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Abstract  

The development of a malaria vaccine is necessary for disease eradication.  Successful 

vaccine candidates to date have targeted the asymptomatic, pre-erythrocytic stage of the 

disease, however even the most efficacious vaccines are only partially protective.  Research 

undertaken in our laboratory has demonstrated that one such regimen, using an 8 week prime-

boost viral vector approach of ChAd63 ME-TRAP and MVA ME-TRAP, induces sterile efficacy in 

21% of vaccinees, with a key role identified for TRAP-specific CD8+ T cells.  The work described in 

this thesis explores the most immunogenic regimen by which to administer these two pre-

erythrocytic malaria vaccines.  A shortening of the prime-boost interval from 8 to 4 weeks, and 

the addition of an extra ChAd63 ME-TRAP priming vaccination, both demonstrated improved T 

cell immunogenicity over the standard 8 week regimen.  Further to this, novel assays were 

developed to aid the evaluation of vaccine-induced immune responses.  Adaptations of the 

existing methodology for ELISpot analysis and to whole blood flow cytometry techniques, 

enabled more detailed analyses of paediatric vaccine-induced T cell responses in The Gambia.  

This work also permitted the comparison of vaccine immunogenicity in this paediatric 

population, with malaria-naïve and malaria-exposed adult vaccinees.  The results suggest that 

vaccine-induced T cell responses in infants of 8 weeks and older are comparable to that of 

adults.  A second approach involved the development of a novel functional assay.  This assay 

quantitatively measured the in vitro inhibition of intrahepatic Plasmodium parasite development 

using T cells from ChAd63.MVA ME-TRAP vaccinated volunteers. The assay demonstrated the 

ability of CD8+ T cells to inhibit parasite development in a TRAP-specific manner, and provides a 

platform with which to further explore pre-erythrocytic immune responses. 
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1 Introduction 

 Malaria  

1.1.1 Global health threat 

 

With almost half the world’s population at risk, malaria is a huge global burden.  In 2015, 

there were an estimated 212 million cases and 429,000 deaths from malaria.  While this is a 21% 

decrease in incidence and 29% reduction in mortality since 2010 [8], malaria still carries a huge 

burden both socially [9, 10] and economically [10-12].  Children under 5 are particularly susceptible 

to infection, severe disease and death, and shockingly account for approximately 70% of the 

mortality from malaria, predominantly in Africa [8].  Furthermore, there is a striking correlation 

between malaria incidence and poverty, meaning treatment costs outweigh the financial provisions 

of endemic countries [13-15].   

Five species of malaria parasite are known to infect humans: Plasmodium falciparum, P. 

vivax, P. malariae, P. ovale and P. knowlesi, with P. falciparum and P. vivax posing the greatest global 

threat.  At approximately 90%, a disproportionally high share of the world malaria burden is centred 

in sub-Saharan Africa, where P. falciparum is the most prevalent Plasmodium parasite. P. vivax still 

poses a significant risk, and is the dominant malaria parasite outside of sub-Saharan Africa, with a 

wide geographical distribution affecting both South-East Asia and Latin America [16, 17].  P. vivax 

malaria is also present in Africa, however is largely restricted by the high proportion of individuals 

negative for the Duffy blood group antigen, which renders red blood cells resistant to infection by 

both the P. vivax and P. knowlesi parasites [18-20]. The disease is transmitted via the bite of an 

infected female mosquito from the Anopheles genus, of which there are over 450 different species 

[21], 70 with the capacity to transmit human malaria and 41 that are considered dominant vector 

species of malaria transmission at a level of major public health concern [22].   
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1.1.2 Life cycle 

 

This thesis focusses on cellular immune responses induced by candidate malaria vaccines 

against P. falciparum, and uses rodent P. berghei as a model to study responses to P. falciparum 

antigens.  Other malaria parasites are capable of infecting rodents (P. yoelii, P. chabaudi and P. 

vinckei), however the availability of transgenic P. berghei parasites expressing P. falciparum antigens 

determined the use of this model.  The stages of the malaria lifecycle are outlined below, with 

particular reference to P. falciparum and P. berghei, and summarised in Figure 1.1. 

 

Figure 1.1 The Plasmodium life cycle [1, 2].  
Summary of sporozoite infection of the human host: the pre-erythrocytic liver stage; the asexual blood 
stage with generation of gametocytes; and the completion to sexual stages via parasite gametes and 
oocyst formation in the mosquito vector.  
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1.1.2.1 Pre-erythrocytic stage 

 

Mosquito saliva contains anticoagulants and local anaesthetic, which is injected into the skin 

of the host prior to the mosquito taking a blood meal [23, 24].  Malaria infection begins when 

Plasmodium sporozoites from an infected female Anopheles mosquito are injected into a host in this 

manner.  The sporozoite inoculation load can vary depending on salivary gland load, but is predicted 

to be in the region of tens to low hundreds per bite from natural exposure in the field [25, 26].  

However, in a laboratory setting, this can be much higher. Recent studies have shown that 

sporozoites can spend up to several hours at the inoculation site [27], before crossing the endothelial 

barrier into either the lymphatic system (~20%) where they drain to lymph nodes and can interact 

with the immune system, or into the blood stream (~70%) [28-30].  Some sporozoites remain in the 

skin.   

Once in the bloodstream, sporozoites accumulate in the liver due to the highly sulphated 

heparan-sulphate proteoglycans (HSPGs) expressed on cells in the liver, and their interaction with the 

major surface protein of sporozoites, circumsporozoite protein (CSP) [31, 32].  There is strong 

evidence to support the gateway hypothesis, whereby sporozoites traverse Kupffer cells in order to 

cross the sinusoidal wall of the liver, which is predominantly made up of liver sinusoidal endothelial 

cells (LSECs) [33-35].  Once in contact with the hepatocytes inside the liver sinusoid, sporozoites can 

breach the cell membrane of hepatocytes, glide through the cytosol and re-exit the cell, a process 

known as cell traversal [36].  It is questioned whether cell traversal is an essential process prior 

hepatocyte infection, as genes involved in cell traversal (e.g. Sporozoite Microneme Protein Essential 

for Cell Traversal (SPECT1 and SPECT2)) can be disrupted without eliminating the ability of 

sporozoites to infect hepatocytes, as long as the sporozoite can first cross the liver sinusoidal wall 

[37].  Cell traversal is distinct from the hepatocyte infection.  During infection, the sporozoite forms a 

parasitophorous vacuole (PV) in the hepatocyte, leaving no wound in the cell membrane [38].   

Once inside a hepatocyte, the sporozoite undergoes transformation inside the PV and 

develops as a liver stage parasite, also referred to as an exo-erythrocytic form. The parasite resides 

adjacent to the nucleus and is highly metabolically active, growing to the size exceeding that of an 
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uninfected hepatocyte [39].  This liver stage growth phase is one of the main differences between 

the life cycle of P. falciparum and P. berghei, with the liver stage lasting approximately 5.5 -8 days for 

P. falciparum, and just 48-52 hours for P. berghei (Table 1).  During this time, the parasite develops 

into the mature schizont, which can contain several thousand merozoites.  The hepatocyte ruptures, 

releasing the merozoites into the bloodstream giving rise to the clinical manifestations of malaria.  

Thrombospondin-Related Adhesion Protein (TRAP), also referred to as Sporozoite Surface 

Protein 2 (SSP2), is involved in the gliding motility of sporozoites and the infection of hepatocytes.  It 

provides the link between the parasites cytoskeleton and the host cell, through linkage to parasite 

actin through its cytoplasmic tail while binding sulphated glycoconjugates on the hepatocyte via its 

extracellular portion [40].   Studies using P. berghei indicate that TRAP is necessary for both gliding 

motility and infection of hepatocytes by sporozoites [41, 42], as demonstrated through TRAP 

knockout experiments in vivo and antibody blocking of TRAP in vitro [40, 43]. 

 

1.1.2.2 Erythrocytic stage 

 

Merozoites released from ruptured hepatocytes infect red blood cells (RBCs).  Inside the RBC, 

merozoites undergo asexual reproduction forming ring stage parasites, which evolve into 

trophozoites.  Trophozoites then mature into erythrocytic schizonts, which rupture the RBC releasing 

16 to 32 daughter merozoites back into the bloodstream [44, 45].  These merozoites then complete 

cycles of re-infection of other uninfected red blood cells.  Analogous to the shorter liver stage phase 

of P. berghei compared to P. falciparum, the erythrocytic cycle of P. falciparum lasts twice as long as 

that of P. berghei (Table 1). 

 

1.1.2.3 Sexual stage 

 

During the erythrocytic stage, some merozoites develop into sexual stage male and female 

gametocytes, a process known as gametocytogenesis.  It is unclear what process triggers 

gametocytogenesis, however gametocytes appear in the blood of the infected human host between 
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7-15 days after the initiation of the blood stage of infection [46].  To complete the lifecycle, these 

gametocytes are ingested by an uninfected female Anopheles mosquito during a blood meal, which is 

followed shortly by the transformation of these stages to male and female gametes in the midgut of 

the mosquito.  Fertilization of the spherical, female gamete by the flagellated male gamete occurs in 

the mosquito midgut, forming a diploid zygote.  This zygote develops into a mobile ookinete that 

penetrates the midgut wall, where it forms an oocyst.  Sporozoites are formed within this oocyst, a 

process called sporogony.  Upon oocyst rupture, the sporozoites migrate to the mosquito salivary 

glands, where they are able to infect the next human host [47].  

 

 

1.1.3 Pathogenesis 

 

P. falciparum infection in the human host has a range of pathologies, from totally 

asymptomatic at the pre-erythrocytic stage of infection, to potentially fatal during the erythrocytic 

stage.   Severity of the disease is dependent on several factors, including host genetics, parasite 

species, and degree of pre-existing immunity (as discussed in section 1.2). Common symptoms of 

mild malaria at the erythrocytic stage include fever, headache, nausea, vomiting, fatigue and 

diahorrea, which coincide with the cycles of RBC rupture.  P. ovale, P. malariae and P. knowlesi often 

only cause such mild to moderate symptoms.   P. falciparum and P. vivax are the major cause of 

 Rodent 

Plasmodium 

species

 P. vivax P. ovale  P. malariae  P. falciparum   P. berghei

 Pre-erythrocytic 

phase (days)
8  9  14-15 5.5-8 48-52 hours

 Erythrocytic cycle 

(hours)
 48  50  72  48 22-24

 Sporogony (days) 8- 9 12- 14  14-15  9-10 13-14

 Human Plasmodium species

Table 1 Summary of lifecycle stage duration across Plasmodium species 
Data combined from [4, 6, 7]. 
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severe malaria, although P. vivax has significantly lower mortality in the key age group of 0-5 years  

[48], however several relapses of P. vivax malaria from dormant liver stage hypnozoites add to its 

degree of pathology upon an individual.  This summary will focus on the pathogenesis of P. 

falciparum malaria.  

Severe malaria can have life threatening symptoms: including severe anaemia, coma, acute 

respiratory distress and renal impairment.   These symptoms often occur as a result of both the host 

inflammatory response to the blood stage infection, referred to as immunopathology, as well as the 

parasite interactions with host cells.   

 

1.1.3.1 Immunopathology 

 

Immunopathology results from two major functions: increased splenic removal of parasitised 

or altered RBCs from the bloodstream, which contributes to malarial anaemia [49, 50]; and the 

production of pro-inflammatory cytokines, which in itself can be triggered by macrophage activation 

and cytokine production in the spleen, as well as directly triggered by parasites in the blood.   This 

pro-inflammatory response is also thought to contribute to many of the other symptoms of severe 

malaria [51, 52].  The pro-inflammatory response includes the production of a range of cytokines, 

such as tumour necrosis factor alpha (TNF-), macrophage migration inhibitory factor (MIF) and 

interferon-gamma (IFN-), in addition to the release of mediators such as oxygen free radicals and 

nitric oxide (NO). These factors have been implicated in cerebral malaria, placental and hepatic 

dysfunction, the underlying cause of fever, and linked to the respiratory distress and renal 

impairment as a symptom of underlying metabolic acidosis [53, 54]   MIF also exacerbates malarial 

anaemia, through inhibition of erythropoiesis [55].  It is believed that the timing and balance of the 

pro-inflammatory and anti-inflammatory cytokine responses, as well as the presence of a regulatory 

T cell response, in addition to the parasite burden and associated parasite toxins such as haemozoin 

and glycosylphosphatidylinositol (GPI) that are released during the blood stage of infection, all 

determine disease progression and parasite clearance [56]. 
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1.1.3.2 Host-parasite interactions 

 

The main host-parasite interaction thought to contribute to the broad range of symptoms of 

P. falciparum malaria disease is the ability of parasite infected RBCs (iRBCs) to adhere to host 

molecules expressed on the surface of the endothelial cells lining the small blood vessels or organs, 

including the heart, liver, lung, kidney and in the case of cerebral malaria, the brain.   The appearance 

of knobs on P. falciparum-infected RBCs around 12-16 hours following erythrocyte infection, consist 

of adhesive proteins such as PfEMP1, that bind host receptors in these tissues, leading to RBC 

sequestration.   Sequestration can be tissue-specific, with Intracellular Adhesion Molecule 1 (ICAM-1) 

particularly responsible for parasite sequestration in the brain and CD36, P-selectin, E-selectin 

PECAM/CD31 and CR1 expressed on other host tissues [56-59].   Host receptors such as chondroitin 

sulphate A, which are expressed on cells of the placenta, also bind PfEMP1 variant VAR2CSA, thus 

increasing the severity of the disease in pregnant women [60].  Such sequestration in organs can lead 

to oxygen starvation and organ dysfunction. Infected erythrocytes can also adhere to each other 

(platelet-mediated agglutination) [61] or uninfected RBCs (rosetting) [62], further blocking blood flow 

in the vessels and restricting blood flow to organs.   

It is widely accepted that sequestration of red blood cells leads to endothelial dysfunction, 

tissues inflammation, and in the case of the brain, the symptoms of cerebral malaria including 

seizures, loss of consciousness, brain damage, coma and even death [63].  There is however, some 

debate whether there is a simple direct link between reduced microvasculature flow caused by 

sequestration of infected RBCs and the pathologies seen in severe malaria, as sequestration of 

parasitised red blood cells are prominent in some tissues but absent in others, with equal functional 

loss [51] (reviewed in [64]).  Regardless, sequestration clearly enables the parasites in the infected 

RBCs to evade immune clearance by the spleen, and in parallel to the immunopathology of the 

disease, leads to a vast array of clinical symptoms.  
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1.1.4 Current control measures 

 

There is a renewed focus on both the elimination and eradication of malaria [65].  The 

former relates to the cessation of local transmission of malaria within a defined geographical area, 

whilst eradication would be the global disappearance of one or more malaria species [65].  Current 

control measures for prevention of malaria include ownership and use of insecticide treated bed nets 

(ITNs), indoor residual spraying (IRS) of insecticide, larval control at water sources and intermittent 

preventative therapy (IPT) for high risk groups, such as pregnant women and young infants during 

high transmission periods of the year [66]. The burden of malaria in the countries of sub-Saharan 

Africa has declined with scaling up of these prevention methods, alongside improved treatment and 

diagnosis of malaria.  Although in vast areas of central Africa, poor infrastructure to support routine 

case reporting hinders progress tracking [67].   

Certain areas have shown more promise of malaria elimination than others, for instance 

several countries in Southern Africa have shown substantial, lasting declines linked to the scale-up of 

such interventions [67].  In some regions, incidence decline was not considered a direct effect of ITNs 

or IRS: in The Gambia and Kilifi district of Kenya, the fall in malaria incidence began at a similar time 

to a switch in first line drug treatment, due to increasing chloroquine resistance [68, 69].  The switch 

to sulphadoxine plus pyrimethamine (SP) or SP plus chloroquine likely improved malaria cure rates, 

in addition to providing a period of chemoprevention against new malaria infections that could last 

for up to 6 weeks [70]. This chemo-preventative effect may be especially important in areas such as 

The Gambia, where malaria transmission is restricted to the June-September rainy season and 

immediate period following [71]: a transmission period much shorter than year round transmission in 

countries such an Ghana  [72].  Similarly, the fall in malaria incidence in the early 2000s in Zanzibar 

was linked to the introduction of Artemisinin-based combination therapies (ACTs), as opposed to the 

increased use of ITNs or IRS several years later [73].   

In several countries, malaria reduction is more strongly associated with the scale-up of 

preventative interventions.  The Zambian National Malaria Control Programme has achieved 

substantial success in scaling up the use of ITNs and IRS, in addition to SP intermittent preventive 
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treatment in pregnant women [74].  Paediatric malaria parasite prevalence declined by 53% during 

this period between 2006 and 2008, and moderate to severe anaemia fell by 69% [75]. 

Interestingly, the decline in malaria incidence in some countries began several years before 

scale-up of malaria control, for example in Rwanda, where the decline in confirmed malaria cases 

occurred shortly before or at the same time as mass distribution of long-lasting ITNs and ACT use in 

2006–2007 [76].  

From the 1600s, infusions of Cinchona bark were the only effective antimalarial treatment 

until its active component, quinine, was isolated in 1820 [77]. P. falciparum malaria treatment 

subsequently consisted of chloroquine and primaquine, which is one of only two reported drugs to 

also eliminate P. vivax hypnozoites [78], alongside Tafenoquine [79].   However, the development 

and use of therapeutic drugs for malaria is a continual race against the development of drug-

resistant parasites.  Resistance to chloroquine emerged in the late 1950s in Southeast Asia [80] and 

spread to Africa by the late 1770s[81].  This sparked a new line of combination therapies such as SP 

and mefloquine, however  SP resistance soon originated in the same region of South East Asia as that 

of chloroquine resistance [82], spreading even more rapidly to Sub-Saharan Africa. Mefloquine 

resistance also emerged in Thailand, Cambodia and Vietnam in the 1990s [83].  ACTs are now 

recommended by the World Health Organisation (WHO) as the first-line treatment of uncomplicated  

P. falciparum malaria in all malaria endemic regions [84], however many reports confirm resistance 

to ACT in several areas of Southeast Asia, again originating in Western Cambodia [85-87].   

Further to drug resistance, insecticides used for ITNs and IRS have seen similar rounds of 

resistance, starting with Anopheles gambiae resistance to dichlorodiphenyltrichloroethane (DDT) in 

1955 [88].  Insecticide resistance is now widespread among many malaria-transmitting mosquito 

species [89], and has developed to all 4 classes of insecticides recommended for public use, including 

arbamates, organochlorines, organophosphates and pyrethroids [8, 90-92].   

Malaria therefore remains a global, medical, political and economic challenge and despite 

the implementation of the measures outline above, several areas of sub-Saharan Africa still see rising 

incidence and transmission rates of malaria, suggesting that efforts using these interventions alone 

will not be sufficient to eliminate or eradicate malaria.  
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1.1.5 The requirement for an effective vaccine 

 

Due to the increased prevalence of antimalarial drug-resistant parasites and insecticide-

resistant mosquitoes, the current control methods for malaria are now only partially effective.  While 

new classes and generations of antimalarial drugs, in particular, are being discovered [93-95],  

development of a prophylactic vaccine is considered necessary for malaria eradication [96], with 

vaccination proving successful in elimination programmes against smallpox [97] and polio [98].  A 

highly effective malaria vaccine against the most lethal malaria species, P. falciparum, could help to 

save half a million lives each year [99]. The primary target population for a vaccine is young infants in 

sub-Saharan Africa because from 6 months of age, infants and children in this region bear the 

greatest burden of malaria mortality [99].  
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 Immunity 
 

Despite our incomplete understanding of host immune responses to malaria, immunity to 

malaria has been measured in several forms.  A key aspect of developing more efficacious vaccines is 

through understanding the mechanisms behind innate, adaptive and naturally acquired immunity to 

malaria, and applying these concepts to improve vaccination strategies.   

 

1.2.1 Innate  

 

The innate line of the immune system is considered the first line of defence after the skin 

barrier has been breached by a pathogen, and provides an immune response within a few hours of 

pathogen exposure, despite no prior sensitisation to the invading pathogen.  The innate response is 

rapid but broad, and acts to clear the infection.  The innate immune system is stimulated through the 

recognition of pathogen-associated molecular patterns (PAMPs) on invading microorganisms.  

Examples of PAMPs include lipopolysaccharide from gram-negative bacteria, bacterial DNA, viral RNA 

and glucans from fungal cells walls.  These PAMPs are recognised by pathogen-recognition receptors 

(PRRs), including Toll-like receptors (TLRs) on innate cells, such as neutrophils, dendritic cells (DCs) 

and macrophages, basophils and mast cells.  PAMPs can also be recognised by soluble PRRs in the 

blood, which initiate the complement pathway, which acts to opsonize infected cells, trigger an 

inflammatory response, and induce and complement the action of antibodies, in addition to 

phagocytic cells.  The complement system together with the innate cellular components, work in 

tandem to produce soluble pro-inflammatory mediators, recruit immune cells to the site of infection, 

activate the complement cascade and activate the adaptive arm of the immune system. 

Innate responses can initiate in the dermis and draining lymph node, where sporozoites can 

be detected shortly after infection.  Innate response toward the whole sporozoite is a largely 

unexplored area [100], however using the P. berghei rodent model, it was recently discovered that 

Plasmodium liver-stage parasite RNA is sensed by the host, activating a type I IFN response, with 

hepatocytes identified as the primary source of expression [101] (see Figure 1.2).  Using a P. yoelii 
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model, it was identified that NK and NKT cells were recruited into the liver as a result of this innate 

response from hepatocytes, where they subsequently set up a IFN- dependent inhibitory response 

against liver stage parasites [102].  Finally, upon traversal of hepatocytes, the release of host 

cytosolic material can result in innate stimulation through TLR4, activating the transcription factor 

NF-κB.  This in turn results in the induction of the inducible nitric oxide synthase (iNOS): a molecule 

detrimental to development for exo-erythrocytic forms (EEFs) [103-105]. 

The parasite has inhibitory mechanisms to evade such host responses.   Activation of NF-κB 

in the aforementioned study was only measured in surrounding cells, not traversed cells, which is 

consistent with findings that CSP can translocate to the hepatocyte nucleus and inhibit the NF-κB 

pathway [106].  Furthermore, shedding of TRAP and CSP induces a suppressive signalling cascade 

that inhibits Kupffer cell activation and respiratory burst [100, 107].  Thus while shedding of parasite 

proteins during cell traversal may be deemed to be an opportunity for immune sensing, in many 

respects the process is an immune suppressor.  

Innate responses towards the blood stage of infection have been studied somewhat more 

extensively, although is still quite a limited area of investigation.  Extracellular blood stage parasites 

can lead to the induction of high amounts of pro-inflammatory cytokines and nitric oxide (NO) 

production.  While these contribute to host defence and control of parasite growth, they are also 

proposed to contribute to malaria immunopathology and the rapid onset of clinical symptoms [108, 

109]. Many studies have shown the complement cascade is triggered by merozoites and 

gametocytes, following egress from infected RBCs [110-112].  Furthermore, parasite metabolites 

haemozoin and GPI have both been reported to initiate innate responses via TLR receptors 2, 4, 9, 

and inflammasome activation, again contributing to the production of various pro-inflammatory 

cytokines and NO [113-118].  
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1.2.1.1 Genetic effects 

 

Certain genetic variants have been selected for in malaria-endemic populations, due to the 

evolutionary protective advantage they provide against malaria.  One such genetic trait is the sickle-

cell allele, whereby heterozygotes for the sickle cell gene are relatively protected against death from 

malaria, due to the increased destruction of ‘sickling’ infected RBCs by macrophages [119].  Other 

examples of protective genetic traits include thalassemia, glucose-6-phosphate dehydrogenase 22 

deficiency and the Duffy-negative phenotype [120, 121].  While these are not innate immune 

response, they are driven by evolutionary selection pressures due to their protective or partially 

protective effects.  

 

1.2.2 Adaptive immune system 

 

As previously mentioned, the innate immune system can initiate the activation of the 

adaptive immune system.  This arm of the immune system is highly specialised, and relies on pre-

exposure to pathogen antigens in order to form long lasting immunological memory.  The adaptive 

response in made up of a humoral response, driven by antibody production by B lymphocytes 

following stimulation of their B cell receptor (BCR), and by cellular cytotoxic responses from T cells, 

stimulated via their respective T cell receptor (TCR).  Once the specific antigen is recognised by either 

of these cell types, the naïve lymphocytes are activated and undergo rapid clonal expansion and 

differentiate into effector cells.  A subset of these antigen-specific cells can persist long after antigen 

has been eliminated via pathogen clearance.  These cells are thought to be precursors of antigen-

specific long-lived memory cells, which are able to respond rapidly upon re-infection [122].    
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1.2.3 Cell-mediated immunity  

 

The cellular response to malaria is comprised of T lymphocytes that recognise peptides 

displayed by major histocompatibility complex (MHC) molecules in the presence of co-stimulatory 

molecules. T cells are composed of two classes based on the presence of the surface markers CD4 

and CD8, whereby expression is related to function.  

CD4+ T cells, also termed T helper cells for their supportive role in immune responses, mainly 

recognise exogenous antigen presented by MHC class II molecules.  The primary source of MHC class 

II presentation is professional antigen presenting cells (APCs) such as DCs, mononuclear phagocytes, 

some endothelial cells, thymic epithelial cells and B cells.  Non-APCs can also express MHC class II, 

including atypical APCs such as mast cells, basophils, eosinophils and innate lymphoid cells, where 

MHC class II can be upregulated under certain conditions [123].  For MHC class II presentation, 

exogenous peptides are generated within APC endosomes, from exogenous proteins internalised by 

endocytic pathways.  The MHC class II molecules are synthesised in the endoplasmic reticulum (ER) 

and delivered to the endo-lysosomal compartment, where they are loaded with peptide with 

specificity to their MHC class II peptide binding groove. This MHC-peptide complex is then 

transported to the cell surface for presentation to CD4+ T cells via their TCR [122].  

Primed CD4+ T cells can be divided into subclasses based on their phenotype and functional 

characteristics.  These classes include Th1, Th2, Th17, regulatory T cells (Treg) and T follicular helper 

cells (Tfh). This differentiation into different T helper classes and the effector functions is influenced 

by the cytokines and transcription factors present during clonal expansion and is indicative of their 

later functions as a T helper cell [124].  The two major subsets of CD4+ T cells are Th1, which produce 

interleukin-2 (IL-2), IFN- and TNF-, and Th2 cells, which produce cytokines such as IL-4, IL-5, IL-6, IL-

10 [125].  

In contrast, CD8+ T cells recognise mainly endogenous antigen processed and presented by 

MHC class I molecules, which are expressed in all nucleated cells of the body, including APCs. 

Following direct infection of a cell by a pathogen, foreign proteins are identified and tagged for 

destruction by ubiquitination.  These proteins are then degraded by the cell proteasome into peptide 
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fragments, and transported to the ER via the Transporter associated with Antigen-Processing (TAP) 

proteins, TAP1 and TAP2.   MHC class I molecules are loaded with peptides with specificity to their 

MHC class I peptide binding groove. The MHC-peptide complex is formed in the ER, and upon loss of 

their chaperone proteins, transported via the Golgi apparatus to the cell surface [126, 127] for 

presentation to CD8+ T cells via their TCR.   CD8+ T cells can also recognise exogenous peptide 

antigens through cross-presentation onto MHC class I molecules, usually on DCs [101][128]. 

 The liver is an autonomous priming site for CD8+ T cells, in that it does not require infiltration 

of APCs in order to present antigen.  Hepatic DCs, stellate cells, LSECs and liver–resident 

macrophages (termed Kupffer cells) all present MHC class I and II [129-131].  Like most nucleated 

cells, hepatocytes express MHC class I, but can also express MHC class II under inflammatory 

conditions [131, 132].   This is consistent with reports of in vitro CD4+ T cell recognition of parasite-

derived peptides on the surface of infected hepatocytes in an MHC class II restricted manner [133, 

134].   
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1.2.4 Humoral immunity 

 

The activation of B cells and their differentiation into antibody-secreting plasma cells is 

triggered by antigen.  The process often requires T cell help, although T-independent B cell responses 

do exist [135].  Both linear and conformational epitopes can be recognised through the BCR.  BCR 

binding to cognate antigen initiates a cascade of intracellular signalling, which leads to the 

internalisation of antigen for processing and presentation to CD4+ T cells via the exogenous MHC 

class II presentation pathway [136].  Recognition from a CD4+ T helper cell activates the B cell, which 

then undergoes clonal expansion and antibody secretion.  This process takes place in lymph node 

germinal centres (GCs).   

Figure 1.2 Innate and adaptive immune interactions with Plasmodium parasites in the liver 
Image adapted from [5].  Sporozoites enter the liver and cross the endothelial barrier to traverse/infect 
hepatocytes.  This infection can trigger innate signalling from within hepatocytes, including a type I IFN 

response.  One proposed mechanism of the adaptive immune system is an antigen-specific IFN- 

response, triggering further effector functions.  This IFN- response could be mediated by CD8+ T cells, 
stimulated via MHC class I presentation of endogenous parasite antigens from infected hepatocytes.  

MHC class II signalling to CD4+ T cells from Kupffer cells could also be the source of an IFN- response.  

IFN- can trigger NO production within the hepatocytes and inhibiting parasite development.  Equally, 
CD8+ T cells could exert their own cytotoxic effects upon infected cells. Any mature liver stage schizonts 
that are not destroyed via the innate or adaptive arms of the immune system go on to release 
merozoites into the bloodstream.  

 
 

https://www.ncbi.nlm.nih.gov/books/n/imm/A2528/def-item/A2575/
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Inside the GCs, proliferating B cells may differentiate into short-lived plasma cells, which 

migrate to the periphery to secrete their antigen-specific antibodies. Alternatively, B cells may 

remain in the GC and undergo affinity maturation and somatic hypermutation to generate high 

affinity antibodies. Such affinity matured B cells can differentiate into long-lived plasma cells, which 

also migrate to the periphery, however they secrete high-affinity antibodies over many years.  

Affinity matured B cells can also differentiate into memory B cells, which provide immunological 

memory.  These cells can respond rapidly upon re-exposure to the same antigen, resulting in a faster 

immune response. Newly generated antibodies following secondary antigen exposure are of 

switched isotypes and have higher affinity than the antibodies generated in the primary humoral 

response. Class switching of antibody immunoglobulin (Ig) from IgM to IgG, IgE or IgA is dependent 

on the cytokine environment and influence of CD4+ T cells.   

 

1.2.5 Naturally-acquired immunity against malaria 

 

In humans, three types of naturally-acquired immunity against Plasmodium have been 

defined: anti-disease immunity, which provides protection against clinical disease and the associated 

morbidity; anti-parasite immunity, which confers protection against high parasitaemia; and 

premunition, which provides protection against new Plasmodium infections through the 

maintenance of low-level, sub-clinical parasitaemia [137-139].  Sterilising natural immunity against 

infection is never fully achieved and has not been reported [3].  These aspects of naturally-acquired 

immunity to malaria involve both humoral and cell-mediated immunity, and while the exact 

mechanisms underlying this have not been fully elucidated, individuals living in endemic-regions 

develop such immunity largely in an age-dependent manner (Figure 1.3).   

It has frequently been reported that malaria-sensitized individuals have no or relatively low 

cellular responses to pre-erythrocytic and blood stage parasite antigens, although responses to 

relatively few antigens have been assessed [140-142] (discussed later).  Longitudinal studies in 

exposed populations suggest that immune responses to the pre-erythrocytic stages likely have 

limited involvement in the acquisition of natural immunity, due the re-emergence of sub-clinical 
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parasitaemia following drug clearance [143].  Thus humoral immune responses are considered to be 

the cornerstone of naturally-acquired immunity, with the potential for T helper responses to assist 

the antibody response.  Furthermore, it is reported that naturally acquired antibody responses to 

sporozoites do not protect against malaria [144], so antibody responses to the blood stage of 

infection underpin the naturally acquired immunity seen in semi-immune adults.  

 

In 1961, a key study found that passive transfer of serum from immune adults to children 

suffering from severe clinical malaria provided obvious therapeutic effects [145]. This finding was 

independently verified in adults, with clearance of parasites and symptoms as fast as, or faster, than 

with drug treatment [146].  Together these results provide long-standing evidence that naturally 

acquired immunity is largely mediated by IgG against the blood stage of the disease. However, such 

blood stage immunity can take as long as 10-15 years to develop [147] and wanes on cessation of 

Figure 1.3 Age-dependent naturally acquired immunity to P. falciparum [3, 4] 
Change over time of various malaria indices in a population living in an endemic area of P. 
falciparum transmission. Asymptomatic infection (pink); mild disease/febrile malaria illness (blue); 
severe/life-threatening disease (green). Data normalized and presented as the percent of maximum 
cases for each population index. 
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exposure.  Antibodies to merozoite antigens are believed to act by directly inhibiting merozoite 

invasion of erythrocytes or opsonising merozoites for phagocytosis [148, 149].  Specifically, Osier and 

colleagues found that a broad antibody response was strongly associated with protection from 

clinical malaria and the strongest associations with protection were found with combined responses 

to Merozoite Surface Proteins 2 and 3 (MSP2 and MSP3) [150].   Antibodies can also bind parasite-

induced molecules on the surface in the infected RBC, such as PfEMP1, leading to greater infected 

cell clearance, with several studies having concluded that antibody responses against parasite 

encoded variant surface antigens (VSA) that are present on the surface of infected RBCs, are a key 

defence in the prevention of clinical disease [151-153]. 

There have been few links identified between natural exposure to malaria and the 

generation of protective cellular responses, which is most likely due to the small liver burden of each 

infection, immune evasion by the parasite and the immunosuppressive [154] or immunostimulatory 

[155] effects of concurrent blood stage infections.  Reports of naturally-acquired cellular responses 

include detection of cytotoxic cells and cytokine responses to Liver Stage Antigen-1 (LSA-1) and their 

association with parasite clearance and protection from clinical malaria  [156, 157] [158].  Studies of 

the TRAP antigen reveal that memory T cell responses against TRAP are associated with a 

significantly reduced incidence of malaria [159], however ex vivo IFN- response do not correlate 

with protection, indicating the importance of the memory phenotype generated [159, 160].  Finally, a 

report of naturally-acquired immunity to a CSP epitope was shown to be predictive of protection 

against infection and disease. This consisted of a memory CD4+ T cell response, but again did not 

correlate with ex vivo IFN- ELISpot response [161].   

 Low level cellular responses to erythrocytic antigens have also been reported [162, 163] and 

have been associated with reduced malaria morbidity and protection from disease.  It is generally 

believed that the existence of malaria-specific CD4+ T cells in humans is linked to the induction of P. 

falciparum-specific antibodies, via Th2-type helper cells [164, 165]. In a similar manner  to liver stage 

antigens, these responses are generally low, perhaps because they are often directed against the 

more polymorphic antigenic regions, suggesting parasite mutation and selection has occurred in 

response to immune pressure from T cells [166-168], however such polymorphism may impose an 
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obstacle for vaccine development.  Cellular immune responses have also been detected against 

blood stage antigens, such as Merozoite Surface Protein 1 (MSP1), which correlated with number of 

previous malaria episodes in adults and protection against P. falciparum in children [157, 169].   

Together these data suggest that in order to provide significant protection against infection 

or disease, a protective vaccine will require antibody and/or T cell induction of a much greater 

magnitude, breadth, phenotype or affinity than induced by natural parasite exposure.  However the 

antigens associated with naturally acquired immune responses may provide indications as to where 

these responses should be directed.  
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 Vaccination 

 

Vaccination is one of the most cost-effective health care interventions available [170].  Most 

licensed vaccines are administered during infancy and protect primarily through the induction of 

antibodies [97, 171-173].  The exception to this is BCG, where protection appears to involve mainly 

CD4+ T cells [174].  However there is a range of diseases affecting infants for which vaccines are yet 

to be developed, where an ability to induce potent CD8+ T cell responses could be important.  These 

include respiratory syncytial virus (RSV), human immunodeficiency virus (HIV), tuberculosis (TB) and 

vaccines targeting malaria parasites at the liver stage of infection [175].   A successful vaccine against 

malaria is likely to require induction of both cellular and humoral immunity [176-178], with the 

cellular arm providing cytotoxic cell-mediated protection against pre-erythrocytic liver stage of the 

disease, in addition to CD4+ T cell help and B cell antibody induction against the sporozoite and blood 

stages of infection [179].    

Vaccines against eukaryotic parasites are inherently difficult to produce, due to the genetically 

and biologically complex nature of these organisms.  P. falciparum parasites are no exception, with 

over 5000 genes and an elaborate sexual and asexual lifecycle across two hosts.  There are currently 

no licensed human vaccines against any parasite, and only a handful of veterinary vaccines against 

parasites are commercially available, including protozoan vaccines for bovine babsiosis, poultry 

coccidiosis and ovine toxoplasmosis, of which are generally whole parasite vaccines with a degree of 

attenuation [180].  

The 2013 Malaria Roadmap by WHO aims to license vaccines targeting P. falciparum and P. 

vivax by 2030.  These vaccines aim to have protective efficacy of at least 75 percent against clinical 

malaria, include a transmission blocking element and must be suitable for administration to the at-

risks groups in endemic regions [99].  Current vaccination strategies range from live whole sporozoite 

vaccines, to protein-in-adjuvant vaccines and subunit vaccines.  These approaches are discussed 

below, along with key antigenic targets at each stage of the disease, and the clinical development of 

particularly successful strategies to date. 
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1.3.1 Pre-erythrocytic vaccine targets 

 

Pre-erythrocytic vaccines target both the sporozoite and liver stage of infection.  The brief 

period of the sporozoite in the bloodstream between breaching the skin barrier and infecting the 

liver is a target for a humoral response [181].  The aim is to eliminate sporozoites before infecting the 

liver.  The time frame from the sporozoites entering the bloodstream (where exposure to such 

antibodies begins), to the point of liver stage infection can be as brief as 30 minutes [182].  

Therefore, for sterilising pre-erythrocytic antibody-mediated immunity against malaria, it is believed 

the titre of antibodies against sporozoite surface antigens, such as CSP, needs to be very high [183].  

Antibody-mediated protection at the liver stage is also reported, whereby antibodies that remain 

bound to sporozoites following liver stage infection can still  suppress liver stage parasite 

development [184].  Prime targets for pre-erythrocytic antibodies are the dominant sporozoite 

surface antigens, CSP and TRAP.  However the sporozoite proteome consists of almost 2000 proteins, 

so there is potential for other vaccine-induced antibody targets to be identified and developed [185].  

The intracellular liver stage of infection is a second pre-erythrocytic parasite target for 

vaccination. It is a prime target for vaccination as the stage which lasts between 5.5 and 8 days in 

humans [126, 186, 187], thus prolonging the opportunity for antigen-specific cell-mediated killing. 

Furthermore, very few parasites are present at the liver stage of infection, relative to the blood 

stage, thus providing a bottleneck in the infection where the immune system has fewer targets to 

eliminate.  Adaptive immune responses at the liver stage of infection rely on antigen presentation of 

parasite peptides via MHC molecules (see Figure 1.2).  Infected hepatocytes express MHC class I, and 

are therefore ideal targets of cytotoxic CD8+ T cells and their associated protective immunity [188]. 

Furthermore, liver-resident APCs can present exogenous parasite antigens via MHC class II and cross 

present via MHC class I.  

Key liver stage proteins identified thus far are either involved in hepatocyte infection, such as 

CSP, TRAP and Apical Membrane Antigen 1 (AMA1) [40, 41, 189, 190], or are expressed inside the PV 

or on the PV membrane, such as LSA1, LSA3 and Exported Protein 1 (EXP1) [191-193].   
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1.3.2 Pre-erythrocytic vaccine development 

1.3.2.1 Whole sporozoite vaccines 

 

Immunization with attenuated malaria sporozoites (dried and irradiated sporozoites) first 

achieved success in the early 1940s, in the P. gallinaceum whole sporozoite vaccination strategy of 

chickens [194].  It was later discovered that irradiated P. falciparum mosquitoes delivering 

sporozoites by mosquito bite provided sterile protection to animals [195, 196] and humans [197-

200], providing the first evidence that a pre-erythrocytic vaccine is indeed possible.   While not 

currently a deployable vaccine platform, due to over 1000 mosquito bites needed to confer 

protection in humans, it does provide a basis to study protective liver stage immune responses to 

malaria and remains the gold standard for induction of sterile protection. 

Radiation attenuated sporozoites (RAS) are capable of invading hepatocytes, but 

development is arrested prior to merozoite release.  This provides a repertoire of naturally expressed 

pre-erythrocytic antigens, against which an immune response can be directed [201].  Despite some 

earlier studies implicating neutralising antibodies as the protective mechanism [202, 203], more 

recent studies in mice and primates have shown dependence on CD8+ T cells [104, 204, 205].  Such 

immunity has been demonstrated towards infected hepatocytes, through murine CD8+ T cell 

depletion following vaccination [178].  Observations in murine studies indicate that CD8+ cells against 

defined P. berghei and P. yoelii  CSP epitopes strongly inhibit liver stage parasite development [206].  

Furthermore, adoptively transferred CD8+ T cells generated by vaccination with radiation attenuated 

sporozoites confer protection [207] and radiation attenuated sporozoites do not protect mice 

deficient in CD8+ T cells either as a result of in vivo depletion of these cells [178, 208] or depletion of 

β2M [209] or MHC class I (KbDb) disruption [210].   

One of these studies, a large murine study with 7 inbred strains and 1 outbred strain, initially 

explored the effects of CD8+ T cell, CD4+ T cell, NK cell, IFN-, IL-12 and NO depletion in vaccinated 

mice [211].  Interestingly, in all 8 mouse strains, protection was absolutely dependent on CD8+ T cells. 

In 4/7 inbred strains and the outbred strain, CD4+ T cells were not sufficient or required for the 

underlying effector mechanism.  However in the other 3 inbred strains, an absolute requirement for 
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CD4+ T cells in protection was measured.  Furthermore, an absolute requirement of IFN- in 6/7 

inbred strains was identified, of which 5/6 also had an absolute requirement for NO.   This is 

consistent with previous hypotheses that that IFN- activates NO synthase, subsequently inducing 

the L-arginine-dependent NO pathway and production of high levels of NO.  A study 6 years earlier 

identified that induction of NO activity was necessary but not sufficient for protection against 

sporozoites in the RAS model [104], further expanding the hypothesis for an alternative mediator of 

effector function triggered by IFN- (see Figure 1.2). 

Finally, a definitive requirement for NK cells or IL-12, or effectors perforin, Granzyme B or Fas 

ligand was not identified.  However, a triple knockout mouse for perforin, Granzyme B and Fas ligand 

would be required to rule out redundant contributions of each of these mechanisms.  The study also 

highlighted that while some findings are consistent across all mouse strains following whole 

sporozoite vaccination, protection measured in different mouse strains with different vaccination 

platforms (comparing whole sporozoite to DNA vaccination) can add an additional layer of 

complexity to drawing firm conclusions, which may indeed be the case when exploring correlates of 

protection in diverse human populations.  

The RAS approach progressed with the advancements made by biotech company, Sanaria, 

whereby non-replicating, irradiated sporozoites are injected intravenously by needle and syringe to 

elicit the same response. The strategy is to dissect and cryopreserve sporozoites for injection, 

providing a clinically deliverable product over that of mosquito bites [197, 212-214].  Theoretically 

this approach should achieve similar immunity to that of irradiated sporozoites.  However, the 

logistics of delivering a vaccine that requires a liquid nitrogen cold chain, in addition to the cost and 

vast resources needed to raise and manually dissect mosquitoes under sterile conditions are clear 

limitations of this approach.  Sporozoite administration methods are not yet optimal to mimic the 

efficiency of sporozoites delivered by mosquito bite, with the likelihood of intravenous injection 

required, over that of subcutaneous or intradermal injection, for optimal vaccine-induced immunity 

[214, 215].  This vaccination route potentially poses problems for administration to young infants.  

Additionally, the efficacy of such an approach has yet to be substantially validated, with only small 

sample sizes tested by controlled human malaria infection (CHMI) [216].  Finally, up to 5 
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vaccinations, each with a high dose of sporozoites (up to 1.35x105 ‘PfSPZ’) are required for sterilising 

protection.  However in one CHMI study, not all of the naïve controls became infected, potentially 

indicating a weak sporozoite challenge [214]. 

A second whole sporozoite vaccine immunises using non-attenuated sporozoites delivered 

by mosquito bite, whilst under chloroquine chemoprophylaxis (CPS).  Chloroquine is an antimalarial 

drug that functions at only the blood stage of infection, and while the CPS approach is not strictly a 

vaccine, the strategy again delivers a broad spectrum of antigens presented through the full pre-

erythrocytic infection and into the blood stage.  In the first human study in 2009, Chloroquine was 

administered for a total of 13 weeks, while 12-15 P. falciparum-infected mosquitoes were allowed to 

bite on 3 separate occasions, at monthly intervals.  Protection was measured in 100% (15/15) of 

volunteers, following CHMI 8 weeks post final immunisation [217], with all naïve controls becoming 

parasitaemic.  Protective efficacy was measured again after 2 years: 67% (4/6) of volunteers 

exhibited sterile protection, with the remainder demonstrating a delay to parasitaemia [218].  A 

further study demonstrated this immunity was due to pre-erythrocytic, as opposed to blood stage 

immunity [219].   An earlier mouse study supported these findings, with liver stage drug Primaquine 

abrogating protection due to the lack of liver stage parasite development during vaccination.   

Furthermore, the corresponding murine study under Chloroquine administration used passive 

transfer of sera from immunised mice, in addition to CD4+ T cell- and CD8+ T cell- depletions, and 

concluded a role for both CD4+ and CD8+ T cells, but not antibodies [220].  Finally, in line with many 

studies using RAS vaccination, reversal of protection was not observed when neutralizing antibodies 

against IL-6, IL-12, and TNF- were used, whereas injection of anti-IFN- antibody partially reversed 

protection.  Equally, protection was also dependent on NO, with protection completely abrogated 

when a potent inhibitor of iNOS was administered 24 hours post challenge [220].   

The CPS vaccination approach again delivers a high degree of long lasting sterile protection 

and requires vastly fewer mosquito bites in order to achieve similar level of protection.  The difficulty 

would arise with mass administration, and the guarantee that anti-malarial drugs were being 

administered alongside the 3 rounds of mosquito bites, in order to prevent breakthrough infections.  
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Concurrent infections in endemic areas could also interfere with the 8 week vaccination strategy, 

especially if other anti-malaria drugs were administered concurrently.  

 Following the success of RAS vaccination, genetic attenuation of parasites was developed as 

an alternative form of whole sporozoite vaccination.  Instead of irradiated sporozoites, this approach 

genetically deletes or mutates key antigens within the parasite, resulting in the parasite arresting 

during the liver stage of infection.  This approach gave protection in rodent challenge models [221-

224], with genetic attenuation of genes including Upregulated in Infective Sporozoites genes 3 and 4 

(UIS3, UIS4), and members of the 6-Cys domain protein family: p36 and p52.  Protection was again 

dependent on CD8+ T cells in an MHC dependent manner, with mice deficient in 2 m not protected 

[225].   It has been suggested that the GAP approach has an advantage over the RAS approach, 

because proteins expressed at the late liver-stage can be targeted for attenuation, therefore 

increasing the time parasites are present in the liver and thus allowing the development of a broader 

immune response [226].  The first human study to assess the safety and immunogenicity of this 

approach used deletion of pre-erythrocytic stage-expressed genes p52 and p36.  One low bite dose 

(5 mosquito bites) and 1 high bite dose (~200 mosquito bites) of mosquitoes infected with P. 

falciparum p52−/p36− showed good safety following low exposure dose, but saw breakthrough 

parasitaemia in 1/6 volunteers following the high exposure dose, indicating that full liver stage 

attenuation had not been achieved with the double gene knockout [227].  New GAP parasites are 

being developed, including triple gene attenuated parasites, and tested in vitro and in liver 

humanised mice in vivo [228, 229].  Most recently, success with triple gene knockout of p52, p36 and 

Sporozoite Asparagine-rich Protein 1 (SAP1) has achieved no breakthrough infection in humans, even 

with 200 mosquito bites [230].   

The risk of breakthrough infections associated with the GAP vaccination strategy has already 

been observed once in human trials, with incomplete attenuation previously identified as a risk 

[231].   Going forward, a GAP parasite needs to demonstrate complete attenuation in order to be a 

viable clinical product.   In addition to GAP vaccination, chemically attenuated parasites have been 

tested in mouse models only [232, 233].  These have again demonstrated long lasting sterile 

protection, transcending across strains.  The risks associated with this form of vaccination are similar 
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to that of GAP vaccination, however data so far supports testing of this vaccine approach in humans 

[234]. 

 

1.3.2.2 Subunit vaccines  

 

In 1986 the Hepatitis B surface antigen vaccine was the first subunit vaccine to be licensed 

[235].  Since then, subunit vaccines have been licensed for many diseases ranging from diphtheria 

and tetanus, to Haemophilus influenzae type b [236].  Subunit vaccines include synthetic peptide 

vaccines, DNA vaccines, recombinant protein-in-adjuvant vaccines and vaccines that are virally 

vectored.  Many of these subunit approaches have been used as vaccine platforms against malaria as 

next generation vaccines, following on from whole sporozoite vaccines.  Malaria subunit vaccine 

efforts traditionally focused on CSP, as this was one of the first parasite antigens identified, is the 

dominant surface antigen of sporozoites and was initially thought to mediate protection of irradiated 

sporozoite vaccines [237], 238, 239]. A number of other antigens have also been assessed as vaccine 

candidates in clinical trials of subunit vaccines, at both the pre-erythrocytic stage (e.g. TRAP, LSA1, 

LSA3, EXP1) and the blood stage (e.g. MSP1, MSP3, AMA1, RH5) [240].  Outlined below are the main 

pre-erythrocytic developments using subunit vaccines. 

 

1.3.2.2.1 Protein-in-adjuvant 

 

Adjuvants are usually delivered alongside protein vaccines, in order to increase the 

immunogenicity of the protein, often through stimulation of the innate arm of the immune response.  

Adjuvants licensed for human use include aluminium salts, emulsions such as MF59, liposomes, 

virosomes and Lipid A analogues, with most reported to enhance the humoral response.  This is 

observed with the low CD8+ T cell responses of RTS,S, the leading subunit CSP-vaccine that use TLR4 

agonists AS01 or AS02 [241-243], where strong CD4+ T cell and antibody responses are measured 

(discussed in 1.3.2.2.3).  A similar response phenotype was measured when recombinant LSA1 

protein was administered with AS01 or AS02 [244]. While adjuvants in clinical testing also enhance 
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CD8+ T cell responses [245], few have been used in malaria vaccines and are generally not the 

approach used to induce strong cell-mediated responses required by liver stage vaccines, however 

their use in enhancing antibody induction in sporozoite stage vaccines is extensive, as discussed in 

1.3.2.2.3.   

 

1.3.2.2.2 DNA and viral vectors 

 

DNA and viral vector vaccines both work by delivering a gene sequence to host cells, which is 

subsequently transcribed and translated, resulting in the expression by that cell of the encoded 

protein. These vaccines are therefore very effective at inducing T cell responses as the endogenous 

protein can be processed and presented on MHC molecules, particularly MHC class I.  Furthermore, 

with viral vectors, the vector itself can also act an as adjuvant [30, 246].   

The first malaria DNA vaccine tested was P.yoelii CSP vaccination in mice, which resulted in a 

strong CD8+ mediated response and efficacy against homologous P.yoelii challenge [247].  Such 

strong immunogenicity did not translate into humans [248, 249], however DNA vaccination provided 

a good priming basis for boosting with a viral vectors or recombinant protein-in-adjuvant in 

heterologous prime-boost approaches [250], with many human studies performed with TRAP and/or 

CSP antigens [251-253]. 

The use of adenoviruses and poxviruses as vaccine vectors has been explored, as the viruses 

are highly immunogenic, stable and easy to manipulate [254].  Adenoviruses are non-enveloped DNA 

viruses and poxviruses are enveloped DNA viruses.  Both human and chimpanzee adenoviruses have 

been used as vaccine vectors in many human clinical vaccine trials, as well as poxviruses such as the 

fowlpox FP9 virus and Modified Vaccinia Ankara (MVA).  These vaccine trials have been against a 

range of diseases, including hepatitis C [255, 256], HIV [257-259], Ebola virus disease [260, 261], TB 

[262, 263], influenza [264, 265] and malaria [252, 266-270]. 

Several human and simian adenoviruses have been assessed for their suitability for use in 

human vaccination [271] and have been found to induce high levels of both T cells and antibodies, 

particularly CD8+ effector and effector memory responses [266, 272].  It is also reported that 
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following MVA vaccination, infected APCs rapidly migrate to draining lymph nodes presenting 

antigen to naïve CD8+ T cells as soon as 6 hours after inoculation [273].  MVA is therefore also able to 

effectively stimulate the cytotoxic arm of the adaptive immune response and induce accelerated 

development of CD8+ T cell memory [274], in addition to robust antibody responses [275].  Memory 

phenotyping of T cell responses to malaria antigen, TRAP, following adenovirus and MVA vaccination 

in mice demonstrated that adenoviruses induces a strong CD8+ T cell effector memory response and 

little CD8+ T cell central memory, with the opposite induced after MVA vaccination [276], further 

highlighting the combined use of these vectors in a prime-boost approach.  The ability of these 

vaccines to stimulate both the humoral and cell-mediated arms of the adaptive immune system have 

led to their further use in Phase I and II clinical vaccine studies.   

 Two major concerns surrounding the use of viral vectored vaccines were safety and the 

impact of pre-existing immunity in vaccine immunogenicity.  MVA is a replication incompetent, and 

was derived from Chorioallantois Vaccinia virus Ankara  following over 500 passages through 

chicken embryo  fibroblast cells [277], and adenovirus vectors for use in malaria vaccine studies 

vectors undergo deletion of their E1 and E3,  rendering viruses replication incompetent as well as 

reducing viral immune evasion through interference with signalling and MHC peptide presentation 

[278].   Furthermore, safety concerns have largely been addressed with the excellent safety profile of 

adenoviruses, particularly chimpanzee adenovirus 63 (ChAd63) and human adenovirus 35 (AdHu35), 

and poxviruses FP9 and MVA in human clinical vaccine trials against malaria in both malaria naïve 

adults, and vaccinated adults and children from malaria endemic countries [252, 266-269, 279-288].  

The effects of pre-existing immunity against viral vectors, particularly common adenovirus serotypes 

such as AdHu5, with particularly wide seroprevalence, and higher neutralising antibody levels found 

in sub-Saharan Africa and parts of South East Asia [289, 290], have been circumvented through the 

use of chimpanzee adenovirus vectors.  These vectors including ChAd63 and ChAd3, have much rarer 

seroprevalence in human populations, and low cross-reactivity with other human and chimpanzee 

adenoviruses [271].  For example, in cohort of Kenyan children aged 1-6 years, 23% had high-titre 

neutralizing antibodies to AdHu5 but only 4% had high-titre neutralizing antibodies to ChAd63 [291].  
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In a CSP plus AMA1 vaccination approach delivered using a DNA prime and AdHu5 boost, a 

statistically non-significant effect of 27% sterile protection was measured and associated with cell-

mediated immunity against AMA1.  AMA1 is expressed at the sporozoite, pre-erythrocytic and 

erythrocytic stages of infection, but it was demonstrated that vaccinees exhibiting sterile protection 

did so at the liver stage of infection, with no blood stage parasitaemia measured, contrasting with 

the unvaccinated controls and non-protected vaccinees [292].  

The most immunogenic prime-boost vaccination strategy to date uses ChAd63 and MVA.   

This prime boost regimen has been tested with many pre-erythrocytic and blood stage antigens, 

including single and multiple antigen approaches using CSP, TRAP, AMA1 and MSP1 [266, 267, 286], 

resulting in strong T cell and antibody responses.  A Phase I clinical study assessing ChAd63.MVA CSP 

reports good safety to both vaccines, and a median post boost peak ex vivo IFN- ELISpot response of 

1524 SFC / 106 PBMC [286]. However in a Phase II CHMI study, only 8% (1/15) of vaccinees exhibited 

sterile protection following CHMI, with a delay to time of treatment in 20% (3/15) [285]. 

The most successful candidate antigen using the ChAd63 prime-MVA boost regimen is ME-

TRAP: TRAP is a membrane protein essential for sporozoite motility and liver cell invasion [41].  The 

antigen is fused to a multi-epitope string (ME) of predominantly CD8+ T cell epitopes from several 

malaria antigens, including pre-erythrocytic antigens LSA1, CS, STARP, LSA3, TRAP and EXP1, in 

addition to some CD4+ T cell and B cell epitopes [293].  ME-TRAP is encoded in ChAd63 and MVA viral 

vectors, and administered in an 8-week prime-boost schedule: ChAd63.MVA ME-TRAP.  In Phase I 

and II trials, ChAd63.MVA ME-TRAP has proven safe and immunogenic, both in malaria naive [266] 

and malaria exposed adults [269, 294], with a median post-boost peak ex vivo IFN- ELISpot response 

of >2400 SFC / 106 PBMC [287]. 

Heterologous strain CHMI studies in healthy UK adults measured sterile protection in 21% 

(3/14) of vaccinees, with delay to treatment in a further 36% [287]. These findings were replicated to 

a similar level in a second heterologous CHMI study, exhibiting 13% (2/15 vaccinees) sterile 

protection and a delay to time of treatment in a further 33% (5/15) of vaccinees [285].   

Monofunctional IFN- producing CD8+ T cells positively correlate with protection [287].   This 

biomarker suggests infected hepatocytes present TRAP peptide via MHC class I to vaccine-induced 
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CD8+ T cells.  Finally, in a recent field trial in Kenyan adult vaccinees, ChAd63.MVA ME-TRAP 

measured 67% efficacy against malaria infection.  Again, a T cell correlate of efficacy was observed 

[295].  Significant anti-TRAP IgG titres after heterologous prime-boost with ChAd63.MVA ME-TRAP 

have also been reported, and could additionally contribute to vaccine efficacy [285]. 

 

1.3.2.2.3 Particle vaccines 

 

Particle vaccines, or virus-like particles (VLPs), are multiprotein structures that mimic the 

organisation and conformation of authentic viruses, but lack the viral genome.  They make 

recombinant proteins more immunogenic than they would be administered as protein or peptide 

vaccines [296].   RTS,S is the only VLP in clinical malaria vaccine testing and is the most advanced 

malaria vaccine to date.  Developed by GlaxoSmithKline and the Walter Reid Army Institute of 

Research (WRAIR), RTS,S is a recombinant yeast-expressed subunit vaccine that uses the hepatitis B 

surface antigen (HBsAg) as a matrix carrier for fused epitopes derived from CSP.  This CS fusion 

protein consists of the C-terminal region of CS, which contains 19 NANP repeats (“R”) and is the 

dominant B cell epitope in CSP [297], and T cell epitopes in the C-terminal flanking region of CSP (“T”) 

[298, 299].  Fusion to HBsAg (“S”) and expression in an excess of HBsAg, results in the particle vaccine 

RTS,S, which is administered with adjuvant AS01 or AS02 [300].  

RTS,S has shown good efficacy against CHMI in adults in the USA [301, 302], however efficacy 

against clinical malaria observed among 6-12 week old infants in a large Phase 3 clinical trial was 

around 30% over 12 months of follow up [303, 304], and declined thereafter, well below the target 

of 75% efficacy against clinical malaria as laid down in the Malaria Vaccine Technology Roadmap [99, 

305]. RTS,S/AS01 efficacy is mediated by IgG antibodies and CD4+ T cells against CSP [225, 242, 306].  

The vaccine fails to induce significant CD8+ T cell responses [243], possibly because VLPs may be poor 

primers of CD8+ T cells. 
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1.3.3 Blood stage vaccine targets 

 

The aim for a blood stage vaccine is to improve upon the protective immunity against severe 

diseased measured with naturally-acquired humoral immunity, by eliminating merozoites before 

they can cause clinical symptoms.  The progress of blood stage vaccine development has been slower 

than recent pre-erythrocytic approaches, and with less success in inducing protective immunity [240, 

307].  One difficulty with antibody-inducing vaccines is the requirement to express antigens with 

correct conformational folding.  A further challenge is the necessity to induce the exceptionally high 

titres of antibody required to clear the blood stage infection, which is currently not being achieved 

with the current vaccine platforms and adjuvants available.  However, with antibody levels induced 

by vaccination far surpassing levels measured by natural exposure, but not providing significant 

protection, the question is posed regarding the breadth of antibody responses needed against a 

variety of blood stage antigens. Finally, due to the naturally acquired immune selection pressures on 

the blood stage of infection, blood stage antigens are often highly polymorphic [308].  Vaccine 

studies of polymorphic antigens, such as AMA1 and MSP1, suggest variant-specific effects can be 

achieved [240], but the requirement to include more than one allele in a vaccine may hamper the 

approach further.  

 

1.3.4 Blood stage vaccine targets and vaccine development 

 

Most blood stage vaccines are protein-in-adjuvant vaccines, using antigens such as MSP1 and 

AMA1. Three clinical approaches in humans have shown some non-significant levels of efficacy.  In a 

protein-in-adjuvant trial of AMA1 in AS01B/AS02A resulted in a possible reduction in parasite 

densities following sporozoite CHMI [309].  A Phase II field trial of the AS02A formulation saw no 

efficacy against the primary end point of clinical malaria episodes, however did show some strain-

specific protection [310].  A Phase 1/IIb field trial in Papau New Guinea of 3 proteins (MSP1, MSP1 

and Ring-Infected Erythrocyte Surface Antigen (RESA)) formulated in oil-based adjuvant Montanide 

ISA720 measured a slight but non-significant reduction in parasite burden following vaccination, 
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which was again driven by a strain-specific response [311].  Finally, a Phase I/IIa CHMI trial of an 

influenza virosome-based vaccine formulation including CS and AMA1 malaria antigens: PEV3A, 

significantly reduced mean rate of blood stage parasite growth in vaccinees, suggesting a substantial 

blood stage effect [312]. 

In 2011, basigin and Reticulocyte Binding Protein Homolog 5 (RH5), were identified as 

essential and non-redundant in RBC invasion by blood stage merozoites [313]. Encouragingly in 2015, 

a P. falciparum CHMI study in Aotus monkeys showed significant strain–transcending blood stage 

efficacy, which strongly correlated with anti-PfRH5 antibody concentration, when RH5 was 

administered alongside Freund’s adjuvant or encoded in an 8 week prime boost regimen using viral 

vectors ChAd63 and MVA [314].  As this is the only blood stage antigen to show heterologous 

parasite strain efficacy in non-human primates, ChAd63 RH5 alone and the ChAd63.MVA RH5 prime-

boost regimen has been taken forward to Phase I human clinical vaccine trials (NCT02181088, 

unpublished data) and remains the most promising blood stage candidate to date. 

Interestingly, the whole sporozoite vaccination approach has been tested for efficacy against 

blood stage malaria, whereby cellular immune responses against blood stage infection have showed 

protection.  There are several reports of low dose iRBC vaccination with dead parasites or with drug 

treatment in murine and non-human primates (reviewed in [315]), however in 2002, the approach 

was tested in 5 volunteers [162].  Low dose iRBCs were administered followed by drug treatment 

while the infection was still subclinical.  After 3 rounds of this vaccine treatment, volunteers were 

given a blood stage challenge, and protection was measured in 75% (3/4) volunteers.  Parasite-

specific antibodies were not induced, but proliferative CD4+ and CD8+ T cell responses were 

measured, alongside IFN- responses and NO induction in PBMC, indicating protection was due to 

cell-mediated responses.  As a blood stage vaccine, this has showed encouraging protection, 

however it is extremely unlikely this will become a clinical product, due to the risks associated with 

administering a donated blood product, in addition to the risk of clinical malaria infection and the 

requirement to grow large numbers of blood stage parasites.   
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1.3.5 Transmission blocking vaccine targets and vaccine development 

 

Transmission-blocking vaccines (TBVs) aim to induce antibodies to blood stage or mosquito 

stage parasite antigens in order to block transmission of the parasites other individuals by stopping 

parasite growth in the mosquito. As such, transmission blocking vaccines do not protect the vaccinee, 

rather their application has an altruistic impact on communities.  This has obvious disadvantages as a 

vaccine strategy, as high vaccine coverage in a community is required, and with no direct benefit to 

the individual vaccinee, it is unknown how high vaccine uptake would be. Unlike pre-erythrocytic and 

blood stage vaccines, if mosquito stage antigens are used in the TBV, no natural re-boosting of 

antibody levels would occur.  However, this novel approach to vaccination selects mosquito antigens 

that have not previously been under any immune selection pressure from the host, and are therefore 

less polymorphic [5, 316], although regions of polymorphism have been identified in some key 

antigens [317, 318].  

Phase I human clinical vaccine trials of P. falciparum and P vivax surface proteins, Pfs25 and 

Pvs25, have induced antigen-specific antibodies in vaccinees through protein-in-adjuvant 

vaccination.  These antibodies correlated with transmission blocking activity in the standardised 

readout, which is a membrane feeding assay. Efforts have been made to increase the 

immunogenicity of Pfs25 in an adjuvanted viral vector approach [319], in addition to the 

identification of other vaccine candidate antigens, including Pfs48/45, for which a Phase I study is on 

the horizon [320].  

More work is required in the development of transmission blocking vaccines.  However with 

elimination of malaria from communities a renewed and achievable target, the inclusion of a 

transmission blocking element in a multi-stage vaccine could provide the extra control upon malaria 

transmission needed to achieve this target [65].  
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1.3.6 Multi stage vaccine development 

 

It is hypothesised that partially protective vaccines could be combined to achieve an additive 

or even synergistic protective effect.  A key question in the development of multi-stage vaccines is 

regarding the way in which they will work together.  Partially protective vaccines can reduce the 

number of infected hepatocytes, thus decreasing the number of merozoites released into the 

bloodstream from the liver [285].   However, does this in turn permit more time for blood-stage 

immunity to develop before the clinical symptoms appear, or indeed for a blood stage response to 

mount from a multi-stage vaccine?   If pre-erythrocytic and blood stage vaccines could work with 

such an additive effect, combining P. falciparum antigens that target these stages may further 

decrease the probability of reaching the disease threshold.  

The counter argument to this is the potential for naturally acquired blood stage immunity to 

be lost, or acquired at a much slower rate, due to decreased exposure to blood stage antigens 

through natural infection.  This is because blood stage immunity relies of frequent exposure in order 

to maintain levels.  Thus the true consequences of partially protective vaccines is not fully 

understood, however they will undoubtedly have potential to provide some protection.  

To this end, the ChAd63.MVA ME-TRAP viral vector regimen has been combined with the 3 

shot RTS,S regimen, in order to assess the combination of 2 partially protective vaccines. The 

staggered administration of the 5 vaccinations was safe, and vaccine efficacy was evaluated by CHMI 

2-4 weeks following final vaccination, comparing efficacy against a control group receiving only the 3 

vaccination RTS,S regimen.  Both groups demonstrated statistically significant vaccine efficacy against 

CHMI, with sterile protection in the control group measured in 75% (12/16) of RTS,S vaccinees, 

compared to 82.4% (14/17) of vaccinees in the ChAd63.MVA ME-TRAP + RTS,S group.  This significant 

effect was also seen 6 months later, when a proportion of vaccinees from each group were re-

challenged by CHMI.  However, there was no significant enhancement of vaccine efficacy in the 

combined vaccine group, compared to RTS,S alone [284], possibly due to the high levels of efficacy 

from by RTS,S alone in this study.  Encouragingly, anti-CSP antibody induction between group 1 and 2 

were comparable, and T cell responses against TRAP in group 1 were comparable to previous studies 
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of ChAd63.MVA ME-TRAP administration alone [287], indicating no interference between vaccine-

induced immunogenicity when the vaccines were administered in a staggered regimen.   While these 

vaccines did not obviously interfere with one another, a substantial additive effect of each of the 

strategies was not measured to level of statistical significance. This study does, however, warrant 

further investigation of such multi-stage vaccines.  

 

1.3.7 Models for vaccine evaluation 

1.3.7.1 Controlled human malaria infection 

 

Compared with other infectious diseases of major global importance, such as HIV and TB, 

one of the key factors contributing to the progress of malaria vaccines has been the availability of a 

clinical challenge model of controlled human malaria infection with P. falciparum, enabling definitive 

Phase II vaccine evaluation through direct human assessment.  CHMI for evaluation of pre-

erythrocytic candidate vaccines is traditionally conducted by exposure of a volunteer to laboratory 

reared P. falciparum-infected Anopheles mosquitoes [321], however more recently the concept of 

CHMI through administration of commercially available cryopreserved sporozoites by needle and 

syringe has been explored [322, 323].  Patient parasitaemia can be monitored by quantitative real-

time polymerase chain reaction (qPCR) [267, 324, 325] with endpoints based upon detection of blood 

stage parasites by microscopy combined with presentation of clinical symptoms and/or positive qPCR 

result.  Volunteers are then drug treated to clear parasites [321]. 

 While CHMI is an extremely powerful tool that allows immunogenic vaccines in Phase I 

studies to be tested for small-scale efficacy before larger scale, expensive field efficacy studies are 

embarked upon, it provides little or no indication of mechanism responsible for the protection 

measured.  Furthermore, human vaccine studies are generally limited to sampling of the leukocytes 

from peripheral circulation, which do not account for tissue-resident T cells that likely play a critical 

role in the liver immunity [215, 326, 327].  However, CHMI efficacy data can be combined with 

peripheral immunogenicity data to explore correlates of protection.  Concurrent experimentation in 
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animal models or functional in vitro models is then required to elucidate the exact mechanisms 

behind the protection measured. 

 

1.3.7.2 In vivo and in vitro models 

 

In vivo and in vitro models can be useful tools in both down-selecting vaccine candidates for 

human testing, in addition to further exploring the optimal administration of vaccination regimens 

and the underlying mechanisms of protection, following the measurement of vaccine efficacy by 

CHMI.  In vivo models using mice and NHPs will never truly replicate human immune responses to P. 

falciparum following vaccination, thus there is renewed interest in using novel transgenic models and 

functional in vitro assays to study such areas. 

Murine models of P. berghei, P. yoelii, Plasmodium vinckei and P. chabaudi infection permit a 

basis for such in vivo experimentation and evaluation of malaria vaccines. The P. berghei infection 

model has been used for over 60 years [328], and has been used extensively to study vaccine-

induced immune responses to malaria [104, 221-225, 329-333].  P. yoelii, and to a lesser extent P. 

vinckei and P. chabaudi,  provide models with different disease outcomes and levels of susceptibility 

in inbred mouse strains.   

At the hepatic stage, BALB/c mice show low susceptibility of infection to P. berghei 

sporozoites, with only ~0.1% of inoculated sporozoites infecting a hepatocyte [334].  The same 

mouse strain is 2000 fold more susceptible to P. yoelii parasites, however they show great variability 

between BALB/cJ and BALB/cByJ mice [335].  Generally speaking the innate immune response in 

rodents is characterized by an influx of mononuclear cells, neutrophils and eosinophils around late 

stage schizonts and emerging merozoites.  This is particularly seen with P. berghei, whereby the 

innate inflammatory response initiates as soon as 24 hours post inoculation [334, 336].  This 

inevitably undermines the accuracy with which adaptive immune-responses to vaccination can be 

evaluated.   

It is argued that inbred mouse strains are poor predictors of the diversity measured in human 

populations [337], and therefore may only be representative of a very small area of the immune 
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responses measured in humans.  Among the rodent models, P. berghei and P. yoelii have been the 

most commonly used in liver stage vaccine research, however it is clear that careful consideration is 

needed for the selection of an appropriate mouse model for each experimental purpose.  Mouse 

models did accurately identify the role of CD8+ T cells in liver stage malaria, and while mice have 

often accurately identified vaccination regimens that will not be protective in humans, positive 

results in mice do not always translate into humans.  A key example is the high murine 

immunogenicity of DNA vaccines that was not replicated in human vaccinees [249, 338].    

An alternative model to mice, is that of non-human primate (NHPs).  Aotus monkeys can be 

infected with P. falciparum and P. vivax [314, 339-342], while rhesus macaques (Macaca mulatta) 

can be infected with P. coatneyi, P. knowlesi  and P. cynomolgi, with the latter capable of generating 

persisting EEFs that produce relapses, [343] mimicking that of human P. vivax malaria with dormant 

liver forms [344].  In addition, experimental infections of chimpanzees with P. falciparum have been 

achieved multiple times under laboratory conditions [345, 346].  At present, Aotus monkeys are the 

recommended NHP model for P. falciparum [347], however protective efficacy measured in this 

model is not necessarily indicative of protection in humans [348].   

With particular reference to studying cell-mediated immunity, there are key differences in 

the MHC of both mice and NHPs to that of humans, which inevitably affect host immune responses.   

Comparative analysis of humans and mice reveal similarity in MHC function, but not in genetic 

sequence, which is unsurprising considering the evolutionary split of rodent and primate ancestors 

approximately 60 million years ago [349].  Furthermore, unlike human MHC class I, mouse class I 

molecules also act as ligands for NK cells.  There are also biological drawbacks to NHP models, such 

as the more diverse MHC in NHPs, the absence of HLA-A2 in chimpanzees and lack of HLA-C loci in 

rhesus macaques [350-352].  In addition, the cost of NHP studies are extremely high and can be 

hindered by lack of immunological tools and reagents to probe the immune response to the extent 

achieved in rodent models [353].  Thus, while rodent and NHP models permit scientists to use most 

appropriate model for their particular research question [354], there are many limitations to using 

other species to model human immune responses.   Since human immunity to Plasmodium species or 
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the exact mechanics of parasite development within human hepatocytes is not fully understood, it is 

difficult to determine which model, if any, best reflect human immune responses.   

To this end, the study of protective human immune responses has expanded with the use of 

humanised mouse models incorporating human hepatocytes [355, 356], erythrocytes [357] or 

immune cells [358].  In addition, the use of chimeric or transgenic parasites [359-361] aid the 

advancement of in vivo and in vitro studies going forward.   

In vitro models can provide functional data on human immune responses.  In the setting of 

malaria immunity, only two such models exist: the inhibition of sporozoite invasion (ISI) assay; and 

the inhibition of liver stage development assay (ILSDA) [184, 362].  Both of these assays measure the 

functional capacity of human antibodies to inhibit liver stage invasion and development.  No such 

assay currently exists for the evaluation of human T cells in liver stage infection, however a murine 

model has been recently developed at The Jenner Institute [363].  The advancement of these assays, 

and the assay developed in this thesis, is underpinned by the development of transgenic parasites.   

Initially, the transgene introduced resulted in fluorescent parasites [364, 365].  Since these early 

studies, transgenic rodent malaria parasites that express specific P. falciparum antigens were 

developed [366-368], and advanced to transgenic parasites that can both fluoresce and express P. 

falciparum antigens.  These parasites are generated by either allelic replacement of the P. berghei 

gene with the P. falciparum homolog or integration of the P. falciparum gene at a disposable point in 

the P. berghei genome, by double homologous recombination [360]. 
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 Thesis aims and outline 

 

There has been much progress in the development of a protective subunit malaria vaccine, 

with pre-erythrocytic candidate ChAd63.MVA ME-TRAP currently the most advanced viral vector 

approach.  Much of the clinical testing so far has included Phase I and Phase II studies, evaluating 

safety and immunogenicity in malaria naïve and malaria-exposed adults, and assessing vaccine 

efficacy through small scale CHMI studies, which led to the identification of a single immune 

correlate of protection measured through immunogenicity assays performed on peripheral blood.  

The underlying effector mechanism, including whether this CD8+ T cell correlate is associated with 

direct inhibition of parasites at the liver stage of infection, have yet to be explored, as there is 

currently no direct functional assay to measure T cell-mediated liver stage parasite inhibition. 

Re-boosting of the 8 week ChAd63.MVA ME-TRAP regimen has previously been tested, 

however optimal regimens using these viral vectors have never been explored in human volunteers, 

relating to prime-boost duration and administration of multiple priming or boosting vaccinations. 

Finally, until now this vaccination regimen has not been tested in infants or children in malaria 

endemic countries, which are the firm target population for a licensed malaria vaccine.    

This thesis aims to address these under explored areas of malaria vaccine immunology, 

through examination of immune responses to vaccination, using both in vivo and in vitro systems.   
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1.4.1 Aims 

 

 Optimise a flow cytometric assay with intracellular cytokine staining suitable for use at field 

laboratories with limited resources, and utilise the assay alongside the standard ex vivo IFN- 

ELISpot readout to assess the immunogenicity of ChAd63.MVA ME-TRAP across age de-

escalating populations living in a malaria-endemic country.  

 

 Evaluate the immunogenicity of seven novel schedules of ChAd63 ME-TRAP and MVA ME-

TRAP administration, through assessment of enhanced cell-mediated immunogenicity and 

the associated effects of anti-vector immunity.  

 

 Develop a functional in vitro assay suitable for measuring human T cell inhibition of liver 

stage Plasmodium parasites.  

 

 Use this novel assay to quantify parasite inhibition by ChAd63.MVA ME-TRAP vaccinee T 

cells, and explore the associated effector mechanisms.   

 

 

 

 

 

  



43 
 

1.4.2 Outline 

 

Chapter 2 describes the materials and methods employed throughout this study.  

 

Chapter 3 investigates the immunogenicity of viral vectored vaccines ChAd63.MVA ME-TRAP through 

age de-escalation clinical vaccine trials. 

 

Chapter 4 describes the different immune responses generated through novel scheduling of the 

candidate vaccines ChAd63 ME-TRAP and MVA ME-TRAP. 

 

Chapter 5 optimises an in vitro parasite inhibition assay, using an infection model of transgenic P. 

berghei parasites expressing an additional copy of P. falciparum TRAP (PbPfTRAP) in human 

hepatocellular carcinoma cell lines.  This model is used to study the effects of T cells from human 

clinical trials vaccinees. 

 

Chapter 6 measures parasite inhibition from vaccinee T cells in the in vitro parasite inhibition model 

optimised in chapter 5.  TRAP-specific inhibition is quantified, and correlates and mechanisms of 

protection are explored.  

 

Chapter 7 summarises the findings of this work and discusses future directions. 
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Chapter 2 

Materials and Methods 
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2 Materials and methods 
 

 Materials 

2.1.1 Reagents 

 

Table 2 Commercially available reagents used throughout this thesis 

 

Product Supplier Catalogue number 

2.0mL Screw-Cap Tubes Sarstedt 72.694.006 

4′,6-Diamidino-2-Phenylindole 
Dihydrochloride (DAPI) 

Sigma-Aldrich Co Ltd 32670-5MG-F 

40um Cell Strainer For 50mL Falcon Tube Scientific Laboratory 
Supplies Limited 

352340 

96 Flat Well/Half Area Tissue Culture 
Cluster 

Appleton Woods Ltd CC220 

96 Well Microplate, Black, µclear, Case of 
40 

Greiner Bio-One Ltd 655096 

A*02:01 - FlLIFFDVFL Pentamer PE 150 
Tests 

ProImmune Ltd Custom pentamer 

A*02:01 GILGFVFTL Pentamer PE 150 Tests ProImmune Ltd 007 

Albumin Solution From Bovine Serum  Sigma-Aldrich Co Ltd A8412 

Alexa Fluor® 700 Anti-Human HLA-A2 
(clone BB7.2) 

BioLegend 343317 

Anti-CD28 Unlabelled 500ug eBioscience UK Ltd 16-0289-85 

Anti-CD49d Unlabelled 500ug eBioscience UK Ltd 16-0499-85 

Anti-Human CD14 eFluor® 450 (clone 
61D3) 

eBioscience UK Ltd 48-0149-42 

Anti-Human CD19 eFluor® 450 (clone SJ25-
C1) 

eBioscience UK Ltd 48-0199-42 

Anti-Human CD3 Alexa Fluor® 700 (clone 
UCHT1) 

eBioscience UK Ltd 56-0038-82 

Anti-Human CD4 APC (clone Leu-3) eBioscience UK Ltd 17-0049-42 

Anti-human CD4 Qdot® 605 (clone S3.5) Invitrogen Q10008 

Anti-Human CD45 APC (clone HI30) BioLegend Inc 304012 

Anti-Human CD56 eFluor® 450 (clone 
TLUY56) 

eBioscience UK Ltd 48-0566-42 

Anti-Human CD56 PE-Cy7 (clone B159) BD Biosciences 557747 

Anti-Human CD8a APC-eFluor® 780 (clone 
RPAT8) 

eBioscience UK Ltd 47-0088-42 

Anti-Human HLA-A2 APC (clone BB7.2) BioLegend Inc 343307 

Anti-Human HLA-DR APC (clone L243) BioLegend Inc 307609 

Anti-Human IFN gamma FITC (clone 4S.B3) eBioscience UK Ltd 11-7319-82 

Anti-Human IL-2 PE (clone MQ1-17H12) eBioscience UK Ltd 12-7029-82 

Anti-Human TNFa PE-Cy7 (clone MAb11) eBioscience UK Ltd 25-7349-82 

Anti-human TNFa APC (clone MAb11) BD Biosciences 554514 
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APC Mouse IgG2a, kappa Isotype Ctrl 
(clone MOPC-173) 

BioLegend Inc 400220 

APC Mouse IgG2b, kappa Isotype Ctrl 
(clone MPC-11) 

BioLegend Inc 400320 

Aqua Live/Dead Reg Fixable Aqua Dead Cell 
Stain Kit, For 405 nm Excitation 

Life Technologies Ltd L34957 

ArC Amine Reactive Compensation Bead Kit Life Technologies Ltd A10346 

ATCC-CRL-8024 PLC/PRF/5` Hepatoma` 
Human (Homo sapiens) 

LGC Standards ATCC-CRL-8024 
PLC/PRF/5 

Atovaquone Sigma-Aldrich Co Ltd A7986 

BCIP/NBT (Plus) Solution Europa Bioproducts Ltd M0711A-1000 

BD Microfine Insulin Syringes Complete 
With Needles   0.5mL 

Nu-care Products Ltd M4892 

BD Microfine Insulin Syringes Complete 
With Needles   1mL 

Nu-care Products Ltd M4891 

Benzonase® Nuclease, Purity > 99% Merck Chemicals Ltd 70664-3 

Bovine Serum Albumin Sigma Aldrich Company Ltd A7906 

Bovine Serum Albumin Solution 7.5% In 
Dpbs, Sterile-Filtered, Bioxtra, Suitable For 
Cell Culture 

Sigma-Aldrich Co Ltd A8412-100ML 

Brefeldin A Solution (1000X)  eBioscience UK Ltd 00-4506-51 

Carbonate-Bicarbonate Buffer Capsule Sigma-Aldrich Co Ltd C3041- 

Casein In PBS Blocker 1L Fisher Scientific 10496134 

Casy Cups         Sedna Scientific 43003 

Casyclean Sedna Scientific 43008 

Casyton Fluid            Sedna Scientific 43001 

CD4 MicroBeads sample kit Miltenyi Biotec Ltd 130-045-100 

CD56 MicroBeads sample kit, human Miltenyi Biotec Ltd 130-050-400 

CD8 T Cell Isolation Kit, Human Miltenyi Biotec Ltd 130-096-495 

Cluster Tubes Individual Tube Format 
Nonsterile (For 96 Well) 

Scientific Laboratory 
Supplies Limited 

4401 

Cryobaby Labels-Laser Cryo-Tags, 33 X 13 
mm 

Web Scientific LCRY-1700 

Custom Luminex Configuration  Bio-Techne (R&D Systems) xM3YTylT 

Cytofix/Cytoperm Becton, Dickinson U.K. 
Limited 

554722 

Cytometer Set-Up And Tracking Beads BD Biosciences 642412 

D-Fructose Sigma Aldrich Company Ltd F0127 

DMSO Hybri-Max™, Sterile-Filtered, 
BioReagent, Suitable For Hybridoma, 
≥99.7% 

Sigma-Aldrich Co Ltd D2650 

Dulbeccos MEM High Glucose (DMEM) Sigma Aldrich Company Ltd D6546 

Dulbecco'S Phosphate Buffered Saline, Mo Sigma Aldrich Company Ltd D8537 

EDTA Fisher Scientific AM9260G 

Ethanol Absolute  Sigma Aldrich Company Ltd 24103-2.5L-R 

FasL (Human) (Multimeric) (Rec.)  Caltag Medsystems Ltd AG-40B-0130-C010 

Fast Read Cell Counting Chambers VWR BVS100 
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Fisherbrand™ Borosilicate Glass 
Homogenizers 

Fisher Scientific UK Ltd 11512443 

Foetal Bovine Serum / Foetal Calf Serum Labtech International FCS-SA/500 

Giemsa Stain Sigma Aldrich Company Ltd GS1L-1L  

Goat Anti-Mouse IgG Alexa Fluor 488 Invitrogen A-11001 

Grace'S Insect Medium, Unsupplemented, 
Powder 

Life Technologies Ltd 11300-027 

Homogeniser Mortar And Pestle Mini 
Borosilicate Glass Chamber Length 31Mm / 
Pestle Diameter 3.65mm 0.1mL 
Fisherbrand 

Fisher Scientific UK Ltd 11512443 

Human IFN-γ ELISpot kit (ALP) Mabtech AB 3420-2A 

Immersion Oil Sigma Aldrich Company Ltd I0890 

Ketaset (100mg/ml Ketamine) Oxford University Veterinary 
Services 

N/A 

LB Broth Tablets Sigma Aldrich Company Ltd L7275 

Leibovitz'S L-15 Medium (1X), Liquid [With 
L-Glutamine] - 500Ml 

Life Technologies Ltd 11415049 

Leucosep Tubes Greiner-Bio-One Ltd 227290 

L-Glutamine 200Mm  Sigma Aldrich Company Ltd G-7513 

Lymphoprep Stemcell Technologies 7851 

Lymphoprep  Alere Ltd NYC-1114547 

Methanol Fisher Scientific UK Ltd 10606652 

Ms Columns Miltenyi Biotec Ltd 130-042-201 

Multiscreen-IP 96 Separation System, Clear 
Plate Color, Acrylic Plate Material, 0.45Μm 
Immobilon-P PVDF Membrane, Sterile 

Millipore UK Ltd MAIPS4510 

Nitrophenyl Phosphate In Diethanolamine 
Buffer  

Pierce 37621 

Nunc-Immuno 96 Well Plates  Fisher Scientific UK Ltd 10547781 

OneComp eBeads eBioscience UK Ltd 01-1111-42 

P-Amino Benzoic Acid (PABA) Sigma A9878-25G 

Paraformaldehyde 16% W/V Methanol 
Free.  

Alfa Aesar 43368 

Penicillin-Streptomycin Sterile-Filtered Sigma-Aldrich Co Ltd P0781 

Peptides NEO Peptide Customised 

Percoll Sigma Aldrich Company Ltd P1644 

Perm Wash Buffer 10X Becton, Dickinson U.K. 
Limited 

554723 

Phosphate Buffered Saline Tablets          Sigma Aldrich Company Ltd P4417 

Phosphate Buffered Saline Tablets 
(Dulbecco 'A' Tablets) Oxoid 

Fisher Scientific UK Ltd 10209252 

Phosphate Buffered Saline+Tween 20 Sigma-Aldrich Co Ltd P3563 

Phytohemagglutinin-L  Sigma Aldrich Company Ltd L4144 

Polypropylene FACS Tubes Scientific Laboratory 
Supplies Limited 

352063 
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Polystyrene FACS Tubes With Cell Strainer 
Cap 

Scientific Laboratory 
Supplies Limited 

352235 

Propan-2-ol 99.5+% (GLC) (iso-Propanol)  Fisher Scientific 10070320 

Propidium Iodide Solution Cambridge Bioscience Ltd 421301 

Purified Mouse IgG2b, κ Isotype Ctrl 
Antibody 

BioLegend 400301 

QIAmp DNA mini kit QIAGEN Ltd 51304 

Rat Tail Collagen, Type 1 BD Biosciences 354236 

RBC Lysis Solution (1000 ml) QIAGEN Ltd 158904 

Recombinant Human IFN-γ (carrier-free)  BioLegend Inc 570204 

Recombinant Human IL-6 (carrier-free) BioLegend Inc 570802 

Recombinant Human Interleukin-2 Bio-Rad AbD Serotec Limited PHP042A  

Recombinant Human TNF-α (carrier-free)  BioLegend Inc 570102 

Rompun (2% Xylazine) Oxford University Veterinary 
Services 

  

RPMI Sigma Aldrich Company Ltd R0883-6X500ml  

Secondary Antibody (Goat Anti-Human IgG 
Conjugated To Horseradish Peroxidase) 

ADI H-HuG.211 

Secondary Antibody (Goat Anti-Human 
Whole IgG Conjugated To Alkaline 
Phosphatase) 

Sigma Aldrich Company Ltd A1543 

Sodium Azide Sigma Aldrich Company Ltd S2002 

Staphylococcal Enterotoxin B From 
Staphylococcus Aureus 

Sigma-Aldrich Co Ltd S4881-1MG 

Stop Solution ADI 80101 

Titer Tops Microplate Film Scientific Laboratory 
Supplies Limited 

MIC5000 

TMB Substrate ADI 80091 

Trypan Blue Solution 0.4%, Liquid, Sterile-
Filtered, Cell Culture Tested 

Sigma Aldrich Company Ltd T8154-100ML 

TrypLE Express Life Technologies 12605010 

Tween 20 Sigma Aldrich Company Ltd P7949-500ml 

Vybrant Reg DiD Cell-Labeling Solution Life Technologies Ltd V22887 

Water, Double-Processed Cell Culture*Tes Sigma Aldrich Company Ltd W3500 

Williams E Medium Fisher Scientific  32551-020 
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2.1.2 Solutions and buffers 

 

Coating buffer: 15mM sodium carbonate and 35mM sodium bicarbonate capsules dissolved in dH2O 

and autoclaved.  Stored at room temperature. 

Exflagellation medium: RPMI-1640 supplemented with 25mM HEPES, 20% FCS, 10mM sodium 

bicarbonate and 50μm xanthurenic acid.  pH adjusted to 8.3.  Stored at room temperature. 

FACS buffer:  0.1 % BSA and 0.01% sodium azide added to autoclaved PBS solution.  Stored at 4°C. 

FACS Lysing Solution: 10x solution diluted 1:10 in dH20.  Stored at room temperature in the dark. 

Giemsa: 10% Giemsa in dH2O.  Made fresh each day. 

Hepatoma cell thawing medium: 500mL DMEM supplemented with 5ml L-glutamine 

(2mM), 5mL Penicillin/Streptomycin (100U penicillin, 100μg streptomycin) and 50mL of heat 

inactivated FCS (10%).  Stored at 4°C. 

Hepatoma cell culture medium: 500mL RPMI supplemented with 5mL L-glutamine 

(2mM), 5mL Penicillin/Streptomycin (100U penicillin, 100μg streptomycin) and 50mL of heat 

inactivated FCS (10%).  Stored at 4°C. 

Hepatoma cell recovery buffer: 500mL PBS supplemented with 50mL FCS (10%).  Stored at 4°C. 

MACS Buffer: 2.5g BSA (0.5%) and 2ml 0.5M EDTA (2mM) added to 500ml sterile PBS, and sterile 

filtered prior to use.  Stored at 4°C. 

Lysogeny broth: 1 tablet dissolved in 50mL dH20 and autoclaved.  Stored at room temperature. 

Grace’s insect medium: 1 pot Grace’s powder resuspended in 950mL dH20 and pH buffered to 6.8-

7.0 using 5M NaOH and 2M HCl. Volume topped up to 1L with dH20, and supplemented with 10g BSA 

(1%).  Vacuum filtered through 0.22M filter. Stored at 4°C. 

Matrigel solution: Matrigel diluted 1:2 in DMEM. 

Mosquito fructose: 80g fructose and 0.5g of PABA resuspended in 1L dH20, and autoclaved.  Stored 

at 4°C. 

Mouse anaesthetic for i.m. administration: 100 µL of 2% Rompun solution (Bayer – active ingredient 

is xylazine 20mg/mL), 200 µl of Ketaset (100 mg/mL ketamine) and 300 µL of PBS yield a working 
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stock of 3.3mg/mL Xylazine and 33mg/mL Ketaset. Administer i.m. at 2.5mL/kg. Stored at room 

temperature for 1 week.  

MVA ELISA blocking buffer: 1% Casein in PBS supplemented with 10% E. coli lysate.  Stored at 4°C. 

Paraformaldehyde 1%: 10mL of 16% paraformaldehyde diluted 1:16 in 150mL PBS.   Stored at 4°C. 

PBS (0.1M): 0.138M NaCl, 0.0027M KCl, pH 7.4; tablets dissolved in dH2O and autoclaved.  Stored at 

room temperature. 

PBS/Tween: NaCl 0.138M, KCl 0.0027M, pH 7.4 Tween-20 0.05% sachets dissolved in dH2O.  Stored 

at room temperature.  

Perm wash: 10x Perm wash buffer diluted 1:10 in dH2O.  Made fresh each day.  Stored at 4°C. 

Iso-osmotic Percoll: 2.7mL Percoll and 300L 10X PBS were diluted in 7mL DMEM. Stored at 4°C. 

PHH culture medium: 500mL Williams E medium (1% Glutamax) supplemented with 50mL FCS (10%), 

5mL Penicillin/Streptomycin (100U penicillin, 100μg streptomycin) and 5g/mL insulin. 

Rat Tail Collagen 1: Collagen diluted 5g/mL in acetic acid.  Stored at 4°C. 

R0 Medium: 500mL RPMI-1640 supplemented with 5mL L-glutamine (2mM) and 5mL 

Penicillin/Streptomycin (100U penicillin, 100μg streptomycin).  Stored at 4°C. 

R2 Medium: 500mL RPMI-1640 was supplemented with 5mL L-glutamine (2mM) and 5mL 

Penicillin/Streptomycin (100U penicillin, 100μg streptomycin), and 10mL (2%) heat inactivated FCS.  

Stored at 4°C. 

R10 Medium: 500mL RPMI-1640 was supplemented with 5ml L-glutamine (2mM), 5mL 

Penicillin/Streptomycin (100U penicillin, 100μg streptomycin) and 50mL (10%) of heat inactivated 

FCS.  Stored at 4°C. 

 

2.1.3 Vaccines 

 

Manufacture of ChAd63 ME-TRAP by the Clinical Biomanufacturing Facility, University of 

Oxford and MVA ME-TRAP by IDT Biologika, Rosslau, Germany were performed under Good 

Manufacturing Practice conditions. A Local Safety Monitor provided safety oversight and GCP 

compliance was externally monitored.   
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 Clinical trials 

 

This thesis utilises PBMCs and serum from the Jenner Institute’s clinical vaccine trials, 

identified by their National Clinical Trial number:  

 

Mal 34 (NCT00890760) – samples processed and ex vivo IFN- ELISpot assays performed by Dr. Katie 

Ewer and research assistants at the Jenner Institute, Oxford, UK. 

Vac 41 (NCT01739036) – samples processed and ex vivo IFN- ELISpot assays performed by C. Bliss 

and research assistants at Medical Research Council (MRC) Laboratories, Fajara, The Gambia. 

Vac 42 (NCT01450293) – samples processed and ex vivo IFN- ELISpot and ICS assays performed by C. 

Bliss and research assistants at MRC Laboratories, Fajara, The Gambia. 

Vac 43 (NCT01364883)- samples processed and ex vivo IFN- ELISpot and ICS assays performed by C. 

Bliss, Dr. Katie Ewer and research assistants at the Jenner Institute, Oxford, UK.  

Vac 45 (NCT01623557)– samples processed and ex vivo IFN- ELISpot and ICS assays performed by C. 

Bliss, Dr. Katie Ewer and research assistants at the Jenner Institute, Oxford, UK.  

Vac 48 (NCT01669512) - samples processed and ex vivo IFN- ELISpot and ICS assays performed by C. 

Bliss, Dr. Katie Ewer and research assistants at the Jenner Institute, Oxford.  

Vac 50 (NCT01635647)- samples processed and ex vivo IFN- ELISpot assays performed Dr. Issa Nébié 

Ouédraogo and research assistants at Unité de Recherche Clinique de Banfora (URC-B), Banfora, 

Burkina Faso. 

Vac 52 (NCT01739036) – samples processed and ex vivo IFN- ELISpot assays performed by C. Bliss, 

Dr. Katie Ewer and research assistants at the Jenner Institute, Oxford, UK.  

Vac 55 (NCT01883609) - samples processed and ex vivo IFN- ELISpot and ICS assays performed by C. 

Bliss, Dr. Katie Ewer and research assistants at the Jenner Institute, Oxford, UK.  

Vac 58 (NCT02083887) - samples processed and ex vivo IFN- and ICS assays performed by Dr. Sophie 

Roetynck and research assistants at MRC Laboratories, Fajara, The Gambia. 
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For all trials, clinical staff at the respective clinical trial clinic(s) were responsible for volunteer 

vaccinations, phlebotomy and CHMI procedures.   

 

2.2.1 Clinical trial overview 

 

All clinical vaccine trials consisted of the intramuscular administration of 5x1010 vp (viral 

particles) ChAd63-METRAP followed by intramuscular 2x108 pfu (plaque forming units) MVA-ME-

TRAP 8 weeks later (ChAd63.MV ME-TRAP), unless stated otherwise.  Trials sites consisted CCVTM 

(Centre for Clinical Vaccinology and Tropical Medicine), Old Road, Headington, Oxford, OX3 7LJ, UK; 

MRC Laboratories, Fajara, The Gambia; WTCRF (Wellcome Trust Clinical Research Facility), 

Southampton University Hospitals NHS Trust, Southampton, SO16 6YD; Infection & Immunity 

Section, Sir Alexander Fleming Building, Imperial College of Science, Technology and Medicine, 

Imperial College Road, London, SW7 2AZ; NIHR/Wellcome Trust Imperial CRF, Hammersmith 

Hospital, Imperial College NHS Trust, London, W12 0HS; Centre National de Recherche et de 

Formation sur le Paludisme (CNRFP)/ Unité de Recherche Clinique de Banfora (URC-B), 01 BP 2208 

Ouagadougou 01, Burkina Faso.  

 

2.2.1.1 Mal 34 

 

A Phase I/IIa sporozoite challenge trial to assess protection against malaria in healthy adults 

vaccinated with AdCh63 ME-TRAP alone, and as a heterologous boost with MVA ME-TRAP, in healthy 

adults aged 18 – 50.  CCVTM, Oxford. Only groups 1 and 5 included in this thesis.  

Group 1: 9 adult volunteers, aged 18-50, ChAd63 ME-TRAP 5 x 1010 vp intramuscularly and 1  

dose MVA ME-TRAP 2 x 108 pfu intradermally 8 weeks later, followed by sporozoite challenge 2 

weeks later. 

Group 5: 6 adult volunteers, aged 18-50, receiving priming vaccination with ChAd63 ME-TRAP 5x  

1010 vp intramuscularly, boosted with MVA ME-TRAP 2 x 108 pfu intradermally at an interval of 8 

weeks (range 6-12 weeks), followed by sporozoite challenge 3 weeks later (range 2-5.5 weeks). 
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2.2.1.2 Vac 41 

 

A Phase I study of safety and immunogenicity of a heterologous prime-boost vaccine strategy 

with AdCh63 ME-TRAP and MVA ME-TRAP in healthy adults and children in a malaria endemic area. 

MRC Laboratories, Fajara, The Gambia.  Only dosing groups 1B and 3A included in this thesis.   

Group 1B: 10 adult male volunteers, aged 18-50, receiving standard ChAd63.MVA ME-TRAP regime. 

Group 3A: 6 paediatric volunteers, aged 2-6, receiving ChAd63 ME-TRAP 5 x 1010 vp and boosted  

with MVA ME-TRAP 1 x 108 pfu 8 weeks later.  

 

2.2.1.3 Vac 42 

 

A Phase I study of safety and immunogenicity of heterologous prime-boost vaccination with 

the candidate malaria vaccines ChAd63 ME-TRAP and MVA ME-TRAP in healthy infants in a malaria- 

endemic area. MRC Laboratories, Fajara, The Gambia.  Only dosing groups 1B and 1E included in this 

thesis. 

Group 1B: 12 paediatric volunteers, aged 5-12 months, receiving ChAd63 ME-TRAP 5 x 1010 vp and 

boosted with MVA ME-TRAP 1 x 108 pfu 8 weeks later.  

Group 1E: 12 paediatric volunteers, aged 10 weeks, receiving ChAd63 ME-TRAP 5 x 1010 vp and 

boosted with MVA ME-TRAP 1 x 108 pfu 8 weeks later.  

 

2.2.1.4 Vac 43 

 

A Phase I study of safety and immunogenicity of novel schedules for vaccination with the 

candidate malaria vaccines ChAd63 ME-TRAP and MVA ME-TRAP, in healthy adults aged 18 – 50.  

CCVTM, Oxford; and WTCRF, Southampton.  Vaccination schedules summarised in Table 3. 
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2.2.1.5 Vac 45 

 

A Phase I/IIa sporozoite challenge study to assess the protective efficacy of 2 prime-boost 

malaria vaccine candidates: ChAd63 and MVA encoding ME-TRAP and the same viral vectors 

encoding CS, in in healthy adults aged 18 – 45.  CCVTM, Oxford; WTCRF, Southampton; Imperial 

College of Science, London. Only vaccine group 2 (ME-TRAP) included in this thesis. 

Group 2: 15 volunteers receiving standard ChAd63.MVA ME-TRAP regimen, followed by controlled 

human malaria infection 14-28 days later. 

 

 

Table 3 Summary of Vac 43 ChAd63 ME-TRAP and MVA ME-TRAP vaccine regimens  
 “A” denotes intramuscular administration of 5x1010 virus particles of ChAd63 MVA ME-TRAP, “M” 
denotes intramuscular administration of 2x108 plaque forming units of MVA ME-TRAP,  “_” denotes 
an 8 week interval, no underscore denotes a 4 week interval.   

 

Group 

(n=6) Day 0  4 weeks 8 weeks 12 weeks 16 weeks 24 weeks

1
ChAd63 

ME-TRAP

ChAd63 

ME-TRAP

ChAd63 

ME-TRAP

MVA ME-

TRAP
AAA_M

2
ChAd63 

ME-TRAP

ChAd63 

ME-TRAP

MVA ME-

TRAP

MVA ME-

TRAP
A_A_M_M

3
ChAd63 

ME-TRAP

ChAd63 

ME-TRAP

MVA ME-

TRAP

MVA ME-

TRAP
AAMM

4
ChAd63 

ME-TRAP

MVA ME-

TRAP

MVA ME-

TRAP

MVA ME-

TRAP
A_M_M_M

5
ChAd63 

ME-TRAP

MVA ME-

TRAP

ChAd63 

ME-TRAP

MVA ME-

TRAP
AMA_M

6
ChAd63 

ME-TRAP

MVA ME-

TRAP

ChAd63 

ME-TRAP

MVA ME-

TRAP
AMAM

7
ChAd63 

ME-TRAP

MVA ME-

TRAP

ChAd63 

ME-TRAP

MVA ME-

TRAP
A_M_A_M

Standard 

Regime (G4+7)

ChAd63 

ME-TRAP

MVA ME-

TRAP
A_M

Shortened 

Regime (G5+6)

ChAd63 

ME-TRAP

MVA ME-

TRAP
AM

Time point of vaccine administration Schedule 

abbreviation
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2.2.1.6 Vac 48 

 

A Phase I safety and immunogenicity study of ChAd63 ME-TRAP / MVA ME-TRAP heterologous 

prime boost malaria vaccination, adjuvanted with Matrix M™, in healthy adults aged 18 – 50.  Centre 

for Clinical Vaccinology and Tropical Medicine, Old Road, Headington, Oxford, OX3 7LJ, UK. Only 

group 3 included in this thesis.  

Group 3: 8 adult volunteers, receiving ChAd63 ME-TRAP 5 x 1010 vp mixed with Matrix M-1 50µg and 

boosted MVA ME-TRAP 2 x 108 pfu mixed with Matrix M-1 50µg 8 weeks later.  

 

2.2.1.7 Vac 50 

 

A Phase 1/IIb double blind randomised controlled trial of the efficacy, safety and 

immunogenicity of heterologous prime-boost immunisation with the candidate malaria vaccines 

ChAd63 ME-TRAP and MVA ME-TRAP in 5-17 month old Burkinabe infants and children.  CNRFP/ 

URC-B, Burkina Faso.  Only safety lead-in arm of trial included in this thesis.   

Phase I safety lead in group:  30 paediatric volunteers, aged 5-17 months, receiving ChAd63 ME-

TRAP 5 x 1010 vp and boosted with MVA ME-TRAP 1 x 108 pfu 8 weeks later.  

 

2.2.1.8 Vac 52 

 

A Phase I/IIa sporozoite challenge study to assess the efficacy of candidate combination 

malaria vaccine approaches using the ChAd63 and MVA vectors encoding the antigens ME-TRAP, CS 

and AMA1, aged 18-45. CCVTM, Oxford; WTCRF, Southampton; and Imperial College of Science, 

London.  Only group 1 (CS and ME-TRAP) included in this thesis. 

Group 1: 15 adult volunteers, receiving a mixture of ChAd63 CS 5 x 1010 vp and ChAd63 ME-TRAP 5 x 

1010 vp and boosted with a mixture of MVA CS 2 x 108 pfu and MVA ME-TRAP 2 x 108 pfu 8 weeks 

later.  
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2.2.1.9 Vac 55 

 

A Phase I/IIa sporozoite challenge study to assess the safety and protective efficacy of the 

combination malaria vaccine candidate regimen of RTS,S/AS01B + ChAd63 and MVA encoding ME-

TRAP  and also RTS,S/AS01B alone, in adults aged 18-45. CCVTM, Oxford; WTCRF, Southampton; 

NIHR/Wellcome Trust Imperial CRF, London; Imperial College of Science, London.   Only group 1 (ME-

TRAP + RTS,S) included in this thesis. 

Group 1: 20 adult volunteers receiving RTS,S/AS01B (50mcg RTS,S + AS01: 50mcg MPL + 50mcg QS21), 

ChAd63 ME-TRAP at week 2, RTS,S/AS01B at week 4 and 8, MVA ME-TRAP at week 10, followed by 

controlled human malaria infection 14 days later. 

 

2.2.1.10 Vac 58 

 

A Phase Ib study to assess the safety and immunogenicity of ChAd63 ME-TRAP and MVA ME-

TRAP heterologous prime-boost vaccination co-administered with EPI vaccines in Gambian infants.  

MRC Laboratories, Fajara, The Gambia.  See Table 4. 

Group 1: 15 paediatric volunteers, aged 16 weeks, receiving ChAd63 ME-TRAP 5 x 1010 vp and 

boosted with MVA ME-TRAP 1 x 108 pfu 8 weeks later.  

Group 2: 15 paediatric volunteers, aged 8 weeks, receiving ChAd63 ME-TRAP 5 x 1010 vp and boosted 

with MVA ME-TRAP 1 x 108 pfu 8 weeks later.  

Group 3: 15 paediatric volunteers, aged 1 week, receiving ChAd63 ME-TRAP 5 x 1010 vp and boosted 

with MVA ME-TRAP 1 x 108 pfu 8 weeks later.  

Group 4 (Control): 20 infants receiving EPI vaccinations only. 
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Table 4 Vaccination list of the World Health Organization's Expanded Program on Immunization 
Vectored vaccines co-administered alongside EPI vaccines, but not at same injection site.   
*1 week following birth 
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 Clinical trial immunological assays 

 

All clinical protocols and record keeping performed were subject to GCP. 

 

2.3.1 Blood separation 

 

Blood samples for PBMC separation were collected in lithium heparin Vacutainer® blood 

collection systems and separated on a centrifugation gradient using Lymphoprep® within 6 hours of 

venepuncture.  Blood samples for serum separation were collected in plain Vacutainer® blood 

collection tubes, and serum collected following centrifugation at 706G for 5 minutes.  Serum was 

stored at -80°C.   

 

2.3.2 PBMC freezing 

 

Remaining PBMCs following the setup of fresh primary immunological assays were frozen at 

5-12x106 cells per vial using pre-chilled Mr. Frosty Cryocontainers plus isopropanol, or using CoolCell 

containers.  PBMCs were centrifuged at 706G for 5 minutes at room temperature, the supernatant 

discarded and pellet resuspended in 0.5mL of FCS per vial to be frozen. Resuspensions were chilled at 

4°C for 30 minutes, before the addition of an equal volume of 20% DMSO in FCS. PBMCs were 

immediately aliquoted into cryovials and placed in freezing container.  Containers were then stored 

at -80°C overnight, with vials transferred to liquid nitrogen within 72 further hours.  

 

2.3.3 PBMC thawing 

 

Frozen PBMCs were thawed by immersion in a 37°C water bath.  When only small frozen 

pellet remained, each vial of cells was added drop-wise into 10ml pre-warmed R10 in a Falcon tube. 

Cells were centrifuged at 706G for 5 minutes and resuspended in 2mL R10 per 5x106 PBMCs.  1μL of 



59 
 

25U/mL benzonase was added per million cells.   Cells were incubated at 37°C 5% CO2 in a 

humidified incubator for at least 2 hours prior to use. 

 

2.3.4 Peptides 

 

Peptides were manufactured to >70% purity.  Peptides covering the full length of TRAP were 

20 amino acids in length and overlapped by 10 amino acids (Table S1).  Peptides to the multi-epitope 

string were equivalent in length to their corresponding epitope (Table S2).  Hexon peptides were 

pooled according to peptides specific to ChAd63 (termed “specific”) and common to both ChAd63 

and AdHu4 adenovirus (termed “common”), (Table S3).  CTL megapool consists of known CD8+ T cell 

epitopes from influenza, cytomegalovirus and Epstein-Barr virus (Table S4).  Peptides were 

reconstituted in DMSO at 50-200mg/mL and pooled in R10 for ELISpot and flow cytometry assays.    

 

2.3.5 Ex vivo IFN- ELISpot assay 

 

Ex vivo IFN- ELISpot to ME+TRAP were performed at several immunologically relevant post-

vaccination time points.  For all trials of the 8 week regimen ChAd63.MVA ME-TRAP, this included a 

pre-vaccination time point (day 0), a post Chad63 ME-TRAP time point of 21-28 days post vaccination 

(day 21/day 28), a pre-MVA ME-TRAP time point on day of boost vaccination (day 56) and a post 

MVA ME-TRAP time point (day 63).  Challenge trials also included a time point 1 day prior to 

challenge (C-1), and several post challenge time points: challenge + 7, 21 (if protected), 35, 90 and 

150 (Mal 34 only) days post challenge.  Vac 43 had a different bleed schedule for each group, 

matched on time point post vaccination: pre-vaccination, 4 weeks and 8 weeks (if no 4 week 

vaccination) post Chad63 ME-TRAP; 1 week and 4 weeks post MVA ME-TRAP, 8 weeks post MVA ME-

TRAP (if 8 week MVA to MVA); and 24 weeks post final MVA ME-TRAP.  Ex vivo IFN- ELISpot against 

ChAd63 total hexon on VAC 43 groups 1 and 2 only.  

Assays were performed using Multiscreen IP ELISpot plates coated using 10 μg/mL human 

IFN-γ and developed using SA-ALP antibody kits and BCIP NBT-plus chromogenic substrate. Cells were 
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cultured in R10 for 18-20 hours.  Antigens were tested at 10 g/mL in duplicate, with 2.5 x105 PBMC 

added to each well (2.0 x105 /well for paediatric trials) of the ex vivo ELISpot plate in a final volume of 

100 μL.  Peptides covered 6 pools of 7–10 peptides for TRAP, 1 pool for ME. 1 pool for ChAd63 

specific peptides, 1 pool for ChAd63 common peptides and 1 pool for CTL peptides.  Responses to 

TRAP megapool were also tested.  Responses were averaged across duplicates, and responses in 

unstimulated (negative control) wells were subtracted and responses in individual pools summed for 

the TRAP antigen, plus ME.  Staphylococcal enterotoxin B (0.02 μg/ mL) and phytohaemmagglutinin-L 

(10 μg/mL) were pooled and used as a positive control. Plates were counted using an AID automated 

ELISpot counter (AID Diagnostika GmbH, algorithm C).  Identical settings for all plates were used per 

site, with calibration testing performed between sites.  Counts were adjusted only to remove 

artefacts. 

 

2.3.5.1 ELISpot QC 

 

ELISpot QC passed assays with >800 SFC per million PBMC in at least one of the positive 

control wells and <80 SFC per million PBMC or <50% of the antigen-specific response in the negative 

control wells.  Responses of greater than (median + 2 standard deviations of unstimulated wells) 

were considered positive.  The lower limit of detection for the assay was 28 SFC SFC/106 PBMC for 

ME-TRAP ELISpots and 16 SFC/106 PBMC for hexon ELISpots. Hexon ELISpots were performed on 

total pool hexon peptides (summed ChAd63-specific and common peptides).   

 

2.3.5.2 Area-under-curve interpretation of ex vivo IFN- ELISpot data 

 

Area under curve (AUC) analysis was performed for each individual vaccinee response time 

course, using Prism 6 software.  The median AUC response was then calculated using the AUC values 

for each group.  When time courses covered different periods of time, the AUC values were scaled by 

the number of days in the time course, in order to make direct comparisons between groups 

(AUC/days).  
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2.3.5.3 Full blood count 

 

Full blood count with differentials was measured at each immunogenicity time point as part 

of the standard safety evaluation and follow up.  Monocyte and lymphocyte counts were either 

measured as absolute values, or calculated by using the total white blood count multiplied by the 

respective white blood cell differential.  These data were then used to calculate ELISpot response/mL 

whole blood. 

 

2.3.6 PBMC flow cytometry with intracellular cytokine staining 

 

1-3×106 freshly isolated PBMC in 1 ml of medium containing 1g/mL anti-CD28 and anti-

CD49d and 1:200 CD107a-PeCy5 were stimulated in 5 mL polypropylene FACS tubes for 18 -20 hours 

at 37°C in 5% CO2.  For TRAP-specific responses, PBMC were stimulated with 2g/mL 56 peptides 

spanning the T9/96 strain of the TRAP antigen (Supplementary table S1). For anti-ChAd63 hexon 

responses, peptides at 2g/mL spanning only the ChAd63 hexon and with no homology to AdHu4 

were tested, as highlighted in table S3.  Unstimulated PBMC and 1g/mL Staphylococcal enterotoxin 

B (SEB) stimulated PBMC were run in parallel as negative and positive controls, respectively.  

10g/mL Brefeldin A and 1:1000 monensin were added for the last 16 -18 hours of stimulation.  

After stimulation, cells were washed FACS buffer and PBMC separated from an unstimulated 

tube to act as an unstained control.  PBMC were then incubated with 1:500 Aqua amine reactive dye 

at 4°C for 10 minutes and then stained using a 2-step staining protocol of surface staining, followed 

by permeabilisation (300L Fix/Perm for 20 minutes at room temperature) and then ICS (Table 5, Vac 

43 only), or a 1-step protocol of permeabilisation then ICS (Table 6, PBMC and whole blood protocol 

for all other trials).  Samples were then washed in 1x Perm Wash and resuspended in 1% 

paraformaldehyde.  Samples were filtered through 5mL polystyrene FACS tubes with cell strainer lids, 

then immediately acquired on an LSRII cytometer (BD Biosciences) using FACSDiva v6.2 (BD 

Biosciences) software, with the relevant single fluorochrome compensation controls and Photo 

Multiplier Tube voltages set by daily acquisition of Cytometer Set Up and Tracking beads.  
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For short stimulation effector cell quantification, a similar 1-step protocol was used, however 

cells were stimulated for 1 hour prior to the addition of Brefeldin A and monensin, followed by 6 

further hours of incubation, followed by immediate Aqua staining and ICS using the panel outlines in 

Table 7. 

 

 

 

Table 5 Two-step PBMC staining: Surface staining panel and intracellular cytokine staining panel 
and titrations for PBMC flow cytometry 
Used on Vac 43 PBMC only. 

 

Antibody
Final titration (Surface 

cocktail)

CD14 eFluor 450 1:100

CD19 eFluor 450 1:100

CD4 Qdot 605 1:100

Antibody
Final titration 

(Intracellular cocktail)

CD3 Alexa Fluor 700 1:100

CD8 APC-eFluor 780 1:13

IFN-γ FITC 1:500

TNFa APC 1:100

CD56 PE-Cy7 1:100

Table 6 One-step staining: Intracellular cytokine staining panel and titrations for PBMC and whole 
blood flow cytometry 

Antibody
Final titration 

(Intracellular cocktail)

CD14 eFluor 450 1:100

CD19 eFluor 450 1:100

CD3 Alexa Fluor 700 1:100

CD4 APC 1:50

CD8 APC-eFluor 780 1:20

IFN-γ FITC 1:200

IL-2 PE 1:100

TNFα PE-Cy7 1:1000
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2.3.7 Whole blood flow cytometry with intracellular cytokine staining  
 

The whole blood clinical protocol was optimised on adult blood samples.  Due to the higher 

cell numbers in paediatric samples and the limited blood volumes available for immunological 

testing, blood volumes and reagents were titrated.  Adult titrations are listed, with paediatric 

titrations in square brackets. 

Blood samples were collected using the heparinised Vacutainer® system and stored at room 

temperature prior to processing within 6 hours of venepuncture. 500μL [350μL] of whole blood were 

distributed in 2ml screw-cap tubes (Sarstedt, Germany) and stimulated in the presence of 0.5μg/mL 

of anti-CD49d and anti-CD28 monoclonal antibodies and 2μg/mL of 56 TRAP 20mers, overlapping by 

10 amino acids (Supplementary Table S1).  PBMC stimulated by 2μg/mL SEB or an equivalent volume 

of R10 were used as positive and negative controls, respectively.   

Tubes were incubated at 37°C in 5% CO2 for 2 to 4 hours, prior to the addition of 1μg/mL 

Brefeldin A and further incubation at 37°C for 16 hours. At the end of the culture, samples were then 

incubated with 2mM EDTA for 15 minutes to remove adherent cells, washed in PBS (800G, 5 

minutes) then treated for 2 x10 minutes with 4mL Red Cell Lysis Buffer, with PBS washing in-between 

each step. Cells were again washed in PBS, then stained at room temperature for 20 minutes in the 

dark with 1:125 (0.4μL) Aqua amine reactive dye for live cell identification.  Cells were again washed 

in PBS, then fixed with 1mL 1% paraformaldehyde for 5 minutes. Cells were washed in PBS, then 

Table 7  Intracellular cytokine staining panel and titrations for short stimulation PBMC ICS for 
effector quantification 

Antibody
Final titration 

(Intracellular cocktail)

CD14 eFluor 450 1:100

CD19 eFluor 450 1:100

CD3 Alexa Fluor 700 1:100

CD4 PE 1:25

CD8 APC-eFluor 780 1:13

IFN-γ FITC 1:500

TNFa APC 1:100

CD56 PE-Cy7 1:100
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frozen in 0.5mL FCS containing 10% DMSO and stored at -80°C until batched thawing and staining 

analysis.  

Cells were thawed and stained in batches within 4 months of the date they were frozen.  For 

Vac 58, corresponding day 21 and day 63 samples for each vaccinee were analysed on the same day 

for consistency. After thawing, cells were transferred in 5mL polypropylene  FACS tubes and washed 

with FACS buffer.  After 20 minutes of permeabilisation in Cytofix/Cytoperm buffer at room 

temperature in the dark, cells were washed once in 1x Perm Wash Buffer.  Cells were then stained at 

room temperature for 30 minutes with a combined surface and intracellular cocktail (see Table 6).   

Samples were washed in 1x Perm/Wash Buffer and resuspended in 1% paraformaldehyde in PBS for 

acquisition on a BD LSR Fortessa Cell Analyzer (Becton Dickinson). Compensation was calculated for 

each fluorochrome on each acquisition run using OneComp beads for surface and intracellular 

antibodies and ARC beads for Aqua reactive dye. 

 

2.3.8 Staining of single colour compensation controls 
 

Single colour compensation controls for each fluorochrome were prepared using an identical 

protocol for all flow cytometry assays. OneComp beads were vortexed and 1 drop of beads added 

per cluster tube. A matching titration of each antibody as used in cell staining protocol was added 

per tube.  Tubes were vortexed and incubated in the dark for 15 minutes. 300μL FACS buffer was 

added per tube, and tubes were microfuged at 344G for 5 minutes, before flicking off the 

supernatant and resuspending in 50μL 1% PFA for ICS experiments or in R2 buffer for cell sorting 

experiments.  ARC beads were unavailable for use in Vac 43.   

Single colour controls for dead cell identification were as follows: For Aqua compensation, 

ARC positive beads were vortexed and 1 drop added to cluster tube.  Tube was stained and washed 

as above, with one drop of vortexed ARC negative beads added immediately prior to acquisition.  

Propidium iodide (PI) compensation was performed on cells resuspended in R2 with 1:500 (1μg/mL) 

PI, and acquired without washing.  
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2.3.9 Flow cytometry QC 
 

Data were analysed using FlowJo v9.6.2 (Treestar) with a hierarchical gating strategy. A 

sample gating strategy is shown in supplementary figure S1. Responses to peptide were determined 

after subtraction of the response in the unstimulated control for each sample. Samples where a 

response to the positive control of >1% cytokine positive CD4+ or CD8+ T cells after subtraction of the 

unstimulated control could not be detected were excluded from the analysis. All samples had a lower 

level of detection identified, based on the minimum number of CD4+ and CD8+ T cells acquired for 

the antigen-stimulated and unstimulated samples in the dataset. A response was classified as 

positive if the subtracted response was greater than the medium control for the corresponding 

sample (QC = TRAP-Unstimulated>Unstimulated).  A minimum of 30 counts was acquired through 

each cytokine gate, where counts data was available.   

 

2.3.10 Anti-TRAP ELISA 
 

As performed by C. Snudden and G. Bowyer.  Serum was taken in Vac 43 for antibody 

analysis at D0, D28, D56, D84, D112 and 24 weeks post last vaccination for all volunteers. Serum was 

additionally taken at 1 and/or 4 weeks after MVA vaccinations according to the vaccination schedule 

in each group. Antibody responses to TRAP were measured using total IgG Enzyme Linked 

Immunosorbant Assay (ELISA) as previously published [285]. 

Briefly, Nunc-Immuno 96 well plates were coated with 0.5µg/mL of TRAP antigen in 

carbonate-bicarbonate coating buffer at 4°C overnight. Plates were washed 6 times with PBS-Tween 

and blocked with 1% BSA in PBS-Tween for 1 hour at room temperature.  Serum dilutions were made 

using 0.2% BSA in PBS/Tween, added to the plate in triplicate and incubated for 2 hours at room 

temperature. Secondary antibody (goat anti-human whole IgG conjugated to alkaline phosphatase) 

was added at a dilution of 1:1000 in PBS-Tween with 0.2% BSA for 1 hour at room temperature. 

Plates were washed a final time and developed using p-NitrophenylPhosphate in diethanolamine 

buffer.  Optical density (OD) was read at 405nm on an ELx800 microplate reader (Biotek) with Gen5 

software (version 1.10).  A positive reference pool of TRAP-positive serum was used to form a 
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standard curve on each plate. Reference serum was added in duplicate at an initial dilution of 1:100 

(in PBS-Tween with 0.2% BSA) and diluted 2-fold 10 times. The initial dilution was assigned an 

arbitrary 20 antibody units and OD values were fitted to a 4 parameter logistic curve. A 1:800 dilution 

(in PBS-Tween with 0.2% BSA) of this reference pool was also included in triplicate on each plate as 

an internal control. ELISA units were calculated from their OD (optical density) values using the 

parameters estimated from the standard curve. 

 

2.3.11 Anti-MVA ELISA 
  

As performed by A. Grobbelaar and G. Bowyer.   Anti-MVA ELISAs were conducted using 

serum taken at baseline (D0) and 4 weeks after each MVA vaccination for all volunteers in Vac 43. 

Pre-coated and pre-blocked 96-well ELISA plates were kindly donated by Dr. Philip Felgner, University 

of California, Irvine. Plates were coated with MVA protein WR113/D8L, blocked with 1% Casein in 

PBS, dried and stored at 4°C until use. Samples were diluted 1:200 in MVA ELISA blocking buffer. 

After incubating in blocking buffer at room temperature for 30 minutes to block anti-E. coli reactivity, 

samples were added to the plate in duplicate, 50μL per well. Plates were incubated for 45 minutes at 

room temperature before washing 6 times with PBS. Secondary antibody (goat anti-human IgG 

conjugated to Horseradish Peroxidase, ADI, H-HuG.211) was added 100μL/well at a dilution of 1:100 

in PBS and plates were incubated at room temperature for 45 minutes. Plates were washed 6 times 

in PBS before adding 100μL of TMB substrate per well and covering plates to protect from light. After 

10 minutes, the reaction was stopped by adding 100μL/well of stop solution. OD was read at 450nm 

on an ELx800 microplate reader (Biotek) with Gen5 software (version 2.07). 
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 In vitro assay components 
 

2.4.1 Hepatoma cell lines 
 

2.4.1.1 DNA extraction  
 

DNA extraction was performed on whole hepatoma cells, using QIAmp DNA mini kit.   Briefly 

cell suspension at 7x105/mL was washed in PBS (500G, 5 minutes) and resuspended in 500L PBS in 

an O-ring cryovial.   According to QIAgen SOP, 40L protease was added and the suspension 

vortexed, followed by the addition of 400L lysis buffer AZ.  The solution was pulse vortexed for 15 

seconds, and then incubated in a water bath at 56°C for 15 minutes.  400L of 100% ethanol was 

added and pulse vortexed for 15 seconds.  Half the prep (650L) was loaded onto the spin column, 

and microfuged at 6797G for 1 minute, then repeated for second half of prep.  650μL AW1 buffer 

was then added to the column and centrifuged for 2 x 6797G for 1 minute. 650μL AW2 buffer was 

then added to the spin column, and left for 2 minutes to remove salts, before microfuging at 6796G 

for 1 minute. Microfuge for a further 3 minutes on 20817G to dry the spin column membrane, the 

50μl nuclease-free H20, incubated for 2 minutes, then microfuge into a fresh collection tube, at 

900rpm for 90 seconds.  DNA was quantified by NanoDrop and diluted to 200-500ng/mL in dH2O, 

before being sent for HLA typing.  

 

2.4.1.2 Plating of hepatoma cells 

 

Media was removed from a single culture flask of hepatoma cells.  Cells were washed twice 

in PBS, then incubated in 4mL TrypLE Express for 8-12 minutes (or until cells were detaching from 

one another).  The incubation time varied between cell lines.  Cells were recovered in 20mL R10 for 

counting by Trypan blue exclusion on a haemocytometer.  Cell suspensions were washed once in R10 

(491G for 5 minutes), then resuspended at the desired concentration in 100μL plating volume.  The 

optimised plating density was 20,000 HC-04/well, for 96 well half-surface area plates. Plates were 

gently agitated to disperse cells, then incubated at 37°C 5% CO2 before being used in further 

experimentation.  
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2.4.1.3 Counting viable hepatoma cell number post-plating 

 

Cells were detached from 96 well plates using a single 120L/well PBS wash, followed by the 

addition of 30L/well Tryple Express.  Plates were incubated at 37°C for ~10 minutes, then cells 

collected in 10% FCS in PBS and counted immediately using Trypan blue exclusion dye on a 

haemocytometer slide.  Mean live cell number from 6 wells counted.   

 

2.4.1.4 Staining hepatoma cell lines using DiD and CFSE 

 

Hepatoma cell lines were labelled with DiD or CFSE following Trypan blue counting.  Cells 

were resuspended at 5x106/mL in R10 and stained with 10μL DiD or resuspended at 1x107/mL in pre-

warmed 0.1% BSA in PBS and stained with a final concentration of 10M CFSE.   Immediately 

following addition of stain, cells were mixed and incubated in a 37oC water bath for 10 minutes, 

inverting the tube every 2-3 minutes. Tubes were topped up with 4 times the volume of respective 

media (chilled 0.1% BSA in PBS for CFSE), and washed twice by centrifugation at 491G for 5 mins.  

Cells were then ready for plating, as described in 2.4.1.2. 

 

2.4.1.5 Infection of hepatoma cells 

 

Plated hepatoma cells were left to settle for 24 hours before infection with PbPfTRAP.  

Mosquitoes were kept on ice prior to dissection.  Salivary glands were dissected into supplemented 

Grace’s dissection medium, and kept in a glass homogeniser on ice, before homogenisation using 

glass homogenising stick to release sporozoites.  Sporozoites were counted using a haemocytometer 

and microscope (x40) and then diluted to desired concentration in R10 medium (~150,000/mL) and 

added to hepatoma cells at 100L/well.  Plates were centrifuged at 368G for 3 mins with low brake, 

then incubated at room temperature for 30 minutes, followed by 37°C with 5% CO2 for 2.5 hours.  

Sporozoites were then removed, wells washed with 120L R10, and then left to incubate in 100L 

R10 at 37°C with 5% CO2 before subsequent experimentation.   
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2.4.2 T cell protocols 

 

2.4.2.1 T cell culture 

 

On day 0, PBMC were thawed as per the standard protocol described in 2.3.3.  Cells were 

counted by Trypan blue exclusion and resuspended at ~5 x106/mL in R10.  1mL of cell suspension was 

added per well of a 12 well tissue culture plate.  Relevant peptides for culture were diluted to 

4μg/mL in R10, and 1mL added each well, giving a final peptide concentration of 2μg/mL.  For the 

final optimised protocol, recombinant human IL-2 (rhIL-2) was added at day 3 and day 7 at a final 

concentration of 10U/mL. To achieve this, 1mL of cell culture supernatant was carefully removed per 

well, and replaced with 1mL of 20U/mL rh IL-2.  On day 8, cells were removed from each well using a 

Pasteur pipette and up to 6 washes per well using R10.   Each culture was washed 3 times in R10 

(706G for 5 minutes) to remove excess IL-2, followed by an additional wash the following morning 

before use in subsequent assays.  

 

2.4.2.2 CD8+ T cell enrichment by MACS 

 

PBMC were labelled with a cocktail of biotin-conjugated monoclonal anti-human antibodies 

against CD4, CD15, CD16, CD19, CD34, CD36, CD56, CD123, TCR γ/δ and CD235a (Glycophorin A), and 

microbeads conjugates to monoclonal anti-CD14 antibody (isotype: mouse IgG2a), anti-CD61 

antibody (isotype: mouse IgG1), and anti-biotin antibody (isotype: mouse IgG1) (Miltenyi Biotec), as 

per the manufacturer’s instructions.   Unlabelled CD8+ T cells were separated from labelled PBMC by 

MACS, washed in R10 and ready for use in subsequent assays.  

 

2.4.2.3 Staining cultured T cells for pentamer cell sort – Oxford  

 

Cultured PBMC were counted by CasyCounter, split into 1-4x106 cells/mL in polypropylene 

FACS tubes and washed in PBS.  A small fraction of cells from the sample with the highest cell count 

was removed for use as a single colour compensation control for PI dead cell stain at 1:500.  
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Pentamers were centrifuges in a chilled microfuge at 14000G for 10 minutes, then 15μL (15μL for 

MoFlo sort, 10μL for FACS Aria II sort) supernatant added to each corresponding T cell culture, and 

incubated in the dark for 10 minutes at room temperature.  Cells were washed in 2-3mL of 0.1% BSA 

in PBS wash buffer and centrifuged at 500G for 5 minutes at 10°C.  50μL of surface cocktail (Table 8) 

was added per tube and incubated for 30 mins in the fridge, before washing in 0.1% BSA in PBS at 

500G for 5 minutes.  Cells were resuspended in R2 medium (20x106 cells/mL for sorting by MoFlo in 

chapter 4, 35x106 cells/mL for FACS Aria II sort in chapter 6) and 1:500 PI added. Cells were stored in 

the dark and on ice until sorting within 6 hours of staining. Single colour compensation controls were 

used.  Cells were sorted into FCS lined FACS tubes containing R10 media, and kept at room 

temperature or 37°C for 6 hours following the cell sort, before use in subsequent assays.   

 

 

 

 

 

 

 

 

2.4.2.4 Staining cultured T cells for pentamer cell sort – Paris 

 

A staining protocol identical to 2.4.2.3, with the exception of dead cell staining using 1:500 

Aqua prior to surface staining panel (Table 9), was used for primary human hepatocytes experiments 

in Paris (chapter 6). 

 

 

 

 

 

Table 8 Surface staining panel and titrations for Oxford-based cell sorting by MoFlo and FACS Aria II  

Mo Flo (Chapter 5 

experiments)

FACS Aria II (Chapter 6 

PbPf TRAP experiments)

CD8 APC-eFlour780 1:10 1:13

CD56 PE Cy7 1:67 1:100

CD3 Alexa Ffuor 700 N/A 1:100

CD4 APC N/A 1:50

Antibody

Final titration

Table 9 Surface staining panel and titrations for Paris-based cell sorting by FACS Aria II  
Used on P. falciparum experiment, chapter 6 

Antibody Final titration

CD8 APC-eFluor 780 1:10

CD56 PE Cy7 1:67
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2.4.2.5 Staining fresh PBMC for NK cell sort - Oxford 

 

PBMC were thawed according to 2.3.3 and rested overnight.  The following day, cells were 

split into 1-4x106 cells/mL in polypropylene FACS tubes and washed in PBS (500G, 5 minutes), then 

washed in 0.1% BSA in PBS wash buffer (500G, 5 minutes at 10°C) alongside T cells being stained in 

pentamer staining protocol.  50μL of surface cocktail (see Table 8) was added per tube and incubated 

for 30 mins in the fridge, before washing in wash buffer at 500G for 5 minutes.  Cells were 

resuspended in R2 (20x106 for sorting by MoFlo in chapter 4, 35x106 cells/mL for FACS Aria II sort in 

chapter 6) and 1:500 PI added. Cells were stored in the dark and on ice until sorting within 6 hours. 

Single colour compensation controls were used.  Cells were sorted into FCS lined FACS tubes 

containing R10 media, and kept at room temperature or 37°C for 6 hours before use in assays.  

 

2.4.2.6 CD45 staining of hepatoma and T cell monolayers 

 

Using a multichannel pipette, 90μl of 100μl supernatant removed from each well and stored 

at -20°C for Luminex analysis.  Wells were washed with 120μL  PBS + 1% BSA wash buffer, then 30μL 

of 1:60 CD45-APC (diluted in wash buffer) was added and incubated at 37°C for 10 minutes.  

Antibody was removed, and wells were washed with 100μL PBS, followed by the addition of 30μL 

TrypLE Express solution.  Plates were incubated at 30°C for approx. 12 minutes (or until cells began to 

detach from one another). Recover cells into racked cluster tubes, using 2 vigorous pipetting washes, 

each of 30μL 10% FCS in PBS.  Store in the dark and on ice until acquired by FACS. 

 

2.4.3 Assessment of infectivity by FACS 

 

Hepatoma cells in cluster tubes were stored on ice.  5L DAPI (1μg/ml) was added per tube 

immediately prior to acquisition on LSRII cytometer, to identify dead cells with disrupted cell 

membranes.  
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2.4.4 Quantification of parasite inhibition by T cells 

 

Hepatoma cells were gated as per gating strategy (see Figure 5.11).  Background GFP of 

uninfected cells was subtracted from test samples if the median count per experiment >1, or 

frequency >0.05%. These values never exceeded 3 or 0.1%, respectively.  Median number of infected 

cells were used to calculate the frequency of infected cells, which was then multiplied by 30,000 

(approximate number of HC-04 cells at time of infection), indicating the total number of infected cells 

when T cells were added. These constitute the ‘target’ cells, used in the calculation of E:T. Number of 

effector cells was determined by the cell sort, and was equivalent to the total number of CD8+, CD4+ 

or NK cells added per well.   Inhibition was measured using the gating strategy in Figure 5.11, without 

the CD45 gate, as this was not required for counting number of infected cells per sample.  The 

difference in gating strategy permitted absolute number of infected cells in wells with- and without- 

T cells to be counted without bias.   

Number of test wells acquired was always >8000 HC-04 (mean = 14,242 HC-04).    Percentage 

inhibition of CD8+ pentamer+, CD8+ pentamer- and CD4+ cells was calculated using the following 

equation, where: 

 

Mn= mean number of infected HC-04 in infected-only control wells 
Nf = number of infected HC-04 in FLIFFDLFL test well 
Ng = number of infected HC-04 in GILGFVFTL test well 
 
 
 
% FLIFFDLFL inhibition =          (Mn – Nf)       x 100 

                   Mn 
 

% GILGFVFTL inhibition =        (Mn – Ng)       x 100 
                   Mn 

 

 

Percentage inhibition using CD56+ NK cells used percentage infection as the readout, as there 

was no cellular control well.  Number of test wells acquired was always >6000 HC-04 (mean = 11,649 
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HC-04).  Percentage infectivity in NK test wells was therefore compared directly against the infected-

only control well, and percentage inhibition calculated, using the following equation, where: 

 
 
Mp= mean percentage number of infected HC-04 in infected-only control wells 
NKp = percentage number of infected HC-04 in NK test wells 

 

 
% NK cell inhibition =          (Mp – NKp)         x 100 

                Mp 
 

 

2.4.5 Staining of HLA-A2 

 

Using a multichannel pipette, 90μL of 100μL supernatant removed from each well.  Wells 

were washed with 120μL PBS + 1% BSA wash buffer, then either: 30μL of 1:80 (2.5μg/mL) HLA-A2 

IgG2b or 30uL of 1:80 (2.5μg/mL) isotype control antibody IgG2b, or 30μL of 1:20 (12.5μg/mL) HLA-

DR IgG2a or 30μL of 1:160 (12.5μg/mL) isotype control antibody IgG2a  (diluted in wash buffer) was 

added and incubated at 37°C for 10 minutes.  Antibody was removed, and wells were washed with 

100μL PBS, followed by the addition of 30μL TrypLE Express solution.  Plates were incubated at 37°C 

for 12 minutes (or until cells began to detach from one another). Cells were recovered into racked 

cluster tubes, using 2 vigorous pipetting washes, each of 30μL 10% FCS in PBS, stored in the dark and 

on ice until acquired by FACS.  Identical getting strategy to inhibition assay, with percentage positivity 

for MHC or isotype calculated on infected or uninfected populations within the same well. 

 

2.4.6 Luminex assay 

 

See Jenner Protocol J414.  Supernatants were collected and stored at -20°C following wells 

overnight incubation of parasite inhibition assay.  Supernatant plates were centrifuged at 706G for 5 

minutes to pellet any cellular material.   Supernatant wells were then combined from all replicate in 

the in vitro parasite inhibition assay, and split across 2 duplicates wells in the Luminex assay, where 
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possible. Assay conducted on black, flat bottom plates.  A set of standards was prepared as per the 

manufacturer’s instructions, and included on each plate for generation of a standard curve, and for 

QC purposes.  50μL micro particle cocktail was added per well and incubated at room temperature in 

the dark on a horizontal plate shaker set at 800+/- 50rpm for 2 hours.  Plates were washed manually 

in wash buffer using a magnetic plate washer.  The magnet was attached for 1 minute, before flicking 

off the wash buffer.  Diluted biotin antibody cocktail (1:17) was then added per well and incubated at 

room temperature in the dark on a horizontal plate shaker set at 800+/- 50rpm for 1 hour.  The 

plates were washed 3 times using the magnetic plate washer, before the addition of diluted 

streptavidin-PE (1:17) and incubated at room temperature in the dark on a horizontal plate shaker 

set at 800+/- 50rpm for 30 minutes.  Plates were washed 3 times, and resuspended in 100μL wash 

buffer before acquisition on Luminex 100 running eXponent 3.1 software. 

 

2.4.6.1 Luminex QC 

 

Standard curves passed 1:3 dilution QC for every analyte in the panel.  Test values fell within 

the curve for all analytes, except for IL-8, which was subsequently excluded from the analysis.  Mean 

of duplicate wells calculated, and autologous infected-only well subtracted from each test well for 

each analyte (or peptide pulsed-only wells for peptide pulsing experimental analysis) and negative 

values corrected to zero to give the test well response.  Responses were considered positive if 

greater than 10pg/mL was detected, which corresponds to 1pg per test well in the in vitro parasite 

inhibition assay.  Responses <10pg/mL were still plotted for reference.   

 

2.4.7 Peptide pulse assay 

 

HC-04 cells were pulsed overnight with 100μg/mL FLIFFDLFLV peptide and labelled with DiD 

membrane dye.  Unpulsed HC-04 cells were labelled with CFSE, as per standard CFSE protocol.  The 

pulsed DiD+ and unpulsed CFSE+ cells were plated in a 50:50 ratio and left to settle for 6 – 24 hours, 

before plating of T cells.  
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2.4.8 Experimentation using primary human hepatocytes 

 

All experiments in this thesis using P. falciparum were undertaken at CIMI-Paris, alongside Dr 

Valérie Soulard and her research team. 

 

2.4.8.1 Thawing and maintenance of primary human hepatocytes 

 

Black flat bottom 96 well plates were coated with 100L of 5g/mL rat tail collagen 1 in 

acetic acid and incubated overnight at room temperature. Plates were then washed twice with 200L 

PBS and once with primary human hepatocyte (PHH) culture medium. A vial of PHH was removed 

from liquid nitrogen and cleaned with 70% ethanol, then thawed in a 37°C water bath until an ice 

crystal was loose but visible. Vial contents were then poured into pre-warmed culture medium in a 

15mL Falcon tube, and the vial rinsed twice to remove residual cells. PHH were centrifuged at 180G 

for 1 minute at room temperature, supernatant aspirated, then resuspended in 3mL culture medium. 

This solution was then slowly layered onto 4ml of 30% iso-osmotic Percoll on a 15mL Falcon tube and 

centrifuged at 180G for 1 minute at room temperature before aspirating supernatant and 

resuspending in 3mL seeding medium.  PHH were then counted by Trypan blue exclusion.  PHH were 

diluted in 800,000/mL and 100μL plated per well (80,000 PHH/well) and incubated at 37°C.  After 24 

hours, wells were washed with 200L culture medium and 100L culture medium added and 

incubated at 37°C.  A media change with no washing step was performed every 24 hours. 

 

2.4.8.2 Infection of primary human hepatocytes 

 

Four days following thawing, P. falciparum-infected mosquitoes were drenched in ethanol, 

then washed through 3 Petri dishes containing Leibovitz’s L15 medium, before being hand dissected 

to remove salivary glands.  Mechanical disruption was used to release sporozoites. Sporozoites were 

counted and resuspended at 400,000spz/mL, and 50μL (20,000 spz) plated per well with 50μL culture 

medium. Plates were incubated at room temperature for 3 hours, and at 37°C for a further 3 hours, 
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before removal of sporozoites.  Plates were  washed with 200L culture medium and 40L of 

Matrigel was added per well and incubated at 37°C for 45 minutes, before the addition of 100L/well 

of culture medium on top of Matrigel.  Plates were incubated at 37°C, with a media change 

performed every 24 hours.  Cell sort fractions were added the next day. 

 

2.4.8.3 Readout of infected primary human hepatocytes 

 

Cells and infected PHH were left to incubate for 48 hours.  The PHH were then fixed with cold 

100% methanol, and stained with 50L 1:1500 anti-HSP70 diluted in PBS 1% BSA for 1 hour at 37°C, 

followed by 3 PBS washes.   50L/well goat anti-mouse Alexa Fluor 488 (1:1000) and DAPI (1:500, 

1g/mL) diluted in PBS 1% BSA was added and incubated for 1 hour at 37°C. Plates were again 

washed 3 times with PBS, then resuspended in 200L PBS 0.1% sodium azide.  Plates were analysed 

using a CellInsight NXT (Fisher Scientific), assessing monolayer intactness via DAPI staining and 

number of infected wells via HSP70 staining.  Data was analysed using the same methodology as 

transgenic PbPfTRAP assays. 
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 Animals and parasitology 
 

2.5.1 Mice 

 

BALB/c mice (Harlan) or equivalent were used for all experiments.  All animal work was 

conducted in accordance with the UK Animals (Scientific Procedures) Act 1986 and approved by the 

University of Oxford Animal Care and Ethical Review Committee for use under Project License PPL 

30/2889.   Animals were group housed in individually ventilated cages under specific pathogen free 

conditions, with constant temperature and humidity, and with a 12:12 light to dark cycle (8am to 

8pm).  All animals were humanely sacrificed at the end of each experiment by an approved Schedule 

1 method of cervical dislocation. All efforts were made to minimize animal suffering. 

 

2.5.2 Parasites 

 

Transgenic P. berghei parasite strain 2281 clone 1: PfTRAPPbuis4 GFP::LucPbeef1a_230p (PbPfTRAP) 

from Leiden University Medical Centre was used in all experiments in this thesis.  

 

2.5.3 Sporozoite generation 

 

See Jenner Protocol: J138, J145.  Mice were injected intraperitoneally with 80-130L of 

Infected red blood cell stock.  Blood stage parasitaemia was measured from day 4 post infection, by 

tail tip bleed, and preparation of a thin blood film.  Slides were air dried and then fixed in methanol 

for 30 seconds.  Slide was then stained in 10% Giemsa for at least 15 minutes, followed by washing in 

water, air drying and counting of infected red cells by light microscope at 100x under oil immersion.  

Once the mouse’s parasitaemia reached 5%, mosquito pots were fed on water overnight or starved 

for 4 hours prior to the mouse feed.   Mice were anaesthetised with 50μL of intramuscular 

anaesthetic, and then placed on mosquito pot for 10 minutes. Maximum 2 pots per mouse. Fed 

mosquito pots were placed on their side until dry, then maintained at 19-21oC in a humidified 

incubator with a 12 hour day-night cycle, and every second day a cotton wool soaked in 
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Fructose/PABA solution was replaced. At day 10-12 post feed, 3 mosquitoes were removed from the 

pot to check for parasite oocyst development via midgut dissection.  Oocysts could be visualised by 

fluorescence microscopy, with 488nm laser activation.  At day 18-28 post feed, salivary glands were 

dissected from infected mosquitoes into Grace’s insect medium and collected in a glass homogeniser 

and kept on ice.  
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 SYFPEITHI epitope prediction  

 

The SYFPEITHI epitope prediction software uses published motifs and takes into consideration 

the amino acids in the anchor and auxiliary anchor positions of MHC binding, as well as other 

frequent amino acids. The SYFPEITHI epitope prediction score is calculated according to the following 

rules: Amino acids of a certain peptide are given a specific value depending on whether they are 

anchor, auxiliary anchor or a preferred residue. Ideal anchors are given 10 points, unusual anchors 6-

8 points, auxiliary anchors 4-6 and preferred residues 1-4 points. Amino acids that are regarded as 

having a negative effect on the binding ability are given values between -1 and -3 [369]. 
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 Statistical analyses 

 

All statistical testing was performed in Prism 6.  Statistical tests performed depended on the 

type of data, and whether they were of a Normal distribution and could therefore be tested using a 

parametric statistical test.  Grouped data with more than one parameter for assessment were 

analysed by a 2-way ANOVA, assessing the contributions of each variable in addition to the 

interaction between the 2.  Column data were assessed by D'Agostino-Pearson Normality test.  If 

data were of a Normal distribution, a t-test was performed (if just 2 groups), or a 1 way ANOVA (if 3 

or more groups).  Means were plotted.  If data were not of a Normal distribution, or there were too 

few data points to accurately assess the distribution, then a Mann Witney test was performed (for 2 

groups), or a Kruskal-Wallis test (if 3 or more groups).  Non-parametric data for paired analysis were 

analysed by a Friedman test.  Medians were plotted, or geometric mean plotted for FACS data. For all 

tests with 3 or more groups, a post test was applied to correct for multiple tests between groups or 

against a single control group.  Specific details are outlined in each individual analysis, with p-value 

stated according to: *<0.05, **<0.01, ***<0.001, ****<0.0001.  Correlations were performed using 

Spearman r, reporting r and p for statistically significant correlations. 
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 Summary of finalised protocol for in vitro parasite inhibition assay: 

2.8.1 Preparatory work 

 

-16 days:  Inject mice i.p. with 100μL PbPf(TRAP blood stock. 

-12 days :  Begin daily thin blood smear of mice, until parasitaemia reaches 4-5%, then perform 

mosquito feed on infected mouse, and a second feed on a naive mouse 1 week later, 

to aid sporozoite production.  Sporozoites will be ready for dissection 21 days later 

(ideal range 19-26 days) 

~ -6 days:  Thaw HC-04 hepatoma cell line and stabilise line in culture, aiming to use in the in 

vitro assay before passage number 40. 

 

2.8.2 Assay set up 

 

Day 0:  Thaw post-vaccination PBMC for testing and set up FLIFFDLFLV and GILGFVFTL T cell 

cultures, at ~5x106 cells in 2μg/mL peptide 

Day 3:   Add rh IL-2 to cultures at final concentration 10U/mL 

Day 7 (am):  Add rh IL-2 to cultures at final concentration 10U/mL 

Day 8 (pm):  Remove T cells from culture by 3 x wash.  Count and plate 20,000 HC-04 /well in half 

surface area 96 well plates.  Aim to plate 24 hours prior to infection. 

Day 9 (am):  Stain T cell cultures using pentamer equivalent to culture peptide, plus surface 

marker panel and propidium iodide. Cell sort CD8+ pentamer+, CD8+ pentamer- and 

CD4+ populations by FACS. 

Day 9 (pm):  Dissect PbPf(TRAP) sporozoites into Grace's buffer and infect 80/96 wells per plate at 

~15,000 spz/well, avoiding edge wells.  1 plate per volunteer being tested.  

Determine plate layout based on cell counts from sort.  At >6 hours post cell sort and 

~ 3-5 hours post infection, add cells to infected plate. 

Day 10 (pm):  ~ 24 hours post infection, perform CD45 staining of monolayers, then acquire 

samples by FACS (25 - 32 hours post infection). 
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3 Immunogenicity of ChAd63.MVA ME-TRAP in paediatric 

populations 

 Introduction 

 

Adult, paediatric and newborn immunity differ in many ways, and a vaccination regimen 

developed through clinical testing in adults, such as ChAd63.MVA ME-TRAP, may be suboptimal in 

paediatric vaccinees.  It is therefore unknown how T cell vaccine immunogenicity and efficacy will 

translate from adults into paediatric vaccinees.  The WHO’s current EPI (Expanded Program on 

Immunization) vaccines administered to infants and children rely predominantly on antibody-

mediated efficacy, with the role of T cells generally not considered essential.  However a role of T 

cells has been identified in several instances (reviewed in [370]) and provides a scientific rationale 

basis for the development of protective T cell vaccines [371].  

Innate immunity in newborns is limited at birth and takes a period of months to fully mature 

[372]. There is evidence that  neonates become biased in utero against producing a strong pro-

inflammatory response, and as a residual effect of having recently been in the intra-uterine 

environment, newborn Th1 responses can be impaired, particularly with respect to production of 

IFN- and IL-12 (reviewed in [373-375]).  Neonatal innate responses to viruses are often lower than 

those in older children and adults, due to limited interferon α/β secretion by plasmacytoid DCs and 

the hypo-responsiveness of NK cells left over from in utero conditions [376, 377].  However, more 

recent studies have shown that newborn myeloid DCs are capable of secreting concentrations of pro-

inflammatory cytokines comparable to, or even in excess of, that of adults [378, 379].   

Adaptive immune responses in newborns and young infants are phenotypically and 

functionally different to those of adults in several ways.  At birth, nearly all T cells carry the CD45RA 

glycoprotein, typical of naive T cells, which have never encountered foreign antigen and many of 

these CD4+ CD45RA+ T cells are of a regulatory phenotype, again due to the self-tolerance required in 

utero [380].  Neonatal T cell responses are also often Th2 skewed [381] and unchallenged by 

defective IL-12 production by DCs [382].  High numbers of γδ T cells are also often circulating and 
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capable of producing significant amounts of IFN-, likely compensating in part for the under-

development of the classical Th1-type response required against intracellular pathogens [383].  

However following vaccination, these cells cannot contribute to cytotoxic CD8+ T cell priming or 

generation of a cellular effector memory response required for protection.   

 For the first 6-12 months of life, infants are protected from many pathogens by maternal 

antibodies that cross the placenta in the third trimester of pregnancy.  Additionally, maternal 

antibodies can be transferred thorough breastfeeding.  Antibody-mediated vaccine-induced 

immunity is generally strong in infants, although induction of adaptive antibody responses can be 

hindered at a subclinical level by these maternal antibodies.  Evidence of maternal antibody 

inhibition of T cell responses is rare, with most studies reporting minimal effects on T cell induction 

[384].  In the setting of ChAd63.MVA ME-TRAP vaccination, maternal antibody responses against the 

ChAd63 and MVA vectors could impact upon vaccine-induced responses.  

In contrast, maternal T cells do not usually cross the placenta, so T cell immunity needs to be 

developed by the child postnatally.  T cell priming in newborns and infants is a hugely understudied 

area.  Extensive literature in murine immunology documents the variability of CD8+ T cell induction in 

newborn mice depending on the mode of antigen delivery, suggesting that generation of such T cell 

responses in human infants may not be straightforward [372, 385-389].  Furthermore, the associated 

memory responses may be inferior to those generated in adulthood [390].  Limited studies in infants 

demonstrate reduced or defective secretion of Th1 cytokines in response to oral polio, hepatitis B 

and protein-in-adjuvant vaccines, such as diphtheria, tetanus and pertussis [372, 391-393], however 

data are generally limited on CD8+ T cell induction in early infancy.   Comparable Th1 responses 

following BCG vaccination have been reported in newborns and adults [392, 394-396], as have strong 

CD4+ and CD8+ T cell responses to Bordetella pertussis infection in 1-4 month and 2-month old whole 

cell pertussis vaccinees [397].  Additionally, CD8+ T cell responses that develop in newborns following 

congenital human cytomegalovirus infection are functional and have similar characteristics to those 

responses measured in adults [398].   There is evidence that the manner in which a vaccine is 

delivered can overcome the Th2 bias of young infants [399].  Thus it is argued that despite 

differences in the infant and adult immune system, robust and life-long responses to many childhood 
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pathogens and vaccinations can be, and indeed are, generated and the antigen-delivery platform, 

timing of delivery and use of boosting vaccinations and adjuvants are all likely to have a substantial 

impact upon this.  These parameters of vaccine delivery are likely linked to the quality of the signal 

delivered by APCs to T cells, with level of DC activation previously demonstrated to be a critical factor 

associated with this [400, 401]. 

Efficacy of leading malaria vaccine-candidate RTS,S is mediated by anti-CS antibodies and CS-

specific CD4+ T cells.  Immunogenicity from large RTS,S Phase III efficacy trials demonstrate that levels 

of anti-CS antibodies induced in 6-12 week old infants were 3-fold lower than in 5-17 month olds, 

suggesting that RTS,S/AS01 is less immunogenic in young infants.  This was mirrored in the reported 

efficacy of RTS,S to protect infants from clinical malaria, whereby 55.8% efficacy was measure in the 

5-17 month olds over the 12 month period following vaccination.  The equivalent efficacy in 6-12 

week olds was 31.3%.  CD4+ T cell immunogenicity following vaccination was not reported [304, 402, 

403].   

Clinical vaccine studies of ChAd63.MVA ME-TRAP have been performed in malaria-exposed 

African adults, children and infants in West Africa, in addition to malaria naïve adults in the UK.  

Given each of these clinical trials were small Phase I or II studies, combining the datasets together 

into a single analysis facilitates the observation of trends across age-groups and between cohorts 

with differing malaria exposure.  Two clinical studies were Phase II CHMI studies in UK adults, 

whereby protective efficacy was measure in 57% of ChAd63.MVA ME-TRAP vaccinees [287].  Three 

clinical trials were carried out in adults, children and infants in Sukuta, in the western region of The 

Gambia [269, 283, 294], where modest malaria transmission is still detectable following seasonal 

rains, despite a substantial decline in incidence since 2003 [68].  A sixth study was undertaken in 

infants in Burkina Faso, where the incidence rate of malaria is higher than in The Gambia, averaging 

more than one confirmed clinical episode per child per year [404] [405].  These clinical studies are 

summarised in Table 10, whereby only the vaccine groups incorporated in this thesis are listed.  

Using these clinical vaccine studies, the research aims were to accurately report vaccine-

induced T cell immunogenicity in paediatric populations.  This necessitated the development of novel 

assays and methodologies to effectively measure and interpret paediatric immunogenicity in the 
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field, and reliably compare these paediatric immune responses to those measured previously in adult 

vaccinees.  

 

  

 

 

 

 

 

 

 

 

 

 

  

Clinical trial 

number
Group Age Trial site N

ChAd63 ME-

TRAP dose, 

vp

MVA ME-

TRAP dose, 

pfu

Other trial info

Mal 34 1 18-50 yr UK 15 5x1010 2x108 Phase I/IIa CHMI study

Vac 55 2 18-50 yr UK 20 5x1010 2x108

Phase I/IIa CHMI study. 

Staggered administration 

alongside RTS,S/AS01B: 50mcg 

RTS,S + Standard dose AS01 

(0.5ml containing 50mcg MPL + 

50mcg QS21).

Vac 41 3 18-50 yr (male) The Gambia 10 5x1010 2x108 Phase Ib

Vac 41 4 The Gambia 6 5x1010 1x108 Phase Ib

Vac 42 5 The Gambia 12 5x1010 1x108 Phase Ib

Vac 42 6 10 wk The Gambia 12 5x1010 1x108 Phase Ib

Vac 58 7 16 wk The Gambia 15 5x1010 1x108

Phase Ib. Chad63.MVA ME-

TRAP administered alongside 

EPI vaccines

Vac 58 8 8 wk The Gambia 15 5x1010 1x108

Phase Ib. Chad63.MVA ME-

TRAP administered alongside 

EPI vaccines

Vac 58 9 1 wk The Gambia 15 5x1010 1x108

Phase Ib. Chad63.MVA ME-

TRAP administered alongside 

EPI vaccines

Vac 50 10 5-17 mo. Burkina Faso 30 5x1010 1x108 Phase Ib (part of Phase II study)

2-6 yr

5-12 mo

Table 10 Summary of clinical vaccine trials presented in Chapter 3. 
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 Results 

3.2.1 Vaccine-induced immunogenicity by ex vivo IFN- ELISpot is comparable 

between adult and paediatric populations 

 

Peak ELISpot responses at 7 days post MVA ME-TRAP boost were compared between groups 

in these age de-escalation studies with those from previously published adult Phase I trials in the UK 

[287] and The Gambia [294]. A trend towards lower T cell immunogenicity in paediatric vaccinees 

compared with adult vaccinees was measured, with responses in Burkinabe children significantly 

reduced.  Notably, responses in 10 week old Gambian infants were comparable to those in adults and 

higher than in Burkinabe children aged 5-12 months and 13-17 months (Figure 3.1 A, p<0.0001 

Kruskal-Wallis test).  No differences were measured between responses in UK and Gambian adults 

(data not shown).   

Due to the observation that children under 17 months have significantly higher lymphocyte 

counts per millilitre of blood than older children and adults (Figure 3.1 B, p<0.0001 Kruskal-Wallis 

test), expressing ELISpot responses using the number of peripheral blood mononuclear cells (PBMC) 

as the denominator may not accurately reflect immunogenicity across age groups.  ELISpot responses 

were expressed as spot-forming cells (SFC) per millilitre of blood by integrating lymphocyte counts 

collected during routine haematology tests at each time point, using the following formula: 

 

 

 

 

Using this arguably more physiologically relevant denominator, T cell responses were 

comparable between adults, children and older infants.  Furthermore, responses in 10 week old 

infants were almost 3-fold higher than UK and Gambian adults (Figure 3.1 C, p=0.0017, Kruskal-Wallis 

test).  No differences were measured between responses in UK and Gambian adults (data not 

shown).  Responses remained higher in Gambian 10 week old infants compared with both Burkinabe 

age groups (p=0.0007, Kruskal-Wallis test). 

      (No. lymphocytes/mL whole blood)  x  (ELISpot response SFC/106 PBMC)  

                                                                        = ELISpot response SFC/mL whole blood  
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Figure 3.1 Immunogenicity summary of ChAd63.MVA ME-TRAP vaccine trials with age de-

escalation.  

A) Comparison of ex vivo IFN- ELISpot responses 7 days post MVA ME-TRAP, expressed as SFC per 

million PBMC.  Adult groups combined, due to comparable immunogenicity.  Kruskal-Wallis test with 

Dunn’s correction for multiple comparisons to adult control group denoted by black bars, Kruskal-

Wallis test with Dunn’s correction for multiple comparisons between all paediatric groups denoted 

by grey bars. B) Lymphocyte counts per millilitre of blood for all vaccinated volunteers 7 days post 

MVA ME-TRAP.  Kruskal-Wallis test with Dunn’s correction for multiple comparisons between all 

groups.  Adult groups not combined due to difference by 2-tailed Mann-Whitney test, p=0.0009.  C) 

Ex vivo IFN- ELISpot responses per millilitre of blood. Kruskal-Wallis test with Dunn’s correction for 

multiple comparisons to adult control group denoted by black bars, Kruskal-Wallis test with Dunn’s 

correction for multiple comparisons between all paediatric groups denoted by grey bars.  Dotted 

lines show LLD (lower limit of assay detection) and positive threshold for ELISpot response.  Medians 

displayed in green, * p<0.05. ** p<0.01, *** p<0.001, **** <0.0001.  
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Baseline monocyte count, and respective monocyte to lymphocyte ratio (M:L) were recorded 

for most vaccinee groups.  Pre-vaccination M:L was significantly higher in UK adults compared with 

all of the paediatric populations with the exception of 13-17 month old Burkinabe infants (Figure 3.2 

A, p=0.0247 Kruskal-Wallis test).  These trends continued post-vaccination (data not shown).  Using 

monocyte and lymphocyte data available at the peak immunogenicity time point, a correction factor 

can be calculated for the ELISpot response per millilitre of blood, which normalises for the proportion 

of monocytes in the ELISpot assay across all vaccine groups and thus prevents a skew due to different 

number of monocytes in the ELISpot assay. This was calculated through the enumeration of 

lymphocytes per million PBMC that contribute to the ELISpot response, using monocyte and 

lymphocyte differential data.  The correction factor was then calculated using the following formula, 

and then used to multiple up the ELISpot response per million PBMC to per mL blood: 

 

 

 

 

The same trends in the ‘ELISpot per mL’ dataset are seen both with and without the correction factor 

applied (Figure 3.2 B, NSD by Kruskal-Wallis test), thus supporting the assumption that there is no 

requirement to correct for monocyte count in the ELISpot per mL conversion calculation.  

 

 

 

 

 

 

 

 

 

 

 

M:L correction factor =  Lymphocytes per mL blood  
                           Number of lymphocytes in 1 million PBMC 
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3.2.2 Challenges associated with intracellular cytokine staining of PBMC  
 

 

Analysis of paediatric immunogenicity using flow cytometry with ICS on fresh PBMC samples 

has proven difficult in recent clinical vaccine studies in The Gambia, with incomplete sample 

preparation and staining, in addition to QC failure in over half of the data produced.  These issues 

were linked to lack of resources, including personnel, and non-adherence to protocols.  As a result, 

frozen PBMC samples were shipped to Oxford from The Gambia and Burkina Faso.  Flow cytometry 

with ICS was performed on all samples available from 5-12 month old Gambian infants (Vac 42) and 

on 13 of the 30 5-17 month old Burkinabe infants (Vac 50), selected on the ELISpot response to TRAP 

T9/96 megapool >248 SFC/106 PBMC at 1 week post MVA ME-TRAP (median 348 SFC/106 PBMC).  

Mean cell viability upon thawing was 70% and 57%, and live cell staining by FACS 79% and 77%, in 

Vac 42 and Vac 50 vaccinees, respectively.  Assessment of cytokine expression 7 days post boost with 

Figure 3.2 Incorporation of monocyte data into ELISpot readout.  

A) Baseline monocyte to lymphocyte ratio for all enrolled volunteers. B) Comparative analysis of 

ELISpot readout in SFC/106, SFC/mL and SFC/mL with monocyte correction factor applied.  Kruskal-

Wallis tests with Dunn’s correction for comparisons against UK adult control group.* p<0.05. ** p<0.01, 

*** p<0.001. 
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MVA ME-TRAP showed detectable IFN-γ, IL-2 and TNF-α secretion from CD4+ and CD8+ T cells (Figure 

3.3). Positive cytokine responses were measured in 89% of volunteers tested, however 

polyfunctional responses were not calculated due to low cell numbers in the respective Boolean 

gates.  Expression of the degranulation marker CD107a on CD8+ T cells was also measured in 15% of 

volunteers tested.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

These data prompted the development of a whole blood assay, whereby fresh whole blood could be 

stimulated and subsequently frozen at field sites, with limited sample handling and processing.  Such 

a process would enable batched in-house analysis, or shipment to a central laboratory for staining 

and acquisition, with the overall aim of capturing the higher antigen-specific responses associated 

with fresh sample stimulation, without compromising the robustness and quality of the data 

acquired.  
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Figure 3.3 Flow cytometry with intracellular cytokine staining 

Frequencies of cytokine-producing CD4+ and CD8+ T cells performed on thawed PBMC from paediatric 

volunteers in Vac 42 (open) and Vac 50 (closed).  Geometric mean displayed. CD4 and CD8 LLD 

aligned for separate trials and displayed as a dotted line.  Minimum of 29,000 live CD3+ cells acquired 

per sample.  
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3.2.3  Development of a novel flow cytometry assay for use at field sites 

 

A whole blood ICS assay could overcome many of the issues encountered at field site 

laboratories, however current whole blood ICS protocols do not permit staining of dead cells [406-

409], due to the simultaneous cell fixation and RBC lysis within the protocol using FACS Lysing 

solution® (Becton Dickinson).  The importance of dead cell exclusion and the identification of dead 

cells within a whole blood ICS assay protocol are explored below.  

 

3.2.3.1 Inclusion of dead cells increases background ICS signal 

 

               To assess the effect of dead cells upon background responses, 16 blood samples were 

incubated overnight with costimulatory antibodies anti-CD28 and anti-CD49d, and Brefeldin A.  Red 

cells were lysed twice with 4mls of Qiagen Red Cell Lysis Buffer, then stained with Aqua amine-

reactive dye for dead cell identification before being frozen and subsequently thawed and stained 

with the standard clinical trials’ ICS panel. Background responses were analysed with and without 

dead cell exclusion (Figure 3.4, p<0.0001 2-way ANOVA).  Significantly higher background responses 

of IFN- from CD4+ and CD8+ T cells were measured when dead cells were included in the analysis.     
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3.2.3.2 Evaluation of red cell lysis buffers 

 

Red cell lysis following whole blood stimulation is a key step before staining of T cells in    

published whole blood ICS protocols, due to elevated degree of non-specific binding of antibodies to 

red cells in whole blood.  Lytic capacity of 3 non-fixative containing buffers was evaluated by 3 

rounds of lysis and washing.  Relative lysis was calculated by size analysis by automated cell counting 

of the remaining fractions present in the sample following lysis.   A cell debris fraction was counted, 

in addition to a total count that included cell debris in addition to red cells and lymphocytes.  Lysis 

between samples was compared by calculating relative lysis: 

 

 

 

Relative lysis = Cell debris count (0.75-6.25uM) 
                           Total count (0.475-15uM) 

 

Figure 3.4 Effect of dead cells on background cytokine measurements 

A single dataset of fresh, unstimulated whole blood samples, gated with and without a dead cell 

exclusion gate.  Use of dead cell exclusion significantly affects background IFN- detection, 2-way 

ANOVA * p<0.05. 
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As the buffers target red cells, the relative size of the cell debris fraction increases relative to the 

total fraction, thus a higher relative lysis value represents more efficient red cell lysis (Figure 3.5 

A+B).  Generally 4mls of buffer gave a higher relative lysis value, and 3 rounds of lysis resulted in 

significantly higher red cell lysis compared with a single lysis step, regardless of buffer or volume 

(Figure 3.5 C, p=0.0002 Kruskal-Wallis test).  In order to keep the protocol of reasonable length and 

use reagents already in mainstream use in field site laboratories, a double lysis with 4mls Qiagen 

buffer was taken forwards for further testing in the protocol. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  
Figure 3.5 Relative red cell lysis of whole blood. 

A) Representative images and B) relative lysis of 500uL of whole blood by Qiagen RBC lysis buffer, 

ACK buffer and ammonium chloride, measured after a single, double or triple lysis treatment with 

either 2mls or 4mls buffer.  C) Buffer types and volumes combined for analysis of number of lysis 

steps, Kruskal-Wallis tests with Dunn’s correction for comparisons between all groups, ** p<0.01. 
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3.2.3.3 Aqua dead cell staining using selected lysis buffer 
 

Fixative-containing red cell lysis buffers, such as FACS Lysing Buffer®, exhibit good red cell 

lysis, but eliminate the ability to subsequently stain for cell viability (Figure 3.6 C). Fixative-free red 

cell lysis buffers permit live cell identification following red cell lysis (Figure 3.6 D).  Following this red 

cell lysis and subsequent staining with Aqua amine reactive dye, the dye is retained during a single 

freeze-thaw cycle under all stimulation conditions (unstimulated, antigen-stimulated, SEB-

stimulated. Figure 3.7). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6 Aqua staining of fixed and non-fixed cells 

Unstained and Aqua staining of leukocytes following whole blood red cell lysis with A+C) BD FACS 

Lysing Solution® with fixative, B+D) Qiagen Red Cell Lysis Solution® without fixative. 
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3.2.4 Agreement between fresh PBMC ICS and frozen whole blood ICS 

 

3.2.4.1 Comparable cell phenotypes (validation 1) 

 

Frequencies and absolute numbers of live CD3+ populations, in addition to CD4+ and CD8+ T 

cell populations were measured using the fresh PBMC assay and the frozen whole blood assay, and 

compared in order to begin validating the new whole blood ICS staining procedure.  Frequencies of 

live CD3+ cells were slightly higher using the whole blood assay, with frequencies of all 3 populations 

within 3% in each assay.  Absolute numbers of live CD3+ cells were higher with the PBMC assay.  This 

was to be expected, as 2.0x106 PBMC were stimulated, compared with 500L of whole blood, which 

in this adult population contains approx. 0.5-1.0x106 PBMC.  The ratio between the acquired counts 

is therefore consistent with cell numbers that were stimulated.  Interestingly, the standard 

deviations in cell numbers from the whole blood assay were lower, indicating this assay reliably 

produces more consistent cell numbers for analysis, compared with the PBMC assay equivalent, 

despite the inclusion of a freezing step (Figure 3.8).  PBMC ICS assays performed by Malaria Vaccine 

Trials team. 

Figure 3.7 Retention of Aqua dye during freeze-thaw process. 

Aqua stained leukocytes, subsequently fixed and either freshly acquired on the same day, or 

acquired following a single freeze-thaw cycle. NSD by Wilcoxon matched-pairs signed rank test. 
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Figure 3.8 Basic phenotypes identified using fresh PBMC and frozen whole blood assay platforms.  

A-C) Cell frequencies and D-F) cell counts of live CD3+ T cells, CD4+ T cells and CD8+ T cells. Wilcoxon 

matched-pairs signed rank test performed on paired samples, ** p<0.01, *** p<0.001, **** 

p<0.0001.  Mean values displayed. Standard deviation of PBMC and whole blood counts respectively: 

Live CD3+ 200,177 and 70,093, CD4+ T cell 143,669 and 45,247, CD8+ T cell 64,490 and 31,774. 
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3.2.4.2 Comparable cytokine responses by intracellular cytokine staining of fresh PBMC 

and frozen whole blood (validation 2) 

 

 PBMC and whole blood samples from a Phase I/IIa clinical vaccine trial evaluating vaccine 

efficacy of the combination RTS,S/AS01B + ChAd63. MVA ME-TRAP and of RTS,S/AS01B alone (Vac 55) 

were used to compare cytokine responses measured by the 2 different ICS protocols at the C-1 time 

point (one day prior to challenge).  PBMC stimulation, staining and acquisition were performed on 

fresh PBMC samples in 2 batches.  Whole blood samples were stimulated in 2 batches and 

subsequently frozen down for staining and acquisition across 3 batches.  Responses to peptides 

covering TRAP T9/96 and 3D7 strains and to CSP were measured in group 1, and to CSP only in group 

2 (Figure 3.9). 

 Through alignment of assay LLDs (lower limits of detection), cytokine responses from each 

assay were compared head-to-head (Figure 3.10).  Most variability between the assays was 

measured when responses were <0.05%, highlighted by the disagreement between background 

responses from unstimulated (background) samples and volunteers with lower responses, 

predominantly CS-specific responses.   This frequency is not only low, but approaches the lower limit 

of detection for both assays, and variability at the lower end of the assay is to be expected.  

Background responses were generally comparable across the 2 assays for all parameters, with the 

exception of TNF- production from CD4+ T cells and IL-2 production from CD8+ T cells, with assay 

type accounting for 3.6% of the variability measured in background responses (Figure 3.10 D, 

p<0.0001 2-way ANOVA).  Antigen-specific responses were generally comparable, or higher in the 

whole blood assay for certain antigen-specific CD8+ T cell responses (Figure 3.10 A-C).   A small 

proportion of the variation in antigen-specific responses was due to assay type (<2.2%), with 

volunteer and cytokine responsible for 48-87% of the variation in ICS response (Figure 3.10 A-C, 2-

way ANOVA) 
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Figure 3.9 Flow cytometry with ICS performed on Vac 55 UK adults at challenge-1 time point  

Flow cytometry with ICS on stimulated A-D) fresh PBMC and E-H) thawed whole blood. Geometric means 

displayed. Dead cells excluded from all analyses. Live CD3+ T cell count acquired from PBMC >56800, from 

whole blood >82,500. CD4 and CD8 LLD aligned and displayed as dotted line.   
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Figure 3.10 Head-to-head comparison of fresh PBMC ICS and frozen whole blood ICS from Figure 3.9  
Responses to A)TRAP T9/96 group 1, B) TRAP 3D7 group 1, C) CSP group 1 and D) CSP group 2.  CD4 and 
CD8 LLD aligned for analysis.  2-way ANOVA on paired samples, to assess effects of assay type, cytokine 
and subject on the variation measured in ICS response.   
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3.2.4.3 Correlation between fresh PBMC ELISpot and fresh PBMC/frozen whole blood ICS 

(validation 3) 

 

 IFN- responses measured by flow cytometry with ICS at C-1 were correlated with ex vivo 

IFN- ELISpot data performed using fresh PBMC stimulated with the same pool of TRAP T9/96 

peptides.  As expected, the ELISpot response correlated with the PBMC ICS for both CD4+ IFN-+, CD8+ 

IFN-+ and the combined CD4+ and CD8+ response (Figure 3.11 A-C, Spearman r).  Whole blood ICS 

responses correlated in the CD8+ T cell compartment (Figure 3.11 A, Spearman r) and the combined 

CD4+ IFN-+ + CD8+ IFN-+ response (Figure 3.11 C, Spearman r), with similar r values to that of PBMC 

ICS.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11 Correlations between PBMC/whole blood ICS and ELISpot response 

Correlation between IFN- response to TRAP T9/96 megapool by ex vivo IFN- ELISpot and A) CD4+ 

IFN-+ response B) CD8+ IFN-+ response and C) summed CD4+ IFN-+ and CD8+ IFN-+ response to the 

equivalent TRAP T9/96 peptide pool by ICS. Correlations measured by Spearman rank test. 
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3.2.5 A validated whole blood ICS assay assessed on samples from paediatric 

ChAd63.MVA ME-TRAP vaccinees  

 

 The whole blood ICS assay, validated as described above, was deemed appropriate for the 

evaluation of vaccine-specific responses in a Phase I study assessing the safety and immunogenicity 

of the ChAd63.MVA ME-TRAP vaccination regimen administered alongside standard EPI vaccines in 

Gambian infants.  Three age de-escalating cohorts were vaccinated with ChAd63 ME-TRAP at age 16 

weeks, 8 weeks and 1 week, followed by MVA ME-TRAP 8 weeks later (Table 11).  Previous 

assessment of TRAP-specific responses in malaria exposed individuals revealed negligible response by 

ICS pre-vaccination, thus immunogenicity by ICS was measured 3 weeks post-prime (day 21) and 1 

week post-boost (day 63).  ICS assays performed by S. Roetynck.  Ex vivo IFN- ELISpots were 

performed pre-vaccination and at day 21, 63, 112 and 168, and were carried out by V. Mensah. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 11 Vaccination list of the World Health Organization's Expanded Program on Immunization 
Vectored vaccines co-administered alongside EPI vaccines, but not at same injection site.  

(DTP=Diptheria, tetanus and pertussis, HiB – Haemophilis influenza type B, HepB = hepatitis B).  
*1 week following birth 
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 Post-prime CD4+ and CD8+ T cell responses were measured in all age groups, with a response 

rate of 93%, 100% and 100% for CD4+ T cells and 67%, 100% and 87% for CD8+ T cells producing any-

of-3 cytokines (IFN-, IL-2 or TNF-) in the age de-escalating groups, respectively.  Significant 

boosting of the TRAP-specific response was measured in CD4+ T cells in 16 week olds, and in CD8+ T 

cells for 16 wand 8 week olds, specifically in their production of IFN- (Figure 3.12 A-F, p<0.05 and 

P<0.01 Kruskal-Wallis test).  Any-of-3 analyses revealed significant boosting in the CD8+ antigen-

specific T cell response of 8 week old infants (Figure 3.12 H), and a significantly higher “any-of-3” 

(IFN-, IL-2, TNF-) CD4+ T cells response at day 63 in the 16 week old infants compared with 1 week 

olds (Figure 3.12 G). The response rate by day 63 was 100% for the older infants of 16 and 8 weeks, 

and above 90% in the 1 week old vaccinees.   

 When stratified by individual cytokine, a trend towards a higher CD4+ TNF-+ T cell response 

was measured 1 week post-boost in the oldest cohort, compared with the youngest, but overall no 

differences in frequency of antigen-specific cells were detected between different age groups at day 

21 or day 63 for individual cytokines (Figure 3.13 and Figure 3.14).   
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Figure 3.12 Infant immunogenicity by whole blood ICS  

A-F) Single cytokine and G-H) any-of-3 cytokine analyses from the whole blood ICS assay at 21 days 

post ChAd63 ME-TRAP vaccination (day 21) and 7 days post MVA ME-TRAP vaccination (day 63).  

Kruskal-Wallis test with Dunn’s correction for multiple comparisons between day 21 and day 63 

responses, and between comparable time points of different groups (G+H only), * p<0.05, **<0.01.  
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Figure 3.13 Analysis of post-ChAd63 ME-TRAP response between age groups  

Whole blood ICS responses compared between 16 week, 8 week and 1 week old vaccinees for A) 

IFN-+, B) IL-2+ and C) TNF- + TRAP-specific T cells. No significant difference between groups by 

Kruskal-Wallis test with Dunn’s correction for multiple comparisons between groups.  

A

B

C

1 6  w e e k s 8  w e e k s 1  w e e k 1 6  w e e k s 8  w e e k s 1  w e e k

0 .0 0 1

0 .0 1

0 .1

1

F
r
e

q
u

e
n

c
y

 o
f 

IF
N

-g
+

T
R

A
P

-s
p

e
c

if
ic

T
 c

e
ll

s
 3

 w
e

e
k

s
 p

o
s

t 
C

h
A

d
6

3
 M

E
-T

R
A

P
 /

%

C D 4 C D 8

1 6  w e e k s 8  w e e k s 1  w e e k 1 6  w e e k s 8  w e e k s 1  w e e k

0 .0 0 1

0 .0 1

0 .1

1

F
r
e

q
u

e
n

c
y

 o
f 

IL
-2

+
T

R
A

P
-s

p
e

c
if

ic

T
 c

e
ll

s
 3

 w
e

e
k

s
 p

o
s

t 
C

h
A

d
6

3
 M

E
-T

R
A

P
 /

%

C D 4 C D 8

1 6  w e e k s 8  w e e k s 1  w e e k 1 6  w e e k s 8  w e e k s 1  w e e k

0 .0 0 1

0 .0 1

0 .1

1

F
r
e

q
u

e
n

c
y

 o
f 

T
N

F
-a

+
T

R
A

P
-s

p
e

c
if

ic

T
 c

e
ll

s
 3

 w
e

e
k

s
 p

o
s

t 
C

h
A

d
6

3
 M

E
-T

R
A

P
 /

%

C D 4 C D 8



106 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.14 Analysis of post-MVA ME-TRAP response between age groups  

Whole blood ICS responses compared between 16 week, 8 week and 1 week old vaccinees for A) 

IFN-+, B) IL-2+ and C) TNF-+ TRAP-specific T cells. Kruskal-Wallis test with Dunn’s correction for 

multiple comparisons between groups.  
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3.2.5.1 Correlation between fresh PBMC ELISpot and frozen whole blood ICS in target 

population (validation 4) 

 

A final validation of the whole blood ICS assay was performed on immunogenicity data from 

the Vac 58 infant vaccinees.  IFN- responses measured by whole blood flow cytometry with ICS were 

correlated with ex vivo IFN- ELISpot data performed using fresh PBMC stimulated with the same 

pool of TRAP T9/96 peptides.  In this setting, the ex vivo IFN- ELISpot response correlated 

significantly with both CD4+ IFN-+ and CD8+ IFN-+ T cell responses, as well as the combined CD4+ and 

CD8+ response (Figure 3.15).  This provides assay validation in the target population the whole blood 

ICS assay was optimised for, in addition to the paediatric malaria-exposed population toward which 

malaria vaccines are targeted.  The highest ex vivo IFN- ELISpot response to the TRAP T9/96 

megapool was 314 SFC/106 PBMC, indicated by a dotted line at 0.0314%.  The response measured by 

whole blood ICS is clearly higher than that of the ex vivo IFN- ELISpot to a single peptide pool.   
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3.2.6 Vaccine-induced CD4+ T cell immunogenicity is comparable between adult 

and paediatric populations by whole blood ICS 

 

The validation experiments performed on UK adults for the whole blood ICS assay (Figure 3.9 

E-H) provide the first comparison of multiple cytokine immunogenicity in malaria-exposed infants 

and malaria-naïve adults.  Following ChAd63 ME-TRAP vaccination, IL-2 and TNF- production by 

both CD4+ and CD8+ T cells were comparable between adults and infants.  IFN- responses were 

significantly lower in infants vaccinees (Figure 3.16 A, 2-way ANOVA).  Despite significant boosting in 

Figure 3.15 Correlations between PBMC/whole blood ICS and ELISpot response 

Correlation between IFN- response to TRAP T9/96 megapool by ex vivo IFN- ELISpot and A) CD4+ IFN-

+ response B) CD8+ IFN-+ response and C) summed CD4+ IFN-+ and CD8+ IFN-+ response to the 

equivalent TRAP peptide pool by whole blood ICS. Dotted line represents antigen-specific response of 

0.314%, equivalent to the highest response by ex vivo IFN- ELISpot. Correlations measured by 

Spearman rank test. 
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16 and 8 week olds, IFN-+ CD8+ T cells remained lower than that of UK adult vaccinees post-MVA 

ME-TRAP vaccination. A similar difference was measured with CD8+ TNF-+ T cells (Figure 3.16 B, 2-

way ANOVA). 
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Figure 3.16 Comparison of whole blood ICS responses in UK adults and Gambian infants  

Whole blood ICS at A) 3 weeks post ChAd63 ME-TRAP vaccination, B) 7 days and 13 days following 

MVA ME-TRAP vaccination for Gambian infants UK adults, respectively.  ** p<0.01, **** p<0.0001 by 

2-way ANOVA. 
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 Discussion 
 

Previously, T cell immunity has not been studied in age de-escalation clinical vaccine trials of 

ChAd63.MVA ME-TRAP, or indeed of any adenovirus prime – MVA boost vaccine.  Analysis of initial 

immunogenicity data indicated a reduction in TRAP-specific T cells when the ChAd63.MVA ME-TRAP 

regimen was administered across age de-escalating groups, ranging from adults to young infants.  

However, such direct comparisons of immunogenicity in different age groups are complex.   In 

addition to the differences between paediatric and adult T cell immunity,  infants and young children 

have very different haematological parameters to older children and adults: total blood volume is 

substantially lower and numbers of circulating lymphocytes per millilitre significantly higher [410].  

There are also distinct differences in body mass and therefore variation in vaccine dose per kilogram 

of body weight when a standard or similar dose is administered to all age groups.  The inverse 

correlation between absolute numbers of lymphocytes circulating per millilitre of blood and age is a 

key consideration when reporting cellular immunogenicity across age groups and highlights the 

potential utility for an alternative analysis of ex vivo IFN- ELISpot data that reports the antigen-

specific response as a frequency of circulating whole blood (i.e. per millilitre of blood), as opposed to 

per defined number of PBMC. 

Our novel approach incorporated the lymphocyte differential from the full blood count 

performed at the same time as the immunological assays.  This was used to standardise the 

denominator of the units used to report ELISpot responses, taking into account the higher 

lymphocyte frequencies measured in young children and infants, and giving a concentration of 

antigen-specific cells circulating per millilitre of blood.  This approach permits a fairer and more 

consistent comparison of vaccine-induced responses across different age groups.  The frequency of 

antigen-specific cells per millilitre of blood is also an arguably more relevant readout per se, as an 

increased rate of antigen-specific cells trafficking through the lymph nodes and spleen would 

increase the likelihood of antigen recognition from antigen-presenting cells following vaccination, 

giving rise to a greater cellular immune response.    Furthermore, the level of antigen-specific T cells 

per millilitre of blood is more likely to correlate with vaccine efficacy than T cells per million PBMC, as 
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the former relates to the rate at which antigen specific T cells enter the liver: the relevant target 

organ for T cells in malaria-infected individuals.   

Using this approach, responses measured in paediatric vaccinees are comparable to that of 

malaria-naïve or malaria-exposed adults.  In the case of the youngest age group of 10-week old 

infants, responses were significantly higher by almost 3-fold compared with adults.  This indicates 

that ChAd63.MVA ME-TRAP T cell immunogenicity is not reduced with administration to younger 

participants in age de-escalation vaccine trials, despite the reduction in MVA ME-TRAP dose.  This 

preliminary observation demonstrates that replication-deficient viral vectors can elicit immune 

responses in infants that are comparable or indeed superior to those in adult populations. The wider 

implication is delivery of antigens by viral vectors may overcome the limitations of the immature 

infant immune system, which have been shown to limit seroconversion and cellular responses to EPI 

vaccines [372, 388, 391, 392, 411, 412].  This is consistent with strong CTL function previously 

measured following congenital infection with cytomegalovirus and Trypanosoma cruzi, which 

together demonstrate that under certain conditions, the immature human immune system is indeed 

capable of potent CTL activity [398, 413]. 

Whilst T cell responses were comparable between the 5-12 month old paediatric vaccinees in 

Burkina Faso and The Gambia, responses measured these two age groups in Burkina Faso were the 

lowest of all trials compared, and significantly lower than that of 10 week old vaccinees in The 

Gambia.  This is likely due to a combined effect of age and differing malaria exposure by field site 

[405].  Malaria-related immunosuppression could lead to reduced vaccine immunogenicity or 

differences in innate immunity in the early weeks of life in these children. Congruently, malaria 

transmission in the Gambia is markedly lower than in Burkina Faso  [68, 414] thus these combined 

effects would likely be seen in older Gambian children who have had more years of lower level 

malaria exposure; and in younger infants in Burkina Faso where transmission is higher [415, 416].    

One limitation of this novel reporting method is the assumption of a comparable monocyte 

count across populations.  In the populations tested, UK adults had a higher monocyte to lymphocyte 

ratio than infants and older children both pre- and post- vaccination.  Monocytes are antigen-

presenting cells that form part of the PBMC compartment that is separated from whole blood and 
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used in the ex vivo IFN- ELISpot.  They are unlikely to produce significant amounts of IFN- in the 

assay, but can skew and amplify the Th1 response measured, in addition to providing antigen 

presentation via MHC class I and II.  In the novel ELISpot analysis, the response per million PBMC is 

multiplied by the number of lymphocytes per millilitre of blood.  The ELISpot response per mL 

therefore has scope to be higher in volunteers with a higher proportion of lymphocytes in the assay, 

with a high monocyte to lymphocyte ratio giving an underestimate of antigen-specific cells per 

millilitre of blood.  To explore the effects of different M:L in these populations, a correction factor 

was applied to groups where both monocyte and lymphocyte count were available at peak 

immunogenicity time point.  The same trends were observed between UK adults and Burkinabe 

infants, supporting the validity of the SFC/mL blood readout, and its corresponding findings. 

Supporting data from multiparameter flow cytometry with intracellular cytokine staining, where 

frequency of antigen-specific cells is the readout, was key in order to corroborate this finding of 

comparable vaccine-induced responses in infant vaccinees.  With paediatric clinical vaccine trials 

carried out in the field, sites are often under-resourced to perform such a complex assay on fresh 

PBMC samples in real time.  Published ICS data from thawed PBMC samples from ChAd63.MVA ME-

TRAP paediatric vaccinees are lower than those measured in UK adults, however the results are not 

directly comparable, due to the UK adult samples being performed on fresh PBMC samples and 

African infants on frozen PBMC  [287, 417], and it is known from previous ChAd63.MVA ME-TRAP 

adult vaccinees in the UK, that CD4+ T cell responses are particularly reduced when ICS is performed 

on frozen [418]. 

One solution to the difficulties in obtaining robust ICS data from field sites was to use a 

whole blood ICS protocol, whereby the samples are stimulated and subsequently frozen down at the 

field site, for batched thawing, staining, acquisition and analysis at a later date.  Furthermore, this 

assay permits sample shipment to a single laboratory for central analysis.  Whole blood ICS has many 

other advantages over PBMC ICS, including a standardised stimulation procedure with no 

requirement for PBMC separation or counting, reduced blood volume requirements, the option to 

freeze samples post-stimulation for batched staining and analysis and the evaluation of T cell 

responses in the presence of autologous cellular and serum components.  The main drawback with 
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switching to a whole blood ICS platform is the omission of live/dead staining in all published 

protocols, due to the early fixation of samples required by such as assay.   Despite this, such whole 

blood ICS assays are routinely used in adult and paediatric clinical vaccine testing, including by GSK in 

the evaluation of RTS,S, and in several TB vaccine trials [304, 406, 419-421].   

Dead cells can skew responses in several ways, predominantly through changes in 

intracellular constituents such as flavoproteins and porphyrins, resulting in autofluorescence, usually 

of shorter wavelength and therefore increasing background responses of certain fluorochromes.  This 

was apparent in the dataset gated with and without dead cell exclusion, whereby significantly higher 

background was measured in the FITC (IFN-) channel.  Dead cells can form cell clumps and also bind 

non-specifically to the fluorochrome conjugated antibodies used in ICS, resulting in increased 

background staining, which in turn can skew or dilute the reported antigen-specific response. 

Identifying these cells is especially important at a field site that has previous suffered with poor ex 

vivo cell viability.  These factors prompted the development and validation of a more robust whole 

blood assay based on already established whole blood ICS protocols.  

Adaptations were made to a current whole blood protocol of Hanekom et al [406].  The red 

cell lysis and PBMC fixation step was split into 2 separate procedures, with a dead cell staining step 

added in between.   The subsequent staining of leukocytes with an amine-reactive dead cell dye 

survived fixation and a freeze-thaw step, thus enabling the freezing step to be retained in the 

protocol.  Validation of the adapted frozen whole blood ICS protocol was achieved through 

correlation with comparative assays with the equivalent fresh PBMC on identical vaccinee samples.  

The standard deviation of cell numbers obtained using the whole blood ICS were considerably lower 

compared with the PBMC assay, despite a freeze-thaw step, indicating robustness of the whole blood 

assay to consistently yield sufficient cell numbers to pass data QC.  Comparison of cytokine responses 

from these samples revealed assay type accounted for only 1-3% of response variation across all CD4 

and CD8 cytokines, with measured responses either comparable between assays or higher in the 

whole blood assay.   Most disagreement in cytokine response was measured with responses less than 

0.1% and approaching the lower limit of detection.  Further validation was achieved though 

correlation of each vaccinees’ ex vivo IFN- ELISpot response with IFN- responses measured in the 
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frozen whole blood and fresh PBMC ICS assays.  Both assays positively correlated with ELISpot 

response, driven by both the CD4+ IFN- + and CD8+ IFN-+ T cell response.   

Interestingly, the whole blood ICS assay appears more sensitive than the ex vivo IFN- ELISpot 

assay in Vac 58. This is likely due to the fact that the ELISpot response to a single peptide pool was 

used for correlation with ICS data, and ELISpot responses were higher when smaller peptide pools 

were used to sum the TRAP-specific response.  This finding highlights the increased sensitivity of the 

whole blood ICS assay to a single pool of peptide, over that of the ex vivo IFN- ELISpot, which is an 

important implication if future clinical trial designs have lower blood volumes taken from infants at 

each time point, resulting in insufficient PBMC available for testing of multiple peptide pools by 

ELISpot. This is especially important, as an impediment to basic immunologic investigations of infants 

and young children has been limited blood volume available for testing [422], which obviously is 

required to be within safe limits [423]. 

The whole blood ICS assay was tailored to the requirements of a Phase I paediatric clinical 

vaccine trial in The Gambia, and used as one of the main immunological readouts in 3 groups of 

infants, primed at aged 1 week, 8 weeks and 16 weeks of age, and boosted 8 weeks later.  This trial 

was not powered to detect interference of EPI vaccines on the vaccine-induced response by 

ChAd63.MVA ME-TRAP regimen, rather the immunological objective was to assess immunogenicity 

between the age groups.  These data conclude that there are not significant differences between 

these 3 age groups, however there is a trend towards reduced immunogenicity in the 1 week old 

vaccinees compared with the 16 week olds, driven by both response rate and magnitude.  This could 

be due to the immune system at 1 week of age being more immature, which is consistent with 

reduced pro-inflammatory responses in neonates in previous studies (reviewed in [373, 374]), but by 

8 and 16 weeks of age has matured sufficiently to mount more robust pro-inflammatory cellular 

responses.  The co-administration of the MVA ME-TRAP boost with other EPI vaccines may also play a 

role.  The 1-week old infants received MVA ME-TRAP alongside oral polio vaccine, pneumococcal 

conjugate vaccine and DTP/Hib/hepatitis B at 2 months of age, whereas the 16 week olds received 

their MVA ME-TRAP boost alongside a vitamin A supplement only.   However, these 16 and 8 week 

old infant vaccinees have a peak ELISpot response that is 200-300 SFCx106 PBMC less than the very 
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similar age category in Vac 42 (10 week olds) where no vaccinations were co-administered with EPI 

vaccinations (Vac 58 ELISpot data not shown).  This emphasises the need to thoroughly test these 

candidate vaccines alongside EPI, in a larger scale interference study that is powered to detect such 

differences.  Importantly, responses to EPI vaccines in this study were comparable between infant 

ChAd63.MVA ME-TRAP vaccinees and controls, which is encouraging with respect to further clinical 

evaluation of ChAd63.MVA ME-TRAP in infants. 

Finally, comparison of infant whole blood ICS data is currently only possible with that of 

adults from the UK, who were administered the malaria vectored vaccines staggered alongside 

leading vaccine candidate RTS,S.  Encouragingly, many responses are statistically comparable 

between the UK adults and Gambian infants.  Differences in certain cytokine responses could be 

indicative of reduced vaccine-immunogenicity in infants, although the adjuvanting effects of AS01 in 

the adult vaccinees, in addition to the possible interference of EPI vaccinations and the different 

post-MVA ME-TRAP time points measured in these 2 studies are all possible reasons why reduced 

responses in Vac 58 infants were measured.     

Overall, these data demonstrate that immunisation of children and infants with the candidate 

prime-boost regimen induces robust T cell responses to a pre-erythrocytic malaria antigen that has 

previously demonstrated efficacy against CHMI in malaria naïve adults and against natural infection 

in semi-immune adults [285, 287, 295].  These data also indicate that vaccination using viral vectors 

may overcome the limitations of the immature, infant immune system, as demonstrated by levels of 

TRAP-specific T cells being highest in 10-week old infants.    
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4 Scheduling of Plasmodium falciparum malaria vaccines: ChAd63 

ME-TRAP and MVA ME-TRAP 

 

 Introduction 

 

Vaccination strategies using pre-erythrocytic malaria antigen TRAP fused to a multi-epitope 

string, ME, have developed over the last decade.  Initially, ME-TRAP DNA plasmid vaccination and 

MVA ME-TRAP were assessed alone and in heterologous prime-boost regimens, with a double DNA 

prime followed by an MVA ME-TRAP boost the most optimal regimen.  This regimen induced a mean 

T cell response of 450 SFC/106 PBMC to ME-TRAP and exhibited sterile protection against CHMI in 

12.5% (1/8) of vaccinees [252].  Regimens using a double priming vaccination of recombinant 

fowlpox virus (strain FP9) encoding ME-TRAP (FP9 ME-TRAP) and MVA ME-TRAP induced a slightly 

higher antigen-specific T cell response of 475 SFC/106 PBMC and protected 12.5% (2/16) of vaccinees 

[282].  In field studies of FP9.MVA ME-TRAP, T cell responses following vaccination were lower, and 

were associated with reduced vaccine efficacy [424, 425].   

Heterologous prime-boost vaccination against malaria with the viral vectors ChAd63 and MVA, 

induces potent T-cell responses in humans.  The ChAd63.MVA ME-TRAP prime-boost regimen has 

been evaluated in Phase I safety and immunogenicity studies in both malaria-naïve [266] and 

malaria-endemic populations [283, 294, 426, 427], in addition to Phase II controlled human malaria 

infection studies [285, 287] in the UK and efficacy studies in West and East Africa [295, 426].   In all 

studies, the vaccines were tested in a standard 8 week prime-boost regimen (denoted A_M), with 

immunogenicity routinely measured as 14-28 days following vaccination with ChAd63 ME-TRAP and 

7 days following  boosting with MVA ME-TRAP.     

A stark increase in the antigen-specific T cell response following ChAd63.MVA.ME-TRAP, 

compared with previous prime-boost regimens, led to an increase in sterile protection in P. 

falciparum challenged vaccinees.   The 8 week regimen induced a peak median ex vivo IFN- ELISpot 

response of over 2400 SFC/106 PBMC and  demonstrated 21% (3/14 vaccinees) sterile efficacy and a 

delay to parasitaemia in a further 36% of vaccinees [287].  Protective efficacy positively correlated 
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with the frequency of monofunctional CD8+ IFN-+ T cells measured one day pre-challenge and 

CD8+CD107a+ T cells 150 days post challenge.  In a field efficacy study of ChAd63.MVA ME-TRAP, a 

67% reduction in malaria infection was measured in adults in the malaria endemic region of coastal 

Kenya.  In this setting, T cell responses directed towards the mid-section of the TRAP insert 

correlated with protection [295].   

With strong evidence that increased cellular immune responses against ME-TRAP are 

associated with increased protection against P. falciparum challenge, greater efficacy vaccine might 

be achieved by inducing even higher frequencies of antigen-specific CD8+ T cells through 

administration of ChAd63 ME-TRAP and MVA ME-TRAP via already established doses and routes, but 

according to novel schedules.  Such schedules were evaluated in a single Phase I clinical vaccine trial 

(Vac 43) and included homologous administration of the ChAd63 ME-TRAP prime and/or MVA ME-

TRAP boost, the use of alternating priming and boosting vectors and comparative schedules with 4- 

and 8-week intervals between vaccinations (Table 12).  

 

 

 

 

 

 

 

 

 

 

 

 

Table 12 Summary of ChAd63 ME-TRAP and MVA ME-TRAP vaccine regimens  
 “A” denotes intramuscular administration of 5x1010 virus particles of ChAd63 MVA ME-TRAP, “M” 
denotes intramuscular administration of 2x108 plaque forming units of MVA ME-TRAP,  “_” denotes an 
8 week interval, no underscore denotes a 4 week interval.   
 

Group 

(n=6) Day 0  4 weeks 8 weeks 12 weeks 16 weeks 24 weeks

1
ChAd63 

ME-TRAP

ChAd63 

ME-TRAP

ChAd63 

ME-TRAP

MVA ME-

TRAP
AAA_M

2
ChAd63 

ME-TRAP

ChAd63 

ME-TRAP

MVA ME-

TRAP

MVA ME-

TRAP
A_A_M_M

3
ChAd63 

ME-TRAP

ChAd63 

ME-TRAP

MVA ME-

TRAP

MVA ME-

TRAP
AAMM

4
ChAd63 

ME-TRAP

MVA ME-

TRAP

MVA ME-

TRAP

MVA ME-

TRAP
A_M_M_M

5
ChAd63 

ME-TRAP

MVA ME-

TRAP

ChAd63 

ME-TRAP

MVA ME-

TRAP
AMA_M

6
ChAd63 

ME-TRAP

MVA ME-

TRAP

ChAd63 

ME-TRAP

MVA ME-

TRAP
AMAM

7
ChAd63 

ME-TRAP

MVA ME-

TRAP

ChAd63 

ME-TRAP

MVA ME-

TRAP
A_M_A_M

Standard 

Regime (G4+7)

ChAd63 

ME-TRAP

MVA ME-

TRAP
A_M

Shortened 

Regime (G5+6)

ChAd63 

ME-TRAP

MVA ME-

TRAP
AM

Time point of vaccine administration Schedule 

abbreviation
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It has been previously demonstrated in mice that the phenotype of T cell memory may differ 

depending on the number of vaccinations given: in the absence of anti-vector immunity, secondary 

and tertiary antigen-specific responses to vaccination may result in the generation of memory CD8+ T 

cells that retain effector-like properties, as opposed to central memory T cell phenotypes.  

Furthermore, these cells accumulate preferentially in non-lymphoid tissues [428].  In mice primed 

with adenovirus and boosted with MVA both encoding ME-TRAP, blood CD8+ T cells of an effector 

memory phenotype correlate with protection against malaria liver-stage infection following P. 

berghei challenge [274].   

Flexibility in the 8 week prime-boost interval of ChAd63.MVA ME-TRAP is currently untested in 

human vaccinees.  In the murine challenge model, AdC9 ME-TRAP (another simian adenovirus 

serotype) and MVA ME-TRAP were assessed alone and in prime-boost combination by sporozoite 

challenge at 2 and 8 weeks post boost.  The highest degree of sterile protection was achieved when 

mice were primed with AdC9 ME-TRAP and boosted with MVA ME-TRAP with an 8 week interval 

(96% sterile protection when challenged 2 weeks post boost and 59% sterile protection when 

challenged 8 weeks post boost), when compared with MVA-AdC9, MVA alone and AdC9 alone.  

However shorter prime boost intervals of 1, 2 and 4 week intervals using this regimen were also 

efficacious [274].   

The use of multiple homologous ChAd63 ME-TRAP priming vaccinations have not previously 

been tested in humans and it is unknown whether multiple administrations will enhance regimen 

immunogenicity or impair it through boosting pre-existing anti-vector immunity.  Preliminary data, 

whereby a small number of subjects administered the ChAd63.MVA ME-TRAP regimen were re-

boosted with either ChAd63 ME-TRAP or MVA ME-TRAP after a long interval averaging 8 months, 

show that T cell responses can indeed be re-boosted by both a delayed homologous MVA 

administration (A_M__M) and a delayed ChAd63 ME-TRAP administration (A_M__A) [266].   

The first Phase I clinical vaccine study of ChAd63.MVA ME-TRAP saw >90% of vaccinees 

seroconvert to the ChAd63 vector following vaccination, but measured no correlation between 

baseline ChAd63 antibody titres and peak ex vivo IFN- ELISpot response to the vaccine insert post 

MVA ME-TRAP boost [266].  Subsequent trials have seen a trend towards a higher peak T cell 
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responses to TRAP in volunteers with pre-existing anti-vector antibodies [287], and a negative 

correlation between pre-vaccination ChAd63 titre and post-ChAd63 T cell response to TRAP, which 

disappeared after boosting [294].  In a hepatitis C (HCV) clinical vaccine trial using adenovirus 

vectors, a positive correlation was measured between boosting of adenovirus-specific T cells and that 

of the HCV-specific T cell response, following administration of ChAd3 and human Ad6 encoding non-

structural HCV proteins [429].   

Data from macaques indicates that vaccination schedules containing more than one 

administration of an adenoviral-vectored vaccine component generate enhanced cell mediated 

immunogenicity, when using viral vectors expressing Gag of HIV-1 [430].  A similar macaque study 

found that boosting with MVA ME-TRAP after a ChAd63 ME-TRAP prime, increased both the 

magnitude and breadth of the immune response to the vaccine insert [431], however subsequent 

MVA boosts did not broaden the responses compared with a single MVA boost [431].  Further MVA 

ME-TRAP vaccinations boosted the magnitude of the T cell and antibody responses, however the 

peak frequencies obtained after the second and third MVA immunisations did not surpass levels 

achieved by a single MVA ME-TRAP administration. 

 In this study, T cell immunogenicity was measured for each novel vaccination regimen by ex 

vivo IFN- ELISpot and by flow cytometry with ICS.  Responses were compared with the internal A_M 

control within the study, corresponding to the current standard 8 week regimen of ChAd63.MVA ME-

TRAP.  This was achieved by combining groups 4 and 7 following the first 2 vaccinations and using the 

immunogenicity data up to week 16, when a third vaccination was administered.  Responses were 

also compared with other clinical trials using the ChAd63.MVA ME-TRAP regimen.   Finally, anti-

vector responses were measured, including T cell responses to the ChAd63 hexon and antibody 

responses to MVA, and correlated with TRAP-specific T cell responses, in addition to TRAP antibody 

responses.  
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 Results 

4.2.1 Time course kinetics and peak response by ex vivo IFN- ELISpot 

 

Following a single ChAd63 ME-TRAP prime, 96% of vaccinees had a positive response to 

vaccination, as measured by ex vivo IFN- ELISpot.  Of the 2 initial non-responders, both responded 

positively after either a second ChAd63 ME-TRAP vaccination at day 56 (group 2), or MVA ME-TRAP 

vaccination at day 28 (group 5).  Response time course by ex vivo IFN- ELISpot shows the response 

kinetics per group (Figure 4.1). 
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 Figure 4.1 Time course of ex vivo IFN-  ELISpot response by group. 

Summed ex vivo IFN- ELISpot response to ME and TRAP pools.  Autologous background subtracted.  
Median with IQR displayed.  
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Direct comparison of peak immunogenicity was used to assess the effect of a 4- or 8-week 

prime-boost interval with ChAd63 ME-TRAP priming and MVA ME-TRAP boosting.  ELISpot responses 

for the 12 volunteers boosted after a 4 week (group 5 + 6) compared with an  8 week interval (group 

4 + 7) were not significantly different at 1 or 4 weeks post MVA ME-TRAP vaccination (Figure 4.2 A, 

p= 0.7103 and 0.6949 respectively, Mann Whitney test).   

The administration of 2 or 3 ChAd63 ME-TRAP vaccinations did not enhance the post-MVA 

ME-TRAP ELISpot response at 1 or 4 weeks post first MVA ME-TRAP vaccination (Figure 4.2 B + C, 

p=0.3722 and 0.5233 respectively, Kruskal-Wallis test) or the response measured 1 and 4 weeks post 

final MVA ME-TRAP vaccination (Figure 4.2 D + E, p= 0.4284 and 0.4519 respectively, Kruskal-Wallis 

test).  For group 1, this is the response to the single MVA ME-TRAP vaccination. 

The kinetics of ME-TRAP-specific responses were similar across all groups following 

ChAd63ME-TRAP prime, peaking 14-28 days post-vaccination.  The ELISpot response to the first 

ChAd63 ME-TRAP vaccination was significantly higher than that measured after the second 

vaccination, with no difference measured after the third vaccination (Figure 4.2 F, ChAd63 ME-TRAP 

1 and ChAd63 ME-TRAP 2 p=0.0305, ChAd63 ME-TRAP 1 and ChAd63 ME-TRAP 3 p=0.0625, ChAd63 

ME-TRAP 2 and ChAd63 ME-TRAP 3 p=0.6875, Wilcoxon matched pairs signed rank test).  In groups 

with multiple MVA ME-TRAP vaccinations, the peak response to the first MVA ME-TRAP was at 7 

days, but following the second MVA, responses peaked after 28 days or later (data not shown).  The 

highest peak in ELISpot response was measured after the first dose of MVA ME-TRAP in 61% of 

volunteers.  Paired analysis of peak responses after consecutive MVA ME-TRAP vaccination in group 

2 (A_A_M_M), group 3 (AAMM) and group 4 (A_M_M_M) show no significant boosting in peak 

response with subsequent MVA ME-TRAP vaccinations (Figure 4.2 G, MVA ME-TRAP 1 and MVA ME-

TRAP 2 p=0.0737, MVA ME-TRAP  1 and MVA ME-TRAP 3 p=0.1563 or  MVA ME-TRAP  2 and MVA 

ME-TRAP 3 p=0.3125, Wilcoxon matched pairs signed rank test). 
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Figure 4.2 Summary of ELISpot responses across the 7 vaccination regimens 

Ex vivo IFN- ELISpot response A) 1 week and 4 weeks post-MVA ME-TRAP responses for volunteers 
boosted at 4 weeks compared to 8 weeks post ChAd63 ME-TRAP.  No significant difference at 1 or 4 

weeks post boost, Mann Whitney test.  Ex vivo IFN- ELISpot response B) 1 week and C) 4 weeks post-
MVA ME-TRAP response following single, double and triple ChAd63 ME-TRAP priming vaccination(s), 
with single MVA ME-TRAP boost.  No significant difference between groups by Kruskal-Wallis test 

with Dunn’s correction for multiple comparisons between all groups.  Ex vivo IFN- ELISpot response 
D) 1 week and E) 4 weeks post final MVA ME-TRAP vaccination in each group, with prime-boost 
regimens of 4 and 8 weeks displayed for reference only.  No significant difference between groups by 
Kruskal-Wallis test with Dunn’s correction for multiple comparisons between all groups.  F) Peak ex 

vivo IFN- ELISpot response following each ChAd63 ME-TRAP response per volunteer.  Wilcoxon 
matched pairs signed rank test ChAd63 ME-TRAP 1 and ChAd63 ME-TRAP 2, p=0.0305.  G) Peak ex 

vivo IFN- ELISpot response following each MVA ME-TRAP response per volunteer.  No significant 
difference by Wilcoxon matched pairs signed rank test.  Median with IQR displayed.   
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With no significant boosting detected with multiple MVA ME-TRAP vaccinations, ELISpot 

response in all groups was assessed at 1 week and 4 weeks post first MVA ME-TRAP boost (Figure 

4.3, Kruskal-Wallis tests).  All groups showed significant boosting of their pre-vaccination MVA ME-

TRAP response at 1 week post boost.  Group 4+7 and group 1 showed boosting 4 weeks post MVA 

ME-TRAP boost (Figure 4.3, Kruskal-Wallis tests). 

 

 

  

Figure 4.3 Summary of boosting time course by priming regimen    
Responses 1 week and 4 weeks post MVA ME-TRAP boost.  Kruskal-Wallis ANOVA with Dunn’s 

correction for multiple comparisons between time points, *p< 0.05,  **p< 0.01,  ***p< 0.001.  Median 
with IQR displayed. 
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4.2.2 Area-under-curve analysis by ex vivo IFN- ELISpot 

 

A more comprehensive analysis of these vaccination regimens involves an area-under-curve 

(AUC) analysis.  The AUC value is calculated per volunteer and represented as a proportion of the 

regimen length (AUC/days) from day 0 to 4 weeks post first or final MVA ME-TRAP vaccination. It is 

representative of both peak IFN- responses to ME-TRAP and maintenance of this response over the 

duration of the defined time course, as determined by ex vivo IFN- ELISpot.  This scaled AUC analysis 

showed no differences in immunogenicity with the different priming schedules up to 4 weeks after 

the first MVA ME-TRAP dose (Figure 4.4 A, p=0.3675, Kruskal-Wallis test), and demonstrated no 

improvement of any 4 dose-vaccination regimen or over either 2 dose-vaccination prime boost 

regimens.  To specifically evaluate response durability, AUC was calculated for all groups from the 

point of final MVA-ME-TRAP vaccination for a fixed follow up period of 4 weeks.  Durability was 

comparable between all groups (Figure 4.4 C, Kruskal-Wallis test).  Despite no significant differences 

between groups measured by this analysis, group 4 (A_M_M_M) consistently shows the largest 

response by AUC (Figure 4.4 B+C), whereby the response magnitude is maintained by the subsequent 

MVA ME-TRAP boosts.   

 

 

 

 

 

 

 

 

 

 

 



127 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4 Area-under-curve immunogenicity by ex vivo IFN- ELISpot 
A) Individual AUC response for day 0 to 4 weeks post 1st MVA ME-TRAP vaccination. No significant 
difference between groups by Kruskal-Wallis test with Dunn’s correction for multiple comparisons 
between all groups. B) Individual AUC response for day 0 to 4 weeks post final MVA ME-TRAP 
vaccination.  No significant difference between the 2- or 4-vaccination regimens. C) Individual AUC 
response for day of final MVA ME-TRAP boost to 4 weeks later.  No significant difference between 
groups by Kruskal-Wallis test with Dunn’s correction for multiple comparisons between all groups. 
Median with IQR displayed.  
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The number of positive responses detected to the different TRAP peptide pools was then 

analysed to determine whether vaccination regimen affected the breadth of the immune response.  

Responses induced by ChAd63 ME-TRAP priming were of moderate frequency and breadth, with 

positive responses to a median of 2 of the 7 ELISpot peptide pools corresponding to the ME-TRAP 

vaccine insert.  Homologous ChAd63 ME-TRAP immunisations did not further broaden this response 

(Figure 4.5 A).  MVA ME-TRAP broadened the response to a median of 5 positive pools, with a 

significant expansion in breadth over ChAd63 ME-TRAP at the second and third vaccination (Figure 

4.5 B, p=0.0002, Mann Whitney test and Figure 4.5 C, p<0.0001, Mann Whitney test).  To assess 

multiple-prime, multiple-boost and alternating vector regimens, the groups were combined and 

compared against single prime-boost responses.  The distribution of positive responses was similar 

between regimens using multiple-prime, alternating vectors and single prime-boost, with much of 

the response generated against TRAP T9/96 (TT) pool 1 and 2.   The multiple-MVA boost approach 

resulted in a slightly larger proportion of the response directed at the C terminus of the vaccine 

insert (Figure 4.5 D).  
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Figure 4.5 Summary of response breadth by ex vivo IFN- ELISpot 
A) Response breadth by number of positive ELISpot pools per group at the peak post vaccination (14 -
28 days post-ChAd63 ME-TRAP and 7-28 days post-MVA ME-TRAP) to TRAP T9/96 (TT) pool 1-6 and 
multiple epitope pool.  Median plus interquartile range displayed.  Response breadth to B) ChAd63 ME-
TRAP and C) MVA ME-TRAP by Mann-Whitney test at vaccination 2 and 3, *** p<0.001, **** p<0.0001, 
with group data pooled depending on vector used at 2nd and 3rd vaccine.  Medians displayed.  3C) 
Distribution of positive responses to each ELISpot peptide pool, as a proportion of total positive 
response.  Groups combined to assess multiple prime (group 1 AAA_M, group 2 A_A_M, group 3 AAM), 
multiple boost (group 4 A_M_M_M), alternating vectors (group 5 AMA_M, group 6 AMAM, group 7 
A_M_A_M) and single prime boost (group 5+6 AM, group 4+7 A_M). 
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4.2.3 Immunogenicity by flow cytometry with ICS 

4.2.3.1 Schedules with a double ChAd63 ME-TRAP prime are more immunogenic than the 

standard regime 

 

To determine whether vaccination regimen had a different effect on CD4+ or CD8+  T cell 

responses, flow cytometry with intracellular cytokine staining was performed 1 week and 4 weeks 

post MVA ME-TRAP vaccination, measuring IFN-, IL-2 and TNF-, in addition to CD107a (also known 

as LAMP-1), which is used to identify CD8+ T cells with cytotoxic potential.  No difference between 

individual cytokine production by TRAP-specific CD4+ or CD8+ T cells were measured 1 week after first 

MVA ME-TRAP boost, when comparing a 4 and 8 week prime boost interval (Figure 4.6 A+B, Kruskal-

Wallis test).  Any-of-3 ICS analysis (IFN-+, IL-2+ or TNFα+) also revealed no significant difference 

between the 5 priming strategies for CD4+ and CD8+ T cells (Figure 4.6 C+D, Kruskal-Wallis test).   

Responses 4 weeks following MVA ME-TRAP vaccination showed significantly higher 

frequencies of cytotoxic CD8+ CD107a+ T cells and CD8+ TNFα+ T cells in volunteers immunised with a 

4 week ChAd63 ME-TRAP to MVA ME-TRAP interval, compared with an 8 week interval (Figure 4.6 F, 

p<0.001, Kruskal-Wallis test).  A similar but non-significant trend was also measured in TNF-α 

secreting CD4+ T cells (Figure 4.6 E).  Any-of-3 cytokine analysis of the 5 different priming regimens 

showed a significantly higher magnitude of TRAP-specific CD8+ T cells in the 2 regimens with a double 

ChAd63 prime (group 2 A_A_M and group 3 AAM) compared with the standard 8 week prime-boost 

regimen (group 4 and 7 combined, A_M), (Figure 4.6 H, p=0.0034, Kruskal-Wallis test).  Again, a 

similar but non-significant trend was seen with TRAP-specific CD4+ T cells (Figure 4.6 G).  
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4.2.3.2 Correlates of protection 

 

The correlates of protection previously identified with the A_M regimen, CD107a expression 

and monofunctional CD8+ T cell expression of IFN- (IFN-+, IL-2-, TNFα-  phenotype), were compared 

with each of the vaccination groups.  One week post first MVA ME-TRAP vaccination, monofunctional 

IFN- was comparable between all priming regimens, as was CD107a expression (data not shown).  

By 4 weeks post first MVA ME-TRAP vaccination, the 2 regimens with a double ChAd63 prime (group 

2 A_A_M and group 3 AAM) had significantly higher TRAP-specific CD8+ CD107a+ T cells compared 

with the standard A_M regimen (Figure 4.7 A, p=0.0198, Kruskal-Wallis test).  Significantly higher 

monofunctional IFN-+ CD8+ T cells were also measured in group 3 AAM compared with the standard 

A_M regimen (Figure 4.7 C, p=0.0444, Kruskal-Wallis test).  These differences were not measured 

following the final MVA ME-TRAP vaccination (Figure 4.7 B+D). 

 

 

 

 

 

Figure 4.6 Summary of ICS responses at 1 week and 4 weeks post 1st MVA ME-TRAP across the 5 
different priming schedules 

A+B) Frequency of TRAP-specific CD4+ T cells and CD8+ T cells producing IFN-/IL-2/TNFα at 1 week 

post-MVA ME-TRAP for volunteers boosted at 4 weeks compared to 8 weeks post ChAd63 ME-TRAP.  

No significant difference by Kruskal-Wallis ANOVA with Dunn’s correction of paired cytokines at 4 vs 8 

weeks.  C+D) Frequency of CD4+ T cells and CD8+ T cells producing any-of-3 cytokines from IFN-, IL-2 

and TNFα 1 week post first MVA ME-TRAP vaccination.  No significant difference by Kruskal-Wallis 

ANOVA between all groups with Dunn’s correction.  E+F) Frequency of TRAP-specific CD4+ T cells and 

CD8+ T cells producing IFN-/IL-2/TNFα at 4 weeks post-MVA ME-TRAP for volunteers boosted at 4 

weeks compared to 8 weeks post ChAd63 ME-TRAP.  Kruskal-Wallis ANOVA with Dunn’s correction of 

paired cytokines at 4 vs 8 weeks.  G+H) Frequency of CD4+ T cells and CD8+ T cells producing any-of-3 

cytokines from IFN-, IL-2 and TNFα 4 week post first MVA ME-TRAP vaccination.  Kruskal-Wallis 

ANOVA between all groups with Dunn’s correction.  *p < 0.05, **p< 0.01.  See appendix Figure S1 for 

sample getting strategy.  Geometric means displayed.  Minimum of 44,600 live CD3+ cells acquired per 

sample.  

 
 
 
 
 
 
Kruskal-Wallis ANOVA with Dunn’s correction of paired cytokines at 4 vs 8 weeks, p<0.0001.  C) 

Frequency of CD4+ cells producing any-of-3 cytokines from IFN-, IL-2 and TNFα 4 weeks post first 
MVA ME-TRAP vaccination.  Kruskal-Wallis ANOVA between all groups with Dunn’s correction p-
value= 0.0712. Geometric mean displayed.  
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Figure 4.7 Frequencies of CD8+ CD107a+ T cells  and CD8+ IFN-+ monofunctional T cells 
A) Frequency of antigen-specific CD8+ CD107a+ T cells 4 weeks post first MVA ME-TRAP vaccination.  
Kruskal-Wallis ANOVA with Dunn’s correction against A_M group, p=0.0198.  B) Frequency of antigen-
specific CD8+ CD107a+ T cells 4 weeks post final MVA ME-TRAP vaccination.  No significant difference 
by Kruskal-Wallis ANOVA between all 4-vaccination groups with Dunn’s correction p=0.7699, and 

against A_M control group p=0.0605. C) Frequency of antigen-specific monofunctional CD8+ IFN-+ T 
cells 4 weeks post 1st MVA ME-TRAP vaccination.  Kruskal-Wallis ANOVA with Dunn’s correction 

against A_M group, p=0.0444.  D) Frequency of antigen-specific monofunctional CD8+ IFN-+ T cells 4 
weeks post final MVA ME-TRAP vaccination.  No significant difference by Kruskal-Wallis ANOVA 
between all 4-vaccination groups with Dunn’s correction p-value 0.5846, and against A_M control 
group p=0.3261. Geometric means displayed.   
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4.2.3.3 Polyfunctional cytokine analyses 

 

Polyfunctional T cells have correlated with protection against parasitic Leishmaniasis major 

infection in mice [432] and have been shown to be induced by vaccination in humans populations 

(reviewed in [433]).  However, monofunctional CD8+ IFN-+ responses have previously correlated with 

protection following administration of the standard A_M regimen [287].  In order to compare the 

different functional profiles induced by the 7 novel vaccination regimens, polyfunctional analyses 

were performed for all combination of IFN-, TNF- and IL-2 production by CD4+ and CD8+ T cells.  

Polyfunctional analysis revealed similar patterns in the ICS responses at different points 

along the different vaccination time courses.  TRAP-specific CD8+ T cell responses were generally 

higher than CD4+ T cell response at all time points measured.  TRAP-specific CD4+ T cells responses 

were largely polyfunctional and consisted of 2 major phenotypes (IFN-+ IL-2+ TNFα+ or IFN-- IL-2+ 

TNFα+), (Figure 4.8 A, C +E).  More variation was seen in the phenotype of TRAP-specific CD8+ T cells, 

with monofunctional cytokine responses alongside the polyfunctional profile.  By 4 weeks post final 

MVA ME-TRAP vaccination, the dominant CD8+ T cell subsets were IFN-+ IL-2- TNFα+ and 

monofunctional TNFα+, with de-granulating TRAP-specific CD8+ T cells also highest at this time point 

(Figure 4.8 B, D + F). 
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Figure 4.8 Summary of TRAP-specific T cell phenotype following MVA ME-TRAP vaccination. 
Frequency of TRAP-specific CD4+ T cells and CD8+ T cells  A+B) 1 week post first MVA ME-TRAP 
vaccination, C+D) 4 weeks post first MVA ME-TRAP vaccination and E+F) 4 weeks post final MVA ME-
TRAP vaccination.  Individual cytokines analyses separated from polyfunctional analyses by dotted 
line. Geometric mean displayed. 
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4.2.4 Summary of T cell responses to vaccine insert 

 

T cell immunogenicity to TRAP/ME-TRAP are summarised in Table 13, with magnitude of 

response ranked by colour for each parameter.  By assessing all parameters, the 4 week AM regimen 

consistently outperforms the 8 week A_M regimen.  Of all 2- and 4- regimens, group 3 (AAM(M)) is 

very often the most immunogenic.  

Group 1 Group 2 Group 3 Group 4 Group 5 Group 6 Group 7
Group 

4 + 7

Group 

5 + 6

Readout Parameter analysed AAA_M A_A_M_M AAMM A_M_M_M AMA_M AMAM A_M_A_M A_M AM

ELISpot
1 week post  1st MVA 

ME-TRAP
1017 1489 2711 1150 1110

ELISpot
4 week post  1st MVA 

ME-TRAP
895 326 825 272 614

ELISpot
1 week post  final 

MVA ME-TRAP
1017 643 828 1635 1088 1002 492 1150 1110

ELISpot
4 week post final MVA 

ME-TRAP
895 796 1102 948 1015 1573 707 272 614

ELISpot
AUC/days day 0 to 4 

weeks post 1st MVA 
382.3 377 655.9 441.7 641.2

ELISpot
AUCdays day 0 to 

4weeks post final 
382.3 449.9 677.9 1043 900.5 677.3 383.6 441.7 641.2

ELISpot
AUC 4 week period 

post final MVA ME-
23867 18662 21795 37625 28522 30940 16909 26089 25802

ELISpot

Number of +ve 

ELISpot pools 

following 1st MVA ME-

5 5 6 5 5 4 3 3 4

ELISpot

Number of +ve 

ELISpot pools 

following final MVA 

5 4 5 5 6 4 3 3 4

ICS

CD4 any-of-3 

response 4 weeks 

post 1st MVA ME-

0.1125 0.1292 0.08663 0.06091 0.108

ICS

CD8 any-of-3 

response 4 weeks 

post 1st MVA ME-

0.1171 0.1474 0.2395 0.1004 0.1103

ICS

CD4 any-of-3 

response 4 weeks 

post 1st MVA ME-

0.1095 0.07785 0.1228 0.04296 0.1083

ICS

CD8 any-of-3 

response 4 weeks 

post 1st MVA ME-

0.1195 0.2883 0.3253 0.07074 0.1607

ICS
CD8+ CD107a+ 4 

weeks post 1st MVA 
0.09896 0.1306 0.1719 0.0085 0.05893

ICS
CD8+ CD107a+ 4 

weeks post final MVA 
0.09896 0.1203 0.2352 0.1097 0.1017 0.07525 0.03488 0.0085 0.05893

ICS

Monofunctonal CD8+ 

CD107a+ 4 weeks post 

1st MVA ME-TRAP

0.0126 0.03491 0.06345 0.0085 0.01344

ICS

Monofunctonal CD8+ 

CD107a+ 4 weeks post 

final MVA ME-TRAP

0.0126 0.01109 0.03169 0.05893 0.02606 0.01074 0.01208 0.0085 0.01344

Table 13 Summary of ex vivo IFN- ELISpot responses to ME-TRAP and ICS responses to TRAP 
Response colour coded by magnitude.  ELISpot median response.  ICS geometric mean response. 
Statistics combined for analyses where regimens are identical. 
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4.2.5 Anti-vector immunity 

4.2.5.1 T cell responses to the ChAd63 hexon do not affect vaccine immunogenicity 

 

Pre-vaccination T cell responses to the ChAd63 hexon were positive for 67% (8/12) of 

volunteers by ex vivo IFN- ELISpot, were generally low in magnitude (median 133 SFC per 106 PBMC) 

and were comparable between groups 1 and 2. Post-vaccination responses were also comparable 

between groups. Individual hexon ELISpot responses increased significantly in group 1 after 2 doses 

of ChAd63 administered with a 4 week interval (Figure 4.9 A, p=0.0130 by Friedman test within 

group, p=0.0760 Kruskal-Wallis test between groups).  The overall anti-vector fold change increase 

from day 0 was no greater in the triple ChAd63 ME-TRAP group, compared with the group receiving 

two priming doses in the same 8 week period (Figure 4.9 B, Kruskal-Wallis test).  

There was no correlation between pre-vaccination T cell response to the ChAd63 hexon and 

the peak post-ChAd63 ME-TRAP T cell response to the vaccine insert (Figure 4.9 C, Spearman rank 

test with group 1 and 2 combined).  However a negative correlation was measured between pre-

existing T cell responses to the ChAd63 hexon and peak TRAP antibody titre post-ChAd63 ME-TRAP 

vaccination(s) (Figure 4.9 D, Spearman r= -0.7832, p= 0.0038).  Boosting with MVA ME-TRAP 

overcomes this effect, with no correlation measured between pre-existing T cell responses to the 

ChAd63 hexon and post-MVA ME-TRAP TRAP antibody titres.   (data not shown).  This negative 

correlation was not enhanced with vaccine-induced ChAd63 hexon-specific T cells, with no 

correlation between the hexon T cell response following multiple ChAd63 ME-TRAP vaccinations at 

day 70 and TRAP antibody titre at day 84 (data not shown).  

Any-of-3 (IFN-+, TNF-+ and/or IL-2+) ICS analysis of ChAd63 hexon stimulated PBMC 

revealed that both CD4+ and CD8+ cytokine-secreting T cells contribute to the ChAd63-hexon specific 

T cell response, with significant boosting of ChAd63 hexon-specific CD4+ T cells in groups 1 and 2 after 

2 doses of ChAd63 ME-TRAP (Figure 4.9 E, group 1 p=0.0167, group 2 p=0.0001, Friedman test) and 

ChAd63 hexon-specific CD8+ T cells in group 1 only (Figure 4.9 F, group 1 p=0.0065, group 2 p=0.3086, 

Friedman test).  Anti-vector CD4+ and CD8+ T cell responses between groups were comparable at 

each time point (data not shown).   No correlations were measured between anti vector CD4+ or 
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CD8+ T cell response and the T cell response to the vaccine insert.  A negative correlation was 

measured between pre-vaccination CD4+ ChAd63-specific T cells and TRAP antibody titre 8 weeks 

post final ChAd63 ME-TRAP vaccination (Figure 4.9 G, Spearman r = -0.6901, p-value = 0.0234).  TRAP 

antibody data produced by C. Snudden and G. Bowyer.  
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Figure 4.9 Summary of T cell responses to the ChAd63 hexon 

A) ChAd63 hexon-specific response time course by ex vivo IFN- ELISpot following triple ChAd63 

ME-TRAP priming and double ChAd63 ME-TRAP priming. Friedman test with Dunn’s correction for 

time course within group p=0.0130, Kruskal-Wallis test with Dunn’s correction for between group 

analysis p=0.0760.  B) Fold change in anti-ChAd63 hexon response by ex vivo IFN- ELISpot.  No 

significant difference between groups or time points by Kruskall-Wallis AVOVA with Dunn’s 

correction, p-value = 0.3463.  C) Correlation between pre-vaccination ChAd63 hexon ex vivo IFN- 

ELISpot responses and peak post-ChAd63 ex vivo IFN- ELISpot responses to ME-TRAP  by Spearman 

r. r = -0.2378, p-value = 0.4573.  D)  Correlation between pre-vaccination ChAd63 hexon ex vivo IFN-

 ELISpot responses and peak post-ChAd63 TRAP antibody titre by Spearman r. r = -0.7832, p-value 

= 0.0038.  E) Frequency time course of ChAd63-specific (any-of-3) CD4+ T cells, Friedman test with 

Dunn’s correction against pre-vaccination within group 1 p=0.0167, group 2 p=0.0001, no 

significant difference between groups Kruskal-Wallis test with Dunn’s correction between time 

points p=0.0160).  F) Frequency time course of ChAd63-specific (any-of-3) CD8+ T cells, Friedman 

test with Dunn’s correction against pre-vaccination within group 1 p=0.0065, group 2 p=0.3086, no 

significant difference between groups Kruskal-Wallis test with Dunn’s correction between time 

points p=0.0391).  G) Correlation between pre-vaccination ChAd63 hexon-specific CD4+ T cells and 

post-ChAd63 TRAP antibody titre at day 112 by Spearman r. r = -0.6901, p-value = 0.0234.  Black = 

group 1, grey = group 2.  *p < 0.05, **p< 0.01. Minimum of 71,500 live CD3+ cells acquired per 

sample.  
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4.2.5.2 Antibody responses to the MVA vector do not affect vaccine immunogenicity 

 

Anti-MVA antibody levels were measured using an ELISA to the MVA WR113/D8L protein 

[434], following each MVA ME-TRAP vaccination in groups 2-7.  Analysis of combined groups saw a 

significant increase in anti-MVA antibodies after the first MVA ME-TRAP vaccination, and again after 

the second vaccination (Figure 4.10 A, p<0.0001, Friedman test).  The fold change from day 0 to post 

second MVA ME-TRAP was not affected by the interval between MVA ME-TRAP vaccinations (Figure 

4.10 B, Kruskal-Wallis test).  A positive correlation was measured between anti-MVA antibodies 4 

weeks post first MVA ME-TRAP vaccination and ME-TRAP-specific T cells 1 week post first MVA ME-

TRAP vaccination (Figure 4.10 C, Spearman r = 0.3649, p-value = 0.0435), with no correlation 

following the second MVA ME-TRAP vaccination (Figure 4.10 D, Spearman rank test).   No correlation 

was measured between MVA antibodies 4 weeks post first MVA ME-TRAP vaccination and TRAP 

antibody titre following the first and second MVA ME-TRAP vaccination (Figure 4.10 E+F, 

respectively, Spearman rank test).  No correlations were measured between anti-MVA antibodies 

and TRAP T cells or antibodies following the second or third MVA ME-TRAP vaccination (data not 

shown).  MVA antibody data produced by A. Grobbelaar and G. Bowyer. 
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Figure 4.10 Summary of antibody responses to MVA 
A) Anti-MVA ELISA OD 28 days post MVA-ME-TRAP for groups 2-7.  Friedman test with Dunn’s comparison 

between multiple time points. *p < 0.05,  ***p< 0.001, ****p< 0.0001. B) Fold change in anti-MVA ELISA OD 
stratified by interval between MVA ME-TRAP vaccinations. No significant difference in fold change with 
different interval length by Kruskal-Wallis ANOVA between all groups with Dunn’s correction p-value= 
0.9099.  C) Correlation anti-MVA antibody titre 4 weeks post 1st MVA ME-TRAP and T cell response to ME-
TRAP 1 week post- 1st MVA ME-TRAP (Spearman r = 0.3649, p-value = 0.0435). D) Correlation anti-MVA 
antibody titre 4 weeks post 1st MVA ME-TRAP and T cell response to ME-TRAP 1 week post- 2ndMVA ME-
TRAP (Spearman r = 0.1260, p-value = 0.4847. E) Correlation anti-MVA antibody titre 4 weeks post 1st MVA 
ME-TRAP and TRAP antibody titre 4 weeks post 1st MVA ME-TRAP vaccination (Spearman r = 0.1754, p-
value = 0.3210). F) Correlation anti-MVA antibody titre 4 weeks post 1st MVA ME-TRAP and TRAP antibody 
titre 4 weeks post 2nd MVA ME-TRAP vaccination (Spearman r = 0.2796, p-value = 0.1093). 
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 Discussion 
 

One of the primary goals of vaccination is to achieve high and durable immune response. Vac 

43 was designed to identify the most immunogenic vaccination regimen, in terms of vaccine 

sequence and interval.  The work described in this chapter analysed the effect of vaccination regimen 

on the cell-mediated immune response to the vaccine antigen, in addition to the vaccine vector, with 

the aim of identifying the most suitable, immunogenic regimen going forward.  The degree of 

flexibility of the prime-boost approach, which is a key consideration in the advancement of this 

vaccine platform, was also assessed.  

Although the groups sizes in this Phase I clinical vaccine trial were small, these data do not 

suggest that reducing the prime-boost interval from 8 to 4 weeks has a negative impact on induction 

of TRAP-specific antibodies or T cells.  This is consistent with published using ChAd63 and MVA viral 

vectors at shorter intervals for vaccination against Ebola virus disease [260], in a trial conducted in 

quick succession to this trial.  In fact, higher frequencies of antigen-specific CD8+ T cells producing 

TNF-α and antigen-specific cells capable of de-granulation in response to TRAP peptide stimulation 

were detected using the shortened prime-boost regimen, AM. 

CD107a and b are markers of CD8+ T cell de-granulation that have been shown to mediate 

cytolytic activity in an antigen-specific manner [435].  Following an 8 week ChAd63 ME-TRAP and 

MVA ME-TRAP prime-boost regimen, TRAP-specific CD8+ CD107a+ T cells measured 24 weeks post 

boost and monofunctional TRAP-specific CD8+ T cells producing IFN- measured 14-21 days post 

boost correlated with a higher degree of protection against CHMI [287].  In this study, both of these 

parameters were similar across all 2-vaccination and 4-vaccination groups at 1 week post first MVA 

and at 4 weeks post final MVA.  However, at a previous unreported time point of 4 weeks post first 

MVA ME-TRAP vaccination, significantly higher frequencies of TRAP-specific de-granulating CD8+ T 

cells were measured in the 2 groups with a double ChAd63 prime (group 2 and 3) compared with the 

standard 8 week prime-boost regimen.  This improvement over the 8 week prime-boost regimen was 

also measured in monofunctional CD8+ IFN-+ T cells in group 3.  These two findings suggest greater 

vaccine efficacy could be achieved by including an additional ChAd63 ME-TRAP vaccination, with a 4 
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or 8 week vaccination interval (AAM or A_A_M), than with the 8 week ChAd63.MVA ME-TRAP prime-

boost schedule (A_M).  Interestingly, a 4 week prime-boost interval schedule (AAM) with three 

vaccine doses could fit well with the standard 6, 10, 14 week EPI schedule used for infant vaccination 

in most countries where malaria is highly endemic. 

 Monofunctional IFN--producing CD8+ T cells have a proven association with protection and 

is therefore a key CD8+ T cell phenotype to measure in these novel vaccination schedules.  CD8+ IFN-

+ TNF-- IL-2- cells correlated with protection in human clinical testing of ChAd63.MVA ME-TRAP 

[287] and were associated with protection in a triple DNA prime, AdHu5 boost vaccination regimen 

of CS and AMA1 in humans [292].  CD8+ IFN-+  T effector memory cells also correlated with 

protection in mice vaccinated with chimpanzee adenovirus 9 (AdC9) and MVA, both encoding ME-

TRAP [274].   Furthermore, this is a physiological relevant correlate, as IFN- has been shown to have 

a role in clearance of several parasitic, bacterial, viral and fungal infections [338, 436-438].  

Furthermore, IFN- production by NKT cells in mice inhibits intrahepatic P. yoelii development in a 

partially IFN- dependent manner [439].  TNF-α has similar effector functions to IFN-, especially 

related to its role in the sustained production of the inducible nitric oxide synthase gene and 

resulting nitric oxide [440, 441].  In murine and in vitro models of L. major and Mycobacterium 

tuberculosis, presence of both IFN- and TNF-α has shown to be a requirement for protection [442-

444].  Furthermore, in an Ebola virus disease challenge model of non-human primates, vaccine-

induced glycoprotein-specific CD8+ IFN-+ TNF-α+ T effector cells were associated with protection 

[445].  Therefore, alongside the monofunctional CD8+ IFN-+ profile, it is encouraging that dominant T 

cell phenotypes were also measured with dual function IFN-+ TNF-α+ in the case of CD8+ T cells, and 

triple function IFN-+ TNF-α+ IL-2+ in the case of CD4+ T cells, in all of the novel vaccination regimens 

tested.  

Consistent with previous macaque data using the same viral vectors, MVA ME-TRAP 

vaccination further broadens the response induced by ChAd63 ME-TRAP vaccination, and multiple 

MVA ME-TRAP boosts do not significantly enhance cellular immunogenicity beyond the magnitude of 

the first MVA ME-TRAP vaccination [431].  However additional dose(s) of MVA boosted individual 

peak T cell immunogenicity in over 1/3 of volunteers, which may be an important consideration 
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when tested in larger numbers volunteers, or in populations where co-infection with malaria or other 

factors can reduce cellular responses to vaccination [446-449].  Vaccinees in group 4 (A_M_M_M) 

also consistently produce the highest AUC ELISpot response, indicative of response durability.   This is 

consistent with a DNA.MVA ME-TRAP and FP9.MVA ME-TRAP study in Gambian adults, where an 

additional MVA ME-TRAP boost 12-13 months after the initial MVA ME-TRAP boosted the response 

to a similar or higher magnitude to the first MVA ME-TRAP boost, and furthermore maintained good 

response durability following this re-boosted response [450].  

The breadth of T cell response to the vaccine insert is comparable with previous non-human 

primate studies with respect to ChAd63 ME-TRAP and MVA ME-TRAP vaccinations and multiple MVA 

ME-TRAP boosting vaccinations [431].  The reported response breadth of 2 pools measured after 

ChAd63 ME-TRAP vaccination and 5 pools after MVA ME-TRAP vaccination is comparable or broader 

than previously reported in vaccinated populations in the UK and Africa [266, 294].   With no single 

immunodominant epitope in ME-TRAP, T-cell responses directed towards a wider variety of epitopes 

may confer enhanced protection [451].    

A previous clinical vaccine trial assessing vaccine efficacy of ChAd63.MVA ME-TRAP against 

natural malaria infection in Kenyan adults demonstrated that a large proportion of the ELISpot 

response is directed towards TRAP T9/96 pools 2 (TT 11-20) and 3 (TT 21-30) (table S1).  T cell 

responses to pool 3 were significantly associated with protection against natural malaria infection 

[295], and all regimens tested in this study directed 10-20% of positive responses to this region of the 

TRAP antigen. 

ICS data suggests that this negative correlation between pre-existing ChAd63-hexon specific T 

cells measured by ELISpot and post prime TRAP antibody titre was driven by a ChAd63 hexon-specific 

CD4+ T cell response.  Because prior exposure to ChAd63 itself is extremely unlikely in UK volunteers, 

it is assumed that the pre-existing T cells represent cross-reactivity with and prior exposure to some 

human adenovirus.  After three homologous ChAd63 ME-TRAP vaccinations, adenovirus-specific 

CD4+ T cells were of a similar order-of-magnitude to those measured in the HIV vaccine STEP trial 

with triple homologous administration of human adenovirus 5 vaccinations (median 0.09-0.3% and 

0.2-0.3%, respectively) [452], however no correlation with ME-TRAP-specific T cells was detected at 
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any time point post vaccination.  While the first dose of ChAd63 ME-TRAP increases the frequency of 

ChAd63 hexon-specific T cells, these vector-specific T cells apparently are not detrimental to vaccine-

induced T cell or antibody immunogenicity towards the vaccine insert.  Furthermore, post-

vaccination ChAd63 hexon-specific T cells frequencies were comparable between the 2 groups at 

each time point, suggesting that additional doses of ChAd63 ME-TRAP after the initial priming dose 

does not increase the magnitude of the T cell response against the vector, however a 3rd dose may 

prolong the persistence of these cells.   

One possible explanation for this is that pre-existing, naturally-acquired T cell anti-vector 

immunity is of a different quality to that of vaccination-acquired anti-vector T cell immunity, as 

demonstrated by negative correlations between the TRAP antibody response and day 0 anti-vector T 

cell responses, followed by loss of this correlation once ChAd63 is administered as a vaccine.  Firstly, 

pre-existing ChAd63 hexon-specific T cell responses are likely due to cross reactivity with human 

adenovirus exposure, and not pre-existing ChAd63 exposure.  Secondly, wild-type adenovirus and 

genetically modified vaccine vectors differ in their replication competency.  The implications in this 

setting are that multiple homologous administrations of ChAd63 do not impair immunogenicity to 

ME-TRAP following vaccination, but that pre-existing T cells to the adenoviral vector raised by natural 

infection may impact upon vaccine immunogenicity, particularly on the antibody response to the 

vaccine insert.   

The positive correlation between anti-MVA antibodies and TRAP-specific T cell responses 

following the first MVA vaccination is analogous to the trend previously measured towards higher 

peak T cell responses to the TRAP insert in those volunteers with anti-vector antibodies [287].  TRAP-

specific T cells were re-boosted by subsequent homologous MVA ME-TRAP vaccinations to levels 

comparable to that of the first boost, which is similar to observations in a previous macaque study 

[431].  It was unknown whether multiple administrations would enhance overall vaccine regimen 

immunogenicity or impair it through induced anti-vector immunity: with no negative correlations 

measured between anti-MVA antibodies and T cell or TRAP antibody response following double and 

triple administration of MVA ME-TRAP, it is concluded that multiple MVA vaccinations do not induce 

detrimental anti-vector immunity. 
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In summary, CD8+ T cell responses following vaccination are of particular importance, due to 

their proven association with protection at the liver stage of infection in mice [207, 208, 453] and 

humans [287].  Improved CD8+ T cell immunogenicity was measured over the previously reported 8 

week prime-boost regimen (A_M) with a reduced interval of 4 weeks (AM), and with the 

incorporation of an additional priming vaccination of homologous ChAd63 ME-TRAP at a 4 or 8 week 

interval (AAM or A_A_M).  Furthermore, these double ChAd63 ME-TRAP priming regimens do not 

induce detrimental anti-vector T cell immunity.  The flexibility demonstrated in these vaccination 

regimens would facilitate incorporation into the WHO’s standard EPI strategy (Expanded Programme 

on Immunization), whereby childhood immunisations are administered at intervals ranging from 4 to 

12 weeks.  Such flexibility also permits combining this approach with other partially protective 

malaria vaccine regimens using protein-based subunit vaccines plus adjuvant.  It also suggests the 

prime-boost interval could be further reduced to 1 or 2 weeks.  
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5 Chapter 5 – Optimisation of an in vitro T cell parasite inhibition 

assay  

 Introduction 

 

Understanding the mechanism of protection in malaria vaccinees is key to improving the 

design of sub-optimally protective vaccine regimens.  For T cell vaccines that function at the liver 

stage of infection, controlled human malaria infection is the primary method by which to measure 

vaccine-induced cell-mediated parasite inhibition.  Such an in vivo system does not permit 

exploratory immunology beyond that of the peripheral blood.  An in vitro assay aims to measure 

cellular immunity and direct parasite inhibition using T cells from vaccinated volunteers in a parasite 

infection model of human hepatocytes.  An assay of this nature would permit the protective 

mechanism(s) of vaccine-induced T cells to be explored, and potentially provide a platform to 

efficiently down-select potential pre-erythrocytic candidate antigens, before the initiation of 

expensive CHMI studies and large scale efficacy studies in malaria endemic regions.  Furthermore, 

the WHOs Malaria Vaccine Technology Roadmap identifies the need for standardised, functional 

assays in the characterisation of vaccine-induced responses [99].  

The first published report of an in vitro sporozoite infection producing convincing numbers of 

exoerythrocytic forms was that of avian malaria, Plasmodium fallax, in embryonic turkey brain cells 

in 1966 [454].  In 1979, sporozoites from rodent malaria species, P. berghei, were first cultured in 

vitro in embryonic rat brain cells, with exoerythrocytic development reported to immature schizonts 

[455].  Other host cell types, including human liver (Chang), human lung (L 132) and embryonic liver 

cells from many species including rat, mouse, hamster, turkey and humans, were also used in 

preliminary experiments [456], until complete development of P. berghei sporozoites through to 

merozoite release was published by Hollingdale et al. in 1981, using human embryonic lung fibroblast 

(W138) cells.  Infection and culture within hepatocytes, the natural host tissue for Plasmodium 

sporozoite infection, was achieved in the early 1980s with P. yoelii and P.berghei infection of rat 

hepatocytes [457, 458], and merozoite release was reported for P. yoelii [459].  P. berghei infection 
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of human hepatoma line HepG2-A16 in 1983 showed good rates of infection, plus generation of 

infectious merozoites [460].  The field has since developed with the identification of several more 

human hepatoma cell lines supporting P. berghei infection, including Huh1, 2, 6 and 7, PLC/PRF/5, 

HepG3 and NCH2 [461].  Finally, P. berghei cultivation in primary mouse hepatocytes was achieved in 

1989 [462].  

Development of in vitro P. falciparum culture was first achieved in primary human hepatocytes in 

1985 [463], although infectivity remains low at ~0.1%.  Primary human hepatocytes require 

specialised isolation and culture protocols, and human hepatoma cell lines provide a viable 

alternative for P. falciparum infection, with full development within human hepatoma lines reported 

for the HSS-102 [464] and HC-04 [465] cell lines.  Infectivity is lower compared with primary human 

hepatocytes [184], with infectivity at 0.0009% in HSS-102 [464] and 0.066% in HC-04 [465].   Partial 

liver stage development is reported for P. falciparum infection of the Huh1 and Huh2 human 

hepatoma cell lines and human embryonic lung fibroblast W138 cells [466], however these are 

unsuitable for studying liver stage parasite development, due to parasite developmental arrest 

following invasion.  

The advances in Plasmodium sporozoite culture highlight that in vitro infection is not species- or 

tissue- specific, and rodent malaria infection of human hepatocytes is a viable method to partially 

model human liver stage infection.  Coupled with the use of novel transgenic P. berghei expressing P. 

falciparum antigens, there is scope to expand the field and study human immune responses to 

malaria-infected human hepatocytes, without the associated risks of using P. falciparum as the 

infectious agent and its associated low levels of infectivity.  Such transgenic P. berghei parasites 

express P. falciparum gene(s) in addition to, or in replacement of their P. berghei homologue.  They 

also express a reporter cassette, of mCherry, GFP and/or luciferase, permitting live infection 

readouts by microscopy and FACS, without the need to fix and stain parasites [360].  Assay 

optimisation in this chapter uses PbPfTRAP parasites, which express an additional copy of P. 

falciparum TRAP under the UIS4 promotor, plus the GFP/luciferase cassette. 

Unlike in vitro assays of blood stage malaria, where parasites can be maintained in 

continuous culture [467], liver-stage parasites undergo a single transformation from sporozoites to 
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merozoites.  Sporozoites therefore cannot be sustained in continuous culture.  The continuous 

culture of merozoites made possible the blood stage in vitro parasite growth inhibition assay (GIA), 

which acts as a useful pre-clinical tool with a correlation between antibody levels to some antigens 

and parasite growth inhibition [468, 469].   

For a liver stage parasite in vitro assay, each experiment requires generation of sporozoites in 

the mosquito vector, followed by subsequent salivary gland dissection and immediate use of 

sporozoites.  Current human, pre-erythrocytic in vitro assays measure antibody inhibition of 

sporozoite invasion (ISI) [181] and of liver stage development (ILSDA) [470].  Reduced sensitivity, 

standardisation and reproducibility of these assays and the reliance on a microscopy readout with 

immunostaining have limited their use (reviewed in [471]).  These assays use P. falciparum 

sporozoites, so high numbers of sporozoites are required for each assay replicate.  The risk 

assessment of this pathogen requires handling under Containment Level 3 conditions, adding a 

further level of complexity to the dissection, infection and culture protocols.   Finally, the isolation 

and culture of primary hepatocytes requires extensive expertise, or significant costs if purchased 

commercially.  Thus the adaptation of the human ISI or ILSDA protocols into one which assesses the 

inhibitory effects of T cells, requires much development and extension, with the careful 

consideration of several key factors.   

Several murine models are reported to assess in vitro lymphocyte activity against 

hepatocytes infected with Plasmodium species.  Two groups in the late 1980’s and early 1990’s 

developed protocols that used splenocytes from mice vaccinated with irradiated sporozoites and 

with synthetic P. yoelii CS peptide [133, 204, 472].   One such protocol cultured mouse splenocytes 

with peptide and IL-2, to expand the antigen-specific population of T cells for evaluation [473]. All 

studies measured positive inhibition of liver-stage parasites following fixation, staining and manual 

counting. More recently splenic and intrahepatic CD8+ T cells from mice vaccinated using P. yoelii 

genetically attenuated parasites were evaluated by in vitro live cell imaging, apoptosis assays and 

indirect immunofluorescence staining.  The study concluded sterile protection in mice was 

completely dependent on CD8+ T lymphocytes [474].    
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A recent model developed at the Jenner Institute uses a murine hepatoma cell line Hepa1-6 and 

GFP-expressing P. berghei sporozoites to study liver stage T cell immunity in mice.  Percentage 

reduction of infected hepatoma cells was measured after addition of CD8+ splenocytes from 

ChAd63.MVA P. berghei TRAP vaccinated or control (ChAd63.MVA luciferase) vaccinated mice.  Liver 

stage parasites were inhibited in an E:T- (effector to target cell ratio) dependent manner [363].  The 

nature of this assay permitted MHC-matching of C57BL/6 mouse splenocytes with that of the C57L 

hepatoma Hepa1-6 cells.  Unfortunately, development of an equivalent in vitro assay using human T 

cells will not support the same degree of HLA-matching between T cells and hepatocytes, due to the 

vast polymorphism in human HLA and the relatively restricted primary hepatocytes and human 

hepatoma cell lines available.  T cells respond to foreign, mis-matched MHC proteins in a similar way 

to self MHC proteins that are bound to foreign peptides, and therefore matching of HLA, and degree 

of HLA-mismatch, is a key consideration for the development of a human parasite inhibition assay.  

The development of an in vitro assay to assess human vaccine-induced, cellular responses relies 

on the processing and presentation of sporozoite antigen MHC class I epitopes being presented on 

the surface of infected hepatocytes [188].  Two-6 hours following Hep-G2 infection by P. berghei 

sporozoites, CSP is measured in the hepatocyte cytoplasm and subsequently becomes associated 

with the outer rim of the hepatocyte nuclear envelope.  By 12-24 hours post-infection, this 

perinuclear distribution of CSP is highly pronounced [475].  While CSP is detected in the host 

cytoplasm, it is not known how it traverses the parasitophorous vacuole membrane, as it is 

understood that this membrane is impermeable to macromolecules the size of CSP [476].  CSP 

translocates to the hepatocyte nucleus, where is it responsible for downregulated expression of the 

NF-κB transcription factor, thus downregulating several genes that would be involved in the 

hepatocyte response to infection  [106].  During this translocation via the hepatocyte cytoplasm, the 

CSP is susceptible to degradation by proteasomes, and can be presented on the hepatocyte surface.  

Following in vitro infection with P. berghei, mouse primary hepatocytes have been shown to process 

and present CSP peptides in a proteasome dependent manner.  Furthermore, sporozoite- traversed 

in addition to sporozoite- infected cells were able present antigen in this manner [189].   
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It is widely believed that during human liver stage infection, parasite proteins are degraded by 

host proteasomes, and loaded into the endoplasmic reticulum lumen by TAP1 and TAP2.  These 

parasite peptides then associate with MHC class I molecules, and are transported to the hepatocyte 

surface [477].  Similarly to CSP, TRAP is expressed during the sporozoite and early liver stage of 

infection [478], and is shed during the process of sporozoite gliding [479].  It is therefore 

hypothesised that TRAP peptides can also be presented via MHC class I on the infected hepatocyte 

surface.  

The aim here is to develop a protocol that can be used to quantify liver stage parasite inhibition 

by human T cells, using human hepatoma cells, T cells from ChAd63.MVA ME-TRAP vaccinated 

volunteers, and transgenic P. berghei parasites expressing the P. falciparum TRAP antigen, in addition 

to the P.berghei homologue.  The assay requires a medium- to high-throughput readout that can 

accurately measure antigen-specific parasite inhibition, for assessment of multiple volunteers with 

sufficient technical replicates.  This chapter reports the series of experiments that led to the 

development of a finalised assay protocol for the evaluation of vaccinee T cells, described in Chapter 

6.  
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 Results 

5.2.1 Optimisation of hepatoma cell infection. 

5.2.1.1 Hepatocellular carcinoma cell lines  

 

 Human hepatocellular carcinoma lines, more commonly termed human hepatoma cell lines, 

Huh7 (kindly provided by Shahid Khan, University of Leiden), PLC/PRF/5 (MR4, BEI Resources 

Depository, NIAID, NIH), HC-04 (MR4, BEI Resources Depository, NIAID, NIH) and HepG2 (European 

Collection of Cell Cultures (ECACC)) were HLA typed to confirm the HLA serotypes previously 

reported [480, 481].  DNA was extracted from the hepatoma cell lines and HLA typed by PCR.  HepG2 

and HC-04 cells are serologically identical to one another at all HLA loci, perhaps because the latter 

was derived accidentally from the former by passage.  Huh7 cells are homozygous at all HLA loci 

(Table 14).  

 

For optimal infection, it is generally accepted that cell lines need to be approximately 60-70% 

confluent at the point of sporozoite infection [482], however division of hepatoma cells continues 

post-infection, impacting the infection percentage measured at different time points following 

infection.  In order to assess how quickly these cell lines divide, HC-04 and Huh7 cells were plated in 

standard 96 well plates at 3 seeding densities and cell numbers measured at several time points 

following plating.  For the first 8-12 hours, cell division was slow, due to the hepatoma cells 

recovering from the trypsin treatment and adhering to the plate.  By 24 hours the cells were dividing, 

and continued dividing at a similar rate for the duration of the time course, with cell numbers 

A A B B Cw Cw DR DR DR DR DQ DQ

Huh7 11 11 54 54 1 1 8 8 6 6

PLC/PRF/5 33 3 42 53 4 17 8 13 52 52 7 6

HC04 24 2 51 35 16 4 13 16 51 52 7 6

HepG2 2 24 51 35 16 4 13 16 51 52 7 6

Cell Line
HLA Class I HLA Class II

Table 14 Summary of HLA serotype of commercially available hepatoma cell lines  
HLA serotype inferred by PCR analysis of hepatoma cell line DNA.   Hepatoma DNA extraction 
performed by C. Bliss, and PCR analysis performed by Transplant Immunology and Immunogenetics 
laboratory, Churchill Hospital, Oxford.  
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doubling in the 24-40 hour period for HC-04, and 24-56 hours for Huh7 (Figure 5.1).  At 72 hours post 

plating, HC-04 cells seeded at 50,000 and 70,000 cells per well had similar total cell numbers, 

indicating that once 100% confluency is achieved, division rate may begin to slow due to spatial 

restrictions.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In later experiments, the use of half surface area plates was explored as an alternative to 

standard 96 wells plates.  This enabled fewer hepatoma cells to be plated to achieve the correct level 

of confluency and required the addition of fewer sporozoites per well to achieve the same 

percentage infection.  This therefore increased the throughput of the assay and allowed for higher 

E:T values to be achieved upon the addition of vaccinee T cells.  

 

5.2.2 Hepatoma cell infection with transgenic P. berghei 

 

In order to be able to assess TRAP-specific parasite inhibition from ChAd63.MVA ME-TRAP 

vaccinees, a transgenic P. berghei expressing an addition copy of P. falciparum TRAP (PbPfTRAP) was 

Figure 5.1 Time course of HC-04 and Huh7 cell division rate. 

HC-04 and Huh7 cells were plated at 3 different seeding densities in 96 well plates.  Cells were 

detached at multiple time points up to 72 hours using trypsin digest and counted immediately using 

Trypan blue exclusion dye. Mean live cell number from 6 wells plotted per time point.  
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identified as suitable for use within the assay.  Infectivity of this parasite was measured in 4 human 

hepatoma lines (HC-04, HepG2, Huh7 and PLC/PRF/5) and 1 mouse hepatoma line (Hepa1-6).  

Hepatoma cells were plated in half surface area 96 wells plates and infected with the PbPfTRAP 

sporozoites 25 hours later, once the hepatoma cells had fully attached to the plate.  Reduced 

monolayer detachment had previously been observed when hepatoma cells were infected at a 

slightly higher confluency than advised, at ~80-90%.  This also reduced the special capacity for 

further cell line division in the period following infection, which affects the percentage infection 

calculated. 

Intactness of the monolayer was evaluated 24 hours post infection (HPI).  The HepG2 

monolayer was poorly maintained, with the formation of clumps particularly apparent.  A degree of 

monolayer loss was also seen in the Huh7 line.  HC-04 and PLC/PRF/5 cells maintained an intact 

monolayer following infection.  The mouse Hepa1-6 cells appeared healthy and were simply seeded 

too sparsely to form a complete monolayer (Figure 5.2). 
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As each cell line had different reported rates of infectivity (in addition to sourcing from 

different groups and suppliers), it was important to compare the infectivity parameters for the 5 cell 

lines.   An optimal sporozoite infection ratio of 1:3 to 1:5 is reported in the literature [482], which 

with an estimated 30,000 hepatoma cells at the point of infection, would equate to 6,000-10,000 

sporozoites per well.  Pilot testing indicated better results at the upper end of this ratio, so 

sporozoite inoculation numbers were tested at 11,000 and 22,000 sporozoites per well, in order to 

Figure 5.2 Representative images of cell line monolayers. 

Cell lines plated at 20,000/well, 25 hours prior to infection with 11,000 PbPfTRAP sporozoites. Images 

taken 24 hours following infection with PbPfTRAP sporozoites.  Uninfected well images taken at a 

comparable time point.  x20 magnification.   
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explore the effects of increasing the ratio.  Clearly the more sporozoites used in the infection, the 

more liver cells become infected.  This is true for both percentage infection and number of infected 

cells measured (Figure 5.3 A+B, 2-way ANOVA).   While the HepG2 line appears to support the 

highest level of infection, the counts data revealed that a lower number of cells were infected 

compared to the HC-04 and PLC/PRF/5 lines.  However, this frequency is artificially elevated by the 

loss of hepatoma cell monolayer and subsequent low number of cells acquired overall (Figure 5.3 D, 

2-way ANOVA).   The Huh7 cells maintain a monolayer, but have a low infection frequency and low 

cell recovery, indicating that cells may specifically die off once infected.    

As previously described with GFP-expressing parasites, GFP fluorescence intensity is a 

measure of the extent of parasite development within liver cells [483], and is an effective measure of 

parasite copy number, particularly at later time points [482, 484].  Despite the PbPfTRAP parasite 

species being native to rodents, the mean fluorescence intensity of the parasite growth at 24 hours 

post infection was lowest in the mouse Hepa1-6 cell line (Figure 5.3 G, p=0.0017 Kruskal-Wallis test).  

These data indicate the use of HC-04 or PLC/PRF/5 cells for the preferred infection protocol, 

as these lines support significantly higher numbers of infected cells which would be targets for 

vaccinee T cells (Figure 5.3 F, p=0.0020 Kruskal-Wallis test).  The data suggests inoculation using 

11,000 sporozoites per well is preferable over 22,000, as this achieves good infectivity without high 

hepatoma cell loss through cell death or monolayer detachment, particularly in the 2 identified 

preferred cell lines (Figure 5.3 H).  This is consistent with published data, which suggests that an 

increased sporozoite to hepatocyte ratio results in greater cell death from increased cell traversal, 

and the inability of some cells to reseal their membrane after they have been traversed [36]. 
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Figure 5.3 Infection summary for 5 hepatoma cell lines   
20,000/well hepatoma cells were plated in half surface area 96 well plates.  25 hours later, 11,000 or 
22,000 PbPfTRAP sporozoites were added per well and incubated for 30 minutes at room temperature 
and 2.5 hours at 37°C. Sporozoites were removed from the plates, and hepatoma cells washed in fresh 
media.  Plates were left to incubate at 37°C for a further 22 hours, before removal of hepatoma cells by 
trypsin digest and acquisition by FACS.  A+E) Percentage infectivity. B+F) Number of infected hepatoma 
cells.  C+G) Geometric mean fluorescence intensity of parasite GFP. D+H) Number of live hepatoma cells 
acquired.  A-D) 2-way ANOVA of 11,000 vs 22,000 sporozoites per well. E-H) Kruskal-Wallis test with 
Dunn’s correction for multiple comparisons between all cell lines infected with 100,000 sporozoites per 
well. * p<0.05. ** p<0.01, *** p<0.001, **** p<0.0001.  Medians displayed. 
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5.2.2.1 Infection parameters 

 

Previously published protocols advise a 3 hour infection period [363], with a brief incubation 

at room temperature prior to at 37°C.  This is believed to mimic the inoculation of sporozoites into 

the dermis, whereby the ambient temperature around the sporozoites may not instantaneously rise 

to the core body temperature of 37°C.   

Briefly, sporozoites were added to the plated hepatoma cells and centrifuged to increase 

sporozoite contact with the hepatoma cell monolayer.  This is followed by a 20-30 minute incubation 

at room temperature and 2.5 hour incubation at 37oC prior to changing cell media and thus removing 

any excess sporozoites and potential bacterial contaminants coming from the mosquito dissection.  

Reducing the sporozoite infectivity time would permit an extended duration for T cell-mediated 

parasite inhibition, due to the necessity to add T cells separately to sporozoites, the finite liver stage 

period of P. berghei and the associated time restrictions of the assay readout.  Reducing the infection 

time to under 3 hours was therefore assessed in HC-04 cells, whereby the incubation at room 

temperature was reduced to 20 minutes and incubation at 37oC was reduced to 40 minutes, totalling 

a 1 hour infection period before sporozoite removal.   A trend towards reduced infectivity was 

measured with a 1 hour infection period compared to three hours (Figure 5.4 A-C, Mann-Whitney 

test).  Conversely, to determine whether infectivity could be improved by increased sporozoite-

hepatoma cell contact time, the 37oC incubation duration was increased to 26 hours, but this did not 

increase the frequency or number of infected hepatoma cells (Figure 5.4 D-F Mann-Whitey test).   

This extended infection strategy does not permit the additional washing steps that reduces bacterial 

contamination or removal of exogenous DiD membrane dye, described later.  Furthermore, free-

floating sporozoites that have failed to infect may induce innate activation or antigen non-specific 

activation of T cells.  Therefore the 3 hour infection, consisting 30 minutes at room temperature and 

2.5 hours at 37°C, was chosen as the optimal infection period for this assay, and was used in all 

subsequent experiments. 
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Seeding density of hepatoma cells and timing of infection post-hepatoma cell plating were 

also assessed.  Cells plated one day before infection (day -1) had a more intact cell monolayer post-

infection than those plated on the day of infection (day 0), improving hepatoma cell recovery after 

24 hour incubation.  Percentage infection was higher when hepatoma cells were plated at lower 

seeding densities (Figure 5.5 A+D, Kruskal-Wallis test), although a higher seeding density supported a 

larger number of infected cells, despite the same number of infectious sporozoites added per well 

(Figure 5.5 B+E, Kruskal-Wallis test).  When infected with 2x104 sporozoites, the most optimal 

hepatoma cell seeding densities were 20,000-30,000 HC-04 plated at day -1, with live HC-04 recovery 

poor when plated at day 0 (Figure 5.5 C+F, Kruskal-Wallis test).  

Figure 5.4 Sporozoite infection time summary 

A-C) 20,000 or 30,000/well hepatoma cells were plated in 96 well plates.  15 hours later, 20,000 

PbPfTRAP sporozoites were added per well and incubated according to 1 hour or 3 hour infection 

protocol, before sporozoites were removed from the plates, and hepatoma cells washed in fresh 

media.  Plates were left to incubate at 37°C to 24 hours post initial infection, before removal of 

hepatoma cells by trypsin digest and acquisition by FACS.  D-F) 30,000/well hepatoma cells were plated 

in 96 well plates.  12 hours later, 20,000  PbPfTRAP sporozoites were added per well and incubated for 

30 minutes at room temperature and 2.5 hours at 37°C, when the “3 hour” sporozoites were removed 

from the plates, and hepatoma cells washed in fresh media.  Plates were left to incubate at 37°C for a 

further 24 hours, before removal of hepatoma cells by trypsin digest and acquisition by FACS.  All 

comparisons tested by Mann-Whitney test were non-significant. 
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5.2.2.2 Antibiotics 

 

Sporozoite preparations dissected from the salivary glands of infected mosquitoes are prone 

to bacterial contamination. While this can be overcome by the addition of antibiotics to the 

dissection and culture media, it was important to determine the anti-parasitic effects of their use.  

Increasing concentrations of penicillin and streptomycin in the dissection media resulted in a reduced 

parasite infection at 24 hours post-infection (Figure 5.6, p<0.0003, Kruskal-Wallis test).  1% penicillin 

and streptomycin were sufficient to eliminate bacterial contamination during the assay incubation 

period of multiple independent assays.  This was tested by inoculation of lysogeny broth with 20μL of 

supernatant from hepatoma cells cultured with and without sporozoites and PBMCs.  Inoculated 

broths were left to culture at 37°C for 72 hours in a shaking incubator.  Initial sporozoite dissection 

Figure 5.5 HC-04 seeding density  
A-C) Day -1 and D-F) day 0 plating of 3 HC-04 cell seeding densities in standard 96 well plates was 

assessed by percentage infectivity, number of infected cells and recovery of live HC-04 cells at 24 hours 

post-infection with 20,000 PbPfTRAP sporozoites per well.  Percentages represent recovery of original 

number of HC-04 cells plated. U = uninfected, I = infected.  Kruskal-Wallis test with Dunn’s correction for 

multiple comparisons. * p<0.05.  
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suspension and the 3 hour post-infection supernatant induced bacterial growth when in lysogeny 

broth (Table 15).  Bacterial populations were identified by Gram staining as Gram negative (data not 

shown) and therefore the choice of antibiotic cocktail of penicillin and streptomycin was deemed 

suitable for preventing bacterial contamination. 
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Figure 5.6 Summary of sporozoite infection with increasing titrations of antibiotic cocktail in 

dissection media.    

Dissected PbPfTRAP sporozoites were incubated in antibiotic-containing dissection media for 20 

minutes prior to infection of HC-04 cells.  After a 3 hour infection, dissection media was removed 

and RPMI media containing 1% penicillin and streptomycin plus 10% foetal calf serum (FCS) used to 

wash the hepatoma cells, then incubate the hepatoma cells for a further 21 hours.  Kruskal-Wallis 

test with Dunn’s correction for comparisons between multiple concentrations, * p<0.05, *** 

p<0.001. Medians displayed. 



164 
 

 

Table 15 Summary of antibiotic effectiveness 
Detection of bacterial growth in lysogeny broth, following broth inoculation with sporozoite 
suspension and hepatoma cell supernatant taken at 3 and 24 hours post-infection. 

 

 

 

 

 

 

 

 

 

 

 

5.2.2.3 Dissection media 

 

Use of different dissection media has previously been reported to affect sporozoite gliding 

motility and longevity of sporozoites post-dissection [485]. To achieve sufficient numbers of 

sporozoites for the assay, large numbers of mosquitoes need to be dissected, and therefore 

sporozoites are kept on ice for a number of hours prior to hepatocyte infection. Three dissection 

buffers were tested to determine the most appropriate buffer for use during these long mosquito 

dissection periods.  PBS, RMPI, DMEM and heat-inactivated human and mouse serum have all been 

used for salivary gland dissection [181, 184, 460, 461, 463, 482], however in recent years, the use of 

insect media has become more popular [485].  In this assay, Grace’s insect media with a 1% BSA 

supplement gave rise to significantly higher sporozoite infectivity (Figure 5.7 A+B, p<0.0001 Kruskal-

Wallis test) and had the least measurable effect on parasite fitness, as measured by schizont size 

inferred from parasite geometric mean fluorescence intensity (gMFI) (Figure 5.7 C, p<0.05, Kruskal-

Wallis test), when compared with RPMI and PBS.  Despite this being an insect media, the infection 

Lysogeny broth + 1% penicillin and streptomycin -

Lysogeny broth+ sporozoites in 1% penicillin and 

streptomycin
+

Lysogeny broth + supernatant at 3 hours from uninfected 

hepatoma cells

-

Lysogeny broth + supernatant at 3 hours from transgenic P. 

berghei -infected hepatoma cells
+

Lysogeny broth + supernatant at 24 hours from uninfected 

hepatoma cells

-

Lysogeny broth + supernatant at 24 hours from transgenic P. 

berghei -infected hepatoma cells

-

Lysogeny broth + supernatant at 24 hours from transgenic P. 

berghei -infected hepatoma cells + vaccinee PBMC

-

Bacterial 

culture (-/+)
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preparations appear to be sufficiently diluted out in cell culture media (RMPI + 1% penicillin and 

streptomycin and 10% FCS) upon dilution before infection, so as not to significantly affect hepatoma 

cell recovery following infection (Figure 5.7 D, p<0.01, Kruskal-Wallis test).  

 

  

Figure 5.7 Effect of dissection media of sporozoite infectivity.  
20,000/well of HC-04 cells were plated in half surface area 96 well plates and infected 26 hours later 

with 12,000 PbPfTRAP sporozoites dissected into either Grace’s media + 1% BSA, RPMI media or PBS, 

all containing 1% penicillin and streptomycin.  25 hours later, hepatoma cells were removed from 

plates using trypsin digest and acquired by FACS.  A) Percentage infection, B) number of infected 

hepatoma cells, C) geometric mean fluorescence intensity of parasite GFP and D) live hepatoma cell 

recovery was measured. Kruskal-Wallis test with Dunn’s correction for multiple comparisons between 

conditions. * p<0.05, ** p<0.01, *** p<0.001. Medians displayed. 
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5.2.2.4 `Fluorescence-Activated Cell Sorting experimental readout 

 

5.2.2.5 Staining of hepatoma cells 

 

For an accurate readout of percentage parasite infection, it is important to accurately 

discriminate between hepatocytes and lymphocytes.  Lipid-binding dye, Vybrant DiD (Life 

Technologies) was used to stain the phospholipid bilayer of HC-04 cells, and visualised by FACS over 

time.  As hepatoma cells continue to divide in cultures and DiD is a membrane bound, it was 

important to establish if the dye would be detectable on hepatoma cells after culture. When used on 

HC-04 cells, stained and non-stained cells could be easily differentiated by flow cytometry, detecting 

DiD fluorescence in the Allophycocyanin (APC) cytometer channel.  In a time course experiment, the 

geometric mean fluorescence intensity reduced by a log during the 48 hour period following staining 

and plating of 30,000 HC-04 cells, however this did not affect the identification of the DiD+ 

population (Figure 5.8).  This rate of DiD loss is consistent with the measured division rate of the HC-

04 cell line (Figure 5.1). 

 

The inclusion of a GFP-luciferase reporter cassette in the transgenic PbPfTRAP parasites 

permits experimental readout by both fluorescence microscopy and FACS.  Autofluorescence is more 

easily differentiated from GFP positivity when visualised by microscopy, as the autofluorescent signal 

is considerably weaker than that of GFP+ parasites.  FACS permits a more quantitative and higher 

throughput analysis, but the autofluorescent threshold is more difficult to determine.  To overcome 

Figure 5.8 DiD hepatoma cell staining time course 
HC-04 cells were counted and stained with DiD.  Excess dye was washed off and cells plated in 96 
well plates.  At 1 hour-, 24 hours- and 48 hours- post plating, HC-04 cells were acquired by FACS, and 
fluorescence intensity of the DiD signal measured.  

Unlabelled HC04 1 hour post staining                          24 hours post staining                          48 hours post staining

APC
(DiD)

Side Scatter
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this issue, FACS data was acquired with an additional empty channel on the cytometer.  Since the 

autofluorescence signal from hepatoma cells is equally detected in both the GFP channel and the 

empty channel, in this case phycoerythrin (PE), infected hepatoma cells that are truly GFP+ express a 

higher proportion of GFP to PE signal.  A hierarchical gating strategy was used to measure infectivity 

of DiD stained HC-04 cells, with infectivity determined in the final gate (Figure 5.9).  

 

 

The use of DiD staining in the hepatoma cell infection model was evaluated to ensure the 

staining did not affect the ability to detect a GFP signal from the parasites.  A higher number of HC-04 

cells were recovered per well, when unstained HC-04 cells were used, compared with DiD stained 

cells (Figure 5.10 A, p=0.0043 Mann-Whitney test).  Infected HC-04 cells have higher DiD 

fluorescence intensity than uninfected cells from the same well (Figure 5.10 B, p=0.0286 Mann-

FSC-A

SSC-A

Size

FSC-A

FSC-H

Singlets

FSC-A

DAPI

Live cells

FSC-A

DiD

HC-04

GFP

Auto-
fluorescence

Infected

Figure 5.9 Infected hepatoma cell gating strategy using DiD 
Hierarchical gating strategy: size and granularity gating of hepatoma cells, positive gating of singlets, 
dead cell exclusion using DAPI, selection of DiD+ HC-04 cells and identification of GFP+ (infected) HC-
04 cells. 
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Whitney test), indicating the hepatoma cells may cease to divide once infected.  Importantly DiD did 

not interfere with the precise gating of infected cells.  DiD staining of HC-04 and HepG2 cells did not 

affect the capacity of sporozoites to infect (data not shown), however Huh7 cells could not be 

infected with transgenic PbPfTRAP parasites when the DiD membrane dye was used prior to 

sporozoite infection (Figure 5.10 C, p=0.0034 Kruskal-Wallis test).   
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Figure 5.10 Infection summary using DiD membrane dye 
A) Number of HC-04 cells acquired and B) geometric mean fluorescence intensity of infected and 
uninfected HC-04 cells using DiD membrane dye. 30,000/well HC-04 cells were plated in 96 well 
plates and 20,000 PbPfTRAP sporozoites added 5 hours later.  Plates were left to incubate at 37°C for 
24 hours, before removal of hepatoma cells by trypsin digest and acquisition by FACS.  Mann-
Whitney tests, * p<0.05, ** p<0.01.  C) Percentage infection following infection of DiD- and DiD+ 
Huh7 cells. 50,000/well Huh7 were plated in 96 well plates and 20,000 PbPfTRAP sporozoites added 
10 hours later.  Plates were left to incubate at 37°C for 24 hours, before removal of hepatoma cells 
by trypsin digest and acquisition by FACS. * p<0.05, Kruskal-Wallis test with Dunn’s correction for 
comparison between multiple groups.  
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5.2.2.6 Staining of T cells  

 

To circumvent the reduced infectivity and cell recovery associated with hepatoma cell DiD 

staining prior to infection, a protocol to stain the T cell component of the assay was investigated.  In 

order to accurately differentiate T cells from liver cells in the FACS analysis, a marker present on T 

cells and not hepatoma cells was required.  CD45 antibody binding both the RA and RO isoforms 

resulted in >99% of cultured T cells identified as CD45+ and >99% of HC-04 identified as CD45- (Figure 

5.11 A+B).  These findings were reproducible across 2 independent experiments.  When cultured 

CD4+, CD8+ pentamer- and CD8+ pentamer+ cells and non-cultured NK cells were not gated out 

through the size, singlet or live gate, the CD45- gate removed these cells from the analysis. (Figure 

5.11 C-F).   This allowed for the accurate calculation of percentage infection based on total numbers 

of HC-04 cells only. The CD45 gate was not required for identifying the number of infected HC-04.  
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A

B

C

D

E

F

Size Singlets                       Live                        CD45- Infected

Figure 5.11 Summary of CD45 staining profile 
A) CD45 stained CD4+ T cells only. B) CD45 stained infected HC-04 only. C) CD45 stained infected HC-04 & 
cultured CD4+ T cells.  D) CD45 stained infected HC-04 & cultured CD8+ pentamer+ T cells.  E) CD45 stained 
infected HC-04 & fresh NK cells.  F) CD45 stained infected HC-04 & cultured CD8+ pentamer- T cells.  
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5.2.2.7 Infection time course 

 

 In order to determine the optimal time point post-infection for assay readout, an infectivity 

time course was performed.  HC-04 cells were infected for 3 hours with transgenic PbPfTRAP and 

infectivity measured by FACS at 4 time points post-infection.  Infectivity peaked between 25 and 31 

hours post-infection, followed by a reduction in the frequency of GFP+ cells.  This reduction in 

frequency was not mirrored by a reduction in number of infected cells, indicating that the frequency 

reduces due to the continued cell division of the HC-04 cells, and not due to infected cell death or 

rupture (Figure 5.12 B). Geometric mean fluorescence intensity of the GFP signal increased with 

time, consistent with increasing schizont size within liver cells (Figure 5.12 A+C).  Previous testing of 

transgenic PbPfTRAP identified that dead parasites do not express GFP (data not shown).   
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Figure 5.12 Time course of PbPfTRAP infection of HC-04 cells.   

20,000/well of HC-04 cells were plated in half surface area 96 well plates and infected 22 hours later 

with 14,500 PbPfTRAP sporozoites.  At 6, 18, 25, 31 and 41 hours post infection, hepatoma cells were 

removed from plates using trypsin digest and acquired by FACS.  A) Percentage infection (green) and 

geometric mean fluorescence intensity of GFP signal (grey) and B) number of infected HC-04 (green) 

and number of live HC-04 (grey) measured at 6-12 hour intervals following sporozoite infection.  

Kruskal-Wallis tests with Dunn’s correction for multiple comparisons between time points, * p<0.05. 

** p<0.01, *** p<0.001, **** p<0.0001. C) Histogram of geometric mean fluorescence intensity of 

parasite GFP, overlaid by time point. 
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5.2.3 HLA class I and II  

5.2.3.1 HLA class I and II surface expression on hepatoma cells 

 

As surrogates of HLA class I and II, expression of HLA-A2 and HLA-DR were measured on the 

cell surface of uninfected and infected HC-04 cells, using a fluorochrome-conjugated mouse anti-

human HLA-A2 and anti-human HLA-DR antibodies.  Isotype controls were used alongside the HLA-

specific antibodies, to measure background, non-specific binding to hepatoma cells.  Over 99.7% of 

uninfected and infected HC-04 cells were positive for HLA-A2 expression, with no HLA-DR staining 

measured over that of the isotype control (Figure 5.13 A).  Geometric mean fluorescence intensity 

was unchanged by hepatoma cell infection, indicating that surface expression of HLA-A2 on a per cell 

basis was not reduced by P. berghei infection.  In fact, when compared to uninfected, sporozoite 

exposed HC-04, HLA-A2 gMFI was significantly higher, indicating upregulation of surface HLA-A2 

expression may occur following parasite infection.  HLA-A2 results were replicated in a separate 

experiment using a different HLA-A2 antibody conjugate of the same clone, lacking isotype controls.  

Similar frequencies of uninfected HepG2 and HC-04 cells were positive for HLA-A2 expression, and 

<2% of HLA-A11 homozygous Huh7 cells were identified as partially positive, with a HLA-A2 dim 

phenotype (data not shown).  This was consistent with non-specific, background antibody binding, 

and validated the previous findings of HLA-A2 expression on HC-04 cells.  
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5.2.3.2 Effects of HLA mismatch between human hepatoma cells and human CD8+ T cells 

 

Given the inability to match vaccine volunteer to all hepatoma HLA loci, it was important to 

determine whether level of HLA mismatching had an effect on the assay readout. All clinical trials’ 

volunteers are HLA typed by PCR upon enrolment in the Jenner Institute’s malaria vaccine trials.  To 

identify partially HLA-matched unvaccinated controls for assay optimisation, an internal HLA 

database was set up at the Jenner Institute.  Volunteers from within the Institute consented to HLA 

typing via University of Oxford Occupational Health Services’ policy document 1/03, and were 

subsequently invited to donate blood for use in assay optimisation experiments.   All volunteer 

numbers from this database are prefixed ‘int_’.  HLA-A2 was the most common HLA-A serotype in 

both the clinical trials’ and the internal typing HLA databases, present in over 60% of volunteers.  

HLA-A1, -A3, -A11 and -A24 were also prevalent.  Thus a partial-HLA match could be made with all 4 

human hepatoma lines at a single HLA-A locus by most volunteers.  HLA-B*44 was the most common 

Figure 5.13 HLA-A2 and HLA-DR surface staining of uninfected and infected HC-04.   

20,000/well of HC-04 cells were plated in half surface area 96 well plates and infected 22 hours later 

with 14,500 PbPfTRAP sporozoites.  At 26 hours post infection, hepatoma cells were removed from 

plates using trypsin digest and acquired by FACS.  A) Frequency of HLA-A2 and HLA-DR positive cells 

(black) and the matched antibody isotype controls (grey).  B) Geometric mean fluorescence intensity 

of HLA-A2 APC signal.  Kruskal-Wallis test with Dunn’s correction for multiple comparisons, **p<0.01 
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HLA-B serotype with a frequency of ~30%, however this matched none of the human hepatoma lines 

available.  

The assay relies on MHC class I presentation of parasite antigens, so it is logical to select 

vaccinee PBMC for testing based on a HLA-A and/or –B and/or -C serotype match with the hepatoma 

cells.  The HLA loci considered most important in organ transplantation are HLA-A, -B and -DR [486], 

and are usually matched only to the serotype level.  Thus, in this setting, HLA-A and -B loci were 

considered most important loci to match to vaccinee T cells at the serotype level.  Furthermore, with 

more lab reagents commercially available for exploiting HLA-A loci, and with the consideration that 

HLA-A2 is the most common HLA-A serotype in European populations [487], which matches the HC-

04 cell line, partial HLA-matching on HLA-A loci was done in the first instance, with HLA-B loci 

considered secondarily.  

Non-specific killing of uninfected and infected hepatoma cells was assessed with single and 

double serotype matches at the HLA-A locus from non-vaccinated individuals.  A general trend 

towards reduced HC-04 cell recovery and lower numbers of infected cells was measured  when more 

PBMC were added, however this was no more pronounced in the single-HLA loci match compared to 

the double (Figure 5.14 A-H, M-P), indicating this is not tightly linked to number of matched HLA loci, 

at least at the seeding densities measured.  This trend was not seen in the percentage infection, 

likely due to similar losses of both infected and uninfected hepatoma cells.  This indicates this HC-04 

loss through addition of PBMC is not targeted towards infected cells, with the measured effects 

largely non-specific.  The exception was when very high numbers of PBMC were added per well, with 

5x105 PBMC causing a significant reduction in recovered HC-04 (Figure 5.14 D).   

With 100,000 PBMC determined as the maximum number of cells that could be added per 

well without inducing high levels of non-specific HC-04 cell death, the problem arose of achieving 

physiologically relevant effector to target cell ratios for the assay.  At the peak time point following 

ChAd63.MVA ME-TRAP vaccination, the number of antigen-specific cells in peripheral blood is ~0.05-

0.4% CD8+ T cells, as measured in chapter 4 any-of-3 ICS responses and in previous studies of 

ChAd63.MVA ME-TRAP [287].  Thus only ~150 CD8+ effector cells would be present per well of 
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100,000 PBMC.  With 3% infectivity consistently being achieved in HC-04 cells, this gives an E:T of 0.1-

0.2.  Through MACS enrichment of CD8+ T cells, this could be increased to an E:T of 0.5 at best. 

 

 

 

 

 

 

 

 

  

Figure 5.14 HLA mismatch of PBMC and hepatoma cells 
20,000/well of HC-04 cells were plated in 96 well plates and infected 21 hours later with 20,000 PbGFP 

sporozoites.  3 hours later, sporozoites were removed, hepatoma cells washed with culture media and PBMC 

added from volunteers with different degrees of HLA mismatch to the HLA A loci.  At 25 hours post infection, 

hepatoma cells were removed from plates using trypsin digest and acquired by FACS.  A-D) Live HC-04 cell 

recovery from uninfected wells, E-H) live HC-04 cell recovery from infected wells,  I-L) percentage infection 

and M-P) number of infected HC-04 cells, with addition of increasing numbers of PBMC from single (HLA-A2 

or HLA-A24) and double (HLA-A2 and HLA-A24) HLA-A serotype-matched volunteers.  Four volunteers tested 

(int_005, int_004, int_002, int_010).  Kruskal-Wallis test with Dunn’s correction for multiple comparisons 

performed only for datasets with duplicate wells, *p<0.05.  Medians displayed.  
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5.2.4 Enrichment of TRAP-specific T cells using T cell culture 

5.2.4.1 Parasite inhibition assay with T cells cultured with peptides covering full length of 

TRAP antigen – part I 

  

With the limit of ~100,000 PBMC per well, the frequency of antigen-specific T cells needed 

enriching further to achieve the physiologically relevant E:T >30, as identified in the murine in vitro 

model [363].  A previously published 10 day T cell culture protocol was adapted to expand PBMC 

from 2 ChAd63.MVA ME-TRAP vaccinees, using recombinant human IL-2 and a megapool of TRAP 

3D7 or CTL peptides [488].  Volunteer 039 (HLA-A2) and 041 (HLA-A2) from Mal 34 group 4 were 

selected due to their partial HLA-match with the HC-04 hepatoma cells.  A 6 hour stimulation 

protocol followed by flow cytometry with ICS was performed at day 13 to calculate numbers of 

effector CD8+ T cells.  Any-of-2 (IFN-+ and/or TNF-α+) numbers were calculated and antigen-specific 

CD8+ T cells identified as 11.5% and 6.3% for TRAP 3D7 and 12.1% and 35% for CTL, in volunteer 039 

and 041 respectively.  The inhibition assay was performed 4 days following culture, and of the 4 

cultured T cell preparations, only the CTL culture from volunteer 041 was still viable.  These T cells 

were plated into the assay to assess the non-specific effects of cultured T cells on parasite infected 

cells.  In a similar fashion to fresh PBMC (Figure 5.14), parasite inhibition was measured when 

increasing numbers of cells were added.  This reduction was significant when 3.7x105 T cells were 

added, although the trend was apparent when 9.3x104 T cells were added (Figure 5.15).  For similar 

cell numbers, higher levels of non-specific inhibition were measured with these cultured cells, 

compared to fresh cells in Figure 5.14. 
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Figure 5.15 Non-specific parasite inhibition using cultured PBMC 
20,000/well of HC-04 cells were plated in 96 well plates and infected 21 hours later with 11,500 
PbPfTRAP sporozoites.  3 hours later, sporozoites were removed, hepatoma cells washed with culture 
media and cultured PBMC added.  At 26 hours post infection, hepatoma cells were removed from 
plates using trypsin digest and acquired by FACS.  A) Percentage infection, B) number of infected HC-
04, C) parasite geometric mean fluorescence intensity and D) number of live DiD+ HC-04 cells 
recovered when increasing number of CTL-specific T cells were added per well.  Cell numbers assayed 
in duplicate or triplicate wells. Kruskal-Wallis test with Dunn’s correction for multiple comparisons 
against a single control (A-C 0 PBMC infected control, D uninfected control), * p<0.05.  Medians 
displayed.   
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5.2.4.2  T cell culture with peptide and recombinant human IL-2 yields highest numbers of 

live, antigen-specific CD8+ T cells after an 8 day culture.   

 

Given the high level of non-specific killing observed with cultured cells, it was important to 

establish an optimised culture protocol that sufficiently expanded antigen-specific cells with 

minimised levels of non-specific killing. Protocols for T cell culture provided a basis for this 

optimisation, with peptide plus rhIL-2 a standard method to expand antigen-specific T cells.  Such 

protocols are usually used for performing cultured ELISpot analyses of vaccinee T cells, whereby 

background activation following stimulation can be subtracted from the response.  However, in a 

functional assay, such activation would likely cause background parasite inhibition.  Additionally, high 

levels of rhIL-2 in PBMC culture can activate NK cells to acquire enhanced cytotoxic function (known 

as lymphokine-activated killing (LAK)), where they recognise a broader range of targets and killing 

with increased lytic potential [489].  Cells with LAK function particularly target carcinoma cells, which 

posed an issue for this assay.  Several test cultures were set up with a pool of CTL peptides, in order 

to find the optimal culture conditions relating to rhIL-2 concentration, and timing of cellular 

activation and rest. 

Eight and 10 day CTL peptide cultures were set up in 4 unvaccinated volunteers from the 

internal HLA typing database, according to the schedule outlined in Table 16.   Cells were rested in 

RPMI containing 10% FCS and 1% penicillin and streptomycin for 2 days following their removal from 

culture, then stimulated for 6 hours with the peptides matching those used in their expansion.  

Brefeldin A and monensin were added for the final 5.5 hours.  Flow cytometry with ICS determined 

the number of antigen-specific cells following culture.  As predicted, the CTL peptide pool expanded 

the CD8+ T cell population to CMV, EBV and influenza peptides (Figure 5.16 A+B), with CD4+ T cell 

responses below 0.1% (Figure 5.16 C+D).  With little difference measured between the antigen-

specific CD8+ T cells measured after 8 and 10 day culture, other parameters were assessed.  Two 

different concentrations of IL-2 were tested in volunteer int_008.  Antigen-specific CD8+ T cells were 

of no higher frequency when a higher concentration of rhIL-2 was added to the T cell culture (Figure 

5.16 E).  CD56+ cells, indicative of NK cells with presumed LAK function acquired [490], were of 
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significantly higher frequencies when 50U/mL of rhIL-2 was used compared with 10U/mL (Figure 5.16 

F, p=0.0313 Wilcoxon matched-pairs signed rank test). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 16 Culture summary for 8 and 10 day T cell expansion 

Day 8 day culture 10 day culture

0 Thaw PBMC + 4ug/mL peptide Thaw PBMC + 4ug/mL peptide

1

2

3 +IL-2 10U/ml +IL-2 10U/ml

4

5

6

7 +IL-2 10U/ml +IL-2 10U/ml

8 Remove cells from culture

9

10 Quantification by ICS Remove cells from culture

11

12 Quantification by ICS
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Figure 5.16 ICS summary of 8 and 10 day T cell culture protocol  
Frequency of antigen-specific CD8+ T cells at A) day 10 following an 8 day culture and B) day 12 following 
a 10 day culture.  Frequency of antigen-specific CD4+ T cells at C) day 10 following an 8 day culture and 
D) day 12 following a 10 day culture.  E) Frequency of antigen-specific CD8+ T cells following culture with 
10U/mL and 50U/mL of recombinant human IL-2 in volunteer int_008.  F) Frequencies of CD56+ cells 
following culture with 10U/mL and 50U/mL in volunteer int_008.  p=0.0313, Wilcoxon matched-pairs 
signed rank test.  
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 Time course data from IFN- ELISpot analysis revealed that both culture protocols expanded 

the antigen-specific response compared to baseline in all volunteers except for int_008, however the 

reported T cell response for all volunteers is markedly lower by ELISpot than by ICS (Figure 5.17 C+F). 

This could be due to issues with cell viability.  The resting period following T cell culture reduced the 

background activation of the cells (Figure 5.17 B+E), however coupled with this was an increased 

proportion of dead cells.  Dead cells increased from ~20% at the end of the culture period, to 30-80% 

following 2 days of rest.  A 1 day rest period was therefore deemed optimal. 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.17 ELISpot time course summary for 8 and 10 day culture 
A+D) Time course of dead cell percentage, measured by manual Trypan Blue counting.  B+E) Time 
course of background T cell activation following culture, as measured by ex vivo IFN-g ELISpot.  C+F) 
Time course of antigen-specific T cell response following culture, as measured by ex vivo IFN-g ELISpot 
to CTL peptide megapool (background subtracted). 
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Further testing of the culture protocol explored a shortened culture period of 6 and 7 days (Table 

17).  Antigen-specific T cell responses were up to 100-fold lower by ICS, compared with the 8 and 10 

day cultures.  Cell death followed a similar pattern to the longer culture protocols following removal 

from culture, with over 20% cell death by the second rest day (Figure 5.18). Therefore an 8 day T cell 

culture protocol was taken forward for use in the in vitro parasite inhibition assay.  This protocol 

expanded 4-5 million PBMC per well in 12 well tissue culture plates, with peptide added at day 0, 

10U/mL rhIL-2 added at day 3 and day 7 and cells rested for one day before subsequent addition in 

to in vitro assay. 

 

 

 

 

 

 

 

 

 

 

 

 

Day 6 day culture 7 day culture

0 Thaw PBMC + 4ug/mL peptide Thaw PBMC + 4ug/mL peptide

1

2 +IL-2 10U/ml +IL-2 10U/ml

3

4

5 +IL-2 10U/ml +IL-2 10U/ml

6 Remove cells from culture

7 Quantification by ICS Remove cells from culture

8 Quantification by ICS

Table 17 Culture summary for 6 and 7 day T cell expansion 
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Figure 5.18 ICS and cell death summary for 6 and 7 day T cell culture protocol 
Frequency of antigen-specific CD8+ T cells by ICS at A) day 7 following a 6 day culture and B) day 8 

following a 7 day culture.  C+D) Time course of dead cell percentage, measured by manual Trypan 

Blue counting.   
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5.2.4.3 Inhibition assay with T cells cultured with TRAP peptides covering full length of 

antigen – part II 

 

Having optimised the culture conditions to achieve the highest frequency of effector T cells, 

8 day T cell cultures with peptide and rhIL-2 were used to expand PBMC from 3 ChAd63.MVA ME-

TRAP vaccinees, using TRAP 3D7 or CTL peptides.  Expanded effector T cells were then tested in the 

inhibition assay.  The volunteers selected were partial HLA matches to the HC-04 hepatoma cells: 

volunteer 1282 (HLA-A2), 1285 (HLA-A2 homozygous) and 1290 (HLA-A24), from Vac 48 group 3.   A 6 

hour stimulation protocol followed by flow cytometry with ICS was performed at day 9 to calculate 

numbers of effector CD8+ T cells (Figure 5.19).  Responses are summarised as any-of-2 (IFN-+ and/or 

TNF-α+) for use in calculating matching E:T or TRAP and CTL (Table 18). In 2 of the 3 vaccinees, the 

frequency of antigen-specific cells was higher following expansion with CTL peptides, compared with 

TRAP peptides.  CD8+ T cell phenotypes were similar across the 2 cultures, with most IFN-+ or TNF-α+ 

cells of a de-granulating phenotype (CD107a+). 

 

 

 

 

 

 

 

 

 

  
Figure 5.19 ICS summary of antigen-specific CD8+ T cells following 8 day culture of vaccinee PBMC 
with TRAP or CTL peptide megapool 
Frequency of A) TRAP 3D7-specific CD8+ T cells and B) CTL-specific CD8+ T cells by short stimulation ICS 
at day 9, following an 8 day T cell culture with peptide and rhIL-2.   
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T cell populations were then further enriched by MACS, to obtain a CD8+ and CD8- fraction 

for each volunteer.  TRAP-specific and CTL-specific cells were matched on their effector cell 

frequencies, and added into the parasite inhibition assay 4 hours following infection with PbPfTRAP.  

The assay was left to incubate for 20 hours before collection of supernatants, staining of CD45 (to 

identify T cells), prior to HC-04 removal from the plate using trypsin digest and acquisition by FACS. 

At CD8+ T cell E:T of 5:1 and 6:1, only volunteer 1285 exhibited parasite inhibition over that 

of the control wells.  This effect was not TRAP-specific, as a similar percentage infection and number 

of infected wells were measured when autologous CTL-specific CD8+ T cells were added at the same 

E:T (Figure 5.20 A+C, Figure 5.21 A+C, Kruskal-Wallis test).  At higher E:T of 68:1 and 88:1, parasite 

inhibition was measured in all volunteers. Volunteer 1290 showed a marked statistical difference 

between the inhibition measured with TRAP-specific CD8+ T cells over that of the infected-only 

control, however a similar, yet non-statistically significant trend, was measured with autologous CTL-

specific CD8+ T cells (Figure 5.20 B+D, Figure 5.21 B+D, Kruskal-Wallis test).  For all volunteers, gMFI 

of parasite GFP was unaffected by T cell addition at both high and low E:T (Figure 5.20 E+F, Figure 

5.21 E+F).  Recovery of HC-04 cells was only affected at the high E:T, particularly when cell numbers 

above the 100,000/well threshold were plated (Figure 5.20 H, Kruskal-Wallis test).  No significant 

TRAP-specific inhibition was measured with the addition of CD8- T cells (Figure 5.22 + Figure 5.23). 

 

 

 

Volunteer/ 

culture

Any-of-2 antigen-

specific CD8⁺ T cells

1282 3D7 TRAP 1.3

1282 CTL 4.7

1285 3D7 TRAP 1.6

1285 CTL 1.5

1290 3D7 TRAP 0.8

1290 CTL 6.3

Table 18 Summary of any-of-2 antigen-specific CD8+ T cells following 8 day peptide and IL-2 culture. 
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Figure 5.20 Parasite inhibition using TRAP- and CTL-specific CD8+ T cells (plate 1) 
20,000/well of HC-04 cells were plated in half surface area 96 well plates and infected 26 hours later 
with 10,000 PbPfTRAP sporozoites.  3 hours later, sporozoites were removed, hepatoma cells washed 
with culture media and cultured PBMC added.  At 26 hours post infection, hepatoma cells were 
removed from plates using trypsin digest and acquired by FACS A+B) Percentage infection, C+D) 
number of infected hepatoma cells, E+F) geometric mean fluorescence intensity of parasite GFP and 
G+H) live hepatoma cell recovery following HC-04 infection with PbPfTRAP sporozoites and addition of 
E:T matched CD8+ T cells from TRAP of CTL culture. E:T of 5:1 and 68:1 measured. Kruskal-Wallis test 
with Dunn’s correction for multiple comparisons against a single control (infected only). Uninfected 
control wells excluded from statistical analyses. * p<0.05. ** p<0.01, *** p<0.001.  Medians displayed. 
Statistical analysis not performed on single replicates.   

 

U
n

in
f

In
f

+
 1

2
8
2
 T

R
A

P
 E

T
5

 +
 1

2
8
2
 C

T
L

 E
T

5

+
 1

2
8
5
 T

R
A

P
 E

T
5

 +
 1

2
8
5
 C

T
L

 E
T

5

0 .0

0 .2

0 .4

0 .6

0 .8

H
C

-0
4

 i
n

fe
c

ti
o

n
 /

%

* **

U
n

in
f

In
f

+
 1

2
8
2
 T

R
A

P
 E

T
6
8

+
 1

2
8
2
 C

T
L

 E
T

6
8

+
 1

2
8
5
 T

R
A

P
 E

T
6
8

+
 1

2
8
5
 C

T
L

 E
T

6
8

0 .0

0 .2

0 .4

0 .6

0 .8

H
C

-0
4

 i
n

fe
c

ti
o

n
 /

%

*
*

**

In
f

+
 1

2
8
2
 T

R
A

P
 E

T
5

 1
2
8
2
 C

T
L

 E
T

5

+
 1

2
8
5
 T

R
A

P
 E

T
5

 1
2
8
5
 C

T
L

 E
T

5

1 0 0 0

1 0 0 0 0

G
e

o
m

e
a

n
 f

lu
o

r
e

s
c

e
n

c
e

in
te

n
s

it
y

 o
f 

p
a

r
a

s
it

e
 G

F
P

In
f

+
 1

2
8
2
 T

R
A

P
 E

T
6
8

+
 1

2
8
2
 C

T
L

 E
T

6
8

+
 1

2
8
5
 T

R
A

P
 E

T
6
8

+
 1

2
8
5
 C

T
L

 E
T

6
8

1 0 0 0

1 0 0 0 0

G
e

o
m

e
a

n
 f

lu
o

r
e

s
c

e
n

c
e

in
te

n
s

it
y

 o
f 

p
a

r
a

s
it

e
 G

F
P

E :T  5 E :T  6 8

U
n

in
f

In
f

+
 1

2
8
2
 T

R
A

P
 E

T
5

 1
2
8
2
 C

T
L

 E
T

5

+
 1

2
8
5
 T

R
A

P
 E

T
5

 1
2
8
5
 C

T
L

 E
T

5

0

3 0

6 0

9 0

1 2 0

1 5 0

1 8 0

N
u

m
b

e
r
 o

f

 i
n

fe
c

te
d

 H
C

-0
4

* **

U
n

in
f

In
f

+
 1

2
8
2
 T

R
A

P
 E

T
6
8

+
 1

2
8
2
 C

T
L

 E
T

6
8

+
 1

2
8
5
 T

R
A

P
 E

T
6
8

+
 1

2
8
5
 C

T
L

 E
T

6
8

0

3 0

6 0

9 0

1 2 0

1 5 0

1 8 0

N
u

m
b

e
r
 o

f

in
fe

c
te

d
 H

C
-0

4

**
*
     * *

U
n

in
f

In
f

+
 1

2
8
2
 T

R
A

P
 E

T
5

 +
 1

2
8
2
 C

T
L

 E
T

5

+
 1

2
8
5
 T

R
A

P
 E

T
5

 +
 1

2
8
5
 C

T
L

 E
T

5

0

1 0 0 0 0

2 0 0 0 0

3 0 0 0 0

4 0 0 0 0

N
u

m
b

e
r
 o

f 
li

v
e

H
C

-0
4

 a
c

q
u

ir
e

d

U
n

in
f

In
f

+
 1

2
8
2
 T

R
A

P
 E

T
6
8

+
 1

2
8
2
 C

T
L

 E
T

6
8

+
 1

2
8
5
 T

R
A

P
 E

T
6
8

+
 1

2
8
5
 C

T
L

 E
T

6
8

0

1 0 0 0 0

2 0 0 0 0

3 0 0 0 0

4 0 0 0 0

N
u

m
b

e
r
 o

f 
li

v
e

H
C

-0
4

 a
c

q
u

ir
e

d

**
*

**

A B

C D

E F

G H



188 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.21 Parasite inhibition using TRAP- and CTL-specific CD8+ T cells (plate 2) 
Identical protocol to Figure 5.20 used. A+B) Percentage infection, C+D) number of infected hepatoma 
cells, E+F) geometric mean fluorescence intensity of parasite GFP and G+H) live hepatoma cell 
recovery following HC-04 infection with PbPfTRAP sporozoites and addition of E:T matched CD8+ T 
cells from TRAP of CTL culture. E:T of 6:1 and 88:1 measured. Kruskal-Wallis test with Dunn’s 
correction for multiple comparisons against a single control (infected only). Uninfected control wells 
excluded from statistical analyses. ** p<0.01.  Medians displayed. Statistical analysis not performed 
on single replicates.   
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Figure 5.22 Parasite inhibition using TRAP- and CTL-specific CD8- T cells (plate 1) 
Identical protocol to Figure 5.20 used.  A+B) Percentage infection, C+D) number of infected hepatoma 
cells, E+F) geometric mean fluorescence intensity of parasite GFP and G+H) live hepatoma cell 
recovery following HC-04 infection with PbPfTRAP sporozoites and addition of E:T matched CD8- T 
cells from TRAP of CTL culture. E:T of 6:1 and 88:1 measured. Kruskal-Wallis test with Dunn’s 
correction for multiple comparisons against a single control (infected only). Uninfected control wells 
excluded from statistical analyses. ** p<0.01.  Medians displayed.  
 

U
n

in
f

In
f

+
 1

2
8
2
 T

R
A

P
 E

T
5

 +
 1

2
8
2
 C

T
L

  
E

T
5

0 .0

0 .2

0 .4

0 .6

0 .8

H
C

-0
4

 i
n

fe
c

ti
o

n
 /

%

U
n

in
f

In
f

+
 1

2
8
2
 T

R
A

P
 E

T
6
8

 1
2
8
2
 C

T
L

 E
T

6
8

0 .0

0 .2

0 .4

0 .6

0 .8

H
C

-0
4

 i
n

fe
c

ti
o

n
 /

%

**

U
n

in
f

In
f

+
 1

2
8
2
 T

R
A

P
 E

T
5

 +
 1

2
8
2
 C

T
L

  
E

T
5

0

3 0

6 0

9 0

1 2 0

1 5 0

1 8 0

N
u

m
b

e
r
 o

f

in
fe

c
te

d
 H

C
-0

4

U
n

in
f

In
f

+
 1

2
8
2
 T

R
A

P
 E

T
6
8

 1
2
8
2
 C

T
L

 E
T

6
8

0

3 0

6 0

9 0

1 2 0

1 5 0

1 8 0

N
u

m
b

e
r
 o

f

in
fe

c
te

d
 H

C
-0

4

**

In
f

+
 1

2
8
2
 T

R
A

P
 C

D
8
- 

E
T

5

 1
2
8
2
 C

T
L

 C
D

8
- 

E
T

5

1 0 0 0

1 0 0 0 0

G
e

o
m

e
a

n
 f

lu
o

r
e

s
c

e
n

c
e

in
te

n
s

it
y

 o
f 

p
a

r
a

s
it

e
 G

F
P

In
f

+
 1

2
8
2
 T

R
A

P
 E

T
6
8

+
 1

2
8
2
 C

T
L

 E
T

6
8

1 0 0 0

1 0 0 0 0

G
e

o
m

e
a

n
 f

lu
o

r
e

s
c

e
n

c
e

in
te

n
s

it
y

 o
f 

p
a

r
a

s
it

e
 G

F
P

U
n

in
f

In
f

+
 1

2
8
2
 T

R
A

P
 E

T
5

 +
 1

2
8
2
 C

T
L

 E
T

5

1 5 0 0 0

2 0 0 0 0

2 5 0 0 0

3 0 0 0 0

3 5 0 0 0

N
u

m
b

e
r
 o

f 
li

v
e

 H
C

0
4

 a
c

q
u

ir
e

d

U
n

in
f

In
f

+
 1

2
8
2
 T

R
A

P
 E

T
6
8

 +
1
2
8
2
 C

T
L

 E
T

6
8

0

1 0 0 0 0

2 0 0 0 0

3 0 0 0 0

4 0 0 0 0

N
u

m
b

e
r
 o

f 
li

v
e

H
C

0
4

 a
c

q
u

ir
e

d

**

E :T  5 E :T  6 8
A B

C D

E F

G H



190 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.23 Parasite inhibition using TRAP- and CTL-specific CD8- T cells (plate 2) 
Identical protocol to Figure 5.20 used.  A+B) Percentage infection, C+D) number of infected 
hepatoma cells, E+F) geometric mean fluorescence intensity of parasite GFP and G+H) live 
hepatoma cell recovery following HC-04 infection with PbPfTRAP sporozoites and addition of E:T 
matched CD8- T cells from TRAP of CTL culture. E:T of 6:1 and 88:1 measured. Kruskal-Wallis test 
with Dunn’s correction for multiple comparisons against a single control (infected only). Uninfected 
control wells excluded from statistical analyses. * p<0.05. ** p<0.01.  Medians displayed. Statistical 
analysis not performed on single replicates.   
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These preliminary data highlight some key areas required for the development of the assay.  

Firstly, infectivity of ~0.4% in these experiments was markedly lower than in the optimised infectivity 

model, where 1-4% infection was consistently achieved.   This is likely due to the assay plates 

spending an extended period of time at room temperature as opposed to 37°C, while the T cell 

component was added.  Additionally, the disparity between TRAP and CTL CD8+ T cell expansion in 

peptide and rhIL-2 culture means a higher number cells are required per well in order for the TRAP 

E:T to match that of CTL.  As previously demonstrated, even these non-TRAP-specific cells contribute 

to non-specific parasite inhibition, therefore it could be argued that parasite inhibition measured in 

the TRAP wells is not necessarily antigen-specific.  Controlling for this would require additional wells, 

whereby total cell number is also controlled for.  To circumvent this, an alternative approach was 

adopted to include antigen-specific CD8+ T cell sorting.  
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5.2.5 Enrichment of TRAP-specific CD8+ T cells using MHC class I pentamers 

5.2.5.1 Selecting an epitope for customised pentamer manufacture 

 

Further enrichment of antigen-specific CD8+ T cells was required, beyond that of T cell 

culture plus MACS enrichment of CD8+ T cells.  MHC class I pentamers permit cell sorting of epitope-

specific CD8+ T cells using FACS. In order to select the most appropriate customised MHC class I 

pentamer, 2 previously identified immunodominant HLA-A2 epitopes (Table 19 and Table 20) were 

tested by ex vivo IFN-γ ELISpot in ChAd63.MVA ME-TRAP vaccinees and unvaccinated controls at the 

C-1 time point of Vac 55.  Vaccinee responses to 10-mer peptide FLIFFDLFLV were significantly higher 

than that of controls, however the magnitude of the response ranged from undetectable to >1000 

SFC/106 PBMC (Figure 5.24 A, p=0.0235 Mann-Whitney test).  Comparatively, responses to 9-mer 

peptide NTLDALLQV were lower, and did not significantly differ between vaccinees and controls 

(Figure 5.24 B).  All pentamer cell sorting performed by D. Worth of the Jenner Institute’s FACS core 

facility. 

 

Table 19 Summary of dominant minimal epitopes identified in Thrombospondin-related adhesion 
protein 
Dominant minimal epitopes identified using fresh and frozen PBMCs from volunteers vaccinated 
with ChAd63-MVA ME-TRAP, thesis by R. Longley. Not all epitopes confirmed in multiple volunteers. 
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20mer amino acid 

sequence
Putative epitope

HLA-matched vaccinees with 

positive ELISpot response /%

HLA non-matched vaccinees with 

positive ELISpot response /%

FLIFFDLFLV (A2)

FLIFFDLFL (A2)

LNDNAIHLY (A1) 80 25

NVFSNNAK (A3) 100 0

LLSTNLPYGRTNLTDALLQV NLTDALLQV (A2) 80 0

ENVKNVIGPFMKAVCVEVEK FMKAVCVEV (A2) 80 0

VIVFLIFFDLFLVNGRDVQN 80 0

LNDNAIHLYVNVFSNNAKEI

Table 20 Summary of putative epitopes  
Independently identified epitopes for TRAP T9/96 and corresponding responses in HLA A2 matched 
and non-matched vaccinees. Work completed by D. Wright, Jenner Institute laboratories. 

Figure 5.24 ex vivo IFN-γ ELISpot response to individual TRAP peptides 
Responses using fresh PBMC from 19 ChAd63.MVA ME-TRAP vaccinees and 6 controls to A) single 
FLIFFDLFLV 10-mer peptide, p=0.0235 Mann-Whitney test, and B) single NTLDALLQV 9-mer 
peptide, NSD by Mann-Whitney test. Medians displayed.  
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5.2.5.2 Testing FLIFFDLFL-MHC class I pentamer 

 

With frequencies of FLIFFDLFLV-specific cells ranging from 0-1%, in order to obtain sufficient 

numbers of FLFIFFDLFL-specific CD8+ T cells for evaluation in the parasite inhibition assay, it was 

predicted that peptide and rhIL-2 culture would be required prior to cell sorting using the pentamer.  

Eight day T cell cultures were set up using thawed PBMC from 2 ChAd63.MVA ME-TRAP vaccinees 

1426 (HLA-A2) and 1431 (HLA-A2 homozygous) from Vac 45 group 2.  Their frozen ELISpot responses 

to FLIFFDLFLV were 481 SFC/106 and 226 SFC/106, respectively (data not shown).  T cell cultures to an 

irrelevant 9-mer control peptide from human cytomegalovirus pp65 (495-503, NLVPMVATV, see 

supplementary Table S5 CTL5) were set up in parallel to act as a negative control.   

The FLIFFDLFL-MHC class I pentamer was tested at 3 different titrations, with gMFI used to 

select the optimal titration of 10L (Figure 5.25 A+B).  Following 8 day culture with FLIFFDLFLV 

peptide and rhIL-2, frequencies of pentamer-positive CD8+ T cells were 10% and 6.1% (Figure 5.25 

C+D).  Frequencies of CD8+ pentamer+ T cells from non-cultured cells, and from cells cultured with an 

irrelevant peptide and rhIL-2, were comparable and less than 0.1% (Figure 5.25 C+D). Cross reactive 

binding of the MHC class I pentamer to CD4+ T cells was not detected, with 0.2% the highest CD4+ 

pentamer+ frequency detected (Figure 5.25 E+F).  
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Figure 5.25 Titration of FLIFFDLFL-MHC class I pentamer   

Evaluation of MHC class I pentamer at 3 titrations, in 2 ChAd63.MVA ME-TRAP vaccinees, using 3 cell 

culture conditions: no culture, homologous peptide (FLIFFDLFLV) culture and irrelevant peptide culture 

NLVPMVATV).  A+B) Raw geometric mean fluorescence intensity of pentamer PE signal.  C+D) Raw 

frequency of CD8+ pentamer+ cells.  E+F) Raw frequency of CD4+ pentamer+ cells.   
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5.2.5.3 Pentamer+ cells kill cells expressing their cognate antigen 

 

To ensure that cultured and pentamer sorted cells were able to kill hepatocytes, the 

functionality of these CD8+ T cells, sorted CD8+ pentamer + cells were tested in a small proof-of-

concept experiment.  Volunteer 004 (HLA-A2 homozygous) from Vac 55 group 1 was tested alongside 

volunteers 1426 and 1431.  Briefly, HC-04 cells were pulsed overnight with FLIFFDLFLV peptide and 

labelled with DiD membrane dye.  Unpulsed HC-04 cells were labelled with CFSE.  The pulsed DiD+ 

and unpulsed CFSE+ cells were plated in a 50:50 ratio and left to settle for 6 hours.  Meanwhile 8 day 

T cell cultures with FLIFFDLFLV peptide and rhIL-2 were allowed to rest for 2 days, and were 

subsequently stained with a FACS panel identifying live CD56- CD8+ pentamer+/- populations.  A 

control culture to a peptide from influenza PB1 protein region (591-599, VSDGGPNLY, see 

supplemtary Table S5 CTL1) was recovered and remained unsorted.  Matched numbers of CD56- CD8+ 

pentamer+ cells, CD56- CD8+ pentamer– cells and cells from the unsorted, irrelevant PBMC culture 

were added to the 50:50 cultures of pulsed and unpulsed HC-04 cells and left to incubate for 18 

hours. HC-04 cells were then removed from the plate using trypsin digest, and the proportion of DiD+ 

FLIFFDLFLV-pulsed to CFSE+ unpulsed cells measured by FACS.  Reduction of DiD+ and CFSE+ cells was 

calculated, based on the ratios measured in control cells, where no T cells were added.  

A reduction in DiD+ cells was measured when vaccinee CD8+ pentamer+ T cells were added. 

This ranged from 5.5 – 26.6%.  In one volunteer with a high number of cells obtained from the cell 

sort, 3 different E:T were tested.  The magnitude in DiD+ cell reduction was greater with increasing 

E:T ratio of CD8+ pentamer+ cells added (Figure 5.26 A).  Addition of CD8+ pentamer– cells and PBMC 

from irrelevant peptide culture gave an indication of baseline reduction in DiD+ cells, which ranged 

from 0.7-1.7% with CD8+ pentamer– cells and 0.7%-3.1% with irrelevant PBMC cultures (Figure 5.26 

B+C).  Correspondingly, negligible changes in CFSE+ unpulsed cells were measured with the addition 

of all 3 cell types (Figure 5.26 D-F). 
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5.2.5.4 Identification of a suitable control pentamer 

 

Following the successful culture and enrichment of CD8+ T cells from vaccinated volunteers, a 

control pentamer was required for use alongside that of the pentamer for TRAP-specific epitope 

FLIFFDLFLV, in order to differentiate background, non-specific parasite inhibition from antigen-

specific parasite inhibition.  An influenza epitope present in the CTL megapool, against which many 

clinical trials’ vaccinees are ELISpot tested was selected.  This 9-mer peptide from matrix 1 protein of 

influenza A (58-66, GILGFVFTL, see supplementary Table S5 CTL4) was selected based its HLA-A2 

restriction,  the reported human memory CD8+ T cell frequencies specific to this epitope following 

natural exposure to influenza and the routine use of this epitope in tetramer immunoassays [491-

493].  A small PBMC subset from 8 HLA-A2 ChAd63.MVA ME-TRAP vaccinees was cultured in either 

Figure 5.26  Proof-of-concept peptide pulse assay  
A-C) Percentage reducton in DiD+ FLIFFDLFLV-pulsed HC-04 cells and D-F) percentage reducton in DiD+ 
FLIFFDLFLV-pulsed HC-04 cells, when CD8+ pentamer+ cells T cells, CD8+ pentamer- T cells and PBMC 
from irrelevant peptide culture were co-incubated for 18 hours.  
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FLIFFDLFLV peptide or GILGFVFTL peptide and rhIL-2 for 10 days, followed by 2 days of rest.  Post-

culture samples were then sorted using the corresponding MHC class I pentamer, to assess post 

culture frequencies (Table 21). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 21 Summary of pentamer sort in 8 vaccinees 
PBMC cultured in FLIFFDLFLV or GILGFVFTL peptide plus rhIL-2 for 10 days, rested for 2 day, then 
stained and sorted by MoFlo FACS.  Frequency of pentamer+ cells reported from live CD4-CD8+ CD56- 

populations.  

 
Vaccine 

study

Volunteer 

tested

Percentage of FLIFFDLFL 

pentamer⁺ CD8⁺ T cells

Percentage of GILGFVFTL 

pentamer⁺ CD8⁺ T cells

Vac 45 G2 1407 1.69 5.33

Vac 45 G2 1408 6.63 2.89

Vac 45 G2 1426 37.58 10.95

Vac 45 G2 1431 6.89 8.45

Vac 45 G2 1451 6.76 8.64

Vac 45 G2 1454 30.58 23.13

Vac 52 G1 1371 2.31 4.05

Vac 55 G1 011 0.79 0.97
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5.2.5.5 Pentamer dissociation from CD8+ T cells 

 

Identification of a control pentamer permitted further testing of the kinetics of the pentamer 

staining.  To determine the rate at which the pentamer detached or is internalised from the CD8+ T 

cells, a FACS time course was performed post pentamer sort.  The aim was to determine the 

frequency of CD8+ T cells that remained bound to the pentamer and to what intensity, as high level 

pentamer binding could interfere with TCR-MHC class I signalling between the T cells and hepatoma 

cells in the assay. After 9 hours at 37°C, the frequency of pentamer stained cells had reduced from 2-

3% down to 0.5%.  The geometric mean fluorescence of the pentamer PE signal had reduced after 9 

hours, with intensity at 9 hours similar to that measured at 24 hours, indicating that prolonging the 

addition of the cells into the inhibition assay beyond 9 hours was unlikely to result in any further 

benefits relating to loss of pentamer-binding (Figure 5.27).  Re-identification of CD8+ pentamer+ cells 

was possible by re-staining with the pentamer, although lower frequencies and gMFI were measured.  

This indicates that the epitope-specific TCR were still present on the T cells, but had likely been down 

regulated.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.27 Summary of pentamer dissociation at 37°C 
GILGFVFTL pentamer+ cells were sorted as per the standard staining protocol. CD8+ pentamer+ cells 
were then incubated at 37°C, re-stained for surface markers and re-acquired by FACS at 1, 9 and 24 
hours post-cell sort. At 24 hours, an aliquot of cells were re-stained with the pentamer and acquired 
at 25 hours.  A) Time course of CD8+ pentamer+ cell frequency.  B)  Time course of geometric mean 
fluorescence intensity of pentamer PE signal.  
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5.2.6 Finalised model for evaluation of TRAP-specific parasite inhibition by 

vaccinee T cells. 

 

 

 

  

Figure 5.28 Assay schematic for evaluation of TRAP-specific parasite inhibition by vaccinee T cells. 
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 Discussion 
 

 

The development of a novel in vitro T cell assay to evaluate inhibition of liver stage malaria 

parasites required extensive optimisation of each aspect of the assay.  Preliminary experiments 

suggested that the assay could not utilise a modified version of the in vitro assay used to measure 

mouse T cell inhibition of parasites due to a need to switch to a HLA compatible hepatoma cell line 

and because of the low frequencies of TRAP specific cells in peripheral blood post-vaccination.   

The initial optimisation steps required the infectivity protocol of PbPfTRAP in human 

hepatoma cells to be as effective as possible.  Preliminary experiments measured ~1% infectivity, 

which left little scope to detect significant parasite inhibition.  Selection of cell line, plate type, 

hepatoma cell seeding density, timing of infection and sporozoite inoculation number were 

straightforward parameters to optimise, and resulted in 2-5% infection in the HC-04, PLC/PRF/5 and 

Huh7 lines, which can be reliably measured through a flow cytometry based readout of GFP-positive 

hepatoma cells.  This shows improvement over or similarity to previously published infectivity of 

berghei species in human hepatoma cells lines, of 0.15%-4% in Huh7 and 0.4% in PLC/PRF/5 cells 

[461] and 0.2-4% in HC-04 cells [482, 494, 495].  The HC-04 and PLC/PRF/5 cell lines were quickly 

established as preferred lines, as they sustained a good level of infection, showed robustness in their 

monolayer and were of a matching HLA-A2 or HLA–A3 serotype to the vast majority of volunteers 

enrolled in the Jenner Institute’s UK-based clinical vaccine trials.  

The generation of transgenic P. berghei sporozoites via the mosquito host is not an aseptic 

technique, and bacterial contamination would likely affect both the liver and T cells in the assay, with 

lipopolysaccharide likely to induce a strong pro-inflammatory response from monocytes or dendritic 

cells present in the assay.  Several antibacterial drugs have demonstrated anti-parasitic effects in 

vitro, including erythromycin, tetracycline, chloramphenicol, clindamycin and rifampin [496].  

Antibiotic use was required but could not interfere with sporozoite infectivity and liver stage 

development.  Fortunately, the same concentration of penicillin and streptomycin, as used in 

standard PBMC and cell line culture was sufficient to eliminate bacterial growth in the assay.   

However, determining the optimal assay media required more experimentation, as the hepatoma 

cells require culture in MEM, sporozoites in insect media and T cell in RPMI media.  Results of a 2010 
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study on P. berghei sporozoites found that sodium bicarbonate was a critical component in cell 

culture media that initiated sporozoite transformation – a process that is irreversible and therefore 

would reduce infectivity.   Additionally, serum albumin prolongs sporozoite viability [497].  To 

maintain all 3 cell types in a single culture required hepatoma cells to switched to the same cell 

culture media as PBMC (RPMI + 10% FCS + 1% penicillin and streptomycin).  Sporozoites were 

dissected into Grace’s insect media with 1% penicillin and streptomycin and 1% BSA, and only diluted 

into the sodium bicarbonate-containing RPMI media immediately prior to liver cell infection, in order 

to avoid premature transformation.   

 Hepatoma cells must be distinguishable from T cells if the assay is to have a robust readout.  

In addition, true GFP signal must be differentiated from hepatoma cell background autofluorescence 

for infectivity to be accurately measured.  The use of DiD membrane dye to identify hepatoma cells, 

as used in the published murine in vitro assay, was not suitable in this setting.  Not only did the dye 

render some cell lines uninfected by sporozoites, it also appeared to affect the ability of the 

hepatoma cells to retain a viable monolayer.  For these reasons, the protocol was reversed to 

positively identify the T cells in the assay, using an anti-human pan CD45 antibody.    

 The addition of T cells into the assay required the effects of HLA mismatch between vaccinee 

T cells and the hepatoma cell lines to be explored.  It is known from the mixed lymphocyte reaction 

that T cells in an individual will respond to stimulation by cells from another, unrelated, member of 

the same species, due to recognition of polymorphisms in allogeneic MHC molecules.  In this 

reaction, activated T cells rapidly acquire the expression of both Fas and Fas ligand on their surface 

[498], resulting in cell death.  Cross-reactivity of CD8+ T cells towards allogeneic class I MHC 

molecules is well documented for viral antigens [499-501].  NK cells have been reported to aid T cell 

proliferation in response to non-self MHC in this setting [502].  Furthermore, NK cells are regulated in 

part by inhibitory receptors that recognize MHC class I molecules.  Inhibitory receptors that recognise 

self HLA class I molecules belong to the KIR (killer cell immunoglobulin-like receptor) family, and 

when matching HLA-class I molecules are not detected, this inhibitory effect is lost and results in 

targeted cell death by NK cells [256, 503].  Such responses by CD8+ T cells and NK cells have the 

potential to occur in the in vitro parasite killing assay, however such effects should be minimised by 
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NK cell removal during the pentamer sort, and CD8+ T cells corresponding to only a single epitope 

being present in the assay. 

 Culture techniques were optimised to produce high numbers of antigen-specific T cells.  

These cells required sufficient resting before addition into the inhibition assay in order to circumvent 

high levels of non-specific cytotoxicity.  Preliminary experiments showed that TRAP-expanded CD8+ T 

cells could reduce parasite numbers in the in vitro model, however these effects were often matched 

by the autologous control CTL CD8+ T cells.  This type of result was also seen in some of the early 

murine in vitro T cell parasite inhibition assays, whereby cells from control mice also exhibited a 

substantial level of inhibition [473] [133]. 

The effects of cell number in E:T matched experiments could not be elucidated, nor were the 

antigen-specific cells of high enough frequency to differentiate specific from non-specific parasite 

inhibition. This approach was successful in the murine model of in vitro P. yoelii parasite killing by 

Weiss et al, whereby splenocytes from sporozoite immunised mice were expanded in peptide and rat 

Concanamycin A culture supernatant, as a source of IL-2.  Up to 90% parasite inhibition was 

measured, in a MHC-restricted manner. One can assume that the numbers of antigen-specific cells 

from vaccinated mice that have also undergone peptide culture were of a high frequency.  Peptide 

plus rhIL-2 cultures of ChAd63.MVA ME-TRAP vaccinee PBMC produced TRAP-specific T cells in the 

region of just 0.8-1.6%.  This was the rationale for further enrichment of antigen-specific cells by 

pentamer sorting.  The finalised assay protocol uses sorted TRAP-epitope and influenza-epitope 

specific CD8+ T cells matched at E:T and cell number, following an 8 day culture, 1 day rest period.  

These cells are then added into the fully optimised protocol for PbPfTRAP infection of human 

hepatoma cells, and results determined by FACS readout.   

The extensive optimisation of this assay has been required in order to generate a protocol 

with defined parameters.  The lack of routine use of the ILSDA and ISI assays for evaluation of 

vaccine-induced antibodies in human vaccinees has been due to the lack of standardisation between 

laboratories, lack of assay sensitivity and reproducibility, lack of defined protocol boundaries for 

publication, and by the non-specific inhibition measured in negative controls. Furthermore, the 
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subjectivity associated with relying on microscopy and manual counting limited the throughput of 

these assays [362].   

Encouragingly, the standardisation of the P. falciparum ILSDA assay was performed by Zou 

and colleagues in 2013 [184].  This covered many of the aspects of the assay, including the use of 

primary human hepatocytes over that of HC-04 for P. falciparum infection, the use of centrifugation 

to aid sporozoite infection, evidence of liver stage parasite burden saturation with increasing 

sporozoite number and the concentration-dependent inhibitory effects of antibodies on parasite 

development.   The importance of such standardisation is highlighted by the MIATA (Minimal 

Information about T Cell Assays) guidelines for T cell immunoassays, which provide key guidelines for 

publication regarding samples tested, reagents used, assay conditions, data acquisition and analysis, 

and laboratory conditions under which the experiments were undertaken [504].  These guidelines 

are being used by several journals to aid T cell assay standardisation, and with such a complex assay 

as the human in vitro T cell assay of parasite inhibition discussed in this chapter, such rigorous 

optimisation is a sensible and necessary approach to aiding in vitro assay development across the 

field.   
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Chapter 6 

Functional in vitro assay to 

measure T cell parasite inhibition  
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6 Functional in vitro assay to measure T cell parasite inhibition  

 Introduction 

 

Decades of research using rodent models of Plasmodium infection have helped guide malaria 

vaccine development, including the identification of CD8+ T cells as critical mediators of liver stage 

immunity.  Despite this, our understanding of the precise mechanism of protective memory CD8+ T 

cell responses against liver stage Plasmodium infection is still somewhat unclear.  Mouse models 

have been extensively used to explore the protective mechanisms at the liver stage of malaria, 

although often having conflicting results, with some mechanisms redundant when tested more 

stringently.  Furthermore, in human studies, direct mechanisms cannot currently be studied, only 

inferred from correlates of protection.   

Sterile liver stage protection in mice and humans can be induced through vaccination with 

radiation attenuated sporozoites (RAS) [196, 197], and provides a platform for exploring protective 

mechanisms and correlates of protection.  Many studies identify a pivotal role for CD8+ T cell in pre-

erythrocytic malaria protection [104, 178, 204, 206, 208, 211, 477, 505].  This CD8+ T cell role has 

been demonstrated through the in vivo depletion of CD8+ T cells in mice leading to abrogation of 

protection, while adoptive transfer of CD8+ T cells to naive mice has also been shown to confer 

protection.  Furthermore, beta-2 microglobulin knockout (-/-) mice are not protected by active 

immunization against malaria or by adoptive transfer of wild-type, splenic T cells from immune mice 

[209].   

Obvious CD8+ T cell effector mechanisms include the release of cytolytic perforin granules 

alongside Granzymes, in addition to Fas/Fas ligand interactions between the T cells and hepatocytes.  

However, in mouse models where one or both of these mechanisms are deficient, liver stage 

Plasmodium species can still be eliminated  [506, 507].  The mechanistic findings can often depend 

on the model used.   For protection against P. yoelii and P. berghei in a DC-prime, Listeria 

monocytogenes-boost regimen against CSP epitopes, IFN- and TNF- have been identified as 

important components of the non-cytolytic pathways that underpin memory CD8+ T cell-mediated 

immunity against liver stage Plasmodium infection.  Perforin production was also essential for P. 
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yoelii protection [508].  Using a genetically attenuated P. yoelii vaccination approach in mice, only a 

partial requirement for perforin and minimal requirement for IFN- for liver stage protection was 

revealed [474].  Systemic inhibition of IFN- and TNF- in mice have shown these cytokines are not 

essential for protection, as P. yoelii challenged mice were still protected by adoptively transferred 

protective CD8+ T cell clones against CSP [206, 509].  Similar results challenging the importance of 

IFN- include protection against P. yoelii challenge of mice receiving adoptively transferred IFN- 

deficient CS-specific CD8+ T cells [29].  

Several studies using models ranging from irradiated and genetically attenuated parasite 

vaccination, to DNA vaccination and synthetic peptide vaccination with and without adjuvant, do 

identify a critical role for IFN- involvement in CD8+ T cell mediated protection [104, 211, 510, 511]. 

The requirement for both CD8+ T cells and IFN- in the effector mechanism of sporozoite-induced 

protective immunity suggests that the IFN- is secreted by CD8+ T cells, as a result of the interaction 

of CD8+ T cells with the peptide-MHC complex on the surface of the infected hepatocyte [204, 512]. 

  Additionally, a role for nitric oxide was common, and it is hypothesised that IFN- from  

malaria-specific CD8+ T cells, induces cells of the liver and/or Kupffer cells to produce nitric oxide 

(NO) for the destruction of infected hepatocytes or the parasite within these cells [104, 509, 513].  

Thus CD8+ T cells in liver stage protection may not necessarily be that of cytotoxicity by direct CD8+ T 

cell Fas/Fas ligand interactions or exocytosis of lytic granules and Granzymes.  Further to this, 

unpublished data also elucidates a role for CD4+ T cells and IFN-, mediating protection in a non-

cytotoxic manner.  

Roles of IL-1, IL-6 and TNF- have also been shown in vivo and in vitro using the rat and 

mouse P. berghei model [514-516].  Furthermore, infection of primary mouse cells indicated addition 

of IFN- consistently reduced parasite infection when added 3 hours after infection, and that this 

effect was lost upon competitive inhibition or depletion of L-arginine, the substrate for production of 

nitric oxide by hepatocytes.  Furthermore, the effects of recombinant IFN- were not enhanced with 

addition of TNF-, nor did recombinant TNF- inhibit parasite liver stage infection when used alone 

[509]. 
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Studies regarding mechanisms of protection in human hepatocytes are less numerous.  In 

vitro assays using P. yoelii infection of HepG2-CD81 (modified human HepG2 hepatoma cells) and P. 

yoelii infection of primary human hepatocytes showed a reduction in parasite infection when 

hepatocytes were pre-incubated with TNF- (24-48 before parasite infection), with no additional 

cellular component within the system, indicating either direct anti-parasitic effects of TNF- or an 

inducible effect upon infected hepatocytes. However, this model gives little indication of vaccine-

induced protection, as the effects were only seen with pre-incubation of TNF-, although the 

mechanisms indicated that this was not NO dependent, suggesting other mechanisms are induced by 

TNF- [517].  A more detailed mechanism related to TNF- had previously been elucidated through a 

rodent malaria model, whereby the inhibitory effect was mediated by IL-6 secreted by non-

parenchymal liver cells in response to TNF-α stimulation [516]. 

  A second study of P. berghei infection in HepG2 cells showed that recombinant human IFN- 

reduced parasite burden by up to 75% when added 3-6 hours following completion of  sporozoite 

infection, or by 100% when added 6 hours prior to invasion [518].  This has more relevant 

implications with regard to vaccine-induced protective mechanisms, as the effector molecule could 

be supplemented after the time of infection.  

Radiation attenuated sporozoite vaccination of human subjects has been successful in 

providing protection from sporozoite challenge [197, 198, 214].  Immunogenicity data from these 

studies shows that RAS vaccination of human volunteers elicits responses consisting of IFN-, TNF-α, 

and IL-2, following direct ex vivo sporozoite stimulation of PBMC [214, 215].  A similar but lower 

frequency cytokine profile was measured in human subjects following vaccination with virulent 

sporozoites concurrent with the administration of anti-malarial drug chloroquine [217, 218].  More 

detailed examination of the RAS vaccination immunogenicity data revealed a dose-dependent 

increase in the frequency of Plasmodium-specific IFN-+ CD8 T cells that was associated with 

protection of human subjects from challenge [16]. This finding is consistent with clinical vaccine trials 

of ChAd63.MVA ME-TRAP, where monofunctional TRAP-specific CD8+ IFN- producing T cells 

correlate with protection following CHMI [287].   

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4382868/#R16
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The aims of this chapter were to run the newly developed in vitro parasite inhibition assay to 

quantify TRAP-specific protection from vaccinee lymphocytes, and use the supernatants from these 

assays to explore correlates of protection, that may elucidate the protective mechanism at play.  

Many of the previously identified correlates from rodent models, in vitro models using human 

hepatocytes and human clinical vaccine trials guided analyte choice for such analysis of assay 

supernatants.  Finally, the in vitro inhibition assay was extended to a P. falciparum model in primary 

human hepatocytes, to explore whether similar results were measured with wildtype parasites in 

non-carcinoma tissues, better mimicking natural human infection. 
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 Results 

6.2.1 Measuring in vitro parasite inhibition by anti-malarial drugs 

 

Currently, Primaquine and Atovaquone are the only licensed and commercially available 

antimalarial drugs that target liver stage Plasmodium parasites. Primaquine is active against both 

gametocytes, which are responsible for mosquito to human transmission, and all exoerythrocytic 

forms of Plasmodium, including the latent hypnozoites of P. ovale and P. vivax [78, 483].  Atovaquone 

has inhibitory effects on P. berghei in cultured hepatocytes [519] and in rats [520] and P. falciparum 

in humans [521], in addition to against erythrocytic falciparum parasites [522].  

  To assess the sensitivity of the assay to measure targeted parasite inhibition, increasing 

titrations of these drugs were supplemented into the assay following sporozoite infection, using 

titrations in published studies as a guide [523, 524].   Both Primaquine and Atovaquone reduced the 

percentage infection of PbPfTRAP in HC-04 cells, in addition to the number of infected cells (Figure 

6.1 A+B, Figure 6.2 A+B, Kruskal-Wallis test).  At higher titrations Primaquine was also toxic to the HC-

04 cells, which resulted in significantly fewer live cells recovered 22 HPI (hours post infection) when 

50M Primaquine was used (Figure 6.1 D, p=0.0018. Kruskal-Wallis test).  While the number of cells 

detected as GFP positive were reduced with drug treatment, when the drug titration was suboptimal, 

the remaining infected cells had significantly lower geometric mean fluorescence intensity of parasite 

GFP.  As previously described, parasite GFP fluorescence intensity is a measure of the extent of 

parasite development [483], thus the reduced intrahepatic growth measured here is indicative of 

reduced fitness of the remaining parasites (Figure 6.1 C, Figure 6.2 C, Kruskal-Wallis test).  
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Figure 6.1 Effects of Primaquine on in vitro P. berghei infection 
20,000/well HC-04 cells were plated in half surface area 96 well plates.  24 hours later, 14,000 PbPfTRAP 
sporozoites were added per well according to the standard infection protocol. 3 hours later, sporozoites 
were removed and HC-04 washed in fresh media, before the addition of Primaquine.  Cultures were 
acquired at 22 HPI, according to the standard acquisition protocol.  Kruskal-Wallis tests with Dunn’s 
correction for multiple comparisons against infected control group, * p<0.05. ** p<0.01, *** p<0.001.  
Medians displayed.   

 

U
n

in
fe

c
te

d
 

In
fe

c
te

d

In
fe

c
te

d
 +

 5
u

M

In
fe

c
te

d
 +

 1
0
u

M

In
fe

c
te

d
 +

 2
5
u

M

In
fe

c
te

d
 +

 5
0
u

M

0

1

2

3

4

H
C

-0
4

 i
n

fe
c

ti
o

n
 /

%

* **

**

P r im a q u in e  /u M

In
fe

c
te

d

In
fe

c
te

d
 +

 5
u

M

In
fe

c
te

d
 +

 1
0
u

M

In
fe

c
te

d
 +

 2
5
u

M

In
fe

c
te

d
 +

 5
0
u

M

1 0 0 0

1 0 0 0 0

G
e

o
m

e
a

n
 f

lu
o

r
e

s
c

e
n

c
e

in
te

n
s

it
y

 o
f 

p
a

r
a

s
it

e
 G

F
P

*

P r im a q u in e  /u M

U
n

in
fe

c
te

d

In
fe

c
te

d

In
fe

c
te

d
 +

 5
u

M

In
fe

c
te

d
 +

 1
0
u

M

In
fe

c
te

d
 +

 2
5
u

M

In
fe

c
te

d
 +

 5
0
u

M

0

5 0 0 0

1 0 0 0 0

1 5 0 0 0

N
u

m
b

e
r
 o

f 
li

v
e

 H
C

-0
4

 a
c

q
u

ir
e

d

*

P r im a q u in e  /u M

U
n

in
fe

c
te

d
 

In
fe

c
te

d

In
fe

c
te

d
 +

 5
u

M

In
fe

c
te

d
 +

 1
0
u

M

In
fe

c
te

d
 +

 2
5
u

M

In
fe

c
te

d
 +

 5
0
u

M

0

1 0 0

2 0 0

3 0 0

4 0 0

N
u

m
b

e
r
 o

f 
in

fe
c

te
d

 H
C

-0
4

* **

*

P r im a q u in e  /u M

A B

C D



212 
 

U
n

in
fe

c
te

d

In
fe

c
te

d

In
fe

c
te

d
 +

 5
n

M
 

In
fe

c
te

d
 +

 2
5
n

M
 

In
fe

c
te

d
 +

 1
0
0
n

M

0

1

2

3

4

5

6

A to v a q u o n e  /n M

H
C

-0
4

 i
n

fe
c

ti
o

n
 /

%

**

U
n

in
fe

c
te

d

In
fe

c
te

d

In
fe

c
te

d
 +

 5
n

M
 

In
fe

c
te

d
 +

 2
5
n

M
 

In
fe

c
te

d
 +

 1
0
0
n

M

0

1 0 0

2 0 0

3 0 0

4 0 0

A to v a q u o n e  /n M

N
u

m
b

e
r
 o

f 
in

fe
c

te
d

 H
C

-0
4

*

In
fe

c
te

d

In
fe

c
te

d
 +

 5
n

M
 

In
fe

c
te

d
 +

 2
5
n

M
 

In
fe

c
te

d
 +

 1
0
0
n

M

1 0 0 0

1 0 0 0 0

A to v a q u o n e  /n M

G
e

o
m

e
a

n
 f

lu
o

r
e

s
c

e
n

c
e

in
te

n
s

it
y

 o
f 

p
a

r
a

s
it

e
 G

F
P *

T o o  f e w

in f e c t e d  c e l l s

U
n

in
fe

c
te

d

In
fe

c
te

d

In
fe

c
te

d
 +

 5
n

M
 

In
fe

c
te

d
 +

 2
5
n

M
 

In
fe

c
te

d
 +

 1
0
0
n

M

0

5 0 0 0

1 0 0 0 0

1 5 0 0 0

2 0 0 0 0

A to v a q u o n e  /n M

N
u

m
b

e
r
 o

f 
li

v
e

 H
C

-0
4

 a
c

q
u

ir
e

d

A B

C D

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2 Effects of Atovaquone on in vitro P. berghei infection 
20,000/well HC-04 cells were plated in half surface area 96 well plates.  24 hours later, 17,200 
PbPfTRAP sporozoites were added per well according to the standard infection protocol. 3 hours later, 
sporozoites were removed and HC-04 washed in fresh media, before the addition of Atovaquone. 
Cultures were acquired at 23 HPI, according to the standard acquisition protocol.  Kruskal-Wallis tests 
with Dunn’s correction for multiple comparisons against infected control group, * p<0.05. ** p<0.01.  
Medians displayed.   
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Time course analysis of drug-mediated parasite inhibition was explored, to ascertain whether 

the effects measured were time-dependent following sporozoite infection. Significant parasite 

inhibition was measured only when Atovaquone was added in the first 8 hours of infection.  Addition 

of Atovaquone at 20 HPI resulted in no parasite inhibition when measured 2 hours later, at 22 HPI 

(Figure 6.3 A+C, Kruskal-Wallis test) and non-significant parasite inhibition 10 hours later at 32 HPI 

(Figure 6.3 B+D, Kruskal-Wallis test).  These results emphasise the requirement of early 

initiation/addition of anti-parasitic effector molecules for optimal parasite inhibition.  Therefore, in 

the in vitro inhibition assay, CD8+ T cells will be added within the first 8 hours of parasite infection.  
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Figure 6.3 Summary of Atovaquone time course 
20,000/well HC-04 cells were plated in half surface area 96 well plates.  24 hours later, 14,600 PbPfTRAP 
sporozoites were added per well according to the standard infection protocol. 3 hours later, sporozoites 
were removed and HC-04 washed in fresh media, before the addition of Atovaquone at 3, 12 and 20 HPI.  
Cultures were acquired at 22 and 32 HPI, according to the standard acquisition protocol.  Kruskal-Wallis 
tests with Dunn’s correction for multiple comparisons against infected control group, * p<0.05. ** p<0.01, 
**** p<0.0001.  Medians displayed.   
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6.2.2 CD4+ and CD8+ T cells inhibit PbPfTRAP parasites in a TRAP-specific 

manner 

 

With the assay capable of detecting both a reduction in infection and reduced parasite 

growth, cultured T cells from 9 ChAd63.MVA ME-TRAP vaccinees were tested according to the newly 

developed protocol.  Briefly, thawed PBMC from post MVA ME-TRAP time points were rested then 

cultured with either P. falciparum TRAP epitope FLIFFDLFLV or influenza matrix protein 1 epitope 

GILGFVFTL, with recombinant human IL-2 added at day 3 and day 7.  Cultures were recovered on day 

8 and rested overnight.  Cell recovery was 38-80% (median = 60%).  Rested cells were then stained 

using an MHC class I pentamer to the epitope homologous to the culture condition, alongside a basic 

surface marker panel and propidium iodide for live cell identification.  Cells were sorted under sterile 

conditions on a FACS Aria III into 3 separate populations: live CD4+ CD8- CD56-, live CD4- CD8+ CD56- 

pentamer+, live CD4- CD8+ CD56- pentamer-. Cell fractions were left to incubate at 37°C for a 

minimum of 7 hours.  Depending on the number of cells recovered from the sort, matched cell 

numbers of each population were added into the HC-04 model, 4-6 hours following PbPfTRAP 

infection.  23-24 hours post infection, assay supernatants were removed and stored at -20°C.  The 

HC-04 and T cell co-cultures were stained with anti-CD45 APC, then removed from the plate using 

trypsin digest, followed by immediate acquisition by FACS.  

Percentage inhibition for cell fractions from each volunteer from TRAP FLIFFDLFLV culture 

(denoted F) and influenza GILGFVFTL (denoted G) was calculated by the reduction in number of 

infected HC-04, as compared to the infected control wells internal to each assayed plate.  Infectivity 

in these control wells across the 9 experiments was 1.6-7.5%.  A significant effect of antigen on 

parasite inhibition was measured with CD8+ pentamer+ T cells, with TRAP-specific cells exhibiting a 

mean of 7.3% parasite inhibition (range -0.3-17.2%) over that of autologous influenza-specific CD8+ 

pentamer+ T cells (Figure 6.4, 2-way-ANOVA, p=0.0015). As expected, the individual vaccinees tested 

(denoted volunteer) were responsible for a substantial proportion of variation measured in parasite 

inhibition, in this case 33.6%. (Figure 6.4, p=0.0001, 2-way ANOVA). 
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Figure 6.4 Summary of parasite inhibition assay with E:T-matched FLIFFDLFL-specific (F) and 
GILGFVFTL-specific (G) CD8+ pentamer+ T cells.  
20,000/well HC-04 cells were plated in half surface area 96 well plates.  24 hours later, a mean of 
14,700 (range 13,500-17,000) PbPfTRAP sporozoites were added per well according to the standard 
infection protocol. 3 hours later, sporozoites were removed and HC-04 washed in fresh media, before 
the addition of CD8+ pentamer+ T cells 1-3 hours later.  Cultures were acquired at 25-30 HPI, according 
to the standard acquisition protocol. 2-way ANOVA with Sidak post-test for comparisons between 
FLIFFDLFL and GILGFVFTL cell populations, ** p<0.01, *** p<0.001.  Mean inhibition displayed.   
‘*1170’ = gating strategy altered based on laser availability.  
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TRAP-specific parasite inhibition did not correlate with extent of T cell and hepatoma cell 

serotype matching at HLA class I or class II loci, or with numbers of CD8+ pentamer+ cells added into 

the assay (Figure 6.5 A-C, Spearman rank).  Percentage infection negatively correlated with TRAP-

specific parasite inhibition measured (Figure 6.5 E, Spearman r = -0.6991, p=0.0299, significance is 

lost when p-value is corrected for the 5 correlations performed).  This was consistent with a positive, 

yet non-significant correlation of parasite inhibition with E:T of CD8+ pentamer+ cells used (Figure 6.5 

D, Spearman r = 0.5273, p=0.1231).  Furthermore, in the single volunteer with sufficient CD8+ 

pentamer+ T cells to measure 2 separate E:T, TRAP-specific parasite inhibition increased from 0.6% to 

7.0% with an E:T increase from 10:1 and 19:1 respectively (Figure 6.4, volunteer 1454 lo and 1454 hi). 

This indicates that the number of T cells in proportion to the number of infected cell targets and 

subsequent the interaction between these cells, may be key in determining cell-mediated parasite 

inhibition, as opposed to simply the number of CD8+ T cells per se. 
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Figure 6.5 Correlation of CD8+ pentamer+ TRAP-specific parasite inhibition with assay parameters 
Correlation between TRAP-specific parasite inhibition and A) MHC class I matching between T cells 
and HC-04 cells (r = 0.1063, p=0.7702), B)  MHC class II matching between T cells and HC-04 cells (r = -
0.5178, p=0.1304), C) numbers of CD8+ pentamer+ T cells added per well (r = 0.1768, p=0.6236), D) 
effector to target cell ratio (r = 0.5273, p=0.1231) and E) percentage infection for each assay (r = 0.-
0.6991, p=0.0.288).  Correlations measured by Spearman rank test. 
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 The same assay was performed concurrently with the CD8+ pentamer- and CD4+ T cell 

fractions from the FLIFFDLFLV and GILGFVFTL cultures.  Unlike the CD8+ pentamer+ cells, significant 

antigen-specific parasite inhibition was not measured using CD8+ T cells that were not specific to the 

peptide culture i.e. pentamer- cells (Figure 6.6, 2-way ANOVA).  This supports the notion that CD8+ 

pentamer+ parasite inhibition was indeed TRAP-specific.  If the effects were non-specific, parasite 

inhibition would also be measured with non-TRAP specific cells from the TRAP epitope culture.  

Variation in parasite inhibition due to volunteer measured with CD8+ pentamer- cells was similar to 

that of the pentamer+ cells, at 33.3%.  This suggests some volunteer-specific effects that are 

unrelated to antigen in the assay, as indicated by lack of significant interaction between volunteer 

and antigen.   Such volunteer-specific effects could be related to number of cells added into the 

assay, non-specific cellular effects from rhIL-2 culture or  variation in HLA class I or other human 

genes.  

A significant antigen-specific effect was measured with CD4+ T cells, with CD4+ T cells sorted 

from TRAP culture exhibiting a mean of 7.0% parasite inhibition (range -2.6 -21.9%) over that of 

autologous CD4+ T cells from influenza culture (Figure 6.7, ***p<0.001, 2-way ANOVA).  Furthermore, 

TRAP-specific parasite inhibition achieved significance within an individual vaccinee, where 21.9% 

inhibition over the influenza cultured CD4+ T cells was measured (Figure 6.7, *p<0.05, 2-way ANOVA).  

The effect of volunteer was slightly lower than measured with the other cell fractions, at 27%.  A 

larger and more significant effect of antigen was measured with CD4+ T cells, compared with CD8+ 

pentamer+ cells (9.4% and 8.8%, respectively).  Similarly to CD8+ pentamer+ inhibition, CD4+ parasite 

inhibition was unrelated to number of CD4+ T cells added into the assay, or to level of HLA class I or II 

matching (Figure 6.8 A-C, Spearman rank test).   However, unlike the associations seen with CD8+ 

pentamer+ parasite inhibition, CD4+ E:T ratio and percentage infection of HC-04 cells did not correlate 

with CD4+ T cell TRAP-specific parasite inhibition (Figure 6.8 D-E, Spearman rank).   
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Figure 6.6 Summary of parasite inhibition assay with E:T-matched CD8+ pentamer- T cells from 
FLIFFDLFLV (F) and GILGFVFTL (G) cultures 
20,000/well HC-04 cells were plated in half surface area 96 well plates.  24 hours later, a mean of 14,700 
(range 13,500-17,000) PbPfTRAP sporozoites were added per well according to the standard infection 
protocol. 3 hours later, sporozoites were removed and HC-04 washed in fresh media, before the addition 
of CD8+ pentamer- T cells 1-3 hours later.  Cultures were acquired at 25-30 HPI, according to the standard 
acquisition protocol. 2-way ANOVA with Sidak post-test for comparisons between FLIFFDLFL and 
GILGFVFTL cell populations, *** p<0.001.  Mean inhibition displayed.  ‘*1170’ = gating strategy altered 
based on laser availability.  

 
 

 

Source of Variation % of total variation P value P value summary 

Interaction 4.205 0.8305 ns 

Volunteer 33.32 0.0001 *** 

Antigen 2.074 0.1215 ns 
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Figure 6.7 Summary of parasite inhibition assay with E:T- matched CD4+ T cells from FLIFFDLFLV (F) 
and GILGFVFTL (G) cultures  
20,000/well HC-04 cells were plated in half surface area 96 well plates.  24 hours later, a mean of 
14,700 (range 13,500-17,000) PbPfTRAP sporozoites were added per well according to the standard 
infection protocol. 3 hours later, sporozoites were removed and HC-04 washed in fresh media, before 
the addition of CD4+ T cells 1-3 hours later.  Cultures were acquired at 25-30 HPI, according to the 
standard acquisition protocol. 2-way ANOVA with Sidak post-test for comparisons between FLIFFDLFL 
and GILGFVFTL cell populations.  * p<0.05, *** p<0.001.  Mean inhibition displayed.   ‘*1170’ = gating 
strategy altered based on laser availability.  

 

 Source of Variation % of total variation P value P value summary 

Interaction 9.691 0.1778 ns 

Volunteer 27.39 0.0002 *** 

Antigen 9.361 0.0006 *** 
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222 
 

 

-1 0 0 1 0 2 0 3 0

0

1 0

2 0

3 0

4 0

5 0

#  C D 4
+

T R A P -s p e c if ic  p a ra s ite  in h ib itio n  /%

N
u

m
b

e
r
 o

f 
C

D
4

+
T

 c
e

ll
s

(x
1

0
3

)

-1 0 0 1 0 2 0 3 0

0

2 0

4 0

6 0

8 0

E : T

T R A P -s p e c ific  k il lin g  /%

C
D

4
+

 E
:T

-1 0 0 1 0 2 0 3 0

0

2 0

4 0

6 0

8 0

1 0 0

C la s s  I m a tc h

M
H

C
 c

la
s

s
 I

 m
a

tc
h

 /
%

-1 0 0 1 0 2 0 3 0

0

2 0

4 0

6 0

8 0

C la s s  II  m a tc h

M
H

C
 c

la
s

s
 I

I 
m

a
tc

h
 /

%

-1 0 0 1 0 2 0 3 0

0

2

4

6

8

In fe c t io n

T R A P -s p e c if ic  p a ra s ite  in h ib itio n  /%

H
C

-0
4

 i
n

fe
c

ti
o

n
 /

%

A B

C D

E

Figure 6.8 Correlation of CD4+ TRAP-specific parasite inhibition with assay parameters 
Correlation between TRAP-specific parasite inhibition and A) MHC class I matching between T cells 
and HC-04 cells (r =0.2509, p=0.4775), B)  MHC class II matching between T cells and HC-04 cells (r = 
0.0380, p=0.9214), C) numbers of CD4+ T cells added per well (r = 0.3700, p=0.2884), D) effector to 
target cell ratio (r = 0.4073, p=0.2414) and E) percentage infection for each assay (r =-0.2500, 
p=0.4813).  Correlation measured by Spearman rank test. 
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6.2.3 Innate responses of pre-vaccination NK cells to P. berghei infection 

 

NK cells can provide innate effects against liver stage malaria.  Recently, it was shown that 

Plasmodium liver-stage infection induces a typical type I IFN signature in the liver of infected mice, 

with hepatocytes being the primary source of the response [101].  With this in mind, innate immune 

responses to liver stage infection are likely triggered by this hepatic response.  As hepatocytes are 

not substantial producers of IFN-γ [525], it is hypothesised that the type I IFN response likely recruits 

myeloid cells, in particular NK and NK-T cells, which are known to secrete large amounts of IFN-γ, to 

the infected hepatocytes [526].  Furthermore, NK themselves possess diverse PRRs which do not only 

recognize PAMPs, but also damage-associated molecular patterns (DAMPs), which could be directly 

stimulated by infected hepatocytes. Liver-resident lymphocytes, consisting of NK cells, NKT cells, T 

cells, and B cells, account for about 25% of the non-parenchymal cells present in the liver [527] with 

NK cells representing about 35–50% of this population [528].  NK cells were therefore tested in the 

parasite inhibition assay, with the hypothesis that IFN- alone could produce anti-parasitic effects, 

with or without the addition of NK cytotoxic activities.  Furthermore, NK cells and interleukin-12 (IL-

12) have reported roles in supporting the priming of CD8+ T cells in the P. yoelli mouse model [529].  

With no parasite-specific, adaptive cellular response from pre-vaccination cells, innate 

responses of NK cells were explored within the in vitro parasite inhibition assay.  Pre-vaccination 

PBMC from the same 9 volunteers who were subsequently vaccinated with ChAd63.MVA ME-TRAP 

were simply thawed, stained and sorted on live CD4- CD8- CD56+.  Without a direct control for the 

non-specific effects of NK cells on HC-04 cells, percentage infection was used as the assay readout, as 

opposed to number of infected cells.  Non-specific effects of NK cells would target uninfected and 

infected HC-04 equally, thus maintaining the same percentage infection.  Pre-vaccination CD56+ NK 

cells from 7/9 volunteers inhibited the parasite development (Figure 6.9).   Inhibition ranged from -

1.3 - 19.3%, and was not associated with level of HLA-mismatch at class I or II loci or total number of 

NK cells added into the assay (Figure 6.10 A-C, Spearman rank).  Conversely to the inhibition 

measured by CD8+ pentamer+ T cells, a positive correlation was measured between inhibition by NK 

cells and percentage infection of HC-04 cells (Figure 6.10 E, Spearman r = 0.7699, p=0.0193).  This 
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finding could be linked to the direct activation of NK cells by infected hepatocytes, and thus a larger 

percentage infection with more infected hepatocytes per well, resulted in increased NK activation 

and effector functions in the vicinity of infected cells.  

 

 

 

Figure 6.9 Summary of parasite inhibition assay with pre-vaccination CD56+ NK cells 
20,000/well HC-04 cells were plated in half surface area 96 well plates.  24 hours later, a mean of 
14,700 (range 13,500-17,000) PbPfTRAP sporozoites were added per well according to the standard 
infection protocol. 3 hours later, sporozoites were removed and HC-04 washed in fresh media, before 
the addition of CD56+ NK cells 1-3 hours later.  Cultures were acquired at 25-30 HPI, according to the 
standard acquisition protocol. Mean inhibition displayed.  ‘*1170’ percentage infection data not 
available, due to altered FACS gating strategy.  
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Figure 6.10 Correlation of CD56+ NK cell-mediated parasite inhibition with assay parameters 
Correlation between TRAP-specific parasite inhibition and A) MHC class I matching between T cells 
and HC-04 cells (r =0.4122, p=0.2683), B)  MHC class II matching between T cells and HC-04 cells (r = -
0.2372, p=0.5407), C) numbers of CD56 + NK cells added per well (r = 0.1088, p=0.7838), D) effector to 
target cell ratio (r = -0.6000, p=0.0968) and E) percentage infection for each assay (r = 0.7699, 
p=0.0193).  Correlation measured by Spearman rank test. 
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6.2.4 Exploring mechanisms of parasite inhibition 

6.2.4.1 Analysis of supernatants from parasite inhibition assay 

 

Supernatants from the CD8+ pentamer-, CD4+ T cell and CD56+ NK aspects of the in vitro 

parasite inhibition assay were assessed by Luminex, to determine whether any key soluble analytes 

correlated with the parasite inhibition measured.  Twenty analytes were measured (Table 22).  These 

were selected based on published associations with protection in human, animal and in vitro models 

of liver stage malaria infection, as well as positive analytes from previous pilot testing of 

supernatants from this model (data not shown).  Analytes included key pro-inflammatory cytokines 

such as IFN-, TNF- and IL-12, effector molecules such as Fas/Fas ligand and Granzyme A and B, as 

well as MIP-1 and CXCL9 chemokines.  Analysis was performed on raw data in uninfected and 

infected HC-04 wells, and for CD8+ pentamer+ T cells, CD4+ T cells or CD56+ NK cells by subtraction of 

baseline analyse level from infected HC-04 cells from that of the analyte level in the presence of 

leukocytes.  A threshold of >10pg/mL was applied to determine a positive response, which in the 

original 100μL inhibition assay, equated to >1pg.  All negative control wells containing only cell 

culture media measured undetectable levels of each analyte.  (For raw Luminex data, see Appendix 

3). 
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Analyte name QC pass

CCL3/MIP-1 alpha Yes

CXCL8/IL-8 No, many values not on linear section of standard curve

CXCL9/MIG Yes

Fas Yes

Fas Ligand Yes

GM-CSF Yes

Granzyme A Yes

Granzyme B Yes

IFN-gamma Yes

IL-1 alpha Yes

IL-1 beta Yes

IL-10 Yes

IL-12 p70 Yes

IL-17A Yes

IL-18 Yes

IL-2 Yes

IL-21 Yes

IL-3 Yes

IL-6 Yes

TNF-alpha Yes

Table 22 Luminex panel summary 
Analytes measured by R&D Luminex Assay® and the associated data QC using internal standard 
curve.   
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6.2.4.2 Baseline analyse expression from HC-04 cells 

 

Expression of analytes was comparable between uninfected and infected cells, across the 9 

in vitro experiments, with infection status not a significant factor in determining the analyte 

expression profile (Figure 6.11, p=0.8953, 2-way ANOVA).  Most analytes fell under the 10pg/mL cut 

off, but substantial expression of IL-2, CXCL9 and Fas was measured.  CXCL9  is reported to be 

expressed by hepatocytes and hepatic non-paranchymal cells during Concanavalin A-induced hepatic 

injury in mice [530], by mouse hepatoma cell line Hepa 1-6 in response IFN- and/or TNF-. in vitro 

[530] and in tissue samples from human patients with hepatocellular carcinoma [531].  Thus CXCL9 

detection in all HC-04 wells acts as a positive control within the assay.  Detection of Fas receptor 

expression was encouraging, as carcinoma cells often downregulate Fas receptor expression as a 

means of immune escape [532], which could be detrimental to the mechanisms being explored using 

this assay.  However, it is known that level of Fas receptor expression is not correlated with 

susceptibility of the cells to Fas ligand induced apoptosis [533] and thus remains a possible limitation 

of the readout.  
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Figure 6.11 Supernatant responses of uninfected and infected HC-04 cells 
Uninfected and infected wells combined from each of the 9 experimental plates, and measured by 
Luminex in 9 sets of duplicates.  2-way ANOVA with Sidak post test performed to assess the effects of 
analyte and infection on variation measured.  92.34% of variation due to analytes measured 
(p<0.0001).  No significant effect of infection status.  Mean plus standard deviation displayed.   
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6.2.4.3 Positive supernatant responses from infected HC-04 cells 

 

In order to focus the analysis, analytes from vaccinee test wells without a positive response 

over that of the infected control wells were removed from further analysis. Remaining positive 

responses included MIP-1, IL-2, Granzyme A (GrA), CXCL9, Granzyme B (GrB) and Fas from CD8+ 

pentamer+ T cells;  IL-2, GrA, CXCL9, GrB and Fas from CD4+ T cells; and TNF-, IL-6, IL-10, IL-1, IFN-, 

MIP-1, Fas ligand, IL-2, GM-CSF, GrA and CXCL9 from CD56+ NK cells (Figure 6.12 A-C).  
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Figure 6.12 Summary of positive responses to the full Luminex panel 
Percentage of positive responses by each cell type was determined across the 9 vaccinees tested.  A 
response was deemed positive if the test well response minus the corresponding infected control 
well was >10pg/mL.  
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6.2.4.4 Cytokines and chemokines produced by vaccinee T cells  

 

Analyte concentrations from supernatants were plotted on a per volunteer basis, in order to 

directly compare the levels from TRAP-specific cells to the responses from autologous influenza-

specific control cells. Expression of many analytes was of similar magnitude for CD8+ pentamer+ cells 

regardless of the antigen culture, indicating a substantial level of background cellular activation was 

present from the rhIL-2 culture.  When listed in order of increasing TRAP-specific parasite inhibition, 

the vaccinees with greater TRAP-specific parasite inhibition generally had higher Granzyme A 

expression in the supernatants from CD8+ FLIFFDLFL+ cells compared with the influenza control cells, 

although both were of a similar order of magnitude (Figure 6.13).  
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Figure 6.13 Supernatant analysis for CD8+ pentamer+ T cells 

Supernatants were combined from all replicate wells in the in vitro parasite inhibition assay, and split 

across 2 duplicates wells in the Luminex assay, where possible.  Responses from infected-control wells 

were subtracted.  Dotted line represents 10pg/mL cut off.  Volunteers listed in order of lowest (1407) to 

highest (1170) TRAP-specific parasite inhibition by CD8+ pentamer+  T cells. 
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When correlated with TRAP-specific parasite inhibition, only Fas expression from CD8+ 

FLIFFDLFL+ T cell wells showed a significant, positive correlation.  Most Fas expression was below the 

threshold of 10pg/mL, although this measure is of soluble Fas receptor, which is just an indication of 

the total level of Fas receptor expression in the system.  It is assumed that the HC-04 cells are the 

source of this soluble Fas receptor, due to the constitutive expression of the receptor across many 

tissues [534], including the liver.  However this correlation is with the fractionated additional Fas 

measured when CD8+ FLIFFDLFL+ cells are added to infected cells, not with Fas expression on infected 

liver cells per se (Figure 6.14, Spearman r=0.7952, p=0.0099).   There is no correlation between TRAP-

specific parasite inhibition and Fas receptor expression in wells with CD8+ GILGFVFTL+ T cells added.  

 

 

 

 

 

 

 

 

 

 

 

 

Analyte expression from CD4+ T cells in the assay did not elucidate a mechanism by which 

these cells are detected to inhibit the parasite.  Similarly to cytotoxic CD8+ T cells, cytotoxic CD4+ T 

cells generally exert their effector functions through exocytosis of lytic granules [535], with Fas/Fas 

ligand interactions also reported [536], as well as TRAIL-DR4/5 pathway [537].  However the only 

analyte to be upregulated in the CD4+ T cell cultures was IL-2, which itself does not have reported 

anti-parasitic effector functions (Figure 6.15).  In fact, IL-2 is reported to exacerbate parasitic 

infections such as Leishmaniasis [538].  

Figure 6.14 Correlation between Fas expression in assay wells containing the two CD8+ pentamer+ T 
cell subsets and CD8+ pentamer+ TRAP-specific parasite inhibition 
Responses with background Fas receptor expression of infected control wells subtracted. Spearman 
r=0.7952, p=0.0099 for CD8+ FLIFFDLFL+ wells and r=0.3456, p=0.3304 for CD8+ GILGFVFTL+ wells.  
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  Figure 6.15 Supernatant analysis for CD4+ T cells 

Supernatants were combined from all replicate wells in the in vitro parasite inhibition assay, and split 

across 2 duplicates wells in the Luminex assay, where possible.  Responses from infected-control wells 

were subtracted.  Dotted line represents 10pg/mL cut off.  Volunteers listed in order of lowest (1407) to 

highest (1168) TRAP-specific parasite inhibition by CD4+ T cells. 
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6.2.4.5 Cytokines and chemokines produced by pre-vaccination NK cells 

 

Analysis of supernatants from wells with CD56+ NK cells revealed high levels of MIP 1 in 8/9 

volunteers, in addition to elevated levels of TNF- and Granzyme A in several volunteers (Figure 

6.16).  With a positive correlation previously measured between NK-induced parasite inhibition and 

percentage parasite infection in the assay, it is likely that inhibition is linked to level of NK activation.  

A possible source of their activation is the IL-2 produced by both uninfected and infected HC-04 cells, 

as an accessory cytokine for NK cell activation via Toll-like and nucleotide oligomerization domain 

(NOD)-like receptors [539, 540].   Activated NK cells produce large amounts of MIP-1 [541], and can 

have cytotoxic effects via exocytosis of perforin and Granzyme, however neither MIP-1 or 

Granzyme A correlated with the percentage parasite inhibition measured as a result of NK cells (data 

not shown), although this does not rule out their potential role in parasite inhibition.  
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Figure 6.16 Supernatant analysis for CD56+ NK cells 

Supernatants were combined from all replicate wells in the in vitro parasite inhibition assay, and split 

across 2 duplicates wells in the Luminex assay, where possible.  Responses from infected-control wells 

were subtracted.  Dotted line represents 10pg/mL cut off. Volunteers listed in order of highest (1454 

hi) to lowest (1170) parasite inhibition by NK cells.  
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6.2.4.6 Cytokines and chemokines produced by vaccinee cells in response to FLIFFDLFLV 

peptide 

 

Alongside the in vitro parasite inhibition assay, FLIFFDLFL-specific CD8+ T cells, GILGFVFTL-

specific CD8+ T cells and CD56+ NK cells were added in matching E:T to HC-04 cells pulsed with 

FLIFFDLFLV peptide.  Pulsing results in MHC class I presentation of FLIFFDLFLV, as indicated by the 

proof-of-concept assay in Chapter 5 (Figure 5.26).  Supernatant analysis of a subset of vaccinees 

revealed that in the presence of their cognate antigen (FLIFFDLFLV), FLIFFDLFL-specific CD8+ T cells 

produce pro-inflammatory cytokine TNF- and IFN-, in addition to MIP-1 and GM-CSF.  Granzyme 

A production was also higher in FLIFFDLFLV-specific CD8+ T cells, compared to GILGFVFTL- specific 

CD8+ T cells and NK cells, in all 3 volunteers tested in the FLIFFDLFLV-pulsed system (Figure 6.17). 
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Figure 6.17 Supernatant analysis for cell fractions added to FLIFFDLFLV-pulsed HC-04 cells 

Supernatants were combined from all replicate wells from peptide-pulsed HC-04 cells, and split 

across 2 duplicates wells in the Luminex assay, where possible.  Responses from peptide pulsed 

control wells were subtracted.  Dotted line represents 10pg/mL cut off.  
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6.2.5 Summary of findings from in vitro PbPfTRAP parasite inhibition assay 

 

The data from the in vitro parasite inhibition assay were collated with assay parameters, 

vaccinee information and Luminex data, to provide a comprehensive summary (Figure 6.18). 

 

 

 

 

Figure 6.18 Combined summary of in vitro PbPfTRAP parasite inhibition assay 
 Summary includes volunteer identification number, E:T, details of vaccination regimens received (C denotes CHMI), 
day of diagnosis following CHMI, assay parameters, parasite inhibition measured (colour coded by magnitude), raw 
HLA inferred serotype data of each volunteer and of HC-04 cells and degree of HLA matching between volunteers 
and cell line (colour coded by magnitude).  Supernatant analysis summary lists analytes with a response >10pg/mL 
where the response in TRAP wells (denoted F) exceeds that of influenza matrix protein 1 wells (denoted G). 

 
 

Volunteer 1429 1407 1454 lo 1454 hi 1170 1431 1451 1168 1134 1127

Effector to target cell ratio 7:1 9:1 10:1 19:1 21:1 24:1 27:1 35:1 54:1 72:1

Vaccination regimen  A8Mc  A8Mc  A8Mc  A8Mc A4A4M   A8Mc  A8Mc A4A4M  A4M A4M 

Day of diagnosis (# days delay) 12.5 (2) 11.5 (1) 12.5 (2) 12.5 (2) n/a 8.5 (0) 10.5 (0) n/a n/a n/a

Control well HC-04 infection/% 4.6 7.5 7.0 7.0 1.6 3.0 2.9 1.7 1.8 1.5

Number of cells added (x10^3) 10.0 20.0 20.0 40.0 10.0 21.7 23.5 17.5 28.5 32.0

TRAP-specific parasite inhibition CD8⁺ pentamer⁺ 2.8 -0.3 0.6 7.0 17.2 8.7 13.0 6.9 5.0 12.5

 Luminex analytes CD8+ pentamer+ where F>G IL-2 IL-2
MIP-1 , IL-

2, GrA

MIP-1 , IL-

2, GrA, GrB
/ GrA GrA  GrA MIP-1  GrA, FAS

TRAP-specific parasite inhibition CD4⁺ 2.7 -2.6 6.1 18.2 0.2 8.0 6.4 21.9 0.2 8.9

 Luminex analytes CD4+ where F>G GrB IL-2 IL-2 / IL-2 IL-2 / IL-2 / IL-2

Inhibition by pre-vaccination NK cells 11.8 17.0 12.8 19.3 x -1.3 8.5 -1.2 10.2 2.4

 Luminex analytes from NK cells IL-2
TNF-, MIP-

1 ,  GrA 

TNF-, MIP-

1 , FAS-L, 

GM-CSF, GrA 

TNF-, IFN-

, MIP-1 , 

FAS-L, GM-

CSF, GrA 

TNF-, IL-

6,MIP-1 , 

GrA, CXCL9 

TNF-, MIP-

1    

TNF-, IL-6, 

IL-10, IL-1 , 

IFN-, MIP-1 

, FAS-L, IL-

2 GM-CSF, 

GrA, CXCL9 

TNF-, MIP-

1 , FAS-L,  

GrA 

TNF-, MIP-

1 , FAS-L, IL-

2, GM-CSF, 

GrA, CXCL9 

11.8

TRAP-specific parasite inhibition CD8⁺ pentamer¯ 2.8 2.6 -2.8 14.0 3.9 -2.7 0.0 3.2 10.7 2.1

 HLA match to HC-04 class I /% 50 17 83 83 33 33 50 17 17 33

HC-04 HLA  HLA match to HC-04 class II /% 67 33 33 33 0 50 0 50 67 33

24 A 3 2 2 2 2 2 3 2 3 24

2 A 2 1 11 11 29 2 2 1 2 2

51 B 35 44 51 51 44 60 35 60 7 60

35 B 60 55 51 51 44 60 7 8 7 7

16 C 4 5 4 4 5 10 4 7 7 7

4 C 10 9 16 16 16 10 7 10 7 10

13 DR 1 4 17 17 4 1 1 17 15 4

16 DR 13 14 4 4 7 15 4 15 15 15

51 DR 52 52 52 52 53 51 53 51 51 51

52 DR 52 53 53 53 53 51 53 52 51 53

7 DQ 5 5 2 2 2 5 8 2 6 6

6 DQ 6 7 7 7 8 6 5 6 6 8

HLA class I 

HLA classI II 
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6.2.5.1 Role of Fas/Fas ligand interaction on parasite inhibition 

 

With supernatant analysis by Luminex highlighting a possible role for the Fas/Fas ligand 

pathway in parasite inhibition, this was explored further in the infection model.  Addition of anti-Fas 

antibody or soluble Fas ligand results in destruction of all cells expressing Fas receptor [542-544], 

with the liver particularly susceptible [545].  Supernatant analyses did not detect an increase in 

soluble Fas receptor specifically in infected HC-04 wells, but with infectivity at <10% and only soluble 

Fas receptor measured, this could just be a sensitivity issue with uninfected cells diluting out the 

response.  Even without an increase Fas receptor expression, the responsiveness of infected cells to 

Fas ligand induced apoptosis could be altered by sporozoite infection. This was explored through 

addition of multimeric Fas ligand into the infection model, to assess whether effects were exerted 

specifically on infected cells, indicating that they are more susceptible to Fas ligand induced 

apoptosis.  

 HC-04 cells were highly responsive to Fas ligand induced apoptosis, with over 90% loss of live 

HC-04 cells (Figure 6.19 G, p<0.0001, Kruskal-Wallis test). PLC/PRF/5 cells, which previously showed a 

high level of monolayer robustness in the infection model, were also tested.  Conversely, infected 

PLC/PRF/5 cells were unaffected by addition of multimeric Fas ligand, with no reduction in 

percentage parasite infection, number of infected cells or intrahepatic parasite growth measured by 

parasite GFP fluorescence intensity (Figure 6.19 B, D + F).  This indicated no parasite-specific effects 

of Fas ligand induced apoptosis.  There was also no significant reduction in total cell number of 

PLC/PRF/5 cells acquired (Figure 6.19 H).  These results would suggest that Fas ligand induced 

apoptosis does not occur in a manner specific to parasite infected cells, however the data from 

PLC/PRF/5 cells could be explained by total lack of Fas receptor expression or a refractory response 

to Fas ligand in this cell line.   
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Figure 6.19 Effects of multimeric FAS ligand on infected hepatoma cell cultures 
20,000/well HC-04 and PLC/PRF/5 cells were plated in half surface area 96 well plates.  24 hours later, 
15,000 PbPfTRAP sporozoites were added per well according to the standard infection protocol. 2.5 
hours later, sporozoites were removed and HC-04 washed in fresh media, before the addition of 
multimeric FAS ligand at 10ng/mL and 500ng/mL.  Cultures were acquired at 22 HPI, according to the 
standard acquisition protocol.  A-D) Readout of HC-04 cell line and E-H) readout of PLC/PRF/5 cell line,  
using infection percentage, number of infected cells, geometric mean fluorescence intensity and total 
live cell number readouts. B-D, F-H) Kruskal-Wallis tests with Dunn’s correction for multiple comparisons 
against infected control group.  E) Mann-Whitney test,  ** p<0.01, *** p<0.001.  Medians displayed. 
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6.2.5.2 Effects of pro-inflammatory cytokines on parasite growth 

 

When FLIFFDLFL-specific CD8+ T cells were incubated with HC-04 cells presenting FLIFFDLFLV 

peptide, supernatant analyses by Luminex identified production of both IFN- and TNF-, with little 

or no expression from autologous GILGFVFTL-specific CD8+ T cells.   A small panel of pro-

inflammatory cytokines were therefore evaluated for anti-parasitic effects within the in vitro assay 

infection model.  Recombinant human IFN- (rhIFN-γ) was initially tested, due to its protective role 

identified in CHMI trials of ChAd63.MVA ME-TRAP, in addition to several animal and in vitro models.  

No reduction in the percentage of infected HC-04 was measured with rhIFN- added at 3 or 8 hours 

post infection, and the cytokine appeared to promote cell survival, with significantly higher numbers 

of live HC-04 cells acquired when high titrations of rhIFN- were used (Figure 6.20 A-F, Kruskal-Wallis 

test).  While cell survival was promoted, parasite fitness was impaired, with consistently reduced 

parasite GFP fluorescence intensity measured when 500-5000U/ml of rhIFN- was supplemented into 

the assay (Figure 6.20 G, Kruskal-Wallis test).  Addition of rhIFN- was more effective at lower 

concentrations when added 3 hours post sporozoite infection, compared to 8 hours, even when 

given the same period of incubation time with the cytokine.  This result is similar to that of 

Atovaquone, whereby better parasite inhibition was measured when the drug was added into the 

assay at early time points following infection.  
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Figure 6.20 Titration and time course summary of recombinant human IFN- in HC-04 infection model 
20,000/well HC-04 cells were plated in half surface area 96 well plates.  24 hours later, 13,000 PbPfTRAP 
sporozoites were added per well according to the standard infection protocol. 3 hours later, sporozoites 

were removed and HC-04 washed in fresh media, before the addition of rh IFN- at A_C) 3 HPI with 

acquisition at 20 HPI, and D-F) rh IFN- at 8 HPI with acquisition at 26 HP, according to the standard 
acquisition protocol.  Medians displayed.  G) Time course of geometric mean fluorescence intensity of 
parasite GFP.   Median + IQR displayed.  Kruskal-Wallis test with Dunn’s correction for multiple 
comparisons against infected control group, * p<0.05. ** p<0.01, *** p<0.001. 
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Using a titration of 500U/mL of recombinant cytokine, rhTNF- and rhIL-6 were tested in the 

infection model alone and in combination with IFN- across 2 independent experiments (Figure 6.21, 

Figure 6.22).   No individual cytokine or cytokine cocktail specifically reduced percentage infection 

(Figure 6.21 A, Figure 6.22 A, Kruskal-Wallis test).  The combination of rhIL-6 + rhTNF- significantly 

reduced the number  of infected cells (Figure 6.22 B, p=<0.0001, Kruskal-Wallis test, ), however this 

was accompanied by a similar but non-significant reduction in overall numbers of live HC-04 cells 

acquired, so may be linked to the level of cytotoxicity of the cocktail.  Consistently across both 

experiments, all cytokine cocktails containing rhIFN- significantly reduced the fluorescence intensity 

of parasite GFP (Figure 6.21 C, Figure 6.22 C P<0.0001, Kruskal-Wallis test), with rhIFN-  and rhTNF- 

the most effective cocktail tested.   
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Figure 6.21 Anti-parasitic effects of recombinant human cytokine cocktails in HC-04 infection model – 
part 1 
20,000/well HC-04 cells were plated in half surface area 96 well plates.  24 hours later, 13,000 PbPfTRAP 
sporozoites were added per well according to the standard infection protocol. 3 hours later, sporozoites 
were removed and HC-04 washed in fresh media, before the addition of recombinant human cytokine 
cocktails. Cells were acquired at 23 HPI, according to the standard acquisition protocol.  Kruskal-Wallis 
test with Dunn’s correction for multiple comparisons against infected control group, * p<0.05. ** p<0.01, 
**** p<0.0001. Medians displayed.   
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Figure 6.22 Anti-parasitic effects of recombinant human cytokine cocktails in HC-04 infection model – 
part 2 
20,000/well HC-04 cells were plated in half surface area 96 well plates.  24 hours later, 17,000 PbPfTRAP 
sporozoites were added per well according to the standard infection protocol. 3 hours later, sporozoites 
were removed and HC-04 washed in fresh media, before the addition of recombinant human cytokine 

cocktails. RhIFN- and rhTNF- concentrations set at 500U/mL in all cytokine cocktails. Cells were 
acquired at 22 HPI, according to the standard acquisition protocol. Kruskal-Wallis test with Dunn’s 
correction for multiple comparisons against infected control group, * p<0.05. ** p<0.01.  Medians 
displayed.   
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Additional testing of the rhIFN-  + rhTNF- cytokine pairing could further reduce parasite 

GFP, under conditions where the cocktail was added at multiple time points following infection.  

Increased inhibition of parasite growth identified by reduced GFP fluorescence intensity was 

measured when the cytokine cocktail was supplemented into the assay at 3, 12 and 21 hours post 

infection, compared with addition at 3 hours only (Figure 6.23 A, p>0.0001, Kruskal-Wallis test).  This 

level of inhibition was lost by 40 hours post infection (Figure 6.23 B, Kruskal-Wallis test).  

Furthermore, growth kinetics were of a similar order of magnitude both with and without the 

addition of cytokine (Figure 6.23 C).  Therefore early production, or in this case addition, of rhIFN- 

+/- TNF- may have anti-parasitic effects and adversely affect parasite fitness in the short term, but 

these effects are not sufficient to fully inhibit parasite growth during liver stage infection.   
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Figure 6.23 Infection time course with cytokine cocktail 
20,000/well HC-04 cells were plated in half surface area 96 well plates.  24 hours later, 12,500 PbPfTRAP 
sporozoites were added per well according to the standard infection protocol. 3 hours later, sporozoites 

were removed and HC-04 washed in fresh media, before the addition of rh IFN- and TNF- at 500U/mL 
at sequential time points of 3, 12 and 21 hours. Cells were acquired at A) 24 HPI and B) 40 HPI, according 
to the standard acquisition protocol, with geometric mean fluorescence intensity reported. Kruskal-Wallis 
test with Dunn’s correction for multiple comparisons against infected control group, ** p<0.01, **** 
p<0.0001. Medians displayed.  C) Time course summary of geometric mean fluorescence intensity of GFP.  
Inf = infected 

 

A B

C

In
f

In
f  

+
 c

y
to

k
in

e
 @

3
h

r  
o

n
ly

In
f  

+
 c

y
to

k
in

e
 @

3
, 
1
2
, 
2
1
h

r

In
f  

+
 c

y
to

k
in

e
 @

1
2
, 
2
1
h

r

In
f  

+
 c

y
to

k
in

e
 @

2
1
h

r

1 0 3

1 0 4

1 0 5

G
e

o
m

e
a

n
 f

lu
o

r
e

s
c

e
n

c
e

in
te

n
s

it
y

 o
f 

p
a

r
a

s
it

e
 G

F
P

**

****

2 4 h r p o s t in fe c t io n

In
f

In
f  

+
 c

y
to

k
in

e
 @

3
h

r  
o

n
ly

In
f  

+
 c

y
to

k
in

e
 @

3
, 
1
2
, 
2
1
h

r

In
f  

+
 c

y
to

k
in

e
 @

1
2
, 
2
1
h

r

In
f  

+
 c

y
to

k
in

e
 @

2
1
h

r

1 0 3

1 0 4

1 0 5

G
e

o
m

e
a

n
 f

lu
o

r
e

s
c

e
n

c
e

in
te

n
s

it
y

 o
f 

p
a

r
a

s
it

e
 G

F
P N S D

4 0 h r p o s t in fe c t io n

0 8 1 6 2 4 3 2 4 0

1 0 0

1 0 1

1 0 2

1 0 3

1 0 4

1 0 5

H o u rs  p o s t in fe c tio n

G
e

o
m

e
a

n
 f

lu
o

r
e

s
c

e
n

c
e

in
te

n
s

it
y

 o
f 

p
a

r
a

s
it

e
 G

F
P

IF N g  T N F a IF N g  T N F a IF N g  T N F a IF N g  T N F a In f

In f  +  c y to k in e  @ 3 h r o n ly

In f +  c y to k in e  @ 3 , 1 2 , 2 1 h r

In f +  c y to k in e  @ 1 2 ,  2 1 h r

In f +  c y to k in e  @ 2 1 h r



250 
 

6.2.6 Extension of in vitro assay to evaluate inhibition of Plasmodium falciparum 

infection of primary human hepatocytes 

 

The newly developed in vitro assay was extended to assess TRAP-specific inhibition of P. 

falciparum-infected primary human hepatocytes (PHH).  Briefly, a similar but slightly extended model 

of ChAd63.MVA ME-TRAP vaccinee T cell culture and subsequent FACS sorting using MHC class I 

pentamers was employed.  E:T matched FLIFFDLFL-specific and GILGFVFTL–specific CD8+ T cells, as 

well as the CD8+ pentamer- fractions, were added to primary human hepatocytes on day 2 of P. 

falciparum infection.  Vaccinee T cells and commercial primary hepatocytes were matched on their 

HLA-A2 serotype.  An additional mismatched HLA-A1 hepatocyte culture was also used an MHC 

negative control.  Two days later, cultures were fixed and stained using anti-PfHSP70 antibody, and 

counted using an automated scanner.  All P. falciparum experiments were carried out at CIMI-Paris, 

alongside Dr. Valérie Soulard’s research team.  

Percentage infection of the 2 primary human hepatocyte HLA batches was ~0.1%.  No 

differences were measured between separate plates of the same hepatocyte batch, however there 

were significantly fewer infected HLA-A1 hepatocytes compared with HLA-A2 hepatocytes when 

comparisons were made between batches of different HLA type.  Percentage inhibition for individual 

plates was measured against the internal control wells present on each plate (Figure 6.24). 
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6.2.6.1 TRAP-specific inhibition 

 

To measure TRAP-specific inhibition of P. falciparum, T cells from five vaccinees were tested.  

Three vaccinees were evaluated at multiple E:T ratios for matched CD8+ FLIFFDLFL+ (TRAP-specific) 

and CD8+ GILGFVFTL+ (influenza matrix protein 1- specific) cells, in addition to the pentamer- fraction 

from each culture.  The other 2 vaccinees’ T cells were tested at a single E:T only.  Three vaccinees 

has received the standard 8 week ChAd63.MVA ME-TRAP regimen, one received ChAd63 ME-TRAP 

only and one received the standard ChAd63.MVA ME-TRAP regimen alongside 3 shots of RTS,S 

vaccine.  All volunteers were part of CHMI trials.   

Antigen was not a significant determinant of the parasite inhibition measured with CD8+ 

pentamer+ T cells (Figure 6.25) and CD8+ pentamer- T cells (Figure 6.26), indicating that inhibition 

measured was not TRAP-specific.  For a single volunteer (047), significant parasite inhibition of 37% 

was measured in cultures with TRAP-specific CD8+ T cells compared with influenza-specific T cells, at 
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Figure 6.24 Infection summary of HLA-A1 and HLA-A2 primary human hepatocytes. 
70,000/well primary human hepatocytes cells were plated in 96 well plates, and infected with 20,000 
P. falciparum sporozoites 4 days later. Sporozoites were left to infect for 7 hours at 37°C, and then 
removed from the plates.  Three days later, PHH cultures were DAPI stained, followed by fixation and 
staining using an anti-HSP70 antibody.  Number of infected cells were counted by an automated 
plate scanner.  Kruskal-Wallis test with Dunn’s correction for multiple comparisons between all 
plates, **<0.01.  Median number of infected PHH displayed.  Percentages represent percentage 
infection per plate.  
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an E:T of 13:1.  Interestingly, this volunteer had the longest delay to parasitaemia following CHMI of 

the 5 vaccinees.   

A similar level of parasite inhibition was measured with CD8+ pentamer- cells from 2 

vaccinees.  Vaccinee 019 exhibited significant TRAP-specific parasite inhibition at E:T of 54:1, and 

vaccinee 032 exhibited parasite inhibition with the control influenza cells (032) at a low E:T of 3:1.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.25 Summary of P. falciparum parasite inhibition assay with E:T-matched FLIFFDLFL-specific 
(F) and GILGFVFTL-specific (G) CD8+ pentamer+ T cells 
Using the infection model outlined in Figure 6.24, E:T matched CD8+ pentamer+ T cells were added into  
HLA-A2 PHH cultures on the day following P. falciparum infection.  Two days later, PHH cultures were 
DAPI stained, followed by fixation and staining using an anti-HSP70 antibody.  Number of infected cells 
were counted by an automated plate scanner.  Percentage inhibition calculated by reduction in 
infected PHH numbers in test wells compared to control wells. 2-way ANOVA with Sidak post-test for 
comparisons between FLIFFDLFL and GILGFVFTL cell populations, * p<0.05, **** p<0.0001.  Mean 
inhibition displayed.   

 

Source of Variation % of total variation P value P value summary 

Interaction 19.70 0.0165 * 

Volunteer 42.45 < 0.0001 **** 

Antigen 0.7837 0.3798 ns 
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Effector to target cell ratio 2:1 12:1 3:1 13:1 18:1 27:1 54:1 214:1

Vaccination regimen  A8Mc  A8Mc  (A8M+RTS,S)c  A8Mc  A8Mc  Ac  Ac  Ac

Day of diagnosis (# days delay) 13 (3) 13 (3) 14 (2) 15 (4) 11 (0) 11 (0) 11 (0) 11 (0)

Control well PHH infection/% 0.12 0.12 0.10 0.11 0.10 0.11 0.11 0.11

Number of cells added (x10^3) 0.2 1.0 0.2 1.0 1.2 2.0 4.0 16.0

Raw TRAP inhibition/% 27.4 7.8 0.7 33.7 -16.0 3.6 -19.6 6.7

 TRAP-specific inhibition/% 10.9 -14.6 13.4 37.0 7.8 -5.0 -25.6 4.5
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Figure 6.26 Summary of P. falciparum parasite inhibition assay with E:T-matched CD8+ pentamer- T 
cells from FLIFFDLFLV (F) and GILGFVFTL (G) culture  
Using the infection model outlined in Figure 6.24, E:T matched CD8+ pentamer+ T cells were added into 
HLA-A2 PHH cultures on the day following P. falciparum infection.  Two days later, PHH cultures were 
DAPI stained, followed by fixation and staining using an anti-HSP70 antibody.  Number of infected cells 
were counted by an automated plate scanner.  Percentage inhibition calculated by reduction in 
infected PHH numbers in test wells compared to control wells. 2-way ANOVA with Sidak post-test for 
comparisons between FLIFFDLFLV and GILGFVFTL cell populations, * p<0.05, **** p<0.0001.  Mean 
inhibition displayed.   

 

 
Source of Variation % of total variation P value P value summary 

Interaction 21.44 < 0.0001 **** 

Volunteer 65.41 < 0.0001 **** 

Antigen 0.4469 0.2966 ns 
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Effector to target cell ratio 2:1 12:1 3:1 13:1 18:1 27:1 54:1 214:1

Vaccination regimen  A8Mc  A8Mc  (A8M+RTS,S)c  A8Mc  A8Mc  Ac  Ac  Ac

Day of diagnosis (# days delay) 13 (3) 13 (3) 14 (2) 15 (4) 11 (0) 11 (0) 11 (0) 11 (0)

Control well PHH infection/% 0.12 0.12 0.10 0.11 0.10 0.11 0.11 0.11

Number of cells added (x10^3) 0.2 1 0.2 1 1.2 2 4 16

Raw TRAP inhibition/% 19.4 12.2 -18.9 -3.1 -4.2 10.3 47.8 63.8

 TRAP-specific inhibition/% 1.1 -15.4 -48.0 -0.4 10.3 -17.9 26.8 17.9
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6.2.6.2 MHC class I mismatch 

 

To assess whether hepatocytes were signalling to HLA-A2 CD8+ T cells via MHC class I, CD8+ 

pentamer+ and CD8+ pentamer- cells were plated on P. falciparum-infected HLA-A1 primary human 

hepatocytes alongside the HLA-A2 hepatocytes, when sufficient cell numbers were available.  

Disappointingly, there were not sufficient cells to test volunteer 047, who had exhibited positive 

TRAP-specific parasite inhibition in the HLA-A2 hepatocytes.  HLA type was not a significant factor 

affecting in the CD8+ pentamer+ inhibition measured (Figure 6.27).  However with the CD8+ 

pentamer- cell fractions, volunteer 019 who exhibited TRAP-specific inhibition in HLA-A2 infected 

hepatocytes, measured significantly lower inhibition in the HLA-A1 mismatched assay (Figure 6.28).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



255 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.27 Summary of P. falciparum parasite inhibition assay with E:T-matched FLIFFDLFL-specific (F) 
and GILGFVFTL-specific (G) CD8+ pentamer+ T cells and HLA mis-matched hepatocytes 
Using the infection model outlined in Figure 6.24, E:T matched CD8+ pentamer+ T cells were added into 
HLA-A1 PHH cultures on the day following P. falciparum infection.  Two days later, PHH cultures were 
DAPI stained, followed by fixation and staining using an anti-HSP70 antibody.  Number of infected cells 
were counted by an automated plate scanner.  Percentage inhibition calculated by reduction in infected 
PHH numbers in test wells compared to control wells. 2-way ANOVA with Sidak post-test for 
comparisons between FLIFFDLFL and GILGFVFTL cell populations, * p<0.05.  Mean inhibition displayed.   

Source of Variation % of total variation P value P value summary 

Interaction 26.85 0.0522 ns 

Volunteer 16.96 0.2183 ns 

HLA-A matching 6.125 0.0641 ns 
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Effector to target cell ratio 47:1 67:1 13:1 15:1 18:1 20:1 59:1 67:1 754:1 855:1 27:1 33:1 54:1 67:1 214:1 266:1

Vaccination regimen

Day of diagnosis (# days delay)

Control well PHH infection/% 0.12 0.09 0.10 0.09 0.10 0.09 0.10 0.09 0.10 0.09 0.11 0.09 0.11 0.09 0.11 0.09

Number of cells added (x10^3)

Raw HLA A2 or A1 inhibition/% 20.0 15.2 -5.2 4.6 -16.0 25.7 -1.3 20.2 8.0 -5.4 3.6 13.5 -19.6 2.7 6.7 -9.0

 MHC class I-specific inhibition/% -9.8

0.88

14 (2)

 (A8M+RTS,S)c

4.9

4.0

13 (3)

 A8Mc

-41.7

1.2

11 (0)

 A8Mc  A8Mc

11 (0)

4.0 51.4 2.0

 A8Mc  Ac

11 (0) 11 (0)

4.0 16.0

 Ac  Ac

11 (0) 11 (0)

15.7-22.3-9.913.4-21.5
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Figure 6.28 Summary of P. falciparum parasite inhibition assay with E:T-matched CD8+ pentamer- T cells 
from FLIFFDLFLV (F) and GILGFVFTL (G) culture and HLA mis-matched hepatocytes 
Using the infection model outlined in Figure 6.24, E:T matched CD8+ pentamer- T cells were added into HLA-A1 
PHH cultures on the day following P. falciparum infection.  Two days later, PHH cultures were DAPI stained, 
followed by fixation and staining using an anti-HSP70 antibody.  Number of infected cells were counted by an 
automated plate scanner.  Percentage inhibition calculated by reduction in infected PHH numbers in test wells 
compared to control wells. 2-way ANOVA with Sidak post-test for comparisons between FLIFFDLFLV and 
GILGFVFTL cell populations, * p<0.05, **** p<0.0001.  Mean inhibition displayed.   

 

Source of Variation  % of total variation  P value P value summary 

Interaction 55.21 < 0.0001 **** 

Volunteer 8.893 0.3566 ns 

HLA 0.6240 0.4573 ns 
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Effector to target cell ratio 47:1 67:1 13:1 15:1 18:1 20:1 59:1 67:1 754:1 855:1 27:1 33:1 54:1 67:1 214:1 266:1

Vaccination regimen

Day of diagnosis (# days delay)

Control well PHH infection/% 0.12 0.09 0.10 0.09 0.10 0.09 0.10 0.09 0.10 0.09 0.11 0.09 0.11 0.09 0.11 0.09

Number of cells added (x10^3)

Raw HLA A2 or A1 inhibition/% 6.3 26.3 -0.8 46.2 -4.2 19.6 12.0 3.5 -3.2 11.3 10.3 7.4 47.8 5.2 63.8 -20.9

 MHC class I-specific inhibition/% 

 Ac  Ac  Ac

13 (3) 14 (2) 11 (0) 11 (0) 11 (0) 11 (0) 11 (0) 11 (0)

 A8Mc  (A8M+RTS,S)c  A8Mc  A8Mc  A8Mc

2.0 4.0 16.0

-20.0 -47.0 -23.8 8.5 -14.5 2.9 42.6 84.7

4.0 0.88 1.2 4.0 51.4
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 Discussion 
 

The results generated from this newly developed assay provide insight into the scope of the 

model, as well as some key questions going forward.  Some key limitations of the assay were also 

highlighted.  The aim was to develop a high throughput assay, capable of quantifying TRAP-specific 

parasite inhibition from vaccine-induced T cells, and elucidate the cellular mechanisms involved.  The 

assay structure was loosely based on a similar model using P. berghei-infected murine hepatoma 

cells to evaluate cell-mediated parasite inhibition of mouse antigen-specific CD8+ splenocytes.  The 

human variation of this assay required further optimisation to assess the effects of HLA mismatch, 

overcome the lower frequencies of antigen-specific T cell induced by viral vector vaccines in humans 

compared with mice, and explore the use of suitable negative controls within the experiment.  

The use of human hepatoma cell lines in the in vitro parasite inhibition assay provides a panel 

of HLA serotypes for the assay to be run against, including common serotypes HLA-A2, HLA-A3 and 

HLA-A11, although due to frequencies of vaccine-induced T cells being <1% at the peak time point 

following vaccination, enrichment of these cells using MHC class I pentamers was required, thus 

restricting the assay to a single epitope.  This requires the MHC restriction of epitopes to be 

accurately predicted and limits the breadth of response that can be tested, however it does provide 

specificity within the assay and reduces the background parasite inhibition measured, which was a 

key parameter identified in the murine in vitro  assay [363].   

The use of transgenic P. berghei parasites in human hepatocellular carcinoma lines provides an 

infection model with much higher levels of infectivity than that measured with P. falciparum in any 

human cell type.  In addition, the model has scope to test T cell responses to other candidate malaria 

antigens, as several P. berghei transgenic parasite lines expressing P. falciparum antigens are 

available.  These include CSP, LSAP-1, LSAP-2, CelTOS, LSA1, LSA3, falstatin, UIS3 and ETRAMP5 [333, 

360]. 

Using the newly developed in vitro assay, TRAP-specific parasite inhibition was measured even 

in volunteers who exhibited little or no delay to parasitaemia following CHMI.  For conclusive results 

regarding the assay’s true correlation with CHMI results, many more volunteers across the spectrum 

of CHMI protection would need to be tested, encompassing volunteers of several different HLA types 
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and a wider range of epitope responses.   However, these data indicate that vaccine-induced CD8+ T 

cells are capable of parasite inhibition if in proximity to infected hepatocytes.  In vivo, these CD8+ T 

cells may not home or relocate to the liver from the periphery during the pre-erythrocytic stages of 

parasite development. This has implications in a vaccine setting, as for effective vaccine efficacy, 

protective T cells need to be located or be able to home to the correct infected tissue in order to 

exert their effects.  This highlights the need to understand homing of T cells to the liver, the 

associated liver homing markers and inducing such cells through vaccination.   

The importance of liver resident T cells and their role in liver stage malaria vaccination have 

recently been demonstrated [216], reviewed in [546].  Furthermore, induction of increased numbers 

of such cells has been achieved through vaccination with a “prime-and-trap” vaccination strategy in 

mice: a T cell response is first primed in the spleen, then using an adeno-associated virus with liver 

trophism, cognate antigen is expressed in the liver to relocate the primed T cells, forming a liver 

resident T cell population.  Using this approach followed by a P. berghei challenge, protection 

correlated strongly with number of liver resident memory T cells, and to a lesser extent number 

effector memory T cells in the liver [547].  Similar work is also being conducted at the Jenner Institute 

(Gola et al, submitted 2016) in a “prime-target” approach, whereby i.m. vaccination with ChAd63 

(encoding a P. falciparum liver stage malaria antigen) induces antigen-specific T cells that are 

targeted to the liver at the peak of the immune response 2 weeks later.  This is achieved through i.v. 

administration of homologous ChAd63 vaccine, which due to the liver trophism of adenoviruses, 

expresses the encoded antigen in the liver of vaccinated mice, leading to T cell relocation and the 

formation of a liver resident population.  This model was tested with ChAd63 encoding P. falciparum 

liver stage antigens ME-TRAP, TRAP, LSA1 and LSAP2, where vaccinated mice were challenged with 

transgenic P. berghei parasites expressing the relevant P. falciparum antigen.  100% protection 

against sporozoite challenge was measured with each of the 4 vaccine antigens tested, and liver 

tissue-resident CD8+ T cells correlated with protection.  

The requirement for T cells to be located in the liver also links to the hypothesis that a fast 

mode of action may be required to prevent liver stage infection before it becomes too advanced.  

This is supported by the data whereby both Atovaquone and IFN- yielded improved parasite 
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inhibition in the infection model when they were added at earlier time point following sporozoite 

infection.  This rapid response may not be possible if CD8+ T cells first need to relocate to liver, 

although with the pre-erythrocytic period of P. falciparum approximately 5 days longer than P. 

berghei, these time scales could vary by several days.   

In relation to the TRAP-specific CD8+ pentamer+ parasite inhibition measured, and the 

associated correlations and trends measured with percentage infection and E:T within the assay, it is 

hypothesised that the number of T cells in proportion to the number of infected cell targets and 

subsequent interaction between these cells, may be key in determining cell-mediated parasite 

inhibition.  This is consistent with findings from a recent murine adoptive transfer model [327], 

whereby the percentage of donor cells recruited into division was indicative of the level of antigen 

presentation from infected hepatocytes.  Furthermore, through titrating down the numbers of 

antigen-specific effector CD8+ T cells transferred and the number of sporozoites used in the in vivo 

infection, it was concluded that protection was reliant on a fine balance of number of infected cells 

versus the number of effector cells, with a high E:T achieved through increased numbers of effector 

cells, not low numbers of infected target cells [327].  Finally, the trend towards a positive correlation 

between E:T ratio and percentage TRAP-specific inhibition in this model was consistent with data 

from the murine in vitro parasite inhibition model, where a similar association between percentage 

infection of the mouse hepatoma cell line and level of antigen-specific inhibition achieved [363].  

A protective correlate or mechanism related to TRAP-specific CD8+ pentamer+ parasite 

inhibition was not clear from the analysis of assay supernatants.  Many analytes were of a similar 

level in assay supernatants using CD8+ T cells from FLIFFDLFLV and GILGFVFTL cultures.  This is likely 

due to the background activation of the cells from peptide culture with rhIL-2, which has been 

previously reported for Granzyme B production from naïve mouse CD8+ T cells cultured with IL-2 

[537].  Indeed, levels of Granzyme A were higher from FLIFFDLFL-specific CD8+ T cell assay 

supernatants, although of a similar order of magnitude to GILGFVFTL-specific CD8+ cells.  While 

expression of Granzyme A could be a product of the 8 day T cell culture with rhIL-2, its upregulation 

and targeting towards infected cells could be better mediated by TRAP-specific CD8+ cells recognising 

their cognate antigen, therefore providing more directed parasite-specific cytotoxicity.  The 
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relevance of Granzyme A in this model is supported by the clearly upregulated levels of Granzyme A 

in FLIFFDLFL-specific CD8+ T cells in the presence of their cognate antigen on peptide-pulsed HC-04 

cells.   Further experimentation would be needed to elucidate its role in parasite inhibition in this 

model, potentially by blocking its mode of action using serpin serine protease inhibitors such as 

SERPINB12, or using a perforin inhibitor such as Concanamycin A, to limit its effects [548, 549]. 

The role of Fas and the Fas/Fas ligand interaction could also be further assessed using this 

model.  To identify whether Fas receptor is indeed upregulated on infected hepatocytes, a similar 

supernatant analysis of soluble Fas receptor could be performed on hepatoma cells previously sorted 

on GFP positivity.  This should increase the sensitivity of the supernatant analysis by removing the 

90-98% of uninfected cells still present in infected wells.  Secondly, the role of nitric oxide (NO) in 

parasite inhibition could be explored using this assay.  Due to the very short physiological half-life of 

this gaseous free radical, NO cannot be tested through standard Luminex analysis of supernatants 

and would require an additional analysis in real time, such as a colorimetric or fluorometric readout 

for NO and its associated products [550].  Alternatively, blocking NO production can be achieved 

through use of inducible nitric oxide synthase (iNOS) inhibition [551].  Equally, with the introduction 

of Kupffer cells into the assay, NO production may become a key pathway of parasite killing induced 

by infected hepatocytes or through the pro-inflammatory cytokines produced by NK cells, CD4+ T 

cells and/or CD8+ T cells.  

The TRAP-specific effects measured from CD4+ T cells using the in vitro parasite inhibition 

assay are more complex.  While many of the vaccinees exhibiting increased TRAP-specific killing over 

that of the control were matched at HLA class II loci, the assay structure was not designed to enrich 

CD4+ T cells through the MHC class I pentamer sort.  Furthermore, the HC-04 cells express 

undetectable levels of HLA-DR.  It is possible that CD4+ T cells with TCRs specific to the previously 

identified CD8+ T cell epitope FLIFFDLFLV were present in the PBMC cultures.   

CD4+ T cell epitopes are typically 14-20 amino acids in length, however the peptide binding 

segment consists of 9 amino acids, with the remainder of the sequence flanking the open binding 

groove.  Most MHC class II molecules have 4 binding pockets occupied by amino acids 1, 4, 6, and 9 

of the minimal peptide epitope, and anchoring the peptide in position.  Amino acid residues at 
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positions 2, 5, and 8 are available to interact with the TCR on the CD4+ T cell, and in some cases 

residue 3 and 7 also interact with the TCR. [552, 553].  While these flanking residues are necessary 

for optimal recognition of the peptide-MHC class II complex by the cognate CD4+ T cell, there are 

several reports of shorter peptides binding MHC class II and successfully interacting with the TCR on 

CD4+ T cells.  Peptide is often required in higher concentrations for shorter sequences (~250g/mL 

for a 10mer peptide compared to 1g/ml for 15-mer), however the use of IL-2 in the culture of T cells 

in the assay could overcome this [554, 555]. 

Epitope prediction software is generally less comprehensive for MHC class II sequences 

compared to MHC class I, especially when predicting binding of peptides less than 15 amino acids.  

To overcome this, the 10mer sequence of FLIFFDLFLV was run epitope prediction software, 

SYFPEITHI®, with additional phenylalanine (F) amino acids flanking the sequence.  The epitope 

mapped to several HLA-DR types, with anchor residue and auxiliary anchor residue scoring similar to 

that of the prediction of the 9mer FLIFFDLFL sequence to HLA-A2 (Figure 6.29, SYFPEITHI score 24-

27).   Similar predictions run with GILGFVFTL flanked in the same manner produced much lower 

epitope prediction scores to HLA-DR (range 10-19), and a 9mer GILGFVFTL HLA-A2:01 epitope 

prediction score of 30. 

If higher frequencies of CD4+ T cells responding to the TRAP epitope over the influenza epitope 

were present in the original PBMC cultures, the culture conditions could activate TRAP-specific CD4+ 

T cells to a higher degree than their autologous influenza counterparts in the parallel GILGFVFTL 

culture.  With the addition of IL-2 to the T cell cultures, the signal from peptide could be enhanced, 

and therefore result in more highly activated CD4+ T cells from TRAP culture, compared to influenza 

matrix protein 1 culture.  As raw number of CD4+ T cells from the cell sort were matched and added 

into the assay, the enhanced parasite inhibition from the CD4+ T cells from TRAP culture could be 

simply due to the addition of more highly activated CD4+ T cells.  So while the class I epitopes are well 

matched for their MHC class I binding, FLIFFDLFLV is more likely to interact with MHC class II 

molecules, and therefore could activate CD4+ T cells to a higher extent than in GILGFVFTL culture and 

explain why higher inhibition was measured with CD4+ T cells from TRAP culture.  Measuring E:T-

matched CD4+ T cells would give more insight on this hypothesis. Furthermore, these results on CD4+ 
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T cell parasite inhibition highlight the requirement to not only focus on CD8+ T cell responses 

following vaccination.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.29 MHC class I and II epitope prediction using FLIFFDLFLV 
A)FLIFFDLFL -9mer sequence run as MHC class I epitope on SYFPEITHI® epitope prediction software. 
B-D) FLIFFDLFLV -10mer sequence run as MHC class II epitope on SYFPEITHI® epitope prediction 
software, using additional flanking phenyalanine (F) amino acids. The SYFPEITHI® epitope prediction 
score is based on published motifs (pool sequencing, natural ligands) and takes into consideration the 
amino acids in the anchor and auxiliary anchor positions. (See appendix 4 for full SYFPEITHI readout). 

A   

  

  

HLA - A*02:01 nonamer   binding score = 24   

  

B   

  

  

HLA - DRB1*0101 binding score for 10 mer flanked with N - terminal phenylalanine = 27   

  

C   

    1    2    3    4     5     6     7    8     9    10  11  12  13  14  15    

  F     F     F     F     L     I     F    F     D     L    F     L    V     F     F   

  

HLA - DRB1*01 01   binding score for   10 mer flanked with N -   a nd C - terminal phenylalanine = 21   

  

D   

    1       2      3     4       5      6       7       8      9     10    11    12    13     14    15    

  F     L    I     F     F    D     L    F    L     V     F     F     F     F     F   

  

HLA - DRB1*0101 binding score for 10 mer   flanked wi th C - terminal phenylalanine = 26   

  

                     1    2     3    4    5     6    7    8    9      

F    L     I     F     F    D    L     F    L       

    1       2      3     4       5      6       7       8      9     10    11    12    13     14    15    

  F    F     F     F    F     F    L     I    F     F     D     L     F    L    V   
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The in vitro assay also explored NK cell-mediated parasite inhibition. The positive correlation 

measured between NK cell parasite inhibition and percentage infection could be linked to level of 

infection determining level of NK cell activation, with a higher percentage infection causing higher 

activation, leading to higher cytotoxicity.  While a negative control for this parasite inhibition was 

unavailable, inhibition was based on a reduction in percentage of infected cells, thus the effects of 

NK cells were targeted at infected HC-04s over that of uninfected cells.  Unfortunately no correlation 

was measured between percentage parasite inhibition by NK cells and the levels of analytes 

associated with NK activation (MIP 1-, TNF-, IFN-, IL-17, GrA), however the secretion of MIP1 

from NK cells could act as a positive feedback loop for NK cell recruitment to the site of infected cells, 

thus directing the NK response [556].    NK cells are also activated by IL-2, and with the high levels of 

this cytokine measured in the supernatants of both uninfected and infected wells of the assay, IL-2 

could be driving this NK activation: however, no correlation was measured between IL-2 levels in 

assay supernatant and NK parasite inhibition.  

The extension of this assay to that in P. falciparum infected primary human hepatocytes had 

limited success. This could be due to the T cell protocol used in this assay, whereby cells were rested 

for more days than optimisation experiments suggested.  Additionally, E:T ratios achieved in this 

assay were in the region 2:1 to 18:1 for ChAd63.MVA ME-TRAP vaccinees, compared to 7:1 to 72:1 in 

the transgenic P. berghei model.   The expression of parasite TRAP, and the subsequent presentation 

of TRAP epitopes on the surface of infected primary human hepatocytes, is likely to be lower in 

wildtype P. falciparum than that in the transgenic model, due to transgenic PbPfTRAP having both 

the wildtype and transgenic copy of TRAP transcribed, in addition to the transgenic P. falciparum 

TRAP copy being under a stronger promotor (UIS4) than found in wildtype P. falciparum parasites.  

Sensitivity of this P. falciparum assay is also likely to be considerably lower than that of the 

transgenic model, with percentage infectivity of P. falciparum in PHH over an order of magnitude 

lower than PbPfTRAP infection of HC-04 cells.  Additional experiments could determine the suitability 

of this assay, particularly focussing on using the fully optimised T cell culture protocol and higher E:T 

ratios. 
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7 Discussion 

 Overview 

 

 A malaria vaccine with protective, long lasting efficacy is yet to be developed.  The completion 

of a large phase III trial of RTS,S/AS01 is a huge advance in the field of malaria vaccine development, 

however this vaccine is suboptimal in many respects: the RTS,S schedule has an essential 

requirement for an 18 month booster; there is reduced efficacy in the youngest cohort [304, 403], 

which incidentally are the most at-risk group of severe malaria; and there is no CD8+ T cell activity 

induced by the regimen [243], which has been identified as a key cellular component of many pre-

erythrocytic malaria vaccines, namely those with targeted at the liver stage of infection; and regimen 

safety is being further evaluated.  RTS,S does demonstrate protective efficacy to the extent of up to 

6000 cases per 1000 children and 1000 cases per 1000 infants over a 4 year follow up period, 

indicating its potential to reduce the paediatric malaria burden [557].  However it is reported that by 

this fourth year, vaccine efficacy wanes substantially, with follow up effiacy in Kilifi reported to be 

undetectable by year 7 [558].  Despite this, RTS,S will undoubtedly act as a yardstick for future 

vaccines to be compared against, alongside the vaccine aims outlined in the Malaria Vaccine 

Technology Roadmap [99]. 

The development of viral vector regimen ChAd63.MVA ME-TRAP targets some of these areas 

for improvement, particularly the induction of high numbers of antigen-specific CD8+ T cells [287].   

More importantly, there are still areas within this regimen that can undergo further improvement, 

including the optimisation of regimen administration and wider testing in the target population.  

Interestingly, neither the RTS,S or ChAd63.MVA ME-TRAP subunit approaches have 

replicated the vaccine efficacy achieved through the most efficacious whole sporozoite vaccination 

regimens.  One of the main hypotheses for the higher efficacy using whole sporozoite vaccines is the 

vast array of antigens exposed to the immune system during vaccination [201].  This supports the 

suggestion of including additional antigenic components within a subunit vaccination strategy, in 

order to broaden the response across more than a single antigen.   Importantly a multi-antigen, or 

even multi-stage, approach to vaccination still has more feasible deployabililty than whole sporozoite 
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approaches, because of the reduced resources required for vaccine generation, distribution and 

storage.  The route of vaccine administration is also a key consideration in deployability, with PfSPZ 

requiring intravenous administration. 

Key to improving a suboptimal vaccine is understanding its exact mechanism of action. As 

previously discussed, in vivo models for vaccine assessment exist but have several limitations, 

including variability in results measured using murine models depending on the combination of 

mouse strain, vaccination platform and parasite strain used in the model.  Furthermore, the immune 

system of a mouse has many differences compared to that of humans.  Non-human primates are 

useful and important models of human immunity to malaria [361], with a robust model of P. 

falciparum established in Aotus monkeys.  However consistent with mice, vaccine efficacy has not 

always translated into humans [348].  Particularly with vaccines inducing cell-mediated immunity, 

differences in MHC class I genes in mice, and indeed NHPs, may account for some of these 

differences.   

Finally, while assays exist for functional testing of human humoral responses in vitro, for 

example with the ILSDA, GIA and ISI assay, no such assay exists for the functional evaluation of 

human T cells against intracellular liver stage parasites. This thesis addressed many of the above 

issues, and explored them in more depth.   
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 Conclusions and future directions  
 

7.2.1 Clinical outcomes  

 

The analysis of immunogenicity data from ChAd63.MVA ME-TRAP paediatric vaccinees 

indicated that the regimen induced strong cell-mediated immune responses to ME-TRAP [417].  

Through deployment of a novel analysis strategy of ex vivo IFN- ELISpot data, which permits direct 

comparisons between adult and paediatric immune responses, it was demonstrated that vaccine 

immunogenicity was not reduced when the ChAd63.MVA ME-TRAP regimen was administered in age 

de-escalating paediatric populations. Thus in this vaccination regimen, the immune system of infants 

is sufficiently mature to induce T cell responses comparable to those seen in malaria-naïve adults 

exhibiting vaccine-induced protection against CHMI.   

The adaptation of a whole blood ICS assay, permitted for the first time, robust flow cytometry 

analysis of T cell phenotypes induced by viral vectored malaria vaccine administration in infants.  

Such data suggests that ChAd63.MVA ME-TRAP administered to infants at 1 week of age alongside 

EPI vaccines may induce lower immune responses than those measured in infants of 2 months and 

older. However, the cytokine staining showed TRAP-specific CD4+ and CD8+ T cells responses 

producing pro-inflammatory cytokines peaking at ~0.1%.  While these are the first data of its kind, 

limited conclusions can be drawn against other ChAd63.MVA ME-TRAP vaccinated populations.  

However, the validated assay can now be used across further clinical trials testing ChAd63.MVA ME-

TRAP, building a larger dataset and thus enabling comparative immune responses to be measured 

between vaccine groups of different age, malaria exposure and EPI status.  As more data is generated 

with this assay, a similar analysis methodology to the ELISpot response per millilitre of whole blood 

could be used to interpret ICS data and make more robust comparisons between datasets.  With 

ELISpot responses increasing six fold using this approach in 10 week old Gambian infants, a similar 

increase in cytokine response by whole blood ICS would likely be measured.  

The evaluation of 7 novel vaccine schedules involving the differential administration of 

vaccine candidates ChAd63 ME-TRAP and MVA ME-TRAP revealed that the standard 8 week prime-

boost regimen can be further improved.  ChAd63 ME-TRAP and MVA ME-TRAP were tested according 
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to 4- and 8- week schedules, including regimens with multiple ChAd63 ME-TRAP priming 

vaccinations, multiple MVA ME-TRAP boosts and regimens with alternating vectors.  Vaccine-induced 

responses to TRAP were measured, as were the associated anti-vector immune responses.  Improved 

CD8+ T cell immunogenicity over the previously reported 8 week prime-boost regimen was measured 

with a reduced ChAd63 ME-TRAP to MVA ME-TRAP interval of 4 weeks, and with the incorporation of 

an additional priming vaccination of homologous ChAd63 ME-TRAP at a 4 or 8 week interval (AAM or 

A_A_M).  T cell immunity against the ChAd63 hexon did not affect T cell responses to the vaccine 

insert, however pre-vaccination ChAd63 hexon-specific T cells correlated with reduced anti-TRAP 

antibodies.  This result indicated that any anti-vector T cell immunity induced by the more 

immunogenic double ChAd63 ME-TRAP prime regimens did not impact upon vaccine 

immunogenicity.  Antibodies against ChAd63 were not measured in this study.  Antibodies directed 

towards the hexon of AdHu5 have been reported to attenuate vaccine immunogenicity [452, 559].  

However, with the double priming schedules more immunogenic in this study, it could be 

hypothesised that any anti-ChAd63 antibodies induced did not reverse the positive impact of a 

double ChAd63 ME-TRAP prime.  It may be that such antibodies played a role in the lower responses 

measured with a triple ChAd63 ME-TRAP prime regimen.  In populations with higher baseline anti-

vector T cell and antibody responses, this result may differ.  Vaccine-induced anti-MVA antibodies 

against multiple MVA ME-TRAP administrations did not affect anti-TRAP antibody induction, and 

correlated positively with the magnitude of ME-TRAP-specific T cells induced, and thus were not 

concluded to impact vaccine immunogenicity.  Induction of TRAP-specific antibodies was not 

significantly affected by vaccine regimen. 

These clinical data demonstrate the potential for improved vaccine-induced protection over 

the standard 8 week prime-boost ChAd63.MVA ME-TRAP.  In addition, a degree of flexibility with the 

timing of vaccine administration has been observed, thus aiding incorporation of a prime-boost 

regimen into existing vaccination strategies, such as the paediatric EPI regimen or a multi-component 

vaccine regimen.  Furthermore, the validation of a robust flow cytometry assay permits high 

throughput processing and batched, central flow cytometry analysis of vaccinee blood samples, using 

less than 1.5ml of whole blood.  This assay provides an analysis platform for several types of vaccine 
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study including multi-site vaccine studies, such as large-scale efficacy studies; studies in very young 

infants with low blood volumes available for analysis, such as interference studies with childhood EPI 

vaccines; and clinical vaccine studies located in resource poor settings, where evaluation of malaria 

vaccines is most relevant. 

 

7.2.2 Outcomes of in vitro parasite inhibition assay 

 

The development of an in vitro assay measuring parasite inhibition of human T cells provides a 

solid basis for further work on human T cell responses.  The optimisation performed has provided 

assay parameters for several of the model’s components, including the infection parameters, the 

staining protocol for T cell and hepatoma cell differentiation by FACS readout, methodologies for 

measuring inhibition, maximum numbers of T cells for optimal background inhibition, inclusion of 

negative controls, and the timing of infection and readout. The work has also led to the robust 

infection of several different human hepatoma cell lines, providing a wider basis of HLA types for 

further testing, and resulted in far higher infectivity of P. berghei sporozoites in human hepatoma 

lines than previously published [461, 494, 495].  This work contributes to the infection model 

associated with many assays including the ISI assay, ILSDA and work investigating liver stage EEF 

development, with such detailed optimisation similar to that of Zou and colleagues, which greatly 

enhanced the application of the ILSDA antibody assay [184].   

Upon use of vaccinee T cells in this assay, antigen-specific parasite inhibition was detected.  

Interestingly, vaccinees that demonstrated such inhibition were of a spectrum of protection 

demonstrated in CHMI studies.  This could indicate that vaccine-induced T cells are capable of 

parasite inhibition when in contact with infected liver cells: in vitro, these T cells are put in direct 

contact with infected liver cells, however in vivo, T cells are required to migrate to the correct tissue, 

in this case the liver, in order to exert their protective effector functions.  Thus it may be the case 

that all vaccinees generate T cells capable of liver stage parasite inhibition, but only some vaccinees 

have the correct T cell homing or sufficient T cell surveillance of the liver to efficiently eliminate all 

liver stage parasites during the pre-erythrocytic period.  This hypothesis has implications in vaccine 
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development, with specific reference to enhanced T cell homing or recruitment of vaccine-induced T 

cells to the liver.  Additional reasons these two readouts may not correlate include the fact that 

protection by CHMI is a result of the collective contribution of responses towards several epitopes, 

compared with just one measured currently with the in vitro T cell assay.  Variation in sporozoite 

inoculum during CHMI could also be a contributing factor.  

This assay has many potential uses for answering clinically relevant questions.  To date, the 

assay has measured antigen-specific T cell parasite inhibition, however testing on a larger group of 

vaccinees would further validate these results. A much larger pool of volunteers could be evaluated if 

the assay was extended to use other hepatoma cell line HLA types beyond the HLA-A2 hepatoma line 

predominantly used in this thesis.  This could encompass epitopes of different MHC restriction, with 

particular emphasis on the use of HLA-A3 pentamers in the HLA-A3 hepatoma cell line PLC/PRF/5.  

Exploration of additional epitopes within TRAP could be explored through the use of a panel of MHC 

class I pentamers to sort CD8+ T cells specific to other identified epitopes within TRAP.  MHC class II 

multimers could also be introduced, to explore the CD4+ T cell compartment and the antigen-specific 

role these cells play in parasite inhibition.  This would require some ground work regarding the 

identification of CD4+ T cell epitopes within TRAP, however the assay has already identified CD4+ T 

cells as a key area to investigate further and is supported by strong CD4+ T cell responses measured 

by ICS following vaccination with ChAd63.MVA ME-TRAP [284, 285, 287, 417].  Finally, the option to 

test the specificity of the signalling through MHC is possible, with direct comparison of inhibition in 

HLA-matched versus HLA-mismatched hepatoma cells, and assessments of the importance of 

hepatocyte to T cell contact through a transwell plate system. 

The effector mechanisms underpinning parasite inhibition in this assay have only been briefly 

explored.  Blocking experiments of key effector mechanisms identified in this thesis, particularly 

Granzyme A and the Fas/Fas ligand interaction, and identified in the literature, particularly the role of 

nitric oxide, could also be carried out using this assay platform, in order to further elucidate the 

pathways and effector molecules involved in vaccine-induced T cell parasite inhibition.  Furthermore, 

different combinations of cell types could be evaluated, particularly that of TRAP-specific CD4+ and 

CD8+ T cells, to specifically explore the direct versus helper role of CD4+ T cells.  Finally, the role of NK 
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cells in amplifying the adaptive IFN- response could be evaluated through addition of pre-

vaccination NK cells alongside vaccine-induced T cells.  

As the assay model develops, there is scope for further assay extension into the P. falciparum 

infection of primary human hepatocyte infection.  This model permits less assay optimisation and 

exploration, due to the financial implications of raising P. falciparum-infected mosquitoes and 

purchasing commercially available primary human hepatocytes, in addition to the lower throughput 

of the assay related to length of liver stage cycle and the heightened resources associated with 

primary cell culture.  However, a P. falciparum model will likely provide a more clinically relevant 

model of vaccine-induced responses, and could be used to answer key questions raised in the 

transgenic P. berghei parasite assay model.  
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 Final remarks 

 

As subunit vaccination strategies develop and new candidate antigens are explored, it is 

important to fully optimise the protective efficacy that can be achieved with a regimen, and 

accurately assess its immunogenicity and efficacy within the target population through the 

deployment of robust immunological and functional assays.  The availability of a functional in vitro 

assay could aid the down-selection or support of novel candidate antigens in early Phase clinical 

testing, in addition to identifying key mechanisms of protection associated with vaccination, 

permitting informed correlates of protection to be measured from human vaccinees.  These key 

areas can aid assessment of vaccine immunogenicity and effector function going forward, and 

subsequently feed back into improved vaccine design and evaluation.  
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8 Appendices 
 

 Appendix 1 – Peptide sequences 
 

Table S1. TRAP T9/96 peptide sequences 
TRAP 20mer peptides overlapping by 10 amino acids.  Separate ELISpot pools shaded. 

 

Peptide Name T9/96 Peptide Sequence T9/96 Peptide Pool  

1T MNHLGNVKYLVIVFLIFFDL TT 1-10 

2T VIVFLIFFDLFLVNGRDVQN TT 1-10 

3T FLVNGRDVQNNIVDEIKYSE TT 1-10 

4T NIVDEIKYSEEVCNDQVDLY TT 1-10 

5T EVCNDQVDLYLLMDCSGSIR TT 1-10 

6T LLMDCSGSIRRHNWVNHAVP TT 1-10 

7T RHNWVNHAVPLAMKLIQQLN TT 1-10 

8T LAMKLIQQLNLNDNAIHLYV TT 1-10 

9T LNDNAIHLYVNVFSNNAKEI TT 1-10 

10T LNDNAIHLYVNVFSNNAKEI TT 1-10 

11T IRLHSDASKNKEKALIIIRS TT 11-20 

12T KEKALIIIRSLLSTNLPYGR TT 11-20 

13T LLSTNLPYGRTNLTDALLQV TT 11-20 

14T TNLTDALLQVRKHLNDRINR TT 11-20 

15T RKHLNDRINRENANQLVVIL TT 11-20 

16T ENANQLVVILTDGIPDSIQD TT 11-20 

17T TDGIPDSIQDSLKESRKLSD TT 11-20 

18T SLKESRKLSDRGVKIAVFGI TT 11-20 

19T RGVKIAVFGIGQGINVAFNR TT 11-20 

20T GQGINVAFNRFLVGCHPSDG TT 11-20 

21T FLVGCHPSDGKCNLYADSAW TT 21-30 

22T KCNLYADSAWENVKNVIGPF TT 21-30 

23T ENVKNVIGPFMKAVCVEVEK TT 21-30 

24T MKAVCVEVEKTASCGVWDEW TT 21-30 

25T TASCGVWDEWSPCSVTCGKG TT 21-30 

26T SPCSVTCGKGTRSRKREILH TT 21-30 

27T TRSRKREILHEGCTSEIQEQ TT 21-30 

28T EGCTSEIQEQCEEERCPPKW TT 21-30 

29T CEEERCPPKWEPLDVPDEPE TT 21-30 

30T EPLDVPDEPEDDQPRPRGDN TT 21-30 

31T DDQPRPRGDNSSVQKPEENI TT 31-40 

32T SSVQKPEENIIDNNPQEPSP TT 31-40 

33T IDNNPQEPSPNPEEGKDENP TT 31-40 

34T NPEEGKDENPNGFDLDENPE TT 31-40 

35T NGFDLDENPENPPNPDIPEQ TT 31-40 

36T NPPNPDIPEQKPNIPEDSEK TT 31-40 

37T Not present in TRAP T9/96 N/A 

38T DIPEQKPNIPEDSEKEVPSD TT 31-40 

39T EDSEKEVPSDVPKNPEDDRE TT 31-40 

40T VPKNPEDDREENFDIPKKPE TT 31-40 
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41T ENFDIPKKPENKHDNQNNLP TT 41-50 

42T NKHDNQNNLPNDKSDRNIPY TT 41-50 

43T NDKSDRNIPYSPLPPKVLDN TT 41-50 

44T SPLPPKVLDNERKQSDPQSQ TT 41-50 

45T ERKQSDPQSQDNNGNRHVPN TT 41-50 

46T DNNGNRHVPNSEDRETRPHG TT 41-50 

47T SEDRETRPHGRNNENRSYNR TT 41-50 

48T RNNENRSYNRKYNDTPKHPE TT 41-50 

49T KYNDTPKHPEREEHEKPDNN TT 41-50 

50T REEHEKPDNNKKKGESDNKY TT 41-50 

51T KKKGESDNKYKIAGGIAGGL TT 51-57 

52T KIAGGIAGGLALLACAGLAY TT 51-57 

53T ALLACAGLAYKFVVPGAATP TT 51-57 

54T KFVVPGAATPYAGEPAPFDE TT 51-57 

55T YAGEPAPFDETLGEEDKDLD TT 51-57 

56T TLGEEDKDLDEPEQFRLPEE TT 51-57 

57T EPEQFRLPEENEWN TT 51-57 

 

 

Table S2. Peptide sequences for non-overlapping Multi-Epitope string.  

 

Peptide Name Epitope Peptide Sequence ME Peptide Pool 

st8 MINAYLDKL 

ME pool 

ls50 ISKYEDEI 

pb9 SYIPSAEKI 

ls8 KPNDKSLY 

cp26 KPKDELDY 

ls6 KPIVQYDNF 

tr42/43 ASKNKEKALII 

tr39 GIAGGLALL 

cp6 MNPNDPNRNV 

tr26 HLGNVKYLV 

ls53 KSLYDEHI 

tr29 LLMDCSGSI 

csp DPNANPNVDPNANPNV 

38H BCG QVHFQPLPPAVVKL 

FTTp QFIKANSKFIGITE 

cp39 YLNKIQNSL 

la72 MEKLKELEK 

ex23 ATSVLAGL 

nanp NANPNANPNANPNANP 

trapAM DEWSPCSVTCGKGTRSRKRE 
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Table S3. Peptide sequences for hexon peptides. 
Hexon 20mer peptides overlapping by 10 amino acids.  “Common” denotes peptide sequences common to 
both ChAd63 and AdHu4 adenoviruses.  “ChAd63-specific” denotes dissimilar peptide sequences between 
ChAd63 and AdHu4 adenoviruses. 

 

Peptie Name  ChAd63 Peptide Sequence Hexon peptide pool 

AdC63-1 MATPSMLPQWAYMHIAGQDA Common 

AdC63-2 AYMHIAGQDASEYLSPGLVQ ChAd63-specific 

AdC63-3 SEYLSPGLVQFARATDTYFS Common 

AdC63-4 FARATDTYFSLGNKFRNPTV Common 

AdC63-5 LGNKFRNPTVAPTHDVTTDR ChAd63-specific 

AdC63-6 APTHDVTTDRSQRLTLRFVP Common 

AdC63-7 SQRLTLRFVPVDREDNTYSY Common 

AdC63-8 VDREDNTYSYKVRYTLAVGD Common 

AdC63-9 KVRYTLAVGDNRVLDMASTY ChAd63-specific 

AdC63-10 NRVLDMASTYFDIRGVLDRG Common 

AdC63-11 FDIRGVLDRGPSFKPYSGTA Common 

AdC63-12 PSFKPYSGTAYNSLAPKGAP Common 

AdC63-13 YNSLAPKGAPNTSQWKDSDS ChAd63-specific 

AdC63-14 NTSQWKDSDSKMHTFGVAAM ChAd63-specific 

AdC63-15 KMHTFGVAAMPGVVGKKIEA ChAd63-specific 

AdC63-16 PGVVGKKIEADGLPIGIDSS ChAd63-specific 

AdC63-17 DGLPIGIDSSSGTDTIIYAD ChAd63-specific 

AdC63-18 SGTDTIIYADKTFQPEPQVG ChAd63-specific 

AdC63-19 KTFQPEPQVGSDSWVDTNGA ChAd63-specific 

AdC63-20 SDSWVDTNGAEEKYGGRALK ChAd63-specific 

AdC63-21 EEKYGGRALKDTTNMKPCYG ChAd63-specific 

AdC63-22 DTTNMKPCYGSFARPTNKEG Not present 

AdC63-23 SFARPTNKEGGQANIKDSET ChAd63-specific 

AdC63-24 GQANIKDSETASTTPNYDID ChAd63-specific 

AdC63-25 ASTTPNYDIDLAFFDSKNIA ChAd63-specific 

AdC63-26 LAFFDSKNIAANYDPDIVMY ChAd63-specific 

AdC63-27 ANYDPDIVMYTENVELQTPD ChAd63-specific 

AdC63-28 TENVELQTPDTHIVFKPGTS ChAd63-specific 

AdC63-29 THIVFKPGTSDESSEANLGQ ChAd63-specific 

AdC63-30 DESSEANLGQQAMPNRPNYI ChAd63-specific 

AdC63-31 QAMPNRPNYIGFRDNFIGLM ChAd63-specific 

AdC63-32 GFRDNFIGLMYYNSTGNMGV ChAd63-specific 

AdC63-33 YYNSTGNMGVLAGQASQLNA ChAd63-specific 

AdC63-34 LAGQASQLNAVVDLQDRNTE ChAd63-specific 

AdC63-35 VVDLQDRNTELSYQLLLDSL ChAd63-specific 

AdC63-36 LSYQLLLDSLGDRTRYFSMW ChAd63-specific 

AdC63-37 GDRTRYFSMWNQAVDSYDPD ChAd63-specific 

AdC63-38 NQAVDSYDPDVRIIENHGVE ChAd63-specific 

AdC63-39 VRIIENHGVEDELPNYCFPL ChAd63-specific 
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AdC63-40 DELPNYCFPLNGVGFTDTYQ ChAd63-specific 

AdC63-41 NGVGFTDTYQGVKVKTDTAA ChAd63-specific 

AdC63-42 GVKVKTDTAATGTNGTQWDK ChAd63-specific 

AdC63-43 TGTNGTQWDKDDTTVSTANE ChAd63-specific 

AdC63-44 DDTTVSTANEIHSGNPFAME ChAd63-specific 

AdC63-45 IHSGNPFAMEINIQANLWRN ChAd63-specific 

AdC63-46 INIQANLWRNFLYANVALYL ChAd63-specific 

AdC63-47 FLYANVALYLPDSYKYTPAN ChAd63-specific 

AdC63-48 PDSYKYTPANITLPTNTNTY ChAd63-specific 

AdC63-49 ITLPTNTNTYDYMNGRVVAP ChAd63-specific 

AdC63-50 DYMNGRVVAPSLVDAYINIG ChAd63-specific 

AdC63-51 SLVDAYINIGARWSLDPMDN Not present 

AdC63-52 ARWSLDPMDNVNPFNHHRNA ChAd63-specific 

AdC63-53 VNPFNHHRNAGLRYRSMLLG ChAd63-specific 

AdC63-54 GLRYRSMLLGNGRYVPFHIQ ChAd63-specific 

AdC63-55 NGRYVPFHIQVPQKFFAIKS ChAd63-specific 

AdC63-56 VPQKFFAIKSLLLLPGSYTY ChAd63-specific 

AdC63-57 LLLLPGSYTYEWNFRKDVNM ChAd63-specific 

AdC63-58 EWNFRKDVNMILQSSLGNDL ChAd63-specific 

AdC63-59 ILQSSLGNDLRTDGASIAFT ChAd63-specific 

AdC63-60 RTDGASIAFTSINLYATFFP ChAd63-specific 

AdC63-61 SINLYATFFPMAHNTASTLE ChAd63-specific 

AdC63-62 MAHNTASTLEAMLRNDTNDQ ChAd63-specific 

AdC63-63 AMLRNDTNDQSFNDYLSAAN ChAd63-specific 

AdC63-64 SFNDYLSAANMLYPIPANAT ChAd63-specific 

AdC63-65 MLYPIPANATNVPISIPSRN ChAd63-specific 

AdC63-66 NVPISIPSRNWAAFRGWSFT ChAd63-specific 

AdC63-67 WAAFRGWSFTRLKTRETPSL ChAd63-specific 

AdC63-68 RLKTRETPSLGSGFDPYFVY ChAd63-specific 

AdC63-69 GSGFDPYFVYSGSIPYLDGT ChAd63-specific 

AdC63-70 SGSIPYLDGTFYLNHTFKKV ChAd63-specific 

AdC63-71 FYLNHTFKKVSITFDSSVSW Not present 

AdC63-72 SITFDSSVSWPGNDRLLTPN ChAd63-specific 

AdC63-73 PGNDRLLTPNEFEIKRTVDG ChAd63-specific 

AdC63-74 EFEIKRTVDGEGYNVAQCNM ChAd63-specific 

AdC63-75 EGYNVAQCNMTKDWFLVQML ChAd63-specific 

AdC63-76 TKDWFLVQMLAHYNIGYQGF ChAd63-specific 

AdC63-77 AHYNIGYQGFYVPEGYKDRM ChAd63-specific 

AdC63-78 YVPEGYKDRMYSFFRNFQPM ChAd63-specific 

AdC63-79 YSFFRNFQPMSRQVVDEVNY ChAd63-specific 

AdC63-80 SRQVVDEVNYKDYQAVTLAY ChAd63-specific 

AdC63-81 KDYQAVTLAYQHNNSGFVGY ChAd63-specific 

AdC63-82 QHNNSGFVGYLAPTMRQGQP ChAd63-specific 

AdC63-83 LAPTMRQGQPYPANYPYPLI ChAd63-specific 

AdC63-84 YPANYPYPLIGKSAVASVTQ ChAd63-specific 

AdC63-85 GKSAVASVTQKKFLCDRVMW ChAd63-specific 
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AdC63-86 KKFLCDRVMWRIPFSSNFMS ChAd63-specific 

AdC63-87 RIPFSSNFMSMGALTDLGQN ChAd63-specific 

AdC63-88 MGALTDLGQNMLYANSAHAL ChAd63-specific 

AdC63-89 MLYANSAHALDMNFEVDPMD ChAd63-specific 

AdC63-90 DMNFEVDPMDESTLLYVVFE ChAd63-specific 

AdC63-91 ESTLLYVVFEVFDVVRVHQP ChAd63-specific 

AdC63-92 VFDVVRVHQPHRGVIEAVYL ChAd63-specific 

AdC63-93 HRGVIEAVYLRTPFSAGNAT ChAd63-specific 

 

 

Table S4. Peptide sequences for non-overlapping CTL peptides.  

 

Name 
Amino acid 
Sequence 

Source 
organism 

Protein (region) 
Number of 
amino acids 

CTL1 VSDGGPNLY Influenza A PB1 (591-599) 9 

CTL2 CTELKLSDY Influenza A NP (44-52) 9 

CTL3 GLCTLVAML EBV BMLF1 (259-267) 9 

CTL4 GILGFVFTL Influenza A Matrix 1 (58-66) 9 

CTL5 NLVPMVATV HCMV pp65 (495-503) 9 

CTL6 ILRGSVAHK Influenza A NP (265-273) 9 

CTL7 RVRAYTYSK EBV BRLF1 (148-156) 9 

CTL8 RLRAEAQVK EBV EBNA3A (603-611) 9 

CTL9 IVTDFSVIK EBV EBNA3B (416-424) 9 

CTL10 ATIGTAMYK EBV BRLF1 (134-143) 9 

CTL11 DYCNVLNKEF EBV BRLF1 (28-37) 10 

CTL12 KTGGPIYKR Influenza A NP (91-99) 9 

CTL13 RPPIFIRRL EBV EBNA3A (379-387) 9 

CTL14 TPRVTGGGAM HCMV pp65 10 

CTL15 QAKWRLQTL EBV EBNA3A (158-166) 9 

CTL16 FLRGRAYGL EBV EBNA3A (325-333) 9 

CTL17 RAKFKQLL EBV BZLF1 (190-197) 8 

CTL18 ELRSRYWAI Influenza A NP (380-388) 9 

CTL19 SRYWAIRTR Influenza A NP (383-391) 9 

CTL20 RRIYDLIEL EBV EBNA3C (258-266) 9 

CTL21 YPLHEQHGM EBV EBNA3A (458-466) 9 

CTL22 EENLLDFVRF EBV EBNA3C (281-290) 10 

CTL23 EFFWDANDIY HCMV pp65 (511-525) 10 

 

  



278 
 

 Appendix 2 – T cell gating strategy 

 

Figure S1. Sample gating strategy for analysis of flow cytometry with ICS. 
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 Appendix 4 – SYFPYTHEI epitope prediction 
 
 

 
SYFPYTHEI HLA-DR prediction FFFFFFLIFFDLFLV 
 

 

HLA-DRB1*0101 15 - mers   
 

  
  

Pos  1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 score 

1  F F F F F F L I F F D L F L V 27 

 

HLA-DRB1*0301 (DR17) 15 - 
mers 

  
 

  
  

Pos  1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 score 

1  F F F F F F L I F F D L F L V 16 

 

HLA-DRB1*0401 (DR4Dw4) 
15 - mers 

  
 

  
  

Pos  1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 score 

1  F F F F F F L I F F D L F L V 22 

 

HLA-DRB1*0701 15 - mers   
 

  
  

Pos  1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 score 

1  F F F F F F L I F F D L F L V 18 

 

HLA-DRB1*1101 15 - mers   
 

  
  

Pos  1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 score 

1  F F F F F F L I F F D L F L V 17 

 

HLA-DRB1*1501 (DR2b) 15 - 
mers 

  
 

  
  

Pos  1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 score 

1  F F F F F F L I F F D L F L V 18 
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SYFPYTHEI HLA-DR prediction FFFFLIFFDLFLVFF 

 
 
 

HLA-DRB1*0101 15 - mers   
 

  
  

Pos  1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 score 

1  F F F F L I F F D L F L V F F 21 

 

HLA-DRB1*0301 (DR17) 15 - 
mers 

  
 

  
  

Pos  1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 score 

1  F F F F L I F F D L F L V F F 19 

 

HLA-DRB1*0401 (DR4Dw4) 
15 - mers 

  
 

  
  

Pos  1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 score 

1  F F F F L I F F D L F L V F F 22 

 

HLA-DRB1*0701 15 - mers   
 

  
  

Pos  1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 score 

1  F F F F L I F F D L F L V F F 24 

 

HLA-DRB1*1101 15 - mers   
 

  
  

Pos  1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 score 

1  F F F F L I F F D L F L V F F 10 

 

HLA-DRB1*1501 (DR2b) 15 - 
mers 

  
 

  
  

Pos  1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 score 

1  F F F F L I F F D L F L V F F 28 
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SYFPYTHEI HLA-DR prediction FLIFFDLFLVFFFFF 
 

HLA-DRB1*0101 15 - mers   
 

  
  

Pos  1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 score 

1  F L I F F D L F L V F F F F F 26 

 

HLA-DRB1*0301 (DR17) 15 - 
mers 

  
 

  
  

Pos  1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 score 

1  F L I F F D L F L V F F F F F 17 

 

HLA-DRB1*0401 (DR4Dw4) 
15 - mers 

  
 

  
  

Pos  1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 score 

1  F L I F F D L F L V F F F F F 16 

 

HLA-DRB1*0701 15 - mers   
 

  
  

Pos  1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 score 

1  F L I F F D L F L V F F F F F 16 

 

HLA-DRB1*1101 15 - mers   
 

  
  

Pos  1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 score 

1  F L I F F D L F L V F F F F F 17 

 

HLA-DRB1*1501 (DR2b) 15 - 
mers 

  
 

  
  

Pos  1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 score 

1  F L I F F D L F L V F F F F F 14 

 

 

 

 
 
SYFPYTHEI HLA-A2 prediction FLIFFDLFL 
 

HLA-A*02:01 nonamers   
 

  
  

Pos  1 2 3 4 5 6 7 8 9 score 

1  F L I F F D L F L 24 
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SYFPYTHEI HLA-DR prediction FFFFFFGILGFVFTL 

 

HLA-DRB1*0101 15 - mers   
 

  
  

Pos  1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 score 

1  F F F F F F G I L G F V F T L 19 

 

HLA-DRB1*0301 (DR17) 15 - 
mers 

  
 

  
  

Pos  1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 score 

1  F F F F F F G I L G F V F T L 8 

 

HLA-DRB1*0401 (DR4Dw4) 
15 - mers 

  
 

  
  

Pos  1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 score 

1  F F F F F F G I L G F V F T L 16 

 

HLA-DRB1*0701 15 - mers   
 

  
  

Pos  1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 score 

1  F F F F F F G I L G F V F T L 18 

 

HLA-DRB1*1101 15 - mers   
 

  
  

Pos  1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 score 

1  F F F F F F G I L G F V F T L 11 

 

HLA-DRB1*1501 (DR2b) 15 - 
mers 

  
 

  
  

Pos  1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 score 

1  F F F F F F G I L G F V F T L 12 
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SYFPYTHEI HLA-DR prediction FFF GILGFVFTLFFF 
 

 

HLA-DRB1*0101 15 - mers   
 

  
  

Pos  1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 score 

1  F F F G I L G F V F T L F F F 9 

 

HLA-DRB1*0301 (DR17) 15 - 
mers 

  
 

  
  

Pos  1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 score 

1  F F F G I L G F V F T L F F F 10 

 

HLA-DRB1*0401 (DR4Dw4) 
15 - mers 

  
 

  
  

Pos  1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 score 

1  F F F G I L G F V F T L F F F 6 

 

HLA-DRB1*0701 15 - mers   
 

  
  

Pos  1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 score 

1  F F F G I L G F V F T L F F F 8 

 

HLA-DRB1*1101 15 - mers   
 

  
  

Pos  1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 score 

1  F F F G I L G F V F T L F F F 0 

 

HLA-DRB1*1501 (DR2b) 15 - 
mers 

  
 

  
  

Pos  1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 score 

1  F F F G I L G F V F T L F F F 10 
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SYFPYTHEI HLA-DR prediction GILGFVFTLFFFFFF 

 

HLA-DRB1*0101 15 - mers   
 

  
  

Pos  1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 score 

1  G I L G F V F T L F F F F F F 8 

 

HLA-DRB1*0301 (DR17) 15 - 
mers 

  
 

  
  

Pos  1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 score 

1  G I L G F V F T L F F F F F F 8 

 

HLA-DRB1*0401 (DR4Dw4) 
15 - mers 

  
 

  
  

Pos  1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 score 

1  G I L G F V F T L F F F F F F 6 

 

HLA-DRB1*0701 15 - mers   
 

  
  

Pos  1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 score 

1  G I L G F V F T L F F F F F F 6 

 

HLA-DRB1*1101 15 - mers   
 

  
  

Pos  1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 score 

1  G I L G F V F T L F F F F F F 2 

 

HLA-DRB1*1501 (DR2b) 15 - 
mers 

  
 

  
  

Pos  1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 score 

1  G I L G F V F T L F F F F F F 16 

 

 

 

 

 

SYFPYTHEI HLA-A2 prediction GILGFVFTL 

HLA-A*02:01 nonamers   
 

  
  

Pos  1 2 3 4 5 6 7 8 9 score 

1  G I L G F V F T L 30 
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