IgA2 Dimeric, mucosal immunity, transport 

across the epithelium, neutralisation, 

induction of phagocytosis 

IgM µ  Pentameric, natural antibody, 

neutralisation, opsonisation, 

complement activation 

IgE ε  Mast cell and basophil activation 

IgD δ  Naïve follicular B cell antigen receptor 

 

It is likely that the humoral immune response utilises many of these antibody effector 

functions to fight malaria. While some evidence exists that antibodies may play a role in pre-

erythrocytic NAI (158), numerous studies have focused on the role of antibody-mediated 

immunity against the blood-stage of malaria infection. It is known that antibodies are critical 

for immunity against blood-stage infection from passive transfer studies (159, 160). These 

studies show that antibody-mediated immunity can be naturally-acquired over the course of 

multiple exposures to malaria. The exact mechanisms by which this NAI imparts its effect, 

and against which antigens it acts, remain highly debated with many studies having drawn 



 

27 

 

associations between antibody responses to certain antigens and their role in protective 

immunity (161-164). Strong evidence suggests that antibodies to parasite antigens expressed 

on the surface of iRBCs play an important role in NAI (165-168), further supported by the 

evolution of high levels of antigenic variation and polymorphism within parasite antigens 

expressed on the iRBC surface (169, 170). Antibodies directed against iRBC surface proteins, 

likely opsonise the iRBC signalling it for clearance by circulating phagocytes. 

Antibodies are also capable of binding merozoite antigens to prevent the invasion of new 

blood cells. Antibodies directed to a number of merozoite antigens have been associated with 

NAI. Of particular interest have been merozoite surface protein (MSP) 1 (171, 172), apical 

membrane antigen 1 (AMA1) (162), MSP3 and glutamine rich protein (GLURP) (173). 

Traditionally, however, it has been difficult to compare results between separate cohorts, and 

where it has been possible, associations between antigen-specific antibody titre and clinical 

protection are often contradictory. A recent meta-analysis of 33 studies has indicated that 

antibody responses against MSP119 and MSP3 associated with protection from disease (164). 

Furthermore, it may be important to consider whether individuals have attained a certain 

protective threshold of antibody to a given antigen, rather than simply a minimally detectable 

response (174); or whether individuals have antibody responses to multiple antigens (175).  

Invasion blocking activity of naturally acquired antibodies is typically measured using the 

assay of growth inhibition activity (GIA; Section 1.7.1). Inhibitory activity, as measured by 

this assay, is detectable in populations from endemic regions (176-178), however, the 

importance of this activity in reducing disease incidence is unclear (179).  

As well as simply blocking parasite invasion, antibodies have also been implicated in 

protection from malaria infection through the activation of different cell types via their FcRs. 

This follows from reports showing that protective antibodies from individuals with NAI 
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incapable of imparting GIA, are able to kill parasites in vitro if co-incubated with monocytes 

(Section 1.7.2)(180). Furthermore, the ability of serum from individuals with NAI to induce 

Fc-dependent neutrophil activation has been shown to correlate with protection from P. 

falciparum malaria (181). 

1.5.3. Fc Receptors 

Receptors that mediate antibodies’ effect on immune cells were first identified in 1966 (182), 

and now form a vital part of our understanding of humoral immune effector mechanisms. 

FcRs are expressed by numerous cells of haematopoietic origin which recognise and bind the 

Fc fragment of antibodies. FcµR, FcαR and FcεR play important roles in mediating cellular 

responses to stimulus from IgM, IgA and IgE respectively, and the neonatal FcR (FcRn) is 

important for transferring humoral immunity between the mother and foetus, as well as 

preventing the degradation of serum IgG and is thus a major determinant of IgG half-life 

(183). Type I FcRs including the FcRs which are responsible for recognising IgG (FcγRs) 

bind IgG Fc in its open conformation, close to the antibody hinge region. In contrast, type II 

FcRs including DC-SIGN and CD23 bind the Fc region in its closed conformation, a 

conformation induced by Fc sialylation, between the antibody heavy chain domains C2 and 

C3 (184). Importantly, the binding of IgG to both type I and type II FcRs requires the 

presence of a core glycan group on the highly conserved Fc glycan site Asn297. 

Modifications to this glycan act as critical regulators of IgG-FcR binding (184). In this 

section I focus on FcγRs, though many of the principles discussed apply equally to other FcR 

types. 

With the exception of FcγRIIIb (CD16b), the FcγRs are a family of type I transmembrane 

glycoproteins consisting of several activating receptors and a single inhibitory receptor 

(Figure 1-6). Activating receptors with transmembrane domains signal via a cytosolic 
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immunoreceptor tyrosine-based activation motif (ITAM) composed of a twice-repeated YxxL 

sequence. These receptors fall into two categories: firstly, receptors with a ligand binding α-

chain and a separate ITAM containing signal transduction domain (often the common γ-chain 

for example); and secondly, single chain receptors capable of signal transduction without 

association with a separate signal transduction domain (human FcγRIIa [CD32a] and FcγRIIc 

[CD32c]). FcγRIIIb, which is attached to the plasma membrane of neutrophils by a GPI 

anchor, lacks an ITAM and signals via association with other FcRs. Importantly, there also 

exists an inhibitory receptor, FcγRIIb (CD32b), which is capable of countering the activation 

signals from other FcRs. Like the other FcγRII group members, it is a single chain IgG 

receptor, however, it contains a immunoreceptor tyrosine-based inhibition motif (ITIM) 

which has only a single YxxL sequence instead of an ITAM (185). 

 

Figure 1-6: Human Fc receptors 

Human Fc receptors’ structure, binding affinity and specificity for different Ig 

subtypes, and the cell type on which they are expressed. Lobes on α-chain structures 

represent Ig-like binding domains. Green rectangles indicate ITAMs while red 

represents the FcγRIIb ITIM. Adapted from (186). 
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In general, the nomenclature of FcRs is defined by numbering them according to their affinity 

for IgG with FcγRI (CD64) being the only known high affinity FcR in both humans and mice 

with an affinity to human IgG1 and IgG3, and mouse IgG2a respectively of 108-109 M-1. The 

other receptors have up to 1000 fold lower affinity for IgGs but generally recognise a broader 

range of IgG subclasses (186, 187). The higher affinity for IgG exhibited by FcγRI is 

mediated by a third Ig-like domain in the ligand binding α-chain compared with lower 

affinity FcγRs which possess only two Ig-like domains (188). Activation of FcRs requires the 

aggregation of receptors on the cell surface. Due to slight conformational changes and the 

asymmetry of the Ig Fc domain, each FcR can only bind a single antibody Fc (189, 190), and 

thus not even FcγRI, which is normally saturated with IgG, can be activated by physiological 

monomeric IgG. Instead there is a requirement for the presence of immune complexes (IC) to 

activate FcR signalling.  

Upon binding Fc fragments of an immune complex, FcRs become cross-linked which 

initiates downstream signalling (Figure 1-7). Cross-linking of FcRs induces the 

phosphorylation of tyrosines on γ-chain ITAMs by SRC family kinases. This initiates 

signalling which ultimately leads to the activation of immune cells to impart their effector 

functions. Importantly, SYK dependent pathways stimulated by FcγRs have been shown to be 

crucial in IgG mediated respiratory burst (191). SYK recruitment of PI3K catalyses the 

transient production of PI3P proximal to FcR aggregation (192). The generated PI3P binds 

p40phox (Figure 1-4) ensuring it is retained at the site of IC-mediated activation so that it can 

localise with, and activate, the NADPH complex for ROS production (193, 194). PI3P 

dependent activation of RAC has also been shown to be vital for oxidative burst, with RAC 

forming a complex with P67phox allowing efficient NADPH electron transfer (195). 
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Figure 1-7: Signalling pathways triggered by cross-linking of activating FcγRs 

Cross-linking of FcγRs by immune complexes results in ITAM phosphorylation by 

SRC family kinases. This recruits and allows the docking of SYK family kinases 

which are able to activate downstream signalling molecules such as phosphoinositide 

3-kinase (PI3K) and son of sevenless homologue (SOS). PI3K creates membrane 

docking sites for Bruton's tyrosine kinase (BTK) and phospholipase Cγ (PLCγ), 

allowing the PLCγ dependent activation of pathways inducing endoplasmic reticulum 

(ER) Ca2+ release. SOS activation is also important for cellular activation signalling 

via the Ras-Raf-MAPK pathway. Figure and legend adapted from (156). 

FcγRIIb is the only known inhibitory FcγR and plays an important role in regulating the 

immune response. It is present on all leukocytes except NK cells and T cells. Co-ligation of 

FcγRIIb and either an ITAM-containing FcR or the BCR results in phosphorylation of the 

FcγRIIb ITIM by LYN kinase and the subsequent recruitment of SRC-homology-2-domain-

containing inositol-5-phosphatase (SHIP). SHIP can then hydrolyse membrane PIP3 and thus 

abrogates ITAM activation (196). This prevents Ca2+ mobilisation and thus blocks Ca2+ 

dependent processes such as degranulation, phagocytosis and ADCC. Similarly, ITIM 
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phosphorylation can block B cell proliferation via blocking of BCR induced Ras/MAPK 

activation pathway (Figure 1-8A) (197). This may not prevent B cell activation in all cases, 

but instead give B cells a higher threshold of IC stimulation for activation. FcγRIIb is also 

capable of signalling immune cell apoptosis upon cross-linking of multiple FcγRIIb 

receptors. This signalling pathway is independent of the receptor’s ITIM but results from the 

recruitment of BTK (Figure 1-8B). Importantly, this apoptotic signal is prevented by the 

recruitment of SHIP upon co-ligation with the BCR or other ITAM containing receptors and 

has been implicated with the maintenance of B cell specificity following somatic 

hypermutation (198). 

 

Figure 1-8: Inhibitory FcR signalling 

The inhibitory FcγRIIb is capable of preventing cell activation in a number of ways. 

(A) Crosslinking of activating receptors such as the BCR or activating FcRs and 

inhibitory FcγRIIb leads to LYN dependent phosphorylation of the ITIM. Subsequent 

recruitment of SHIP enables the hydrolysis of phosphatidylinositol-3,4,5-triphosphate 

(PtdIns(3,4,5)P3) into PtdIns(4,5)P2 which prevents BTK and PLCγ recruitment. (B) 

Crosslinking of FcγRIIb only induces B cell apoptosis through ITIM-independent 

pathways involving cABL family kinases. Adapted from (156). 

A B
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In reality, activatory and inhibitory receptors are co-expressed on many cell types. 

Importantly, a threshold between both activatory and inhibitory signalling must be achieved 

before the initiation of cellular triggering. IgG subclasses differ in their ability to activate this 

threshold due to their unequal affinities for different FcRs. For example, murine cytophilic 

antibody subclasses, IgG2a and IgG2b, have far higher affinities for activatory FcRs than the 

inhibitory FcγRIIb, with activatory to inhibitory (A/I) ratios of 70 and 7 respectively. In 

contrast, murine IgG1 has an A/I ratio of 0.1 indicating a higher relative affinity for the 

inhibitory FcR (199, 200). These properties fundamentally affect different IgG subclasses’ 

ability to induce cellular immune activation.  

Due to the high degree of inter-species variability in IgG subclass number and characteristics, 

it is difficult to draw parallels between FcRs of different species. However, due to the utility 

of mouse models in studying FcR immune mechanisms, some comparisons have been made 

between human and mouse receptors. Importantly, human FcRs have a much lower affinity 

for IgG than their mouse counterparts. Mice lack activating FcγRII as present in humans, but 

the inhibitory FcγRIIb is highly conserved between mice and humans. Instead, the murine 

FcγRIII is probably most analogous to human FcγRIIa despite the difference in ITAM 

domains. Mice also possess an FcγRIV which functions similarly to human FcγRIIIa. Mouse 

monocytes and macrophages express all activating and inhibitory FcγRs whereas neutrophils 

mainly express FcγRIIb, FcγRIII and FcγRIV. Like in humans, B cells express the inhibitory 

FcγRIIb (156). Human B cells, however, also express FcRL4 and FcRL5 which bind to 

complexed IgA and IgG respectively (201). 

FcR dependent immune mechanisms have been implicated in immunity to malaria. This has 

come largely from two lines of evidence. Firstly, the use of Fc γ-chain knockout (γ-/-) mice 

and transgenic mice with human FcRs, and secondly associations between FcR 
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polymorphisms in human populations and susceptibility to malaria infection. As the common 

γ-chain is required for surface expression and signal transduction of FcγRI, III and IV, γ-/- 

mice lack the ability to activate normal FcγR functions. This model has been used to show 

that FcRs play a critical role in resistance to P. berghei (49), although the opposite has been 

shown for protection against P. yoelii infection (50). Supporting the results seen in P. berghei 

infection, passive transfer of an anti-P. falciparum MSP119 mAb into mice transgenic for 

human FcγRI has been shown to protect against P. berghei with P. falciparum MSP119 (202), 

and FcγRIIb deficient mice have been shown to better control P. chabaudi chabaudi infection 

than wild type controls (203). In contrast, mice transgenic for FcαRI were not protected from 

challenge with P. berghei with P. falciparum MSP119 when passively transferred with human 

IgA recognising P. falciparum MSP119 (204). In humans, the effect of FcR polymorphisms, 

especially in FcγRIIa, on malaria infection is well documented and strongly supports the 

notion that FcRs are important in immunity to malaria (205-211). 

1.6. Vaccines 

Vaccines have been one of the most cost-effective and instrumental tools in the prevention 

and control of infectious diseases available to modern medicine. Vaccination aims to 

stimulate the immune system to mount a response against a pathogen or pathogen subunit and 

in so doing, create long-lasting immunological memory. On subsequent infections by the 

pathogen against which a person has been vaccinated, this immunological memory will assist 

in the mounting of a rapid immune response capable of fighting the present infection. The 

effect of vaccination was first formally shown by Edward Jenner in the late 18th century 

where an individual inoculated with the cowpox virus derived protection against the smallpox 

variola virus (212). From these beginnings, routine vaccination grew culminating with the 

successful eradication of smallpox declared in 1980 (213). While smallpox remains the only 
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human infectious disease to be eradicated by means of vaccination (rinderpest, a viral disease 

of cattle, was also declared as eradicated in 2011 (214)), vaccination campaigns have played 

essential roles in reducing rates of morbidity and mortality of numerous diseases around the 

world such as measles, rubella, diphtheria and polio. However, there is still an urgent need 

for vaccines against some of the world’s biggest killers including human immunodeficiency 

virus (HIV), tuberculosis and malaria. 

Early vaccines predominantly consisted of live-attenuated or killed organisms (215), and for 

malaria, one of the most efficacious vaccines to date has involved whole irradiated 

sporozoites (216). However due to logistical limitations, the utility of whole sporozoite 

vaccines remains unlikely. Since the successful development of the recombinant protein 

hepatitis B vaccine in the 1980s (217), the development of other subunit vaccines has been a 

major focus, and is potentially a more realistic strategy for malaria vaccine development. The 

major limitations of this strategy are the difficulty of inducing effective durable immunity 

against a single target; the difficulty of producing correctly folded recombinant proteins, and 

the fact that these proteins are often poorly immunogenic, so require adjuvants or structural 

modifications to increase their immunogenicity; and the stage-specificity of vaccines against 

pathogens with complex life-cycles. A good example is the current leading malaria vaccine 

RTS,S which is based on P. falciparum circumsporozoite protein (CSP). To attain the 

exceptionally high antibody levels required for protection, CSP is incorporated into a 

hepatitis B surface antigen (HBsAg) particle involving a complicated manufacturing 

procedure and is delivered in a potent adjuvant called AS01 (218, 219). Even then, the 

vaccine must still be given on multiple occasions to attain protective antibody titres.  
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1.6.1. Viral Vectored Vaccines 

Viral vectors work by infecting cells and delivering gene sequences, which are then 

transcribed and translated resulting in the expression of antigen within the host cell. The 

generation of intracellular protein activates the endogenous antigen-processing pathway and 

thus the direct presentation of antigen peptides on the cell surface in MHC I molecules. Gene 

secretion or cell apoptosis are likely mechanisms by which antigen is made available to MHC 

II presentation pathways and cross presentation within DCs. For this reason, viral vectors are 

able to induce robust cellular immune responses (146). In addition, genes for membrane 

anchored or secreted proteins delivered by viral vectors have been shown to induce strong 

antibody responses (220). 

Adenoviruses are well characterised dsDNA viruses (34-43kb) which are easy to manipulate 

and thus lend themselves well to a vaccine delivery platform (221). Adenoviruses used as 

vectors have been engineered firstly to be replication deficient in human cells through the 

deletion of the E1 region which is essential for viral replication, and secondly to be able to 

accept larger transgene inserts via the removal of E3, an immunomodulatory region.  Many 

adenovirus vaccines have been based on human adenovirus serotype 5 (AdHu5). However 

the high prevalence of pre-existing immunity against AdHu5 within the adult population 

(~40% in the U.S. and 80% in Africa) (222) has an impact on the immunogenicity of AdHu5 

based vaccines and thus their clinical utility (223). As a result, the use of rarer human 

adenovirus serotypes such as AdHu35 and non-human adenovirus serotypes such as 

chimpanzee adenovirus 63 (ChAd63) has become common. Some, but not all, of these 

alternative vectors have been shown to be efficient in inducing strong cellular and humoral 

immune responses, comparable to AdHu5 (144, 224). 
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Poxviruses are large enveloped dsDNA viruses with genomes 180-300kb (and thus capable of 

accommodating large transgene inserts) which replicate in the cytoplasm. Their use as 

vectors developed out of the original use of cowpox virus to vaccinate individuals against the 

highly related variola virus which caused smallpox. This was extended to the use of 

replication competent vaccinia virus which was used throughout the WHO’s campaign to 

eradicate smallpox. Due to safety concerns, an attenuated vaccinia virus, restricted to 

replication in a limited number of mammalian cell lines, was made by passaging the virus 

over 570 times in chick embryo fibroblast cells causing the virus to lose over 15% of its 

genome (225). This virus, named modified vaccinia virus Ankara (MVA) has since been used 

extensively to immunise people against smallpox and other diseases as a viral vector carrying 

a transgene. MVA has been utilised to generate malaria vaccine candidates targeting the 

liver-, blood- and mosquito-stages of disease, inducing strong CD8+ T cell responses as well 

as serum IgG (226-228). 

1.6.2. Prime-Boost Regimes 

The magnitude and persistence of an immune response elicited by a single subunit vaccine 

immunisation is often insufficient to derive any clinical protection against disease. 

Furthermore, repeated immunisations with a transgene expressed from the same vector often 

leads to a significant anti-vector immune response, limiting the transgene immunogenicity. 

As such, heterologous prime-boost regimes were developed that utilise two separate vaccine 

vectors administered sequentially, expressing the same transgene (229). Initial use of a DNA 

prime followed by an MVA boost showed good levels of T cell induction (230), however the 

use of an adenovirus prime followed by an MVA boost has proven to be the most potent 

regime for inducing high frequencies of antigen specific CD8+ T cells and high titre 

antibodies (144, 220, 226, 231-233). Importantly, the interval between each immunisation 
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seems to be crucial in the overall immunogenicity with a longer interval (~8 weeks) being 

optimal (232, 234). 

For blood-stage malaria, where vaccination aims to elicit high titre antibodies rather than T 

cells, the effective CD8+ T cell inducing ability of an MVA boost may not be necessary. 

Instead, recent developments have suggested the utility of adenoviral prime – protein-in-

adjuvant boost regimes in inducing high titre antibody responses, comparable to 2-3 

immunisations of recombinant protein-in-adjuvant (235-237). However a recent study in non-

human primates with a leading blood-stage malaria vaccine candidate showed greater 

antibody induction and protection from P. falciparum challenge using an adenovirus-prime – 

MVA boost regime than one with an adenovirus prime – protein-in-adjuvant boost (Douglas 

et al. submitted). 

1.6.3. Blood-Stage Malaria Vaccines 

While the most advanced vaccine in the current development pipeline, RTS,S, is a pre-

erythrocytic stage vaccine, and despite the fact that many others are currently being studied 

(reviewed in (238)), here I will focus on vaccines against the erythrocytic stage of malaria 

infection. The aim of vaccines against the blood-stage of malaria is to interrupt the life-cycle 

of the parasite and thus prevent disease of the host – either by inducing sterilising immunity, 

or by allowing for control and clearance of parasitaemia coupled with reduced transmission. 

As such, vaccines typically target a single antigen, or combination of antigens, present on the 

blood-stage parasite thought to be important to its survival. Often the selection of these 

targets is based on serological data from individuals with NAI, however there is an increasing 

acceptance that “non-natural” immune targets may constitute some of the best vaccine 

candidates. In the cases where vaccines target candidates identified from individuals with 
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NAI, vaccine-induced immunity may be able to be boosted by subsequent infections of the 

parasite leading to long term clinical protection. 

While there is now significant pre-clinical work being conducted on a number of blood-stage 

antigens, the vast-majority of clinical work to date has focussed on two antigens, MSP1 and 

AMA1 (239). Unfortunately, success of these candidates in the clinic has been limited (144), 

however an AMA1 vaccine formulated with the adjuvant AS02A has shown strain-specific 

efficacy in a cohort of Malian children (240). Despite the lack of clinical efficacy associated 

with vaccines targeting these merozoite antigens, they remain two of the best characterised 

blood-stage antigens and thus important models for vaccine development studies. 

Combination B is another vaccine candidate which has been tested in clinical trials. It 

consists of ring-infected erythrocyte surface antigen (RESA), MSP1 and MSP2 formulated in 

adjuvant. This vaccine was found to reduce parasite density in one of two groups of Papua 

New Guinean children in a Phase IIb trial, though this efficacy was MSP2 allele specific 

(241). Another vaccine, SPf66, which consisted of a multi-epitope, multi-peptide vaccine 

construct was found to have limited clinical efficacy after multiple field trials and so was 

deemed not worthy of further development (242).  

Looking forward, a vaccine based on MSP3 as a long synthetic peptide is currently being 

investigated. Surveillance of the 45 volunteers enrolled in a Phase Ib trial in Burkina Faso 

following the primary endpoints indicated a reduction in clinical malaria rates in vaccine 

recipients (243). Also, reticulocyte-binding protein homologue 5 (RH5) has recently emerged 

as a promising anti-merozoite vaccine candidate showing cross-strain parasite neutralisation 

in vitro (244) and protective efficacy in non-human primates (Douglas et al. submitted). 
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1.7. Identifying New Blood-Stage Malaria Vaccine Targets 

Promising early results from new vaccine candidates, such as RH5, highlight the need to 

identify new candidate antigens. However, for blood-stage malaria, no in vitro assay or 

animal model has been able to reliably predict clinical efficacy in humans. Thus there is an 

urgent need for the development and validation of new assays to assist in the discovery of 

new vaccine targets. 

1.7.1. Assay of Growth Inhibitory Activity 

Currently the ‘gold standard’ in vitro assay for assessing the effectiveness of vaccine-induced 

or naturally-acquired antibodies against blood-stage parasites, the assay of GIA, measures 

antibodies’ cell-independent ability to neutralise parasites, and thus block their ability to 

invade or grow within erythrocytes (179, 245, 246). Most commonly, the assay involves 

mixing purified IgG from recipients of test vaccines or individuals with NAI with P. 

falciparum parasites in an in vitro culture and monitoring parasite growth across a single 

cycle of growth. GIA has been associated with decreased risk of malaria, however a low 

specificity of this association limits the predictive ability of GIA with clinical protection 

(247). While it seems highly likely that antibody GIA-type neutralisation is an important 

effector mechanism for some anti-malarial antibodies, vaccine candidates selected on the 

basis of promising GIA induction have so-far shown limited efficacy in clinical trials. For 

example, the highest levels of GIA yet induced in humans by vaccination was reported for the 

AMA1/AS02A protein-based vaccine candidate (see Section 1.6.3). In this case, immunised 

volunteers showed high levels of in vitro GIA (77% mean at 4 mg/mL purified IgG) but 

failed to exhibit any significant clinical efficacy against controlled human malaria infection 

with homologous 3D7 clone parasites (248). Intriguingly, the same vaccine was reported to 

induce strain-specific efficacy in a Phase IIb field trial in Malian children (240), however the 
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number of 3D7-type parasite infections was small, and it remains unreported as to whether 

protection was associated with in vitro GIA.  

1.7.2. Antibody-Dependent Cellular Inhibition 

Antibody-dependent cellular inhibition (ADCI) relies on the cooperation of serum IgG and 

blood monocytes. The assay of ADCI is very similar to the assay of GIA, however 

monocytes are added to the parasite culture (249). The assay was developed from the 

observation that IgG from individuals with NAI, when passively transferred, could impart 

protection, but had little GIA in vitro. In this case, the addition of blood monocytes to the 

assay induced high levels of strain transcending parasite inhibition, agreeing with the clinical 

data (180, 250). ADCI activity relies on IgG3 and IgG1 recognition of merozoite surface 

proteins and subsequent engagement of both FcγRIIa and FcγRIIIa to induce the release of 

monocyte soluble factors such as TNF-α. TNF-α release is capable of arresting parasite 

growth at the single nucleus stage (251, 252). Using this assay, MSP3 (253), GLURP (254), 

and serine repeat protein (SERP) (255) have been identified as potential vaccine candidates. 

While a vaccine targeting MSP3 has entered clinical trials (256), comprehensive data 

associating ADCI with clinical outcome in a vaccine trial is not available. In addition, a 

critical issue of poor assay reproducibility has prevented the widespread uptake of the ADCI 

assay as a vaccine development tool by the malaria research community. 

1.7.3. Antibody-Dependent Cellular Cytotoxicity 

Antibody-dependent cellular cytotoxicity (ADCC) is mediated by NK cells, predominantly 

through FcγRIIIa signalling, and has been studied extensively in the field of tumour 

immunotherapy (257). Given the demonstrated role of NK cells in immunity to P. chabaudi 

(88), the potential role of NK cells in susceptibility to P. falciparum malaria (89), and the fact 

that the assay is already used widely in the field of antibody-mediated tumour killing, the 
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ADCC assay may indeed be a useful tool for the investigation of FcR-dependent immunity in 

malaria. Unfortunately, no work to date has been done with ADCC and P. falciparum. 

1.7.4. Phagocytosis Assays 

The most common and widely used phagocytosis assay for studies on malaria is a flow 

cytometry based assay which assesses human monocytic THP-1 cells’ ability to phagocytose 

free merozoites (258). The assay is FcR dependent and has been shown to have good inter-

assay reproducibility. Sera from individuals with NAI induce higher rates of THP-1 

phagocytosis than non-immune controls and this activity has been associated with reduced 

risk of clinical malaria (259, 260). Other assays describing phagocytosis of iRBCs (261), and 

phagocytosis mediated by neutrophils (262) have been reported. These assays all show 

potential utility, but have yet to be extensively applied to malaria vaccine development. 

1.7.5. Antibody-Dependent Respiratory Burst 

The antibody-dependent respiratory burst (ADRB) assay assesses antibodies’ ability to 

activate neutrophils to produce ROS. Oxidative burst is measured by means of a luminol-

based chemiluminescent reaction. Sera from immune individuals have recently been shown to 

be able to induce ROS production both intra- and extra-cellularly in a process dependent on 

FcγRIIa (263). Furthermore, ADRB activity has been associated with clinical protection in a 

single study based in Senegal (181). ADRB is a major focus of this Thesis, and until now, has 

not been applied to the field of malaria vaccine development. 

1.7.6. P. vivax Assays 

Unlike P. falciparum, long term in vitro cultures of P. vivax parasites are not possible (38), 

and as such, alternative and innovative methodologies must be utilised to assess the function 

of antibodies induced by vaccination. The development of human red blood cell adapted P. 
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knowlesi and the possibility for development of parasite lines transgenic for P. vivax proteins 

presents one such methodology enabling GIA-like assays (264). A simple binding assay has 

also been described which assesses antibodies’ ability to block the essential interaction 

between DARC and DBP (265) allowing the assessment of vaccine-induced antibodies to 

mediate this activity. 

1.8. Thesis Aims 

Given that the updated 2030 Malaria Vaccine Technology Roadmap is calling for a vaccine 

to exert 75% efficacy over at least two years, for both P. falciparum and P. vivax (266), it is 

clear that new strategies for identifying vaccine candidates are needed. This requires assays 

capable of assessing immunity to blood-stage malaria, whether induced by vaccination in pre-

clinical studies or early clinical trials, or from naturally-immune individuals, which are also 

capable of predicting subsequent clinical efficacy. Unfortunately, the assays currently used in 

the field have not been able to reliably achieve this. 

As described in this Introduction, ROS is an important mediator of immunity against intra-

cellular pathogens and cytophilic antibodies are capable of inducing neutrophils to produce 

ROS via FcR dependent mechanisms. Given that initial reports indicate an association 

between antibody mediated ROS production and clinical efficacy against P. falciparum 

malaria, and that numerous FcR polymorphisms have been associated with the clinical 

outcome of malaria infection, it is reasonable to hypothesise that an assay measuring 

antibodies ability to induce ROS production in response to malaria parasites, or particular 

parasite antigens, would be a useful tool in the study of vaccine-induced, and naturally-

acquired, immunity to blood-stage P. falciparum malaria. 

In addition, the development of assays to be used in studies of P. vivax vaccine candidates is 

also essential if the Malaria Vaccine Technology Roadmap milestones are to be met. Given 
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that the interaction between P. vivax DBP and DARC is known to be essential for parasite 

invasion, the development of assays assessing this interaction are vital. 

This Thesis thus set out to address the challenges above with the following overall aims: 

1.8.1. Aims 

• To develop and characterise the ADRB assay, assessing antibodies’ ability to induce 

neutrophil ROS production against malarial antigens and whole malaria parasites in 

both murine and human models. 

• To investigate the association between ADRB activity and protection against clinical 

malaria. 

• To establish, and demonstrate the use of, a P. vivax DARC-DBP binding inhibition 

assay in the context of a human vaccine clinical trial.  
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MATERIALS AND 
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2. MATERIALS AND METHODS 

2.1. Solutions 

ACK Lysis Buffer: 8.29 g NH4Cl (0.15 M), 1 g KHCO3 (1 mM), 37.2 mg Na2EDTA in 800 

mL H2O. pH was adjusted to 7.4 with HCl before making a final solution up to 1 L with H2O. 

Complete P. falciparum Culture Medium: 45 mL of incomplete culture medium, 5 mL of 

pooled heat-inactivated filter sterilised human serum and 50 µL of 10 mg/mL gentamicin. 

Coomassie Brilliant Blue Stain: 1.2 g coomassie blue, 300 mL methanol, 60 mL acetic acid: 

made up to 500 mL in H2O. 

ELISA Development Buffer: 16 mL H2O, 4 mL 5x development buffer, 1 tablet pNPP-20 

mg (Note: light sensitive, make buffer in foil covered container). 

HisTrap Protein Binding Buffer: 20 mM NaH2PO4, 300 mM NaCl, 20 mM imidazole, pH 

7.4 

HisTrap Protein Elution Buffer: 20 mM NaH2PO4, 300 mM NaCl, 500 mM imidazole, pH 

7.4 

IgG purification binding buffer: 0.144 M Na2HPO4, 0.056 M NaH2PO4, pH 7.2 in H2O. 

IgG purification elution buffer: 0.1 M Glycine pH 2.7: 7.5 mg glycine was dissolved in 800 

mL H2O and pH adjusted to 2.7 with concentrated HCl – made up to 1 L with H2O. 

Incomplete P. falciparum Culture Medium: 2.97 g HEPES, 0.025 g Hypoxanthine and 5 

mL 100x L-glutamine solution added to 500 mL RPMI liquid and stirred for at least an hour. 

Final product filter sterilised. 
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Loading dye: 0.4% orange G, 15% Ficoll® 400, 10 mM Tris-HCl (pH 8.0), 50 mM EDTA 

(pH 8.0): made up with H2O. 

Neutrophil Buffer: 100 mL Hanks Buffered Salt Solution (HBSS; Sigma-Aldrich, UK), 1 g 

D-(+)- Glucose Hybri Max, 0.1 g BSA. Filter sterilised. 

PBS/Tween 0.01M (PBS/T): (Sigma P3563): NaCl 0.138 M, KCl 0.0027 M, pH 7.4 Tween 

0.05%: made by dissolving sachets in H2O. 

Phosphate buffered saline (PBS): 0.01 M (Sigma P4417): NaCl 0.138 M, KCl 0.0027 M, 

pH 7.4: made by dissolving tablets in H2O. 

Tris-acetate-EDTA (TAE) buffer: Made up from 50x concentrate with H2O (Fisher 

BP1332-1) 

Digestion Buffer: 50 mM Tris pH 8.0, 2 mM NaCl, 10 mM EDTA, 1% SDS, 1 mg/mL 

proteinase K. 
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2.2. Molecular Biology 

2.2.1. Agarose Gels 

DNA products were separated on 1% agarose gels (unless otherwise stated) with SYBR Safe 

(1:10,000) in Tris-acetate-EDTA (TAE) buffer by electrophoresis (100 V, 55 min). Samples 

were loaded in loading dye (1:6) and visualised on a transilluminator. Band size was 

determined against SmartLadder (Eurogentec) or GeneRuler 1kb (Thermo Scientific) DNA 

ladders which were run on each gel. For cloning, bands were excised and DNA extracted 

using the published QIAquick Gel Extraction Kit Protocol. 

2.2.2. Mouse genotyping 

The genotype of γ-/- and CD32b-/- mice was confirmed by PCR. To extract DNA, ear punches 

(~1.5 mm diameter) were collected and suspended in 20 µL digestion buffer and incubated at 

55oC for 20 min, vortexed vigorously and incubated again for 20 min at 55oC. The reaction 

volume was then made up to 200 µL with H2O and heated to 99oC for 5 min. Upon cooling 

PCR reactions were carried out using Expand High Fidelity PCR (Roche). Separate mixtures 

were made as outlined below for each sample which included 5 µL of DNA extracted from 

ear punches. Primers oIMR0618, oIMR0619 and oIMR0620 were used to genotype CD32b-/-
 

mice and oIMR0618, oIMR0621 and oIMR0622 for γ-/- mice (Table 2-1) as previously 

described (267). 25 µL of Mix 1 and Mix 2 were combined immediately prior to subjecting 

the reaction to thermal cycling conditions according to manufacturer’s instructions and an 

annealing temperature of 65oC. A mouse of known genotype, and a reaction containing 

template DNA were included each time as positive and negative controls respectively. 

Products were run on 3% agarose gels as outlined in 2.2.1 and bands inspected to ascertain 

genotype as follows: CD32b-/- = 232 bp, CD32b+/- = 232 bp and 161 bp, CD32b+/+ = 161 bp; 

γ-/- = 260 bp, γ+/- = 260 bp and 224 bp, γ+/+ = 224 bp. 
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Mix 1 

1 µL Deoxynucleotide mix. 10 mM of each dNTP 

1.5 µL of each primer (x3) 

5 µL Template DNA 

14.5 µL H2O 

Mix 2 

5 µL Expand High Fidelity buffer, 10x without MgCl2 

0.75 µL Expand High Fidelity enzyme 

8 µL 25 mM MgCl2 

11.25µL H2O 
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Table 2-1: Oligonucleotide primers used in genotyping of γ-/- and CD32b-/- mice 

Primer Sequence 

oIMR0618 CTCGTGCTTTACGGTATCGCC 

oIMR0619 AAACTCGACCCCCCGTGGATC 

oIMR0620 TTGACTGTGGCCTTAAACGTGTAG 

oIMR0621 ACCCTACTCTACTGTCGACTCAAG 

oIMR0622 CTCACGGCTGGCTATAGCTGCCTT 

 

2.2.3. Restriction digest 

20 µL digest reactions were set up as below and incubated at 37oC for 2 h. 

1 µL Total NEB Restriction Enzyme(s) 

2 µL (10x) NEB restriction buffer 

(2 µL 10x bovine serum albumin (BSA) if required) 

x µL Plasmid DNA (0.5-1.0 µg) 

x µL sterile distilled H2O 

∑ = 20 µL 
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2.2.4. Ligation 

Digested DNA fragments were isolated from agarose gels and purified using QIAgen 

MinElute gel extraction kits according to manufacturer’s instructions. Ligation reactions were 

then set up as follows and incubated at room temperature (RT) for 15 min. 

 6 µL Insert 

 2 µL Plasmid backbone 

 1 µL 10x T4 ligase buffer 

1 µL T4 DNA ligase 

2.2.5. Circular Polymerase Extension Cloning (CPEC) 

In cases where restriction digest cloning was not optimal, CPEC was used. PCR amplification 

and gel extraction were used to attain linearised template DNA into which each construct was 

to be inserted. Primers to amplify the construct for insertion were designed with the addition 

of approximately 20mer overlapping homology regions with the template DNA (268, 269). 

Importantly, homology regions were designed to have a high Tm (68-70oC). The insert was 

thus PCR amplified and gel extracted. 

150 ng of template DNA was then mixed with a molar equivalent of insert, 15 µL 2x Phusion 

HF Master Mix, and H2O to make a total volume of 30 µL. The reaction mixture was then 

subjected to the following thermal cycling conditions. 

  



 

52 

 

98oC    30 s 

98oC   10 s 

70-55oC (0.1 oC s-1) 3 min       

55oC   30 s  

72oC   3 min 

 72oC   5 min 

2.2.6. Bacterial Transformation 

10-20 µL high efficiency DH5α Escherichia coli were thawed on ice before adding 1 µL of 

plasmid DNA from ligation, In-Fusion cloning, or CPEC reactions. Cell-DNA mixture was 

then incubated on ice for 15 min before heat shock at 42oC for 45 s and a further 2 min on 

ice. Cells were then plated onto LB agar plates containing selection antibiotics. For bacteria 

transformed with plasmids encoding a Kanomycin resistance gene, bacteria were incubated in 

100 µL SOC medium at 37oC for 1 h prior to plating. Plates were then incubated overnight at 

37oC to allow colonies to grow. 

2.2.7. Colony PCR 

A sterile pipette tip was touched onto a single bacterial colony and then dipped into a PCR 

tube containing 12 µL of the below PCR mix. Each tip was then ejected into LB broth with 

antibiotic for culturing as described in Section 2.2.8. 

1 µL each primer (x2) 

10 µL 1.1x ReadyMix PCR Master Mix (Thermo Scientific) 

x20 
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The reaction was then thermally cycled under the following conditions 

98oC  10 min 

98oC 30 s 

50oC 2 min      x10 

72oC 3 min  

98oC 10 s 

50oC 30 s      x25 

72oC 2 min 

Oligonucleotide primers were designed for each construct to anneal outside of the gene of 

interest and amplify across the inserted gene. PCR products were run on 1% agarose gels and 

analysed by size. 

2.2.8. DNA production 

Plasmid DNA was produced by seeding LB broth cultures with single colonies from agar 

plated E. coli transformations or pre-prepared bacterial glycerol stocks. Antibiotics were 

added to cultures at 1:1000 (Ampicillin) or 1:2000 (Kanamycin and Zeocin). Cultures were 

incubated at 37oC in a shaking incubator at 225 rpm for 16-24 h. 1 mL culture was mixed 1:1 

with 70% glycerol and stored at -80oC for future culturing and DNA preparations. The 

remaining bacteria were then pelleted by centrifugation at 6000 x g for 10 min. Cells were 

then lysed and DNA extracted as outlined by QIAGEN Mini-, Midi-, Maxi-, and EndoFree 

Plasmid Maxi-Kit protocols. DNA was eluted in H2O and concentration determined by 
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Nanodrop. Sequences were confirmed by outsourcing to Source Bioscience’s Sanger 

sequencing service. 

2.2.9. Phenol-chloroform extraction 

Residual salt in DNA preparations can reduce transfection efficiency by interfering with 

DNA/transfection reagent complex formation. Thus to remove salt from DNA preparations 

after QIAGEN purification, DNA was subjected to phenol-chloroform extraction. DNA was 

mixed with an equal volume of phenol in a phase-lock tube and spun at 13,000 x g for 5 min 

at 4oC. The DNA layer was then taken and the above process repeated sequentially with 

phenol-chloroform-isoamylalcohol and then chloroform-isoamyalcohol. DNA was then 

attainted by precipitation with 70% ethanol before dissolving in H2O. 

2.3. Protein Production 

2.3.1. Protein production in E. coli 

P. yoelii  MSP1 19 kDa (PyMSP119), P. yoelii  MSP1 33 kDa (PyMSP133) and  P. falciparum 

MSP1 19 kDa (PfMSP119) (3D7/ETSR allele)-GST fusion proteins as well as GST control 

were produced in an E. coli expression system and purified on GST-affinity chromatography 

columns as described in J136 (Appendix 1) (232). Protein expression was confirmed by 

Nanodrop and Coomassie Blue staining (Section 2.3.5). Recombinant PyMSP119 fused to 

IMX108 (mouse complement C4 binding protein, C4bp) (270) was kindly provided by Dr F. 

Hill (Imaxio, France). P. vivax DBP_RII produced in E. coli was kindly provided by Dr 

Chetan Chitnis (ICGEB). 



 

55 

 

2.3.2. Protein production in HEK293 cells 

A transient HEK293 expression system was used to express DARC.His as well as DBP_RII. 

Constructs were cloned into expression plasmids as described in Chapter 6 and transfected 

into HEK293E cells for protein expression as detailed in protocol J238 (Appendix 2).  

Culture supernatants were then harvested after centrifugation and adjusted to 300 mM NaCl 

for purification by affinity chromatography. Cell pellets were treated with 1% n-Dodecyl β-

D-maltoside (Sigma) to lyse cells and release internal proteins, before the centrifugation of 

the disrupted pellet and the harvesting of cell lysate “supernatant”. Adjusted supernatants 

were passed over either a HisTrap Excel column (Sigma, UK) or a HiTrap TALON column 

(GE Healthcare) and eluted with 500mM imidazole for His-tagged proteins; or supernatant of 

expression cultures containing proteins with the C-tag purification tag (C-terminal four amino 

acids: E-P-E-A) were affinity purified using a nanobody affinity resin called CaptureSelect 

C-tag Affinity Matrix (Life Technologies). 

2.3.3. Protein production in Drosophila S2 cells 

P. vivax DBP_RII constructs were expressed in a Drosophila S2 insect stable cell line 

system. Stable transfections were set up for each protein to be expressed as detailed in 

protocol J314 (Appendix 3). Once an expression cell line was established and stocks frozen 

down, cultures were scaled up to approximately 1 L for protein expression. Supernatants 

were harvested and subjected to tangential flow filtration before purification of proteins. 

Proteins were affinity purified using C-tag purification tags as described in Section 2.3.2. 

2.3.4. Western Blot 

Supernatants and purified protein fractions were analysed by Western Blotting to confirm the 

presence of protein as described in protocol J119 (Appendix 4). Anti-5xHis and protein 
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specific primary antibodies (where available) were used to detect proteins followed by 

donkey anti-mouse-AP secondary antibodies. 

2.3.5. Coomassie Blue Staining 

Coomassie Blue staining was used for the detection of nonspecific protein. As described in 

J119 (Appendix 4) for Western blotting, samples were run by SDS-PAGE on BioRad Mini-

PROTEAN TGX precast gels for 1 h at 100 V with a 10-250 kDa Protein ladder (New 

England Biolabs). Gels were then washed 3x in H2O before being stained with Coomassie 

Brilliant Blue (BioRad Laboratories) for 1 h. Gels were then washed in H2O for 4x15 min 

before a final overnight wash in H2O. 

2.4. Immunology 

2.4.1. Animals 

All procedures were performed in accordance with UK Animals (Scientific Procedures) Act 

Project Licence and were approved by the University of Oxford Animal Care and Ethical 

Review Committee. 6–8 week old wild-type (WT) female BALB/c (H-2
d
), C57BL/6 (H-2

b
) 

and Tuck Ordinary (TO) outbred mice were sourced from Harlan, UK. BALB/c Fc-gamma 

common chain knockout (γ-/-) (271) and C57BL/6 CD32b knockout (CD32b-/-) (Jackson 

Laboratory: 002848) mice were provided from the Queen’s Medical Centre, Nottingham, UK 

and bred at the Wellcome Trust Centre for Human Genetics, University of Oxford, UK. 

Knockout mouse genotypes were confirmed by PCR (272, 273). Mice were anesthetised with 

Isoflo (Abbot Animal Health, UK) before immunisation. Immunisation of ZiKa rabbits was 

outsourced to BioGenes GmbH. 



 

57 

 

2.4.2. Immunisations 

Recombinant human adenovirus serotype 5 (AdHu5) and chimpanzee adenovirus serotype 63 

(ChAd63) vectors were administered at 1.5 x 109 infectious units (ifu), and modified vaccinia 

virus Ankara (MVA) vectors at 1 x 107 plaque forming units (pfu) unless otherwise stated. 

When immunising mice, virus vectored vaccines were formulated in endotoxin free low 

phosphate PBS (Gibco-Invitrogen, UK) and injected intramuscularly (i.m.) in a total volume 

of 50 µL split equally between each musculus tibialis. Adenovirus-prime MVA-boost 

immunisation regimes were administered eight weeks apart (Ad-M). 

Protein vaccines were formulated in Adju-Phos® adjuvant (Brenntag Biosector, Denmark), 

AddavaxTM (Invitrogen) or Abisco-100 (Isconova) and given i.m. at three week intervals (PP 

or PPP); or as a single 10 or 20 µg dose in adjuvant preceded eight weeks earlier with an 

adenovirus prime (AP). 

2.4.3. Human Serum Samples 

UK adult serum and plasma samples (pre- and post-vaccination) were obtained from healthy 

malaria-naïve adult volunteers receiving immunisation with ChAd63-MVA viral vectored 

vaccines encoding either P. falciparum MSP1 (PfMSP1) or P. vivax DBP_RII. These 

volunteers were enrolled in either Phase I (VAC036, VAC051) or Phase IIa (VAC039) 

malaria vaccine clinical trials with appropriate informed consent, and regulatory and ethical 

approvals, as previously reported (144). Sera were tested pre-immunisation (Day 0 or UK) 

and following ChAd63-MVA immunisation (but the day before controlled human malaria 

infection for VAC039 [Day C-1]).  Where applicable, serum was heat inactivated by heating 

to 56oC for 30 min. 
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Kenyan adult sera were collected during adult cross-sectional surveys between 2006 and 

2008 from the villages surrounding the Chonyi area in Kilifi, Kenya that experiences 

moderate malaria transmission with an entomological inoculation rate of 10 – 100 infective 

bites/person/year; these adults are considered to have substantial naturally-acquired immunity 

as evidenced by the decline in clinical episodes of malaria with age (274). Hyper-immune 

serum from this cohort was pooled and used as a positive control in relevant assays. Scientific 

and ethical approvals for the Kenyan serum samples were granted by the Kenya National 

Scientific and Research Ethics Committees, respectively, SSC No. 1131. The samples were 

kindly provided by Dr Faith H. Osier and Prof Kevin Marsh (KEMRI-Wellcome, Kilifi, 

Kenya). 

Malian plasma samples were collected from volunteers in the villages of Kenieroba and 

Fourda, Mali as part of a cohort study conducted by National Institute of Allergy and 

Infectious Diseases (NIAID, NIH, USA). The approval of the human study was obtained 

from the Ethical Review Committees of the Faculty of Medicine, Pharmacy, and Dentistry at 

the University of Bamako (Mali) and the NIAID (IRB no. 08-I-N120). Individual written 

informed consent was obtained from all participants. 

2.4.4. Cell preparations 

2.4.4.1. Preparation of mouse neutrophils  

Mouse neutrophils were isolated from bone marrow extracted from the femurs and tibias of 

6-20 week old BALB/c, C57BL/6, (Harlan, UK), γ-/- and CD32b-/- (Oxford, UK) mice using 

Percoll (Sigma Aldrich, UK) density gradients and resuspended in neutrophil buffer at 10 x 

106 PMNs/mL. Purified cells were confirmed to be Ly6Cint and CD11b+ by flow cytometry 

and purity was assessed by Giemsa stained slides. To investigate the role of FcR signalling in 

http://clinicaltrials.gov/ct2/bye/BQoPWw4lZX-i-iSxuQ7Ge6YxuQ7Ju6c9c.
http://clinicaltrials.gov/ct2/bye/BQoPWw4lZX-i-iSxuQ7Ge6YxuQ7Ju6c9c.


 

59 

 

ADRB activity, PMNs were incubated for 15 min at 4oC with either rat anti-mouse CD16/32 

mAb (clone 93; eBioscience, UK), or control rat IgG (Sigma Aldrich, UK). 

2.4.4.2. In vivo depletion of mouse neutrophils 

In order to deplete neutrophils, mice were injected intraperitoneally (i.p.) with 0.5 mg 1A8 rat 

mAb (Bio X Cell, USA) (275, 276) one day prior to, and three days following challenge with 

P. yoelii iRBCs. Control animals were given 0.5 mg control rat IgG (Sigma Aldrich, UK) i.p. 

at the same time points. Depletion was monitored at one and seven days after challenge in the 

blood and spleen of an additional group of animals as Section 2.4.7 by flow cytometry. The 

percentage depletion attained was calculated using the number of PMNs (Ly6Cint CD11b+ 

granulocytes) per lymphocyte in a mouse treated with control rat IgG compared to the 

number of PMNs/lymphocyte in a 1A8 treated mouse as follows: 

% 𝐷𝑒𝑝𝑙𝑒𝑡𝑖𝑜𝑛 = 100 × (1 − (
(𝑃𝑀𝑁𝑠/𝑙𝑦𝑚𝑝ℎ𝑜𝑐𝑦𝑡𝑒)1𝐴8

(𝑃𝑀𝑁𝑠/𝑙𝑦𝑚𝑝ℎ𝑜𝑐𝑦𝑡𝑒)𝑅𝑎𝑡 𝐼𝑔𝐺
)) 

2.4.4.3. Preparation of human neutrophils  

Human polymorphonuclear neutrophils (PMNs) were isolated from whole blood collected in 

EDTA vacutainers (BD Bioscience). 4 mL blood was layered upon 5 mL polymorphprep 

(Axis-Shield Diagnostics) and centrifuged at 450 x g for 40 min. The band containing PMNs 

was isolated and washed in neutrophil buffer (HBSS, 1% glucose, 0.1% BSA). 

Contaminating RBCs were lysed with ice cold 0.2% NaCl added for 20 s before the 

restoration of isotonic conditions. Cell viability was confirmed by Trypan blue (Sigma-

Aldrich, UK) exclusion and purity determined by Giemsa stained slide before suspension in 

neutrophil buffer at 1 x 107 PMNs/mL. Cell viability was >99% for all experiments. Giemsa 

stained slides were examined under a 100x oil immersion objective on a Leica DM2000 



 

60 

 

microscope and PMN purity assessed in at least 5 fields of view. If PMN purity was <95%, 

final dilution in neutrophil buffer was adjusted to ensure a final suspension of 1 x 107 

PMNs/mL. If PMN purity was below 75% due to red blood cell contamination, the RBC lysis 

step was repeated. 

2.4.5. Antibody-Dependent Respiratory Burst (ADRB) Assay 

2.4.5.1. Mouse ADRB Assay 

Two methodologies were used to assess mouse PMN ADRB activity. 

i) Recombinant protein coated plates: 

100 µL PyMSP119-GST or PfMSP119-GST protein at 10 µg/mL (unless otherwise stated) was 

adsorbed onto Nunc opaque Maxi-sorp 96-well plates (Thermo Scientific) at RT overnight. 

Plates were then washed three times with PBS and blocked for 1 h with Casein block solution 

(Pierce, UK) before a second wash. 100 µL serum diluted 1:100 in PBS (unless otherwise 

stated), or epitope matched anti-PfMSP119 mouse IgG1 and IgG2a mAbs (277) at 8.3 µg/mL, 

was then added and incubated for 1 h at 37oC. Within 2 min of a final wash of the assay plate 

in PBS, 50 µL isoluminol (Sigma Aldrich, UK) (0.04 mg/mL) and 50 µL of mouse cells at 1 

x 107 PMNs/mL (unless otherwise stated) were added to each well and luminescence – in 

relative light units (RLU) – resulting from ROS released by PMNs reacting directly with 

isoluminol, was read each minute for 1 h using a Varioskan Flash luminometer. The 

maximum RLU output over the one hour period was determined and used for analysis (Figure 

2-1). 
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ii) P. yoelii Parasitophorous vacuolar membrane-Enclosed Merozoite Structures 

(PyPEMS) in solution: 

ADRB activity was assessed by adding 20 µL PyPEMS (see Section 2.5.3) and 5 µL neat 

sera, to each well of a half-area opaque 96-well plate (Fischer Scientific, UK) and incubating 

at 37°C for 1 h, before addition of neutrophils and isoluminol as above. 

For both assays, RLU readouts were indexed against a positive reference serum from Ad-M 

PfMSP1 immunised, Ad-M PyMSP142 immunised or twice Py17XNL challenged mice for 

the PfMSP1, PyMSP1 and PyPEMS assays respectively. 

 

 

Figure 2-1. Measuring ADRB activity 

Typical luminescence trace from a single sample produced by the luminometer for the 

ADRB assay. 
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2.4.5.2. Human ADRB assay 

i) Recombinant protein coated plates: 

100 µL recombinant GST-PfMSP119 (ETSR allele) fusion protein at 10 µg/mL was adsorbed 

onto Nunc opaque Maxi-sorp 96-well plates (Thermo Scientific) at RT overnight. Plates were 

then washed three times with PBS and blocked for 1 h with Casein block solution (Pierce, 

UK) before a second set of 3x washes. 100 µL serum (or plasma where specified) diluted 

1:50 in PBS (unless stated otherwise), or an epitope matched anti-PfMSP119 human IgG1, 

IgG3 or IgA mAb (a kind gift from Prof. Richard Pleass, Liverpool School of Tropical 

Medicine) at stated concentrations, was then added and incubated for 1 h at 37oC. Within 2 

min of a final wash of the assay plate in PBS, 50µL isoluminol (Sigma Aldrich, UK) (0.04 

mg/mL) and 50µL of isolated human PMNs at 1 x 107 PMNs/mL were added to each well 

and luminescence was read every 2 min for 1 h. 

ii) P. falciparum PEMS coated plates: 

100 µL P. falciparum PEMS (see Section 2.5.1)  at 18.5 x 105 schizonts/mL was adsorbed 

onto Nunc opaque Maxi-sorp 96-well plates at RT overnight. Plates were then washed three 

times with PBS and blocked for 1 h with Casein block solution (Pierce, UK) before a second 

set of 3x washes. 100 µL serum diluted 1:50 in PBS (unless stated otherwise) was then added 

and incubated for 1 h at 37oC. Within 2 min of a final wash of the assay plate in PBS, 50 µL 

isoluminol (0.04 mg/mL) and 50 µL of isolated human PMNs at 1 x 107 PMNs/mL were 

added to each well and luminescence was read every 2 min for 1 h. 

2.4.6. Enzyme Linked Immunosorbent Assay (ELISA) 

Total IgG ELISAs were carried out using a standardised ELISA methodology (232, 278). 

Antibody units (AU) were determined by comparison to a standard curve diluted two-fold 
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down the plate of pooled immune sera for relevant antigen/species combinations. OD was 

read at 405 nm (OD405) using a BioTek EL 800 Microplate Reader (BioTek, UK). Naïve 

mouse serum or malaria-naïve human sera were used as negative controls on all plates. Plates 

were developed until positive control samples reached an OD405 of 1.0 and this point was 

defined as 1 AU, with antibody units being read off the resulting curve (278).  

Serum total IgG endpoint ELISAs were carried out as described previously (232). Endpoint 

titres were defined as the dilution at which sample absorbance reached 3 standard deviations 

(SD) greater than the OD405 for serum from a naïve sample. A standard positive serum 

sample and naïve serum sample were included as controls for each assay.  

Antigen-specific mouse IgG1 and IgG2a responses were also determined with a standardised 

ELISA method, as previously described (279). Briefly, 96 well plates were coated with P. 

yoelii MSP119-IMX108 protein to avoid measuring responses to GST in mice immunised 

with PyMSP119-GST. Standard curves were made with purified mouse IgG1 and IgG2a mAb 

(eBioscience, UK) starting at a concentration of 20 μg/mL and diluted 3-fold. After blocking, 

test serum was added in duplicate wells and incubated for 2 h before washing. Biotin anti-

mouse IgG1 or IgG2a (Becton Dickinson Ltd) was then added for 1 h followed by washing 

and incubation with Extravidin Alkaline Phosphatase (Sigma-Aldrich, UK) for 30 min. Plates 

were then developed using the same reagents as for total IgG ELISA and isotype units (IU) 

calculated as for total IgG AU. 

2.4.7. Flow cytometry 

2.4.7.1. Mouse neutrophil staining 

Whole mouse blood was collected from tail veins into 200 µL 10 mM EDTA in PBS and 

spleens harvested, crushed and passed through a 70 µm cell strainer before treatment with 
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ACK lysis buffer to lyse RBCs. Whole blood samples were also lysed in a similar manner. 

After washing, lymphocyte and splenocyte samples were resuspended in 200 µL and 7 mL 

0.1% BSA in PBS (PBS/BSA) respectively. 150 µL of the resulting cell suspensions were 

surface stained for 30 min at 4oC with Alexa Fluor 700-labelled anti-CD11b (clone M1/70), 

APC-labelled anti-Ly6C (clone HK1.4), and PerCPCy5.5-labelled anti-CD8α (clone 53-6.7) 

(all anti-mouse mAbs supplied by eBioscience). Cells were then washed twice in 150 µL 

PBS/BSA and resuspended in 200 µL PBS/BSA. Samples were run on an LSRII flow 

cytometer (BD Bioscience, USA) with stopping gates set at 100,000 CD8+ events for 

splenocyte samples and 10,000 CD8+ events for lymphocyte samples. Granulocytes were 

gated by forward and side scatter and neutrophils identified as the CD11b+ Ly6Cint 

granulocyte population. Data were analysed using FlowJo v8.8.7. 

2.4.7.2. Human neutrophil staining 

Whole blood was collected from healthy volunteers in EDTA vacutainers (BD). PMNs were 

isolated as above and resuspended in 500 µL 0.1% BSA in PBS (PBS/BSA). 150 µL of the 

resulting cell suspension was surface stained for 30 min at 4oC with PE-Cy7-labelled anti-

CD16 (clone 3G8), FITC-labelled anti-CD32 (clone 3D3) and PerCPCy5.5-labelled anti-

CD64 (clone 10.1) (all anti-human mAbs supplied by BioLegend). Cells were then washed 

twice in 150 µL PBS/BSA and resuspended in 200 µL PBS/BSA. Samples were run on an 

LSRII flow cytometer with stopping gates set at 1 x 106 total events. Neutrophils were 

identified as the CD16+ granulocyte population. 

2.4.8. DBP_RII binding inhibition assay 

To determine the ability of antibodies against DBP_RII raised in mice and humans to block 

the interaction DBP_RII and DARC, a binding inhibition assay was conducted (265). DARC 

protein consisting of the first 60 amino acids of the Fyb variant of DARC (ABA10433.1), 
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with cysteines 4, 51 and 54 mutated to alanine (280), followed by a thrombin cleavage site, a 

biotin acceptor peptide and a 6 histidine tag (DARC.His), was coated onto a 96-well clear 

Nunc Maxi-sorp plate (Thermo Scientific) at 1 μg/mL overnight at 4oC. Test sera at various 

dilutions were then incubated with 0.05 μg/mL of recombinant DBP_RII at RT for 30 min. 

The DBP_RII protein used contained C-terminal PK and C-tag purification tags and consisted 

of amino acids 194-522 of the Salvador I strain (DQ156512.1) DBP with its three N-

glycosylation sites mutated (T64A, S160A, T229A). After 30 min incubation, DBP_RII and 

test sera were added to the DARC.His coated plates. Bound DBP_RII was detected with 

serum from rabbits taken 70 days after immunisation with Ad-M DBP_RII (1:1000) followed 

by a secondary AP-conjugated goat anti-rabbit IgG antibody (1:1000). The amount of 

antibody required to block half the DARC-DBP_RII binding (IC50) was determined by 

comparing the OD405 of a test antibody dilution series with that of a DBP_RII naïve control. 

Plates were allowed to develop for approximately 1 h until a control containing DBP_RII 

which had not been incubated with any serum reached an OD405 equal to 1.0. All samples 

were run in duplicate unless otherwise stated. 

2.5. Parasitology 

2.5.1. P. falciparum PEMS 

P. falciparum 3D7 clone parasites were routinely maintained in culture with RBCs from 

healthy UK O+ donors and in the presence of pooled human AB serum from healthy UK 

volunteers as previously described (244). To obtain PEMS, cultures were synchronised with 

D-sorbitol to lyse mature parasites and enrich ring stages (281) on two occasions 

approximately 42 h apart. Approximately 30 h following the second D-sorbitol treatment, late 

trophozoites and early schizonts were isolated upon a 65% isotonic Percoll density gradient. 

Infected cells containing late-stage parasites were then cultured for a further 2-8 h with 10 
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µM Epoxysuccinyl-L-leucylamido(4-guanidino)butane (E64) (282, 283). Once the culture 

was confirmed to contain >95% fully segmented schizonts by Giemsa staining, infected cells 

were washed in PBS before dilution to 18.5 x 105 schizonts per mL. The resulting suspension 

was vortexed vigorously, aliquoted and frozen to rupture the red cell membranes and release 

merozoites. 

2.5.2. P. falciparum merozoite lysate 

The supernatant of a 20 mL in vitro culture of P. falciparum at 10% haematocrit and 10-15% 

parasitaemia was harvested and replaced daily and centrifuged at 830 x g to pellet and discard 

RBCs. After 10 days, pooled supernatant was centrifuged at 1500 x g for 25 min to pellet free 

merozoites (Mz). The Mz pellet was washed twice in PBS and resuspended in 500 µL PBS. 

The resulting suspension was vortexed vigorously and freeze-thawed in aliquots to form a 

lysate. Anti-Mz immune sera was generated by immunising BALB/c mice subcutaneously 

(s.c.) once with 50 µL Mz lysate formulated in 50 µL complete Freund’s adjuvant followed 

by two further s.c. immunisations of 50 µL Mz lysate in 50 µL incomplete Freund’s adjuvant 

at three week intervals. Serum was harvested 21 days later. 

2.5.3. P. yoelii PEMS 

Two TO mice were inoculated i.p. with 100 µL lethal P. yoelii YM iRBCs and monitored 

until blood-stage parasitaemia reached 30-50%. Blood was taken and cultured for 24 h at 8% 

haematocrit and 37oC to allow parasites to mature to late schizonts. Infected cells were then 

isolated on a 65% Percoll gradient, washed, and resuspended in PBS before freezing to lyse 

the RBCs and release the merozoites. 
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2.5.4. P. yoelii blood-stage challenge 

Lethal (strain YM) and non-lethal (strain 17XNL) P. yoelii were used to infect experimental 

animals by intravenous (i.v.) injection with 104 or 106 pRBCs. Blood-stage parasitaemia, 

calculated as percentage of infected RBCs, was monitored from day three post-challenge by 

microscopic examination of Giemsa-stained thin blood smears. Mice whose blood smears had 

no observable parasites in 50 fields of view were considered uninfected, and those which 

reached the humane end-point of 50% infected RBCs were culled. 

2.5.5. Electron Microscopy 

PEMS preparation was allowed to settle onto 13 mm glass coverslips coated with 1% 40 kDa 

linear polyethylenimine Max (Polysciences Inc.) for 1 h. Supernatant was removed and 

replaced with primary fixative (2.5% glutaraldehyde in 0.1 M PBS) for incubation overnight 

at 4°C before washing with 0.1 M sodium cacodylate buffer (pH 7) and further incubation in 

1% tannic acid in 0.1 M sodium cacodylate buffer for 1 h at RT. Samples were washed again 

3x 10 min in sodium cacodylate buffer, then incubated in secondary fixative (1% osmium 

tetroxide, 0.1 M sodium cacodylate buffer, pH 7) for 1 h at RT. Samples were rinsed 2x 5 

min with H2O, then taken through an ethanol dehydration series as follows: 50% ethanol for 

15 min, 70% ethanol overnight at 4°C, 90% and 95% ethanol for 15 min each and then 100% 

ethanol for 3x 30 min. Samples were dried in a Touismis Auto Samdri-815 critical point 

drier, with a purge time of 15 min. Coverslips were mounted cell side up onto aluminium 

stubs using carbon tape. Samples were coated with approximately 10 nm gold/palladium in a 

BioRad E5100 Series II sputter coater, then imaged using the secondary electron detector on 

a JEOL JSM-6390 at 5 kV, spot size 30, working distance 5 mm. 
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2.6. Statistical Analysis 

Statistical analyses were carried out using Prism v.5.03 (Graphpad, USA), JMP 11 (SAS 

Institute, USA) and R (version 2.15.2; in collaboration with Dr Michael Fay and Dr Kazutoyo 

Miura from the National Institute of Allergy and Infectious Diseases). Comparisons between 

two groups were conducted using Mann-Whitney tests, or Wilcoxon matched-pairs signed 

rank test when data were paired. Comparisons between three or more groups were assessed 

by means of a Kruskal-Wallis test (independent groups) or a Friedman test (paired 

data/repeated measures of samples). Post-hoc Dunn’s multiple comparison tests were used to 

identify contributing factors to significant Kruskal-Wallis or Friedman tests. Correlations 

were tested using Spearman’s rank correlation (rs). Parasitaemia was analysed using an area 

under the curve (AUC) analysis, and correlations were tested using Spearman’s rank 

correlation. Two-way ANOVAs were used to assess intra- and inter-assay variability for the 

mouse ADRB assay by analysing the effect of sample, and that of assay run respectively, as 

well as determining each factors’ relative contribution to measured variance. 

In the human ADRB assay (Chapter 4) PMN donor effects were tested for using a linear 

regression on log max RLU, using a likelihood ratio test comparing the model with main 

effects for sample and plate to the model that additionally has PMN donor effects. The test 

was repeated after adjusting for day instead of plate. To test for a plate effect it was not 

possible to use similar methods since each PMN donor was tested on only one plate. Instead, 

a permutation test was performed. Specifically, the second PMN donor on each plate was 

permutated, and for each permutation fit the linear regression of log max RLU by sample and 

plate, ordered the 24 permutations by the F-statistic of the “plate” effects, and the p-value is 

the proportion of all 24 F-statistics that are greater than or equal to the original.   
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Interclass correlation coefficient (ICC) analysis (284) was used to assess the repeatability of 

measurements under the same conditions in the cases in which samples were tested in 

duplicate. To determine the effect of PMN donor, a linear regression (using sample and PMN 

donor as main effects) on each response was run, and the total proportion of the variance 

explained by the model (R2), was partitioned into R2 due to sample (R2
s), and R2 due to donor 

(R2
d) using hierarchical partitioning (285). Confidence intervals (CI) were calculated using a 

non-parametric bootstrap with the percentile intervals using 2000 replications (286, 287).  

Assumptions of normality of the residuals from linear models were checked graphically using 

kernel density estimation. For comparing the singlets versus duplicates R2 values from the 

model with sample only included for the two methods were compared. R2
s Dup with the 

response equal to the average of the replicates was measured, as was R2
s Sing by including both 

replicates and calculating the R2 in the usual way as data. This is like averaging the R2 
s Sing 

values from repeatedly randomly selecting one replicate.  

For associations with clinical protection in Chapter 5, nominal logistic fit analysis, or ordinal 

logistical fit analysis was used model parameters involved in whether or not an individual 

experienced clinical malaria, or to model the number of malaria episodes experienced 

throughout the transmission season. In these analyses, LogLikelihood (LL) values were 

utilised to indicate how well a model fit the data. LL tests were then conducted to assess 

whether the addition of a factor statistically improved a model.  

Two-sided P-values <0.05 were considered significant. 
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3. ANTIBODY-DEPENDENT RESPIRATORY BURST 

ACTIVITY IN A MOUSE MALARIA CHALLENGE MODEL 

3.1. Introduction 

Despite blood-stage malaria being a target for vaccination efforts for several decades, a lack 

of in vitro assays to assess vaccine-induced immunity contribute to a relatively incomplete 

understanding of how antibody-mediated protection is conferred in vivo in humans. While 

GIA assay-based assessment of anti-malarial antibody responses has become commonplace, 

increasing attention has been directed towards the ability of cytophilic antibodies to initiate 

cellular immune responses in response to merozoite antigens as a result of Fc-dependent 

signalling, and their subsequent ability to induce anti-malarial blood-stage immunity.  

An interest in the role of cytophilic antibodies recognising merozoite antigens on blood-stage 

malaria immunity led to the development of an assay assessing antibody-dependent cellular 

inhibition (ADCI) which describes monocytes as key effectors in antibody-dependent anti-

malarial cellular activity (250). Fc-gamma receptor IIa (FcγRIIa)/CD32a and FcγRIII/CD16 

signalling activates human monocytes to release TNFα in response to the opsonisation of 

merozoites by cytophilic IgG1 and IgG3 antibodies (251, 252, 288). Polyclonal antibodies 

that showed ADCI activity in vitro were also reported to confer protection when passively 

transferred to non-immune humans (180), although no causal link was formally demonstrated 

between anti-merozoite ADCI and protective outcome. Despite these reports, however, the 

ADCI assay has been notoriously difficult to reproduce and as a result, has not established 

itself as a mainstream tool for anti-merozoite vaccine candidate antigen screening. 

Nevertheless, the contribution of FcRs to the mediation of blood-stage malaria immunity 

should not be discarded. While conflicting reports occur as to the role of FcR-dependent 

mechanisms in protection against P. yoelii rodent malaria (50, 289), IgG antibody-dependent 

FcR activity has been shown to play an important role in control of infections by both P. 
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berghei XAT (49) and P. berghei transgenic for the P. falciparum 19 kDa C-terminus of 

MSP1 (PfMSP119) (202), whilst the inhibitory FcγRIIb/CD32b is reported to affect P. 

chabaudi parasite clearance and disease outcome (203). 

While the role of monocytes as effectors of antibody Fc-dependent anti-merozoite activity 

remains under investigation, neutrophils represent an alternative and plausible candidate cell 

population for clearing blood-stage parasites given their high phagocytic efficiency and their 

ability to generate ROS. In particular, a fast clearance of P. falciparum in Gabonese children 

has been correlated with high ROS production (290). Additionally, the antibody-dependent 

respiratory burst (ADRB) assay, which measures neutrophil ROS production in response to 

opsonised merozoites, has recently been associated with protection against clinical malaria in 

an endemic population (181). Conversely, assays measuring GIA in the serum of naturally-

exposed humans have not established a clear association with clinical disease outcome, with 

studies being divided in their support for a role of GIA in naturally-acquired immunity (179). 

The association of ADRB with natural clinical protection provides a new opportunity to 

assess a largely neglected mechanism by which antibodies could be controlling blood-stage 

malaria infection. In this Chapter, the mechanisms of action underlying ADRB activity in the 

mouse model, and the contribution of ADRB activity in mediating P. yoelii rodent malaria 

challenge outcome in both MSP1-vaccinated and naïve non-immunised mice are investigated. 
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3.2.  Results 

3.2.1. ADRB assay development 

Neutrophil respiratory burst activity (NADPH oxidase activation) induced by mouse sera was 

initially assessed using neutrophils enriched from mouse bone marrow, and recombinant 

protein coated onto a plate, according to published methodologies (289, 291). Briefly, plates 

coated with 10 µg/mL PfMSP119-GST protein were incubated with sera from naïve or 

immunised mice before the addition of mouse neutrophils at 1 x 107 cells/mL and the 

monitoring of respiratory burst activity. To establish the assay, sera from BALB/c mice 

immunised with viral vectors AdHu5 and MVA (Ad-M) encoding PfMSP1 were used which 

were known to be reactive against PfMSP119-GST protein (231). Percoll separation was used 

to enrich neutrophils to >95% as determined by examination of Giemsa stained slides. The 

isolated cell population was confirmed as Ly6Cint CD11b+ granulocytes by flow cytometry 

(Figure 3-1). Results in a previous study were indexed according to a positive reference 

serum which was included each time the assay was run (181). This approach was also applied 

here, using a pool of positive antigen-specific serum (see Chapter 2, Section 2.4.5.1). As 

such, results in this Chapter are presented in indexed relative light units (iRLU), where 

𝐼𝑛𝑑𝑒𝑥𝑒𝑑 𝑅𝐿𝑈 (𝑖𝑅𝐿𝑈) =  
𝐴𝑏𝑠𝑜𝑙𝑢𝑡𝑒 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑅𝐿𝑈 𝑜𝑓 𝑡𝑒𝑠𝑡 𝑠𝑎𝑚𝑝𝑙𝑒

𝐴𝑏𝑠𝑜𝑙𝑢𝑡𝑒 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑅𝐿𝑈 𝑜𝑓 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒
 

Respiratory burst activity was induced when the recombinant PfMSP119 antigen was coated 

onto the assay plate at a concentration ≥ 5 µg/mL, while the same concentrations of antigen 

present in solution failed to induce a response (Figure 3-2). Coated protein likely forms an 

array, not present when the antigen is in solution, which causes FcR on the neutrophil surface 

to co-localise and thus initiate activatory γ-chain signalling and the respiratory burst (185, 

292, 293).  
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Figure 3-1: Mouse neutrophils isolated on Percoll density gradient 

Bone marrow was extracted from the femurs and tibias of mice, and PMNs isolated on 

Percoll density gradients. Cells were surface stained with anti-CD11b, anti-Ly6C, and 

anti-CD8α. Events were acquired until 10,000 (in the case of blood samples) or 

100,000 (spleen samples - as shown here) CD8+ events had been measured. (A) 

Granulocytes, were gated by forward (FSC-A) and side scatter (SSC-A) profiles. (B) 

PMNs were then defined as the Ly6Cint CD11b+ population. 

 

Figure 3-2: Respiratory burst activity against protein coated plate versus protein 

in solution 

ADRB activity induced by sera diluted 1:25 in PBS from Ad-M PfMSP1 immunised 

BALB/c mice, and neutrophils enriched to 1 x 107 PMNs/mL from the bone marrow 

of naïve BALB/c mice. Varying concentrations of PfMSP119-GST protein were either 

coated onto plates or added in solution. Points represent mean of two assay replicates 

for each sample. 
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After coating separate wells of the assay plate with two different antigens (GST and 

PfMSP119-GST), respiratory burst activity induced by a panel of different sera was tested. 

The panel of sera included five different samples from mice immunised with Ad-M PfMSP1 

(231); P. falciparum Mz in Freund’s adjuvant (thus containing PfMSP119 as well as many 

other antigens); Ova (279); a transmission-blocking malaria vaccine candidate Pfs25 (228); 

and GST, as well as serum from non-immunised mice (Naïve). Positive ADRB activity was 

induced by sera only when the immunisation antigen matched the antigen coated onto the 

assay plate (Figure 3-3), confirming the specificity of the assay.  

 

Figure 3-3: ADRB antigen specificity 

The assay plate was coated with either GST (black) or PfMSP119-GST (grey) 

recombinant protein at 10μg/mL. Bars indicate ADRB (all indexed against PfMSP1 

positive sera on PfMSP119-GST coated plate) induced by sera taken from mice 

immunised with PfMSP1, P. falciparum merozoites in Freund’s adjuvant (Mz), 

Ovalbumin (Ova), Pfs25, GST, or with no prior immunisation (Naïve). Bars represent 

mean of two assay replicates for each sample (n = 1). 
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Additionally, the magnitude of the iRLU response decreased with decreasing coating antigen 

concentration (Figure 3-2), increasing serum dilutions and reduced cell numbers in each well 

(Figure 3-4). As such a set of assay conditions were established for further experiments, as 

follows: antigen coated on the assay plate at 10μg/mL, serum diluted 1:100 in PBS, and 50µL 

neutrophils added to each well at 1 x 107 PMNs/mL. The use of maximal assay conditions 

with a mid-range serum dilution (1:100) ensured that both higher and lower assay responses 

could be detected for test sera.  

 

Figure 3-4: Assay parameters: Serum dilution and cell number 

ADRB induction by anti-PfMSP1 sera (A) at increasing serum dilutions (points 

represent mean ± SEM of 6 independent samples), and (B) at a constant serum dilution 

of 1:100 with decreasing numbers of cells per well (50µL cells added at presented cell 

number/mL; points represent mean of two assay replicates for each sample). 

Using these assay conditions and a PfMSP119-GST coated plate, assay variability was also 

determined. To assess intra-assay variability, a single pool of serum derived from eight Ad-M 

PfMSP1 immunised BALB/c mice, was tested for induction of ADRB activity in eight 

separate wells with neutrophils from a single donor mouse on each of two days (Figure 

3-5A). Inter-assay variability was determined by assessing ADRB activity elicited by serum 

from each of the eight Ad-M PfMSP1 immunised BALB/c mice on six different days (i.e. 
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with a different neutrophil donor each day). While intra-assay variability was not significant 

(Two-way ANOVA F7,7 = 0.70, P = 0.67), there was significant inter-assay variability (Two-

way ANOVA F5,54 = 23.08, P < 0.0001) although assay repeat (or different neutrophil donor) 

accounted for less than 5% of the observed variance compared with over 93% resulting from 

differences between the vaccine response in the test samples as determined by R2 analysis 

(Figure 3-5B). 

 

Figure 3-5: Intra- and inter-assay variability 

(A) Serum pooled from six Ad-M PfMSP1 immunised mice was tested in 8 replicate 

wells on two days to assess intra-assay variability. (B) Serum from eight Ad-M 

PfMSP1 immunised mice and one naïve mouse was tested on six separate days in the 

assay to assess inter-assay variability. Bars and points represent mean of two assay 

replicates for each sample. 
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3.2.2. Role of FcR-mediated pathways in ADRB induction 

Having established the assay, the role of FcR-mediated pathways in inducing ADRB activity 

was investigated using both γ-chain knockout (γ-/-), and FcγRIIb knockout (CD32b-/-) mice. 

The number of neutrophils added to each well was kept constant between groups by counting 

the number of cells using a hemocytometer and assessing the percentage purity of neutrophils 

by Giemsa stained slide, before adjusting accordingly. In this case, ADRB activity was 

measured against PyMSP119-GST protein (using serum from mice immunised with PyMSP1-

based vaccines). The response induced by neutrophils from wild type (WT) mice in response 

to serum of BALB/c mice immunised i.m. with Ad-M PyMSP142 (median = 0.62 iRLU) was 

ablated when using neutrophils enriched from the bone marrow of γ-/- mice (median = 0.06; P 

= 0.03) (Figure 3-6A). Additionally, pre-incubation of WT neutrophils with anti-CD16/32 

mAb ablated their ability to induce ADRB activity (Figure 3-6B). On the other hand, 

neutrophils isolated from the bone marrow of C57BL/6 mice lacking the inhibitory FcγRIIb 

were able to induce higher ADRB (median = 2.40 iRLU) than those isolated from WT mice 

(median = 1.00 iRLU; P = 0.03) (Figure 3-6C). Thus it appears that ADRB activity is 

dependent upon γ-chain-mediated pathways, whilst regulation occurs via CD32b. 

Furthermore, given mice lack CD32a (294-296) (the activatory FcγRII), and given the 

ablation of ADRB with anti-CD16/32 mAb, CD16/FcγRIII appears likely to mediate ADRB 

induction in the mouse system. 

3.2.3. Role of mouse IgG isotypes in ADRB induction 

Having shown the importance of FcRs in the induction of ADRB, I next looked to determine 

the contribution of different IgG isotypes to ADRB activity. Chimeric mouse IgG1 and IgG2a 

mAbs against the C1 epitope of PfMSP119 were thus expressed in HEK293 and CHO cell 

lines respectively (277). Purified antibodies of each isotype at 8.3µg/mL induced 
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indistinguishable levels of ADRB activity against PfMSP119-GST. Additionally, mice 

immunised i.m. with either a PyMSP142 adenovirus prime – PyMSP119-GST protein-in- 

 

 

Figure 3-6: The role of Fc-receptors in ADRB activity 

Serum was collected from BALB/c and C57BL/6 mice immunised with Ad-M 

PyMSP142. Assays were set up with 10µg/mL PyMSP119-GST (A, C) or PfMSP119-

GST (B) coated plates, 50µL per well of neutrophils at 1 x 107 PMNs/mL, and serum 

diluted 1:100 in PBS run in duplicate wells. Neutrophils were isolated from the bone 

marrow of wild type BALB/c and C57BL/6 mice, plus γ-/- and CD32b-/- knockout mice 

on the same genetic backgrounds respectively. ADRB induction was assessed by: (A) 

BALB/c and γ-/- PMNs in response to sera from BALB/c mice immunised with Ad-M 

PyMSP142; (B) BALB/c PMNs in response to sera from Ad-M PfMSP1 immunised, or 

naïve, BALB/c mice (on at PfMSP119-GST coated plate), where PMNs had been pre-

incubated with neutrophil buffer (black), control rat IgG (grey), or anti-CD16/32 mAb 

(white); (C) C57BL/6 and CD32b-/- PMNs in response to sera from C57BL/6 mice 

immunised with Ad-M PyMSP142. * P < 0.05 (Wilcoxon matched-pairs signed rank 

test). Bars and points represent means of two replicates for each sample, and medians 

on dot plots are represented by lines. 
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indistinguishable levels of ADRB activity against PfMSP119-GST (Figure 3-7). Additionally, 

mice immunised i.m. with either a PyMSP142 adenovirus prime – PyMSP119-GST protein-in-

Adju-Phos® boost regime (AP), or a three dose PyMSP119-GST protein-in-Adju-Phos® 

regime (PPP) (279), induced the same total IgG titre against PyMSP119 as measured by 

endpoint ELISA (Figure 3-8A), but different profiles of IgG isotypes (Figure 3-8B). AP 

immunisation resulted in a balanced isotype response with equivalent induction of IgG1 and 

IgG2a. In contrast, PPP immunisation resulted in an IgG1 dominated response with negligible 

levels of IgG2a being induced, as shown previously for the Adju-Phos® adjuvant (279). 

ADRB activity was assayed using serum from mice immunised with these two vaccination 

regimes and no difference was observed (P = 0.39) (Figure 3-8C), in agreement with the 

epitope-matched chimeric mAbs. These data suggest that the mouse IgG1 and IgG2a isotypes 

can both elicit equivalent ADRB activity from neutrophils. 

 

Figure 3-7: Isotype mAbs and ADRB induction 

ADRB plates were coated with 10µg/mL PfMSP119-GST and ADRB induction by 

BALB/c PMNs in response to mouse isotype-specific chimeric anti-PfMSP119 mAbs 

at 8.3µg/mL was assessed. Bars represent means of two replicates for each sample. 
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Figure 3-8: Role of immunisation-induced isotypes in ADRB induction 

BALB/c mice were immunised with three doses of PyMSP119-GST with Adju-Phos® 

(PPP) or one dose AdHu5-PyMSP142 followed by one dose PyMSP119 with Adju-

Phos® (AP). (A) PyMSP119 endpoint ELISA titres against PyMSP119-IMX108 (to 

avoid detection of antibodies raised against the GST tag present in the protein vaccine) 

coated plates; (B) IgG1 and IgG2a isotype-specific ELISA titres against the same 

protein as total IgG; and (C) ADRB activity using BALB/c PMNs; were determined. 

Bars and points represent means of two replicates for each sample, and medians on dot 

plots are represented by lines. 

3.2.4. FcRs and efficacy against P. yoelii challenge 

One of the goals of utilising this assay was to assess the ability of activity measured in the 

assay to associate with protective efficacy against blood-stage malaria infection. The previous 

data showed that ADRB activity was dependent on γ-chain signalling in the mouse model. 

Given it is well established that PyMSP1-based vaccine efficacy in the P. yoelii blood-stage 

challenge model is antibody-mediated (232, 297), the impact of FcR-modifications on 

challenge outcome in vaccinated and P. yoelii infected mice was assessed. Vaccine doses 

were chosen based on prior experience with this model to allow for improved or reduced 

vaccine efficacy to be observed. Immunisation i.m. with Ad-M PyMSP142 induced the same 

levels of anti-PyMSP119 antibodies in both WT and γ-/- BALB/c mice at all time-points 

(Figure 3-9A). The presence or absence of FcR signalling thus had no impact on viral 

vectored vaccine antibody immunogenicity. All mice were subsequently challenged with 104 
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lethal P. yoelii strain YM iRBCs. The rate of survival was similar between WT and γ-/- 

groups in both vaccinated and naïve non-immunised control groups (Figure 3-10A). Area 

under the curve (AUC) analysis of day 3-5 parasitaemias for vaccinated mice showed no 

difference in parasite burden between WT and γ-/- groups (P = 0.31), although naïve mice 

showed a higher parasite burden in the WT group (P = 0.002; Figure 3-11A) indicating a 

small but significant delay in the knockouts reaching endpoint parasitaemia. Similarly, in WT 

and CD32b-/- C57BL/6 mice, antibody levels induced by vaccination did not differ at any 

time-point between groups (Figure 3-9B), nor was there any difference in challenge outcome 

survival rates (Figure 3-10B) or parasite burden (AUC analysis for days 3-5) for either 

vaccinated (P = 0.93) or naïve groups (P = 0.13) (Figure 3-11B).  

Thus, despite the inability of γ-/- mice to induce ADRB, the vaccinated mice were still able to 

control parasitaemia indicating that vaccine-induced efficacy in this model is unlikely ADRB 

or γ-chain-dependent. Likewise the ability of CD32b-/- mice to induce higher ADRB did not 

enhance vaccine-mediated control of parasitaemia. Taken together, all of these initial 

protection data suggested that γ-chain-mediated effector functions (including ADRB activity 

as measured in vaccinated mice) are not essential in determining the outcome of primary 

challenge in the murine P. yoelii model, neither in vaccinated nor control mice.  
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Figure 3-9: Immunogenicity of Ad-M PyMSP142 

BALB/c, γ-/-, C57BL/6 and CD32b-/- mice (n = 6 per group) were immunised i.m. with 

Ad-M PyMSP142. PyMSP119 ELISA titres were determined in (A) BALB/c and γ-/- 

mice, and (B) C57BL/6 and CD32b-/-, at 14, 55 and 70 days post adenovirus 

immunisation (MVA boost occurred on day 56). Lines represent median values. 
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Figure 3-10: P. yoelii challenge outcome in WT and knockout mice 

Mice from Figure 3-9 were challenged at day 70 i.v. with 104 P. yoelii YM iRBCs. 

Blood-stage parasitaemia is reported as the percentage of infected RBCs over time in 

(A) BALB/c and γ-/- groups, and (B) C57BL/6 and CD32b-/- groups. † indicates animal 

being culled after reaching the humane endpoint of 50% blood-stage parasitaemia. 
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Figure 3-11: Area under the curve analysis of P. yoelii challenge 

Area under the curve analysis for days 3-5 of challenge described in Figure 3-10 was 

conducted on (A) parasitaemia plots for BALB/c and γ-/- mice, and (B) plots from 

C57BL/6 and CD32b-/- mice. Lines represent median values.  

3.2.5. Assaying ADRB with coated antigen versus whole merozoite 

The ADRB assay methodology established above is not limited to use with MSP119 antigen, 

but can be used to assess functional antibody activity against any antigen under study once 

coated onto the plate (291, 298). It also does not permit assessment or comparison of the 

effectiveness of ADRB induction by antibodies binding to different antigens as presented in 

the context of the intact merozoite itself. In light of the negative challenge results above, it 

was therefore decided to assess the possibility of using whole malaria parasites in the assay 

rather than an array of recombinant MSP119 protein. While the vaccines used above induce 

serum antibodies that show ADRB responses against MSP119 protein coated onto the plate, it 

was wholly possible that the same vaccines do not induce functional ADRB from neutrophils 

via opsonisation of merozoites. The first challenge dataset supported this hypothesis, 

indicating that there was no association between ADRB activity as measured in the assay 

against PyMSP119 (Figure 3-6A,C) and vaccine efficacy. As such, the assay was established 
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to assess ADRB activity in response to P. yoelii YM merozoites (PyPEMS), and was shown 

to be reproducible in the same fashion as the PyMSP119 assay (Figure 3-12). 

 

Figure 3-12: PyPEMS ADRB assay reproducibility 

ADRB induction against PyPEMS was assessed using BALB/c PMNs in response to 

serum from a naïve BALB/c mouse, or one previously challenged with 106 Py17XNL 

iRBCs. ADRB activity was assessed on four separate days using four different PMN 

donors to assess inter-assay variability. Bars represent the mean of two assay 

replicates for each sample. 

In order to investigate whether anti-PyPEMS ADRB was induced by immunisation, twelve 

WT BALB/c mice were first immunised i.m. with Ad-M PyMSP142 and then challenged with 

a non-lethal strain of P. yoelii (17XNL). Two weeks after the boost (time of challenge), sera 

from immunised mice showed both PyMSP119- and PyMSP133-specific antibody responses as 

measured by standardised ELISA. These responses were boosted slightly after challenge for 

both PyMSP119 (Wilcoxon signed rank test, P = 0.002) and PyMSP133 (Wilcoxon signed 

rank test, P = 0.004; Figure 3-13A). However, following vaccination, the sera did not lead to 

a significant induction of ADRB activity against PyPEMS (Figure 3-13B, white bars). In 

contrast, following challenge with 106 Py17XNL iRBCs and parasite clearance, serum from 

5/12 mice did induce detectable levels of ADRB activity against P. yoelii merozoites (Figure 

3-13B, black bars).  
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Figure 3-13: Impact of P. yoelii challenge on PyMSP1 ELISA titre and PyPEMS 

ADRB 

Twelve WT BALB/c mice were immunised i.m. with Ad-M PyMSP142, before being 

challenged i.v. with 106 P. yoelii 17XNL iRBCs. (A) PyMSP119 ( ) and PyMSP133     

( ) antibody titres were assessed by standardised ELISA in mice two weeks after 

boost (one day before challenge; C-1), and 55 days after challenge (C+55). PyMSP119 

titres for serum from three naïve non-immunised control mice are also shown. (B) 

ADRB activity induced by BALB/c PMNs (1 x 107 PMN/mL) against P. yoelii PEMS 

was determined using sera (neat) from both the C-1 (white bars) and C+55 (black 

bars) time-points. Background cut-off, defined as 3 SD above the mean of the level of 

ADRB activity induced by naïve BALB/c mouse serum (n=4) in the same assay (grey 

bar), is indicated by the dotted line. Lines on dot plots represent medians, bar charts 

represent mean of two assay replicates. 
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This induction of ADRB activity could be a result of boosting pre-existing antibody titres 

against PyMSP142, or an induction of antibody responses against de novo parasite antigens. It 

seemed more likely that the resultant activity is due to recognition of new antigens as there 

was no correlation between PyMSP119- or PyMSP133-specific total IgG ELISA titre and anti-

merozoite ADRB activity after challenge (rs = 0.44, P = 0.15; rs = 0.07, P = 0.86 

respectively), or when the pre- and post-challenge data were pooled (PyMSP119: rs = 0.09, P 

= 0.67; PyMSP133: rs = -0.04, P = 0.85) (Figure 3-14).  

 

Figure 3-14: Correlation between PyMSP1 ELISA titre and PyPEMS ADRB 

PyMSP119 ( ) and PyMSP133 ( ) ELISA titres from mice described in Figure 3-13 

were plotted against pre- and post-challenge anti-PyPEMS ADRB activity. 

Spearman’s rank correlations shown on scatter plot for P. yoelii PEMS ADRB with 

PyMSP119 (solid line) and PyMSP133 (broken line) ELISA titres. 
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3.2.6. ADRB activity and secondary parasite exposure 

The above data suggested that functional anti-merozoite ADRB activity was detectable in the 

P. yoelii model following vaccination and a non-lethal primary parasite exposure. It was 

therefore sought to assess whether anti-merozoite ADRB activity could contribute to 

protective efficacy following secondary parasite exposure, given the activity in serum was 

now detectable. To address this, in addition to the 12 immunised WT mice described in 

Figure 3-13, six γ-/- mice were also immunised and challenged with non-lethal parasites in the 

same manner, while a matching 18 mice were challenged without prior immunisation (Figure 

3-15A). Following primary challenge, AUC analysis of blood-stage parasitaemia 

demonstrated that vaccination achieved significant protection (Mann Whitney test) in both 

the WT (n = 12 vs 12; P = 0.001) and γ-/- (n = 6 vs 6; P = 0.002) groups. Intriguingly, γ-/- 

mice also controlled parasitaemia better than WT mice in both vaccinated (P = 0.004) and 

naïve (P = 0.002) groups (Figure 3-15B). On day 55 after the primary P. yoelii 17XNL 

challenge (between 35 and 49 days post parasite clearance), and in agreement with the 

previous observation, serum from 18/35 mice elicited positive ADRB activity against 

PyPEMS (when tested with neutrophils from WT mice) (Figure 3-16). The induction of this 

serum activity was comparable and equally distributed across the immunised and non-

immunised groups, again suggesting this activity was independent of PyMSP142 vaccine-

induced responses. It was also hypothesised that ADRB induction may occur as a result of 

accumulative parasite exposure in which case ADRB activity against P. yoelii merozoites 

would be expected to correlate with parasite exposure as measured by AUC analysis of 

blood-stage parasitaemia, however, no such correlation was seen (rs = 0.08, P = 0.66; Figure 

3-17). 
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Figure 3-15: Py17XNL challenge of BALB/c and γ-/- mice 

BALB/c or γ-/- mice were immunised i.m. with Ad-M PyMSP142 and challenged two 

weeks later with 106 P. yoelii 17XNL iRBCs. (A) Blood-stage parasitaemias in both 

BALB/c and γ-/- groups are reported as the percentage of infected RBCs. (B) AUC 

analysis of parasitaemia between day 3 (D3) and D20 was conducted for naïve/non-

vaccinated ( ) and immunised ( ) groups. Lines on dot plots represent medians. 

†Animal being culled after reaching the humane end-point. 
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Figure 3-16: Post-malaria challenge ADRB activity 

Fifty-five days after Py17XNL challenge, ADRB activity of mouse serum against P. 

yoelii PEMS was assessed as described in Figure 3-13B. Bars represent mean of two 

replicates.  

 

Figure 3-17: Correlation between parasite burden and ADRB activity 

After Py17XNL challenge, anti-P. yoelii PEMS ADRB activity was assessed as 

described in Figure 3-13B and plotted against AUC calculated between D3-20. Line 

represents Spearman’s rank correlation. 
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To ascertain whether an induction of anti-merozoite ADRB activity had any effect on 

challenge outcome, all 35 mice were re-challenged eight weeks after the initial non-lethal 

challenge with 106 lethal P. yoelii YM iRBCs. One day before challenge, and three days 

following challenge, one group of six mice in each of the immunised and non-immunised WT 

groups was injected i.p. with 0.5mg 1A8 mAb, a neutrophil depleting agent (275, 276). All 

other mice received a comparable dose of control rat IgG at the same time-points. Neutrophil 

depletion (PMN–) was confirmed in both the blood and the spleen of additional control mice 

at days 1 and 7 post-challenge by flow cytometry. The blood neutrophil population was 

depleted by 90% over this time-course. On day one post-challenge a high level of depletion 

was visible in the spleen (>80%) however this population had largely reappeared by day 7 

(Figure 3-18).  

Following lethal secondary challenge, 66% of all mice were sterilely protected with no 

parasites being observed in the blood over the course of the monitoring period. There was no 

difference in parasite burden between the three immunised groups (WT, PMN– and γ-/-) as 

determined by one-way ANOVA (P = 0.40) (Figure 3-19), although it may remain 

impossible to ascertain potential differences in the face of such high levels of protective 

efficacy afforded by the preceding vaccination and P. yoelii 17XNL challenge. On the other 

hand, there was a significant difference between non-immunised groups (P = 0.008) due to a 

greater parasite burden experienced by γ-/- mice than non-immunised WT mice as measured 

by AUC between days 3 and 6. Neutrophil depleted mice, in contrast, experienced a similar 

infectious burden to non-depleted WT mice (Dunn’s multiple comparison test; Figure 3-19). 

It should also be noted that all mice that received 1A8 treatment had completely cleared 

and/or prevented parasitaemia by day 6 (during the time of maximum PMN depletion). In 

fact, only 2/11 mice treated with 1A8 developed any detectable parasitaemia following 

secondary challenge.  
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Figure 3-18: In vivo neutrophil depletion 

BALB/c mice were given either 0.5mg 1A8 or 0.5mg control rat IgG i.p. at day -1 and 

day 3. Representative flow plots show granulocytes from both the blood and the 

spleen of treated mice. Flow data acquisition was normalised by setting stopping gates 

at 104 or 105 CD8+ cells for blood and spleen samples respectively. Boxes and 

numbers indicate the neutrophil population and their percentage make-up of the 

granulocyte population.  
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Figure 3-19: Role of Fc signalling and neutrophils on secondary challenge 

outcome 

BALB/c or γ-/- mice were immunised i.m. with Ad-M PyMSP142, challenged at week 

10 with 106 P. yoelii 17XNL iRBCs, and then re-challenged at week 18 with 106 P. 

yoelii YM iRBCs. One day prior to, and three days after secondary challenge, six 

BALB/c and six γ-/- mice were given 0.5mg 1A8 i.p. (PMN–) and all other mice, WT 

and γ-/-, were given 0.5mg i.p. control rat IgG. Figure 3-18 thus represents inferred 

PMN depletion in challenged mice. Dots show AUC analysis of parasitaemia for days 

3-6 following secondary challenge of non-immunised ( ) and immunised ( ) groups. 

Lines on dot plots represent medians. 

Thus overall it appears that the FcR common γ-chain signalling may play a role in the control 

of parasitaemia during secondary infection of some mice that did not receive a prior effective 

vaccine, although this control is not mediated by neutrophils. It should also be noted that the 

γ-/- mice here experiencing reduced control of secondary parasitaemia exhibited the lowest 

levels of parasite exposure (and the highest degree of innate protection) in the preceding P. 

yoelii 17XNL challenge (Figure 3-15A,B). However, the induction of serum anti-PyPEMS 

ADRB activity post-challenge (Figure 3-16) was comparable to the WT non-immunised 

mice, suggesting similar induction of anti-malarial responses in these mice despite the 

slightly lower parasite burden in the primary challenge. 

Despite the lack of association between ADRB activity and challenge outcome in this model, 

ADRB activity following the secondary P. yoelii exposure was also assessed in the 13 mice 
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showing the highest ADRB response after primary challenge. Serum ADRB activity was 

enhanced by parasite exposure (Figure 3-20), showing higher levels in comparison to after 

primary challenge (Figure 3-16). To further address antigen-specificity in the assay, sera were 

depleted using the recombinant PyMSP1 proteins (Figure 3-20). As expected, assays using 

plates coated with recombinant PyMSP119 or PyMSP133 protein demonstrated an antigen-

specific effect of antibody depletion upon ADRB activity (Figure 3-21). When tested using 

PyPEMS, depletion of PyMSP119 antibodies did not significantly decrease the sera’s ability 

to induce ADRB activity (Friedman test; Dunn’s multiple comparison test), however, 

PyMSP133 antibody depletion reduced ADRB activity against P. yoelii PEMS similarly in 

both immunised and non-immunised mice suggesting that, after secondary challenge, the 

PyMSP133 region of the PyMSP1 antigen is a target of ADRB-inducing antibodies.  

 

Figure 3-20: Contribution of anti-PyMSP142 antibodies to post-secondary 

challenge anti-PyPEMS ADRB activity 

BALB/c or γ-/- mice were immunised i.m. with Ad-M PyMSP142, and challenged as in 

Figure 3-19. Fourteen days post second challenge, anti-P. yoelii PEMS ADRB activity 

was assessed in mouse serum pre-incubated with PBS (no depletion; black), or 

depleted of PyMSP119- (grey) or PyMSP133-specific (white) antibodies. Chequered 

bars (+ = positive reference serum) represent background ADRB activity of depleted 

sera without any antigen coated onto the plate. Results with naïve BALB/c mouse 

serum are also shown. 
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Figure 3-21: Confirming PyMSP1 antibody depletion protocol 

ADRB induction was assessed by BALB/c PMNs on either (A) PyMSP119 or (B) 

PyMSP133 coated plates in response to sera from BALB/c mice immunised with Ad-M 

PyMSP142 which was pre-incubated with PBS (no depletion; black), or depleted of 

PyMSP119 (grey) or PyMSP133 (white) antibodies. Bars represent the mean of two 

replicates for each sample. 
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3.3. Discussion 

Here, the assessment of the ADRB assay in the mouse model is reported and applied, for the 

first time, to the field of malaria vaccine development. 

Initial work confirmed antigen-specificity and established the assay parameters when using 

recombinant antigen arrayed on the plate. These assay conditions used a minimal volume of 

serum and allowed for both an increase and decrease in ADRB activity to be observed with 

minimal intra-assay variability. Although some inter-assay variability was noted when 

repeatedly using the same sample on freshly isolated PMNs, the inherent differences between 

individual samples were greater and thus reliably observed between assay replicates. This 

mouse ADRB assay also allowed for the roles of γ-chain-mediated antibody signalling to be 

assessed. Mice have three classes of activatory FcγRs (I, III, IV) which signal through the 

common γ-chain immunoreceptor tyrosine-based activation motifs (ITAMs) (294). The work 

reported here has shown a dependency on these receptors for ADRB induction, given ablation 

of this activity when using PMN from γ-/- mice. More specifically, it was concluded that 

ADRB activation is FcγRIII (CD16)-mediated given that FcγRI (CD64) is not constitutively 

expressed on mouse neutrophils (299, 300) and thus is unlikely to contribute to ADRB (a 

result supported by the ablation of ADRB activity by a CD64-irrelevant mAb (anti-

CD16/32)), and that mice lack the activatory FcγRIIa (CD32a) (294, 296). ADRB induction, 

however, is not only induced by CD16, but is regulated by FcγRIIb (CD32b) given enhanced 

levels of activity were observed when using PMN from CD32b-/- mice. It is unlikely that 

CD32b regulation results from interference with other antibody-FcR binding, but rather 

results from intracellular immunoreceptor tyrosine-based inhibitory motif (ITIM) signalling 

which initiates the recruitment of inositol phosphatase SHIP and impedes CD16 signal 

transduction (196, 301, 302).  
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The human IgG1 and IgG3 cytophilic isotypes have been reported to be essential for the 

induction of ADCI activity against the P. falciparum parasite and specific antigens such as 

MSP3 (253, 288, 303), whilst a human IgG1 mAb against PfMSP119, but not an epitope-

matched IgA, have been reported to protect against transgenic P. berghei in humanised mice 

(202, 204). Similarly, the cytophilic mouse isotype IgG2a has been reported to be important 

for protective immunity against blood-stage P. berghei (304) and P. yoelii (305, 306). 

However, in these experiments both the IgG1 and IgG2a isotypes appeared comparable in 

their ability to induce ADRB activity from PMN – either using serum skewed towards 

specific isotype profiles by use of different vaccine immunisation regimes (279), or by using 

chimeric epitope matched mAbs (277). I was unable to express sufficient quantities of 

chimeric epitope-matched mouse IgG2b and IgG3 (data not shown) and so it remains to be 

determined whether these isotypes could also function in a similar manner. Notably mAbs of 

both these isotypes have been shown to afford efficacy against blood-stage P. yoelii (289, 

307). However, given mouse IgG1 and IgG2a are reported to signal via CD16 (294, 308) and 

tend to be the dominant IgG isotypes in serum, these data suggest that total antigen-specific 

IgG antibody titre in mice is likely to closely correlate with ADRB induction. 

In addition to using the ADRB assay to assess antibody-receptor interactions, mouse malaria 

models provide an invaluable tool for assessing protective outcome. Initial studies indicated 

that serum from PyMSP142 vaccinated mice could reliably induce ADRB activity from 

neutrophils in the assay when recombinant PyMSP119 antigen was arrayed on the plate. 

Despite neutrophils from γ-/- mice lacking the ability to produce ROS in the context of the 

ADRB assay, and CD32b-/- mouse neutrophils having an increased ability to produce ROS, 

no difference was seen in primary P. yoelii challenge outcome following immunisation of 

these mice (which mounted comparable immune responses to WT controls in response to 

viral vector immunisation as seen in a previous study (272)). I also observed little difference 
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in protective outcome between non-immunised WT and CD32b-/- C57BL/6 mice following 

lethal P. yoelii challenge, unlike that reported for P. chabaudi infection on the BALB/c 

background (203). However, it became apparent following further investigation that these 

immunised animals did not have antibodies capable of inducing ADRB against P. yoelii 

PEMS. ROS production by PMNs has been widely tested in the literature using such 

methodology (291, 298, 309-311), but these data highlight the importance of using native 

parasites in such an assay set-up. Previous work on ADCI activity suggests that it is not 

overly surprising that C-terminal MSP1 (MSP142) immunisation did not induce anti-parasite 

cellular activation, given that investigation of antibody-dependent monocyte activation has 

identified other antigenic targets such as GLURP (254), SERP (255), MSP3 (312) and MSP1 

block 2 (313). Due to the likely similarity in antibody action between ADCI and ADRB, the 

aforementioned targets may also represent those playing dominant roles in eliciting anti-

merozoite ADRB activity. The lack of detectable anti-PyPEMS ADRB activity post-

PyMSP142 vaccination was thus in agreement with the challenge data showing no bearing on 

an initial challenge in the knockout mice, and moreover these data would suggest that the 

mechanism by which the PyMSP142 vaccine protects is not γ-chain-mediated. Importantly 

these data also suggested that anti-PyMSP119 IgG responses may not be sufficient to induce 

ADRB activity, which would make sense given the closeness of this moiety to the parasite 

surface and the fact the antigen may not be accessible to antibodies until the MSP1 molecule 

is processed during red blood cell invasion (314, 315). However, it remained possible that 

throughout the course of a challenge infection the animal could acquire de novo anti-parasite 

antibodies capable of inducing ADRB, but this would be unlikely given the short infection 

period investigated here with the highly lethal YM strain of P. yoelii. I thus switched to the 

use of a non-lethal model, in order to assess post-challenge antibody responses.  
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In this case, following a non-lethal strain 17XNL primary infection, almost 50% of mice 

acquired anti-P. yoelii PEMS serum ADRB activity. This induction was irrespective of prior 

PyMSP142 vaccination status and did not correlate with antibody titres against PyMSP119 or 

PyMSP133, again suggesting the activity to be independent of this antigen. However, it was 

then possible to re-assess the importance of FcR and anti-PyPEMS ADRB activity in 

protection against secondary P. yoelii challenge. In this case, when mice were depleted of 

neutrophils, they were still able to control parasitaemia suggesting that these cells are not key 

effectors in controlling secondary infection in the P. yoelii model, despite measurable ADRB 

activity. Nevertheless, data from non-vaccinated γ-/- mice in the same experiment alluded to a 

contribution of γ-chain-mediated signalling in controlling secondary exposure to P. yoelii 

malaria in mice, and the possibility that this efficacy is mediated through a non-neutrophil 

cell group. There have been numerous reports of monocytes playing an important role in 

parasite killing through ADCI (180, 249-251, 256) or phagocytosis of infected RBCs. It 

would seem possible that in the absence of vaccine-induced responses against PyMSP142, that 

other antigen-specificities acting against the merozoite and/or infected RBC may play a more 

dominant role in effective immunity.  

Overall, this data support the evidence that P. yoelii malaria infection is controlled largely by 

γ-chain-independent activity (50), especially given that both immunised and non-immunised 

γ-/- mice performed better than WT litter mate controls in the challenge experiments. 

Interestingly, ADRB serum activity was again enhanced by secondary infection (with a likely 

increased contribution from anti-PyMSP133 antibodies). Even though no association was 

established with protection against P. yoelii, these data suggest that other antigen targets of 

anti-PEMS ADRB activity remain to be established. They also suggest this activity increases 

with repeated malaria exposure thus adding weight to the original report of association of this 

activity with clinical immunity against P. falciparum (181).  
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The development of new functional antibody assays remains vital for pre-clinical malaria 

vaccine development. With relative ease, the principles of this assay could be transferred to 

assessment of ADRB activity using P. falciparum PEMS and human neutrophils, thus 

overcoming the limitations in extrapolating results from P. yoelii challenges in mice to 

humans and P. falciparum. Thus, in Chapter 4, I build upon the development of the ADRB 

assay described here to establish a standardised protocol for assessing the ADRB activity of 

human serum with neutrophils isolated from human donors. 
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4. STANDARDISATION OF THE ADRB ASSAY WITH 

HUMAN NEUTROPHILS AND PLASMODIUM 

FALCIPARUM 

I am very grateful to Dr Kazutoyo Miura and Dr Michael Fay who have helped to conduct the 

statistical analysis for this Chapter as part of an ongoing collaboration. 

4.1. Introduction 

The development of efficacious vaccines against malaria promises to be one of the most cost 

effective strategies for achieving significant reductions in global health burden and realising 

the possibility of eradication (316). However despite this burden of disease, the 

immunological mechanisms which confer protection against malaria in vivo in humans 

remain highly debated and poorly understood (317), and thus vaccine development strategies 

often suffer from a lack of informed immunological guidance.  

Sustained interest in vaccines against the blood-stage of malaria infection has demanded 

assessment of antibody function against merozoite and infected red blood cell (iRBC) 

expressed antigens. While it is largely accepted that parasite antigens expressed on the 

surface of the iRBC are particularly important for naturally-acquired immunity (NAI) (317), 

differential expression profiles, and high levels of polymorphism in RBC surface expressed 

genes between different parasite strains, mean that the majority of blood-stage vaccine efforts 

have not focused on these targets. Instead merozoite proteins, in particular those involved in 

the erythrocyte invasion process, have been the focus of vaccine development efforts (15, 

239). To this end, the assay of growth inhibitory activity (GIA) – one that assesses anti-

merozoite antibodies’ ability to block parasite invasion into the human erythrocyte and/or 

parasite growth inside the erythrocyte, has been used to direct many blood-stage vaccine 

development efforts. While the assay of GIA seeks to measure one important mechanism by 

which vaccine-induced antibodies can block parasite proliferation (essentially cell-
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independent antibody neutralisation), such a mechanism remains to be formally associated 

with protection following human vaccination (318) and even then, would likely represent a 

‘non-natural’ form of immunity given the relatively poor association between GIA and 

clinical outcome in the context of studies of NAI (179).  

Consequently, there is significant interest in assays that can guide the development of 

vaccines that may afford antibody-mediated protection via alternative mechanisms to GIA, 

and which may help researchers to better understand mechanisms of natural malaria 

immunity. For example a number of protocols for conducting phagocytosis assays have been 

described assessing the ability of immune sera to initiate monocyte or neutrophil 

phagocytosis of either merozoites (259, 260) or iRBCs (124, 261, 319). In addition, the 

antibody-dependent cellular inhibition (ADCI) assay, in which monocytes are the effectors of 

antibody Fc-dependent signaling and subsequent anti-malarial cellular activity has been 

described (250). Polyclonal antibodies isolated from the serum of immune African volunteers 

have been shown to elicit ADCI activity in vitro, and these same antibodies were reported to 

control malaria infection when passively transferred into non-immune humans (180). 

However, despite the potential utility of this assay, historically it has proved problematic with 

regard to demonstrating reproducibility and development of a standardised protocol for use 

by the malaria community, and thus the assay has been largely under-explored as a vaccine 

antigen screening tool. More recent work seeking to address this problem, may in time 

facilitate wider uptake of this approach (320). 

The ADRB assay using P. falciparum parasites, human neutrophils and human antibodies has 

also been described (181, 321) but, like the ADCI assay, lacks a formal qualification, thus 

limiting its immediate utility as a vaccine screening or NAI investigative tool. The ADRB 

assay’s assessment of the ability of anti-merozoite antibodies to activate 
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neutrophils/polymorphonuclear cells (PMNs) via Fc receptors (FcR) to produce ROS relies 

on a mechanism distinct from assays which assess antibody-induced neutrophil phagocytosis 

of either merozoites or iRBCs (124, 262, 289, 322). Although I have shown that the ADRB 

assay does not associate with protection against P. yoelii rodent malaria (Chapter 3)(323), 

ADRB activity has been strongly associated with a reduction in P. falciparum clinical disease 

in naturally-exposed individuals in Senegal (181) lending support to the utility of a 

reproducible, standardised protocol for a human neutrophil-based assay for use by the malaria 

research community. In fact, the production of ROS is known to be effective in attenuating 

growth of intracellular parasites (324-326) including P. falciparum  (290, 327). This is further 

supported in mouse models incapable of producing superoxide which experience accelerated 

malaria parasite multiplication rates (328). ADRB activity is thus a plausible mediator of 

protection against P. falciparum malaria, supporting the reported association with clinical 

protection (181).  

Given the reported association between ADRB activity and clinical disease, a reliable 

protocol for the assay would allow it to be used more broadly in pre-clinical and clinical 

vaccinology as well as epidemiological assessment of NAI. The assay has three major 

components: P. falciparum merozoites, human PMNs, and human serum. In this chapter I 

define optimal parameters for each of these components. In addition I assess both intra- and 

inter-assay reproducibility in order to define an optimal protocol for testing serum samples 

for ADRB activity. Using the protocol developed, I show that a cohort can be quickly and 

efficiently characterised. I thus provide a standardised protocol for conducting the ADRB 

assay with human PMNs so that the assay can be used by other laboratories for malaria 

vaccine development and the evaluation of NAI. 
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4.2. Results 

4.2.1. Effector cell number and purity 

Initially PMNs were prepared from whole blood from healthy UK adult donors as described 

in Chapter 2. The number and purity of freshly isolated PMNs were assessed before addition 

to the assay in order to meet basic quality control standards. Immediately following the 

completion of the PMN isolation protocol, cell preparations were examined by Giemsa 

stained slides (Figure 4-1) and cellular purity determined as percentage PMNs. A cell 

preparation of >95% PMNs was typical from counting 1000 total cells (data not shown). 

Typical contaminates were RBCs and monocytes. If ≥25% cells were RBCs, the RBC lysis 

step was repeated. If ≥25% cells were monocytes, the cell preparation was discarded. A 

preparation of >75% PMNs was considered sufficient to conduct the assay. After adjusting 

for PMN purity in the cell preparation, the assay was conducted with 100 µL cell suspension 

in each well at 1 x 107 PMN/mL in accordance with previous versions of the assay (181, 

323). Cells were normally used in the assay within 5 minutes of suspension in PMN buffer 

and no later than 30 minutes; and within 2 hours (maximum 4 hours) of phlebotomy. 

Typically, enough cells for a complete 96-well assay plate could be isolated from 25 mL 

whole blood. 

4.2.2. P. falciparum PEMS number and purity 

The assay was conducted with P. falciparum PEMS isolated as described in Chapter 2. PEMS 

were counted as schizonts before rupturing and suspended at 18.5 x 105 schizonts/mL – the 

concentration used in the assay. Once suspended in PBS at the correct concentration, PEMS 

were frozen to rupture the parasitophorous vacuole and release the merozoites. PEMS 

suspensions were stored at -20oC for up to 1 year before use. Aliquots were thawed once, the 

day prior to the assay being conducted, and 100 µL coated onto each well of the assay 
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plate(s) which were then left overnight at room temperature. During assay development, the 

PEMS suspension used to coat plates was confirmed to contain free merozoites by scanning 

electron microscopy (SEM) (Figure 4-2), while no such structures were visible in a non-

infected RBC preparation (data not shown).  

 

Figure 4-1: PMN preparation 

PMNs were isolated from whole blood and confirmed to be >75% pure by Giemsa 

stained slide. 100 µL of cell suspension was added to each well of the assay at 1 x 107 

PMNs/mL. 

 

Figure 4-2: PEMS preparation used in ADRB assay 

Scanning electron micrograph of PEMS preparation showing both merozoites (M) and 

schizonts (S). 
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4.2.3. Assay readout: Maximum RLU 

Luminescent readings were taken from each well of the 96-well assay plate for 1000 ms 

every two minutes for 1 hour (Figure 4-3) and from the resulting data the following 

parameters were calculated: maximum RLU; area under the curve (0-60min); area under the 

curve (4-20min); and average RLU (0-30min). The analyses described below were 

comparable between all outputs (data not shown), however for consistency with the limited 

number of previous studies related to this assay (181, 323), it was decided to progress using 

maximum RLU as the assay output (referred to as RLU throughout the rest of the text).  

 

Figure 4-3: Example luminescence traces from ADRB assay 

Luminescence of individual wells in the ADRB assay was measured every two 

minutes for one hour. (A) and (B) each show four example traces from two separate 

experiments using different PMN donors. Black – positive control, Red – test sample 

with positive ADRB activity, Blue – UK negative control, Green – test sample with 

negative ADRB activity. 

4.2.4. Effect of serum parameters on ADRB activity 

Given the ADRB assay aims to assess the activity of human antibodies against P. falciparum 

blood-stage parasites, it was important to assess how different concentrations and 

preparations of test serum would affect ADRB activity. Respiratory burst activity induced by 

0 20 40 60

0

1000

2000

3000

Time (min)

R
L

U

0 20 40 60

0

200

400

600

800

Time (min)

R
L

U

A B



 

109 

 

a pool of hyper-immune Kenyan sera (tested in duplicate) decreased with increasing serum 

dilutions, whilst a pool of sera from malaria-naïve UK adults failed to induce ADRB activity 

at dilutions of 1:25 or more (Figure 4-4A). Given this result, it was decided to conduct all 

future assays with serum diluted 1:50. This was sufficient to observe high level responses 

from ADRB positive serum without using large volumes of serum (2 µL required per well). 

 

Figure 4-4: Serum parameters affecting ADRB activity 

Assay parameters were determined using a plate coated with 18.5 x 105 schizonts/mL 

and serum from malaria-naïve UK volunteers and Kenyan adults. (A) ADRB activity 

induced by pooled serum from Kenyan (Kp) and UK adults (UKp) was tested at 

different serum dilutions and is reported as maximum RLU. (B) ADRB activity 

induced by sera (5 Kenyan and 3 UK individual sera) diluted 1:50 before and after 

heat inactivation. Bars represent the mean of duplicate wells tested with the same 

PMN donor. 

Using the defined serum dilution of 1:50, I also assessed whether the ADRB activity was 

induced independent of complement. The results showed that there was no significant 

difference between respiratory burst induction from serum subjected to heat-inactivation 

compared to non-heat-inactivated samples (Wilcoxon sign rank test: P = 0.74; Figure 4-4B). 
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assay (323), I also showed that there was no difference in induction of ADRB activity from 

plasma and serum taken from the same volunteers previously immunised with a candidate 

malaria vaccine targeting the P. falciparum merozoite surface protein 1 (PfMSP1) antigen 

(Figure 4-5A) (144); suggesting that the presence of clotting factors or lithium heparin 

anticoagulant does not affect the assay output. Using the same assay setup, I also showed that 

ADRB activity was induced differently by epitope-matched chimeric anti-PfMSP1 

monoclonal antibodies of different human isotypes (202, 204), such that IgA>IgG3>IgG1 

(Figure 4-5B). 

 

Figure 4-5: Effect of clotting factors and antibody isotype on ADRB activity 

ADRB activity induced on a plate coated with 10 µg/mL GST-PfMSP119 by (A) sera 

(light) and plasma (dark) diluted 1:50 from volunteers both before (Day 0) and after 

(Day C-1) ChAd63-MVA PfMSP1 immunisation, and (B) by chimeric human 

epitope-matched IgG1 (black), IgG3 (dark grey) and IgA (light grey) mAbs against the 

C1 and E9 epitopes of PfMSP119 at a range of concentrations. All samples are indexed 

against a pool of hyper-immune serum as described in Section 4.2.6.2 and reported as 

indexed RLU (RLUp). Bars and dots represent the mean of two assay replicates. 
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4.2.5. ADRB activity is dependent on P. falciparum PEMS 

Having established that malaria hyper-immune sera from Kenyan adults induced ADRB 

activity, whilst sera from malaria-naïve UK adults did not, it was important to establish that 

this activity was specific to the malaria parasite and not a potential reaction to RBCs (in this 

case isolated from healthy UK adults). Both uninfected RBC and PEMS from malaria iRBC 

cultures were thus produced and 100 µL of either suspension coated onto plates at 18.5 x 105 

schizonts (or RBC)/mL. Upon coating plates with PEMS, serum from Kenyan adult 

volunteers (with significant levels of prior malaria exposure) elicited ADRB activity. This 

activity was not induced when coating a plate with uninfected RBC (Figure 4-6). In addition, 

no ADRB activity was elicited by sera collected from malaria-naïve UK volunteers against 

either PEMS-coated or RBC-coated plates. 

 

Figure 4-6: Specificity of ADRB activity to malaria parasites 

Assay parameters were determined using a plate coated with 18.5 x 105 schizonts/mL 

and serum from malaria-naïve UK volunteers and Kenyan adults. ADRB activity 

induced by a pool of sera from Kenyan adults and two individual Kenyan volunteers, 

and a pool of UK, malaria-naïve adults and two individual UK volunteers was 

assessed using plates coated with either PEMS (dark) or uninfected RBCs (light). Bars 

represent the mean of duplicate wells tested with the same PMN donor. 
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4.2.6. Reproducibility 

Reproducibility in the ADRB assay was assessed using a small cohort of serum or plasma 

from 13 African adults and serum from 10 malaria-naïve UK adults. All samples were 

assayed in duplicate such that with the 23 test samples and the positive control (see below), 

the whole cohort could be run in 48 wells (half a plate). This layout was replicated on each 

plate with PMNs from two different healthy UK adult donors and assayed in parallel. This 

experimental setup was run on three consecutive days, with two plates being run on one day, 

and thus each sample was run with eight independent PMN preparations (Figure 4-7). As 

above, all sera and plasma were diluted 1:50 and not heat-inactivated, 100 µL PMNs were 

added at 1 x 107 PMNs/mL, and PEMS were coated onto plates at 18.5 x 105 schizonts/mL. 

4.2.6.1. Intra-assay reproducibility 

For each serum sample tested with each PMN donor (n = 184) duplicate readings were 

compared to each other (Figure 4-8). Interclass correlation coefficient (ICC) analysis (284) 

showed that measuring activity by maximum RLU was highly repeatable under the same 

conditions (ICC = 0.973). Given this I asked whether it was necessary to test samples in 

duplicate as, for the purposes of high throughput of samples, it would be beneficial to only 

have to test samples in singlet upon an individual assay plate. 
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Figure 4-7: Raw ADRB assay data from repeats with multiple PMN donors 

ADRB activity against PEMS was determined for 13 malaria-endemic African and 10 

malaria-naïve UK serum or plasma samples using 8 different neutrophil donors. 

Samples were diluted 1:50, randomised on PEMS coated plates and were all measured 

in duplicate. 
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Figure 4-8: Relationship between intra-assay replicates 

ADRB activity against PEMS was determined for 13 malaria-endemic African and 10 

malaria-naïve UK serum or plasma samples using 8 different neutrophil donors (n = 

184) in duplicate. Duplicate values for maximum RLU achieved by each sample in 

each assay were plotted against each other. Blue = African samples, red = UK sample, 

black = positive hyper-immune pool. ICC = 0.973. 

To address the singlet versus duplicate question, R2 values from linear models with sample 

included only (𝑅𝑠
2), using either singlets (𝑅𝑠 𝑆𝑖𝑛𝑔.

2 ) or duplicates (𝑅𝑠 𝐷𝑢𝑝.
2 ) were compared. 

Ideally, 𝑅𝑠
2 will be close to 1, because the only variability in the measured responses will be 

due to differences in the samples, and there will be no variability due to differences in PMN 

donors, plates, day, or replicate. Comparing  𝑅𝑠 𝑆𝑖𝑛𝑔.
2  and 𝑅𝑠 𝐷𝑢𝑝.

2  enables us to see how much 

the variability due to replicates can be reduced, and thus the 𝑅𝑠
2 be maximised (there will 

however, still be unavoidable variability due to PMN donors present). For duplicates, the 

average of the two replicates as a response was used, so there will be less total variability in 

the responses compared to using a single replicate as the response. Thus, the proportion of 

that total variability explained by the sample in the model (i.e. 𝑅𝑠 𝐷𝑢𝑝.
2 ) will necessarily be 
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larger than that proportion for the single replicate, 𝑅𝑠 𝑆𝑖𝑛𝑔.
2 . The important question is how 

much improvement does using duplicates give? To answer this the percent increase was used,  

100 ×
𝑅2

𝑠 𝐷𝑢𝑝.
− 𝑅2

𝑠 𝑆𝑖𝑛𝑔.

𝑅2
𝑠 𝑆𝑖𝑛𝑔.

 

This analysis showed that the % increase in R2
s due to testing samples in duplicate was less 

than 7% for all data when assessing African samples only whether analysed as total values 

(RLU), indexed values (RLUp) as described in Section 4.2.6.2, or log transformed data. When 

UK samples were included in the analysis, measuring samples in singlet reduced R2
s by less 

than 4% compared to R2
s when measuring samples in duplicate (Table 4-1), thus confirming 

the assay could be acceptably performed in singlet. 

Table 4-1: Singlets vs duplicates 

Comparison of R2 from the linear models explained by sample effects only (𝑅𝑠
2) for 

samples measured in either singlet or duplicate wells using either: malaria-endemic 

African samples only, or both malaria-endemic African and malaria-naïve UK samples 

combined. The percentage increase in 𝑅𝑠
2 between testing samples in duplicate and 

testing singlets is also shown (as calculated in the text). 

 
African African + UK 

 
Singlets Duplicates % Increase Singlets Duplicates % Increase 

RLU 0.622 0.635 2.14 0.734 0.745 1.45 

Log10 RLU 0.690 0.704 2.04 0.734 0.744 1.36 

RLUp 0.787 0.840 6.68 0.860 0.893 3.81 

Log10 RLUp 0.888 0.913 2.88 0.847 0.863 1.85 
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4.2.6.2. Inter -assay reproducibility 

The raw assay readout in terms of maximum RLU varied significantly by donor. The effects 

of donor are significant even after accounting for day or plate effects (Friedman test: P < 

0.001, see also Figure 4-7). As I needed to prepare fresh human neutrophils each day, there is 

no way to measure actual day-to-day variation other than as the effect of PMN donor. I thus 

focus on donor effects for the analysis of inter-assay variability. Using a permutation test, no 

significant plate effects were found after accounting for donor effects (P = 1.00). Notably, 

during the assay development I had observed that PMN Fc receptor expression profile on 

CD16+ granulocyte populations (Figure 4-9) of 5 tested healthy UK adult volunteers fell into 

two distinct groups which may potentially contribute to the inter-donor variation observed 

here, with some volunteers expressing either low (Figure 4-9D) or high (Figure 4-9E) levels 

of CD32.  
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Figure 4-9: Assessment of FcR on human PMNs 

Whole blood was taken from healthy UK volunteers, and PMNs isolated on 

polymorphprep gradients. Cells were surface stained with anti-CD16, anti-CD32, and 

anti-CD64. One million events were acquired in total. (A) Singlets were gated by 

forward scatter-area (FSC-A) and -height (FSC-H) profiles. (B) Granulocytes were 

then gated by FSC-A and side scatter-area (SSC-A) profiles. (C) PMNs were then 

defined as the CD16+ population and were characterised with regard to their CD32 and 

CD64 expression levels. Representative plots from individuals who exhibited either 

(D) CD32lo or (E) CD32hi phenotypes.  
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Potential strategies for indexing data to compensate for PMN donor variation were thus 

investigated using the cohort of 13 African and 10 UK samples. In accordance with previous 

iterations of this assay in both mice (323) and humans (181), a positive control sample was 

defined and included on each assay plate against which test samples, under exactly the same 

conditions, were indexed (RLUp) such that: 

𝑅𝐿𝑈𝑝 =
𝑅𝐿𝑈𝑡𝑒𝑠𝑡 𝑠𝑎𝑚𝑝𝑙𝑒

𝑅𝐿𝑈𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
 

This positive control consisted of a pool of hyper-immune Kenyan adult sera with sufficient 

volume to run over 1000 plates. Similar to non-indexed data, intra-assay reproducibility for 

RLUp was high (ICC = 0.926) and the assay could be acceptably run with singlets (Table 

4-1). Values for all data as a proportion of the ADRB activity of the mean of the 10 malaria-

naïve UK serum samples (RLUn) were also calculated. To assess inter-assay reproducibility 

the African samples only were first considered, since it was difficult to index by the mean of 

the negative (UK) controls if the measurement of the negative control samples as well was 

required in the same assay. In order to measure how well this indexing (i.e., using RLUp that 

divides by positive control max RLU, or using RLUn that uses a negative control) removes 

the variability due to PMN donor, the R square from the model with sample and PMN donor 

included were partitioned into two parts: the percent due to PMN donor (%R2
donor) and the 

percent due to sample (%R2
sample = 100-%R2

donor). In addition Log10 RLUp and Log10 RLUn 

were considered. This analysis showed that %R2
donor was smaller when indexed against the 

positive control, as compared to indexing against the UK samples (Table 4-2). Both RLUp 

and Log10 RLUp perform similarly well (Table 4-2). 
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Table 4-2: Variation due to PMN donor effect 

ADRB activity against PEMS was determined for 13 malaria-endemic African and 10 

malaria-naïve UK serum or plasma samples using 8 different neutrophil donors. The 

Table reports percentage of assay output R2 explained by donor effects on African 

samples only, or both African and UK samples after no indexing (RLU); indexing 

against a positive hyper-immune Kenyan pool (RLUp); indexing against the mean of 

the 10 malaria-naïve UK samples (RLUn); and log transformation of data. Parentheses 

indicate 95% CIs. 

Assay Readout African (% R2
donor) African + UK (% R2

donor) 

RLU 24.5 (17.8-33.8) 12.5 (9.5-17.6) 

Log10 RLU 25.9 (18.7-34.9) 19.4 (15.7-24.0) 

RLUp 3.5 (2.4-10.2) 1.4 (1.2-4.6) 

Log10 RLUp 2.0 (1.7-7.4) 5.3 (3.6-9.5) 

RLUn 44.3 (35.3-52.1) 18.7 (13.8-24.9) 

Log10 RLUn 27.8 (21.6-35.6) 6.8 (4.8-10.9) 

 

When UK samples (negative controls) were included in the analysis, the same trend was 

generally seen: the positive control gives lower values of %R2
donor than either no indexing or 

indexing by the negative control. As a result, the stock of pooled hyper-immune Kenyan 

serum was continued as the control against which all further samples were indexed. 

In addition to indexing by the positive control, I could additionally repeat the analysis on 

different PMN donors to reduce the dependence of the results on PMN donor.  Increasing the 

number of PMN donors will increase the reproducibility, but how many are reasonably 

enough? To answer this question, simple simulations were done assuming that the errors due 

to PMN donor (on the Log10 RLUp) are normally distributed (this assumption appeared 
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reasonable based on some graphical analysis; not included). To compare different numbers of 

donors, I compared the width of confidence intervals based on the t-distribution (which is 

used for normal data).  

The lengths of the 95% CIs were then compared between assay outputs using different 

numbers of replicates/donors (n = 2, 3, ... ,8) by simulating 1000 data sets. There was a 

substantial decrease in the length of CIs between data simulated with samples evaluated with 

two donors compared to three (Table 4-3). Additional replicates had a decreasing impact on 

the reduction of CI length. Considering the level of donor effect I can reduce by adding 

further PMN donor replicates, and considering the practicality of conducting the assay with 

many PMN donors, it was determined that three replicates/donors should be sufficient for 

most applications. 

Table 4-3: Optimising the number of PMN donors 

Table shows the mean length of the 95% CI using different numbers of donors, as a 

percentage of the length of the 95% CI calculated using only two donors. These 

calculations are based on the normality assumption (deemed reasonable by graphical 

methods, not shown), and were done by simulation using 1000 replications. 

Number Donors 95% CI length (% n=2) 

2 100.0 

3 30.4 

4 20.3 

5 16.1 

6 13.9 

7 12.3 

8 11.2 
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4.2.7. ADRB  cohort analysis 

A standardised protocol for determining the ADRB activity for a sample was thus adopted: 

plates coated with 100 µL PEMS at 18.5 x 105 schizonts/mL; 100 µL PMNs at 1 x 107 

PMNs/mL; un-treated serum or plasma diluted 1:50; samples measured in singlet with three 

different PMN donors after which data were indexed against a positive control which was 

included on each plate; all data being log transformed; and the mean of the three indexed and 

log transformed data points was then reported. Using this protocol, a cohort of serum 

samples, separate from the one used in the studies above, from 39 Kenyan adults and 47 UK 

malaria-naïve adults was assessed. Sera from the Kenyan adults induced significantly higher 

ADRB activity than sera from UK volunteers (P < 0.0001; Figure 4-10A). I also assessed 

whether ADRB activity correlated with PEMS-specific ELISA titre. When the Kenyan 

samples were plotted there was a significant but relatively weak relationship (rs = 0.57, P = 

0.0001; Figure 4-10B), with samples of mean ELISA response (370 AU) showing a high 

variation – from maximal to minimal ADRB activity as measured in this cohort. I also tested 

a subset of these sera using the alternative protein-based assay methodology using 

recombinant PfMSP119 antigen (Figure 4-11). These data showed a strong and highly 

significant correlation between ADRB activity and ELISA titre. Overall, these data suggest 

that the PEMS-based assay, as undertaken here, is suitable for testing for anti-merozoite 

ADRB activity in the sera of malaria-exposed individuals, and can yield extra information on 

the functionality of the antibody response that is complementary to those obtained by PEMS-

based ELISA. 
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Figure 4-10: Assessment of ADRB activity in a cohort of Kenyan and UK adults 

Serum was collected from adults from both Kenya and the UK. (A) ADRB activity 

induced by sera from UK (open circles n = 47) and Kenyan adults (closed symbols; n 

= 39) and is reported as Log10 RLUp. (B) Anti-PEMS total IgG ELISA titre was 

plotted against Kenyan anti-PEMS ADRB activity (rs = 0.57, P = 0.0001). Lines on 

dot plots represent medians. Dotted line indicates mean ELISA response (370 AU). 

 
Figure 4-11: Assessment of ADRB activity in a cohort of Kenyan and UK adults 

on an MSP119 coated plate 

Serum was collected from adults from both Kenya and the UK. Each sample was 

measured in singlet with three independent PMN donors. (A) ADRB activity induced 

on a GST-PfMSP119 coated plate by sera diluted 1:50 from UK (open circles n = 25) 

and Kenyan adults (closed symbols; n = 40). (B) Anti-PfMSP119 total IgG ELISA titre 

was plotted against Kenyan anti-PfMSP119 ADRB activity (rs =0.92, P < 0.0001). 

Lines on dot plots represent medians. 
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4.3. Discussion 

This study optimises and describes a protocol for conducting the ADRB assay to assess 

antibody reactivity against blood-stage malaria parasites. While a protocol for this assay has 

been previously reported (181, 321), this is the first time the ADRB assay has been 

standardised for reproducibility. I have also used this protocol upon a study cohort of 86 

individuals showing that it could easily be applied to the immunological assessment of NAI 

or vaccine-induced responses from cohorts of individuals enrolled in epidemiological studies 

or clinical trials. 

I was able to show a significant difference between ADRB activity induced by sera from 

malaria-naïve UK adults and that from malaria-exposed Kenyan adults. While the malaria-

naïve cohort tested here could be used as a reference for future ADRB studies, I would 

recommend that at least a single ‘negative’ sample be run on each assay plate as a quality 

control measure to ensure that background responses are minimised.  

When investigating whether any prior processing of samples was required before they could 

be tested in the assay, I found that assay output was independent of any effects mediated by 

complement. This was confirmed by heat inactivation of serum which did not affect the 

ability of serum from hyper-immune or malaria-naïve volunteers to induce ADRB activity. 

While the involvement of complement proteins in PMN activation and ROS release has been 

described (329, 330), it is possible that complement-dependent activity is mediated 

predominantly by a single IgG subclass (331), and subsequently, when stimulating PMNs 

with polyclonal sera, subclasses which do not activate complement pathways may still be 

able to activate PMNs by alternate pathways (e.g. CD32) making the effect of complement 

proteins indistinguishable. Despite this, when I did look at individual isotypes in a related 

PfMSP119 protein-based ADRB assay, purified monoclonal antibodies (and thus samples 
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lacking complement) of different isotypes induced similar activation profiles to those 

previously described (331) with IgA>IgG3>IgG1.  

I next aimed to address a key limitation in the field of cell-based assays: optimising assay 

reproducibility, and in particular, inter-assay variability. Guidelines for assay validation, as 

outlined in the International Conference on Harmonisation Harmonised Tripartite Guidelines 

Q2(R1) state the importance of assessing reproducibility for any assay to be widely used in 

research (332). The impact of a highly reproducible assay to the field cannot be understated, 

as shown by the extensive use of standardised ELISAs in the field of malaria vaccine 

development (278). It was apparent that a significant source of inter-assay variation in the 

ADRB assay resulted from using PMNs isolated from different donors and even from the 

same donor at different times. Plate-to-plate variation, tested by using the same PMN prep on 

different plates, was not directly assessed, although the permutation test indicated that this 

was not necessary. Differences in PMN FcR expression profile may account for some of this 

difference, especially given the importance of human CD32 in ADRB (321). I observed 

donors with both CD32hi and CD32lo PMN phenotypes. It is unknown whether these 

phenotypic differences reflect genetic polymorphisms in CD32 genes (leading to differential 

expression or differential binding of flow cytometry antibodies), or simply differences in in 

vivo inflammatory environments at the time of phlebotomy resulting in differential CD32 

expression (333). Whether individuals with a CD32hi phenotype are capable of inducing a 

higher overall ADRB level in vivo remains unknown and is not able to be tested without a 

personalised assay format matching donor serum and PMNs (which remains, for now, not 

possible). Adding support to the argument that differential CD32 expression, or at least 

differences in CD32 signalling activity, may lead to heightened ADRB levels in vivo, are the 

numerous associations between CD32 polymorphisms and clinical malaria outcome (205, 

208, 209, 211).  
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In the context of the ADRB assay, where the primary focus is to assess the potential of 

antibodies to activate neutrophils, I found that despite neutrophil donor phenotype providing 

a possible source of inter-assay variation, inter-assay variability could be optimised by testing 

each sample with three neutrophil donors. Given that, in many laboratories, one of the 

limiting factors for high throughput of this assay will be the number of neutrophil donors 

available, I suggest that excluding certain donors based on their PMN phenotype is not 

practical, and I was able to attain acceptable reproducibility without doing so.  

Having defined the assay parameters, I assessed ADRB activity in a cohort of samples from 

Kenyan and UK adult volunteers. I also compared these to ELISA titres. When I used a 

related assay which assessed responses against recombinant protein instead of blood-stage 

malaria parasites, like the PEMS-based assay, Kenyan sera induced higher activity that UK 

sera and ADRB activity strongly correlated with PfMSP119 antigen-specific IgG ELISA 

titres. A similar result was observed with anti-PEMS ADRB activity, when correlated against 

PEMS-specific IgG ELISA titre. Importantly, however, a complete range of ADRB responses 

were elicited from samples with an equivalent PEMS-specific IgG ELISA titre of 370AU, 

suggesting that valuable extra information should be gained by assaying for ADRB activity 

when seeking to associate immunological parameters with protection and/or clinical outcome. 

In this case, it appears that the presentation of antigens on the surface of the parasite is 

important in the induction of functional activity and cannot be assessed holistically with 

traditional ELISA-based methods. A recent study on ADRB adds further weight to the 

importance of antigen type and presentation in the assay, reportedly effecting the cellular 

location of respiratory burst (321). Work involving a different assay in the field of blood-

stage malaria, the GIA assay, has also shown the importance of assessing functional activity 

of human sera instead of ELISA titre alone, despite the association between IgG titre and 

GIA activity for some antigens (334, 335). 
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While I have applied the assay method developed here to blood-stage malaria, it could 

similarly be used to assess antibody induced PMN activation against any antigen or pathogen. 

The PEMS-specific ADRB assay is not overly labor intensive and can be used to screen large 

cohorts quickly. Using this protocol, 50 samples are comfortably assayed in a day. The two 

major limiting factors on even higher throughput in the protocol in my hands was PEMS 

production, which I overcame by setting up large cultures (up to 150mL) of parasites for 

harvesting, and sourcing blood donors for isolation of fresh PMNs. Importantly I show that 

both serum and plasma can be used in the assay without affecting the result, thus negating the 

need to source specifically prepared samples from the clinic. 

I thus describe a standardised protocol for the ADRB assay, providing a valuable tool for the 

assessment of NAI and vaccine development. The current paucity in pre-clinical assays 

available for assessing the function of either vaccine-induced or naturally-acquired antibodies 

presents a major problem in the study of immunity against blood-stage malaria. Due to this 

paucity, the field to date has relied on assessing cell-independent anti-merozoite activity 

using the GIA assay.  In more recent years, other cell-based phagocytic assays have also been 

described (259, 260), and thus the ADRB assay, as presented here, should complement the 

use of the GIA neutralisation assay and newer phagocytic assays in studies of immunity to, 

and vaccination against, blood-stage malaria. In the next Chapter, I will use the ADRB assay 

to assess the association between ADRB activity and clinical protection and compare it to 

other commonly used assays in the field. 
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5. ASSOCIATION OF ADRB ACTIVITY WITH CLINICAL 

PROTECTION AND IMMUNOLOGICAL ASSAYS 

I am very grateful to Dr Kazutoyo Miura who has helped to conduct the statistical analysis 

for this Chapter as part of an ongoing collaboration. 

5.1. Introduction 

Having developed and standardised the ADRB assay for use with human PMNs and P. 

falciparum PEMS, it is now important to assess its utility as a tool for the assessment of NAI. 

The ADRB assay has been previously associated with protection against clinical malaria 

(181) however this result has yet to have been replicated. Furthermore, how the ADRB assay 

compares to other assays used in the field is currently unknown. Thus it is of particular 

importance to assess the ADRB assay and any association it may have with immunity to 

malaria in the context of other assays which exist in the field such as the GIA assay, the 

surface reactivity assay (SRA) (336), and ELISAs against merozoite antigens. 

A number of studies have shown that exposure to P. falciparum in endemic regions is 

associated with the acquisition of antibodies capable of inducing GIA (176-178), however the 

association with subsequent protection against clinical disease has been less clear (179). 

While some studies have reported an association between GIA and protection from blood-

stage parasitaemia (337), others dispute this (338, 339). Similarly, when using clinical 

malaria as an endpoint, there is disagreement as to whether GIA associates (247), or does not 

associate (177, 340) with protection. 

In other studies, individuals in endemic regions have been shown to acquire antibodies that 

recognise variant erythrocyte surface antigens via a SRA-type assay (341-343). A number of 

studies have associated the presence of antibodies reactive to variant surface antigens with 

clinical benefit (165, 168, 344). In a Sudanese cohort, the presence of antibodies against a 
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Ghanaian parasite isolate surface variant protein associated with protection, but data for other 

isolates were less convincing (165). In contrast, recognition of this parasite isolate did not 

associate with protection in a Ghanaian cohort however other isolates did (168). Thus, while 

SRA-type assays are potentially useful for assessing NAI, they are dependent on knowing, 

and having access to, parasite isolates in vitro that are representative of local circulating 

strains with respect to variant surface antigen expression. Given the additional complication 

that the parasite isolate needed for the assay may change over time, further optimisation is 

required before SRA can be used universally across cohorts. 

The investigation of NAI using ELISAs against different merozoite antigens is prolific (172, 

174, 340, 345-347). Evidence as to whether individual antigens correlate with protection is 

contradictory, and as such the contribution of responses against any given antigen to NAI 

remains debated (164). As an example, antibodies recognising MSP119 have been associated 

with protection in a Ghanaian cohort (173) but not in Kenyan children (345). However, meta-

analysis of 33 studies associating IgG titre with malaria risk by Fowkes et al. (164) found 

that, despite discrepancies in individual studies, overall, people with antibodies to MSP119 

and MSP3 (C-terminal region) had a reduced risk of malaria. The effect of other antigens 

such as AMA1, GLRUP, MSP1 (N-terminal region) and MSP2 on reducing the risk of 

malaria were less clear. However, instead of considering antibody responses to a particular 

antigen on a continuous scale, it may instead be valuable to determine whether or not an 

individual’s response exceeds a “protective threshold” (174). Such an analysis would require 

comparison to a universal standard, however it would enable more robust comparisons of 

different cohorts between which total antigen-specific IgG responses are likely to differ. 

A major limitation of the majority of previous studies is that they have focused on only single 

antigens when characterising naturally immune cohorts by ELISA. It is however likely that 
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the utility of using ELISAs for the assessment of NAI comes from assessing responses to a 

number of different antigens (175, 345). Given the ease of conducting ELISAs, it is feasible 

to conduct these against multiple antigens, however in some cases the ability to produce 

recombinant antigen is prohibitive. While ELISAs against multiple antigens are thus 

potentially useful, it is often difficult to combine results from multiple antigens into a 

meaningful output for use in cohort analyses. Some headway in this regard has been made in 

a recent study, where individuals were categorised by the number of antigens to which they 

had antibody responses (up to a maximum of 5) and this variable used to assess potential 

protective efficacy (175). This analysis showed that a cumulative response against 

combinations of antigens that were, on their own, somewhat protective, was capable of 

completely explaining protective efficacy. Repetition of this type of analysis on other cohorts 

is now required to determine whether this finding is broadly applicable. 

Thus, while a number of assays currently exist for the assessment of NAI, evidence is unclear 

as to their utility for predicting clinical outcome, or in the case of the ADRB assay, the single 

reported study has simply not been replicated, so it is impossible to comment on its validity. 

In this Chapter, I thus assess ADRB activity in a cohort of children from Kenieroba, Mali 

which have been previously characterised for GIA activity and recognition of variant surface 

antigens via a SRA. For the purposes of this Chapter, I will refer to GIA, SRA and ADRB, as 

native-antigen assays. In addition to these native-antigen assay readouts, comprehensive 

ELISA data exists for this cohort and thus ADRB activity will be compared to ELISA 

responses. As defined in Chapter 4, all analyses are carried out using the ADRB readout of 

Log10 RLUp and are referred to simply as ADRB. 
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5.2. Results 

5.2.1. ADRB activity in a cohort from Mali 

The standardised protocol for performing the ADRB assay on human samples described in 

Chapter 4 was applied to a cohort of plasma samples collected from 255 volunteers in the 

villages of Kenieroba and Fourda, Mali immediately prior to the transmission season in both 

2009 and 2011 (348). 230 samples were assayed from 2009 (range = -1.48 – -0.04; Appendix 

5-1) and 219 from 2011 (range = -1.52 – 0.11; Appendix 5-2). Of these, ELISA and GIA data 

was collected for 216 of the 2009 samples, and 194 of the individuals had paired plasma 

samples from both 2009 and 2011 (Table 5-1). For the assaying of these cohorts, a single 

batch of P. falciparum PEMS was prepared so that all samples were assessed with the same 

preparation of PEMS. Samples were run over 17 plates each with a fresh preparation of 

PMNs isolated from one of 13 PMN donors. 

Table 5-1: Population demographics of the Mali cohort used in immunological 

analyses 

Cohort 

Year 
Number 

Sex  Age  Hb Type 

Male Female  Lo Med Hi  Non-AS AS 

2009 216 114 102  79 81 56  149 67 

2011 194 103 91  72 74 48  133 61 

Age categories: Lo - 3-5 y; Med = 6-8 y; Hi = 9-11 y 

Non-AS: Both AA and AC haemoglobin (Hb) type 

5.2.2. ADRB and host factors 

Out of the 255 individuals assayed, 194 individuals had ADRB activity assayed in both 2009 

and 2011 plasma samples (Appendix 5-3, Analysis group 1). ADRB activity elicited by 

plasma from individuals in 2009 correlated with their ability to induce ADRB activity in 
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2011 (rs = 0.59, P <0.0001; Figure 5-1), and a paired analysis indicated that the level of 

ADRB induced by an individual did not change significantly between the two sampling 

periods (P = 0.41), and this was consistent across children of different ages. As such, further 

analyses were conducted with samples from the 2009 cohort only, as a more complete 

immunological characterisation exists for these samples. 

 

Figure 5-1: ADRB activity compared between 2009 and 2011 

ADRB activity elicited against P. falciparum PEMS was determined for 194 plasma 

samples collected from volunteers in Mali before the transmission seasons in both 

2009 and 2011 (rs = 0.59, P <0.0001). Samples were assayed at a plasma dilution of 

1:50. 

To assess the impact of individual host factors such as age, haemoglobin (Hb) type and sex 

on ADRB activity, a subset of 216 samples were used (Appendix 5-3, Analysis group 2). 

Volunteers were stratified into age categories (Hi = 9-11 y, Med = 6-8 y, Lo = 3-5 y). Plasma 

from children in the Lo age category had significantly lower ability to induce ADRB activity 

than either Med (P = 0.003) or Hi (P < 0.0001) aged children (Figure 5-2A). No difference, 
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however, was seen in the ability to induce ADRB activity between children of non-AS (i.e., 

either AA or AC Hb types) or AS Hb types (P = 0.22; Figure 5-2B). 

 

Figure 5-2: ADRB activity and host factors 

ADRB activity elicited against P. falciparum PEMS by plasma diluted 1:50 from (A) 

individuals classed by age (Hi = 9-11 y [n = 56], Med = 6-8 y [n = 81], Lo = 3-5 y [n = 

79]), or (B) individuals classed by Hb type (non-AS [n = 149], AS [n = 67]. Whiskers 

represent range. ** P = 0.003, *** P < 0.0001 (Dunn’s test). 

5.2.3. ADRB and clinical protection 

Following collection of plasma samples, volunteers were monitored throughout the 

transmission season (June – December) for episodes of clinical malaria. Clinical malaria was 

defined in treatment seeking individuals as a temperature ≥37.5°C and the presence of any 

density of asexual parasites visible by microscopic examination of thick blood films as 

previously described (348). Using the 216 samples from Analysis group 2 (Appendix 5-3), 

associations between ADRB and clinical malaria were assessed. 

Firstly, a nominal logistic fit analysis was used to model parameters associated with an 

individual’s likelihood of experiencing clinical malaria. In this analysis, the LogLikelihood 
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(LL) value is an indicator of how well the model fits the data, with LL values closer to zero 

indicating better models. An LL test was then conducted to assess whether the addition of a 

factor statistically improves the model. To start, a model was constructed using both age and 

Hb type (non-AS, AS) to explain yes/no malaria (Table 5-2). Inclusion of age and Hb type 

significantly improved the fit of the model to the data (P < 0.0001). The addition of ADRB 

activity further improved the model (P = 0.0007) with an odds ratio (OR) of 0.13 (95% CI 

0.04 – 0.43). Thus, after adjusting for the effect of age and Hb type on susceptibility to 

clinical malaria, ADRB is associated with clinical immunity with a rise of 1 Log10 RLUp 

reducing the risk of malaria by 87% (95% CI: 57 – 96%). 

Table 5-2: Modelling clinical malaria outcome with immunological parameters 

from Analysis group 2. 

Model 

Variable 

Yes/No Malaria   Number Clinical Episodes 

LL df P   LL df P 

Hb type/Age -127.88 3 < 0.0001  -298.04 3 0.0002 

ADRB -122.13 4 0.0007  -294.63 4 0.009 

GIA -127.85 4 0.81  -297.96 4 0.69 

 

Secondly, and for comparison with a previous study (181), an ordinal logistic fit analysis was 

conducted using the number of malaria episodes experienced throughout the transmission 

season (Table 5-2). Again, after accounting for age and Hb type, ADRB significantly 

associated with the number of malaria episodes (P = 0.009). Incident rate ratio analysis 

showed that a unit rise in Log10 RLUp reduced the number of episodes by 73% (95% CI: 27 – 

90%). Joos et al. conducted their analysis with ADRB data bisected into either above or 

below their mean response. I thus conducted the above analysis with ADRB classed as above 

or below the median response, and in these cases ADRB significantly explained yes/no 
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malaria (LL = -124.19, df = 4, P = 0.007; OR = 0.42 [0.22 – 0.79]), but not number of clinical 

episodes (LL = -296.79, df = 4, P = 0.11). 

In summary, ADRB activity as a continuous variable is able to explain whether or not an 

individual experiences clinical malaria, and also the number of episodes experienced by an 

individual within the transmission season. 

5.2.4. ADRB versus other native-antigen assays 

The cohort assessed in this Chapter has been previously characterised for GIA activity and 

reactivity against erythrocyte surface antigens from a number of parasite strains in a SRA 

(336). Here I use the ADRB data generated on this cohort to compare these native-antigen 

assay readouts. 

Using the 216 samples from Analysis group 2 (Appendix 5-3), ADRB activity correlated with 

GIA activity against the 3D7 strain of P. falciparum (rs = 0.42, P < 0.0001; Figure 5-3A). 

Similarly, using the 164 samples from Analysis group 3 (Appendix 5-3) for which I have 

SRA data, ADRB correlated with SRA (rs = 0.56, P < 0.0001; Figure 5-3B). 

GIA and SRA were then added into the models for clinical protection using Analysis groups 

2 and 3 respectively. Addition of GIA as a factor to explain whether or not an individual 

experienced clinical malaria did not significantly improve the model beyond that which 

included age and Hb type (P = 0.81), nor did it improve the model of number of clinical 

episodes experienced (P = 0.69; Table 5-2). Similarly, SRA failed to explain whether or not a 

clinical episode was experienced (P = 0.67; c.f. ADRB P = 0.001) or the total number of 

clinical episodes per individual (P = 0.14; c.f. ADRB P = 0.01) over the models explaining 

these factors with Hb type and age (Table 5-3). 
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Thus, despite moderate correlations between ADRB and both GIA and SRA, ADRB was the 

only native-antigen assay tested capable of explaining clinical outcome in this cohort. 

 

Figure 5-3: Correlations between ADRB activity and other native-antigen assays 

ADRB activity induced against P. falciparum PEMS by human plasma diluted 1:50 

plotted against (A) GIA activity (349) induced by purified human IgG at 10 mg/mL (n 

= 216; rs = 0.42, P < 0.0001), and (B) number of parasite strains recognised by plasma 

in the SRA (336) (n = 164; rs = 0.56, P < 0.0001). 

 

Table 5-3: Modelling clinical malaria outcome with immunological parameters 

from Analysis group 3. 

Model 

Variable 

Yes/No Malaria   Number Clinical Episodes 

LL df P   LL df P 

Hb type/Age -93.59 3 < 0.0001  -226.29 3 < 0.0001 

ADRB -88.3 4 0.001  -223.31 4 0.01 

SRA -91.11 10 0.67   -220.78 10 0.14 
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5.2.5. ADRB activity versus ELISA titres 

One of the most commonly used assays in the assessment of NAI is the ELISA, and thus 

ADRB was compared to ELISA titres for a number of antigens within this cohort. For this 

analysis, the 216 samples of Analysis group 2 were used. 

ADRB correlated with ELISA titres for 3D7 strain antigens AMA1 (rs = 0.68, P < 0.0001), 

erythrocyte-binding antigen 175kDa (EBA-175) (rs = 0.66, P < 0.0001), MSP142 (rs = 0.60, P 

< 0.0001) and MSP2 (rs = 0.61, P < 0.0001) (Figure 5-4). For modelling purposes, these 

ELISA titres were combined into an ELISA rank score. Thus for each sample, the ELISA 

rank score was calculated as the sum of each antigen’s ELISA rank score, where: 

𝐴𝑛𝑡𝑖𝑔𝑒𝑛 𝐸𝐿𝐼𝑆𝐴 𝑟𝑎𝑛𝑘 𝑠𝑐𝑜𝑟𝑒 =  − 
𝑅𝑎𝑛𝑘 𝑜𝑓 𝑡𝑒𝑠𝑡 𝑠𝑎𝑚𝑝𝑙𝑒 − 𝑀𝑒𝑑𝑖𝑎𝑛 𝑟𝑎𝑛𝑘

𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑟𝑎𝑛𝑘
 

For example, if 161 of the 216 samples had a detectable level of antibody by ELISA for 

antigen X, the samples would be ranked 1-161, and all samples below the detection limit 

would be assigned a rank of 162. The median rank of this data set would thus be 108.5, and 

the maximum rank would be 162. Thus for a sample ranked 10th: 

𝐴𝑛𝑡𝑖𝑔𝑒𝑛 𝑋 𝐸𝐿𝐼𝑆𝐴 𝑟𝑎𝑛𝑘 𝑠𝑐𝑜𝑟𝑒 =  − 
10 − 108.5

162
 

= 0.608 

Similar to individual antigens, the ELISA rank score correlated with ADRB activity (rs = 

0.77, P < 0.0001; Figure 5-5). 
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Figure 5-4: Correlations between ADRB activity and ELISA titres 

ADRB activity induced against P. falciparum PEMS by human plasma diluted 1:50 (n 

= 216) plotted against antigen-specific ELISA titres for (A) AMA1 (rs = 0.68, P < 

0.0001), (B) EBA-175 (rs = 0.66, P < 0.0001), (C) MSP142 (rs = 0.60, P < 0.0001) and 

(D) MSP2 (rs = 0.61, P < 0.0001). All ELISA responses below the limit of detection 

(44 ELISA units) were assigned a value of 22 ELISA units (348). 
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Figure 5-5: Correlation between ADRB activity and ELISA rank score 

ADRB activity induced against P. falciparum PEMS by human plasma diluted 1:50 (n 

= 216) plotted against ELISA rank score calculated by combining the rank scores for 

each of the four antigens tested (rs = 0.77, P < 0.0001). 

As with the native-antigen assays, clinical outcome was modelled with ELISA data. 

Including ELISA rank score significantly improved the model explaining whether or not an 

individual experienced clinical malaria, over the model including only age and Hb type (LL = 

-117.04, df = 4, P < 0.0001). Using each individual antigen’s ELISA titre instead of the 

ELISA rank score also explained yes/no malaria (LL = -115.77, df = 7, P < 0.0001), but it did 

not seem to generate a drastically improved model when compared to ELISA rank score.  

Similarly, both ELISA rank score (LL = -287.86, df = 4, P < 0.0001) and individual antigen 

ELISA titres (LL = -281.50, df = 7, P < 0.0001) significantly improved the model explaining 

number of malaria episodes. The addition of ADRB to models including either individual 

ELISA titres, or ELISA rank score, did not help further explain any measures of clinical 

outcome (P > 0.4 for all comparisons). 

In addition to the association with ADRB reported above, in this cohort, models of both 

yes/no malaria, and the number of clinical episode experienced could be explained by ELISA 

data. 
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5.3. Discussion 

In this Chapter, I utilised the standardised method developed in Chapter 4 for the ADRB 

assay, to assess NAI and clinical outcome in a cohort from Mali.  

The strong relationship between ADRB activity induced by an individual between 2009 and 

2011 indicated that children with low responsiveness remained low across transmission 

seasons. This is in agreement with published ELISA data for this cohort (348). However, it 

may have been expected that total ADRB response would increase between the two sampling 

periods given that I also showed differences in the ability to induce ADRB activity between 

different age categories within the 2009 data set. However, no such difference was seen. This 

may be explained by the distribution of children between age categories. The differences 

observed in ADRB induction between age categories was due to the Lo age category having 

lower ADRB inducing ability than the Med and Hi age categories, but there was no 

difference between Med and Hi age groups. Thus the movement of children from Med age to 

Hi age would not be expected to cause any significant change in measured ADRB activity. 

With 137 of the 216 children assayed being in the Med and Hi age categories in 2009, it is 

thus not surprising that I am unable to see a difference between the 2009 and 2011 ADRB 

cohorts. Given my further analysis which suggests that ADRB activity associates with 

protection from clinical malaria, this observation suggests that children under the age of 5 

would be particularly susceptible to infection, in agreement with widely accepted 

epidemiological data (24, 350, 351).  

It has been previously reported, that Hb type affects the induction of antigen-specific 

antibody responses (348). This observation holds true for the ELISA rank score as calculated 

here (data not shown). Despite this, and the relationship shown here between antibody titre 

and ADRB activity, no difference was seen in individuals’ ability to induce ADRB activity 
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based upon their Hb type. Perhaps small changes in circulating antibodies as a result of Hb 

type are insufficient to affect ADRB induction, or alternatively, reduction in circulating 

antibody of a specific antigen specificity may be compensated for by antibodies against 

another antigen still capable of inducing ADRB. This raises the issue that we currently do not 

know what antigens are responsible for ADRB induction. While all four antigens reported 

here correlate with ADRB, it is possible that they merely reflect an individual’s reactiveness, 

and actually represent a correlate of a different, ADRB inducing antigen(s). 

Importantly, here I present the first comparison between ADRB and other native-antigen 

assays commonly used in assessments of NAI and vaccine development. The PEMS in the 

ADRB assay contains free merozoites, red cell membrane fragments from lysed schizonts, as 

well as some whole un-ruptured schizonts. Thus it is reasonable to think that there may be 

some overlap between ADRB activity and one, or both of GIA (a non-iRBC surface antigen 

specific output) and SRA (measuring reactivity to infected erythrocyte surface antigens). 

Indeed ADRB correlated with both GIA and SRA, however rs values were low reflecting the 

wide spread of data. Once again, this begs the question as to whether different antigens are 

involved for the different activities measured by the different assays. Another possibility is 

that the ADRB assay is capable of teasing out subtle differences in an antibody’s ability to 

signal via its Fc region, a function irrelevant to GIA and SRA. In this case, antibodies bound 

to the same antigen in both the ADRB assay and the GIA assay, for example, could produce 

different results. However if the increase in ADRB activity measured in the assay due to 

antibodies with high efficiency Fc-signalling rather than low efficiency Fc-signalling is 

minor, individuals with high overall antibody titres, but poor Fc-signalling ability, may still 

activate a stronger respiratory burst response than individuals with low overall titres but high 

Fc-signalling efficiency. Thus, to some extent, absolute amount of antibody would likely be 
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able to overcome subtle differences in FcR activation, explaining the weak correlation 

observed here between FcR-dependent and -independent assays. 

The next important question was to assess the utility of these assays for association with NAI. 

In the cohort presented here, I show that ADRB is the only native-antigen assay capable of 

explaining immunity against clinical disease in terms of i) whether or not an individual 

experienced malaria, and ii) the number of clinical episodes experienced by individuals 

within the transmission season. This is contrary to a similar cohort from a village only 90 km 

north of Kenieroba, where GIA was seen to associate with the dichotomous variable of 

whether or not an individual experienced malaria, but not with the number of episodes 

experienced (247).  

It is somewhat surprising that SRA data do not associate with clinical outcome given the 

assumed importance of antibodies to infected erythrocyte surface proteins in malarial 

immunity (165, 166, 168). It is possible, however, that the number of isolates recognised by 

an individual as reported here, is less relevant than whether or not an individual recognises 

the local isolates to which they are exposed. Thus, despite no association with protection 

reported here, other iterations of the SRA may indeed prove to be useful tools in assessing 

NAI. 

Aside from the comparison of ADRB to other native-antigen assays, a major aim of this work 

was to attempt to replicate the previous association of ADRB activity and clinical immunity 

(181). While I did find that ADRB correlated with protection in this cohort, there are a 

number of important differences between the study presented here and that done by Joos et 

al.. Firstly, in the Joos cohort, they do not find any association between Hb type and clinical 

outcome. Thus their data is modeled using age only before the addition of ADRB to the 

model, compared to both age and Hb type as reported here. Secondly, when assessing the 
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impact of ADRB on their modelled data, they use a dichotomised readout of either above or 

below their mean value of ADRB index = 250 (this equates to -0.60 in Log10 RLUi, where i 

refers to indexing data with their positive control). Using this cutoff they find a difference in 

cumulative number of clinical cases in several age groups. The best comparator to this study 

here is to look at the number of clinical cases experienced by each individual within the 

transmission season. Since our data is not normally distributed, the median was chosen as a 

more scientifically valid cutoff than the mean. Under these conditions, ADRB was not able to 

explain the number of clinical episodes experienced by individuals. 

While it may thus appear as though the Joos study has not been replicated here, some 

important differences in the cohorts should be considered. Firstly, the Senegalese cohorts 

involved people of much greater age, with a mean age of 24.0 and 28.6 for the two cohorts 

studied. In both their study, and here, age was seen to influence ADRB activity. As such, the 

mean of their ADRB data, and thus the cutoff they use to assess protective immunity, is likely 

much higher than the median response for the data set presented here (mean age 6.6). Indeed 

if I use the 75th percentile as the cutoff in the Kenieroba cohort, ADRB does associate with 

the number of clinical episodes experienced by individuals (data not shown). Secondly, as 

both studies use different positive controls against which to index their data, it is not possible 

to compare ADRB responses directly. Thus, while not directly comparable, this work 

supports the association of ADRB with clinical protection presented by Joos et al..  

Finally it seemed logical to ask which assay, or combination of assays, is best for assessing 

NAI. While ADRB was the only native-antigen assay to associate with protection in this 

cohort, ELISA titres also predicted immunity. This has been reported previously with the set 

of antigens reported here (345). In all cases, modelling the data with either the four individual 

ELISA titres or the ELISA rank score, explained clinical outcome better than ADRB. While I 
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attempted here to use ELISA rank score to explain immunity to malaria, it was always at least 

as good, if not better, to use each of the individual ELISA titres in the models. Given the 

generation of the ELISA rank score still requires four separate assays to be conducted, for 

modelling the data against clinical outcome, individual ELISA titres seem to be best. This 

strategy, however, may not be effective in explaining clinical outcome in other populations 

where the distribution of antibody responses is different. For a more reliable and universal 

assessment of the contribution of ELISA titres to clinical outcome, it is likely that a 

standardised protective threshold needs to be defined for each antigen or combination of 

antigens (174). Using data dichotomised in this way, Osier et al. are able to combine 

responses against a number of antigens to explain clinical outcome (175). People with 

responses to three or more of their top five ranking individually protective proteins 

(PF3D7_1136200, MSP2, RhopH3, P41, and MSP11) saw protective efficacy rise to 100%. 

Similar to my analysis of ELISA rank score, potentially valuable information is lost when 

dichotimising data, i.e. a response just above the threshold is treated exactly the same as a 

very high responder. It remains to be seen whether the association with protection reported by 

Osier et al. will apply in other cohorts, however, it may be necessary to consider the inclusion 

of continuous variable data from individuals above the pre-defined threshold instead of 

simply categorising them as above or below threshold. 

In summary, in this cohort from Mali, the combination of measurement of AMA1, MSP142, 

MSP2 and EBA-175 using ELISAs is the best predictor of clinical outcome. Taking threshold 

titres into consideration may make ELISA-based associations with protection more 

reproducible (174), however, even then, it remains to be seen whether assessments of ELISA 

titre would be effective in predicting clinical outcome across all populations. In future 

studies, it will be interesting to test whether ADRB activity associates with protection in a 

cohort in which ELISA titres do not explain clinical outcome. In this Chapter, I show that the 
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ADRB assay associates with clinical outcome in a cohort completely distinct to where it has 

been tested before. This single assay thus provides a useful tool for the assessment of NAI, 

and to date appears to be useful in explaining clinical protection. 
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6. ASSESSMENT OF ANTIBODIES’ ABILITY TO BLOCK P. 

VIVAX DUFFY BINDING PROTEIN FROM BINDING 

DARC  

6.1. Introduction 

Having established the ADRB assay as a tool for the assessment of immunity against blood-

stage P. falciparum and discussed its potential utility for vaccine development, the final 

results Chapter of this Thesis tackles the issue of developing blood-stage malaria vaccines 

against P. vivax. P. vivax has been overlooked for many decades, despite being the most 

widespread Plasmodium species geographically. Infection leads to an incapacitating, 

relapsing disease with symptoms including acute respiratory distress syndrome, vicious 

paroxysms, fever, severe anaemia, and in extreme cases, death. Despite increasing 

implementation of malaria control measures, with more than 100 million cases each year, the 

burden of this disease remains far too high (27, 37, 352, 353). While the updated 2030 

Malaria Vaccine Technology Roadmap is calling for a vaccine to exert 75% efficacy over at 

least two years, for both P. falciparum and P. vivax (266), less than five vaccine candidates 

for P. vivax have been trialled. If this ambitious target is to be met, new approaches to 

malaria subunit vaccine design are urgently required, and P. vivax must emerge as a priority 

species for vaccine development. 

Encouragingly, P. vivax relies on the essential interaction between Duffy binding protein 

(DBP) and the Duffy antigen receptor for chemokines (DARC) (33, 354), illustrated by the 

resistance to P. vivax of populations which are Duffy blood group negative (34). DBP is P. 

vivax’s sole member of the erythrocyte binding-like (EBL) family of proteins, although gene 

duplication events in field isolates may be giving rise to parasite strains with more than one 

DBP gene (355). DBP belongs to a micronemal family of proteins which bind erythrocyte 

receptors via Duffy binding-like (DBL) domains (356). DBL domains include a cysteine 
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rich region labelled “region II” with DBP region II (DBP_RII) containing 12 highly 

conserved cysteines (357). DBP_RII is responsible for binding to DARC on the erythrocyte 

surface (358). 

While DARC is a complex multi-pass membrane protein, its interaction with DBP_RII has 

been localised to its N-terminal 60 amino acids. Furthermore, the sulfonation of tyrosine 41 

of DARC is essential for DBP_RII binding (280). DBP_RII and DARC interact with a 

stoichiometry of 1:1, however dimerisation of DBP_RII is reported to be required for 

binding (359). Furthermore, DARC exists in two immunologically distinct alleles, Fya and 

Fyb. Individuals an Fya+b- phenotype have been shown to be at reduced risk of clinical P. 

vivax malaria due to reduced capacity for binding of DBP to Fya and an increased ability of 

naturally acquired antibodies to block this interaction compared with Fyb (360). Binding of 

DBP_RII and DARC is an essential step in the formation of a tight junction between the P. 

vivax merozoite and the erythrocyte and thus the initiation of invasion (361). 

Given the essential nature of the interaction between DBP_RII and DARC for merozoite 

invasion, DBP_RII has been regarded a natural and leading target for P. vivax blood-stage 

vaccine development. However, the assessment of vaccine-induced antibody efficacy in pre-

clinical models (and clinical samples) is difficult given that long term in vitro culture of P. 

vivax parasites is not possible (38) and thus GIA-type assays cannot be conducted. As such, 

alternative and innovative methodologies must be utilised to assess the function of 

antibodies induced by vaccination.  

One such methodology has recently been described in the form of a binding inhibition assay 

which assesses the ability of vaccine-induced antibodies to block the DARC-DBP_RII 

interaction (265). It is hoped that showing that vaccine induced antibodies are able to block 

the DARC-DBP_RII interaction in vitro using this assay, would provide an indication that 
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the same vaccine-induced antibodies may be able to block the interaction, and thus P. vivax 

invasion, in vivo. In this Chapter, I thus aim to establish the DARC-DBP binding assay for 

use with both pre-clinical rodent serum samples as previously described, and apply it, for the 

first time, to human clinical trial sera, taking advantage of the first clinical trial conducted 

with DBP_RII. This trial, called VAC051, was a Phase Ia clinical trial, conducted in Oxford 

in 2012-13 using ChAd63 and MVA viral vaccines recombinant for DBP_RII. The 

DBP_RII vaccine construct consisted of the native DBP_RII sequence from the Sal I strain 

of P. vivax (362). In total 24 healthy UK adults were vaccinated with either ChAd63 alone, 

or using the ChAd63-MVA prime-boost regime. The vaccines showed a favourable safety 

profile, and demonstrated DBP_RII-specific T cell responses by ELISpot and serum IgG by 

ELISA (Payne et al., in preparation; NCT01816113). In order to conduct a limited number 

of immunological characterisations described in this Chapter, a very small amount of 

DBP_RII protein produced in E. coli was kindly provided by Dr Chetan Chitnis (ICGEB). 

However, this protein was not available for the majority of studies and thus it was necessary 

to produce further DBP_RII as described below. 
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6.2. Results 

In order to establish the DBP binding assay, it was necessary to optimise the production of 

both recombinant DARC and DBP proteins. Various genes encoding these proteins were thus 

cloned into expression vectors as described below. For the purposes of this Chapter, when 

describing expression constructs, the following abbreviations are used: 

 

Abbreviation Description 

BAP  Biotin Acceptor Peptide (GLNDIFEAQKIEWHE) 

BiP 17 amino acid Drosophila signal sequence 

CD4  A 21 kDa epitope tag consisting of domains 3 and 4 from rat CD4 (363) 

C-tag A four amino acid C-terminal tag (EPEA) 

His  A six histidine tag with affinity for bivalent Ni2+ and Co2+ metal ions 

IMX313 An oligomerisation domain based on the chicken orthologue of human 

complement protein C4bp α-chain which auto-assembles into 

heptamers (272) 

PK A 14 amino acid epitope tag also known as V5 (GKPIPNPLLGLDST) 

Strep  An eight amino acid tag (WSHPQFEK) with affinity towards Strep-

Tactin (364) 

TCS  Thrombin cleavage sequence (LVPRGS) 

tPA Human tissue plasminogen activator 32 amino acid leader sequence 

(232) 
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6.2.1. Expression of recombinant DARC N-terminus in HEK293 cells 

Given the higher affinity of DBP_RII to the Fyb allele of DARC (360), a gene encoding the 

first 60 amino acids of the Fyb variant (ABA10433.1), followed by a TCS and a BAP was 

cloned using KpnI and BamHI into the adenovirus entry vector pENTR4 containing a tPA 

leader sequence and a His tag (Figure 6-1A). Cysteines 4, 51 and 54, which normally form 

disulphide bonds with the extracellular loops of DARC, were mutated to alanine (280). A 250 

mL culture of suspension HEK293E cells was transfected with the plasmid encoding 

DARC.TCS.BAP.His (DARC.His) and allowed to grow for three days before the supernatant 

was harvested. After purification using a HisTrap Excel column (Sigma), and buffer 

exchange into PBS, the presence of purified protein was confirmed at the expected size of 9.8 

kDa by Coomassie Blue stain and Western blotting with polyclonal rabbit anti-CD234 (AbD 

Serotec), however the presence of higher molecular weight bands indicated a level of 

aggregation (Figure 6-1). Recognition of DARC.His by mouse polyclonal IgG (Sigma) raised 

against amino acids 1 – 337 of DARC with a single mutation from the DARC.His protein 

sequence (D42G), also recognised the protein by Western blot and ELISA (data not shown). 

Furthermore, mass spectrometry conducted by collaborators Caroline Lenz and Matthew 

Higgins, confirmed that the protein was the expected size for DARC with two sulphated 

tyrosines (data not shown)(280). From the 250 mL expression culture, a yield of 3.45 mg of 

protein was purified giving an expression and purification efficiency of 14 µg/mL. 
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Figure 6-1: Expression of DARC.His in HEK293 cells 

DARC was expressed by transient transfection of HEK293E cells. (A) Amino acids 1-

60 of the Fyb variant of human DARC fused to a TCS, BAP and His tag were cloned 

into expression vector pENTR4 with a tPA leader sequence. After three days of 

culture, supernatants were harvested and DARC.His purified on a HisTrap column. 

Purified protein samples were run on SDS PAGE under non-reducing conditions and 

detected with (B) Coomassie Blue stain, and (C) polyclonal anti-DARC antibody. 

Arrow indicates monomeric DARC. 
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6.2.2. Expression of recombinant DBP in HEK293E cells 

In order to optimise the expression of DBP in HEK293E cells, six different constructs were 

generated (Table 6-1). All constructs were based on DBP from the Salvador I strain of P. 

vivax (DQ156512.1) with one construct encoding the full length DBP protein, and the other 

five consisting of amino acids 194-522 which make up DBP region II (RII). Among the 

constructs encoding DBP_RII, there were a number of differences. Firstly, the presence of C-

terminal tags allowed the purification of proteins by different methods and had been 

previously shown to affect expression of certain Plasmodium proteins (Illingworth et al., 

unpublished data). Thus for initial expression studies a number of different tags were used. 

Secondly, while four of the five DBP_RII constructs were cloned into pENTR4, 

DBP_RII.CD4 was encoded within the pOPINTT plasmid. Unlike pENTR4 which has a long 

human Cytomegalovirus (CMV) immediate-early promoter which retains an intron, protein 

expression from the pOPINTT plasmid is driven by a short CMV promoter which lacks this 

intron. Thirdly, the native sequence of DBP_RII contains three N-linked glycosylation 

sequons that could be glycosylated following expression in mammalian cells. In the 

DBP_RII.PK.C-tag construct, these sites were mutated (T64A, S160A, T229A) to prevent the 

glycosylation of expressed protein and potentially better reflect the native, Plasmodium 

produced protein (365). Finally, four out of the six constructs were cloned using standard 

restriction enzyme cloning while cloning for the remaining two utilised seemless techniques 

such as PCR and circular polymerase extension cloning (CPEC) (269). In particular, the use 

of a BamHI restriction site at the C-terminal end of DBP_RII results in a residual two amino 

acids between the construct and the tag. While the impact of this on expression levels remains 

to be formally tested, anecdotal evidence from expression trials in our group suggests it is 

worth noting. 
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Table 6-1: DBP constructs used in HEK293 expression trials (see Appendix 6) 

Construct DBP Tags tPA N-glycans Plasmid Cloning 

DBP_RII RII none + + pENTR4 Restriction 

enzymes 

DBP_RII.His RII BAP, His + + pENTR4 Restriction 

enzymes 

DBP.His Full 

length 

BAP, His + + pENTR4 Restriction 

enzymes 

DBP_RII.CD4 RII CD4, BAP, 

Strep 

- + pOPINTT Restriction 

enzymes 

DBP_RII-313 RII IMX313 + + pENTR4 Seemless 

DBP_RII.PK.C-tag RII PK, C-tag + Mutated pENTR4 Seemless 

 

The six constructs were transfected into 30 mL cultures of suspension HEK293E cells and 

allowed to grow for three days before harvesting. Coomassie Blue staining of supernatants 

run on SDS PAGE under reducing conditions indicated low expression levels (Figure 6-2A). 

Faint bands were detectable for the full length DBP.His at approximately 80 and 100 kDa, 

running slightly lower than the anticipated 123 kDa protein (lane 3, Figure 6-2A). A 

distinguishable band was also present in the culture of DBP_RII.CD4 at the expected size of 

63 kDa (lane 4, Figure 6-2A). A Western blot on the supernatants (under non-reducing 

conditions) using sera from mice immunised with ChAd63-MVA DBP_RII (de Cassan et al., 

in preparation) to detect proteins, confirmed successful protein expression for DBP_RII (lane 

1), DBP_RII.His (lane 2), DBP_RII.CD4 (lane 4) and DBP.PK.C-tag (lane 6) at their 

expected sizes of 39 kDa, 43 kDa, 63 kDa and 40 kDa respectively (Figure 6-2B). Western 

blot using the same detection antibody on proteins extracted from the cell pellets confirmed 

DBP.His (lane 3) and DBP_RII-313 expression without complete secretion (Figure 6-2C). 

This also provided evidence that DBP_RII-313 was forming multimers as would be expected 

due to the IMX313 oligomerisation domain.  
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Figure 6-2: DBP protein expression trials in HEK293 cells 

Expression vectors described in Table 6-1 were transfected into 30 mL cultures of 

suspension HEK293 cells. After three days, supernatants (A-B) and cell pellets (C) 

were harvested and run without prior treatment on SDS page: lane 1 = DBP_RII 

[expected size = 39 kDa], lane 2 = DBP_RII.His [43 kDa], lane 3 = DBP.His [123 

kDa], lane 4 = DBP_RII.CD4 [63 kDa], lane 5 = DBP_RII-313 [316 kDa], lane 6 = 

DBP_RII.PK.C-tag [40 kDa]. (A) Coomassie gel showing total protein in 

supernatants. Western blots from (B) supernatants, and (C) cell pellets using 

polyclonal mouse-anti-DBP_RII serum for detection.  
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For use in the DBP binding assay, it was decided that a secreted protein with a C-terminal tag 

allowing purification was worth pursuing. Despite DBP.CD4 giving the highest expression 

levels as inferred from Western blot it was decided not to continue with this protein initially 

due to the potential for the large tag to interfere with potential binding to DARC. Thus I 

attempted to produce sufficient protein to conduct both ELISAs and the DBP binding assay 

using both the DBP_RII.His and DBP_RII.PK.C-tag constructs. 

Firstly larger-scale DBP_RII.His expression was attempted. After several failed attempts to 

purify measurable quantities of protein, a six litre culture of HEK293 cells was transfected. 

After affinity chromatography using a HiTrap TALON column, there were still a number of 

non-DBP contaminants in the protein sample as seen by Coomassie Blue staining (Figure 

6-3A). Size exclusion chromatography (SEC) was then carried out to obtain a more pure 

protein preparation (Figure 6-3B). The second fraction of the SEC elution was confirmed to 

be DBP by Western blot using serum from both ChAd63-MVA DBP_RII immunised mice 

(Figure 6-3C) and a penta-His antibody (Qiagen; Figure 6-3D). However, using this protocol, 

from the six litres of culture, less than 40 µg of protein was able to be purified as estimated 

by measuring optical density at 280 nm. In addition, it was noted that upon running the 

protein on SDS PAGE under reducing conditions, immune serum from mice was no longer 

able to recognise the protein (lane 6, Figure 6-3C). 

I next attempted to produce DBP_RII.PK.C-tag. This construct was ideal for use in the DBP 

binding assay as it had its N-glycan sites mutated, reducing the possibility of glycosylation of 

the protein during mammalian cell expression interfering with its binding to DARC as has 

been described (366), and because the presence of the PK tag meant it may be possible to 

detect the protein in the DBP binding assay with an anti-V5 mAb. 
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Despite the results shown in the initial expression trials (Figure 6-2), I was unable to purify 

measurable protein from the supernatant of expression cultures. Instead, protein was 

extracted from the cells of a four litre expression culture. C-tag purification resulted in a 

reasonably pure protein preparation, however following subsequent SEC (Figure 6-4A), I was 

able to obtain pure DBP_RII.PK.C-tag (Figure 6-4). Similar to that seen with DBP_RII.His, 

reducing the protein prevented detection with DBP_RII immune mouse sera (Figure 6-4C). 

Unfortunately, the protein was not detectable using an anti-V5 antibody unless the protein 

had been reduced, suggesting that under its native confirmation, the PK tag is hidden within 

the protein structure (Figure 6-4D). This result was confirmed in the DBP binding assay 

whereby anti-V5 antibody was unable to detect DBP_RII.PK.C-tag in its native conformation 

(data not shown). From this expression culture, only 20 µg of protein was produced, however 

due to the relative purity and the small amount required to conduct the DBP binding assay, 

this was considered sufficient to proceed. 
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Figure 6-3: Expression of DBP_RII.His in HEK293 cells 

The DBP_RII.His expression plasmid was transfected into six litres of suspension 

HEK293 cell culture. Supernatant was harvested three days post transfection and 

protein purified by affinity chromatography on a HiTrap TALON column followed by 

size exclusion chromatography (SEC). Purified proteins were run on SDS-PAGE. (A) 

Coomassie Blue protein stain on elution from HiTrap TALON column under reducing 

conditions. (B) SEC trace showing two protein peaks. Protein was detected by 

Western blotting with (C) serum from mice immunised with ChAd63-MVA DBP_RII 

and (D) anti-His antibody. Samples in lanes 1-3 were run under non-reducing 

conditions, and samples in lanes 4-6 were run under reducing conditions. Lane 1 = 

HiTrap TALON elution; lane 2 = peak 1 from SEC; lane 3 = peak 2 from SEC; lane 4 

= HiTrap TALON elution; lane 5 = peak 1 from SEC; lane 6 = peak 2 from SEC. 
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Figure 6-4: Expression of DBP.PK.C-tag in HEK293 cells 

The DBP_RII.PK.C-tag expression plasmid was transfected into four litres of 

suspension HEK293E cell culture. Cells were harvested three days post transfection 

and protein purified by affinity chromatography using CaptureSelect C-tag affinity 

matrix followed by SEC. (A) SEC trace of CaptureSelect C-tag affinity matrix 

purified protein. Purified proteins were run on SDS PAGE. (B) Coomassie Blue 

protein stain on elution from: lane 1 - CaptureSelect C-tag affinity matrix; lane 2 - 

SEC peak 1; lane 3 - SEC peak 2; lane 4 - SEC peak 3. Protein was detected by 

Western blotting with (C) serum from mice immunised with ChAd63-MVA DBP_RII 

and (D) anti-V5 antibody. For (C) and (D) samples loaded on lanes 1-3 had no prior 

treatment, while samples in lanes 4-6 were run under reducing conditions. Lane 1 = 

SEC peak 1; lane 2 = SEC peak 2; lane 3 - SEC peak 3; lane 4 = SEC peak 1; lane 5 = 

SEC peak 2; lane 6 = SEC peak 3. 
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6.2.3. Development of the DARC-DBP binding assay 

Having generated the proteins required for the DBP binding assay, it remained necessary to 

produce immune sera in mice (in order to test antibody blocking in assay development 

studies) and in rabbits (as a detection antibody for the assay). Both mice and rabbits were 

immunised with ChAd63-MVA DBP_RII and developed a detectable antibody response by 

ELISA against DBP_RII produced in E. coli and DBP_RII.His produced in HEK293 cells 

respectively (Figure 6-5). Serum from day 70 post ChAd63-MVA immunisation was pooled 

and used for assay development. 

 

Figure 6-5: Generation of anti-DBP immune sera in mice and rabbits 

Immune sera for optimising the DBP binding assay were generated in both mice and 

rabbits. (A) Six BALB/c mice were immunised i.m. with 1 x 108 ifu ChAd63 

expressing DBP_RII (without any tags) followed eight weeks later by 1 x 107 pfu 

MVA expressing DBP_RII (without any tags). Serum was collected at 14, 55 and 70 

days post initial ChAd63 immunisation. Antibody titre was determined using a 

standardised ELISA with a plate coated with 2 µg/mL DBP_RII.His produced in E. 

coli (367). (B) Four Zika rabbits were immunised i.m with the same viral vectors as 

used in mice at 4.1 x 108 ifu and 5 x 107 pfu respectively. Serum was harvested before 

immunisation (day 0) and 28, 56 and 70 days post adenovirus administration. ELISA 

titres were determined using an endpoint ELISA with plates coated with DBP_RII.His 

produced in HEK293 cells. Lines represent medians. 
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Using the components hence described, the DBP binding assay was conducted in a manner 

similar to that previously reported (265), with higher concentrations of detecting rabbit 

immune sera (1:1000) and secondary anti-rabbit IgG AP (1:1000). As mentioned above, I 

attempted to use an anti-V5 antibody conjugated to AP to detect DBP binding in the hope that 

this would avoid potential blockage of DBP detection antibody with primary immune sera, 

however like the Western blot result, anti-V5 did not recognise the DBP_RII.PK.C-tag 

protein. Instead I proceeded with the published protocol utilising rabbit anti-DBP sera as the 

detection reagent. 

Under these conditions binding was detected only when both DBP_RII.PK.C-tag and DARC 

were present in assay wells, and this binding was completely abrogated by the pre-incubation 

of DBP_RII.PK.C-tag with pooled day 70 immune mouse sera diluted 1:100, while the 

preincubation of DBP_RII.PK.C-tag with naïve mouse sera had no effect on DBP-DARC 

binding (Figure 6-6). 

 

Figure 6-6: Optimisation of DBP binding assay with mouse serum 

Maxisorp ELISA plates were coated with DARC.His at 1 µg/mL (+) or PBS (-). 0.025 

µg/mL DBP.PK.Ctag (+) or PBS (-) was incubated for 1 h with PBS (white), serum 

from a naïve mouse diluted 1:100 (grey), or pooled day 70 serum from mice 

immunised with ChAd63-MVA DBP_RII diluted 1:100 (Black; Figure 6-5). Binding 

of DBP to DARC (represented by higher ODs) was detected with pooled ChAd63-

MVA DBP_RII day 70 rabbit serum. Bars represent the average of triplicate wells. 
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6.2.4. Vaccine-induced antibodies in humans do not inhibit DBP binding DARC 

After confirming the blocking activity of sera from mice immunised with ChAd63-MVA 

DBP_RII, I assessed the ability of human sera to block DBP binding to DARC after 

immunisation with the same vaccines. Volunteers received either single dose of ChAd63 

encoding DBP_RII at 5 x 109 vp (Ad – Lo; n=4) or 5 x 1010 vp (Ad – Hi; n=4), or both a 

ChAd63 DBP_RII dose at 5 x 1010 vp followed eight weeks later by MVA DBP_RII at 1 x 

108 pfu (AdM – Lo; n=7) or 2 x 108 pfu (AdM – Hi; n=8). Serum was collected from 

volunteers 84 days after initial ChAd63 immunisation. No volunteers receiving any of the 

immunisation regimes elicited substantial blockage of DBP binding at a serum dilution of 

1:300, though there was a hint of blocking in volunteer 10 which remains to be repeated 

(Figure 6-7). By contrast, a positive control sample from a naturally immune Thai individual 

showed complete blocking of DBP binding at the same dilution. 

To confirm that volunteers from the clinical trial had responded to the vaccine and produced 

antibodies against DBP_RII, an ELISA was conducted with a small subset of samples with 

the DBP_RII.PK.C-tag protein that was available. While volunteers from the groups 

receiving ChAd63 immunisation alone did not appear to sera-convert, all individuals tested 

from groups receiving both ChAd63 and MVA were positive for DBP_RII specific antibodies 

(Figure 6-8). Thus, despite the presence of antibodies to DBP_RII, sera from human 

vaccinees were unable to block DBP binding to DARC in stark contrast to the results 

observed in mice or with Thai sera. 

  



 

163 

 

 

 

Figure 6-7: DBP binding assay with human serum from volunteers immunised 

with ChAd63-MVA DBP_RII 

Healthy adult volunteers enrolled in a Phase Ia clinical trial were immunised with 

either a single dose of ChAd63 encoding DBP_RII at 5 x 109 vp (Ad - Lo) or 5 x 1010 

vp (Ad - Hi), or both a ChAd63 DBP_RII dose at 5 x 1010 vp followed eight weeks 

later by MVA DBP_RII at 1 x 108 pfu (AdM - Lo) or 2 x 108 pfu (AdM - Hi). Serum 

was collected from volunteers before initial immunisation (light grey) and at 84 days 

after initial immunisation (dark grey). The ability of each serum sample to inhibit DBP 

binding at a dilution of 1:300 was assessed in the DBP binding assay. Low OD405 

represents an inhibition of DARC-DBP binding. A negative control in the absence of 

any human sera (PBS) and a positive control of sera from a naturally exposed Thai 

adult were included. Bars represent the mean of samples run in duplicate. 
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Figure 6-8: DBP_RII antibody responses following immunisation of human 

volunteers 

DBP_RII specific antibody responses in the sera of adult volunteers (enrolled in a 

Phase Ia clinical trial as described in Figure 6-7) were determined in 12 of the 23 

volunteers by ELISA on a plate coated with 0.1 µg/mL DBP_RII.PK.C-tag. Bars 

represent OD405 averages of duplicates for day 0 (light) and day 84 (dark) serum 

samples. 

6.2.5. Improving DBP vaccines 

Given the inability of vaccine-induced sera in humans to block DBP binding, it is clear that 

the vaccine must be improved. Due to limitations on the amount of protein available at 

present, an in-depth analysis of immunogenicity has yet to be finalised and remains on-going, 

however, one potential improvement for the vaccine would be to induce a higher antibody 

response. Previous work in our lab has shown that the fusion of some malarial proteins (232), 

but not others (272), to the oligomerisation domain IMX313 is capable of enhancing antibody 

responses following genetic immunisation (Llewellyn and Biswas, unpublished data). In 

addition, here I had already shown that DBP_RII-313 is capable of producing protein 

multimers (Figure 6-2C). As such, three doses of 50 µg of the DBP_RII-313 expression 

vector was administered i.m. into BALB/c mice at two week intervals and compared with the 

Volunteer number

O
D

4
0

5

1 7 8 9 10 11 12 16 17 18 19 20

0.0

0.5

1.0

1.5



 

165 

 

same regime using the DBP_RII expression vector. No difference in antibody response 

between the two groups was observed at any time point (Dunn’s test P > 0.05). 

 

Figure 6-9: DNA immunisation of DBP_RII ± IMX313 

Mice were immunised i.m. with 3 doses of 50 µg plasmid DNA encoding DBP_RII (-) 

or DBP_RII-313 (+) two weeks apart. Serum was collected at 7, 14, 28 and 42 days 

post initial DNA immunisation. Antibody titre was determined using a standardised 

ELISA with a plate coated with 2 µg/mL DBP_RII produced in E. coli. 

Given the inability to induce a substantial improvement in immunogenicity using IMX313, I 

next attempted to mix the viral vectored vaccine with an adjuvant, Addavax. To assess the 

impact of adjuvant on immune response, both low and high dose viral vector regimes were 

administered with and without Addavax. Importantly, two weeks following MVA boost, 

there was a significant difference between groups (Kruskal-Wallis test, P = 0.004) with the 

groups receiving low dose ChAd63 and MVA inducing a significantly higher antibody titre 

following the mixing of the vaccine with Addavax compared to viral vectors without 

adjuvant (Dunn’s multiple comparison test, P < 0.05; Figure 6-10). Thus, the mixing of 

adjuvant with ChAd63-MVA DBP_RII presents a possible clinically-relevant approach to 

enhance immunogenicity of the current vaccine. 
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Figure 6-10: The combination of viral vectors and adjuvants to improve 

immunogenicity 

BALB/c mice were immunised i.m. with viral vectors expressing DBP_RII with (+) or 

without (-) Addavax at the following doses: 1 x 106 ifu ChAd63 and boosted with 1 x 

106 pfu MVA (Lo), or 1 x 108 ifu ChAd63 and boosted with 1 x 107 pfu MVA (Hi). 

Serum was collected at 14, 55 and 70 days post initial ChAd63 immunisation. 

Antibody titre was determined using a standardised ELISA with a plate coated with 2 

µg/mL DBP_RII produced in E. coli. 

Finally, different vaccine regimes were utilised to assess whether immunogenicity could be 

improved over the ChAd63-MVA DBP_RII regime described thus far. BALB/c mice primed 

with AdHu5 DBP_RII and boosted with MVA trended toward having a lower anti-DBP_RII 

antibody titre than mice primed with ChAd63 in a different experiment, although this was not 

significant by post-hoc Dunn’s multiple comparison (P > 0.05). There was however a 

significant improvement in immunogenicity in groups receiving an AdHu5 prime and E coli 

produced protein in adjuvant boost, or two doses of protein in adjuvant compared to AdHu5-

MVA immunisation (P < 0.05; Figure 6-11A). 

Sera from mice receiving AdHu5-MVA, AdHu5-protein in adjuvant, and protein-protein 

regimes were thus assessed by the DBP binding assay. There was a significant difference 

between DBP binding inhibition as assessed by the dilution at which 50% of binding was 
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blocked (IC50) between the three groups (Kruskal-Wallis test, P = 0.001) with post hoc 

analysis indicating a difference between AdHu5-MVA and AdHu5-protein in adjuvant 

groups (P < 0.001; Figure 6-11B & C). While the IC50 for ChAd63-MVA DBP_RII was not 

assessed for individual mice, analysis of a pool of sera from two weeks post MVA boost 

indicated that the IC50 of the pool was in excess of 8000. Furthermore, for the three vaccine 

regime groups tested, DBP binding inhibition was associated with DBP specific antibody titre 

(rs = 0.66, P = 0.005), and thus ChAd63-MVA immunised mice could be expected to perform 

similarly to AdHu5-protein and protein-protein groups. Overall, these data show that, in 

mice, strategies for increasing the immunogenicity of vaccines can be utilised to improve 

DBP binding inhibition activity. 

 

Figure 6-11: Antibody induction and the blocking of DARC-DBP binding by 

different immunisation regimes 

BALB/c mice were immunised i.m with either two doses of 10 µg recombinant 

DBP_RII produced in E. coli formulated in Abisco three weeks apart (P – P) (n=5); 

one dose of 1 x 109 vp AdHu5 expressing DBP_RII followed eight weeks later by 10 

µg DBP_RII in Abisco (AdHu5 – P) (n=5); or one dose of 1 x 109 vp AdHu5 

expressing DBP_RII followed eight weeks later by 1 x 107 pfu MVA expressing 

DBP_RII (AdHu5 – M) (n=6). (A) Antibody titre was determined by standardised 

ELISA against DBP_RII expressed in E. coli. (B) Dilution curves from the DARC-

DBP binding assay given as OD405 averages for mice receiving AdHu5 – M (n = 6, 

▲), AdHu5 – P (n = 5, ), and P – P (n = 5, ). (C) The serum dilution required to 

block half the binding of DBP_RII to DARC in comparison to naïve BALB/c serum 

(IC50) as measured in the DARC-DBP binding assay for the three different 

immunisation regimes. 
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6.2.6. Improvements to binding assay 

Finally, in order for complete immunological characterisation of the clinical trial sera, as well 

as conducting ongoing work with the DBP binding assay, a more efficient protocol for 

producing DBP_RII protein must be developed. As such, I attempted to express 

DBP_RII.PK.C-tag in stably transfected S2 Drosophila cells. DBP_RII, with a BiP signal 

sequence, mutated N-glycan sites, and codon optimised for expression in Drosophila cells, 

was ordered and cloned into ExpreS2ion Biotechnologies’ proprietary expression vector 

pExpreS2-2 by CPEC also introducing the PK.C-tag at the C-terminus. A stable cell line was 

generated before a 900 mL expression culture was initiated. After seven days supernatant was 

harvested and protein purified by affinity chromatography and SEC. Protein was obtained 

from the second SEC peak and confirmed to be pure by Coomassie Blue stain (Figure 6-12A) 

and identified as DBP_RII by Western blot at the expected size of 40 kDa (Figure 6-12B). 

From the 900 mL culture, approximately 200 µg DBP_RII was purified representing an 

expression and purification efficiency of 0.22 µg/mL, an almost 50-fold improvement over 

HEK293 cells. S2 cell expression of DBP_RII thus presents a more promising strategy for the 

generation/optimisation of larger quantities of DBP_RII protein thus allowing complete 

immunological characterisation of the human clinical trial samples. 
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Figure 6-12: Expression of DBP.PK.C-tag in S2 cells 

A stable S2 cell line expressing DBP_RII.PK.C-tag was generated. Supernatant was 

harvested after eight days of culture and protein purified by affinity chromatography 

using CaptureSelect C-tag affinity matrix followed by SEC. (A) Coomassie Blue stain 

of samples under reducing conditions, and (B) Western blot of non-reduced samples 

with serum from mice immunised with ChAd63-MVA DBP_RII. Lane 1 = S2 

supernatant as applied to CaptureSelect C-tag affinity matrix; lane 2 = CaptureSelect 

C-tag affinity matrix flow through; lane 3 = SEC peak 1; lane 4 = SEC peak 2; lane 5 

= SEC peak 3. 
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6.3. Discussion 

In this Chapter I have described the preliminary establishment and optimisation of the 

DARC-DBP binding assay, and have applied it, for the first time, to human sera from a Phase 

I clinical trial. A major obstacle in the establishment of the assay was the expression of the 

component proteins. As previously described (280), DARC was easily expressed in HEK293 

cells at the size expected with two sulphated tyrosines (280). DBP_RII protein, however, 

presented a far greater challenge. Previous studies have purified DBP_RII from inclusion 

bodies after expression in E. coli (359, 367). An optimised protocol using this system has 

been reported to give a protein yield of 16 mg/L (368), some 70 times more efficient than my 

expression trial in S2 cells (albeit with a slightly different protein construct). However, only a 

small number of laboratories around the world have been able to efficiently produce 

DBP_RII in this way, and on attempting to reproduce this protocol, collaborators in the 

Department of Biochemistry, University of Oxford, were unable to produce refolded 

DBP_RII protein. I did, however, receive a limited amount of E. coli produced DBP_RII as a 

kind gift from Dr Chetan Chitnis (ICGEB) with which some experiments in this Chapter have 

been conducted. 

It is clear that the efficiency of protein expression reported here requires improvement, 

especially if sufficient quantities are to be generated for immunisation experiments, however, 

there is precedent for expressing DBP_RII in HEK293 cells (369). In contrast to my attempts 

to produce DBP_RII, in this previously described work, Sampath et al. utilise a high 

efficiency transfection procedure for the expression of a number of different glycoforms of 

the protein. The transfection protocol utilised by Sampath et al. has been shown to increase 

expression of soluble HIV Envelope proteins (370), and given that transfection efficiencies in 

the experiments presented in this Chapter were typically low (~15-20%), the high efficiency 
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technique provides a promising avenue for future improvement. Cell lines reported to be 

transfected with high efficiencies such as HEK293-6E could also be tried. In addition, further 

improvements to construct design such as N-glycan site mutation and codon harmonisation 

(371), coupled with the ease of producing large expression cultures – especially in the S2 

expression system once a stable cell line has been generated – mean that large quantity 

protein production should be possible. Recent developments have suggested that isolating S2 

monoclonal cell lines can result in up to a 20-fold increase in protein expression when 

compared with polyclonal cultures (Jin et al., unpublished data), providing another potential 

strategy improving protein expression. 

Once sufficient protein had been generated to conduct the DBP binding assay, I tested the 

ability of sera from DBP_RII immunised mice to block DARC-DBP_RII binding. As has 

been previously reported (265), serum from mice receiving immunisation with E. coli 

produced protein in adjuvant was able to block DBP binding. In addition, mice receiving 

different immunisation regimes (ChAd63-MVA, AdHu5-MVA, AdHu5-Protein) also 

mounted responses capable of blocking DBP binding. Blocking appeared to occur in a 

DBP_RII antibody titre dependent manner, with IC50 titres ranging from 2,000 to over 

10,000. This suggests that overall differences in antibody titre between immunisation regimes 

in mice play a more important role in receptor-ligand blocking activity than a difference in 

the quality of antibodies generated from different immunisation regimes. This observation, 

however, remains to be formally tested. 

If we do assume that a higher anti-DBP_RII antibody titre would induce more DARC-

DBP_RII binding inhibition, it would be desirable to produce more immunogenic DBP_RII 

vaccines. I thus attempted to improve the immunogenicity of the current ChAd63-MVA 

vaccine by formulating the viral vaccines with adjuvant. Importantly, immunogenicity of the 
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vaccine was improved in mice receiving a low dose of ChAd63-MVA DBP_RII when the 

viral vectors were mixed with the squalene-oil-in-water adjuvant, Addavax (a biosimilar of 

the MF59 adjuvant from Novartis (licensed for human use), and highly similar to the AS03 

adjuvant from GSK (in clinical development)). Mice receiving a higher dose of viral vectors 

derived no benefit from the addition of Addavax, although it is possible that the high dose of 

this viral vector regime induced a maximal humoral response in the absence of the adjuvant 

(372). This has relevance to human vaccination given that an Addavax equivalent (MF59) is 

licenced for use in humans, and given the doses of viral vectors administered to humans are 

unlikely to induce the maximum possible humoral immune response. This mixing of 

adjuvants with viral vectored vaccines thus provides a legitimate strategy for improving 

immunogenicity of viral vectored vaccines in humans, and is being explored as part of the 

clinical trials programme at the Jenner Institute with our industrial collaborators Novartis and 

GSK as part of the MultiMalVax programme. 

Nevertheless, it does seem likely that antibody quality, rather than simply titre, may play an 

important role in the inhibition of DBP binding. This is evident by the fact that human 

antibodies raised against the same vaccine as that used in mice did not block the DARC-

DBP_RII interaction at all, whereas some level of blocking was measurable from mouse 

serum even when diluted 1:10,000. This presents an interesting question about the differences 

in immune response between humans and mice. While we know that the induction of 

antibodies from vaccination of humans, in terms of overall concentration, is often lower than 

that in animal models for similar vaccines (220)(Milne, unpublished data), given the 

relatively high IC50 results generated with mouse sera, it seems unlikely that this explains the 

complete absence of blocking imparted by human sera. We do know that sera from mice 

immunised with ChAd63-MVA DBP_RII only recognise non-reduced protein, and thus 

seems to be directed towards conformational epitopes. It is possible that a key conformational 
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epitope of DBP_RII is immunodominant in mice, but fails to induce a significant response in 

humans. The mapping of key inhibitory epitopes with mAbs generated from immune mice 

may thus provide a promising direction for future design of next generation immunogens. 

These results clearly suggest that the human DBP_RII vaccine requires significant 

optimisation. If inhibitory epitopes could be identified, strategies to target vaccine responses 

to these epitopes could be employed. For example, the use of glycan masking has recently 

been used to focus the immune response in rabbits and mice to predicted inhibitory epitopes 

of DBP_RII (369). Furthermore, exciting advances in the field of epitope focused vaccine 

design, especially with the fusion of neutralising epitopes to particles (373), and the use of 

synthetic scaffolds as pioneered in the field of development of viral vaccines (374-376), 

provide novel techniques which could aid the development of an effective human DBP_RII 

vaccine. 

Thus, while DBP_RII remains an exciting and promising vaccine target for blood-stage P. 

vivax malaria, significant improvements are likely still required. Ideally, an association of the 

DARC-DBP binding assay with clinical protection in a naturally immune cohort, as presented 

in Chapter 5 for ADRB, should be conducted to verify the use of the DBP binding assay in 

vaccine development. One study has suggested that very high levels of inhibition in the 

DARC-DBP binding assay are associated with delayed time to infection when determined by 

light microscopy (377). However, this association disappeared when using more sensitive 

diagnosis techniques, making the result difficult to interpret. Until more thorough 

associations are drawn between the DARC-DBP binding assay and clinical protection, the 

assay remains a valuable tool for the assessment of antibody-induced DARC-DBP_RII 

binding inhibition, and is an important step towards addressing the paucity of assays available 

for the study of immunity to P. vivax malaria. 
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7. CONCLUDING REMARKS AND FUTURE DIRECTIONS 

7.1. Summary 

Blood-stage malaria vaccinology finds itself at a junction between an historical inertia created 

by obsessive work on a limited number of vaccine candidates, and the acceptance that 

promising new targets must be discovered and exploited before calls for an efficacious 

vaccine can be realised. Nevertheless, the historical failure to broaden the field’s scope can be 

attributed in some part to the paucity of available pre-clinical assays with which candidate 

antigens can be robustly and reproducibly assessed for utility as vaccine candidates (378). 

Furthermore, the lack of such assays comes from a relatively incomplete understanding of 

how antibody-mediated protection against the blood-stage malaria parasite is conferred in 

vivo in humans.  

In this Thesis, I describe the development of both the ADRB assay for P. falciparum, and the 

P. vivax DBP-DARC binding inhibition assay, for use in the assessment of naturally-acquired 

and vaccine-induced antibody responses. Both assays address key gaps in the field, enabling 

the reproducible assessment of γ-chain-dependent immune activation against P. falciparum 

blood-stage parasites, and the in vitro quantification of antibody-induced blockade of an 

essential receptor-ligand interaction in the P. vivax life cycle respectively. The use of these 

assays should help to direct future vaccine development efforts as well as forming useful 

tools to assess and understand NAI. 

7.2. Conclusions 

7.2.1. ADRB: From models for vaccine development to NAI in humans 

Thorough standardisation of assay protocols is necessary in order for newly developed assays 

to be widely useful to the malaria community. The ADRB assay as presented in this Thesis 
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now provides such a protocol. Given that the assay can be used with very small amounts (< 

10 µL) of serum or plasma (suitable for samples routinely collected in pre-clinical vaccine 

development studies and epidemiological studies), the assay can be easily applied to studies 

and cohorts which already exist, as well as being used in the immunological assessment of 

future work. 

The ADRB assay was first established using a mouse model which, in turn, enabled the 

assessment of the contribution of FcR to the induction of ADRB activity, as well as a 

controlled investigation of the role of ADRB activity in malaria challenge outcome. In mice, 

ADRB activity was not required in order to attain vaccine-induced protection against lethal P. 

yoelii infection using vaccines based on PyMSP142. However, ADRB activity was elicited 

after non-lethal challenge of mice with P. yoelii, suggesting that antigen targets of anti-PEMS 

ADRB activity remain to be established. Given that an ADRB-inducing vaccine remains to 

be developed, it remains unknown as to whether such a vaccine would be able to protect 

mice, and indeed humans, from malarial challenge. It might be inferred from the fact that 

ADRB activity associated with clinical protection in a cohort of NAI, that an ADRB-inducing 

vaccine would be protective, however this requires formal testing. 

The association of ADRB activity with clinical protection with the aforementioned cohort 

from Mali, reproduced a result previously reported in a Senegalese cohort (181). 

Interestingly, GIA and SRA activity did not correlate with clinical outcome in this cohort, 

alluding to the potential importance of antibody-dependent cellular activation in natural 

protection against P. falciparum malaria. Unlike GIA and SRA, ADRB activity was 

dependent on functional γ-chain signalling. In mice, this was shown to be particularly 

dependent upon activatory CD16 signalling. Given that mouse CD16 is thought to play a 

similar role to CD32a in humans, a dependency of ADRB activity on CD16 signalling in 
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mice agrees with the wealth of epidemiological data in humans suggesting that CD32a 

polymorphisms affect clinical outcome following malaria infection (205-211). Overall, the 

combination of FcR polymorphism data and clinical outcome, the susceptibility of P. 

falciparum to ROS (127), and now the repeated association of ADRB activity with clinical 

immunity, provide a persuasive argument for the role of respiratory burst in protection 

against P. falciparum malaria.  

A key finding elucidated by the work in mice, however, was that despite differences in ability 

to control secondary infection between mice with or without functional FcR signalling, 

neutrophils were not responsible for these differences. This highlights a broader question as 

to the source of any actual protective efficacy. For many years Pierre Druilhe et al. have 

argued that antibody-induced activation of monocytes elicits protection. Indeed they have 

shown that in culture of P. falciparum, antibodies mixed with monocytes are capable of 

inhibiting parasite growth, while antibodies mixed with neutrophils are not (180, 250). It is 

thus possible that ADRB activity merely reflects antibodies ability to induce cellular 

responses, providing a reproducible in vitro surrogate for monocyte activation. Indeed, a 

possible marrying of these two lines of work comes in the suggested importance of 

macrophage produced ROS in anti-malarial activity (126). It is, however, important to be 

cautious when attempting to infer mechanisms from in vitro parasite cultures to in vivo 

interactions. While current evidence suggests that the production of ROS is a reasonable 

candidate as an important mechanism for anti-malarial immunity, other antibody-induced 

activities such as phagocytosis (121-124) may also play an important role. At this stage, it is 

impossible to state conclusively the mechanism involved in ADRB activity associated 

protection against malarial infection. 
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Through this work, the ADRB assay has emerged as a useful tool for the assessment of NAI. 

It remains to be seen whether it can be effectively applied to the field of vaccine development 

in humans. Importantly, studies on NAI, as presented in this Thesis, show that the ADRB 

assay is capable of measuring a type of anti-malarial activity which is distinct from that 

indicated by the GIA and SRA assays. Future work on vaccine development should consider 

GIA-, SRA-, and ADRB-type immunological mechanisms and thus the ADRB assay is in a 

unique position to complement the use of other assays in the field.  

7.2.2. P. vivax: blocking the DARC-DBP_RII interaction 

Given the Malaria Vaccine Technology Roadmap call for a vaccine to exert 75% efficacy 

over at least two years, for both P. falciparum and P. vivax (266), it is obvious that new 

approaches to malaria subunit vaccine design are urgently required, and P. vivax must emerge 

as a priority species for vaccine development. Given the unique opportunity of the first 

clinical trial with a P. vivax blood-stage vaccine candidate, vaccine-induced antibodies were 

assessed for their ability to block the interaction between DARC and DBP_RII in a binding 

assay (265). It is reasonable to believe that vaccine-induced antibodies capable of blocking 

the interaction between DARC and DBP_RII should be able to prevent P. vivax from 

invading host erythrocytes, and thus prevent disease, given the essential nature of this 

interaction (33), and early results in a cohort of NAI (377). However, despite inhibitory 

antibodies being induced by immunisation in mice, no such response was found in humans. 

Perhaps this results from a long co-evolution between P. vivax and humans, where P. vivax 

has evolved to direct human immune responses to non-inhibitroy epitopes, a selection 

pressure not imparted on mice which cannot be infected with P. vivax. Given that targeting 

DBP_RII as a vaccine candidate intends to impart protection via GIA-like invasion blocking 

activity, and that antibodies induced in humans were not able to block the DARC-DBP_RII 
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interaction, it is unlikely that this vaccine would have any efficacy against P. vivax challenge. 

It is of course possible that the vaccine induced antibodies could still affect some activity in 

vivo through ADRB-like mechanisms, however this remains to be tested. 

A major hindrance to the field of blood-stage malaria study, illustrated in the attempts to 

produce DBP protein, is the difficulty of producing recombinant Plasmodium proteins. This 

has been noted previously, especially with respect to prokaryotic expression systems (379, 

380). Here I achieved small amounts of protein expression using transiently transfected 

HEK293E cells, a system which has previously been used to express Plasmodium proteins 

with some success (381, 382). However, despite this, yields of DBP_RII were still very low. 

Improvements in yield were attained using a stable Drosophila S2 cell line (383, 384), 

providing a promising avenue for future protein production. The utility of this system for 

expression of Plasmodium proteins has been clearly demonstrated by the recent use of S2 cell 

lines in solving the structure of PfRH5 (384). 

7.2.3. The use of mouse models in malaria research 

In addition to the use of in vitro assays, the study of infectious diseases has benefited greatly 

from the use of a number of animal models which are able to approximate disease in humans. 

Mouse models in particular have played a valuable role in medical research, however the 

importance of noting differences between mice and humans when extrapolating results 

cannot be overstated. The work I have conducted clearly supports this caution. While the 

ability to induce ADRB activity was not required for protection against lethal P. yoelii 

infection in mice, ADRB activity did associate with protection in a human population. It is 

firstly important to recognise, however, that these two findings relate to different species of 

Plasmodium. Indeed, given that immunity against P. yoelii is known to be largely mediated 

by γ-chain-independent mechanisms (50), and that vaccines which can protect mice from P. 
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yoelii malaria do not protect humans when targeting the P. falciparum orthologues (144, 

232), it is perhaps not surprising to see these conflicting results. Indeed, given the association 

presented here between protection against P. falciparum malaria and an Fc-dependent activity 

(ADRB), perhaps P. berghei, against which protection is thought to be Fc-dependent (49), 

would be a better tool for modelling P. falciparum immunity. 

Even more interesting, is the difference in immune response between mice and humans to an 

identical vaccine as shown in my work on DBP. When administered to mice, antibodies 

induced were able to block DARC-DBP_RII binding, however antibodies raised against the 

same vaccine in humans were not capable of inhibitory activity. While there is a slim 

possibility this is due simply to titre, the fact that mouse antibodies at a high dilution were 

capable of blocking binding disputes this. Instead, I suggest that this result reflects a 

fundamental difference in immunology between the two species. While, in general, mice 

provide very good models for immunological research, differences between mouse and 

human immune systems have been widely reported (385). Without further investigation, it is 

difficult to suggest what might contribute to the differences seen in DBP_RII response 

between mice and humans. A reasonable hypothesis is that different epitopes are 

immunodominant in the two species, skewing the antibody response against DBP_RII in 

mice towards inhibitory epitopes, and the response in humans to non-inhibitory epitopes. 

Given the viral plasmids within the vaccine contain CpG motifs, perhaps the differences in 

TLR-9 distribution on the innate immune cells and antigen presenting cells between mice and 

humans (386, 387) affect the priming of immune responses and subsequent antibody affinity.  

Immunological differences between mice and humans also have interesting implications for 

ADRB and anti-malarial activity. In adult humans, 50-70% of circulating immune cells are 

neutrophils compared to only 10-25% in mice (388), potentially affecting neutrophil-based 
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effector efficiency. Furthermore, incompletely understood differences in FcR biology may 

result in a difference in reactivity between mouse and human neutrophil populations. 

Overall, due to the practicalities of using mice for malarial research, the number of infection 

models available, and the availability of models with genetic modification, mice will continue 

to be a valued tool for research in malaria. It is, however, important to be aware of inherent 

differences which make the extrapolation of results in mouse models to human clinical trials 

difficult, a problem which the development of in vitro assays should help to address. 

7.3. Future Directions 

7.3.1. Utilising the ADRB assay 

Much of the intention of the work presented in this Thesis was to establish the ADRB assay 

as a tool which could be used widely for the assessment of NAI and for blood-stage malaria 

vaccine development. The assay has now been successfully conducted in three laboratories 

(181, 321) and associated with clinical protection in two independent studies, albeit only once 

with the standardised protocol described here. In terms of NAI, the assay will need to be 

applied to a number of additional cohorts before it can be concluded as to whether or not 

ADRB can out-perform the cohort-specific associations of protection seen with ELISAs. 

Importantly, assessing the ADRB assay and its association with clinical protection in a cohort 

for which ELISA titre does not predict clinical outcome remains to be conducted. Ideally the 

assay would be taken up and used within other groups, allowing future assessments of inter-

laboratory reproducibility. 

As mentioned, a key reason for the development of the ADRB assay was to help direct 

vaccine development. The blood-stage malaria vaccine group at the Jenner Institute is now in 

a unique position to do this. Through a project aimed at antigen screening using the GIA 



 

182 

 

assay, immune sera from mice have been generated against 28 merozoite proteins. By slightly 

adapting the protocol developed in this Thesis, to having a plate coated with P. falciparum 

PEMS and using mouse PMNs, these immune sera could be tested for their ability to induce 

ADRB activity. Any ‘hits’ would represent the first candidate antigen(s) identified using the 

ADRB assay, and potentially represent a class of vaccine distinct from the invasion blocking 

candidates developed to date (389, 390). 

An interesting finding of this work was that different individuals had different FcR 

expression profiles upon their neutrophils. The effect that this has on subsequent neutrophil 

activation and malaria disease outcome is worth investigating. 

While this Thesis has focused on malaria and the application of ADRB to P. falciparum in 

particular, the protocol developed here could be applied to any antigen or pathogen for the 

assessment of cytophilic antibody reactivity. Importantly, if sufficient merozoites could be 

generated for P. vivax, the ADRB assay could provide an important tool in assessing P. vivax 

NAI and in the development of P. vivax blood-stage vaccine candidates. 

7.3.2. The development of P. vivax blood-stage vaccines 

7.3.2.1. Engineering Improved Immunogens 

Given the result presented in Chapter 6 showing that following DBP_RII immunisation 

human sera were incapable of blocking DARC-DBP binding, it is clear that there is much left 

to do. Firstly, and importantly, an investigation into the differences between the immune 

responses elicited in both mice and humans to the same vaccine is required. Basic ELISA-

based methods would be useful for an initial characterisation of immune responses, assessing 

isotype profiles and antibody affinity. However, it seems most probable that differences in 
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inhibitory activity are a result of binding to different epitopes on DBP_RII. Thus, identifying 

the binding-inhibitory epitopes of DBP_RII should be a key priority moving forward.  

One strategy for achieving this is by isolating inhibitory mAbs from mouse spleens, or human 

blood from immunised volunteers. While immunised volunteers did not exhibit any DARC-

DBP_RII blocking activity, it may still be possible to isolate rare inhibitory mAb producing 

B cells. It is noteworthy that the most potent inhibitory mAbs directed against PfRH5 as 

measured in the GIA assay, are not capable of blocking the PfRH5-basigin interaction (384), 

and thus the lack of ability of immune sera to block the DARC-DBP_RII interaction, does not 

preclude isolated mAbs from having any functional activity. To isolate human mAbs, 

antibody secreting cells (CD19+, CD27+, CD21-, CD20-, CD38+) taken seven days after 

booster immunisation, could be isolated from which VH and Vκ genes from single cells could 

be amplified (391). Subsequent production of human mAbs using a HEK293 cell expression 

system would enable antibodies to be screened for antigen-specific binding properties. 

If neutralising mAbs were generated, they could then be utilised in structural studies as has 

recently been done with the PfRH5 antigen (384). While the structure of DBP is known 

(392), such studies would represent the first structures of DBP in complex with neutralising 

human mAbs. In combination with the biological characterisation of the generated mAbs in 

the DARC-DBP binding assay, this work would provide a detailed molecular insight into the 

critical and protective molecular interactions between DBP and human binding-inhibitory 

antibodies. Furthermore, this information would be vital to the design and testing of a new 

panel of vaccine immunogens that focus on the induction of more potent and durable 

immunogenicity against key B cell epitopes. Such studies could involve structure-guided 

antigen truncations, or transferring mAb epitopes onto particle (373) or protein scaffolds, as 

reported for HIV (375, 376). How to test the utility of newly discovered immunogens without 
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immunising people, remains an issue. The recent development of DRAG mice which can be 

reconstituted with a human immune system is one promising avenue that could be explored in 

this endeavour (393). 

7.3.2.2. Novel Invasion Assay Development 

Upon the development of new vaccine candidates, it will be necessary to vigorously test the 

functional activity of elicited immune responses to justify progression to Phase IIa clinical 

trials. In terms of the DARC-DBP binding assay as presented in Chapter 6, an important 

iteration will be to conduct the assay with allelic variants of DBP_RII. Utilising recently 

obtained genomic sequence databases of DBP, variants could be expressed and used to assess 

antibody cross-strain receptor-ligand blocking. This would address the key obstacle of field 

isolate polymorphism associated with P. vivax vaccine design. Furthermore, antibody 

inhibitory activity could be assessed against the full-length DBP protein in the binding assay 

enabling the assessment of whether neutralising epitopes are shielded by natural protein 

folding. 

The development of a GIA-type assay for P. vivax would also represent an invaluable tool for 

the study of P. vivax malaria. Recent progress in the adaptation of P. knowlesi to culture in 

human erythrocytes represents an exciting opportunity (264). Although not reticulocyte-

restricted like P. vivax, by replacing P. knowlesi’s DBPα gene with P. vivax DBP (394), this 

parasite could enable the first in vitro functional readout of anti-P. vivax DBP antibodies 

without necessitating access to fresh P. vivax parasites. This work is currently in progress 

within the blood-stage group. 
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7.4. Final Remarks 

The development of effective vaccines against both P. falciparum and P. vivax malaria 

remain an urgent global health priority. However, a thorough understanding of the 

mechanisms involved in immunity to malaria will be essential in guiding future vaccine 

development efforts. In this Thesis, I have thus explored the importance of Fc-dependent 

antibody function in immunity to P. falciparum blood-stage malaria, and the importance of 

reliable in vitro assays for the assessment of anti-merozoite antibody function. The tools 

developed here should not only provide guidance for the development of new blood-stage 

malaria vaccines, but should also play vital roles in the assessment of vaccine candidates 

once they have progressed to human trials. 
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APPENDIX 1 

 

1.1 J136 

2.1 Version Number 2.2 

3.1 Recombinant protein expression + purification in E. Coli 

This protocol uses GMO. All users MUST be registered with the University 
Occupational Health Service as set out in the University's health and safety 
regulations. Health surveillance is a legal requirement under COSHH.  

If you are not currently registered with the Occupational Health Service for 
work with GMO, or need to check your registration, please contact the 
ORCRB NDM Personnel team. 

4.1 Other documents 

See also J117, J118, J119 re protein production in insect cells 

5.1 Definitions 

None 

6.1 Objective 

Production of recombinant protein in E coli, with either GST or N terminal His tag. 

7.1 Procedure 

The construct of interest should be cloned into the following plasmid for purification with  a 

GST tag: 

  

pGEX2T: glutathione-S-transferase tag 

For purification on glutathione affinity column (Novagen GST-bind kit). 

 

OVERVIEW 

Day 1 =  Set up 100ml overnight cultures 

 

Day 2 =  Scale-up from 100ml cultures → 500ml cultures (~1hr) 

  Induction of protein expression with IPTG (~2hrs) 

  Centrifugation of cultures to pellet cells 
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  Freeze pellets overnight 

 

Day3 =  Protein extraction and purification. 

 

Day 3 can take MANY hours with Novagen GST bind kit. 

Book centrifuge in advance for 1-2hr slots on the afternoon of day2 and morning of day3. 

1.1.1. CULTURE AND INDUCTION OF EXPRESSION 

REAGENTS (per protein) 

Terrific broth (Sigma T0918) - 1 litre  

Ampicillin 1ml of 50mg/ml = 1000x stock 

Chloramphenicol (if required) 1ml of 1000x stock  

- make up in MeOH to15mg/mL (i.e. to a 20mg vial add 1.33mL MeOH) 

and store at -20oC 

IPTG (Sigma I5502-1g) 240ul of 250mg/ml stock (dissolve 1g IPTG in 50% ethanol 

in water) 

 

500ml centrifuge flasks (2 per litre of culture) 

 

ADVANCE PREPARATION 

Check the antibiotic resistance pattern of the plasmid (see s drive: reagents info. Plasmids) 

 

Terrific broth preparation: make up 47.6g in 1L with 8mL glycerol and autoclave. Allow 

sufficient volume for evaporation 

 

Easiest to mix antibiotics into the broth once autoclaved then can be used at all steps without 

further addition of antibiotics. 

 

IPTG preparation: mix 1g in 4mL 50% ethanol to make a 250mg/mL (=1M) stock which can 

be stored at -20)  

 

DAY 1 

Add 1.5l frozen glycerol bacteria stock to 100ml TB/antibiotics. 

Incubate in 37ºC shaker overnight.  

 

DAY 2 

Make up to 500ml with fresh medium and antibiotics & incubate as before for 1h.  

 

Add IPTG at final concentration 60g/mL (120l per flask of 250mg/ml stock) and incubate 

the cultures for a further 2h. This is to induce protein expression. If desired, samples of 

culture before and after induction can be taken to run on a gel to monitor efficacy of 

induction. 

 

If using GST-bind kit, weigh empty centrifuge flasks (500ml flasks). 

 

Harvest cells by centrifugation (JLA 10.5 6,000rpm 15min) and re-weigh to calculate pellet 

weights. Discard the supernatant (leave in microsol for 10 mins before disposable in sink). 

 

Store at -20ºC overnight. It may be possible to store pellet for longer at -80. 
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1.1.2. GST PURIFICATION 

Example yields from 1 litre of culture: 

 

 Novagen 

PfMSP1-19 QKNG 2ml of 8mg/ml (second 

elution fraction) 

PfRH2 4ml of 1.5mg/ml (1st +2nd 

elution fractions)  

  

DAY 3 

REAGENTS + MATERIALS 

Novagen GST∙Bind Purification Kit includes the following, which can also be separately 

ordered 

BugBuster (70794-3) 

GST bind column beads 

Bind/wash buffer 

GST elution buffer 

Benzonase 

 

Ultracentrifuge tubes to hold ~30ml eg Beckman 326823 (2 per litre of culture) 

 

METHOD 

1. Thaw the pellets.  

 

2. Lyse bacteria with BugBuster and Benzonase endonuclease.  

5ml BugBuster per g of pellet (usually 4-8g so need 20-40ml BugBuster) plus 25U 

Benzonase per 1ml BugBuster used (using the benzonase which comes with the kit 

this is 1ul per ml, using Sigma benzonase you will need to do a calculation). 

Vortex vigorously for 10-20 mins until fully dissolved.  

Ensure the 500ml centrifuge tubes are balanced (weight the tubes and top up with 

bugbuster if necessary). 

 

3. Transfer to corning 50mL falcons (unless BugBuster/pellet mix is >1/2 centrifuge 

tube volume). Centrifuge at 15,000G for 25 min at 4ºC (JA12). 

 

4.  Transfer the supernatant to new 50mL Falcon tubes. Spin in the JA12 rotor at 6,000 

xg, 4°C, for at least 1h 15mins (spin for 2h if possible). 

  

Supernatant can be stored for a few hours at 4C but should be brought back to room 

temp (with a room temp water bath) before use. 

 

5. During final spin, set up the columns + begin to wash them (should take ~30min).  

The GST-bind resin is only 50% slurry so use twice the volume you require for the 

columns. E.g. for a 2.5ml column volume load the column with 5ml of slurry. The 

column slurry binds 5-8mg/ml so a 2.5ml column can bind up to 20mg of protein. 

To load the column, gently mix the resin and transfer 5ml into the column gently 

using a pipette. Allow the slurry to settle which will be about half way down the 

column. Take great care to avoid presence of air bubbles underneath the resin- they 
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will slow down the column dramatically. A pipette can be used to pack down the resin 

and extract air. The storage buffer should begin to drip through. 

Make a 1x solution of the GST bind/wash buffer- you will need 15 column volumes 

in total. Use the 10x wash solution from the kit and dilute with dH20.  

Once the level of storage buffer (20% ethanol) drops below the top of the column bed, 

wash the resin with 5 volumes (e.g.12.5ml) of GST Bind/wash buffer.  

 

Once the Bind/Wash is running, the bugs can be prepared, all the time keeping the 

column topped up with Bind/Wash. 

 

6. Load the clarified extract onto the prepared GST-affinity chromatography columns. 

Sterile filtering s/n at this stage will prevent large debris blocking the column. 

 

7. Wash again with 10 column volumes (25ml) of GST bind/wash buffer. 

 

8. Prepare 10ml of 1x glutathione elution buffer.  

10 x buffer is made up with 1g reduced glutathione and 32.5mL 10 x glutathione 

reconstitution buffer. Can be stored at -20 but should be freeze-thawed a maximum of 

5 times. 

Fresh 1 x buffer should be made up immediately before use with dH20.  

 

9. Elute proteins using the 1 x glutathione elution buffer (3x column volumes = 7.5mL) 

and collect the eluted fractions into labelled tubes in 1-2ml fractions.  

 

NOTE – if storing proteins at -20ºC and reading later on the nanodrop, keep an aliquot of 1x 

elution buffer for use as a blank / reference. 

 

10. Measure concentration with a nanodrop and only keep the tubes with high protein 

concentrations (eg >1mg/ml). Store at 4ºC or freeze. 

 

11. Packed columns can be stored in 20% ethanol at 4 degrees for re-use with the same 

protein. 

  



 

222 

 

APPENDIX 2 

 

1. Jenner Laboratory Protocol Number: J238 

2. Version Number: 2.0 

3. Production of recombinant proteins in transiently transfected 

suspension 293 cells 
 

This protocol uses GMOs. All users MUST be registered with the University 

Occupational Health Service as set out in the University's health and safety 

regulations. Health surveillance is a legal requirement under COSHH.  

If you are not currently registered with the Occupational Health Service for 

work with GMOs, or need to check your registration, please contact the ORCRB 

NDM Personnel team. 

 

4. Other Documents 

MSDS refer to MSDS for the relevant safety information on the individual 

reagents 

 

See S:\PROTOCOLS\Protein expression\Transient 293: 

- “Transient 293 protocols Bushell Durocher and CSHL.docx” 

o Summary of transient 293 production protocols from the following 

sources 

   -Gavin Wright’s publications from the Sanger Centre 

   -Yves Durocher’s publications from Canadian NRC 

   -Cold Spring Harbour Laboratory protocols, 2008 

 - “Invitrogen Freestyle 293 system manual.pdf” 

5. Definitions 

293F cells- 293 cells available from Invitrogen which are adapted to suspension 

growth in serum-free Freestyle medium 

293T cells- 293 cells expressing SV40 large T antigen.  This allows for episomal 

replication of transfected plasmids containing the SV40 origin of replication. This 

allows for amplification of transfected plasmids and extended temporal expression of 

the desired gene products. Adherent 293T cells originally obtained by Sandy Douglas 

http://en.wikipedia.org/wiki/Plasmid
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from Strubi/ OPPF, and were adapted to suspension culture in serum-free medium by 

Sandy.  Can be grown in the presence of G418, but not necessary as the SV40 large T 

antigen gene is integrated into the genome along with the neomycin resistance 

cassette. 

 

293E cells- 293 cells expressing EBV EBNA1 antigen. This allows for episomal 

replication of transfected plasmids containing the EBNA1 origin of replication. 

Adherent 293T cells originally obtained by Sandy Douglas from Strubi/ OPPF, and 

were adapted to suspension culture in serum-free medium by Sandy. As for 293Ts, it 

is not clear whether G418 selection is required during stock culture maintenance. 

 

 PEI- Polyethyleneimine. 

 

6. Objective 

Expression of soluble secreted recombinant proteins by transfection of suspension 293 

cells. 

Associated methods (eg Western blotting to detect protein, ELISA to quantify protein, 

NiNTA or Streptactin purification of protein) may be discussed here, but detailed 

methods are elsewhere 

7. Reagents 

Invitrogen Freestyle 293 expression medium or Invitrogen Expi293 expression 

medium (cat # 2082258) 

 

G418 antibiotic solution at 50 mg/mL for cell culture (optional, for use with 293E 

cells, add to medium at 1:1000 ratio) 

 

Foetal calf serum 

 

Trypan blue 

 

25KDa linear PEI from Alfa Aesar at 1 mg/mL in dH2O.  This needs to be prepared 

overnight in the molecular biology lab.  Add an appropriate volume of ddH2O to the 

PEI.  PEI is insoluble at room temperature and so must be mixed at high temperature.  

Use the heated mixer on the molecular biology side, set the heater to 90oC.  Loosen 

the lid to allow steam to escape and clearly label the bottle and heater so people are 

aware it is hot.  Use an appropriate sized magnetic stirring rod.  Initially the mixture 

will be cloudy but eventually it will become transparent.  After at least 12 hours, the 

mixture can be put through a 0.22 um filter to remove insoluble clumps of PEI.  Take 

an aliquot and check the pH, which should be pH 8.0.  Aliquot and store at room 

temperature – low temperatures will cause the PEI to come out of solution. 

 

Cells: 293F, 293T and 293E cells are banked in the ORCRB 40K LN2 tank, tower 

D6, box 7, at various stages of suspension and serum-free adaptation. It is critical that 

the records of remaining vials in the LN2 freezer spreadsheet are accurately 

maintained. Do not take vials from the LN2 without updating the spreadsheet and 

consulting Joe Illingworth: S:\Reagent Storage Info\LN2, cells and serum 

storage\ORCRB LN2 Storage\40K ORCRB tank 

http://en.wikipedia.org/wiki/Plasmid
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Useful Plasmids: 

  

-pTT BirA #2938 – secreted biotin ligase for biotinylating proteins with a biotin 

acceptor peptide 

-nonsecreted eGFP #1733 – useful for measuring transfection efficiency 

 

Equipment 
 

Class II BioSafety Cabinet    Scanlaf  Mars 

CO2 incubator      RS Biotech  Galaxy R 

37C water bath     Grant   SUB6 

Microscope      Leica   DMIL 

Disposable haemocytometer    Immune Systems, cat# BVS100 

Trypan blue stain  

V well plate (no need to be sterile)       

Erlenmeyer culture flasks (vented or unvented are both fine, e.g. Corning 430421) 

15 ml sterile tubes 

5, 10 and 25 ml sterile pipettes 

Sterile transfer pipette 

8. Method 

OVERVIEW – All performed in sterile hood 

 

 

Grow cells to 

5 x 10
5
 

cells/mL (or 2 
x 106 if using 

Expi293)  

 

 pDNA 

 

Transfection 
reagent (PEI) 

Mix DNA and 
transfection reagent 

for 10 mins 

 

Mix DNA into 
culture 

 

 

Harvest 3 days 
later 

 

 

Purify protein 

 

Quantify 
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Central to the success of this procedure is the health of the cell culture.  This can be fairly 

easily assessed microscopically: healthy cells tend to double approx every 20 hours and grow 

either as a single-cell suspension or small clumps of 2, 3 or 4 cells.  If more than 20% of cells 

in a culture are in clumps of 5 or more cells, this is a sign of poor culture health and will 

likely result in low transfection efficiency. 

8.1 Thawing and Establishing Cells 

8.1.1 Store frozen cells in liquid nitrogen until ready to use. To thaw and establish cells: 

8.1.2 Remove the cryovial of cells from the liquid nitrogen and thaw quickly in a 37°C 

water bath. 

8.1.3 Just before the cells are completely thawed, decontaminate the outside of the vial 

with 70% ethanol. Triturate and transfer the entire contents of the cryovial into a 

125 ml polycarbonate, disposable, sterile Erlenmeyer shaker flask containing 30 

ml of pre-warmed FreeStyle™ 293 Expression Medium.Incubate cells in a 37°C 

incubator containing a humidified atmosphere of 8% CO2 in air on an orbital 

shaker platform rotating at 125 rpm. Loosen the cap of the flask a quarter turn and 

tape into position to allow oxygenation/aeration.   

8.1.4 Once the culture has reached greater than 1 x 106 viable cells/ml (typically 3 to 5 

days), transfer the cell suspension aseptically into a centrifuge tube and vortex for 

10 seconds.  

8.1.5 Determine viable and total cell counts (see protocol on page 4).   

 

Important Note: Subculture cells for a minimum of 6 days (e.g. thaw on Friday for use the 
following Thursday) before use in transfection experiments to allow opportunity for 
recovery from thawing. To subculture cells, see section 8.3. 

8.2 Counting cell density 

8.2.1 Prepare a sterile 2 mL stripette and pipetteboy, open up and wipe down a class II 

safety cabinet. 

8.2.2 Take the culture flask from the incubator. 

8.2.3 Take a small (<100 uL) sample from the flask using the 2 mL stripette and put 

into a single well of a v-well plate. 

8.2.4 Return the flask to the incubator. 

8.2.5 Add 20 uL of Trypan blue to a well in the V-well plate adjacent to where the cell 

culture was deposited. 

8.2.6 Take 20 uL of the cell culture and mix with the 20 uL of trypan blue by pipetting 

up and down. 

8.2.7 Put 20 uL of 50:50 mixed trypan blue:cell culture into a disposable cell counting 

chamber. 

8.2.8  Count all of the cells found in one of the large blocks of 4x4 smaller squares. 

8.2.9 To obtain the cells/mL value, take the number of cells counted in the 4x4 square 

box, and multiply by 2x104. 

8.3. Subculturing cells 

 

Splitting should be done on a Monday and a Friday.  For routine maintenance, cells should be 

seeded into a new flask each time they are split.  Seed cells at a density such that they will not 

reach a density of >5x105 cells/mL (or 4x106 cells/mL if using Expi293) before they are next 



 

226 

 

split (except before transfections).  Don’t split the culture so low that after one week the cell 

density will still be <5x105 (this is because Freestyle293 medium is light-sensitive and so 

should be replenished after not more than one week).  It is crucial that the culture is kept at 

37oC and experiences as few temperature perturbations as possible – otherwise the cells will 

clump.  This can cause them slow down their growth-rate and become refractory to 

transfection. 

8.3.1 Obtain a cell count (see 8.1). 

8.3.2 For routine maintenance, split the cells so that they achieve a density of not more than 

5x105 cells/mL (or 2x106 cells/mL is using Expi293) by the next splitting date.  On a 

Friday, this means splitting the culture to ~3.2x104 cells/mL (or ≈5x106 cells/mL if 

using Expi293), if they’ll next be looked at on Monday (assuming divisions every 

approx 20h).  On Monday, split the culture to ~1.6x104 cells/mL (or 1.5x105 cells/mL 

if using Expi293) . 

8.3.3 At least half an hour before splitting the cells, decide on how large a culture you want 

to set up.  As a rule of thumb, try to avoid filling a cell culture flask more than one-

third of its stated volume (e.g. for a 125 mL flask, ~40mL is the max volume). 

8.3.4 Take a new flask and fill it with an appropriate volume of Freestyle 293 medium (or 

Expi293), and add G418 at a 1:1000 if culturing 293E cells.  

8.3.5 Place in the shaking incubator for 30 minutes to allow equilibration to 37 degrees. 

8.3.6 At the time of seeding, the fresh medium should be the same temperature as the cell 

culture will be split from.  If it’s perceptibly cooler, it is not warm enough and you 

should delay the splitting. 

8.3.7 Once the medium is up to temperature, turn on and wipe down a microbiological 

safety cabinet. 

8.3.8 Take the two flasks (one containing medium, one containing culture) to the hood, and 

seed an appropriate volume of culture into the fresh medium. 

8.3.9 Return the newly inoculated culture to the incubator immediately. 

8.4 Transfecting cells 

This procedure needs to be planned in advance as it can take a while to grow up a culture of 

suitable size.  The smallest transfection volume that should be performed in flasks is 30mL.  

Transfection in sterile 96 deep-well tissue culture plates has been described but never 

performed at the Jenner Institute.  This protocol assumes that the transfection per se will be 

performed on a Friday, but it could easily be shifted (e.g. make Friday day 1).   

DNA guidelines 

Every transfected DNA mix should contain 5% by mass of plasmid #1733.  This plasmid 

expresses GFP and is useful for estimating transfection efficiency.  To obtain sufficient DNA, 

at least a Maxiprep’s worth of DNA is necessary, and occasionally a megaprep may be 

required.  EndoFree prepped DNA is not essential to achieve good transfection efficiency, but 

it will improve cell health and can be considered as part of troubleshooting.  J 

On Monday (day 1) 

8.4.1 On Monday, whilst performing the routine culture splitting, seed a culture that will 

reach 1x106 cells/mL (or 4x106 cells/mL if using Expi293) on Thursday.  Seeding the 

new culture at 1.2x105 cells/mL (or 0.5x106cells/mL is using Expi293) should achieve 

this.  The culture seeded on Monday should be at least 25% of volume of the planned 

transfection culture. 
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On Thursday (day 4) 

8.4.2 On Thursday, approx 24hrs before the transfection, get another cell count of the 

culture seeded on Monday.  Calculate the dilution factor needed to seed a new culture 

at 2.5x105 cells/mL (1x106 cells/mL is using Expi293). 

8.4.3 Calculate the volume of medium required to start the transfection culture.  E.g. if the 

stock is at 1x106 cells/mL, and the total planned transfection culture volume is 500 

mL, prepare 375 mL of medium. 

8.4.4 If using Freestyle293, prepare the transfection medium by taking Freestyle 293 

medium, adding G418 solution if using 293E cells at 1:1000 and adding FCS to 1% of 

the final culture volume (e.g. if the final culture volume will be 500 mL, take 375 mL 

medium, and add 375 uL G418 solution and 5 mL FCS). If using Expi293, no 

addition of FCS is necessary, simply add G-418 at 1:1000. 

8.4.5 Place the flask containing the medium into the incubator and allow to equilibrate to 37 

degrees for at least 30 minutes, preferably an hour.  This is crucial as the culture will 

not have time to recover from any temperature perturbations before the transfections. 

8.4.6 Once the medium is up to temperature, seed it with the culture at 2.5x105 cells/mL (or 

1x106 cells/mL if using Expi293). 

8.4.7 Place the culture in the incubator.  It should not be removed again until the 

transfection. 

On Friday (day 5) – stagger this process if more than one culture is being transfected 

8.4.8 For every 100 mL of culture to be transfection, warm up 4 mL of Freestyle 293 

medium to room temperature.  Do not add 1% FCS as this can interfere with the 

interaction of PEI and DNA. 

8.4.9 For every 100 mL of culture to be transfected, add 66 ug of DNA to the room 

temperature Freestyle 293 medium (or 100ug of DNA per 100mL of culture if using 

Expi293).  Vortex vigorously for 5 seconds.  The DNA mixture should contain 

plasmid of interest and 5% by mass #1733.  If the protein is to be biotinylated and 

contains a biotin acceptor peptide, also include 5% by mass plasmid #2938. 

8.4.10 For every 100 mL of culture to be transfected at 100 uL of PEI to the room 

temperature medium/DNA mix (if using Expi293, use 200uL of PEI per 100mL of 

culture).  Vortex vigorously for 5 seconds, and leave at room temperature for 10 

minutes to allow PEI/DNA complexes to form. 

8.4.11 After 10 minutes, remove the transfection culture from the incubator. 

8.4.12 Add the DNA/PEI/medium mixture dropwise to the culture, whilst swirling. 

Immediately return the culture to the incubator.  

Next Monday (day 7) 

8.4.13 Turn on the fluorescence laser attached to the microscope in the cell-line tissue 

culture room. 

8.4.14 Perform a standard cell count as in 8.2.  Cell density will by now be >1x106 (>5x106 

if using Expi293) and the will likely be some cell clumping.  This is normal at this 

density, especially as PEI is toxic.  Importantly, cell viability should still be >95%. 
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8.4.15 Dim the lights in the room, turn the stage illuminator all the way down to nothing and 

switch to the blue filter.  If the transfection has been successful, green circles 

representing GFP-transfected cells will be visible. 

8.4.16 Calculate the ratio of GFP+ve vs GFP-ve cells to determine the transfection 

efficiency.  Typically 40% of cells will be GFP+ve.  Less than 30% indicates a less 

successful transfection.  >80% GFP+ve cells is a bumper transfection. 

Next Tuesday or Wednesday (day 8) 

8.4.17 When cell viability falls below 80% the culture should be harvested.  Spin at 750g for 

10 minutes to pellet the cells and decant off the supernatant (cell pellet can be 

discarded, or stored to test for protein retention in the cells).   

8.4.18 If intending to store for more than a few hours, add a protease inhibitor cocktail and 

refrigerate.  If intending to store for more than a few days, freeze at -20 degrees. 

9. Freezing Cells 

Introduction  
You may freeze FreeStyle™ 293-F cells directly in FreeStyle™ 293 Expression Medium. 

When freezing the FreeStyle™ 293-F cell line, we recommend the following: 

• Freeze cells at a density of 5-8 x 106 viable cells/ml. 

• Use a freezing medium composed of 90% fresh FreeStyle™ 293 Expression Medium 

and 10% DMSO. 

Guidelines to prepare freezing medium and to freeze cells are provided in this section. 

 

Preparing Freezing Medium 
Prepare freezing medium immediately before use. 

1. In a sterile, conical centrifuge tube, mix together the following reagents for every 1 ml 

of freezing medium needed: 

- FreeStyle™ 293 Expression Medium 0.9 ml 

- DMSO 0.1 ml 

2. Filter-sterilize the freezing medium and place the tube on ice until use. 

Discard any remaining freezing medium after use. 

 

Freezing Cells  
Before starting, label cryovials and prepare freezing medium. Keep the freezing medium on 

ice. 

1. Grow the desired quantity of FreeStyle™ 293-F cells in shaker flasks, harvesting when 

the cell density reaches 0.5 to 1 x 106 viable cells/ml. Transfer cells to a sterile, 

conical centrifuge tube. 

2. Determine the viable and total cell counts (see protocol on page 4) and calculate the 

volume of freezing medium required to yield a final cell density of 5-8 x 106 viable 

cells/ml. 

3. Centrifuge cells at 100 x g for 5 minutes at room temperature and carefully aspirate 

the medium. 

4. Resuspend the cells in the pre-determined volume of chilled freezing medium. 

5. Place cryovials in a microcentrifuge rack and aliquot 1 ml of the cell suspension into 

each cryovial. 
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6. Freeze cells in an automated or manual, controlled-rate freezing apparatus following 

standard procedures. For ideal cryopreservation, the freezing rate should be a decrease 

of 1°C per minute. 

7. Transfer frozen vials to liquid nitrogen for long-term storage. 

Note: You may check the viability and recovery of frozen cells 24 hours after storing 

cryovials in liquid nitrogen by following the procedure outlined in Thawing and 

Establishing Cells 

 

Scaling Up Transfections 
Can be performed with linear increases of each ingredient.  Largest transfection volume 

attempted here is 500 mL. 
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APPENDIX 3 

 

1.0 Jenner Laboratory Protocol Number: J314 

2.0 Version Number v1.0 

3.0 Culture and transfection of Expres2ion Biotech S2 cells 

4.0 Other documents: 

5.0 Definitions: 

6.0 Objective 

7.0 Reagents/Equipment 

• Media: Ex-cell 420 Insect serum free medium from SAFC Biosciences, with 

glutamine, cat no. 14420C. 

o Always add pen-strep to the media, even while producing. 

• FBS: GibcoBRL, mycoplasma and virus-screened. Heat inactivated. Origin: 

Australian. Cat no. 10100-147.  

o Use 10% when first thaw cells, to keep them happy. They are much happier in 

FBS. However, want to remove FBS when transfect or when producing cells. 

o When opening a new bottle of FBS, first thaw it in the fridge. Then aliquot 

into 40 ml aliquots in Falcon tubes and re-freeze all but one. Keep the current 

stock in the fridge.  

• Zeocin: selection for pExpress2.1 vector. Used at 1500 μg/ml (or 2000 μg/ml if 

necessary). Life Technologies is the only vendor. Stable for 1 month at 4°C. 

o Zeocin binds to DNA, and is more toxic than G418 which binds to 

ribosomes.   

o Rh5 is in the pExpress2.1 (zeocin) vector. 

• Pen strep: Biological Industries. 10,000 U/ml penicillin, 10 mg/ml streptomycin. Use 

10 ml in 1 L media (add when open a fresh bottle of media). 

• G418: selection for pExpress2.2 vector. Rh5 is not currently in this vector. 

• Transfection reagent: proprietary lipofectamine-based reagent. Sold by Expres2ions, 

in a 1x or a 5x concentration. Stable for years at 4°C. (Kathryn has 1 ml of 5x 

transfection reagent.) 

• DMSO: Sigma HybriMax, cell-culture tested, D2650. 

• T25 and T75: close lids all the way; they have enough air. Don’t use vented lids, as 
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too much evaporates. Do not have a filter. 

• Corning flasks: use vented lids. There is a filter in flasks. They are not baffled. 

• Filter tips: only use filter tips 

8.0 Method 

I. General cell handling: 
• Transfect in T25s, transfer to T75s, grow in increasing sizes of flasks (125, 175, up to 

1 L). Optimal volumes for each of these containers is given in the chart below.  When 

transferring cells from T-flask to shake flask no trypsin is required, merely tap T-flask 

smartly on the bench top to loosen the cells and transfer by pipetting. 

 

Flask Optimal Vol. Min Vol. Max Vol. Optimal rpm 

RK125 25 20 30 115 

RK250 50 30 60 115 

RK500 100 60 150 115 

RK100

0 200 150 300 115 

RK200

0 400 300  550.00  130 

 
• Shake smaller flasks at 115 rpm, and RK2000 (2 L) flasks at 130 rpm. These values 

are given in the above table as well. Don’t shake faster than 150 rpm, as the flasks 

will fall off! 

 
• Keep all cultures at 25C.  Can also keep at 23C or 27C (or even above 30C to 

stress the cells; the promoter is part actin and part heat shock promoter, which is stress 

induced).  

 
• Split cells every Monday and Friday. In general, the Friday (3-day) split is by 

dilution, whereas the Monday split (4-day) is by centrifugation and resuspension in 

completely fresh media. (If you centrifuge and change the medium 100% then you 

can let them grow for 4 days (Mon-Fri) but when you dilute them, they are rarely left 

to grow for more than 3 days (Friday to Monday). The only exception is in cells 

undergoing selection, which have 1-3 ml removed and replaced, as complete media 

change would kill them. The cells have no complete media changes before freezing 

(cells don't like it; can if you absolutely have to...). If cells are going into production, 

the Monday split by centrifugation is into minus FBS media in a fresh flask. 

 
• Selection is with zeocin or G418 (see below). You want to select but not too strongly, 

as you don't want to select cells that are just good survivors and not good producers. 

As it is you end up with a polyclonal population, some of which produce better than 

others. 

 
• Looking at cells under the microscope: 

o The cells are approximately 9-10 um diameter (approximately half the 

diameter of Sf9 cells, which have a diameter about 18 um). 

o Happy cells will be of a similar size, and round. 

o Unhappy cells will be thinner, and will stick to the bottom of the flask. We 
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looked at unhappy cells which were transfected 2 days ago, with selection 

added yesterday. After 2 days, half of the cells of the GFP control are green. 

o They change size (bigger and smaller) after transfection. They do get a bit 

bigger probably while they are producing protein. 

 
• The cells are tested for mycoplasma and spiroplasma by sending to different 

companies. The cell stocks we have will have been mycoplasma and spiroplasma 

tested. 

 
II – reagents section- moved above 
 
III. Cell counting:  
 

1. Mix cells with 0.4% trypan blue (working solution in PBS) 1:1;  e.g. 20 μl cells + 20 

μl 0.4% trypan blue. For higher concentrations of cells, mix 20 μl trypan blue + 15 μl 

1xPBS + 5 μl cells. 

2. Multiply the number of cells in one large square by 104 to give the number of cells in 

1 ml. Make sure to account for the trypan blue dilution. 

IV. Cell splitting 
1. If happy, the cells double approximately every 24 hours, though can grow 

considerably slower. 

2. Split on Fridays and Mondays, giving a 3-day and a 4-day split. Generally, change 

media on Monday, and dilute on Friday.  

3. Make sure media is at room temperature before splitting so as not to shock the cells. 

4. Normally cells have grown to about 30 million cells/ml by the day of splitting.  

5. When cells are growing in FBS, split to 5 million cells/ml. Without FBS, split to 8 

million cells/ml. In T-flasks the cells are split to 2 million cells/ml (presumably 

because they don’t get aerated). 

6. To dilute, the cell count must be high enough. 80% fresh media is required. Always 

change the media after 4 days.  

7. On Mondays, can sometimes split and return to the same flask. When you can see a 

ring of dead cells around the base of the flask, it’s time to change. Likewise, if you are 

removing FBS, use a new flask. 

 

V. Stable transfection: 
• Overview of process: 

1. The cells need to have been split with a complete change of medium 

(SFM/PenStrep/FBS) the day before transfection. (Keep FBS in until the day of 

transfection.) 

2. Typically split Monday, transfect Tuesday, add selection on Wednesday. Check on 

Friday to see if extra medium is required. 

3. Transfect in T25 at 2 million cells/ml, in 5 ml.  

4. Also transfect GFP-containing plasmid, to assess transfection efficiency in a 

fluorescent microscope. 

5. Select for 3 weeks in zeocin (pExpress2.1) or G418 (pExpress2.2). Normal 

concentration of zeocin is 1500 μg/ml (recently 2000 μg/ml). Always select in the 

presence of FBS to keep the cells happy. If it’s necessary to select in minus FBS 

media use a lower concentration of zeocin eg. 500-700ug/ml. 

6. During selection, change media on Mondays and Fridays as usual, or several times a 
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week if cells look unhappy. To change media, just remove 1-3 ml (usually 2 ml) and 

add the same volume of media containing zeocin back. (Keep cultures in about 6 ml.) 

7. Perform a kill curve meanwhile. Want untransfected cells to die (and be completely 

dead after 3 weeks). Recently, they have found that untransfected cells survive 3 

weeks in 1500 μg/ml zeocin so they have been using 2000 μg/ml zeocin in the latest 

batches of cells (since Christmas).  

a. Note: the untransfected cells Kathryn has in the freezer are the old cells, and 

hence 1500 μg/ml should be sufficient. 

8. After 3 weeks, transfer to a T75 to begin expansion of the cells. 

 
• Reagents required: 

o Serum free media  (+Pen-strep)  

o 100% FBS 

o Transfection reagent: 1x or 5x  

o DNA: 12.5 μg per transfection. Use maxiprep or even midiprep, endotoxin-

free. Minimum concentration required is about 200 ng/μl, ideal is 1ug/ml. 

They perform maxipreps in the molecular biology lab, then heat inactivate the 

DNA for 5 minutes at 95°C.  In addition to constructs, also transfect the GFP 

control plasmid (Kathryn has the plasmid).  

o Cells: 5 ml at 2 million cells/ml 

o T25 flask- plug seal cap 

o 15- and 50-ml Falcons 

o Filter tips 

 

• Detailed protocol: 

1. The S2 cells for transfection are thawed every 2-3 months. They are passaged every 

Monday and Friday, and discarded after 2-3 months or if they look unhealthy. 

2. The day before the transfection (usually Monday), split the cells by centrifugation and 

resuspension in 100% fresh media containing FBS. [Centrifuging the cells rather than 

diluting them the day before transfection is useful as it stresses the cells a bit—they 

will be centrifuged two days in a row—which increases the efficiency of tranfection; 

furthermore, if you simply diluted them, there would be differing amounts of cell 

debris which would cause variations among transfections.] 

3. 20-30 minutes before beginning transfection, get the serum-free media and 

transfection reagent out of the fridge to come to room temperature. (If opening a new 

bottle of media, add 10 ml Pen/strep). 

4. Allow 2 million cells/ml in 5 ml for each transfection. 

5. Aliquot the volume of cells required into a 50-ml Falcon. 

6. Centrifuge 1500 rpm for 3 minutes (5 minutes if lots of cells) at 25C.  

7. During centrifugation, get a fresh T25 and label. Also retrieve a 15-ml Falcon tube for 

mixing. 

8. After the centrifugation, pour or pipette off the supernatant (be careful; the cells are 

not very heavily pelleted and will start sliding if pouring). 

9. Resuspend the cells to 2 million cells/ml in media with Pen/Strep but without FBS. 

Resuspend very gently, careful not to introduce any bubbles. Do as little pipetting up 

and down as necessary.  

10. Pipette 5 ml of cells into the 15-ml mixing tube for each transfection—invert cells 

first to re-mix, as they settle quickly. Also pipette slightly more than 5 ml (approx. 

5.3-5.4 ml) to account for the extra media which gets stuck in the pipette. 

11. Add transfection reagent to cells, either 250 μl of 1x transfection reagent, or 50 μl of 5 
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x transfection reagent. Pipette onto the side of the Falcon tube, and let it run down the 

side of the tube. Tip/invert the tube 1-2 times. (If performing more than one 

transfection, can add transfection reagent to all tubes of cells—then for each in turn, 

add DNA and pour into T25.) 

12. Add 12.5 μg DNA to the tube. Add the DNA to the side of the tube and allow to slide 

down the side. Invert the tube a few times (gently).  

13. Pour the mixture into the labeled T25. Close the lid all of the way—it has enough air. 

14. Place T25 flasks in the incubator (without shaking) for 2-4 hours. After this time, add 

0.75 ml of 100% FBS (all the above steps done in SFM), bringing the total volume to 

6 ml. This is 12.5% FBS, rather than 10%, but it works fine. 

15. Return the T25s to the incubator and leave overnight. 

16. Don’t select until 24 hours after transfection (they need 24 hours to recover). Add 

selection (1500 μg/ml zeocin, or more recently 2000 μg/ml), straight to the cells. 

17. Check the cells under the microscope the day after transfection: 

a. Even cells with no transfected DNA, just transfection reagent, are looking 

unhealthy; uneven surfaces, cracked (dying), different shapes.  

b. Can calculate transfection efficiency using GFP transfection and a fluorescence 

microscope. Dilute the cells and count in the microscope. Can be anywhere 

from 30-80% efficiency, commonly 50% efficiency. As long as the GFP 

transfection was performed at the same time as the other transfections, it is a 

good indicator of the transfection efficiencies for all transfected constructs. 

18. Leave for 3 weeks in zeocin- and FBS-containing media, changing media 2-3 times a 

week by dilution (to keep conditioned media in flask). 

19. To change media (as usual, on Mondays and Fridays, or every 3-5 days), whack the 

T25 once on the desk, flat. Count the cells (the cells are hard to count in zeocin, so 

they count by “eye”). Then pipette up and down and remove 2-3 ml of media, and 

return 2-3 ml fresh media containing zeocin and FBS. Usually 2 ml. 

a. Always select with FBS. If select without FBS, only use 500-700 μg/ml zeocin 

instead of 1500-2000 μg/ml.  (Usually, have FBS+zeocin or neither; only 

exceptions are just after thawing, or when growing untransfected S2 cells—only 

have FBS.) 

20. Wait until 90% viable, approximately 3 weeks. Also perform a kill curve, to be 

assured that no untransfected cells are alive at the end of 3 weeks. After three weeks, 

the cells in the GFP control transfection should fluoresce 100%.  

21. After three weeks, split the culture into 1) a RK125 flask with continued selection for 

freezing (keep selecting until you freeze them); and 2) a RK125 flask for 

production/growth, with removed FBS and selection.  

 
VI. Transient transfection: 

• Transients of many constructs--take samples for a Western after 4 days. Then you can 

choose the best expressor to make stable cell line.  

• Do without FBS. More cells and DNA needed. 

• Need 5x transfection reagent. 

• Do each transient transfection in 10 ml volume, in a 50 ml Falcon. 

• Need 50 ml Falcon holder in the incubator, so that the Falcons can be shaken faster 

than 150 rpm—at 200 rpm, at a 45° angle. 
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VII. Cell freezing/thawing: 
Freezing: 

• Expres2ions generally freeze three 1-ml vials of each protein to begin with. When one 

is thawed, an additional 10 vials are made.  

• There is no difference in expression after thawing. 

• 250 million cells in 1 ml per vial. When thawed (in 24 ml), they will be at a density of 

maximally 10 million cells/ml (in practice more like 5-8 million cells/ml, since about 

half of the cells die in the freezing process).  

 

Protocol: 

• Always freeze cells after 3 days since last split (usually freeze on Mondays, after 

Friday split), as they will be in log phase then.  

• Three days before freezing, change the media of the cells 

(media/PenStrep/FBS/zeocin) by dilution only. Do not spin down and resuspend in 

completely fresh media containing FBS/zeocin (as they get unhappy; keep them in 

conditioned media, without exposure to the centrifuge). The cells will thus be in 

zeocin when they are frozen. 

• Before freezing, pre-chill a Stratacooler in the fridge. 

• Prepare freezing media in a 50-ml Falcon tube. 

 
Freezing media:  40% media (containing PenStrep) 

    50% FBS 
    10% DMSO (Sigma) 
 

• In practice, usually add a little more DMSO, and a little less medium (in case some 

DMSO gets stuck in the pipette). E.g. in 10 ml: 5 ml FBS, 1.1 ml DMSO, 3.9 media. 

• Place freezing media in the fridge to chill. 

• Put 1.8-ml freezing vials into the -20°C freezer.   

• Count the S2 cells. For the first freezing of a new construct, will make 3 vials with 

250 million cells in each (later, will make 10 vials). Prepare a Falcon tube containing 

250 million cells multiplied by the number of vials to freeze. Thus, if freezing three 

vials, put 750 million cells into the Falcon tube. 

• Centrifuge the cells for 3 minutes, 1500 rpm (300xg), at 4°C. (The temperature should 

be 4°C if there are lots of cells to freeze—keep them cold.) The DMSO is toxic to the 

cells, but helps to keep them alive during freezing; thus the longer they’re alive at 

room temperature before freezing the more difficult it is for them to recover. Holding 

them on ice slows their metabolism and reduces the toxic effects of DMSO. 

• Get the step freezer box ready in the hood. 

• Pour the media off of the cells, careful not to pour the cells off as they weren’t spun 

down very hard. 

• Add 1 ml freezing medium per vial to be made. In practice, actually add less by about 

0.5-1 ml, to account for the volume of the cells. Thus, if making 10 vials, add 9-9.5 

ml freezing media.  Add the media very gently, but quickly as they now have DMSO 

in them. Be especially careful not to introduce bubbles. Pipette up and down as little 

as possible; a few small lumps are OK. 

• Take up the entire volume of cells and aliquot 1 ml into each vial, careful to not 

introduce bubbles. 

• Quickly close the vials, place them in the step freezer and then run them to the -80°C 

freezer.  
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• Leave in the -80C freezer for 48 hours. Then keep in liquid nitrogen for years. (They 

are also fine for 1-2 months at -80°C). 

 
Thawing: 

• Typically thaw cells on Monday, allowing them to be monitored all week, and split as 

normal on Friday. 

• Before thawing, allow media/pen strep/FBS to come to room temperature (or ideally 

25°C).  

• Prepare a fresh RK125 flask with 23 ml of pre-warmed media containing PenStrep 

and 10% FBS. To this, the 1 ml of cells will be added. (Final volume 24 ml; could 

also have a final volume of 25 ml, but it’s better to aim for a bit higher density after 

thawing.  If they were known to be especially unhappy when frozen could add to 

20mls media/FBS.) 

o Once thawed, they will hopefully be at around 5-8 million cells/ml (they were 

at 250 million/ml in 1 ml, resuspended in 24 ml; but approximately half of 

them are dead). Usually about 60% viability. 

• Thaw the cell line using hands, VERY gently rolling them together. Don’t let the cells 

get too warm, and don’t invert the tube.  Alternatively, could place in 25oC water 

bath. 

• When, by gently tilting the vial, you can see the liquid moving, then it’s fine to 

continue (small ice blocks are OK, as they will soon thaw; don’t want big ice blocks). 

• In the hood, on the slowest (long) pipette setting, pipette up 1 ml cells, without 

introducing any bubbles. Leave the last little bit. 

• Tilt the flask, put the pipette tip all the way into the media, and slowly release the 1 

ml of cells. For the last few bubbles in the pipette, raise the pipette tip out of the 

media, and release the bubbles onto the side of the flask, 1 cm above the media. 

• Pipette up 1 ml of media and return it to the vial to remove cells which were settled 

onto the bottom of the vial. Again, avoid bubbles. Pipette this 1 ml into the media as 

before.  

• Don’t even swirl the cells. Leave them for 5 minutes in the hood to acclimatize, and 

then place them gently into the incubator. 

• Leave for a week, monitoring the viability and cell count every day. 

• The timing of first splitting will depend on how the cells behave. There are major 

variations in freeze vials, with some easy to thaw and quick to recover, and others 

hard to thaw and slow to recover. It depends on how good the freezing was. In 

general: 

o If the viability continues to increase after day 2, then the cells can probably be 

left until Friday (4 days) before splitting by centrifugation and changing the 

media 100%.  

o If the viability drops after 2 days, then change the media 100% after two days, 

not four. In this case, spin the cells at a lower speed (1300 rpm) and a shorter 

time (2 min), to be as gentle as possible while removing as many dead cells 

and as much debris as possible. 

• Typical profile of (fast-recovering) newly thawed cells: 

o Day 1 (thaw): 6million cells/ml, 60% viability 

o Day 2: 6 million cells/ml; 70% 

o Day 3: 8 million cells/ml; 90%  

o Day 4: Split back to 8 million cells/ml 
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• For the first splitting, spin cells down and resuspend in completely fresh 

SFM/PenStrep/FBS. Split to 8 million/ml. This will remove residual DMSO, and also 

dead cells.   

• For the next few splits, return cells to 8 million cells/ml by dilution. 

• If the cells are to be kept in FBS, start splitting to 7 million cells/ml, then 6 million 

cells/ml, then 5 million cells/ml. 

• If the cells are to be taken out of FBS, count the cells, then split to 8 million cells/ml 

in media lacking FBS. 

• After 3 months, discard the cells and thaw a new vial. 

 
VIII. Production from shake flasks 

• Batch run: can make 500 ml in Shaker flasks. Harvest after 3-4 days (can use a 

Western to ascertain the best day to harvest; it is usually 4 days, unless it looks bad 

after 3 days…) 

• A cell line, once thawed, can be used for 2-3 months of production. Any wild-type 

cells left after selection will grow in number over time, leading to loss of productivity 

over time.  After 3 months, thaw a new vial. 

• It takes about 2 weeks to get the cells growing after thawing. 

• Always split cells back to 8 million/ml when setting up a production run.  

• To harvest, spin the cells hard (maximum of the centrifuge) and then filter with a 0.22 

um filter. Their filters contain PES membrane (Corning), which has low protein 

binding.   

• If the cells are going to be reused, then only spin at 1500 rpm as normal, and then 

resuspend in fresh media at the desired concentration. The supernatant from the spin 

can then be centrifuged at full speed. 
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APPENDIX 4 

 

1.0 Jenner Laboratory Protocol Number: J119 

2.0 Version Number: 3.1 

3.0 Title: Detection of epitope-tagged proteins by western 

blotting. 

4.0 Other Documents 

MSDS refer to MSDS for the relevant safety information on the individual 
reagents: 
\\Imsnw3_jenner_server\jenner\hill_group\Safety\COSHH 
assessments\Manufacturers material safety data sheets 

 C036   Protein gel electrophoresis 

5.0 Definitions 

PPE  Personal protective equipment 
DNA  Deoxyribonucleic acid 
SDS  sodium dodecyl sulphate 
PAGE  Poly-acrylamide gel electrophoresis 
BCIP/NBT 5-Bromo-4-Chloro-3'-Indolyphosphate p-Toluidine Salt / Nitro-

Blue Tetrazolium Chloride 
ECL chemiluminescence 

6.0 Objective 

To test for protein expression by SDS-PAGE followed by western blotting. The primary 
antibody may target an epitope tag engineered into the protein sequence. This protocol 
describes the detection by primary antibody, signal amplification by secondary 
antibody and then visualisation by either BCIP/NBT (colourimetric) reagent or ECL 
(chemiluminescence). 

7.0 Reagents 

 
Anti-penta-His monoclonal antibody   Qiagen  34660 
Sheep Anti-mouse-HRP     Amersham NA931V 
Donkey anti-mouse-AP     Jackson labs 715-055-150 

file://///Imsnw3_jenner_server/jenner/hill_group/Safety/COSHH%20assessments/Manufacturers%20material%20safety%20data%20sheets
file://///Imsnw3_jenner_server/jenner/hill_group/Safety/COSHH%20assessments/Manufacturers%20material%20safety%20data%20sheets
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Colorplus Prestained Protein Ladder, Broad Range 
      (10-230 kDa)  NEB  P7711S 
10% SDS        Gibco   15553-035 
Elix H2O  
1 x PBS (in Elix water) pre-chilled    Oxoid   
Tween 20        Sigma   P2287 
Laemmli sample buffer     Made in-house 
β-mercaptoethanol      Sigma   M3148 
Methanol       Sigma   34860 
Precast minigels      Pierce 
Nitrocellulose/Filter Paper Sandwiches,  

0.45 µm, 7 x 8.5 cm, 50 pack    Bio-Rad  162-0215 
2 ml screw caps tubes      App Woods  AZ037 
Microcentrifuge       Hettich 
Hot Block       Techne 
Miniprotean 3 cell kit     Biorad 
Power pack argo      Anachen 
BCIP/NBT       Sigma  B5655 
Ponceau S Staining Solution     Sigma  P7170 
Digital camera   
10% sodium azide solution       
 
Reducing Laemmli buffer 
       For 20 ml: 
125 mM Tris-HCl pH6.3    2.5 ml 
20% v/v glycerol     4 ml 
4% w/v SDS      0.8 g 
20 mg/ml Brilliant Blue    400 mg 
10% v/v β–mercaptoethanol   2 ml 
Make up to 20 ml with 18Ωohm water 
 
Filter (0.45 m) to remove any Brilliant Blue crystals. 
(for non-reducing buffer, omit the β-mercaptoethanol). 
 
Anti-penta-His antibody 
Dilute lyophilised antibody with 500 l dH2O (0.2 mg/ml) 
Store in 25 l aliquots at -20C 
Working concentration = 1:1000 in 3% BSA in PBS. 
For long-term storage add sodium azide to a final concentration o f 0.02% w/v 
 
Tris-HEPES-SDS Running Buffer (10X) 
Tris Base (MW = 121)   121 g 
HEPES (free acid MW = 238)  238 g 
SDS (MW = 288)    10 g 
Add ultrapure water to 1 L 
 
• Before use dilute 10-fold with water. The pH of the 1X buffer should be ~8.0; do not 
adjust pH. 
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• Final composition of the 1X buffer is 100 mM Tris, 100 mM HEPES, 1% (~3 mM) SDS, 
pH 8.0. 
 

Transfer Buffer (1L) 
Tris base   6 g   
Glycine   30 g 
Methanol   200 ml 
Elix H2O   up to 1 litre 
 
Blocking buffer (50 ml) 
BSA    1.5g 
PBS     up to 50ml 
 
Washing buffer (1 L) 
Tween 20   1 ml 
PBS    up to 1 L 
 

8.0 Equipment 
 
Electrophoresis tank 
Genie blotter or BioRad Trans-Blot Turbo 
Power pack for electrophoresis tank 
Large polystyrene box to contain blotting equipment and ice 
Pipettes and tips 
Orbital shaking platform 

9.0 Method  

9.1 Sample preparation 
Harvest supernatant from S2 cells 3 days after induction of expression and 
transfer to a suitable container. 
Pellet cells (1000 rpm, 5 min, RT) 
Transfer supernatant to fresh tube 
Add 4x reducing laemmli buffer to samples. 
Heat to 95C for 5 min. 
Allow to cool. 
Store at -20C until ready to run gel. 
 
For each gel, either use 10 l of positope and heat this in the same manner as the 
samples, or use a previously qualified protein sample. 
 

9.2 Running SDS-PAGE 
a) Fill the electrophoresis tank up to the relevant fill line with Tris-HEPES-SDS 

running buffer. 
b) Place the Pierce pre-cast gel/s in the gel holder, using a blanking plate if only 

one gel is being run. 
c) Fill the central reservoir with 1 x Tris-HEPES-SDS running buffer. 
d) Use a p200 pipette to rinse the wells with running buffer. 
e) Load samples and molecular weight markers. 



 

241 

 

f) Close tank. 
g) Run at 70 V until the samples have entered the gel, then increase the voltage 

to 100 V. Run time should be approximately 45 min. 
 

9.3 Transfer method (BioRad Trans-Blot Turbo System) 
 

a) Use pre-soaked Nitrocellulose transfer packs as described in the User Manual. 
Copy stored here: S:\PROTOCOLS\Protein expression\Trans-Blot Turbo 
System manuals (Read before use!) 

b) Assemble transfer pack with SDS gel as described. Load into cassette. NOTE: 
Midi transfer packs can run 2 mini gels side by side and are more cost 
effective than running 2 mini transfer packs. Ensure no buffer is leaking. 

c) Load cassette(s) into Trans-Blot Turbo unit. Switch on and select appropriate 
running programme (15 or 30 minute standard transfer is suitable for most 
gels. Only use 7 minute turbo programme if using BioRad TGX pre cast gels) 

d) When run is finished, carefully disassemble cassette and transfer pack 
(NOTE: if running a fast programme, this can get quite hot). Remove 
membrane (use forceps) to a clean tip box lid for the next stage. 

e) Without exception, carefully clean the cassette and electrode surfaces with 
distilled water. Dry thoroughly before re-assembling. Check the cassette 
contacts and visually inspect the electrode contacts within Turbo Blot unit for 
any buffer residue build up. If noted, clean as described in manual and 
Notification letter (S:\PROTOCOLS\Protein expression\Trans-Blot Turbo 
System manuals). 

 
9.4 Blocking and antibodies 

f) Wash the membrane twice for 10 min each in PBS. 
g) Block the membrane for 1hr at R/T in 3% BSA/PBS, on the shaking platform. 
h) Wash membrane 2 x 10 min in PBS-T. 
i) Wash membrane for 10 min in PBS. 
j) Incubate in 20 ml 1 antibody for 1 hour RT (anti-His Ab 1:1000 in blocking 

buffer). 
k) Wash 2 x 10 min in PBS-T. 
l) Wash 1 x 10 min in PBS. 

Incubate with secondary antibody solution for 1 hour at  RT. (Donkey anti-mouse-AP, 
diluted 1:3000 in blocking buffer - 6.7 l in 20 ml) 

m) Wash 4 x 10 min with PBS-T. 
 

9.5 Development 
a. Dilute 1 SIGMAFAST BCIP/NBT tablet in 10 ml water (vortex to dissolve) 
b. Lay the nitrocellulose blot on some Saran wrap and pipette the BCIP/NBT 

solution carefully on top, ensuring it is fully covered. 
c. Develop for 5 – 10 min. 
d. Rinse with water. 
e. Photograph or scan. 
f. Dry and store away from light. 
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Appendix 5-1: ADRB activity in cohort prior to the 2009 transmission season 

Sample 
Log10 

RLUp 
Sample 

Log10 

RLUp 
Sample 

Log10 

RLUp 
Sample 

Log10 

RLUp 
Sample 

Log10 

RLUp 
Sample 

Log10 

RLUp 
Sample 

Log10 

RLUp 

KN0003 -0.89 KN0333 -0.91 KN0490 -0.86 KN0631 -1.28 KN0835 -1.31 KN0982 -1.31 KN1162 -0.86 

KN0008 -0.76 KN0335 -1.20 KN0495 -1.04 KN0639 -0.43 KN0859 -1.12 KN0983 -1.42 KN1163 -1.10 

KN0015 -0.44 KN0337 -0.95 KN0504 -1.17 KN0640 -0.58 KN0864 -0.99 KN0992 -0.69 KN1169 -0.99 

KN0018 -0.95 KN0340 -1.26 KN0506 -0.97 KN0644 -0.57 KN0865 -1.27 KN0993 -1.30 KN1172 -0.93 

KN0020 -1.03 KN0342 -1.13 KN0509 -0.77 KN0648 -0.94 KN0866 -0.59 KN0995 -0.96 KN1173 -0.92 

KN0025 -0.97 KN0344 -1.28 KN0510 -0.58 KN0649 -0.39 KN0869 -1.13 KN1002 -0.89 KN1176 -0.75 

KN0028 -1.17 KN0348 -1.15 KN0512 -1.35 KN0653 -0.53 KN0878 -0.55 KN1004 -1.08 KN1183 -1.01 

KN0034 -1.12 KN0351 -0.96 KN0516 -0.94 KN0654 -0.91 KN0879 -1.15 KN1005 -1.00 KN1189 -0.72 

KN0035 -1.16 KN0358 -1.02 KN0517 -1.33 KN0658 -1.33 KN0884 -0.88 KN1008 -1.38 KN1190 -0.79 

KN0046 -1.20 KN0359 -1.28 KN0520 -1.18 KN0659 -1.45 KN0887 -1.08 KN1009 -1.35 KN1191 -0.50 

KN0048 -1.26 KN0361 -1.29 KN0522 -0.96 KN0662 -1.22 KN0894 -1.06 KN1022 -1.04 KN1192 -0.85 

KN0050 -1.12 KN0373 -1.03 KN0524 -1.29 KN0664 -0.68 KN0900 -1.34 KN1026 -1.05 KN1195 -0.47 

KN0068 -1.41 KN0385 -0.76 KN0529 -1.15 KN0683 -0.79 KN0901 -1.38 KN1029 -1.02 KN1197 -1.03 

KN0069 -0.81 KN0386 -0.64 KN0533 -1.38 KN0687 -0.70 KN0903 -0.93 KN1031 -0.98 KN1204 -0.85 

KN0073 -0.74 KN0391 -0.95 KN0534 -0.96 KN0703 -0.94 KN0924 -1.27 KN1032 -0.57 KN1205 -0.97 

KN0084 -1.23 KN0392 -1.22 KN0538 -1.08 KN0705 -1.08 KN0925 -0.64 KN1034 -0.98 KN1215 -0.47 

KN0086 -1.12 KN0395 -1.40 KN0539 -1.18 KN0708 -0.88 KN0926 -1.15 KN1047 -1.13 KN1229 -1.17 

KN0095 -0.93 KN0403 -1.41 KN0549 -1.25 KN0726 -1.07 KN0929 -0.91 KN1048 -0.92 KN1237 -0.68 

KN0127 -1.22 KN0410 -1.17 KN0554 -1.44 KN0735 -1.25 KN0930 -0.86 KN1051 -0.48 KN1238 -0.47 

KN0134 -0.90 KN0414 -0.46 KN0556 -1.11 KN0739 -0.55 KN0931 -0.80 KN1059 -1.02 KN1256 -1.12 

KN0305 -1.31 KN0416 -1.11 KN0580 -1.33 KN0758 -1.37 KN0938 -0.04 KN1060 -0.84  
 

KN0306 -1.23 KN0420 -0.68 KN0582 -1.42 KN0759 -1.24 KN0939 -1.04 KN1084 -1.10 
  

KN0307 -1.03 KN0426 -1.31 KN0585 -1.41 KN0760 -0.88 KN0946 -1.05 KN1087 -0.92  
 

KN0308 -1.26 KN0428 -0.89 KN0588 -0.81 KN0761 -1.02 KN0947 -1.05 KN1088 -0.97 
  

KN0309 -1.40 KN0435 -1.19 KN0589 -1.15 KN0767 -1.19 KN0953 -0.98 KN1098 -0.96 
  

KN0310 -1.25 KN0440 -1.19 KN0595 -1.14 KN0776 -1.21 KN0954 -0.60 KN1105 -1.07 
  

KN0312 -1.14 KN0444 -0.71 KN0602 -1.33 KN0778 -1.16 KN0958 -1.06 KN1106 -0.89 
  

KN0313 -0.77 KN0446 -1.16 KN0605 -0.92 KN0785 -1.16 KN0961 -0.80 KN1108 -0.99 
  

KN0314 -1.22 KN0449 -1.27 KN0609 -1.24 KN0786 -1.41 KN0963 -0.97 KN1109 -0.91 
  

KN0317 -1.03 KN0450 -1.07 KN0613 -0.92 KN0788 -0.81 KN0964 -1.34 KN1112 -0.93 
  

KN0322 -0.81 KN0483 -1.10 KN0614 -0.09 KN0789 -0.83 KN0971 -0.58 KN1116 -0.87 
  

KN0323 -0.88 KN0484 -1.21 KN0619 -0.46 KN0793 -0.47 KN0973 -1.22 KN1123 -0.63   

KN0324 -1.03 KN0485 -0.95 KN0621 -0.98 KN0803 -0.99 KN0976 -0.21 KN1129 -0.97   

KN0330 -1.02 KN0487 -0.77 KN0626 -1.08 KN0804 -1.48 KN0978 -1.26 KN1133 -0.97   

KN0332 -1.19 KN0489 -1.05 KN0628 -0.56 KN0830 -1.38 KN0979 -1.39 KN1147 -1.06   
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Appendix 5-2: ADRB activity in cohort prior to the 2011 transmission season 

Sample 
Log10 

RLUp 
Sample 

Log10 

RLUp 
Sample 

Log10 

RLUp 
Sample 

Log10 

RLUp 
Sample 

Log10 

RLUp 
Sample 

Log10 

RLUp 
Sample 

Log10 

RLUp 

KN0001 -1.21 KN0323 -1.15 KN0450 -1.23 KN0628 -0.70 KN0844 -1.41 KN0992 -0.86 KN1183 -0.87 

KN0003 -1.12 KN0324 -1.25 KN0483 -1.06 KN0631 -1.45 KN0859 -1.07 KN0993 -1.49 KN1189 -0.46 

KN0007 -0.61 KN0330 -1.07 KN0484 -1.14 KN0639 -0.99 KN0864 -0.89 KN0995 -0.95 KN1191 -0.46 

KN0008 -0.66 KN0332 -1.16 KN0485 -0.59 KN0640 -1.30 KN0865 -1.14 KN0997 -1.38 KN1192 -1.00 

KN0015 -0.42 KN0333 -0.61 KN0487 -0.93 KN0644 -1.04 KN0866 -1.22 KN1002 -0.55 KN1195 -0.27 

KN0018 -0.75 KN0334 -1.33 KN0495 -0.94 KN0648 -1.33 KN0869 -1.23 KN1004 -1.09 KN1197 -0.67 

KN0028 -1.00 KN0335 -1.29 KN0504 -1.15 KN0649 -0.10 KN0878 -0.56 KN1009 -1.00 KN1204 -0.94 

KN0034 -0.93 KN0337 -0.47 KN0506 -1.07 KN0653 -0.23 KN0879 -1.26 KN1019 -0.90 KN1205 -0.88 

KN0035 -1.05 KN0339 -1.28 KN0509 -0.78 KN0654 -1.19 KN0884 -1.26 KN1022 -0.84 KN1256 -0.89 

KN0042 -0.80 KN0340 -1.28 KN0510 -0.55 KN0658 -1.39 KN0887 -1.14 KN1026 -1.43 
  

KN0046 -1.07 KN0342 -0.98 KN0516 -0.83 KN0659 -1.43 KN0894 -1.20 KN1029 -1.37 
  

KN0047 -1.17 KN0348 -1.12 KN0517 -1.20 KN0660 -1.47 KN0901 -1.27 KN1031 -1.32 
  

KN0048 -1.32 KN0349 -1.37 KN0520 -0.97 KN0662 -1.36 KN0903 -0.93 KN1032 -1.17 
  

KN0050 -1.18 KN0351 -1.16 KN0522 -1.11 KN0664 -1.12 KN0924 -1.23 KN1046 -0.35 
  

KN0068 -1.32 KN0358 -1.19 KN0524 -1.33 KN0683 -0.55 KN0925 -1.22 KN1051 -0.61 
  

KN0073 -0.62 KN0359 -1.24 KN0528 -1.27 KN0703 -1.13 KN0926 -0.76 KN1059 -1.03 
  

KN0084 -1.21 KN0361 -1.10 KN0529 -0.76 KN0724 -1.46 KN0928 -1.37 KN1060 -0.75 
  

KN0086 -1.08 KN0373 -1.12 KN0533 -1.25 KN0726 -1.20 KN0929 -1.13 KN1061 -0.87 
  

KN0088 -1.39 KN0386 -0.56 KN0534 -1.07 KN0735 -1.37 KN0930 -0.68 KN1084 -1.05 
  

KN0095 -1.11 KN0391 -0.88 KN0538 -0.71 KN0736 -1.18 KN0931 -0.65 KN1087 -0.96 
  

KN0127 -1.16 KN0392 -1.26 KN0539 -1.21 KN0739 -0.89 KN0938 0.11 KN1105 -1.01 
  

KN0187 -1.25 KN0393 -1.36 KN0549 -1.15 KN0758 -0.86 KN0939 -0.72 KN1106 -0.94 
  

KN0219 -0.84 KN0395 -1.26 KN0554 -1.20 KN0759 -0.93 KN0946 -1.27 KN1108 -1.03 
  

KN0232 -0.79 KN0398 -1.25 KN0556 -1.08 KN0760 -0.90 KN0947 -1.27 KN1109 -0.54 
  

KN0305 -1.21 KN0410 -1.11 KN0580 -1.46 KN0761 -1.08 KN0953 -1.13 KN1112 -1.00 
  

KN0306 -1.04 KN0414 -0.52 KN0582 -0.85 KN0776 -1.41 KN0954 -1.24 KN1116 -0.62 
  

KN0307 -1.22 KN0416 -1.21 KN0585 -1.37 KN0778 -1.30 KN0958 -1.34 KN1123 -0.46 
  

KN0308 -0.86 KN0420 -0.59 KN0589 -1.03 KN0785 -1.14 KN0961 -0.30 KN1129 -0.80 
  

KN0309 -1.31 KN0426 -1.05 KN0595 -1.29 KN0788 -0.97 KN0964 -1.34 KN1133 -0.93 
  

KN0310 -0.96 KN0428 -1.04 KN0602 -0.95 KN0789 -0.86 KN0971 -0.56 KN1147 -0.88 
  

KN0312 -1.29 KN0435 -1.09 KN0605 -1.03 KN0793 -0.99 KN0973 -1.26 KN1162 -1.02 
  

KN0313 -0.97 KN0440 -1.05 KN0609 -0.97 KN0802 -1.49 KN0976 -0.87 KN1163 -0.98   

KN0314 -1.00 KN0444 -0.73 KN0613 -0.76 KN0830 -1.33 KN0978 -1.23 KN1172 -0.73   

KN0317 -1.02 KN0446 -1.23 KN0621 -1.11 KN0835 -1.48 KN0979 -1.12 KN1173 -0.35   

KN0322 -1.00 KN0449 -1.21 KN0626 -0.95 KN0841 -1.52 KN0983 -0.99 KN1176 -0.47   



 

245 

 

Appendix 5-3: ADRB analysis groups 

Samples tested for ADRB activity and the analysis groups they were included (1, 2 or 3) in 

for Chapter 5. Analysis group 1 = samples with ADRB data for both 2009 and 2011. Analysis 

group 2 = 2009 samples with ADRB, ELISA and GIA data. Analysis group 3 = 2009 samples 

with ADRB, ELISA and SRA data. 

 

Sample Analysis Sample Analysis Sample Analysis Sample Analysis 

KN0001    KN0313 1 2  KN0001    KN0313 1 2  

KN0003 1 2 3 KN0314 1 2  KN0003 1 2 3 KN0314 1 2  

KN0007    KN0317 1 2  KN0007    KN0317 1 2  

KN0008 1 2 3 KN0322 1 2 3 KN0008 1 2 3 KN0322 1 2 3 

KN0015 1 2 3 KN0323 1 2 3 KN0015 1 2 3 KN0323 1 2 3 

KN0018 1 2 3 KN0324 1   KN0018 1 2 3 KN0324 1   

KN0020  2  KN0330 1 2 3 KN0020  2  KN0330 1 2 3 

KN0025  2  KN0332 1   KN0025  2  KN0332 1   

KN0028 1 2 3 KN0333 1 2 3 KN0028 1 2 3 KN0333 1 2 3 

KN0034 1 2  KN0334    KN0034 1 2  KN0334    

KN0035 1 2 3 KN0335 1 2 3 KN0035 1 2 3 KN0335 1 2 3 

KN0042    KN0337 1 2 3 KN0042    KN0337 1 2 3 

KN0046 1 2 3 KN0339    KN0046 1 2 3 KN0339    

KN0047    KN0340 1 2 3 KN0047    KN0340 1 2 3 

KN0048 1 2 3 KN0342 1 2 3 KN0048 1 2 3 KN0342 1 2 3 

KN0050 1 2 3 KN0344  2 3 KN0050 1 2 3 KN0344  2 3 

KN0068 1 2 3 KN0348 1 2 3 KN0068 1 2 3 KN0348 1 2 3 

KN0069  2  KN0349    KN0069  2  KN0349    

KN0073 1 2 3 KN0351 1 2 3 KN0073 1 2 3 KN0351 1 2 3 

KN0084 1 2 3 KN0358 1   KN0084 1 2 3 KN0358 1   

KN0086 1 2 3 KN0359 1 2 3 KN0086 1 2 3 KN0359 1 2 3 

KN0088    KN0361 1 2 3 KN0088    KN0361 1 2 3 

KN0095 1 2 3 KN0373 1 2 3 KN0095 1 2 3 KN0373 1 2 3 

KN0127 1 2  KN0385  2 3 KN0127 1 2  KN0385  2 3 

KN0134    KN0386 1 2 3 KN0134    KN0386 1 2 3 

KN0187    KN0391 1 2 3 KN0187    KN0391 1 2 3 

KN0219    KN0392 1 2 3 KN0219    KN0392 1 2 3 

KN0232    KN0393    KN0232    KN0393    

KN0305 1 2 3 KN0395 1 2 3 KN0305 1 2 3 KN0395 1 2 3 

KN0306 1 2 3 KN0398    KN0306 1 2 3 KN0398    

KN0307 1 2 3 KN0403  2 3 KN0307 1 2 3 KN0403  2 3 

KN0308 1 2 3 KN0410 1 2 3 KN0308 1 2 3 KN0410 1 2 3 

KN0309 1 2 3 KN0414 1 2 3 KN0309 1 2 3 KN0414 1 2 3 

KN0310 1 2 3 KN0416 1 2 3 KN0310 1 2 3 KN0416 1 2 3 

KN0312 1 2 3 KN0420 1 2   KN0312 1 2 3 KN0420 1 2   
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Appendix 5-3: cont. 

 

Sample Analysis Sample Analysis Sample Analysis Sample Analysis 

KN0736    KN0925 1 2 3 KN0736    KN0925 1 2 3 

KN0739 1 2  KN0926 1 2 3 KN0739 1 2  KN0926 1 2 3 

KN0758 1 2  KN0928    KN0758 1 2  KN0928    

KN0759 1 2 3 KN0929 1   KN0759 1 2 3 KN0929 1   

KN0760 1 2 3 KN0930 1 2 3 KN0760 1 2 3 KN0930 1 2 3 

KN0761 1 2 3 KN0931 1 2  KN0761 1 2 3 KN0931 1 2  

KN0767    KN0938 1 2  KN0767    KN0938 1 2  

KN0776 1 2 3 KN0939 1 2  KN0776 1 2 3 KN0939 1 2  

KN0778 1 2 3 KN0946 1 2 3 KN0778 1 2 3 KN0946 1 2 3 

KN0785 1 2 3 KN0947 1   KN0785 1 2 3 KN0947 1   

KN0786  2 3 KN0953 1 2 3 KN0786  2 3 KN0953 1 2 3 

KN0788 1 2 3 KN0954 1 2 3 KN0788 1 2 3 KN0954 1 2 3 

KN0789 1 2 3 KN0958 1 2 3 KN0789 1 2 3 KN0958 1 2 3 

KN0793 1 2  KN0961 1 2 3 KN0793 1 2  KN0961 1 2 3 

KN0802    KN0963  2 3 KN0802    KN0963  2 3 

KN0803  2 3 KN0964 1 2 3 KN0803  2 3 KN0964 1 2 3 

KN0804  2  KN0971 1 2  KN0804  2  KN0971 1 2  

KN0830 1 2 3 KN0973 1 2 3 KN0830 1 2 3 KN0973 1 2 3 

KN0835 1 2 3 KN0976 1 2 3 KN0835 1 2 3 KN0976 1 2 3 

KN0841    KN0978 1 2 3 KN0841    KN0978 1 2 3 

KN0844    KN0979 1 2 3 KN0844    KN0979 1 2 3 

KN0859 1 2  KN0982  2 3 KN0859 1 2  KN0982  2 3 

KN0864 1 2 3 KN0983 1 2  KN0864 1 2 3 KN0983 1 2  

KN0865 1 2 3 KN0992 1 2  KN0865 1 2 3 KN0992 1 2  

KN0866 1 2 3 KN0993 1 2 3 KN0866 1 2 3 KN0993 1 2 3 

KN0869 1 2  KN0995 1 2  KN0869 1 2  KN0995 1 2  

KN0878 1 2 3 KN0997    KN0878 1 2 3 KN0997    

KN0879 1   KN1002 1 2 3 KN0879 1   KN1002 1 2 3 

KN0884 1 2 3 KN1004 1 2 3 KN0884 1 2 3 KN1004 1 2 3 

KN0887 1 2  KN1005  2 3 KN0887 1 2  KN1005  2 3 

KN0894 1 2 3 KN1008    KN0894 1 2 3 KN1008    

KN0900  2  KN1009 1 2 3 KN0900  2  KN1009 1 2 3 

KN0901 1 2  KN1019    KN0901 1 2  KN1019    

KN0903 1 2 3 KN1022 1 2 3 KN0903 1 2 3 KN1022 1 2 3 

KN0924 1 2 3 KN1026 1 2 3 KN0924 1 2 3 KN1026 1 2 3 

 

 

 

 

IX 

 

 



 

247 

 

APPENDIX 6 

Plasmid maps for protein constructs made in Chapter 6. Orange: tPA leader sequence, dark 

green: DARC, light green: 6His, Blue: DBP_RII, light blue: DBP_FL, purple: BAP, pink: 

CD4 tag, black: Strep tag, yellow: IMX313, light pink: PK tag, mustard: C-tag. 
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