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Abstract 
 
Malaria is caused by Plasmodium parasites and Plasmodium vivax is the dominant Plasmodium spp. 

in low-transmission regions outside of Africa. Due to the unique biological characteristics of this 

parasite, such regions often feature asymptomatic patients with sub-microscopic parasitaemia 

and relapses. Naturally acquired antibody responses are induced after Plasmodium infection, 

providing partial protection against high parasitaemia and clinical episodes. Serology is a 

promising tool for monitoring transmission levels, estimating past and recent exposure and 

identifying populations at risk of infections. However, due to key gaps in our knowledge of 

naturally acquired antibody responses to P. vivax, the full potential of serology has not yet been 

reached. This thesis aimed to establish antibody kinetics against a large panel of P. vivax antigens 

following infections in western Thailand, and investigate the factors potentially associated with 

the acquisition and development of antibody responses. A multiplexed bead-based assay was 

first established and antibody measurements against more than 50 antigens were taken in P. 

vivax-infected individuals from western Thailand following symptomatic and asymptomatic 

infections. I found that most P. vivax antigens followed a highly similar post-infection kinetic 

pattern in the absence of any boosting infections. The magnitude and longevity of antibody 

responses varied between antigens, antibody subclasses and subtypes. An assay quantifying the 

antigen-specific memory B cell responses was established and verified to determine the role of 

memory B cells on antibody kinetics for future experiments. Lastly, I reported that the genetic 

diversity of an antigen sequence had a significant impact on antigen-specific antibody responses, 

and such impact increased in individuals with more past exposure and mature immunity. The 

findings presented in this thesis provide novel insights into naturally acquired immunity 

development to P. vivax and support the decision of taking genetic diversity of antigen sequences 

into consideration for the development of highly efficacious sero-surveillance tools and vaccines.   
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1.1 Malaria  

 
1.1.1 Epidemiology and clinical features 

 

Malaria is an infectious disease caused by parasitic protozoan under the genus 

of Plasmodium. The parasites are transmitted between mosquito vectors and 

human hosts. There are six Plasmodium species – including two sub-species – that 

can infect humans and cause morbidity or even mortality: Plasmodium falciparum, 

Plasmodium vivax, Plasmodium knowlesi, Plasmodium malariae, Plasmodium ovale curtisi 

and Plasmodium ovale wallikeri. Of the Plasmodium parasites that infect humans, P. 

falciparum and P. vivax are the most prevalent and are responsible for the majority 

of the morbidity and mortality worldwide [1]. In the year 2018, more than 225 

million people were infected with malaria and up to 400,000 people died, most 

of whom were children under 5 years of age [2]. 

 

As one of the acute febrile illnesses, malaria can cause clinical symptoms of 

varying severity, including high fever, headache, vomiting, breathing difficulty 

and even death [3]. These symptoms are caused by the blood stage of the 

infection [4, 5]. For instance, adherence of Plasmodium infected red blood cells 

(iRBCs) to the lining of endothelium (termed as sequestration) leads to 

microvascular obstruction and hence respiratory distress [6]. Deformity and loss 

of function in the iRBCs can also lead to anaemia [7]. Other factors associated 
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with malaria clinical manifestation include parasitaemia, antigenic 

polymorphisms and antigenic variation [8, 9]. Current evidence shows few 

clinical differences between P. falciparum and P. vivax infections [10-13]. This 

suggests the mechanisms regulating clinical tolerance against various 

Plasmodium species in humans might be similar [13]. Additionally, malaria can 

be acquired during pregnancy, contributing to severe intrauterine growth 

restriction, low birth weight and chronic malnutrition in the foetus [14-16]. 

These symptoms and complications have been reported to link to sequestration 

of iRBCs on the placenta, also known as placental malaria [9]. Overall, it has 

been shown that the intensity of malaria transmission is linked to slower 

population and economic growth, severely damaging the development of a 

country [17].  

 

1.1.2 Plasmodium life cycle 

 

Plasmodium parasites are transmitted between human hosts and insect vectors, 

specifically female Anopheles mosquitoes. This results in a complex life-cycle with 

stages in both the hosts and vectors. An overview of the Plasmodium life cycle is 

outlined below. 
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Pre-erythrocytic stage: The parasites in the form of sporozoites are injected 

into the human host through a blood meal taken by an infected vector (Figure 

1.1). The total number of sporozoites injected via a single mosquito bite is highly 

variable in mice, ranging from zero to more than 1000 (mean = 123, median = 

18) [18]. The sporozoites travel through the blood stream and quickly arrive at 

the liver within an hour after injection, after which the sporozoites invade 

hepatocytes [19]. Some sporozoites undergo a maturation process in the liver 

and develop into schizonts. Mature schizonts rupture and release merozoites 

from the hepatocytes into the blood circulation approximately one week since 

the initial infection [19]. This marks the end of the pre-erythrocytic or liver stage 

and the start of the erythrocytic stage of a malaria infection. The pre-erythrocytic 

stage in the human host is asymptomatic. P. vivax is characterised by the 

formation of hypnozoites, a quiescent form of the parasite that resides in the 

hepatocyte [20]. This unique feature contributes to several challenges to P. vivax 

elimination and is further discussed in Section 1.1.4.1.  

 

Erythrocytic stage: The blood stage of Plasmodium parasites is similar across 

different species, and can be roughly divided into several asexual sub-stages 

based on the morphology of the parasite inside the invaded RBCs: ring stage, 

immature and mature trophozoites, schizonts, and merozoites released from the 

ruptured schizonts [21]. P. vivax has been known to preferably invade immature 
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RBCs, known as reticulocytes [22]. This observation is potentially due to the 

fact that reticulocytes produce unique metabolome that can be utilised for the 

development of the Plasmodium parasites [23]. The newly produced merozoites 

then invade uninfected RBCs, making the erythrocytic stage a cycle that aims to 

produce more merozoites [21]. It has been demonstrated in vitro that P. 

falciparum parasites produce approximately 15- 18 merozoites per mature 

schizont [24]. In humans, the number of Plasmodium parasites grows 

exponentially from 104 – 105 in the first cycle to up to 108 after 3 – 4 cycles [25]. 

It has been estimated that the duration of the erythrocytic stage, in the absence 

of treatment, varies between Plasmodium species in naturally infected human 

populations. The erythrocytic stage of P. falciparum has been predicted to last 

longer (36 – 135 days) than P. vivax (24 – 29 days) [26]. Most of the symptoms 

observed in Plasmodium-infected individuals are derived from this life stage due 

to destruction of RBCs and chronic inflammation [4].  

 

Sexual and mosquito stages: While most merozoites infect red blood cells, 

some undergo a sexual cycle to form male and female gametocytes [27]. These 

gametocytes can be taken up by a mosquito upon another blood meal and 

subsequently complete the other half of their life cycle in the vector [27]. Within 

a vector, the gametocytes undergo further maturation and fertilisation to form 

zygotes [28]. Zygotes migrate towards the midgut of the vector and transform 
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into ookinetes which transverse the gut epithelial layers and enter the lumen 

[28]. Ookinetes that are successful in transversion and surviving the vector’s 

protective immune mechanisms transform into oocysts [28]. Inside the lumen, 

oocysts continue to develop extracellularly until maturation and eventually 

rupture to release sporozoites [29]. Sporozoites travel to the salivary gland and 

are transmitted into another human host during the next blood meal [29].  
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Figure 1.1 Plasmodium spp. life cycle. The Plasmodium parasites infect A) humans and B) 

female Anopheles mosquitoes as vectors, and undergo a complex process to achieve sexual 

development and robust transmission between hosts.  

A 

B 
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1.1.3 The emerging threat – P. vivax 

 

Malaria is prevalent in 87 countries globally with a varying level of risk [1]. 

Approximately 80% of malaria deaths are found in the World Health 

Organisation (WHO) African region due to the high incidence and mortality 

rates caused by P. falciparum infections [1]. However, it has been shown that P. 

vivax is the most widely distributed Plasmodium spp. outside of sub-Saharan 

Africa and this species has put an estimated 2.5 billion people at risk of infection 

[30, 31]. Recently, Battle and colleagues published the change in global P. vivax 

endemicity between 2000 and 2017 [32]. As shown in Figure 1.2, it is clear that 

in most countries the estimated number of P. vivax clinical cases has reduced 

dramatically since the early 2000s. On the contrary, some countries such as 

Brazil, Afghanistan and Indonesia actually had significant increases in the 

estimated number of cases (Figure 1.2). Moreover, the authors reported an 

increase in the proportion of malaria cases due to P. vivax as the overall malaria 

incidence and transmission have declined [32]. Additionally, it has been 

demonstrated in Thailand and Solomon Islands that P. vivax has become the 

main source of malaria cases [33, 34]. These findings have highlighted the 

increasing significance of P. vivax as we progress towards elimination.  
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Figure 1.2 Estimated number of P. vivax clinical cases from 2005 – 2017. The top and middle 

panels show the global distribution and estimated number of P. vivax cases in the year 2005 and 

2017, respectively. The bottom panel shows the change in the number of cases between the two 

time points: green corresponds to decrease and pink increase. Source: [32] 
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P. vivax has been long neglected compared to P. falciparum by both the healthcare 

and academic sectors and has come under the spotlight since the early 2000s 

[35-37]. This was likely due to the higher mortality rate associated with P. 

falciparum infections and the exceptionally large burden of disease in Africa [38, 

39], however more recently the severe outcomes that can result from P. vivax 

infections have also been acknowledged [40]. Over the past 15 years there has 

been an increase in the number of research studies addressing the severe and 

fatal consequences of P. vivax infections [41].  

 

Together, these findings suggest that both P. falciparum and P. vivax should be 

taken into consideration in order to advance our current malaria elimination 

effort. Setting such a goal means new strategies and tools will be required to 

fight against P. vivax, especially given that this Plasmodium species seems to be 

more resistant to existing control measures (indicated by the increasing 

proportion of infections due to P. vivax in co-endemic regions). In the Section 

below, I discuss the differences between P. vivax and other Plasmodium species 

and why it has become a challenge for effective malaria control.  
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1.1.4 Unique biological features of P. vivax  

 

There are a number of distinct biological features of P. vivax compared to other 

Plasmodium species, many of which pose a great difficulty for malaria elimination.  

 

1.1.4.1 Hypnozoites 

 
The first is the formation of hypnozoites during its life cycle in humans. During 

the pre-erythrocytic stage, a fraction of the sporozoites will remain ‘dormant’ in 

the hepatocytes in an arrested form termed hypnozoites [42]. Hypnozoites can 

stay quiescent for months or even years following the initial infection before they 

are reactivated by unknown signals and undergo maturation, releasing 

merozoites and causing new infections in the blood [43]. The re-establishment 

of an erythrocytic infection, demonstrated by an increase in parasitaemia and 

reappearance of clinical symptoms, is known as relapse [20]. Relapses have been 

extensively studied and identified as a major challenge in the era of malaria 

elimination. It was reported that up to 80% of detectable P. vivax blood stage 

infections were caused by relapses in high transmission areas, causing a 

significant burden on healthcare facilities, economics and education [44].  

 

In temperate areas such as North America, Europe and Russia before elimination, 

P. vivax exhibited an approximately 9-month long incubation period and interval 
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between relapses [45]. The presence of relapses in Plasmodium species was 

speculated to provide survival advantages. The dormancy allows the parasites to 

stay inactive until it is the appropriate season for mosquito breeding and 

transmission [46]. Currently, Korea remains the only temperate region from 

which P. vivax with long dormancy phenotypes has still been reported [47]. It 

has also been suggested that the incubation period, rate and number of relapses 

are most likely dependent on the number of sporozoites inoculated: more 

sporozoites lead to a shorter incubation period and more relapses [48]. 

Additionally, frequent P. vivax relapses were observed in P. falciparum-infected 

individuals post-antimalarial treatment [49]. This demonstrates that 

antimalarial treatment could potentially weaken host immunity, facilitating the 

occurrence of symptomatic relapses and hence further complicating our current 

elimination strategies [45]. Interestingly, Shanks and White have also 

speculated that other infectious diseases, including P. falciparum infections, can 

stimulate reactivation of P. vivax hypnozoites [43].  

 

Hypnozoites and the relapses they cause are a major challenge for elimination. 

Being an intracellular and quiescent form of the parasite, hypnozoites are 

shielded from the detection of host immune surveillance and hence are less likely 

to be removed from the host naturally [50]. Moreover, hypnozoites are shown 

to be irresponsive to most antimalarial treatments as the majority of them aim 
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to reduce symptoms by targeting the blood-stage parasites [51]. The only 

licensed anti-malarial treatments that clear hypnozoites are 8-aminoquinolines 

which are contraindicated in patients with glucose-6-phosphate dehydrogenase 

(G6PD) deficiency [52, 53], thus hindering their applications in many malaria 

endemic countries. Further limitations of anti-malarial treatments are discussed 

in more detail in Section 1.1.5.4. Additionally, hypnozoites accounted for up to 

80% of the clinical episodes experienced by infected children [44] and currently 

there are no detection or surveillance tools being used by malaria control 

programs that can identify these individuals [54].  

 

1.1.4.2 Invasion of reticulocytes 

 

During the blood stage of its life cycle, P. vivax targets young RBCs known as 

reticulocytes [22]. It is generally accepted that the invasion of reticulocytes by P. 

vivax requires the expression of Duffy antigens [55-57]. This suggests that Duffy 

blood group negative populations, mostly located in African regions, are highly 

resistant to P. vivax infections, providing an explanation of the low prevalence of 

P. vivax infections in Africa [58]. However, recent evidence has reported that P. 

vivax was found specifically in Duffy negative individuals, challenging the 

paradigm that Duffy negativity confers complete protection against the parasite 

[59, 60]. Besides Duffy antigens, other ligands for invasion have now also been 
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identified, such as the reticulocyte binding proteins (RBPs), encoded by the rbp 

gene family, some of which are involved in the recognition of reticulocytes in the 

binding process [61, 62].  

 

The finding that P. vivax preferably invades reticulocytes and erythroblasts has 

significant implications for elimination. Erythroblasts are restricted to the bone 

marrow [22], suggesting that P. vivax-infected cells could also be present in the 

bone marrow. Based on evidence in a single P. vivax-infected patient and Aotus 

lemurinus monkeys, it has been suggested that there is a large biomass of P. vivax 

that remains undetectable in the bone marrow [63, 64]. Secondly, it has been 

postulated that P. vivax’s preference for invading reticulocytes leads to the 

comparably low parasitaemia seen during blood stage infections [37, 65], as 

reticulocytes account for a small proportion in the periphery [65]. Nevertheless, 

this postulation remains debatable as Lim et al. demonstrated that the P. vivax 

parasitaemia exceeded the number of reticulocytes [66]. The authors have 

proposed that parasitaemia might not be mediated only by the availability of 

peripheral reticulocytes. In several recent reports, the association of splenic 

complications and splenectomy with high risk of P. vivax infections have strongly 

indicated the importance of splenic reservoirs for P. vivax parasites [67-72].   
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1.1.4.3 Wide geographic distribution 

 

Thirdly, P. vivax is known for its adaptability in areas of higher latitude and lower 

temperature compared to other Plasmodium species. Generally, malaria is 

identified as a disease sensitive to climate and temperature [73]. This is largely 

due to its mosquito vectors and their preferable condition for growth and 

maturation [74]. It has been shown that P. vivax can be transmitted via its 

vectors at a minimum of 15°C whilst P. falciparum transmission requires 19°C 

[75]. This feature potentially explains the presence of P. vivax cases in temperate 

areas and the wider geographic distribution compared to P. falciparum. Being able 

to transmit at a lower temperature also translates to decreased sensitivity to 

seasonal changes and therefore a longer transmission window each year.  

 

1.1.4.4 Sexual development 

 

P. vivax also differs from P. falciparum with regards to its sexual development. 

Firstly, it is well established that P. vivax demonstrates earlier 

gametocytogenesis than P. falciparum [76], resulting in the appearance of 

gametocytes at the beginning of the first cycle of blood stage infection [77], even 

before the manifestation of clinical symptoms [78]. This is a challenge for 

elimination as infectious gametocytes are more likely to be ingested by new 
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mosquitoes before anti-malarial treatments have been given. Additionally, P. 

vivax shows a shorter duration of sporogony (the formation of sporozoites inside 

an Anopheles vector). Studies reported the presence of P. vivax sporozoites in the 

salivary gland as early as six days after the primary blood meal [79, 80], 

compared to 14 to 16 days for P. falciparum [81], meaning they are able to 

transmit P. vivax parasites to new hosts sooner.  

 

Taken together, these biological characteristics of P. vivax are beneficial for the 

parasites to be transmitted between hosts more efficiently with less interference 

from host immunity and geographic factors. At the same time, they also 

highlight the need to revisit our current control and elimination strategies.  

 

1.1.5 Current strategies for prevention and treatment 

 

As lower transmission rates of Plasmodium spp have been observed in more 

malaria-endemic countries and we move towards elimination, changes in our 

current malaria control strategies should be expected. Given the pivotal role of 

P. vivax in maintaining the residual transmission level, interruption of P. vivax 

transmission has gradually come into focus of elimination programs in many 

countries. However, elimination of P. vivax will be difficult and dependent on 

multiple factors, such as geography, climate, parasite biology, political, financial 
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and cultural situations. Several approaches have been implemented to facilitate 

the progress of controlling and eliminating P. vivax. In this Section, I will discuss 

the tools currently available in the context of prevention, diagnosis and 

treatment, and their corresponding complications.  

 

1.1.5.1 Preventative measures: vector-control 

 

The primary aim of the preventive measures in the field of malaria is to interrupt 

disease transmission via vector control. Conventional interventions include 

indoor residual spraying (IRS), insecticide-treated bed nets (ITNs) and long-

lasting insecticidal nets (LLINs) which are all effective by limiting the human’s 

exposure to mosquitoes and/or decreasing the population of mosquitoes [82]. 

The insecticides used for these interventions often contain the key molecule 

pyrethroid which interferes with voltage-gated sodium channels in mosquitoes 

[83]. The protective efficacy and public health impact of these interventions have 

been extensively reviewed, which shows that they are highly effective in reducing 

the incidence and mortality rates in several P. falciparum-endemic countries [84-

87]. It is worth noting that their implementation is strongly dependent on a high 

level of community engagement, knowledge and acceptance, which can 

potentially hinder the overall efficacy without the support and commitment from 

local government. Recently, resistance to pyrethroid have been reported in 
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multiple regions and this is likely to jeopardise preventive efforts [88-90]. 

Additionally, P. vivax may be less affected by vector control due to its faster 

developmental process [82]. In this case, parasites are more likely to finish their 

full life cycle and are further transmitted before the vectors are killed upon 

contact with insecticide-treated materials.  

 

The use of ITS and IRS has been shown to be less effective in P. vivax-endemic 

areas outside Africa in comparison to P. falciparum in Africa. This is due to 

differences in biting behaviours of the primary mosquito vectors in Asia and the 

Americas. For instance, in southeast Asia the dominant vector species are 

Anopheles dirus and Anopheles minimus which exhibit both indoor and outdoor 

biting activity [91], limiting the effectiveness of indoor vector control measures 

such as ITS and IRS. Similarly, evidence has shown in Indonesia that most 

Anopheles vectors bite at dusk before the inhabitants return from outdoor 

activities [92]. Furthermore, P. vivax vectors in India such as Anopheles culicifacies 

show outdoor-resting behaviours, indicating that they avoid contact with 

insecticide-treated surfaces and can contribute to transmission despite high 

coverage of ITN and IRS [93]. Therefore, the WHO has called for a new approach 

in order to address the challenges presented for targeting P. vivax through vector 

control.  

 



 38 

1.1.5.2 Preventative measures: vaccines 

 

Vaccines are another option for the prevention of malaria. Currently, a number 

of P. vivax vaccines targeting the liver or blood stage have entered pre-clinical or 

clinical trials, but are still at the early stage of development [94]. Only two P. 

vivax vaccines have entered human clinical trials. PvCSP is a pre-erythrocytic 

candidate based on P. vivax-derived circumsporozoite antigen and has shown 

promising effects in eliciting cell-mediated and antibody immune responses [95]. 

The second candidate is Pvs25 based on the surface proteins of P. vivax during 

the mosquito stage [96]. Pvs25 aims to induce antibody responses to block 

cellular invasion by the parasites and hence is often referred to as a transmission 

blocking vaccine candidate [96, 97]. However, these P. vivax vaccine candidates 

still require significant amount of further investigations to prove their efficacy 

and application. On the other hand, RTS,S is the most advanced malaria vaccine, 

and it targets pre-erythrocytic P. falciparum infection [98, 99]. It consists of 

circumsporozoite proteins fused with human Hepatitis B virus antigens and 

formulated with various adjuvants [98]. RTS,S achieved an efficacy of 30 – 40% 

during a phase III clinical trial and has recently entered pilot implementation in 

children in three African countries [100, 101]. This again highlights the 

imbalance of resource distribution between P. vivax and P. falciparum. To assist 
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further development of vaccines, identifying antigens associated with protection 

and understanding naturally acquired immunity against malaria will be crucial.  

 

1.1.5.3 Diagnosis and surveillance 

 

Diagnosis is another pivotal component in the control programme. Not only 

does it enable efficient screening of the current burden of disease, it also allows 

detection of malaria-infected individuals with precision and enables an 

appropriate treatment (or elimination) regime to be implemented. The use of 

traditional diagnostic tools such as rapid diagnostic tests and light microscopy 

is well established in remote malaria endemic regions. This is due to their user-

friendly nature and the fact that they require minimal facilities and medically 

trained labour [102]. For P. vivax, however, the quiescent liver stage hypnozoites 

and low-density parasite load during the blood stage mean many infected 

individuals remain undetected due to the limited sensitivity of these tools [103]. 

Molecular diagnostic tools such as the polymerase chain reaction (PCR) and 

loop-mediated isothermal amplification can provide much higher sensitivity to 

capture low parasitaemia, but are less feasible and accessible in the field [102]. 

Furthermore, there are not yet any tools for the successful detection of 

hypnozoites.  
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More recently, the idea of sero-surveillance has become popular and has shown 

great potential in estimating transmission levels and identifying populations at 

risk [104]. This technique works by measuring antibody levels against a panel 

of Plasmodium antigens (or biomarkers) in the serum or plasma samples of the 

participants exposed to the parasites, providing information on anti-malarial 

immunity [105] and potentially the time since the individual was last infected. 

One of the two main uses of such information is to reflect current or past 

exposure to the parasite in a population, and therefore inform timely 

interventions [106]. The other use is to evaluate the presence of protective 

immunity [104]. Several studies have attempted to use this approach to address 

P. vivax infections. This includes comparing transmission levels across different 

geographic regions [107, 108], identifying asymptomatic individuals [109, 110], 

and monitoring recent P. vivax exposure to potentially predict hypnozoite-

carriers [111, 112]. In order to further optimise and promote the application of 

sero-surveillance, it has been suggested antibody responses against P. vivax be 

better characterised with more longitudinal studies [113]. Additionally, a larger 

panel of biomarkers with more antigenic candidates should be developed to 

capture the highly polymorphic nature of P. vivax [104].  
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1.1.5.4 Treatment 

 

Lastly, an effective elimination programme is not complete without antimalarial 

treatment. For P. vivax, chloroquine (CQ) remains the first-line treatment and 

works by disrupting parasitic growth during the blood stage of infection [1, 114]. 

It has been widely used due to its low cost and minimal adverse effects in most 

people [102]. Following the discovery of CQ-resistant P. vivax strains, 

artemisinin-based combination therapy that also targets blood stage infection 

has been recommended by the WHO for treating uncomplicated P. vivax cases in 

endemic areas with high CQ treatment failure rates [1, 115, 116]. To eliminate 

liver stage hypnozoites, countries with high P. vivax transmission are encouraged 

to include primaquine (PQ) in their treatment regimens [1]. Currently, PQ is 

the only commonly used antimalarial drug targeting liver stage hypnozoites and 

is known as the ‘radical cure’ for P. vivax [117]. Unfortunately, PQ has an adverse 

effect that provides a major challenge in its application.  

 

PQ is known to induce dose-dependent haemolysis and potentially lethal 

anaemia in individuals with G6PD deficiency [52, 53]. G6PD deficiency is the 

most common form of hereditary enzyme deficiency in humans, affecting 400 

million people worldwide [118]. This restricts the applications of PQ. 

Furthermore, there are only two point-of-care G6PD diagnostic tests available 
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on the market, both of which are yet to be registered by the WHO for regular 

use with PQ treatment [119]. It has become clear that more advanced and 

accessible G6PD diagnostic tests will greatly improve the public health impact 

of PQ treatment. Lastly, tafenoquine has emerged as a new radical cure in the 

early 2000s and has shown similar efficacy in lowering the risk of relapse in P. 

vivax-infected individuals [120, 121]. The major difference between PQ and 

tafenoquine is PQ requires multiple doses over 14 days whilst tafenoquine is 

effective with a single dose, which allows much better patient compliance to 

treatment and a higher success rate [122, 123]. So far tafenoquine is only 

recommended to individuals with G6PD activity >70% and further 

investigations are required for it to be used safely [124].  

 

In addition to using anti-malarial drugs to treat individuals with clinical 

symptoms, there are other strategies to maximise the application of treatment 

for elimination. A major focus is the treatment of whole at-risk populations with 

anti-malarial drugs, which can be performed in a number of approaches. Mass 

drug administration (MDA) in response to malaria transmission is referred to as 

administration of anti-malarial drugs to the entire target population regardless 

of infection status or symptoms [125]. Another approach is mass screening and 

treatment (MSAT) that aims to treat individuals identified as infected [126]. 

Similar to MSAT, another widely used method in the malaria field is reactive 
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case detection (RACD), which screens individuals living in close proximity to 

the clinical cases for treatment [127]. However, P. vivax still poses a great 

challenge for these methods. Firstly, the potentially severe implication of using 

PQ for clearing hypnozoites in G6PD deficient individuals suggests that MDA is 

too risky to conduct [102]. Secondly, MSAT and RACD rely on precise diagnostic 

screening for P. vivax infection, which remains problematic due to the presence 

of hypnozoites and high frequency of parasitaemia below the detection limit [54, 

128].  

 

Overall, in our current P. vivax-targeting elimination toolkit, there are a number 

of well-established and innovative interventions. However, some gaps still need 

to be addressed urgently. These include effective vaccines, accurate identification 

of hypnozoite-carriers and precise yet accessible diagnosis of G6PD deficiency. 

Combining current resources and exploring next-generation tools will be the 

utmost priority in order to sustain the current momentum and maximise public 

health impact.  

 

1.2 Immune responses against malaria 

 

The protective effects conferred by naturally acquired malaria-specific immune 

responses have been well demonstrated in animal models and clinical and 
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epidemiological studies. The current knowledge on immunity against malaria 

has been applied in multiple aspects of elimination and control programmes, 

including surveillance, diagnosis and vaccine development. In this Section, I will 

discuss in detail how different arms of human immunity provide protection 

against symptoms and further infections. Due to the fact that there is a 

longstanding lack of a in vitro culturing system for P. vivax, most studies 

addressing the immune responses against malaria focus on P. falciparum instead 

of P. vivax. Hence, findings presented here are derived from P. falciparum unless 

specified.  

 

1.2.1 Innate Immunity 

 

The innate immune responses are the first line of protection and play a pivotal 

role in modulating the adaptive immune responses. Several immune cell types 

are known to contribute to innate immunity and are generally derived from the 

myeloid cell lineage. These include neutrophils, macrophages, natural killer 

(NK), gd T cells and dendritic cells (DCs). As the primary focus of this thesis is 

adaptive immunity, innate immunity is covered briefly in the Sections below.  
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Neutrophils: Neutrophils are naturally abundant in healthy individuals and are 

first responders to the site of parasite sequestration during the blood stage of an 

infection [129, 130]. Neutrophils contribute to parasite clearance through 

phagocytic activity, which is heavily dependent on the presence of opsonising 

antibodies and/or components from the complement pathways [131]. Besides 

iRBCs, Plasmodium merozoites [132] and gametes [129] are also typical targets 

of neutrophil phagocytosis. The reactive oxidative species (ROS) produced by 

neutrophils are capable of killing the phagocytosed parasite or inhibiting its 

growth [129]. There is evidence that neutrophil responses are impaired during 

P. vivax infections via reduced expression of chemokine receptors and therefore 

disruption of neutrophil recruitment [132]. The weakened neutrophil responses 

during a P. vivax infection is potentially linked with the increased risk of bacterial 

infections and respiratory distress [133, 134].  

 

Macrophages: Similar to neutrophils, macrophages are one of the early 

responders to merozoites and asexual iRBCs [135]. The phagocytic capacity of 

macrophages can be activated by opsonising or non-opsonising interactions. 

Opsonising activation involves opsonising antibodies or complement 

components attached on the surface of iRBCs [136], which leads to further 

macrophage recruitment and production of inflammatory cytokines mediated by 

Fcg receptors [136] [137]. Macrophages also express pattern recognition 
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receptors (PRRs), such as toll-like receptors (TLRs), which are involved in non-

opsonising activation and the recognition of various pathogen-associated 

molecule patterns (PAMPs) [138]. It has been shown that macrophages are 

efficient phagocytic cells and potent producer of inflammatory cytokines [132, 

139, 140]. However, macrophages can be a double-edged sword in the context 

of malaria, resulting in tissue damage from excessive inflammation [136] and 

suppression of macrophage activation via anti-inflammatory cytokine production 

[141]. 

 

Dendritic cells: DCs are a crucial component of the bridge between innate and 

adaptive immunity due to their exceptional antigen-presenting capacity. In 

humans, DCs can be found in blood and both lymphoid and non-lymphoid 

tissues [142]. They can be further categorised into two major subsets: 

conventional DCs (cDCs; CD11c+ CD123−) and plasmacytoid DCs (pDCs; 

CD11c− CD123+) based on the expression of surface markers [143]. cDCs are 

professional antigen-presenting cells (APCs) and cytokine-producing cells [142], 

whilst pDCs specialise in the production of interferon (IFN)-a. Plasmodium 

infection can affect the size and composition of the DC population. However, 

very few human studies have specifically assessed the impact of P. vivax 

infections. Some evidence suggests P. vivax infections result in a decreased 

number of total DCs and cDCs [144-146]. In contrast, there is conflicting 
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evidence on the impact for pDCs where both decrease [144, 146] and increase 

have been reported [145]. It was also demonstrated that P. vivax infections could 

hinder the effector functions of pDCs ([147]. 

 

Natural killer cells: Similar to DCs, NK cells also assist in strengthening the 

link between innate and adaptive immune responses against malaria. NK cells 

contribute to more than 10% of PBMCs and are characterised by the expression 

of NK cell receptor (CD161), multiple cytokine receptors, Fc receptors and a 

wide range of unique ligands [148-150]. These phenotypical features mediate 

NK cells’ activation by the distressed iRBCs [151] and pro-inflammatory 

cytokines produced by other immune cell types [152]. Most importantly, 

activated NK cells contribute to rapid cytokine production and direct killing of 

iRBCs via antibody-dependent cellular cytotoxicity (ADCC) [152, 153]. IFN-g 

and interleukin (IL)-10 secreted by NK cells are important players in 

immunoregulation. IFN-g promotes macrophage activation, DC maturation and 

T cell-mediated responses [153] whilst IL-10 enhances NK-mediated 

cytotoxicity and dampens CD8+ T cell responses which can be potentially 

pathological [154]. However, the role of NK cells in P. vivax infections and their 

association with clinical outcomes remain unclear [155] as the total number of 

NK cells was found to be uncorrelated with parasitaemia in P. vivax-infected 

individuals [156, 157].  
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To summarise, a wide variety of innate immune components induce early 

responses against P. vivax infections. Such responses are usually in the form of 

phagocytic activities and cytokine secretion, facilitating the clearance of blood 

stage parasites or iRBCs. Additionally, the production of cytokines is also 

essential for enhancing antigen-presenting capacity of APCs, promoting the 

activation of downstream adaptive immune responses. Despite this, it remains 

unclear if the effector activities of these cells can be harnessed for clinical 

treatment. More studies will be required to address the significance of innate 

immunity against P. vivax in naturally exposed populations.  

 

1.2.2 Adaptive Immunity 

 

Compared to innate immunity, adaptive immunity against Plasmodium infections 

has drawn more attention in research. Adaptive immunity has two arms: cell-

mediated and humoral immune responses. The cell-mediated response is 

centred around several types of T cells whilst the humoral response is mediated 

by B cells. Both arms can develop immunological memory defined as the capacity 

to respond more rapidly at a higher magnitude upon second or repeated 

exposure to a pathogen [158]. In this Section, I will outline the specific roles of 

cell-mediated and humoral responses against Plasmodium infections in human, 

with a focus on humoral immunity given its relevance to the aims of my PhD.  
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1.2.2.1 Cell-mediated Immunity 

 

It is well-established that T cells expressing surface markers CD8 and CD4 are 

the two main types of T cells receiving stimulation signals from APCs in the 

context of the major histocompatibility complex (MHC) molecules class I and II, 

respectively [159]. Such signals are received via the T cell receptor (TCR), 

consisting of a and b chains and are associated with the T cell-specific co-

receptor CD3 [159].  

 

CD8+ T cells: Upon presentation of Plasmodium antigenic peptides, CD8+ T cells 

(or cytotoxic T cells) are activated and begin differentiation into effector CD8+ 

T cells [160]. Following activation, a fraction of the CD8+ T cells differentiate 

into memory cells which can initiate faster and more effective effector functions 

during recall infection [161]. The primary effector function of CD8+ T cells is to 

release perforin, granulysin and/or granzyme to induce lysis in target cells and 

hence inhibit the growth of intracellular parasites [162]. CD8+ T cells also 

contribute to protection against parasitic development through the secretion of 

IFN-g [163-165]. CD8+ T cells have been shown to provide protection against P. 

vivax infections by inducing lysis in P. vivax-infected reticulocytes [166], 

suggesting a role in controlling parasitaemia and disease outcome. In contrast, 
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P. vivax has also been shown to impair CD8+ T cell responses in naturally 

infected Brazilian individuals [157].  

 

CD4+ T cells: Compared to CD8+ T cells, CD4+ T cells and their role in 

immunoregulation during Plasmodium infections has been more extensively 

documented. CD4+ T cells, also known as T helper cells, can be further divided 

into multiple subtypes (TH1, TH2, TH17, regulatory T (TREG) cells and follicular T 

helper (TFH) cells), each of which plays a distinct role in regulating malaria 

disease. A primary role of CD4+ T cells in supressing Plasmodium infections is to 

assist the development of antigen-specific antibody responses via direct contact 

with their cognate antigen and other immune cell types [167]. The presence of 

CD4+ T cells and the resultant production of antibody responses were shown to 

be pivotal in controlling blood stage infections in mice [168]. Additionally, Boyle 

et al. further demonstrated the importance of CD4+ T cells in their study of 

humans where a higher frequency of CD4+ T cells was significantly correlated 

with reduced risk of P. falciparum malaria clinical symptoms [169]. On the other 

hand, multiple studies provide evidence suggesting that P. vivax can impair 

overall CD4+ T cell responses to achieve effective immune evasion. It was 

demonstrated that P. vivax infections disrupted the proliferation of CD4+ T cells 

[146] and resulted in a significant reduction in the CD4+ T cell population [145]. 

More specifically, Ourives and colleagues have recently shown in Brazil that TH1, 
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TH2, TH17 and TREG responses were significantly reduced following P. vivax 

infections [157, 170, 171]. These findings can be potentially explained by the 

prior observation that P. vivax induced apoptosis in human CD4+ T cell 

population via the suppression of anti-apoptotic protein expression and the 

activation of death receptors [172]. Alternatively, the reduction of CD4+ T cell 

population could also be due to an increase in cell sequestration in lymph nodes 

[173]. 

 

Follicular T helper cells: TFH cells are specialised CD4+ T cells that play a 

distinct role in the generation of high-affinity antibodies. TFH cells co-localise 

with proliferated B cells in the light zone of the germinal centre (GC) following 

somatic hypermutation of immunoglobulin genes [174]. The primary function 

of TFH is to provide survival signals to B cells that are efficient in the capture, 

processing and presentation of cognate antigens [175]. Additionally, the 

interaction between CD40 (on B cells) and CD40 ligand (on TFH) also induces 

the secretion of IL-21 by TFH [176], resulting in B cell clonal expansion and 

differentiation into long-lived plasma cells and GC-dependent memory B cells 

[174]. In the absence of TFH, B cells can still undergo proliferation and 

differentiation by cognate antigen activation and receiving T cell help [174], but 

can only generate short-lived plasmablasts involved in rapid secretion of low-

affinity antibodies and GC-independent B cell memory [174]. These findings 
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also highlight the importance of TFH cells in the generation of B cell memory. 

There has been a lack of human studies assessing the role of TFH in the context 

of either P. falciparum or P. vivax infections, with those published having 

conflicting results [177]. Whilst more research is needed, the general consensus 

so far suggests that P. vivax infections are associated with specific TFH 

populations skewing immunity towards TH1 and therefore impaired antibody 

responses resulting in ineffective parasite clearance [177, 178]. 

 

Natural killer and gd T cells: NKT and gd T cells are known as unconventional 

T cells due to the unique phenotypic expression. For gd T cells, the TCRs are 

composed of g and d chains instead of the conventional a and b chains [179]. 

NKT cells are characterised by the expression of both classic ab TCRs and NK 

cell receptor CD161 which are specific for lipid-based antigens presented by 

APCs [180, 181]. NKT cells are most abundant in the liver whilst gd T cells are 

mostly found in the gut mucosa [182, 183]. These two types of cells can be 

stimulated by blood stage Plasmodium infection (via different mechanisms), 

resulting in parasite growth inhibition [184] and killing of iRBCs via either 

perforin/granzyme-mediated cytotoxicity or ADCC [185, 186]. These effector 

functions are mediated by the secretion of cytokines from NKT cells (IFN-g) [187] 

and gd T cells (IFN-g, IL-3, GM-CSF) [186, 188]. Despite clear effector functions 

against infections, whether or not NKT cells contribute to protection against 
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malaria remains unclear. One study reported a significantly higher number of 

NKT cells in Chinese individuals acutely infected with P. vivax compared to 

malaria-free individuals living in the same region, but significantly lower than 

individuals from non-malaria-endemic regions [171]. This suggested that NKT 

cell frequency was susceptible to immune status and transmission level. 

However, another study found no association between the NKT cell and the level 

of past exposure [157]. Given that NKT cells are most abundant in the liver, it 

would be of interest to investigate the possible role of NKT cells against liver 

stage P. vivax infection. For gd T cells, multiple studies have demonstrated that 

P. vivax infections increase the number of gd T cells [189], however it remains 

unclear whether or not gd T cells plays a protective role in P. vivax infection in 

humans [190].  

 

1.2.2.2 Humoral Immunity 

 

Humoral immunity, or B cell-mediated immunity, has been the focus of most 

research assessing protection against malaria. This notion stemmed from a study 

conducted by Cohen et al. in 1961 where the authors observed a significant 

reduction in parasitaemia and clinical symptoms in P. falciparum-infected 

children passively transferred with sera from exposed adults [191]. Figure 1.3 

shows the process via which humoral immunity is developed. B cells are the core 
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of humoral immune responses. Naïve B cells residing in secondary lymphoid 

organs [192] are activated upon contact with their cognate antigens via B cell 

receptors (BCRs) [193, 194]. Activated B cells subsequently migrate towards the 

T cell zone to receive help from cognate CD4+ T cells, resulting in proliferation 

and differentiation of the B cells [195, 196]. A fraction of the proliferated B cells 

differentiates into short-lived plasmablasts/plasma cells [197] and GC-

independent memory B cells [198]. Other proliferated B cells differentiate into 

GC B cells, aggregating into B cell follicles to form the GC [199]. Within the GC, 

proliferated B cells undergo somatic hypermutation in the dark zone of the B cell 

follicle and multiple rounds of selection by follicular DC and TFH cells in the light 

zone [200, 201]. Upon their encounter with B cells, follicular DCs provide 

survival signals to B cells with BCRs capable of capturing cognate antigens 

available [202], facilitating the retention of these B cells in the GC [203]. Once 

captured, the antigens are endocytosed, processed and subsequently presented 

by B cells through MHC class II to TFH cells [204, 205]. During this process, B 

cells again compete for the limited number of TFH cells based on their efficiency 

of antigen presentation [204]. Successful B cells will be induced to proliferate 

and differentiate, leading to the generation of long-lived plasma cells and GC-

dependent memory B cells (MBCs) [204]. This process, known as the GC 

reaction, is regulated by CD40/CD40 ligand interaction [206] and cytokine 

secretion [207]. 
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Figure 1.3 Development of humoral immunity. B cells play a pivotal role in the development of humoral responses. With T cell help and the correct 

molecular signals, B cells are activated to proliferate and differentiate into various B cell subsets that aim to produce antibodies. Abbreviations: BCR=B cell 

receptor; TCR=T cell receptor; MHC II=major histocompatibility molecule class II; GC=germinal centre; DC=dendritic cell; TFH=follicular T helper cell. 
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The production of antibody or immunoglobulin (Ig) occurs following the 

activation and differentiation of naïve B cells into plasma cells. There are 

different types of antibody that can be produced as part of the humoral immune 

responses that are functionally and structurally variable (Figure 1.4). Naïve B 

cells express two isotypes of surface antibody, IgM and IgD, which differ in their 

heavy chains [208, 209]. After B cells receive T cell help via the binding of co-

stimulatory molecules such as CD40 ligand/CD40, isotype switching is initiated 

and genes encoding for the antibody molecules are cleaved and recombined to 

produce other isotypes [206, 209]. These include IgG, IgA and IgE (Figure 1.4), 

which vary in their distribution, molecular structure and effector function, as 

reviewed by Irani et al [210]. Being the most abundant isotype in humans, IgG 

also has four subclasses: IgG1, IgG2, IgG3 and IgG4 [210]. These IgG subclasses 

exhibit specific molecular properties that can influence the development of 

humoral immunity in a particular manner. This topic is discussed further in the 

Section below.  

 

IgG subclasses: It has been well documented that P. vivax antigen-specific 

antibody responses are associated with protection against clinical symptoms and 

prediction of risk of infection [211-213]. Specifically, antibody isotypes IgG1 and 

IgG3 have been described as the major players in conferring protection and were 

observed in elevated levels following P. falciparum and P. vivax infections [214-
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220]. This is due to the fact that IgG1 and IgG3 are cytophilic antibodies (in 

contrast to non-cytophilic antibodies IgG2 and IgG4) that engage Fc receptors 

and are involved in facilitating opsonic phagocytosis and killing of blood stage 

merozoites by monocytes [221-225]. Additionally, IgG1 and IgG3 have been 

shown to promote complement fixation and therefore complement-mediated 

lysis and invasion inhibition [226]. The induction of complement was also found 

to be associated with protection against malaria [226, 227].  

 

Antigenic targets of immunity: As antibodies contribute to Plasmodium 

parasite clearance as outlined above, all the studies to-date correlate antibody 

reactivity or magnitude with the presence or absence of clinical symptoms in 

naturally infected populations to infer protective immunity. Two studies have 

reported that antibody responses against P. vivax Duffy binding proteins (DBPs) 

were associated with clinical protection [213, 228]. More specifically, He et al. 

have highlighted the significance of IgG1 and IgG3, instead of total IgG or other 

subclasses, in mediating protective immunity [213]. Similar to this finding, 

Matos et al. also demonstrated that IgG3 played a critical role in the recognition 

of thrombospondin-related adhesive protein (TRAP) [229]. Additionally, the 

titre of anti-TRAP IgG3 in P. vivax-infected Brazilians was significantly 

association with a reduction in symptoms [229]. Besides DBPs and TRAP, the 

level of antibodies specific for the erythrocyte binding protein (EBP) and RBPs 
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have also been found to be associated with protection in cohorts from Papua 

New Guinea (PNG), Thailand and Brazil [213, 230]. These results are in line 

with the observations that naturally acquired antibodies specific for RBP and 

DBP exhibited inhibitory properties against RBC invasion by P. vivax [231, 232]. 

The use of multiplex assays such as protein microarray and Luminexâ in the 

past few years has accelerated the process of measuring antibody responses 

against many proteins and therefore has greatly facilitated the identification of 

possible key targets of immunity. Novel P. vivax antigenic targets associated with 

protection have been discovered by the use of Luminexâ [220], suggesting that 

multiplex assays can be beneficial in expanding our current scope of research.  
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Figure 1.4 Types of antibody molecules. IgD and IgM are expressed on the surface naïve B cells whilst other isotypes are produced via ‘isotype switching’ 

following antigen-activated B cell’s contact with a CD4+ T helper cell. IgG is further divided into four subclasses, IgG1, 2, 3 and 4, which differ both structurally 

and functionally. 
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Antibody longevity: Plasma cells (CD19+ CD27hi CD38hi) are capable of rapidly 

producing large amounts of antigen-specific antibodies following contact with 

pathogens [233]. Based on their localisation and longevity, plasma cells can be 

further divided into short-lived plasma cells (present in extrafollicular sites of 

secondary lymphoid organs) and long-lived plasma cells (present in the bone 

marrow) [234]. For P. falciparum, the longevity of short- and long-lived plasma 

cell compartments in naturally exposed populations has been well documented 

since the 2000s [235-237]. Additionally, with the help of mathematical 

modelling, researchers were able to show that in response to P. falciparum 

infection the estimated half-lives for short- and long-lived plasma cells ranged 

from 2-10 days and 3-9 years, respectively [238]. The progress has been slightly 

slower for P. vivax. Longevity of naturally acquired antibody responses against 

specific P. vivax antigens has been reported since 2009 [211, 232, 239-242]. 

More detailed investigations are needed to determine the contribution of short- 

and long-lived plasma cells in modulating P. vivax-specific antibody response 

longevity. A better understanding of the key elements required to induce long-

lived antibody responses would be highly valuable for designing the next 

generation of malaria vaccines.  

 

MBCs are potent and fast antibody producers upon re-encounter with cognate 

antigens. Long-lived MBC responses against P. vivax have been observed in 
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different regions of Thailand [239, 243, 244]. On the contrary, evidence on the 

induction of long-lived MBC responses against P. falciparum antigens has been 

scarce. Dorfman et al. reported that no P. falciparum-specific MBCs were found 

in a Kenyan population [245]. Weiss et al. showed a gradual expansion of B cell 

populations following repeated P. falciparum infections in Mali, but could not 

confirm that this was due to the presence of long-lived MBCs [246]. 

Nevertheless, Wipasa et al. were able to demonstrate that Thai adults acquired 

long-lived P. falciparum-specific MBCs despite the low transmission in this region 

[239]. These findings indicate that Plasmodium-specific MBC responses could be 

reflective of Plasmodium species (i.e. longer lived responses following P. vivax 

infections) and the transmission level of a region, as discussed below. 

 

It has been suggested that high intensity infections, as seen in regions with high 

transmission, are likely to impair long-lived Plasmodium-specific antibody and 

MBC responses [243]. This can potentially explain the lack of evidence on long-

lived P. falciparum-specific MBC responses to-date. Such impairment to humoral 

immunity is often demonstrated by the expansion of atypical MBCs (commonly 

defined as CD19+ CD20+ CD21− CD27− in oppose to CD19+ CD20+ CD21+ 

CD27+ for conventional MBCs) following Plasmodium infections [177, 243, 247-

250]. It has been hypothesised that atypical MBCs can negatively influence 

antibody responses and hence could be an approach utilised by Plasmodium 
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parasites to evade immune surveillance [243]. Studies have shown that atypical 

MBCs exhibit differential surface marker expression and reduced responses 

against P. falciparum compared to conventional MBCs [248, 250]. This indicates 

that atypical MBCs are still capable of antibody production but to a lesser extent. 

It has also been observed in P. falciparum-infected individuals that these atypical 

MBCs express high levels of pro-apoptotic markers [250], which most likely 

explains their short-lived nature [251]. On the contrary, results have been 

shown where P. falciparum-specific atypical MBCs were described as active 

antibody-producers [252]. Nevertheless, more detailed investigations are 

needed to demonstrate the underlying mechanisms by which this atypical MBC 

population affects the efficiency or maintenance of Plasmodium-specific antibody 

responses.  

 

IgM memory: Whilst IgG-producing MBCs have been the primary focus of 

recent research, the presence of IgM-producing MBCs has also been reported 

following Plasmodium infections. Using a P. chabaudi-infected mouse model, it 

was revealed that IgM+ MBCs were somatically hypermutated, meaning that they 

generated high-affinity antibodies [253]. Furthermore, these IgM+ MBCs were 

shown to proliferate and differentiate into IgM+ plasma cells, which are critical 

contributors of an early response, upon rechallenge with Plasmodium infection 

[253]. In humans, naturally acquired merozoite-specific IgM antibodies can 
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persist for at least a year following a primary P. falciparum infection [212]. The 

source of the long-lived IgM antibodies identified is likely either IgM+ memory 

B cells or long-lived IgM+ plasma cells [212]. Importantly, the authors 

demonstrated that the boost of IgM responses at the early stage of infection 

elicited complement fixation and therefore the inhibition of invasion and were 

associated with clinical protection [212]. These results indicate that IgM 

antibodies could play an important yet so far largely unrecognised role in anti-

malarial immunity.  

 

Sero-surveillance: In addition to contributing towards protection against 

clinical malaria (either naturally or in the form of vaccine-induced responses), 

the strong association between antibody responses and the immune status of 

infected individuals has formed the basis for using serology to measure P. vivax 

transmission and monitor exposure on a population scale. Numerous studies 

have been published to demonstrate the use of serology in a variety of malaria-

endemic countries to infer the change in transmission pattern [107, 108, 254-

258] and level of past exposure [112, 259-262]. One of the benefits of measuring 

exposure using serology is that it can potentially overcome the current challenge 

of MSAT (as discussed in Section 1.1.5.4), where individuals with low-density 

infections fail to be detected in low transmission regions [54, 106, 128]. 

Additionally, serology has been used to estimate time since last P. vivax exposure 
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and therefore provide information on how likely an exposed individual is 

harbouring hypnozoites [112]. This shows that serology can be used to cross the 

hurdle of overtreatment in MDA [52, 53, 106] and undertreatment in MSAT 

[126, 263]. Collectively, these applications have indicated that serology can be a 

useful method in the toolkit for P. vivax surveillance and control and deserves 

more attention. However, our current progress of using serology for this purpose 

has been primarily reported in the context of research [106]. To ensure the 

implementation and to maximise the advantage of this approach, there is still a 

strong need for the identification of P. vivax antigens as reliable serological 

markers and standardisation of analytical and technical strategies [106]. 

Additionally, determination of antibody longevity in response to P. vivax will also 

provide important insights into the development of antibody responses and the 

long-term impacts on immune status following exposure or intervention, which 

remains largely understudied [264, 265].  

 

Overall, it can be concluded that immune responses elicited in response to 

Plasmodium infections facilitate parasite clearance by targeting primarily the 

blood stage of the infection. Additionally, it has been indicated that this 

immunity can be dampened by Plasmodium parasites as a strategy to escape 

immune recognition. Despite this, adaptive immunity, including immunological 

memory responses, has been the focus of research to promote clinical protection 
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(through vaccination). In addition, Plasmodium-specific antibody responses can 

be utilised as a promising tool to overcome current surveillance and diagnostic 

challenges. Further research is required to establish a standardised and valid 

application of this tool in order to achieve significant impact in malaria control 

and elimination.       

 

1.3 Factors affecting immunity in human 

 

As established in the previous Section, Plasmodium-specific naturally acquired 

immunity plays a pivotal role in protection against clinical symptoms. It has also 

been of major interest for potential application in the optimisation and 

development of current vaccines and surveillance tools. To be used for these 

applications, it is important to identify determinants of immune responses. 

Therefore, in this Section, I have reviewed multiple prior studies focussing on 

potential factors that can influence immunity in humans, including the longevity 

of responses. These factors can be roughly divided into three categories: intrinsic, 

environmental and antigenic factors.  
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1.3.1 Intrinsic host and demographic factors 

 

Determining the effect of intrinsic factors on immunity is challenging as they are 

closely inter-related to each other. Intrinsic factors include age, sex, ethnicity, 

physical conditions and genetics. For Plasmodium infections, age is strongly 

associated with the risk of morbidity [266]. This is due to the fact that age 

reflects the level of past exposure to malaria; older individuals have more past 

exposure and hence are more likely to gradually develop immunity against 

clinical malaria [267]. P. vivax-infected children have also been shown to be more 

susceptible to relapses [30]. This can be partially explained by the under-dosed 

anti-malarial treatment for children as medications are given based on age group 

in most malaria endemic settings [268], but could also be due to lower levels of 

immunity. These scenarios highlight the difficulty in determining whether 

differences in naturally acquired immunity are due to age or the level of past 

exposure. This has been partially resolved through studies of travellers to 

endemic areas. For instance, it has been reported that young travellers returning 

from malaria-endemic countries under the age of six had the highest risk of 

malaria infections compared to those who were older [269]. Additionally, adult 

transmigrants in Indonesia were shown to have higher risk of developing severe 

malaria than their children after acute P. falciparum infection [270]. However, the 

adults also acquired immunity faster (indicated by a more rapid reduction in 
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parasitaemia) than the children. These findings indicate the presence of an 

intrinsic age effect on immune acquisition that is independent of lifetime 

exposure.  

 

The impact of sex and ethnicity on immunity against Plasmodium infections is 

poorly understood due to the fact that they can vary greatly between different 

demographics. For many malaria-endemic countries in Southeast Asia, the link 

between sex and Plasmodium infection is strong. Being male has been described 

as a major risk factor for infection as the majority of workers involved in outdoor 

labour and travelling are male and thus have exposure to parasite-carrying 

mosquitoes [271]. Biologically, it was found that sex-associated hormones led 

to differential B cell subsets and serum Ig levels in healthy male and female 

individuals, which potentially affects the immune responses after an infection 

[272]. Despite this, this concept has not been validated in the context of 

Plasmodium infections. Ethnicity, on the other hand, is heavily confounded by 

geographical regions with varying levels of transmission, engagement in outdoor 

activities and socio-economic status [271]. However, Torcia et al. reported 

unique expression profile of immune-related genes between two ethnically 

distinct populations in West Africa which explains the differences in 

susceptibility for P. falciparum [273]. This shows that immune responses against 
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Plasmodium infections can vary between ethnic groups due to differences in host 

genetics.  

 

Several physical conditions have been shown to affect the capacity of an 

individual to react to an infection. Pregnancy (including gravidity) in women as 

a specific physical condition affects immunity against infections dramatically 

[274, 275]. More recently, it has also been reported that obesity and diabetes are 

significant risk factors for severe P. falciparum symptoms in adults [276]. 

Similarly, obese children after treatment exhibited a higher likelihood of new 

infections than children with normal body weight and below [277]. However, 

sub-optimal nutritional status was associated with more severe malaria-related 

symptoms in children [278] and infant mortality [279]. These observations 

demonstrate the complexity of malaria elimination, as it requires strong 

commitment to cultural and behavioural changes in local communities.  

The effect of genetics on immunity has been highly debatable. Several prior twin 

studies report significant contributions from heritable factors to the variability 

observed in vaccine responses [280], plasma cytokine levels [281] and the 

proportion of major immune cell populations [282]. Some studies have 

identified specific genetic loci that were associated with multiple aspects of 

immune responses [272, 283]. Additionally, genetic components were described 

to be the major hurdle to achieve effective vaccines against common infectious 
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diseases [284]. For example, results represented from multiple genome-wide 

association studies show that specific variations in genes encoding for the 

human leukocyte antigen, calcium pumps on RBCs, signal-regulatory proteins 

and tight junction proteins were associated with variable vaccine responses 

against Epstein-Barr virus, rubella, Hepatitis B, influenza [285], tetanus [286] 

and severe malaria [287].  

 

Some other studies, however, showed that the difference in early humoral 

responses, immune cell populations and serum protein levels were 

consequences of predominantly non-heritable, environmental factors [288, 289]. 

An example is the expression of Duffy antigen receptor for chemokine (DARC). 

It has been well established that DARC expressed on RBCs is utilised by P. vivax 

parasites for invasion via DBP [290]. Maestre et al. showed evidence that 

individuals who expressed higher level of DARC were more susceptible to P. 

vivax infections [291]. However, the cumulative level of exposure to the 

parasites was shown to shape the polymorphisms in DARC [292], further 

resulting in differences in the risk of contracting P. vivax malaria [293]. To date, 

no studies focussing on the comparison between heritable and non-heritable 

factors on protection against malaria have been published, making it difficult to 

draw appropriate conclusions.  
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1.3.2 Environmental factors 

 

In the context of malaria, the most identified environmental factors associated 

with exposure and hence anti-malarial immunity [294] are geographical location, 

climate and the use of mosquito-targeted interventions and treatments [295]. 

As the transmission capacity of Anopheles mosquitoes is dependent on their 

breeding conditions and habitats [296, 297], geographical locations and other 

relevant variations (including level of exposure, terrain and seasonal changes in 

temperature and rainfall, the use of anti-malarial chemicals and the presence of 

strains resistant to interventions and treatments) are all critical contributory 

factors in the development of immunity [75, 89, 298, 299].  

 

Secondly, the presence of other pathogens in the environment can have 

significant impact on the immune responses in humans. The cross-reactivity 

between Plasmodium and other infectious pathogens has been well documented. 

These include dengue virus, Leishmania infantum, Nippostrongylus brasiliensis, 

Litomosoides sigmodontis, human immunodeficiency virus and Schistosoma parasites 

[300-304]. In the above cases, the presence of cross-reactivity was defined as the 

Plasmodium-specific antibody responses elicited by other infectious organisms. 

Furthermore, antibody inter-species cross-reactivity was also shown in a number 

of studies and has been presented in two ways. The first is the cross-reactivity 
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in the same antigens or their homologues between different Plasmodium species. 

Specifically, evidence has shown that antibodies targeting MSP5 [305], apical 

asparagine-rich protein [306], AMA1 [307], sexual stage [308] and sporozoite 

proteins [309] were cross-reactive between a wide range of Plasmodium species, 

including P. vivax, P. falciparum, P. knowlesi, P. cynomolgi and P. berghei. On the 

other hand, cross-reactivity was also observed between different antigens 

derived from different Plasmodium species. For instance, anti-PvDBP antibodies 

were recently found to recognise the VAR2CSA protein derived from P. 

falciparum which is involved in regulating cytoadherence of RBCs to the placenta 

[310], although this finding has been controversial [311].  

 

Together these results show that multiple environmental factors contribute to 

the transmission level of malaria and the potential presence of cross-reactivity, 

and therefore partially control the immune responses in Plasmodium-infected 

individuals.  

 

1.3.3 Antigenic factors 

 

The notion that antigenic factors may contribute to host immune response 

modulation has only been extensively explored in recent years. Antigenic 
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variation, antigen-specific features and genetic diversity in antigens are the three 

key focuses of research in this field.  

Antigenic variation refers to the expression of variant proteins on the surface of 

iRBCs by Plasmodium parasites [312]. The best-known example of this is var and 

vir gene families of P. falciparum and P. vivax, respectively.  The vir gene family of 

P. vivax is the largest multigene family in the Plasmodium species, containing 600 

to 1000 copies of genes [313, 314]. Similar to their P. falciparum counterpart, vir 

genes undergo frequent recombination and subsequent transcription [315], 

contributing to antigenic variation and cytoadherence of iRBCs on host 

endothelial cells [316, 317]. These features ultimately promote immune evasion 

and parasite survival [316]. More importantly, Requena et al. have shown that 

proteins encoded by vir genes are targeted by naturally acquired antibody and T 

cell responses [318]. Given that the vir gene family directly contributes to the 

generation of multiple variants to evade immunity, it has been proposed that the 

level of past exposure could be critical for the development of immunological 

responses [289]. This is because an individual could have a greater chance of 

developing immunity against multiple variants if they have more past exposure.  

 

Some antigenic features have been reported to link to immune responses against 

pathogens, but research in this field has been scarce. The current studies 

primarily focus on two main areas: the presence of extracellular elements in an 
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antigen and the production of secreted proteins by a pathogen. In the study 

published by Liu et al., P. falciparum-derived antigens with extracellular 

components were more likely to induce stronger total IgG reactivity compared 

to intracellular antigens [319]. Similarly, Guy et al. observed in P. falciparum that 

antigens with amino acid residues exposed on the surface were major targets of 

host humoral immunity [320]. However, whether or not the same observation 

can be made in P. vivax remains undetermined. Additionally, there is still a lack 

of evidence to inform whether or not extracellular antigens are the targets of 

cellular immunological responses. Similar to the extracellular elements, the 

production of secretory proteins has been shown to influence host immunity. 

Lucas et al. and Hewits et al. have reviewed multiple secretory proteins produced 

by viruses and helminths, respectively, that are involved in activating or 

dampening immune responses [321, 322]. This suggests that secretory proteins, 

like extracellular elements, can potentially be good immunological targets due 

to their accessibility to the immune system. From this brief review, it is evident 

that there is a severe lack of research that aims to identify specific antigenic 

features associated with Plasmodium parasites that will be likely to be recognised 

by human immune responses. This topic is further explored in Chapter 3 of this 

thesis.  
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Lastly, genetic diversity in an antigen has been the most well reported factor 

associated with modulation of host immunity. It is defined by the presence of 

allelic polymorphisms within any Plasmodium gene and can vary greatly between 

geographical regions [316, 323]. Such polymorphisms are known to be 

introduced by mutations and genetic recombination [316] and have been 

described as the major hurdle against developing effective vaccines against 

malaria [324, 325]. For Plasmodium antigens, it has been reported that they are 

often found in the form of single nucleotide polymorphisms (SNP) within coding 

sequences of T or B cell epitopes [316]. It has been proposed that such 

polymorphisms may allow Plasmodium parasites to escape immune surveillance 

[316]. In line with this concept, it has been demonstrated that the presence of 

highly polymorphic tandem repeats can mask immune responses against 

functionally critical epitopes [326, 327]. However, more recent studies have 

shown evidence that proves otherwise. Multiple studies have demonstrated that 

Plasmodium antigens with higher levels of polymorphisms are stronger targets for 

human host immunity and are able to induce stronger total IgG responses [319, 

320]. Specifically, the number of non-synonymous SNPs was observed to be 

positively correlated with antigen-specific total IgG reactivity [319].  

 

It was proposed that the high level of genetic variability in antigens could be the 

product of unique selection pressures exerted by the host immunity during the 
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process of evolution [328]. However, this concept has not been further verified 

in Plasmodium antigens. According to prior studies, P. vivax has a greater level of 

genetic diversity compared to P. falciparum [329-331]. These findings suggest 

higher level of inter-breeding between P. vivax strains carrying different allelic 

polymorphisms [331], resulting in higher intra-population variation than P. 

falciparum. Additionally, the fact that P. vivax has been described as a species 

older than P. falciparum [332] means P. vivax has more genetically differentiated 

populations and higher inter-population variation. Together, these results 

indicate that P. vivax is more likely to rapidly adapt to newly introduced 

environmental changes [331].  

 

Nevertheless, very little is known about the potential association between 

genetic polymorphisms and immune responses against P. vivax. To date, as the 

need of an efficacious malaria vaccine has become clear, identification of 

immunological relevant polymorphisms in antigenic candidates will be critical 

for the selection of potential new targets and understanding the performance of 

multivalent or chimeric vaccines [333].  
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1.4 Thesis aims 

 

From the review above, it shows the urgent need to eliminate P. vivax in the era 

of declining transmission. It is equally crucial to develop innovative control 

measures to overcome major challenges unique to this parasite, particularly the 

detection and treatment of asymptomatic populations and individuals 

harbouring hypnozoites. Serological measurement has been considered as an 

approach to monitor individual immune status, past and recent exposure to 

Plasmodium parasites and local transmission level. However, the lack of 

longitudinal studies with intensive follow-up makes it difficult to harness the 

antibody responses for clinical applications. Additionally, majority of the current 

studies have only focussed on a limited number of traditional antigens, posing 

significant challenge to explore new targets.  

 

To address these key knowledge gaps, the present study endeavours to 

characterise naturally acquired antibody responses, and their longevity, against 

a large panel of P. vivax antigens in both symptomatic and asymptomatic 

longitudinal cohorts in western Thailand with low malaria transmission. 

Furthermore, I aim to explore the association between antigenic diversity and P. 

vivax-specific antibody responses. Together these aims will provide deeper 

understandings of the development and maintenance of antibody responses, 
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which will ultimately guide control and intervention strategies that are based on 

harnessing the immune system.  

 

Aim 1: To optimise a multiplexed bead-based assay for antibody measurements 

against 52 P. vivax antigens (Chapter 3) 

 

Aim 2: To define antigen-specific total IgG, IgG subclasses and IgM kinetics 

following a P. vivax infection and to identify relevant antigenic features (Chapter 

4) 

 

Aim 3: To determine the impact of sequence genetic diversity on P. vivax-specific 

antibody kinetics (Chapter 6) 

 

Aim 4: To establish an antigen-specific memory B cell ELISpot (Chapter 5) 
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Chapter 2. Materials & Methods 
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2.1 Study populations 

 

In this thesis, blood samples have been used from multiple different sources. 

Plasma samples were used from three cohort studies conducted in malaria-

endemic areas (Thai symptomatic, Brazilian symptomatic, Thai asymptomatic), 

as detailed below. Peripheral blood mononuclear cells (PBMCs) were also 

sourced from a sub-set of volunteers in the Thai symptomatic study. In addition, 

plasma samples were also used from three panels of malaria-naïve negative 

controls. Two of these panels were sourced locally from Melbourne, Australia 

(from the Red Cross and the Volunteer Blood Donor Registry (VBDR)) and one 

from Bangkok, a non-malaria endemic area of Thailand. PBMCs were also 

obtained from a sub-set of the VBDR donors. Plasma samples from all sources 

and PBMCs from the Thai symptomatic cohort were already collected prior to 

the start of this thesis by colleagues and collaborators. PBMCs from the VBDR 

were collected as part of this thesis. 

 

The Thai symptomatic longitudinal study in Tha Song Yang, Tak Province, was 

approved by The Ethics Committee of the Faculty of Tropical Medicine, Mahidol 

University, Thailand (MUTM 2014-025-01 and -02). For the Thai asymptomatic 

cohort study in the Kanchanaburi and Ratchaburi provinces, collection of 

samples was approved by The Ethics Committee of the Faculty of Tropical 
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Medicine, Mahidol University, Thailand (MUTM 2013-027-01). The Human 

Research Ethics Committee (HREC) at the Walter and Eliza Hall Institute of 

Medical Research (WEHI) approved the use of these samples in Melbourne 

(#14/02). The collection and/or use of the three malaria-free control panels in 

Melbourne were approved by the HREC at WEHI (#14/02).  

 

2.1.1 Thai symptomatic cohort 

 

34 Thai patients with confirmed P. vivax infection (see Table 2.1) were enrolled 

in a nine-month longitudinal study in Tha Song Yang, Tak Province, Thailand, 

as previously described [112]. These individuals were a sub-set from a larger 

study [334], and selected due to the absence of recurrent Plasmodium infections 

during follow-up. Chloroquine and primaquine were administered according to 

Thai national guidelines upon confirmation of infection. Blood samples were 

collected via finger prick at 17 time points during follow-up: time of infection 

(week 0), week 1, week 2, then every fortnight for 6 months, then every month 

until nine months. Samples were processed into red blood cell pellets and plasma 

at the field-site. Whether or not the study participants had an infection was 

determined by regular assessment via light microscopy and Plasmodium species-

specific qPCR (QMAL) whenever blood samples were taken [335]. An estimate 
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of past malaria history was obtained by self-reported questionnaire. PBMCs were 

collected at weeks 1, 12, 24 and 36 only.  

 

2.1.2 Brazilian symptomatic cohort 

 

Blood samples from 33 volunteers were used from a longitudinal study 

conducted in Manaus, Brazil (see Table 2.1), with the same study design as the 

Thai symptomatic cohort, as previously described [108]. The individuals had a 

symptomatic P. vivax infection at enrolment and were followed up for nine 

months at 17 time points and had no recurrent infections during the study, with 

infection status determined by PCR as per the Thai study. No PBMCs were 

available for this cohort. These volunteers were also a sub-set of a larger 

longitudinal study as described previously [108]. 

 

2.1.3 Thai asymptomatic cohort 

 

30 individuals with asymptomatic P. vivax infections were selected from a larger 

longitudinal observational cohort study conducted in the Kanchanaburi and 

Ratchaburi Provinces of western Thailand between 2013 and 2014 [265]. Blood 

samples were collected via finger prick at enrolment and approximately every 

month for 14 months (a total of 14 visits). The 30 participants (see Table 2.1) 
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were detected as P. vivax-positive by PCR at early time-points (between 

enrolment and 6 months) of this yearlong study, and each volunteer had at least 

six samples available post-infection. The infections were classified as 

asymptomatic as the individuals had no self-reported fever or other malaria 

symptoms at the time of infection. 
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Table 2.1 Demographic characteristics of the three study populations 

Cohort Thai symptomatics 

(n=34) 

Brazilian symptomatics 

(n=33) 

Thai asymptomatics 

(n=30) 

Symptoms Symptomatic Symptomatic Asymptomatic 

Age (years)a 29 (7-71) 37 (16-56) 26.5 (4-72)b 

Proportion male 58.8% 78.8% 63.3% b 

Study duration 9 months 9 months 14 months 

Time points with antibody measurements 17 17 10 - 14 

P. vivax infectionc Enrolment (w0) Enrolment (w0) Enrolment – 6 months 

Recurrent infection  No No No 

Parasite density at enrolment  
(copies/µL) a, c 

2.5´105  

(2.85´104 – 6.84´106) 

3.74´102  

(1.01´101 – 3.04´105) 

1.03´102 

(2.44´10-1 –9.58´105) 

a Data are shown as median and range 

b No age or gender data available for four asymptomatic individuals (N219006, N254001, N398003 and N402007) 

c Indicated by positive P. vivax-specific qPCR or PCR results. 
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2.1.4 Negative control panels 

 

Plasma samples of 274 malaria-naïve volunteers from the Australian Red Cross 

(ARC, n=100) in Melbourne, Australia, the Thai Red Cross (TRC, n=72) in 

Bangkok, Thailand and VBDR (n=102) in Melbourne, Australia, were collected. 

PBMCs were also collected from a sub-set of the VBDR donors (n = 23). These 

malaria-naïve individuals have very little chance of having had a past malaria 

infection as there is no malaria transmission in Australia or Bangkok, Thailand. 

Specifically, blood donors from Melbourne with travel history to malaria-

endemic countries and any autoimmune-related conditions were excluded from 

the panel based on self-reported questionnaires. To be eligible as a blood donor 

in Australia, the individual is required to be aged between 18 – 75 years and with 

no recent tattoos, operations, pregnancy, specific health conditions and use of 

medication. Any overseas travel history in the past four months and with a risk 

of contracting infectious diseases is also investigated prior to donation [336, 

337]. Blood donation guidelines in Thailand are similar to Australia, with the 

exception where individuals aged between 17 – 70 years can donate. In addition, 

people with no recent piercings or vaccinations are also allowed to donate blood 

to the TRC [338].  

 



 

 85 

2.2 PBMC isolation 

 

Blood samples donated to the VBDR at WEHI were regularly collected and 

processed into plasma and PBMC samples, which were stored until used as 

controls in various assays. For collection of PBMCs, approximately 9mL of whole 

venous blood was centrifuged at 300´g for 10 minutes after which the top layer 

consisting of plasma was transferred to microcentrifuge tubes for storage at -

80°C. The remaining blood was diluted in 1:1 ratio with D-PBS. The diluted 

blood was then carefully layered on top of 10mL of lymphoprep. Subsequently 

the tube was centrifuged for 30 minutes at 800´g during which mononuclear 

cells were separated from granulocytes and erythrocytes due to the lower density. 

The PBMCs formed a white band of precipitate between the sample and medium, 

and were collected and further diluted with D-PBS. The mixture was then 

centrifuged at 300´g for 10 minutes and the supernatant removed to complete 

the 1st washing step. PBMCs were washed twice before incubation with 2mL of 

RBC lysis buffer for two minutes. After incubation, the mixture was diluted with 

PBS before centrifugation, which was followed by another wash. The PBMC 

pellet was then resuspended in 1mL PBS and cell counting performed via 

haemocytometer. PBMCs were again pelleted and resuspended in half a cryovial 

of 100% cosmic calf serum (CCS). An equal volume of 20% dimethyl sulfoxide 

in CCS was then added to the mixture dropwise. The cells were then transferred 
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to cryovials, 1mL per vial, which were immediately placed in a pre-cooled 

freezing module and kept at -80°C overnight. Afterwards the cells were 

transferred to liquid nitrogen for long-term storage. 

 

2.3 P. vivax antigen selection and expression 

 

2.3.1 Antigen panel  

 

A total of 53 P. vivax antigens were used to capture P. vivax-specific antibody 

responses. These antigens were selected as they are either serological marker or 

vaccine candidates. Among them, 40 antigens were produced by CellFree 

Sciences Co., Ltd. (CFS) in Tokyo, Japan, and 13 additional P. vivax antigens 

were given as a gift from A/Prof Wai-Hong Tham, Prof Alan Cowman at WEHI, 

Melbourne, Australia, and Prof Chetan Chitnis at Institut Pasteur, Paris, France. 

The 40 CFS antigens were down-selected from a preliminary ‘antigen discovery’ 

study in which antigen-specific antibody responses were measured using a bead-

based high-throughput assay known as AlphaScreen®. These antigens were 

selected based on their ability to accurately classify recent exposure. The Section 

below briefly outlines the down-selection process. The remaining 13 antigens 

are vaccine candidates described in the literature, for either P. vivax or P. 
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falciparum (with the P. vivax orthologs used in this thesis). The full list of the 53 

P. vivax antigens is shown in Table 2.2.  
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Table 2.2 Information on the 52 P. vivax antigens selected for this study. 

Antigen IDa Gene Annotation Stage of 

Expression 

Protein 

Length 

(aa) 

Construct, aa 

(size) 

Expression 

System 

Purification 

Method 

Amount 

(µg)d 

PVX_099980 merozoite surface protein 1 (MSP1) MSP119 Blood 1751 1622-1729 (108) WGCF AC 0.76 

PVX_096995 tryptophan-rich antigen (Pv-fam-a) Blood 480 61-end (420) WGCF AC 0.85 

PVX_088860 sporozoite invasion-associated protein 2 (SIAP2) Blood, Liver 412 33-end (380) WGCF AC 0.95 

PVX_101530 Plasmodium exported protein, unknown function Blood 367 38-end (330) WGCF AC 0.025 

PVX_112680 tryptophan/threonine-rich antigen Blood 313 33-end (281) WGCF AC 1.2 

PVX_097715 hypothetical protein Blood 450 20-end (431) WGCF AC 0.35 

PVX_094830 hypothetical protein, conserved Blood 250 19-end (232) WGCF AC 0.69 

PVX_112675 tryptophan-rich antigen (Pv-fam-a) Blood 312 33-end (280) WGCF AC 0.47 

PVX_112670 tryptophan-rich antigen (Pv-fam-a) Blood 335 34-end (302) WGCF AC 1.13 

PVX_090970 hypothetical protein, conserved Unknown 266 20-254 (235) WGCF AC 2 

PVX_084720 translocon component PTEX150 (PTEX150) Blood 908 24-908 (885) WGCF AC 0.12 

PVX_003770 merozoite surface protein 5 Blood 387 23-365 (343) WGCF AC 0.025 

PVX_092990 tryptophan-rich antigen (Pv-fam-a) Blood 1414 1126-1414 (289) WGCF AC 2.6 

PVX_091710 hypothetical protein, conserved Blood 1689 26-884 (859) WGCF AC 0.22 

PVX_087885 rhoptry associated membrane antigen, putative Blood 730 462-730 (269) WGCF AC 0.15 

PVX_003555 Plasmodium exported protein, unknown function Blood 1122 434-1075 (642) WGCF AC 0.025 

PVX_117385 phosphatidylinositol-4-phosphate-5-kinase Blood 326 1-326 (326) WGCF AC 1 
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Antigen IDa Gene Annotation Stage of 

Expression 

Protein 

Length 

(aa) 

Construct, aa 

(size) 

Expression 

System 

Purification 

Method 

Amount 

(µg)d 

PVX_090265 tryptophan-rich antigen (Pv-fam-a) Blood 326 1-326 (326) WGCF AC 0.5 

PVX_082700 merozoite surface protein 7 Blood 420 23-end (397) WGCF AC 0.5 

PVX_082650 merozoite surface protein 7 Blood 453 24-end (429) WGCF AC 0.35 

PVX_094255Ac reticulocyte binding protein 2b (RBP2b) Blood 2806 1986-2653 (667) WGCF AC 0.7 

PVX_097680 merozoite surface protein 3b Blood 1016 21-end (996) WGCF AC 0.15 

PVX_001000 hypothetical protein Unknown 668 20-end (650) WGCF AC 0.5 

PVX_097625 merozoite surface protein 8 Blood 487 24-463 (440) WGCF AC 0.175 

PVX_082670 merozoite surface protein 7 Blood 411 24-end (388) WGCF AC 0.5 

PVX_099930 high molecular weight rhoptry protein-2 Blood 1369 23-387 (365) WGCF AC 0.5 

PVX_084340 IMP-specific 5'-nucleotidase Unknown 444 1-444 (444) WGCF AC 0.65 

PVX_098915 subpellicular microtubule protein 1 (SPM1) Unknown 521 1-521 (521) WGCF AC 1 

PVX_088820 tryptophan-rich antigen (Pv-fam-a) Blood 316 58-end (259) WGCF AC 8 

PVX_082735 PvTRAP/SSP2 Liver 556 26-493 (468) WGCF AC 0.5 

PVX_082645 merozoite surface protein 7 Blood 377 23-end (355) WGCF AC 0.46 

PVX_117880 rhoptry neck protein 2, putative (RON2) Blood, Liver 2203 21-198 (178) WGCF AC 0.75 

PVX_121897 tryptophan-rich antigen (Pv-fam-a) Unknown 275 24-end (252) WGCF AC 4 

PVX_125728 tryptophan-rich antigen (Pv-fam-a) Unknown 279 30-end (250) WGCF AC 16 

PVX_090330 reticulocyte binding protein 2 precursor (PvRBP-2) Blood 623 31-141 (111) WGCF AC 0.4 

PVX_123685 histone-lysine N-methyltransferase Blood 1963 1320-end (644) WGCF AC 0.65 

PVX_125738 reticulocyte binding protein 1 precursor Blood 786 1-786 (786) WGCF AC 0.5 
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Antigen IDa Gene Annotation Stage of 

Expression 

Protein 

Length 

(aa) 

Construct, aa 

(size) 

Expression 

System 

Purification 

Method 

Amount 

(µg)d 

PVX_097720 merozoite surface protein 3a Blood 852 25-end (828) WGCF AC 0.125 

PVX_000930 sexual stage antigen s16 Blood, Sexual 140 31-end (110) WGCF AC 0.25 

PVX_098585 reticulocyte binding protein 1a (RBP1a) Blood 2833 160-1170 (1011) E. coli AC ´2, SEC 0.6 

PVX_098582 reticulocyte binding protein 1b (RBP1b) Blood 2608 140-1275 (1136) E. coli AC ´2, SEC 0.8 

PVX_121920 reticulocyte binding protein 2a (RBP2a) Blood 2487 160-1135 (976) E. coli AC ´2, SEC 0.9 

PVX_094255Bc reticulocyte binding protein 2b (RBP2b) Blood 2806 161-1454 (1294) E. coli AC ´2, SEC 0.1 

PVX_090325 reticulocyte binding protein 2c 

(RBP2c non-binding region) 

Blood 2824 501-1300 (800) E. coli AC ´2, SEC 0.3 

PVX_101590 reticulocyte-binding protein 2 (RBP2), like (RBP2-P2) Blood 641 161-641 (481) E. coli AC ´2, SEC 1 

PVX_110810Ac Duffy binding protein (DBP, region 3-5, Sal1 strain) Blood 1070 193-521 (329) E. coli AC 0.2 

PVX_090240 cysteine-rich protective antigen, putative (CyRPA) Blood 366 27-366 (340) Baculovirus AC, SEC 0.5 

PVX_088910 GPI-anchored micronemal antigen, putative (GAMA) Blood 771 22-551 (530) E. coli AC ´2 0.6 

PVX_095055 Rh5 interacting protein, putative (Ripr) Blood 1075 552-1075 (524) E. coli AC ´2, SEC 0.5 

PVX_110810Bc Duffy binding protein (DBP, region 2, Sal-1 strain) Blood 1070 193-521 (329) E. coli AC, IEC, SEC 0.36 

AAY34130.1b Duffy binding protein (DBP, region 2, AH strain) Blood 237 1-237 (237) E. coli AC, IEC, SEC 0.45 

KMZ83376.1b PvEBPII Blood 786 109-432 (324) E. coli AC, IEC, SEC 0.1 

a PlasmoDB codes (http://plasmodb.org/plasmo/), b GenBank codes, c A and B represent two distinct antigen fragments derived from one full-length antigen 
sequence and hence are expressed by identical PlasmoDB code, d Amount refers to the amount of antigen coupled to non-magnetic microspheres 

Abbreviations: WGCF = wheat germ cell-free; AC = affinity chromatography; SEC = Size exclusion chromatography; IEC = ion exchange chromatography
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2.3.2 Antigen down-selection following antigen discovery study using 

AlphaScreen®  

 

The preliminary antigen discovery study has been previously described [112] and 

was used to down-select P. vivax antigens for this antibody kinetics project. In brief, 

antibody responses over time in Thai and Brazilian symptomatic cohorts were 

measured against a large panel of 307 P. vivax antigens on the automated 

AlphaScreen® platform. This panel consisted of traditional vaccine candidates, P. 

falciparum orthologues and novel targets containing transmembrane domains 

and/or signal peptides. These constructs were expressed as crude proteins using 

the wheat-germ cell-free (WGCF) system [108, 339]. Crude proteins are defined as 

proteins that did not undergo affinity purification process. Antibody responses were 

measured at four time points: w0 (enrolment), w12, w24 and w36 and the antigen-

specific half-lives for both cohorts were estimated using mixed-effect linear 

regression models. Down-selection was performed based on seropositivity and the 

similarity of estimated half-lives between the cohorts, as well as the level of accuracy 

in predicting the time since last infection (w0). 60 candidates were selected, with 

40 successfully expressed as purified antigens using the WGCF. 
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2.3.3 Serological marker targets – protein expression and purification  

 

The 40 serological marker targets produced by CFS were expressed using a WGCF 

system as previously described [112]. Following expression, a one-time purification 

step was performed using a His-tag, after which an estimation of protein yield and 

solubility was made. One protein, PVX_002550 (annotated as liver-stage antigen 

3), was unable to be expressed at a high yield and hence was excluded from further 

experiments and analyses. All antigens were prepared in 10% v/v glycerol (20mM 

Na-phosphate at pH 7.5, 0.3M NaCl and 500mM imidazole) and delivered in four 

separate batches (approximately 13 antigens per batch) to WEHI, and hence were 

optimised in batches at WEHI. Most constructs included the full-length of the 

protein, as detailed in Table 2.2. 

 

2.3.4 Traditional vaccine targets – protein expression and purification 

 

In addition to the candidate serological marker antigens, a total of 13 P. vivax 

antigens (potential vaccine candidates) were kindly provided for this study as 

previously mentioned. These included six RBPs (RBP1a, RBP1b, RBP2a, RBP2b, 

RBP2c-NB and RBP2-P2), three DBPs (DBP region 3-5, DBP region II AH strain, 

DBP region II Sal-I strain), glycosylphosphatidylinositosl-anchored micronemal 
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antigen (GAMA), Rh5-interacting protein (Ripr), cysteine-rich protective antigen 

(CyRPA) and EBP. Antigens were expressed with Baculovirus or Escherichia coli (E. 

coli) expression systems, followed by purification with hexa-histidine tags (see 

Table 2.2 for detail). RBP2c fragment was expressed without the erythrocyte–

binding domain and hence was referred to as RBP2c-NB (NB for non-binding 

domain). 50-100μg of all antigens, except for Ripr and DBP R3-5, was supplied in 

10% glycerol and kept at -80°C. Ripr was supplied in PBS and DBP R3-5 in 2mM 

Tris-NaCl, pH8. 

 

2.4 Antigen conjugation to microspheres 

 

In this thesis, antibody responses were detected using a multiplexed bead-based 

assay, which first required conjugation of antigen to microspheres.  

 

2.4.1 Optimisation 

 

Due to the varying stability, concentration and immunoreactivity of different P. 

vivax proteins, optimisations were performed in which the amount of protein 

coupled to the microspheres was adjusted individually. For optimisation, the 

amount of microspheres and all reagents were reduced to a trial volume compared 
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to the bulk volume used for the final preparation. All other steps were the same as 

for bulk conjugations, as detailed below. The microspheres were kept in the dark at 

all times to avoid bleaching.  

 

2.4.2 Conjugation  

 

The protocol for protein coupling to microspheres has been described previously 

[219]. In brief, for day 1 of the protocol, the COOH microspheres (Bio-Rad 

Laboratories, Inc.) were first sonicated and vortexed before being transferred into 

microcentrifuge tubes. The microspheres were then centrifuged at 14000´g for 2 

minutes to allow supernatant removal. The pellets were well resuspended in Milli-

Q H2O and were again centrifuged for a minute to wash off buffer. Subsequently, 

to activate the microspheres, 100mM monobasic sodium phosphate was added to 

resuspend the pellet, followed by thorough vortexing. 50mg/mL N-

hydroxysulfosuccinimide (sulfo-NHS) and 50mg/mL N-Ethyl-N′-(3-

dimethylaminopropyl)carbodiimide hydrochloride (EDC) were added separately 

into the mixture, each followed by gentle vortex. The microspheres were then 

incubated on rotator at room temperature for 20 minutes in the dark. After 

incubation, the microspheres were pelleted by centrifuged, followed by two washes 

with 1´PBS and resuspension with 1´PBS. For optimisation, 0.5μg of each protein 
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as a starting amount was added to the mixture in PBS (total volume 250μL), after 

which the mixture was incubated either at 4°C overnight or at room temperature 

for 2 hours.  

 

On day 2 (or after 2-hour incubation), the microspheres coupled with target 

proteins were washed three times with PBS-TBN (phosphate-buffered saline (PBS), 

0.1% bovine serum antigen (BSA), 0.02% Tween-20, 0.05% azide, pH 7.4, store at 

4°C). After the final removal of supernatant, microspheres were resuspended in 

PBS-TBN (112.5μL for trial and 500μL for bulk), vortexed well and kept at 4°C until 

use. Protein-coupled microspheres were finally tested for their ability to detect a 

positive control pool of plasma, as detailed in Section 4.1 below. The amount of 

antigen coupled to the microspheres was finely adjusted based on whether or not a 

log-linear standard curve was achieved. The final optimised amount of each P. vivax 

antigens used for the subsequent experiments is recorded in Table 2.2.  

 

2.5 Antibody measurement on the Luminex® platform 

 

The Luminex® was used to measure antibody levels in a multiplex format by 

incubating plasma samples with various P. vivax antigens (previously conjugated to 

microspheres, see 2.4.2). A schematic representation of this assay is shown in 
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Figure 2.1. Prior to commencing experiments with plasma samples, the standard 

curve of each type of antigen-coupled microspheres was checked using pooled 

plasma from hyper-immune PNG individuals as a positive control to ensure log-

linearity.
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Figure 2.1 Schematic illustration of the Luminex® technology. Polystyrene microspheres that are 

differentially coloured with two fluorescent dyes are conjugated with different proteins. Conjugated 

microspheres are passed through the channel and excited by the reporter (525nm) and classification 

(635nm) lasers which quantifies the signals of fluorochrome attached on the detection secondary 

antibodies and allocates the signals to specific colours of microspheres, respectively.  

 

 

 

 

 



 

 98 

2.5.1 Total IgG 

 

IgG antibody measurements were performed at all 17 time points. Total IgG was 

measured as previously described [340]. Briefly, a plate-specific standard curve was 

prepared by 2-fold serial dilution with PNG pooled plasma from 1:50 to 1:25,600 on 

a 96-well plate. For test plasma samples, 1μL was individually transferred to one well 

and diluted 1:100 with PBT (1´PBS, 1% BSA, 0.05% Tween-20). An equal volume of 

microsphere mixture consisting of 0.1μL of each type of bead for each well was added 

to the diluted plasma and was incubated for 30 minutes at room temperature in the 

dark on a shaker. Following incubation, supernatant was removed and microspheres 

were washed with PBT three times. Microspheres were subsequently resuspended in 

phycoerythrin (PE)-conjugated donkey F(ab’)2 anti-human IgG secondary antibody 

(1mg/mL, Jackson Immunoresearch) solution at a 1:100 ratio, followed by incubation 

for 15 minutes. Afterwards, microspheres were again washed three times and 

resuspended in PBT for sample acquisition on a BioPlex-200â or Luminex-200â 

instrument. The same sample preparation procedure as above was followed for each 

plate of samples, which were run in duplicate. Samples collected at the same 

timepoint were run on the same plate.  
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2.5.2 IgM  

 

IgM antibody measurements were performed at all 17 time points and positivity was 

determined at the peak of response (1-week post-infection). The same multiplexed 

assay was used as described above for total IgG, with the following modifications: 

samples were diluted at 1:200 and donkey F(ab’)2 anti-human IgM Fc5µ at 1:400 

dilution (1 mg/ml, Jackson ImmunoResearch Laboratories, Inc.) was used as the 

secondary antibody for detection. Samples were run in singlet. This assay was 

optimised as part of this thesis. 

 

2.5.3 IgG subclasses 

 

To investigate the IgG subclass profile, measurements were performed at 7 time 

points: w0, w2, w4, and then every 8 weeks until 9 months. Week 2, rather than peak 

responses at week 1, was selected due to plasma availability. Again, the multiplexed 

assay was used, with the following modifications. To maximise signals and minimise 

non-specific background, samples were diluted at 1:50 and antigen-coupled 

microspheres were incubated with secondary antibody diluted at 1:100: mouse anti-

human IgG1 hinge (0.1 mg/mL, clone 4E3, SouthernBiotech); IgG2 Fc (0.1 mg/mL, 

clone HP6002, SouthernBiotech); IgG3 hinge (0.1 mg/mL clone HP6050, 
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SouthernBiotech); IgG4 Fc (0.1 mg/mL, clone HP6025, SouthernBiotech) [219]. 

Samples were run in singlet.  

 

2.5.4 Unit conversion 

 

The results of antibody measurements on the Luminex-200Ò platform were 

expressed in median fluorescence intensity (MFI). For each independent experiment, 

results in MFI were converted into relative antibody units (RAU) for standardisation 

against the positive control. Conversion was performed based on 5-parameter logistic 

regression model established by Dr Connie SN Li Wai Suen run in the program R 

[219].  

 

2.6 Antibody kinetics model 

 

The mathematical modelling that described the decay of antibody responses following 

infections was developed by Dr Michael White at the Institut Pasteur. The process of 

model development is outlined below.  

 

Following infection, we assume that the proliferation and differentiation of B cells 

leads to a boost in antibody secreting cells (ASC) of size β, commencing at a time δ 

before the first sample. A proportion ρ of these ASCs are assumed to be short-lived 
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with half-life ds, with a proportion 1 – ρ being long-lived with half-life dl. It is assumed 

that all ASCs secrete IgG molecules which decay with a half-life da. The antibody level 

of an individual at time t after first sample is given by: 

 

!"!($) = 	!""(#$!% + β! +,!
(#$"(%#') − (#$#(%#')

.) − .*
+ /1 − ,!1

(#$!(%#') − (#$#(%#')

.) − .+
2 

 

where ra = log(2)/da is the rate of decay of IgG molecules, rs = log(2)/ds is the rate of 

decay of short-lived plasma B cells, and rl = log(2)/dl is the rate of decay of long-lived 

plasma B cells. It is assumed that the measured antibody level before vaccination was 

Ab0 which decays exponentially at rate rl.  

 

2.6.1 Fitting the model to data 

 

The model was fitted to longitudinal antibody level measurements from all 

participants. Mixed effects methods were used to capture the natural variation in 

antibody kinetics between individual participants, whilst estimating the average value 

and variance of the immune parameters across the entire population of individuals. 

The models were fitted in a Bayesian framework using Markov Chain Monte Carlo 

(MCMC) methods. Mixed effects methods allow individual-level parameters to be 

estimated for each participant separately, with these individual-level (or mixed effects) 

parameters being drawn from global distributions. For example, for each participant 
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n the half-life of the short-lived ASCs may be estimated as 3*, (an individual-level 

parameter). These N estimates of the local parameters  3*,  will be drawn from a 

probability distribution. A log-Normal distribution is suitable as it has positive 

support on [0,∞). Thus we have 89:(3*,)~<(=*, >*-). The mean ds and the variance 

?*-	of the estimates of 	3*,  are given by 3* = (."/
$"%
%  and ?*- = /(0"

%
− 11(-."/0"

% . The 

relationship between the parameters describing the population-level distribution and 

the parameters for each individual in the population are depicted in the schematic 

diagram in Figure 2.2. 
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Figure 2.2 Schematic representation of the relationship between the population-level and 

individual-level parameters for the half-life of the short-lived ASCs. It is assumed that half-lives 

are log-Normally distributed throughout the population. The population-level parameters define the 

mean ds and standard deviation Σs of this distribution. The individual-level parameters dsn for each of 

the n participants follow the log-Normal distribution defined by the population-level parameters. 

Three representative individual-level parameters are shown for illustration. 
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2.6.2 Model likelihood 

 

For individual n we have data on observed antibody levels !, = {A1, … , A2} at times 

D, = {$1, … , $2}. We denote E, = (!,, D,) to be the vector of data for individual n. For 

individual n, the parameters !"",, F,, G,, 3*, , 3+, , 3),  and ,, are estimated. These 

parameters are denoted H, = {!""
,, F,, G,, 3*,, 3+

,, 3),	, ,,} . The model predicted 

antibody levels will be {!($1), !($-), … , !($2)}. We assume log-Normally distributed 

measurement error such that the difference between log(aj) and log(Ab(tj)) is 

Normally distributed with variance >34*- . For model predicted antibody levels Ab(tj) 

the data likelihood for individual n is given by 
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2.6.3 Mixed effects likelihood  

 

As described above, for each individual there are 7 parameters to be estimated: H, =

{!""
,, F,, G,, 3*,, 3+

,, 3),	, ,,}. The mixed effects likelihood can be written as follows: 
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As the proportion of the ASCs that are long-lived must be bounded by 0 and 1, the 

individual-level parameters ρn are assumed to be drawn from logit-Normal 

distributions. Note that the pre-existing antibody level !"",   will be variable, 

depending on a large number of covariates such as age and past exposure. We 

therefore do not attempt to constrain pre-existing antibody levels using mixed effects. 

 

2.6.4 Total model likelihood 

 

Denote E = {E1, … , EF} to be the vector of data for all N participants. We denote θ to 

be the combined vector of population-level parameters and individual-level 

parameters to be estimated. The total likelihood is obtained by multiplying the 

likelihood for each participant 

I%3%)+(H|E) =KI5AB
, (H,|E,)I536

, (H,|E,)
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2.6.5 Markov Chain Monte Carlo parameter update 

 

The model was fitted to the data using MCMC methods using software for Bayesian 

statistical inference of non-linear mixed-effects models developed and implemented 

by Dr Michael White. This utilises a Metropolis-within-Gibbs sampler, whereby 

population-level parameters are updated using a Gibbs sampler, and individual-level 

and observational parameters are updated using a Metropolis-Hastings sampler. 

 

2.7 Antigen features – data collection 
 

To explore the potential factors defining IgG longevity and immunogenicity, six 

antigen features were selected for analysis: signal peptide (SP), transmembrane 

domain (TMD), glycosylphosphatidylinositol (GPI) anchor, Plasmodium exported 

element (PEXEL) motifs, enzyme domain and low-complexity region (LCR). The 

presence of these features in an amino acid sequence was predicted by 

Transmembrane Helices Hidden Markov Model Server version 2.0 [341], PredGPI 

[342], InterPro [343], PlasmoDB [344] and SEG [345].  
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2.8 Memory B cell ELISpot assay 

 

I used an enzyme-linked immunospot (ELISpot) assay to examine MBC responses by 

quantifying the number of antigen-specific ASCs following induced differentiation of 

resting MBCs. Herein, ASCs were defined as IgG-producing cells present in the cell 

culture following re-stimulation. This assay was optimised as part of this thesis (see 

Chapter 5). 

 

2.8.1 PBMC re-stimulation 

 

An ELISpot assay was used to detect antigen-specific IgG-producing ASC 

populations. A schematic representation of this assay is shown in Figure 2.3. In brief, 

PBMCs were thawed from liquid nitrogen prior to use and resuspended in human B 

cell medium (RPMI 1640 with penicillin and streptomycin). For the purpose of re-

stimulation of MBCs, the cell concentration was adjusted to 2x106 cells/mL after cell 

count and distributed into 24-well culture plates (Greiner Bio-One). The re-

stimulation cocktail containing human B cell medium and immunological stimulants 

was prepared (see list of buffers for detail recipe). The PBMC suspension and a re-

stimulation cocktail were mixed in 1:1 ratio before incubation at 37°C with 5% CO2. 

Due to the differences in process and storage conditions (namely, Thai PBMCs 

collected under field conditions and initially stored on dry ice, before being 
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transferred to liquid nitrogen), PBMC samples from the Thai symptomatic cohort and 

the VBDR were re-stimulated for 9 and 6 days, respectively.  

 

2.8.2 Detection of ASC populations 

 

Prior to the end of re-stimulation, 96-well ELISpot plates with 0.45um protein-

binding immobilon-P membrane (Merck Millipore) were activated with 70% ethanol, 

washed with D-PBS and coated with appropriate reagents: D-PBS as blank 

background, 10μg/mL anti-human monoclonal IgG capture antibody MT91/145 

(MabTech) as a positive control, 10μg/mL tetanus toxin from Clostridium tetani 

(Sigma-Aldrich) as an antigen-specific positive control, and 10 or 15μg/mL P. vivax 

antigens of interest. The process of optimising the concentration of each P. vivax 

antigen has been described in detail in Section 5.2.3, Chapter 5. Anti-human IgG 

capture antibody was diluted in D-PBS and tetanus toxin and P. vivax antigens in 

human B cell medium. After coating, activated ELISpot plates were incubated at 4°C 

for at least 18 hours in dark until use.  
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Figure 2.3 Detection of IgG-producing ASC on ELISpot. ELISpot was performed to quantify the 

number of IgG-producing ASC populations following re-stimulation of resting MBCs. Both antigen-

specific (left) and total ASCs (right) were detected. 

Abbreviations: IgG+ = IgG-producing; ASC = antibody-secreting cell; B = biotin; SA = streptavidin; 

ALP = alkaline phosphatase; BCIP = 5-Bromo-4-chloro-3-indolyl phosphate; NBT = nitro blue 

tetrazolium.  
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After re-stimulation, the ELISpot plate was first washed with D-PBST (D-PBS with 

0.05% Tween-20) and D-PBS, and subsequently blocked with blocking buffer (RPMI 

1640 with penicillin and streptomycin, 1% BSA) for at least two hours. Contents were 

discarded at the end of incubation. Before transferring to the ELISpot plate, cells were 

harvested and adjusted to the following concentrations with human B cell medium: 

4´104, 1´104 and 2.5´103 cells/well for anti-IgG positive control; 4´104 cells/well for 

blank (D-PBS only); 5´105 and/or 2.5´105 cells/well for tetanus toxin and P. vivax 

antigens. Cell suspensions at appropriate dilutions were distributed across the 

ELISpot plate depending on the plate layout, and were subsequently incubated at 

37°C with 5% CO2 overnight. Following incubation, content of the ELISpot plate was 

discarded and cells were washed away with both D-PBS and D-PBST in separate steps. 

Secondary biotinylated anti-IgG detection antibody MT78/145 (MabTech) was 

diluted to 1μg/mL with D-PBST with 1% heat-inactivated foetal calf serum (HI-FCS) 

and was added to all wells. Plates were wrapped in cling wrap and incubated in the 

dark at 4°C overnight. Afterwards, detection antibody was washed away from the 

plate. Streptavidin-Alkaline (SA-ALP, MabTech) solution was prepared by diluting 

the stock SA-ALP with D-PBST with 1% HI-FCS in 1:1000 ratio. 100μl of SA-ALP 

solution was then added to all wells and the plate was incubated at room temperature 

for one hour. After incubation, SA-ALP was washed away from the plate and 100μl 

of the substrate mixture was added to all wells and incubated for another 45 minutes 

in dark at room temperature. Substrate mixture consisted of BCIP and NBT in 0.2M 
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Tris buffer and was prepared according to manufacturer’s instruction (SeraCare Life 

Sciences Inc.). After developing, the plate was washed with Milli-Q water and left to 

completely dry in the dark overnight before reading. 

 

2.8.3 Data processing 
 

ELISpot plate reading was performed on an AID ELISpot plate reader and the 

compatible software EliSpot 7.0iSpot. Camera settings used were as follows: 

Brightness, 761; Sharpness, 4; White Balance (R), 372; White Balance (B), 284; Hue, 

167; Saturation, 0; Shutter (Exposure), 194; Gain, 184. Count settings were set at 

default: Intensity, 30-255; Size ,10-5000; Gradient, 1-90; Emphasis, small. During 

counting, spots or stains caused by the presence of artefacts were excluded.  

 

Following spot counting, the number of spots obtained from the positive control was 

adjusted to the total number of IgG+ ASCs per 106 PBMCs and subsequently averaged 

(see Table 2.3 for calculation). The three 4-fold serial dilutions served as the 

replicates of the positive control due to limited number of PBMCs available. The 

averaged result obtained following the calculation represented the number of IgG+ 

ASCs per 106 PBMCs.  

 

Similar process of standardisation was performed for the spots counted in the 

antigen-coated wells. The cells were diluted in one or two of the four dilutions (5´104, 
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1´105, 2.5´105 or 5´105 cells/well) depending on the availability of the PBMCs per 

sample. The number of spots per well was converted into the number of antigen-

specific ASCs per 106 PBMCs using the formulas outlined in Table 2.4 below. The 

purpose of having lower cell concentrations is further discussed in Section 5.2.4, 

Chapter 5.  
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Table 2.3 Calculation for the average number of ASCs per 106 PBMCs from the anti-IgG positive control.  

 

 

 

 

 

Table 2.4. Standardisation for the number of antigen-specific ASCs per 106 PBMCs from antigen-coated wells. 

Cell dilution 5´104 cells/well 1´105 cells/well 2.5´105 cells/well 5´105 cells/well 

Sample Count 4 Count 5 Count 6 Count 7 

Per 106 PBMCs Count	4	 ×	10!
50	000 = D 

Count	5	 ×	10!
100	000 = E 

Count	6	 ×	10!
250	000 = F 

Count	7	 ×	10!
500	000 = G 

Final result ___D, E, F or G___ antigen-specific ASCs per 106 PBMCs  

* Samples were run in singlets or duplicates if the remaining amount allowed. For duplicated results, the final numbers were divided by two.   

 4-fold serial dilution 

Cell dilution 4´104 cells/well 1´104 cells/well 2.5´103 cells/well 

Spot count in sample Count 1 Count 2 Count 3 

Per 106 PBMCs Count	1	 ×	10!
40	000 = A 

Count	2	 ×	10!
10	000 = B 

Count	3	 ×	10!
2	500 = C 

Average "#$#%
& = ___x___ ASCs per 106 PBMCs 
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2.9 Population structure of P. vivax antigens 

 

To quantify genetic diversity in antigen sequences, 19 isolate sequences from 

Thailand were down-selected from a global dataset and used along with a 

specifically developed R package.  

 

2.9.1 Data collection  

 

A previously published global dataset [346] with a total of 325 P. vivax isolates 

was used for population genetic analyses and the P. vivax P01 strain was used as 

the reference. The sequence data were generated by the Wellcome Trust Sanger 

Institute as part of the P. vivax Genome Variation project consisting of data 

obtained from various independent research groups. Figure 2.4 is a flow chart 

that outlines the steps involved for sample processing and analysis. Briefly, 

isolate sequences originated from 13 malaria-endemic countries, and were first 

mapped to reference strain PvP01 [347] and filtered based on various parameters. 

The processing step was performed by Jacob Munro from Prof Melanie Bahlo’s 

Laboratory at WEHI. The processing step resulted in isolates that were 

subsequently analysed for nucleotide and haplotype diversity and global 

population structure. As our intention was to compare the sequence diversity 
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with antibody responses measured in the Thai cohorts, we only used sequence 

data from the 19 isolates from Thailand.  

 

For the sample sequences to be analysed with the R package, insertions and 

deletions (InDels) and additional singletons were removed from the DNA 

sequences in Geneious version 9.1.8 (Biomatters, Ltd.). The region of each 

sample sequence was also trimmed in Geneious to match the antigen constructs 

used for antibody measurement.  
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Figure 2.4 Process of population genetic analysis. Prior to population genetic analysis, 

parasitic DNA sequence data were collected in 13 malaria-endemic countries as part of the 

MalariaGEN P. vivax Genome project [346]. In the processing step, DNA sequences were 

mapped to the latest P. vivax reference strain PvP01 from Indonesia [347] and annotated based 

on functions. Subsequently, quality of the antigenic sequences was assessed in two steps and the 

ones with low quality were excluded from further analyses. From the down-selected high-quality 

sequences, 19 were sourced from Thailand and were therefore selected for cleaning. The R 

package Vaxpack was used to produce multiple population genetic parameters from a sequence 

alignment per antigen.  

Abbreviations: FWS = inbreeding rate indicator; IBS = identity-by-state; FS = strand bias; SOR 

= strand odd ratio; MQ = mapping quality; QD = quality by depth; ExcessHet = excess 

heterozygosity; InDel = insertion/deletion; SNP = single nucleotide polymorphism; NS = non-

synonymous SNP; SP = synonymous SNP.  
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2.9.2 Population genetics  

 

Isolate and reference strain sequences were submitted to and processed by the 

R package ‘Vaxpack’ from which all population genetic parameters were 

generated. The package was developed by Elijah Martin and Myo Naung in 

A/Prof Alyssa Barry’s laboratory at WEHI (details of this package are available 

on GitHub at https://github.com/BarryLab01/vaxpack). Parameters of interest 

are shown in Table 6.1, many of which are commonly used for population genetic 

analysis by studies on malaria and other disease models. The definitions and 

interpretations of these parameters will be further discussed in Chapter 6.  

 

2.10 Statistical analyses  

 

All statistical analyses were performed using GraphPad Prism version 7, Stata 

version 12.1 or R version 3.5.3 for Macintosh. These included student t test, 

Fisher’s exact test, chi-square test, Mann-Whitney’s U test, Kruskal-Wallis H 

test, Pearson’s and Spearman’s correlation tests. To indicate the degree of 

statistical significance on graphs, symbols were used as follows: ns not 

significant, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 



 

 118 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Chapter 3. Establishment and 
validation of a multiplexed bead-
based assay for antibody 
measurements
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3.1 Introduction  

 

Luminex® is an established technology platform available for running multiplexed 

bead-based assays that has been frequently used to quantitate targets of interest in 

different types of samples due to its cost-saving, labour-efficient and sample-

conservative properties. The aim of the procedure is to establish an assay, based on 

the principle of enzyme-linked immunosorbent assay (ELISA), on colour-coded 

polystyrene microspheres. As illustrated in Figure 2.1, the microspheres are 

internally infused with two dyes, red and infrared, which create a gradient of 

spectrally distinct colours, emitting specific wavelengths when they are excited by 

lasers [348]. A standard Luminex® assay allows up to 100 differentially coloured 

microspheres to be used simultaneously. By covalently conjugating protein-capturing 

or protein-specific molecules onto differentially coloured microspheres and adding 

fluorochrome-tagged secondary antibody, we are able to allocate signals of different 

intensity to multiple analytes in one sample. Depending on the research question, the 

Luminex® assay can be set up in two ways: a) Capture Sandwich where the 

microspheres are conjugated with capture antibodies that are specific to the analytes 

of interest in the samples, or b) Indirect Serological Assay where the antibodies are 

target analytes and hence the antigens are conjugated onto the microspheres [349]. 

The Indirect Serological Assay has been used in this thesis and the setup is illustrated 

in Figure 2.1.  
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The Luminex® assay is well suited to the field of immunological research, particularly 

research utilising field-based studies where sample volumes are often very small and 

thus the multiplexing capacity is highly advantageous. The Luminex® assay has been 

used since the late 1990s, primarily for quantifying cytokine levels in plasma or sera 

samples (i.e. the Capture Sandwich assay) [350]. The assay was shown to correlate 

well with data generated by ELISA, the gold standard for immunoassays, but was also 

more accurate, sensitive and reproducible [351]. In the context of malaria research, 

the Luminex® platform has been used extensively to measure cytokine levels in the 

context of both P. falciparum and P. vivax infections [352-354]. More recently, the 

platform has been used to measure parasite-specific antibody responses. For P. 

falciparum, the Luminex® platform has been used to monitor antibody acquisition and 

to infer local transmission of malaria [355-357].  The use of this assay in P. vivax 

malaria serological surveillance was first described by Fernandez-Becerra et al., 

confirming that the Luminex® platform could detect reproducible IgG antibody levels 

with good sensitivity, that highly correlated with ELISA, in individuals naturally 

infected with P. vivax [358]. Following this study, several other authors have reported 

the use of the Indirect Serological Assay on the Luminex® platform for the purpose 

of evaluation of immune status in various settings [112, 220, 359]. The number of 

antigens multiplexed ranged from 11 to up to 38 and antibody responses were 

successfully determined using minimal volumes of plasma from field samples from 

geographically distinct regions with varying transmission levels (eg. Cambodia, 
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Thailand, PNG, Brazil and the Solomon Islands). These studies have highlighted the 

power of the Luminex® platform in serological surveillance for field-based studies 

where samples are often precious.  

 

A common yet critical piece of information gathered from the past literature about 

the Luminex® assay is that it requires an extensive process of optimisation to yield 

the best results and needs to be adapted for specific uses. For instance, the type of 

sample used determines the ratio in which they should be diluted as pathogen load 

and antibody concentration can differ. For instance, it was shown that serum samples 

were best run on the Luminexâ platform at a lower dilution (1:50) compared to 

mucosal samples at a higher dilution (1:10) [360]. Additionally, some laboratories 

optimised the number of microspheres per antigen per well to balance low 

background signal and good detection range [359, 361]. Other factors such as 

inclusion of BSA in the assay buffer have also been shown to reduce background 

signals [361]. Furthermore, it was demonstrated that the choice and concentration 

of anti-human secondary antibody could affect the reproducibility of the assay [362]. 

More recently, Wu et al. conducted an in-depth investigation and found several key 

determinants of variability, including storage condition of the antigens and antigen-

conjugated microspheres in addition to serum dilution [357]. Additionally, for those 

studies that used ‘in-house’ recipes to conjugate protein-capturing molecules onto 

the microspheres, optimisation processes were further extended as the stability of 
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conjugation was shown to vary between molecules [359, 363, 364]. These scenarios 

highlight the challenges and importance of optimising the Luminex® assay prior to 

analyte quantification.  

 

The purpose of this Chapter is to outline the process in which each of 52 P. vivax 

antigens were optimised on the Luminex® platform to enable measurement of P. 

vivax-specific Ig. Several aspects of this assay were already established for IgG 

measurements, including the general protocol, number of microspheres per antigen 

per well, serial dilution of a positive control, composition of buffers and storage of 

antigen-conjugated microspheres. Other factors that are critical for the sensitivity and 

reliability of the assay but are beyond our control were not further optimised, 

including the sample collection and storage conditions. Therefore, the results 

described here focus on: a) optimising the amount of an antigen used for coupling to 

microspheres, b) trialling a shorter incubation time during microsphere conjugation, 

c) trialling different dilutions of sample plasma, d) assessing the stability and 

repeatability of the assay and d) optimising the protocol for IgM measurements. A 

comparison was also made between IgG data generated using this assay compared to 

another assay known as the AlphaScreenâ. The purpose of each step will be further 

described in detail below.  
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3.2 Results 

 
3.2.1 Optimisation of P. vivax protein amounts for the multiplexed bead-based assay 

 

Multiple approaches have been used for determining the optimal amount of protein 

to conjugate to microspheres for Luminex®-based assays. The major choice is 

whether to conjugate a set amount of protein for each antigen of interest [365], or to 

optimise all individually [219]. The benefit of optimising all antigens individually is 

that plasma samples can be run at one dilution. This was preferential for the current 

project given the limited availability of plasma. For a specific amount of P. vivax 

antigen to be considered optimal, we aimed for a log-linear standard curve generated 

with a 2-fold serial dilution of a positive control plasma pool from PNG. As all target 

antigens were produced with varying concentrations (ranging from 0.03 mg/mL to 

7.42 mg/mL), it was determined that the amount per antigen for optimisation was to 

begin with 1 µg in a trial volume. The amount could be further adjusted based on the 

appearance of the standard curve before achieving log-linearity. If a plateau was 

observed at higher dilutions, it could indicate saturation - the amount of antigen may 

be too much and needed to be reduced. On the other hand, a plateau near lower 

dilutions with lower starting MFI suggested more antigen was required. Once the 

optimal amount of antigen was determined in a trial coupling, a bulk conjugation was 

performed. 
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Figure 3.1 shows the standard curves of each P. vivax antigen before and after 

optimisation. It was observed that most antigens required a few rounds of 

optimisation before achieving log-linear standard curves. The optimised amount for 

each antigen is recorded in Table 2.2.  

 

However, for one antigen (PVX_002550) the optimal amount of protein was not 

finalised during this process despite multiple conjugation attempts and 

troubleshooting, including re-testing the conjugated microspheres with the same 

concentration (“Retest”) and trialling with microspheres of a different colour and 

fresh vials of the antigen (“New”) (Figure 3.2). Two concentrations did achieve close 

to log-linear standard curves with a similar dynamic range; however, one was 

established using 0.02µg of the antigen (magenta) and another 0.5µg (coral). By 

retesting the pre-existing conjugation with 0.5µg of antigen within a week’s time, the 

starting MFI had dropped significantly (“0.5µg retest”, olive). This was also observed 

in conjugation with 1µg of antigen. Furthermore, the new conjugation with 0.5µg of 

antigen (“0.5µg new”, pink) produced much higher starting MFI – similar to that of 

“1µg retest” (moss) – than the pre-existing one (coral). For PVX_002550, the amount 

of antigen conjugated onto the microspheres was not proportional to the magnitude 

of starting MFI (eg. more antigen used should give stronger signals), which was 

observed for all other antigens in the panel. In the interests of time, this antigen was 

excluded from bulk conjugation and any further experiments. SDS-PAGE gels 
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generated by CFS during the production of four representative antigens are shown in 

Figure 3.3 as examples to showcase the significant reduction in protein yields for 

PVX_002550 compared to the other three antigens in our panel.  
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Figure 3.1 Change in results of standard curve tests against 53 P. vivax antigens during and 

after optimisation. A standard curve was established by 2-fold serial dilutions of the positive control, 

the pooled plasma from PNG hyper-immune adults, starting from 1:50 (S1) to 1:25,600 (S10). A ‘trial’ 

volume (teal) of antigen-conjugated microspheres was set up for optimisation. Once the optimal 

antigen concentration was determined a ‘bulk’ volume was conjugated and the standard curve 

confirmed (coral). Antigen-conjugated microspheres in bulk volume were then used in all further 

experiments. The final amounts of antigen used for conjugation are listed in Table 2.2.  

M
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Figure 3.2 Attempts to optimise P. vivax antigen PVX_002550. We attempted to optimise 

PVX_002550 by monitoring the linearity of the standard curves with various antigen concentrations. 

The standard curves were established by 2-fold serial dilutions of the positive control, the pooled 

plasma from PNG hyper-immune adults, starting from 1:50 (S1) to 1:25,600 (S10). During the 

optimisation process, the magnitude of starting MFI failed to change proportionally to the antigen 

concentration. The order of the trials as depicted in the legend represents the order of the experiments 

conducted (ie. first experiment with 0.5µg of antigen and second with 1µg). ‘Retest’ refers to results 

obtained by performing standard curve tests on pre-existing conjugations and ‘new’ refers to new 

conjugation.  
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Figure 3.3 Examples of SDS-PAGE gels for P. vivax antigen production by the CFS company. 

The 40 CFS P. vivax antigens were expressed in the WGCF system and purified using a His-tag. The 

proteins were later analysed on 15% SDS-PAGE gels to determine their yields as a quality control step. 

Four P. vivax antigens (PVX_101530, PVX_002550, PVX_097715 and PVX_094830) are shown here 

as representative examples, showing the difference in protein yields between PVX_002550 (top right) 

and the other antigens. The asterisks in red mark the presence of the target proteins.  

Abbreviations: M = molecular weight marker; T = total fraction crude protein (1µL loaded); S = 

soluble fraction crude protein (1µL loaded); P = pellet fraction crude protein (1µL loaded); F = flow 

PVX_101530 PVX_002550 

PVX_097715 PVX_094830 
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through purification (1µL loaded); W = wash purification (1µL loaded); E2 – 7 = total fraction eluted 

protein (0.156, 0.313, 0.625, 1.25, 2.5 and 5µL loaded); BSA = bovine serum albumin (as reference 

for quantification).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 131 

3.2.2 Stability of antigen-conjugated microspheres 

 

As mentioned previously in Chapter 2, the stability of conjugation was also monitored 

by regularly performing standard curve tests with the conjugated microspheres 

during the experiments. Figure 3.4 shows the change of standard curves per antigen 

over time during the course of total IgG experiments performed. The results indicate 

that the log-linear property of the standard curves was maintained for at least 2 weeks. 

However, some degree of inter-plate variability was observed between antigens. For 

instance, several of the antigens, such as PVX_099930, PVX_110810B and 

PVX_121920, exhibited reduction in starting MFI as the experiment progressed, 

indicating less stable conjugation and shorter shelf-life. Additionally, we noticed that 

antigens with starting MFI (1/50 dilution) above 10,000 were more likely to maintain 

log-linearity for a prolonged period of time.  
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Figure 3.4 Standard curve tests for 52 P. vivax antigens. Antigen-specific standard curves were 

included in each plate of experiments described in Chapter 4 as a measure of inter-plate and/or inter-

day variability. This also allowed the stability and shelf-life of each antigen-conjugated Luminex® 

microsphere to be monitored. The standard curves were established by 2-fold serial dilutions of the 

M
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positive control, the pooled plasma from PNG hyper-immune adults, starting from 1:50 (S1) to 

1:25,600 (S10). The ‘bulk’ in coral represents the freshly conjugated Luminex® microspheres whilst 

the ‘plate’ in teal represents the standard curve per plate. For the detection of IgG antibody kinetics in 

duplicates, a total of 16-17 plates of samples were run which took approximately two weeks to 

complete.  
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3.2.3 Validation of alternative incubation condition 

 

The original protocol for antigen conjugation to non-magnetic microspheres was 

established and used by Prof Christopher King’s laboratory at Case Western Reserve 

University in Cleveland, USA, and subsequently adapted by a former PhD student in 

the Mueller Laboratory, Dr Camila T. França. The protocol was optimised for 

overnight incubation of the microspheres at 4°C following the addition of the 

designated antigen of a specific amount. However, the manufacturers stated that 

either overnight conjugation at 4ºC or a 2-hour conjugation at room temperature 

could be performed. In order to facilitate the progress of future experiments, we 

validated the shorter incubation time at this particular step.  

 

For this purpose, PVX_112670 (blood stage tryptophan-rich antigen) was selected 

due to consistent conjugation stability between optimising attempts. PVX_112670 

was conjugated to microspheres and incubated for only 2 hours but at room 

temperature. The standard curve test was performed three times to monitor the 

conjugation stability: immediately after conjugation and one and two weeks after. It 

is shown that the conjugation of PVX_112670 to the microspheres remained stable 

over two weeks following the alternative incubation condition (Figure 3.5).  
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Figure 3.5 Comparison of standard curves between different incubation conditions. To examine 

the effect of an alternative incubation condition (2-hours incubation at room temperature instead of 

overnight at 4ºC) on the stability of antigen-conjugated Luminex® microspheres, a P. vivax antigen 

PVX_112670 was conjugated under both conditions and the change in signal magnitude and standard 

curve linearity was monitored for two weeks and subsequently compared to curves produced according 

to original protocol. The standard curves were established by 2-fold serial dilutions of the positive 

control, the pooled plasma from PNG hyper-immune adults, starting from 1:50 (S1) to 1:25,600 (S10). 
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3.2.4 Reproducibility of the multiplexed bead-based assay 

 

In order to examine the reproducibility of the Luminex® assay, plasma samples from 

symptomatic individuals in western Thailand were run in duplicates for 52 P. vivax 

antigens. Each colour corresponds to one of the 34 Thai symptomatic individuals. 

There was a strong correlation between duplicates for all P. vivax antigens tested 

(Pearson’s R = 0.87 – 1, p<0.0001) (Figure 3.6)  

 

 



 

 138 

 

 



 

 139 

 

 

Figure 3.6 Correlation between duplicates per P. vivax antigen in 34 Thai symptomatic patients. 

For the measurement of total IgG kinetics against 52 P. vivax antigens in the symptomatic Thai cohort 

(n=34), all plasma samples were run in duplicates. This plot shows the correlation between the 

duplicated results in log10 MFI (a total of 578 pairs of duplicates from 34 participants with plasma 

samples collected at 17 time points). Correlation analysis was performed using Pearson’s correlation 

test, indicated by R and p values.  
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3.2.5 Determination of the optimal plasma dilution for the multiplexed bead-based 

assay 

 

Whilst running plasma samples from the symptomatic Thai and Brazilian individuals 

to establish total IgG kinetics (Chapter 4), exceptionally high MFI signals within the 

first few weeks of an infection to a subset of the P. vivax proteins were observed. As 

the raw MFI data was converted into antigen-specific RAU based on standard curves 

as an approach of standardisation, the high MFI signals at the early stage of infection 

were observed to ‘max out’ at 0.02 RAU – the maximum of the positive control serial 

dilution at 1:50, and appeared as a flat line. Figure 3.7 shows representative examples 

of this observation for two P. vivax antigens (PVX_082650 and PVX_094255A) in 

Thai symptomatic individuals. As depicted in the figure, this observation was only 

seen in a small number of individuals whilst most remained below the upper 

detection limit with a clear peak of IgG response. 
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Figure 3.7 Examples of ‘max-out’ total IgG antibody responses at early time points of P. vivax 

infection in 34 symptomatic Thai individuals. It was observed that total IgG antibody responses 

stronger than the positive control at 1:50 dilution were lost after unit data normalisation based on 

antigen-specific standard curves. This was shown in some Thai symptomatic patients and for some P. 

vivax antigens, typically at the early stage of P. vivax infection where antibody responses were the 

strongest. Two P. vivax antigens PVX_082650 and PVX_094255A are shown here as representative 

examples of such an observation. Each line graph (each colour) corresponds to one of the 34 

individuals.  
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An increase in dilution factor, from 100 to 1,000, was trialled as a possible solution 

to this issue of saturation. Due to sample availability, this was tested using plasma 

samples from Brazilian individuals with symptomatic P. vivax infections at the time 

of infection and 8 weeks later. IgG levels were measured against three P. vivax 

antigens (PVX_082650, PVX_094255A, PVX_098915). MFI and RAU results after 

logarithmic transformation produced by plasma samples diluted at 1:100 and 1:1,000 

ratios were compared for 33 individuals in the cohort. As expected, plasma samples 

diluted at 1:1,000 produced lower antigen-specific total IgG responses in MFI (Figure 

3.8). This suggests that it could be possible to lower high titre antibody levels and 

hence to obtain antibody kinetic profiles of higher resolution at the early stage of 

infection. However, the extent of titre reduction was inconsistent across the 33 

Brazilian individuals tested.  

 

Furthermore, when the dilution factor was changed from 100 to 1,000, the reduction 

in antibody level was not necessarily 10 times lower due to the fact that the 

background signal (represented by black dotted lines) remained unchanged. This 

observation was particularly obvious in individuals with relatively low antibody titres 

when samples were diluted at 1:100, as antibody titres could not be reduced beyond 

background when samples were diluted at 1:1,000. This shows that increasing the 

dilution factor of the samples would most likely restore resolution at the peak of total 

IgG responses but at the expense of losing resolution at lower IgG levels. Additionally, 
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it was observed that individuals who ‘max-out’ after unit conversion when samples 

were diluted at a 1:100 ratio were relatively uncommon (Figure 3.7). It was therefore 

decided to measure all samples at a 1:100 dilution only.  
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Figure 3.8 Comparison of total IgG antibody responses against three P. vivax antigens in 

differentially diluted samples from 33 Brazilian symptomatic patients. Plasma samples from 33 

Brazilians 8-week post-symptomatic P. vivax infection were diluted at 1:100 (coral) and 1:1,000 

(teal). IgG responses were measured against PVX_082650, PVX_094255A and PVX_098915. Black 

and red dotted lines represent the blank and maximum levels for each P. vivax antigen. 
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3.2.6 Optimisation of the multiplexed bead-based assay for IgM measurements 
 

Whilst there was a working protocol for measuring IgG antibodies using the 

Luminex® assay in the Mueller laboratory at the start of my PhD, the assay had 

not yet been fully adapted to measure IgM antibody responses. Previous work by 

a short-term visiting student had established the following conditions: plasma 

samples to be run at 1:200 and the secondary antibody to be diluted at 1:400. 

The assay was established using a secondary anti-IgM antibody manufactured by 

Jackson ImmunoResearch (JIR). Subsequently, this secondary antibody was 

used to run the three negative control panels to explore the baseline level of IgM 

in malaria-naïve individuals. Whilst running the samples, consistently high 

background was observed. This prompted me to test an alternative secondary 

anti-IgM antibody manufactured by Southern Biotech (SB). The process and 

results of comparing the two antibodies are shown in this Section.  

 

I first assessed the log-linearity of the positive control standard curves created 

using the JIR and SB anti-human IgM secondary antibodies in six randomly 

selected P. vivax antigens from our panel. Both secondary antibodies were diluted 

at a 1:400 ratio, as this had been previously optimised for the JIR antibody. From 

the magnitude of the starting MFI, it was evident that for any given P. vivax 

antigen the JIR secondary in coral induced stronger responses than SB in green 

(Figure 3.9). Additionally, the standard curves established using the JIR 
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secondary antibodies were more log-linear and exhibited less plateau towards 

the lower dilutions than SB. IgM levels were also measured against these 

proteins in plasma samples from the Thai symptomatic cohort and in one 

negative control Melbourne donor (Figure 3.9). By comparing the IgM level 

measured in the negative control, JIR showed higher background signals than 

SB. This suggested that SB was more preferable than JIR as the former elicited 

lower background signals.  

 

The lower MFI signal produced using the SB antibody likely relates to its lower 

overall concentration (0.1mg/ml compared to 0.5mg/ml for the JIR antibody). 

Hence, I performed another standard curve test with the SB antibody at a 1:80 

dilution and compared the results with JIR at 1:400 (Figure 3.9). Interestingly, 

the SB antibody at 1:80 was able to produce a range of detection similar to JIR 

at 1:400, but with a much lower background signal. This demonstrated that SB 

at 1:80 was more ideal than JIR at 1:400 for the IgM assay on the Luminex® 

platform. However, the negative control panels were already run with JIR at 

1:400 at this point. Cost was also taken into consideration. JIR was priced at 

AUD 450 and SB at AUD 335 for 1mL of products. Since the usage of JIR 

antibody was less (1:400 dilution) than SB (1:80 dilution) per 96-well plate of 

experiment, the cost per sample for JIR (AUD 0.13) was almost four times less 

than SB (AUD 0.47). It was therefore decided to continue the use of JIR antibody 
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for IgM measurement in the future, with the background in malaria-naïve 

negative controls taken into consideration during the data analysis.  
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Figure 3.9 Comparison of performance between anti-human IgM secondary antibodies 

from two different manufacturers. Standard curve test was performed for two anti-IgM 

antibodies at two different dilutions (JIR diluted in 1:400 and SB diluted in 1:400 and 1:80) and 

were compared for six P. vivax antigens. Dotted lines represent the level of IgM signals in 

Melbourne donor plasma (n=1) in each trial. The standard curves were established by 2-fold 

serial dilutions of the positive control, the pooled plasma from PNG hyper-immune adults, 

starting from 1:50 (S1) to 1:25,600 (S10). 
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3.2.7 Comparison of IgG responses measured on AlphaScreenâ and Luminexâ 

platforms 

 

During the preliminary antigen discovery phase of the study (outlined in Chapter 

2 Section 2.3.2) [108], antigen-specific total IgG responses were measured using 

the bead-based high-throughput assay AlphaScreenâ at 4 of the 17 time points: 

weeks 0 (enrolment), 12, 24 and 36. The P. vivax antigens used were crude 

proteins. Subsequently, I measured total IgG responses against a subset of down-

selected antigens – produced as purified proteins (the 51 described above) – 

using the Luminexâ platform at 17 time points in 34 patients (data and results 

described in Chapter 4). In order to examine the potential effect of using crude 

versus purified proteins in IgG level measurements on the two platforms, I 

performed correlation tests between the raw data of the first 16 P. vivax antigens 

run as a preliminary investigation. Correlation coefficients and p values were 

generated for all four-time points to understand the general trend and for each 

time point to visualise potential differences (Figure 3.10).  

 

In Figure 3.10A where data from the four time points were combined, it is shown 

that the degree and strength of correlation in IgG levels detected by 

AlphaScreenâ and Luminexâ assays differed greatly between P. vivax antigens. 

The range of R values varied between 0.028 and 0.59. For 56.3% of the antigens, 
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the correlations appeared to be statistically significant (p < 0.05). Generally, the 

correlation between AlphaScreenâ (with crude antigens) and Luminexâ (with 

purified antigens) platforms was weak to moderate.  

 

After stratification based on the four time points, a varying degree of impact was 

observed for different antigens (Figure 3.10B). R and p values remained similar 

for seven antigens (PVX_087885, PVX_091710, PVX_092990, PVX_094830, 

PVX_101530, PVX_112675 and PVX_112680) whilst correlations became 

insignificant for two antigens (PVX_003555 and PVX_112670) following 

stratification.  For the remaining seven antigens, five displayed a strong 

correlation in the early stage of infection (PVX_084720, PVX_088860, 

PVX_090970, PVX_096995 and PVX_097715). On the other hand, PVX_003770 

and PVX_099980 showed the strongest correlation towards the end of the study.  

 

Taken together, data correlations between AlphaScreenâ and Luminexâ 

platforms and between crude and purified proteins depended on the antigen and 

time point since infection.  
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Figure 3.10 Correlation of detected IgG responses between AlphaScreenâ and Luminexâ 

platforms. To assess the difference in performance between the two platforms and between 

crude and purified proteins, antigen-specific total IgG responses detected were correlated A) at 

all four time points (weeks 0, 12, 24 and 36) combined and B) at each time point individually. 

Pearson’s correlation tests were performed between the averages of duplicated AlphaScreenÒ 

and LuminexÒ results from 34 participants with plasma samples collected at four time points.  
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3.3 Discussion  

 

The Luminex® assay has been used extensively in prior research due to its 

multiplexed nature, especially in addressing immunological research questions 

in a wide range of disease systems [366]. In order to achieve an optimal dynamic 

range and reproducibility before establishing antigen-specific antibody kinetic 

profiles against 52 P. vivax antigens, I conducted several trials to optimise 

protein concentration for conjugation, duration of incubation, plasma dilution 

and the use of secondary antibodies. Additionally, correlation tests were 

performed on data obtained by AlphaScreenâ and Luminexâ platforms to 

validate the results.  

 

I found that the concentration of each P. vivax antigen needed for conjugation 

differed between P. vivax antigens, and that the stability of conjugation also 

varied from antigen to antigen. This observation is consistent with other 

previously published studies [359, 363, 364] and was the primary reason behind 

the optimisation process. Several authors have demonstrated the use of a similar 

optimisation approach for the Luminex® assay to maximise assay sensitivity and 

dynamic range [357, 360, 367] and have observed that such sensitivity and linear 

dynamic range can vary between different antigenic targets. In our case, such an 

optimal concentration was never found for one antigenic target. I was unable to 
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produce consistent log-linear standard curves for PVX_002550 despite multiple 

attempts.  

 

It is likely that the quality of antigens (or other protein-capturing molecules) 

could influence the stability and also the ‘shelf-life’ of conjugated microspheres, 

which may be reflected on the differential dynamic range between antigens. 

Firstly, the size of a protein fragment may affect the quality of the end product 

during protein expression. For instance, larger protein products (those > 30 kDa) 

can be more difficult to express, resulting in lower protein yields [368]. 

Furthermore, larger protein products can also be more likely to form aggregates 

with reduced solubility [369]. Interestingly, PVX_002550 is one of the largest 

antigenic protein fragments in our panel with a size of 102 kDa (the size and 

further information of each antigenic construct are listed in Table 2.2), and a 

lower estimated yield of this antigen (as shown in Figure 3.3) was produced 

compared to the others used in this Thesis (total quantity of 0.44 mg compared 

to average of 1.20 mg). However, no evidence of increased aggregation or 

reduced solubility was found for PVX_002550.  

 

Secondly, the purity of a protein product is likely to have a significant impact on 

its downstream applications. In the context of the Luminex® assay, low protein 

purity may enhance non-specific binding of irrelevant molecules on the 
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microspheres and limit the exposure to specific IgG in the samples, potentially 

contributing to destabilising microsphere conjugation (stability) and the 

detection limits of the Luminex® assay. The purity of the antigenic proteins used 

in this work was estimated by CFS based on the resolution and intensity of 

protein bands on the SDS-PAGE gels (representative examples are shown in 

Figure 3.3). The average purity of the 40 P. vivax antigens produced by CFS was 

assessed and reported as 79%. This is significantly higher than the purity of 

PVX_002550 at 19% (also produced by CFS), which most likely explains why 

we failed to optimise this antigen despite multiple attempts. Some possible 

reasons for low purity could stem from experimental set-ups, including sub-

optimal elution conditions (eg. gradient and flow rate), precipitation of protein 

in the column during affinity chromatography due to inappropriate buffers 

and/or size of tubing [370, 371]. Nevertheless, I have shown that the majority 

of proteins were successfully conjugated to microspheres and established in the 

Luminex® assay. As most proteins were expressed using the WGCF system, this 

validates the use and performance of antigens produced by the WGCF system 

on the Luminex® platform. The WGCF system is reported to achieve the best 

yield in eukaryotic expression systems [372], and has been used extensively in 

the production of malarial antigens due to its lack of post-translational 

modifications (identical to antigens produced by Plasmodium parasites), capacity 

to yield structurally correct and potentially biologically active antigens, and the 
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ease for large-scale production to meet the demand of serological surveillance 

and diagnostics [339, 372, 373]. By comparing the WGCF system to the 

commonly used E. coli, Rui and colleagues have also reported that the WGCF 

system produced more soluble and structurally intact antigens, inducing 

stronger antigen-specific total IgG responses [374], further highlighting the use 

of WGCF in antigen production for immunological studies.  

 

Additionally, I demonstrated that a shorter incubation condition can also 

produce antigen-conjugated microspheres with similar stability and antibody 

robustness as compared to the original conjugation protocol, which facilitates 

faster production of antigen-coupled microspheres. I found that plasma diluted 

at 1:100 could lead to ‘maxed-out’ total IgG responses in a small number of 

individuals and hence loss of resolution at the early stage of P. vivax infections. 

However, a lower plasma dilution at 1:1,000 also resulted in loss of resolution 

in samples with weak responses, and thus 1:100 was selected as the final dilution 

for all further experiments. It is possible to trial other dilutions (between 1:1,000 

and 1:100) to further optimise plasma dilution for the LuminexÒ assay in the 

future. Finally, based on results I observed in Chapter 4 of relatively high 

background in IgM assays, I further optimised this assay with use of a new 

secondary antibody for IgM that could be used in subsequent research projects 

if the higher cost is not a limiting factor.  
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I also performed a correlation analysis of IgG data generated against the same 

antigens in the same individuals from a cohort in Thailand. Initially, I undertook 

this analysis in part to validate the results I had generated with my established 

LuminexÒ assay. However, the results clearly indicated that whilst there was a 

significant correlation between the data generated for most proteins, that this 

was only a weak-moderate correlation and the strength partly depended on the 

time-point post-infection. This is likely because IgG responses are higher 1-2 

weeks post-infection than later time points, and that both assays lose some 

resolution when measuring low-level IgG responses. Importantly, the 

AlphaScreenÒ assay relied on use of crude proteins, as the overall strategy was 

to efficiently measure IgG responses to a large panel of proteins (>300). 

Conversely, I have used purified proteins to a smaller sub-set of proteins of 

interest. This is therefore the most likely reason for the differences in the data 

generated (rather than the different use of platform) as the crude proteins may 

contain more non-specific binding sites than the purified, potentially leading to 

variation in the IgG responses detected. In addition, the number of samples 

tested was relatively small (n=34 individuals) and better correlations may be 

observed with a larger data set. To explore this further, it will be of great interest 

to acquire and compare data generated from crude (or purified) proteins on both 

the AlphaScreenÒ and the LuminexÒ platforms. 
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In summary, I successfully established the Luminex® assay for 52 P. vivax 

antigens and demonstrated its high reproducibility.  
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Chapter 4. Determination of 
antibody kinetic profiles following 
P. vivax infections in Thailand and 
Brazil 
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4.1 Introduction 

 

Naturally acquired immunity is elicited upon natural exposure to pathogens and 

can provide significant insights into the immune status of populations [266]. In 

the case of infectious diseases, naturally acquired immunity is often correlated 

with partial protection against clinical symptoms and/or associated with past 

levels of exposure to the pathogen [264, 375]. Multiple factors are shown to 

affect the immunity of an individual in response to the threat from a pathogen, 

including genetics, age, lifestyle, environment, previous vaccinations, nutrition 

and illnesses [312, 376-378]. This highlights the highly variable and diverse 

nature of naturally acquired immunity even within populations or sub-

populations. In the context of P. vivax malaria, studies of naturally acquired 

immunity have provided novel insights relevant for the development of vaccines 

and sero-diagnostics [379].  

 

Whilst the acquisition of naturally acquired antibody responses against P. vivax 

has been relatively well studied (albeit to a small number of antigens), there 

have been only limited studies assessing the longevity of these responses. It has 

been generally assumed that Plasmodium-specific antibody responses are short-

lived in the absence of new infections [264], with evidence primarily from 

individuals with P. falciparum infections. However, recent studies have suggested 
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that the duration of the P. vivax-specific antibody response is highly dependent 

on the age of subjects, transmission level and the intrinsic properties of antigens 

[236, 380]. Multiple studies have now reported the presence of long-lived P. 

vivax-specific antibody responses, even in the absence of ongoing exposure [239, 

265, 381, 382]. Nevertheless, significant variations in study design and the focus 

on only a limited number of P. vivax antigens have impeded the gain of a 

complete scope of P. vivax-specific antibody longevity.  

 

To further our understandings of naturally acquired immunity and to explore its 

translational implications, I studied the acquisition and maintenance of antibody 

responses against a panel of 52 P. vivax antigens following both symptomatic and 

asymptomatic P. vivax infections. Factors potentially associated with the 

persistence of antibody responses were also investigated.  
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4.2 Results 

 

4.2.1 Total IgG longevity following a symptomatic P. vivax infection in Thai 

individuals 

 

I first determined the levels of antigen-specific total IgG antibody in Thai 

symptomatic patients (n=34) at the time of infection and throughout 9 months 

of follow-up in comparison to antibody measurements in three large malaria-

naïve control panels (n=274). Antibody responses to the 52 P. vivax antigens 

(detailed information is listed in Table 2.2) were measured at baseline (w0), w1, 

w2, then every 2 weeks for 6 months, then every month until 9 months (total of 

17 measurements) (Figure 4.1). These individuals had no recurrent malaria 

infections during follow-up (as determined by PCR, regularly performed when 

blood was collected from the participants)[108]. We observed that IgG antibody 

responses to most P. vivax antigens followed a general pattern consisting of an 

initial peak in total IgG within the first two weeks post-infection and a 

subsequent decay of varying rates towards the baseline. 25 of the P. vivax 

antigens were non-immunogenic, with median responses less than 1 standard 

deviation (SD) above the median of the negative control baseline (calculated 

using data from the three malaria-naïve control panels). I categorised the 

remaining 27 immunogenic P. vivax antigens into two longevity profiles based 
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on an arbitrary cut-off of six months: long-lived (median maintained 0.5 SD 

above the baseline for more than six months; n=18) and short-lived (less than 

six months; n=9). Total IgG responses were also assessed at an individual level, 

with variation evident between study participants (Figure 4.2). These 

observations could be due to differing effects of age, past exposure and daily 

activities. However, the sample size was not designed for detecting individual-

level differences in IgG acquisition and maintenance. In addition, outliers in total 

IgG responses can be seen in individuals HP09 and HP08, which could be the 

results of mislabelled samples.   

 

For all antigens, I determined the relative immunogenicity at week 1 post-

infection by comparing the strength of the total IgG antibody response to that of 

the positive control, a hyperimmune plasma pool of PNG donors. The proportion 

of the Thai individuals reaching 1, 5, 10, 25 and 50% of the antibody response 

in the 1:50 diluted hyperimmune PNG pool were calculated (Table 4.1). This 

methodology has previously been used to describe the immunogenicity of 

antibody responses when using data from the multiplexed bead array where the 

total amounts of protein coupled to beads differ between antigen [219, 220, 340]. 

70-100% of individuals reach 1% of the antibody response in the hyperimmune 

PNG pool, whereas only 0-70% reach 50% (dependent on antigen). When 

comparing the proportion of individuals reaching these set levels of the 
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hyperimmune PNG pool, the median rates against antigens that follow a short-

lived longevity profile are consistently higher than against antigens with a long-

lived longevity profile (i.e. 100, 100, 90, 70 and 50% of Thai participants 

reaching 1, 5, 10, 25 and 50% of the antibody response in 1:50 PNG pool, 

respectively, compared to 100, 85, 70, 40 and 30%). This suggests that antigens 

with a short-lived profile tend to be more immunogenic in this Thai symptomatic 

cohort.   
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Figure 4.1 Total IgG kinetic profiles against 52 P. vivax antigens in the Thai symptomatic 

cohort. Antigen-specific IgG antibody responses were measured for 9 months following a 

symptomatic P. vivax infection among 34 patients from western Thailand. The observed kinetics 

profiles were categorised into A) long-lived (> 1 SD at 1-week and > 0.5 SD at 24-week post-

infection above negative control baseline); B) short-lived (> 1 SD at 1-week but < 0.5 SD at 24-

week post-infection) and C) non-immunogenic (< 1 SD at 1-week post-infection). Negative 

control panels consisted of malaria-free individuals from 3 sources: ARC (n = 100), TRC (n = 

72) and VBDR (n = 102). Data are expressed as median ± 95% CI. 
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Figure 4.2 Total IgG kinetic profiles at an individual level following symptomatic 

infections. Antigen-specific IgG antibody responses were measured for 9 months following a 

symptomatic P. vivax infection among 34 patients from western Thailand. The responses of each 

of the 34 participants were plotted per P. vivax antigen. The 52 antigens were ordered based on 

the magnitude of the peak IgG response, from greatest to smallest, estimated using mathematical 

modelling.  
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Table 4.1 Relative IgG immunogenicity against 52 P. vivax antigens in the Thai symptomatic cohort. The longevity category 

of each antigen, level of antigen-specific total IgG antibodies at 1-week post-infection and the proportion of the 34 individuals who 

reached 1, 5, 10, 25 and 50% of the 1:50 diluted PNG hyperimmune pool are shown.  

Protein IDa Longevity categoryd Total IgG titre (RAU´103)e Number of volunteers (Proportion) 

  Median 95% CI 
1% of 
PNG 
levels 

5% of 
PNG 
levels 

10% of 
PNG 
levels 

25% of 
PNG 
levels 

50% of 
PNG 
levels 

PVX_099980 Long 20.00 9.15 20.00 34 (1.0) 34 (1.0) 34 (1.0) 34 (1.0) 17 (0.5) 
PVX_096995 Short 4.99 2.40 15.29 34 (1.0) 34 (1.0) 33 (1.0) 27 (0.8) 20 (0.6) 
PVX_088860 Non-immunogenic 1.18 0.63 15.29 34 (1.0) 28 (0.8) 19 (0.6) 8 (0.2) 7 (0.2) 
PVX_101530 Long 1.95 0.84 3.28 34 (1.0) 32 (0.9) 23 (0.7) 15 (0.4) 8 (0.2) 
PVX_112680 Non-immunogenic 0.43 0.26 0.97 34 (1.0) 20 (0.6) 11 (0.3) 5 (0.1) 3 (0.1) 
PVX_097715 Short 8.13 3.37 19.14 34 (1.0) 34 (1.0) 32 (0.9) 29 (0.9) 22 (0.6) 
PVX_094830 Non-immunogenic 0.42 0.20 1.41 34 (1.0) 18 (0.5) 13 (0.4) 8 (0.2) 2 (0.1) 
PVX_112675 Non-immunogenic 0.36 0.25 0.52 32 (0.9) 15 (0.4) 8 (0.2) 5 (0.1) 2 (0.1) 
PVX_112670 Short 6.97 2.50 15.91 34 (1.0) 34 (1.0) 32 (0.9) 28 (0.8) 23 (0.7) 
PVX_090970 Short 5.14 1.61 13.60 34 (1.0) 32 (0.9) 29 (0.9) 24 (0.7) 18 (0.5) 
PVX_084720 Long 1.94 1.04 4.07 34 (1.0) 33 (1.0) 25 (0.7) 12 (0.4) 7 (0.2) 
PVX_003770 Short 0.75 0.27 2.94 34 (1.0) 24 (0.7) 18 (0.5) 12 (0.4) 8 (0.2) 
PVX_092990 Non-immunogenic 2.27 1.06 5.70 34 (1.0) 33 (1.0) 29 (0.9) 22 (0.6) 11 (0.3) 
PVX_091710 Non-immunogenic 0.76 0.59 2.29 34 (1.0) 26 (0.8) 17 (0.5) 9 (0.3) 7 (0.2) 
PVX_087885 Long 2.93 1.51 5.22 34 (1.0) 33 (1.0) 29 (0.9 19 (0.6) 9 (0.3) 



 

 169 

Protein IDa Longevity categoryd Total IgG titre (RAU´103)e Number of volunteers (Proportion) 

  Median 95% CI 
1% of 
PNG 
levels 

5% of 
PNG 
levels 

10% of 
PNG 
levels 

25% of 
PNG 
levels 

50% of 
PNG 
levels 

PVX_003555 Non-immunogenic 0.41 0.16 1.37 34 (1.0) 20 (0.6) 15 (0.4) 9 (0.3) 6 (0.2) 
PVX_117385 Non-immunogenic 1.65 1.08 3.88 34 (1.0) 31 (0.9) 22 (0.6) 11 (0.3) 5 (0.1) 
PVX_090265 Short 5.37 2.59 7.43 34 (1.0) 34 (1.0) 31 (0.9) 25 (0.7) 17 (0.5) 
PVX_082700 Long 0.44 0.19 2.39 27 (0.8) 15 (0.4) 12 (0.4) 10 (0.3) 7 (0.2) 
PVX_082650 Long 0.43 0.12 5.06 27 (0.8) 17 (0.5) 12 (0.4) 9 (0.3) 9 (0.3) 
PVX_094255Ac Long 5.46 2.45 7.84 34 (1.0) 34 (1.0) 29 (0.9) 29 (0.9) 21 (0.6) 
PVX_097680 Non-immunogenic 0.49 0.16 1.39 33 (1.0) 19 (0.6) 10 (0.3) 7 (0.2) 5 (0.1) 
PVX_001000 Non-immunogenic 0.23 0.14 0.80 29 (0.9) 14 (0.4) 8 (0.2) 5 (0.1) 2 (0.1) 
PVX_097625 Long 2.52 0.85 5.16 34 (1.0) 30 (0.9) 28 (0.8) 19 (0.6) 12 (0.4) 
PVX_082670 Short 0.33 0.14 1.69 25 (0.7) 12 (0.4) 10 (0.3) 8 (0.2) 6 (0.2) 
PVX_099930 Non-immunogenic 3.53 2.40 6.53 34 (1.0) 34 (1.0) 33 (1.0) 19 (0.6) 9 (0.3) 
PVX_084340 Non-immunogenic 1.15 0.78 4.09 34 (1.0) 27 (0.8) 17 (0.5) 10 (0.3) 7 (0.2) 
PVX_098915 Non-immunogenic 1.75 0.89 2.24 34 (1.0) 29 (0.9) 23 (0.7) 8 (0.2) 6 (0.2) 
PVX_088820 Non-immunogenic 2.01 1.55 3.47 34 (1.0) 34 (1.0) 31 (0.9) 13 (0.4) 7 (0.2) 
PVX_082735 Long 1.02 0.41 2.20 32 (0.9) 21 (0.6) 16 (0.5) 10 (0.3) 7 (0.2) 
PVX_082645 Short 0.25 0.15 1.69 28 (0.8) 13 (0.4) 10 (0.3) 7 (0.2) 3 (0.1) 
PVX_117880 Non-immunogenic 0.52 0.27 1.85 33 (1.0) 17 (0.5) 14 (0.4) 7 (0.2) 3 (0.1) 
PVX_121897 Non-immunogenic 3.37 2.03 7.57 34 (1.0) 34 (1.0) 30 (0.9) 20 (0.6) 13 (0.4) 
PVX_125728 Non-immunogenic 0.45 0.25 0.71 34 (1.0) 21 (0.6) 10 (0.3) 2 (0.1) 1 (0.0) 
PVX_090330 Non-immunogenic 0.27 0.17 0.92 27 (0.8) 12 (0.4) 9 (0.3) 4 (0.1) 1 (0.0) 
PVX_123685 Long 1.03 0.54 2.29 34 (1.0) 24 (0.7) 13 (0.4) 9 (0.3) 3 (0.1) 
PVX_125738 Non-immunogenic 0.65 0.41 1.83 34 (1.0) 13 (0.4) 10 (0.3) 4 (0.1) 2 (0.1) 
PVX_097720 Long 1.37 0.31 3.50 31 (0.9) 22 (0.6) 19 (0.6) 13 (0.4) 7 (0.2) 
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Protein IDa Longevity categoryd Total IgG titre (RAU´103)e Number of volunteers (Proportion) 

  Median 95% CI 
1% of 
PNG 
levels 

5% of 
PNG 
levels 

10% of 
PNG 
levels 

25% of 
PNG 
levels 

50% of 
PNG 
levels 

PVX_000930 Long 5.29 1.66 11.96 34 (1.0) 34 (1.0) 32 (0.9) 25 (0.7) 20 (0.6) 
PVX_098585 Non-immunogenic 1.62 0.78 4.39 34 (1.0) 30 (0.9) 25 (0.7) 15 (0.4) 10 (0.3) 
PVX_098582 Non-immunogenic 2.81 1.91 4.56 34 (1.0) 34 (1.0) 31 (0.9) 14 (0.4) 7 (0.2) 
PVX_121920 Long 2.54 1.69 3.55 34 (1.0) 34 (1.0) 30 (0.9) 15 (0.4) 4 (0.1) 
PVX_094255Bc Long 4.72 1.20 14.10 29 (0.9) 28 (0.8) 26 (0.8) 25 (0.7) 22 (0.6) 
PVX_090325 Non-immunogenic 0.67 0.21 2.82 34 (1.0) 19 (0.6) 15 (0.4) 9 (0.3) 6 (0.2) 
PVX_101590 Non-immunogenic 3.47 2.09 8.45 34 (1.0) 34 (1.0) 30 (0.9) 20 (0.6) 12 (0.4) 
PVX_110810Ac Non-immunogenic 0.51 0.11 1.46 29 (0.9) 21 (0.6) 15 (0.4) 9 (0.3) 6 (0.2) 
PVX_090240 Short 3.70 1.10 15.50 34 (1.0) 34 (1.0) 29 (0.9) 19 (0.6) 15 (0.4) 
PVX_088910 Non-immunogenic 1.07 0.67 1.62 34 (1.0) 21 (0.6) 15 (0.4) 5 (0.1) 3 (0.1) 
PVX_095055 Long 5.10 1.18 17.45 34 (1.0) 30 (0.9) 28 (0.8) 21 (0.6) 18 (0.5) 
PVX_110810Bc Long 0.90 0.35 3.18 33 (1.0) 25 (0.7) 19 (0.6) 11 (0.3) 8 (0.2) 
AAY34130.1b Long 0.37 0.15 2.49 30 (0.9) 19 (0.6) 12 (0.4) 10 (0.3) 5 (0.1) 
KMZ83376.1b Long 0.97 0.11 5.04 28 (0.8) 21 (0.6) 18 (0.5) 16 (0.5) 11 (0.3) 

 

a PlasmoDB codes (http://plasmodb.org/plasmo/), b GenBank codes (http://www.ncbi.nlm.nih.gov/genbank/), c A and B represent two distinct protein fragments derived from 

one full-length protein sequence and hence are expressed by identical PlasmoDB code, d Longevity category is defined by the magnitude of antigen-specific total IgG at 1- and 

24-week post-infection in comparison to the malaria-naïve baseline: non-immunogenic (< 1SD above baseline at week 1), short-lived (> 1SD above baseline at week 1 but < 
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0.5 SD above baseline at week 24) and long-lived (> 1SD above baseline at week 1 and > 0.5 SD above baseline at week 24), e Total IgG levels are expressed in RAU interpolated 

from standard curves using a 5PL logistic regression model. Values were multiplied by 1000 for easy interpretation.  

Abbreviations: 95% CI = 95% confidence interval; SD = standard deviation.  
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In an attempt to generate a quantitative measure of the IgG longevity, rather 

than the binary categories of short and long, we used mathematical modelling to 

estimate both the peak magnitude and the decay rate per antigen. The longevity 

of antibody decay is assessed by calculating the predicted proportion of the peak 

response remaining at 6, 12 and 24 months. Mathematical modelling has 

previously been applied to antibody data following infections [26, 108, 123, 238]; 

however, the current data set is the largest and richest (in terms of number of 

measurements and number of antigens) and thus the analysis was highly 

complex. Presented here are modelling results obtained by Dr Michael White 

(mathematical modeller at the Institut Pasteur, France). An important limitation 

to this modelling is that antigen-specific background signals measured in 

malaria-naïve negative control panels were not taken into consideration. Further 

improvements and refinements will be made, as noted in the Chapter 7.  

 

Interestingly, there was little difference in the proportion of the peak response 

remaining at 6, 12 and 24 months between the antigens with short-lived (25%, 

22% and 18%) and long-lived profiles (26%, 22% and 14%) (Figure 4.3A). As 

indicated by the interquartile range, antigens with a long-lived profile tend to 

show greater variation than the short-lived (Figure 4.3A). Figure 4.3B shows the 

estimated magnitude of IgG responses up to 24 months by multiplying the peak 

response with the remaining proportion of the peak predicted over time. The 
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decay was estimated to remain similar throughout the 24 months regardless of 

an antigen’s IgG longevity profile. Additionally, all antigens exhibited bi-phasic 

characteristics, with a steeper decay initially until 6 months when the decay rate 

reduced significantly. These results suggest that all immunogenic antigens had 

similar decay profiles and that the binary categorisation based on longevity was 

dominated by immunogenicity compared to the negative controls instead of 

longevity. At this stage, we therefore do not yet have a robust quantitative 

measure of antibody decay that takes into account the differing levels of 

background reactivity between antigens, and thus further analysis in the below 

Sections was performed using the binary longevity categories only. 
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Figure 4.3 Relationship between modelled antibody decay rate and the assigned IgG 

longevity category. The IgG antibody kinetic profiles of 52 P. vivax antigens were obtained on 

the LuminexÒ platform and were classified into two longevity categories in comparison to the 

negative control panels. Mathematical modelling was used to produce A) estimated proportion 

of remaining peak response at 6-, 12- and 24-months post-peak.  B) Antibody magnitude (log10 

RAU) post-peak was calculated from peak magnitude multiplied by estimated proportion of 

remaining peak at the 3 time points. Mann-Whitney’s (non-parametric) test was performed to 

determine statistical significance (p > 0.05 ns).  
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4.2.2 Evaluation of association between antigenic features and total IgG 

longevity  

 

To explore the potential sources that could account for the acquisition and 

maintenance of IgG responses against P. vivax antigens, I examined the impact 

of several antigen features that could potentially play a role. These included the 

presence or absence of predicted SP, TMD, GPI anchors, PEXEL, enzyme 

domains and the number of LCRs (Table 4.2). SP sequences and PEXEL motifs 

are responsible for trafficking and secretion of several Plasmodium surface 

antigens capable of inducing robust immune responses [383-386]. The presence 

of TMDs and GPI anchors suggests the antigens are membrane-bound, and could 

be targeted by functional antibodies [384, 387, 388]. The presence of enzyme 

domains is a key indication of conversed protein domains that are often 

associated with several surface antigens, for instance, merozoite surface proteins 

(MSPs) [389-391]. LCRs are identified as highly conserved short or single 

repeats of sequences with limited diversity in protein composition [392]. 

Multiple studies have demonstrated LCRs can be crucial epitopes for antibody 

responses [393, 394]. However, no clear associations have been established 

between these antigen characteristics and maintenance of antibody responses.  
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Table 4.2 Antigenic features of the 52 P. vivax antigens selected for this 

study. 

Antigen IDa SP TMD GPI PEXEL/ 
PNEP 

Enzyme 
Domains 

LCR 

PVX_099980 Yes Yes Yes PNEP 1 12 
PVX_096995 No Yes No PNEP 1 7 
PVX_088860 Yes Yes No PNEP NP 5 
PVX_101530 Yes Yes No PEXEL NP 3 
PVX_112680 Yes No No PNEP 1 1 
PVX_097715 Yes Yes No PNEP NP 6 
PVX_094830 Yes No No PNEP NP 1 
PVX_112675 Yes Yes No PNEP 2 1 
PVX_112670 Yes No No PNEP 1 4 
PVX_090970 Yes Yes No PNEP NP 3 
PVX_084720 Yes No No PNEP NP 11 
PVX_003770 Yes Yes Yes PNEP NP 2 
PVX_092990 Yes Yes No PNEP 1 17 
PVX_091710 Yes No No PNEP 1 8 
PVX_087885 Yes No No PNEP NP 11 
PVX_003555 No Yes No PEXEL 1 7 
PVX_117385 No No No PNEP NP 2 
PVX_090265 No Yes No PNEP 1 3 
PVX_082700 Yes No No PNEP 1 2 
PVX_082650 Yes No No PNEP 1 4 
PVX_094255Ac Yes No No PNEP NP 10 
PVX_097680 Yes No No PNEP NP 17 
PVX_001000 Yes No No PEXEL NP 3 
PVX_097625 Yes Yes Yes PNEP 2 4 
PVX_082670 Yes No No PEXEL 1 5 
PVX_099930 Yes No No PNEP NP 3 
PVX_084340 No No No PNEP NP 1 
PVX_098915 No No No PNEP NP 0 
PVX_088820 No Yes No PNEP 1 2 
PVX_082735 Yes Yes No PNEP 1 5 
PVX_082645 Yes No No PNEP 1 4 
PVX_117880 Yes Yes No PNEP NP 13 
PVX_121897 Yes No No PNEP 1 1 
PVX_125728 Yes No No PNEP 1 2 
PVX_090330 Yes No No PNEP NP 4 
PVX_123685 No No No PNEP 3 12 
PVX_125738 No Yes No PNEP NP 3 
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Antigen IDa SP TMD GPI PEXEL/ 
PNEP 

Enzyme 
Domains 

LCR 

PVX_097720 Yes Yes No PNEP NP 14 
PVX_000930 Yes Yes No PNEP NP 2 
PVX_098585 Yes No No PNEP NP 12 
PVX_098582 Yes No No PNEP NP 14 
PVX_121920 Yes No No PNEP 1 9 
PVX_094255Bc Yes No No PNEP 1 10 
PVX_090325 Yes Yes No PNEP NP 16 
PVX_101590 Yes No No PNEP NP 4 
PVX_110810Ac Yes Yes No PNEP 4 8 
PVX_090240 Yes No No PNEP NP 1 
PVX_088910 Yes No Yes PNEP NP 8 
PVX_095055 Yes No No PNEP 9 1 
PVX_110810Bc Yes Yes No PNEP 4 8 
AAY34130.1b No No No PNEP 1 2 
KMZ83376.1b No Yes No PNEP 1 3 

 

a PlasmoDB codes (http://plasmodb.org/plasmo/), b GenBank codes, c A and B represent two distinct 

antigen fragments derived from one full-length antigen sequence and hence are expressed by identical 

PlasmoDB code.  

 

Abbreviations: SP = signal peptide; TMD = transmembrane domain; GPI = glycosylphosphatidylinisotol; 

PEXEL =Plasmodium exported element motif; PNEP = PEXEL-negative exported protein; NP = none 

predicted; LCR = low-complexity region.  
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The majority of the 52 P. vivax antigens are predicted to contain signal peptides 

(79%), no transmembrane domains (58%), no GPI anchor (92%) and no PEXEL 

motif (92%). Half of the antigens are predicted to have enzyme domains. On 

average, these antigens had one enzyme domain which tended to be an 

epidermal growth factor (EGF) or Tryptophan-Threonine-rich Plasmodium 

antigen (Pfam) domains at the C-terminus. All antigens were predicted to 

contain LCRs (range=1-17, mean=5.98; median=4), except for PVX_098915, 

which had none. No statistically significant association was found between all of 

these characteristics with either immunogenicity (27 immunogenic versus 25 

non-immunogenic antigens) or the IgG longevity profile (18 long-lived versus 9 

short-lived) (Table 4.3, Fisher’s exact test, p>0.05). The impact of an increasing 

number of LCRs and enzyme domains was also assessed with logistic regression 

as continuous variables, but no associations were found (Table 4.4).   
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Table 4.3 Effects of antigen features on total IgG immunogenicity and longevity categorisations. Fisher’s exact tests were 

performed between immunogenic and non-immunogenic categories, and long- and short-lived categories. p value less than 0.05 was 

considered significant. 

 
 

 

 

 

 

 

 

 

aNumbers of antigens expressing the features are indicated 

 

Antigen featurea Immunogenicity Longevity 

Category 
Immunogenic 

(n=27) 

Non-immunogenic 

(n=25) 
p value 

Long-lived 

(n=18) 

Short-lived 

(n=9) 
p value 

PEXEL 2 2 > 0.99 1 1 > 0.99 

Signal Peptide 22 19 0.74 15 7 > 0.99 

GPI Anchor 3 1 0.61 2 1 > 0.99 

Transmembrane Domain 13 9 0.41 8 5 0.69 

Enzyme Domain 17 9 0.09 12 5 0.68 
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Table 4.4 Effects of the increasing number of enzyme domains and LCRs on antibody profile categorisation. Logistic 

regression analysis was performed and estimates were adjusted for the presence of signal peptide, transmembrane domain, GPI 

anchor, PEXEL, LCR and/or enzyme domain. 

 
Category Enzyme Domain LCR 

 Unadjusted Adjusted Unadjusted Adjusted 

Immunogenicity 

 

    

Odds ratio 1.60 1.55 0.99 0.98 

p value 0.13 0.17 0.84 0.80 

95% CI 0.88 – 2.92 0.83 – 2.87 0.88 - 1.11 0.86 - 1.12 

Longevity 

 

    

Odds ratio 2.00 2.32 1.28 1.27 

p value 0.20 0.31 0.08 0.09 

95% CI 0.69 – 5.80 0.45 – 11.92 0.97 - 1.69 0.97 - 1.68 
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4.2.3 Association between IgG subclass dominance and IgM immunogenicity 

with total IgG longevity  

 

The distribution of IgG subclasses is known to change from IgG1 dominance to 

IgG1 and IgG3 co-dominance with increasing exposure in the context of malaria 

infections [224, 294]. Therefore, it is plausible that differences in IgG subclass 

responses could be present to antigens with differing longevity profiles, for 

example, antigens with long-lived IgG responses might have both IgG1 and IgG3. 

In addition, IgM is elicited upon first encounter with most pathogens [395], so 

I was interested to address whether IgM immunogenicity was associated with 

IgG immunogenicity and/or longevity profiles. The hypothesis was that high IgM 

levels, potentially reflective of an early immune response, would be associated 

with low levels of IgG immunogenicity and short-lived IgG responses. 

 

IgG subclass responses to 26 IgG-immunogenic antigens (PVX_123685 was 

excluded from the panel by mistake) were measured at week 2 post-infection 

and IgM levels to all 52 antigens were measured at week 1 post-infection. 

Dominance of IgG subclass responses and IgM positivity were compared 

between antigens with long-lived (n=17) and short-lived (n=9) IgG profiles.  
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For IgG subclass, IgG1 was identified as the predominant response whilst no 

IgG4 was detected in the symptomatic Thai individuals at 2 weeks post-infection. 

I also observed consistently less robust IgG3 signals and very weak IgG2 

compared to IgG1. Among the 26 IgG-immunogenic antigens, four types of IgG 

subclass reactivity profiles were evident: i) IgG1 only (n=13); ii) predominant 

IgG1 with sub-dominant IgG3 (n=9); iii) predominant IgG1 with subdominant 

IgG2 and IgG3 (n=2); and iv) IgG1, 2 and 3 with no obvious dominance (n=2) 

(Table 4.5). Fisher’s exact test showed no significant difference in the 

complexity of IgG subclass profile (comparing IgG1 only, n=13, with mixed IgG 

subclass responses, n=13) between antigens with long- and short-lived total IgG 

profiles (p>0.99).  

 

IgG subclass kinetics were also measured every 2 weeks throughout the study 

follow-up. Figure 4.4 shows that, after adjustment with the negative control 

baseline, IgG1 was acquired more rapidly than other subclasses and its 

predominance was maintained throughout the study. It was also evident that the 

magnitude of IgG1 most strongly mirrored that of total IgG over time. 

Additionally, antigen-specific baseline signals were found to vary significantly. 

IgG1 tended to induce lower baseline responses among malaria-free individuals 

compared to total IgG, resulting in more robust signals after adjustment. This 

suggested that the difference in antibody response magnitude between infected 
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and infection-free volunteers was more prominent for IgG1 than total IgG. I also 

found that hyper-immune adults from PNG (used as the positive control) had 

an elevated level of IgG3 to most P. vivax antigens compared to that of the Thai 

symptomatic patients who have had lower levels of lifetime exposure (Figure 

4.5), confirming previously reported observations of subclass switch in higher 

transmission regions [294].  

 

The level of antigen-specific IgM antibodies against 52 antigens was measured 

in the Thai symptomatic cohort at 1-week post-infection and subsequently 

compared to the malaria-free panels (Figure 4.6). It was found that only 15 P. 

vivax antigens induced positive IgM responses 2 SD above the median of the 

negative control panels (Figure 4.6A), although most antigens had a significantly 

higher IgM level. 2 SD was chosen as the cut-off for classifying responses as IgM 

immunogenic or not due to the fact that this threshold has been frequently used 

in multiple previous studies focussing on antibody responses against malaria 

[396-400]. Interestingly, 7 IgG-non-immunogenic antigens also elicited positive 

IgM responses. Similar proportions of IgM-positive antigens exhibited long- 

(n=5, 29.4%) and short-lived (n=3, 33.3%) total IgG profiles (Table 4.5). There 

was no difference in the likelihood of exhibiting IgM positivity at 1-week post-

infection between IgG-immunogenic and non-immunogenic antigens (Fisher’s 

exact test, p>0.99).  
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Table 4.5 IgG subclass categories and IgM positivity for IgG immunogenic 

antigens 1-2 weeks post-infection in the Thai symptomatic cohort.  

 

Longevity Category 
Long-lived 

(n=17, 100%) 

Short-lived 

(n=9, 100%) 

 

IgG1 

 

8 (47.1%) 

 

5 (55.6%) 

 

Predominant IgG1 

Subdominant IgG3 

 

7 (41.0%) 

 

2 (22.2%) 

 

Predominant IgG1 

Subdominant IgG2 & IgG3 

 

1 (5.9%) 

 

1 (11.1%) 

 

IgG1, 2 & 3 

(no obvious dominance)  

 

1 (5.9%) 

 

1 (11.1%) 

 

IgM positivitya 

 

5 (29.4%) 

 

3 (33.3%) 

 
a Cut-offs for IgM positivity were set at + 2 SD from negative control in log10  

Relative Antibody Unit (RAU) at 1-week post-infection 
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Total IgG IgG1 IgG2 IgG3 IgG4 
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Figure 4.4 Adjusted IgG subclass and total IgG kinetics in the Thai symptomatic cohort. 

The levels of 4 IgG subclass responses against 26 total-IgG-immunogenic P. vivax antigens 

(PVX_123685 was excluded) were measured every 2-8 weeks for 9 months. Data was adjusted 

by subtracting the median of pooled negative control panels (n=274). Kinetic profiles are 

arranged based on IgG subclass profile: A) IgG1 only, B) predominant IgG1 and subdominant 

IgG3, C) predominant IgG1 and subdominant IgG2 and IgG3 and D) no obvious dominance.  

Data are expressed as median ± 95% CI.  

 

 

C) Predominant IgG1, subdominant IgG2 and 3 

D) No obvious dominance 

Total IgG IgG1 IgG2 IgG3 IgG4 
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Figure 4.5 Comparison of the adjusted peak IgG subclass magnitude between the Thai 

symptomatic cohort and the PNG hyperimmune pool. Antigen-specific IgG subclass 

responses against 26 IgG-immunogenic (PVX_123685 was excluded) antigens were measured 

for 9 months, and the peak of responses (2-week post-infection) was compared between 

symptomatic Thai patients and the positive control, hyper-immune pooled plasma of infected 

PNG individuals. PNG results were collected from the standard curves included in each 

independent experiment of IgG subclass measurement (n=7). Data was adjusted by subtracting 

the median of pooled negative control panels (n=274). 

Samples 
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Figure 4.6 Comparison of the peak IgM magnitude between the Thai symptomatic cohort 

and malaria-free individuals. IgM levels were measured at the peak of responses (1 week 

following a symptomatic P. vivax infection) among 34 Thai patients and were compared to the 

ARC (n = 100), TRC (n = 72) and VBDR (n = 102) malaria-naïve control panels. Mann-

Whitney’s (non-parametric) test was performed (p > 0.05 ns, < 0.05 *, < 0.01 **, < 0.001 ***). 

To down-select IgM-positive antigens, medians and SD were calculated and plotted to identify 

A) antigens with medians more than 2 SD above the pooled negative control panels (n=15) and 

B) those without (n=37).  
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4.2.4 Association between IgM and total IgG kinetic profiles 

 

To further examine the relationship between IgG and IgM responses, detailed 

IgM kinetics of the 15 IgM-positive antigens were obtained. These antigens were 

down-selected based on IgM positivity at 1-week post-infection (more than 2 SD 

above baseline), including both IgG-immunogenic (n=8; 5 long-lived and 3 

short-lived) and IgG-non-immunogenic (n=7) antigens. Figure 4.7 shows IgM 

kinetics along with total IgG, both adjusted against corresponding baseline 

signals of the negative control panels. Unadjusted kinetic profiles of IgM 

responses are shown in Figure 4.8.   

 

All antigens exhibited IgM kinetic patterns similar to total IgG, consisting of an 

initial peak at week 1 post-infection and gradual decay over the 9 months of 

study follow-up (Figure 4.7). However, the decay of IgM responses was less 

distinctive than total IgG. In contrast to popular belief, IgM signals against all 

15 antigens were maintained above the median of negative control panels for 

more than 6 months. In comparison with total IgG, variations in responses 

between volunteers were also less prominent in IgM (Figure 4.7).  

 

Among 8 IgG-immunogenic antigens, PVX_000930, PVX_096995 and 

PVX_095055 exhibited a peak total IgG magnitude that was approximately twice 
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that of IgM before decaying and converging with the IgM level at 18-24 weeks 

post-infection (Figure 4.7A and B). The level of IgG response against 

PVX_087885, on the other hand, was maintained above IgM throughout the 

study. PVX_082700, PVX_082735 and PVX_082670 showed IgM 

immunogenicity comparable to total IgG for 36 weeks (Figure 4.7A and B). IgM 

levels against PVX_112670, in particular, remained higher than total IgG since 

12-week post-infection (Figure 4.7B). For all 7 IgG-non-immunogenic antigens, 

IgM responses were stronger than total IgG throughout the study since infection 

(Figure 4.7C). 
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Figure 4.7 Adjusted total IgG and IgM kinetics against P. vivax antigens in the Thai symptomatic cohort. 15 antigens with IgM positivity at 1-week 

post-infection (> 2SD above baseline median) were selected and their IgM responses over a 9-month period were measured and compared to total IgG. Data 

was adjusted by subtracting the median of pooled negative control panels (n=274). The P. vivax antigens are arranged based on total IgG longevity: A) long-

lived (> 1 SD at 1-week and > 0.5 SD at 24-week post-infection above negative control baseline); B) short-lived (> 1 SD at 1-week but < 0.5 SD at 24-week 

post-infection) and C) non-immunogenic (< 1 SD at 1-week post-infection). Data are expressed as the median ± 95% CI. Black dotted lines represent the 

malaria-naïve baseline. 

A) Long-lived (IgG) B) Short-lived (IgG) 

C) Non-immunogenic (IgG) 
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Figure 4.8 Unadjusted IgM kinetics against P. vivax antigens in the Thai symptomatic cohort. 8 P. vivax antigens that were IgG-immunogenic with IgM 

positivity (> 2SD above baseline median) at 1-week post-infection were selected and IgM responses over a 9-month period were measured in symptomatic 

Thai individuals (n=17 timepoints). Horizontal solid lines represent the baseline responses measured in malaria-naïve individuals from 3 different sources 

(n=274). Data are expressed as the median ± 95% CI. 

A) Long-lived (IgG) B) Short-lived (IgG) 

C) Non-immunogenic (IgG) 
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4.2.5 Total IgG longevity following an asymptomatic P. vivax infection 

 

Total IgG, IgG subclass and IgM measurements were made in Thai individuals 

following symptomatic P. vivax infections. As these individuals were 

symptomatic, they have not yet gained sufficient immunity to clinical disease. 

We were therefore interested to determine whether total IgG kinetics differed in 

individuals from a similar region of western Thailand who had already acquired 

immunity to symptomatic disease. 30 individuals were selected from an existing 

cohort [265] who had an asymptomatic P. vivax infection with data available 

from 14 visits in total. IgG was measured in plasma samples from the time of 

asymptomatic P. vivax infection and all subsequent time-points (i.e. 6 - 13 visits); 

as per the symptomatic cohort, these individuals were infection-free following 

the initial detected infection. Total IgG responses were measured against the 27 

P. vivax antigens found to be IgG immunogenic in the symptomatic cohort. 

Kinetic profiles against all 27 antigens are shown in Figure 4.9.  

 

21 of 27 P. vivax antigens were found to be IgG-immunogenic (more than 1 SD 

above baseline at the time of infection) following an asymptomatic P. vivax 

infection, all of which showed a long-lived total IgG profile (more than 0.5 SD 

above baseline at 6-month post-infection) compared to only 18 of the same 

antigens following symptomatic infection. Individual variation in responses to 
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antigens was larger than observed in the symptomatic patients, indicated by the 

longer error bars in Figure 4.9. This is likely related to greater differences in 

levels of past exposure in these individuals, compared to most symptomatic 

patients having 0 or 1 past infections (self-reported history)[334]. For P. vivax 

antigens that were non-immunogenic in the asymptomatic P. vivax infected 

individuals (n=6), 4 were classified as short-lived in the symptomatic Thai 

patients. The lack of response in the asymptomatic individuals might be due to 

the reduced parasite load; the median parasite density in the asymptomatic 

individuals (median = 1.0´102) was 2.5´103 times lower than the symptomatic 

(median = 2.5´105) (Table 2.1).  
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Figure 4.9 Total IgG kinetics and longevity against 27 P. vivax antigens in the Thai asymptomatic cohort. The kinetics of total IgG antibody against 27 

P. vivax antigens were determined following both asymptomatic (for a year) and symptomatic (for 9 months) P. vivax infections in Thai individuals in the 

absence of recurrent infections. Antibody data after asymptomatic infection were aligned to the time of infection, and thus sample size diminishes at later 

time points. Longevity of the antibody responses is categorised into A) long-lived (n=21, > 1 SD at time of infection and > 0.5 SD at 6-month post-infection 

above negative control baseline) and B) non-immunogenic (n=6, < 1 SD at time of infection), based on the responses in the asymptomatic individuals. 

Horizontal solid line represents the baseline responses measured in malaria-naïve individuals from 3 different sources (n=274). Data are expressed as the 

median ± 95% CI. 

B) Non-immunogenic  
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4.2.6 Additional results: attempt to establish total IgG kinetics in Brazilian 

patients 

 

Following the characterisation of antibody kinetics in the Thai symptomatic 

cohort, it was of interest to examine, compare and potentially validate the results 

in another malaria-endemic country with low transmission but a distinct 

geographical location. Therefore, samples from another longitudinal study on 

symptomatic P. vivax-infected individuals from Manaus, Brazil, were obtained 

[108]. The design of the Brazilian longitudinal study was identical to the Thai 

study and is described in detail in Chapter 2 Sections 2.1.1 and 2.1.2. In this 

Section, I report the initial findings of IgG kinetics in this cohort and results of 

multiple attempts to troubleshoot various issues encountered.  

 

As per the Thai cohort, total IgG responses were measured in a subset of 

Brazilian individuals (n=33) at all time points that plasma samples were 

collected (time of infection, week 1, week 2, then every 2 weeks until week 24, 

then every 4 weeks until the end of the study at 9 months). IgG responses were 

measured against a panel of 24 P. vivax proteins. At the time of the experiment, 

only 24 antigens had arrived at WEHI and completed optimisation, and hence 

were used for IgG measurement. As shown in Figure 4.10, in contrast to the 

Thai cohort, total IgG antibody responses against all 24 antigens in the Brazilian 



 

 199 

cohort were shown to peak and drop randomly throughout the study across all 

participants. For most antigens, the noisy responses mostly occurred above the 

malaria-naïve baseline.  
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Figure 4.10 Total IgG kinetics against 24 P. vivax antigens in the Brazilian symptomatic 

cohort. The kinetics of antigen-specific total IgG antibody were determined for 9 months 

following a symptomatic P. vivax infection in Brazilian individuals in the supposed absence of 

recurrent infections. Each line graph (each colour) corresponds to one of the 33 individuals. 

Negative control panels consist of malaria-free individuals from three different sources.  
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From the above observation, I performed a series of analyses to assess different 

aspects of the experiment and to explore the potential source of the highly 

variable antibody signals in this longitudinal cohort. This included: a) stability 

of standard curves, b) correlation between replicates and c) presence of 

potentially missed infections per participant.   

 

Firstly, I found that the standard curves for the bulk conjugation and each plate 

of experiment had remained log-linear throughout the 2-week experiment 

(Figure 4.11). This confirms the consistency and reliability of unit conversion. 

Additionally, this result was supported by the fact that IgG responses in MFI 

before conversion also exhibited an identical pattern as the RAU (Figure 4.12).  
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Figure 4.11 Standard curve tests for 24 P. vivax antigens in the Brazilian symptomatic 

cohort. Antigen-specific standard curves were included in each plate of experiments as a 

measure of inter-plate and/or inter-day variability. The ‘Bulk’ in coral represents the freshly 

conjugated Luminex® microspheres whilst the ‘Plate’ in teal represents the standard curve per 

plate. For the detection of IgG antibody kinetics in duplicates, a total of 16-17 plates of samples 

were run which took approximately two weeks to complete.  
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Figure 4.12 Total IgG kinetics for the Brazilian symptomatic cohort in MFI. The kinetics 

of antigen-specific total IgG antibody shown here are in MFI before unit conversion into RAU. 

Each line graph (each colour) corresponds to one of the 33 individuals. Three horizontal lines 

corresponds to the three negative control panels.  
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Secondly, correlation tests were performed between duplicates per sample 

(Figure 4.13). Pearson’s R values in the Brazilian cohort were moderate, ranging 

from 0.32 – 0.71, with p values <0.0001 indicating statistical significance. The 

strength of correlations between duplicates in this cohort was lower than the 

Thai (0.87 – 1, p <0.0001) (Figure 3.6). Due to this, I further repeated this 

experiment using samples from a random time point (ie. 8-week post-infection). 

Three P. vivax antigens (PVX_082650, PVX_094255A and PVX_098915) with 

stable antigen-conjugated microspheres were selected to measure IgG responses. 

The results were then correlated to the original data. For the three antigens, data 

obtained from the repeat and original experiments were strongly correlated 

(Pearson’s R=0.97 – 1, p<0.0001) (Figure 4.14). This suggests that despite the 

moderate correlation values for some antigens, overall there was unlikely to be 

any laboratory issue related to the IgG measurements accounting for the highly 

variable and inconsistent IgG kinetics compared to the Thai cohort.  
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Figure 4.13 Correlation between duplicates per P. vivax antigen in the Brazilian 

symptomatic cohort. For the measurement of total IgG kinetics against 24 P. vivax antigens in 

the symptomatic Brazilian cohort (n=33), all plasma samples were run in duplicates. This plot 

shows the correlation between the duplicates (a total of 561 pairs of duplicates from 33 

participants with plasma samples collected at 17 time points). Correlation analysis was 

performed using Pearson’s correlation test, indicated by R and p values. Dots of the same colour 

correspond to a single participant at different time points across the study.  
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Figure 4.14 Correlation of data from original and repeated IgG responses. To validate the 

results, total IgG responses against three P. vivax antigens were measured for the second time, 

using plasma samples from 33 symptomatic Brazilians 8-week post-infection. Data obtained 

were correlated to the data from the original experiment.  

 

 

 

 

 



 

 207 

After examination of the quality of the antibody experiment and finding no 

obvious issues, it was speculated that there may be missed infections that led to 

noisy IgG signals. During the 9-month study, the 33 Brazilian symptomatic 

individuals were screened at each time point by Plasmodium-specific qPCR 

(QMAL) to confirm the absence of recurrent P. vivax infections, as per the Thai 

cohort. QMAL results indicate parasite density and are expressed as copies per 

µL of samples. Strong readings with great numbers of copies allow the 

differentiation between P. vivax (Pv+) and P. falciparum (Pf+) infections in an 

individual, using a further species-specific assay [335].  

 

According to the original record QMAL results for the Brazilian cohort 

(document not shown), all 33 participants were QMAL+ and Pv+ at enrolment. 

However, it was found that some individuals showed QMAL and/or Pv positivity 

during the study, conflicting with the intended study design. A total of 22 

individuals show qPCR positivity between week 1 to week 36, amongst which 

six individuals (participant ID 028, 040, 052, 061, 067 and 088) showed 

positivity twice. The time points at which QMAL+ and Pv+ results were found 

during the study and the respective number of participants and the parasite 

density are recorded in Table 4.6. Initially, these infections were presumed to be 

due to PCR contamination or error (given most were either QMAL or Pv positive 
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but not both); however, given the sporadic peaks in antibody responses, I further 

investigated whether they could be true infections. 

 

Most positive qPCR results were found at week 1 and between weeks 28 and 32 

(Table 4.6). Infections detected at week 1 are likely just remaining parasites from 

the initial infection, and are not of concern. The sporadic and relatively rare cases 

of QMAL+ individuals found between weeks 4 and 28 and at week 36 could 

potentially be missed true infections.  

 

To determine if qPCR positivity was the causative factor of the irregular IgG 

responses, time points where QMAL+ and Pv+ were found were indicated on the 

IgG antibody kinetic profiles. In Figure 4.15, IgG responses against almost all 

antigens in some participants were shown to peak the time when they were 

detected as QMAL+ (eg. participants 028, 031 and 047). The timing of some Pv 

positivity was also in line with an IgG peak (eg. participants 013, 042 and 065). 

Despite this, numerous other peaks and drops could still not be explained by the 

QMAL results.  
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Table 4.6 Distribution and parasite density of the 22 qPCR-positive individuals in the symptomatic Brazilian cohort.  

 

 Week 1 Week 4 Week 10 Week 20 Week 22 Week 28 Week 32 Week 36 

Total number of  
qPCR positive individuals 

6 1 1 2 1 7 9 2 

Number of QMAL+ 2 1 1 2 1 0 5 0 

QMAL+ results (copies/µL)a 4.4 8.7´10-1 4.3´10-1 7.3 2.9´104 NA 7.5 NA 

Number of Pv+ 4 0 0 0 0 7 4 2 

Pv+ results (copies/µL)a 1.6´104 NA NA NA NA 9.4´101 3.9´102 1.1´101 

 

a The median of parasite density was shown.  
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Figure 4.15 Antigen-specific IgG responses and timing of potential missed infections in 

33 Brazilian symptomatic individuals. The IgG antibody responses against 24 P. vivax antigens 

in 33 Brazilians were measured for 9 months post-infection. Each line graph (each colour) 

corresponds to one of the 33 individuals. QMAL+ and Pv+ are recognised as potential missed 

infections, and are represented as vertical black and red dotted lines, respectively.  
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Taking our findings together, the reason behind the noisy IgG responses in the 

Brazilian symptomatic cohort remain inconclusive. However, the strong peaks 

in IgG levels at various time-points throughout the study do suggest that either 

there were infections that were misclassified by PCR or that there were issues 

in performing the PCR assays in Brazil, leading to false results. Other potential 

factors that are beyond our control include sample collection, aliquoting, storage 

and shipping conditions. In the interest of time, no further investigation was 

conducted and the Brazilian symptomatic cohort was excluded from future 

analyses.  
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4.3 Discussion 
 

P. vivax is known for its high genetic diversity compared to P. falciparum [329] 

and its capacity to evade immune surveillance whilst hiding in the liver as 

hypnozoites. It is such characteristics that make naturally acquired immunity 

against P. vivax more challenging to define than P. falciparum. In the present study, 

I used human samples from a low transmission region in Thailand to develop a 

model of the dynamics of naturally acquired antibody responses against more 

than 50 P. vivax antigens, including well-studied vaccine candidates and novel 

targets, following both symptomatic and asymptomatic P. vivax infections. I 

show that P. vivax antigens are able to induce total IgG responses of varying 

longevities, dependent on the P. vivax antigen target, with a general pattern of 

bi-phasic decay. Of the 27 IgG immunogenic antigens, it was found that 18 had 

a relatively long-lived antibody kinetic profile (responses lasting more than 6 

months), whilst 9 had a short-lived profile (responses lasting less than 6 

months). It was observed that for most antigens IgG1 was the dominant subclass, 

and that the decay of IgG1 mirrored that of total IgG. Of interest, I also detected 

long-lived antigen-specific IgM responses with a similar kinetic pattern after 

symptomatic infections. When comparing antibody kinetics following 

symptomatic or asymptomatic P. vivax infections, I show that responses 

following asymptomatic infections are longer-lived, in line with previous 
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observations that antibody longevity increases in individuals with higher levels 

of past exposure [108]. 

 

To investigate the source of variation in IgG antibody longevity against different 

P. vivax antigens, the impact of the presence of several major characteristics and 

the presence of IgG subclass and IgM antibody responses was assessed. It was 

found that there was no significant association between defined IgG longevity 

categories (short or long, based on the presence of IgG at 6 months) with all 

antigen features, IgG subclass or IgM responses. However, our findings 

suggested that immunogenic antigens tended to contain enzyme domains such 

as Pfam and EGF (Table 4.2.3). P. vivax is known to contain a greater number of 

tryptophan-rich protein-coding genes compared to other Plasmodium species 

[315]. Several studies have reported antigen-specific antibody responses induced 

by enzyme domains of P. vivax antigens, particularly the tryptophan-rich domain 

found in tryptophan-rich antigens [401-403]. On the other hand, the C-terminal 

EGF-like domains in the P. vivax merozoite surface protein 1 (MSP119) were 

found to be the most immunogenic region of the antigen and humoral responses 

against this region were protective against clinical symptoms in a rodent model 

[242, 319, 404, 405]. Despite the weak association observed, our results indicate 

enzyme domains could potentially play a role in the immunogenicity of P. vivax 

antigens. A larger antigen panel will be required for future assessment to 
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confirm such associations are true. Additionally, a quantitative instead of binary 

categorising system for the kinetic profiles would be ideal for comparing features 

relating to immunogenicity or longevity of antibody responses.  

 

Interestingly, whilst it was expected that the 52 P. vivax antigens to be mostly 

immunogenic [108, 112], based on our prior studies, I found that only 27 

induced IgG and 15 induced IgM seropositive responses at week 1 following 

infection. This was beneficial in enabling analysis of factors impacting 

immunogenicity, such as the presence of enzyme domains, but the reasons for 

these differences should be explored. Potential reasons are that I have used 

purified antigens compared to our large-scale analysis of more than 300 P. vivax 

antigens [108], and that our sample size is much smaller than our analysis of 

829 individuals from malaria-endemic regions using identical purified antigens 

[112]. Previous studies have reported the immunogenicity of numerous P. vivax 

antigens in regions with various transmission settings. Among the 25 antigens 

categorised as non-immunogenic in the present study, some have been 

commonly studied as potential vaccine candidates due to their involvement in 

reticulocyte invasion, including RBPs, DBP, MSP3b, SIAP-2, RON2 and GAMA. 

Whilst antibody responses against these P. vivax antigens often indicates 

incidence of infection or clinical protection, their immunogenicity in low-

transmission regions has rarely been addressed [220, 340, 406-409]. Among the 
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six P. vivax RBPs investigated in this Chapter, it was demonstrated that RBP2b 

(PVX_094255B) is the only immunogenic RBP. This result is line with the 

findings reported by Hietanen et al. who investigated antibody responses in 

individuals from Thai-Myanmar border [410]. In contrast, He et al. reported 

significant IgG antibody responses against P. vivax RBP2b, RBP1a and RBP2c-

NB in infected Thai and Brazilian individuals from low-transmission regions 

[213]. The differences observed between studies could be the results of having 

much larger sample size (n>1000) and also the fact that immunogenicity was 

defined differently in the He study. Similarly, whilst GAMA is categorised as 

non-immunogenic in our study, Changrob et al. have reported high 

seroprevalence of more than 55% even a year after recovery from acute infection 

in southern Thailand [411]. This could be due to inclusion of mixed-species 

malaria infection cases, potential presence of boosting infections during the 

follow-up and smaller sample size in the Changrob study. It was also shown that 

6 tryptophan-rich antigens are non-immunogenic, among which 2 (PVX_112675 

and PVX_092990) were found to be highly immunogenic and capable of 

inducing long-lived antibody responses that lasted for at least 5 years post-

infection in Korean, Myanmar and Chinese individuals [403]. Various reasons 

could account for such difference, including the use of Korean strain P. vivax 

isolates, instead of Sal-1, as template for PCR amplification. Most importantly, 

it is possible that the exposure levels varied greatly between the Thai patients 
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and the participants from other studies, leading to contrasting results in the level 

of immunogenicity and antibody longevity of the same P. vivax antigens. To 

expand the current scope covered by this work, some further investigations 

could be done to determine the source of differences in reactivity between 

immunogenic and non-immunogenic antigens defined in this Chapter. For 

instance, other antibody-based assays could be used to verify the 

immunogenicity of each antigen in this population. Alternatively, the use of 

monoclonal antibodies could validate and compare the presence and/or 

accessibility of critical epitopes in these antigens.  

 

Our data indicates that cytophilic antibodies (IgG1 and IgG3) are the dominant 

IgG subclass response induced by our large panel of P. vivax antigens, at least 

following symptomatic P. vivax infections in this low-transmission region. This 

is consistent with previous research highlighting IgG1 and IgG3 as the key 

subclasses during malaria, regardless of the Plasmodium species or geographical 

location [220, 224, 412, 413]. It has previously been proposed that P. falciparum 

infection initially induces non-cytophilic followed by cytophilic antibodies [414], 

but this was not what I observed following symptomatic P. vivax infections in 

individuals from western Thailand (who presumably had limited past exposure, 

supported by their self-reported malaria history). In comparison to previously 

published studies mostly utilising cross-sectional cohorts, our longitudinal data 
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and relatively frequent sampling allowed us to demonstrate that the dominance 

of IgG subclasses remains constant over time following P. vivax infection, at least 

in the absence of any boosting infections. No evidence of subclass switch was 

observed, which is proposed to occur with an increase in exposure and age [224], 

in this low-transmission region. However, in our positive control pool consisting 

of hyperimmune individuals from PNG, I did observe the presence of both IgG1 

and IgG3 against most P. vivax antigens, compared to IgG1 alone for our Thai 

volunteers, suggesting that with increasing exposure and in higher transmission 

levels this switch may indeed occur. Similar observations were made in the 

studies focussing on PNG children where IgG1 and IgG3 were the dominant IgG 

subclass responses [219, 230]. Interestingly, the subclass switch was 

hypothesised to contribute to the longevity of total IgG upon exposure to malaria 

antigens [294, 415], but was not observed in our study where the study site is 

of relatively low transmission.  

 

IgM antibodies have been identified as a short-lived response due to the general 

notion that IgM undergoes class-switch to IgG after a short period of time 

exposed to a pathogen [416]. In the context of P. vivax infections, Park and 

colleagues reported P. vivax MSP1-specific IgM responses that had lasted for less 

than 3 months [417]. However, our findings indicate that IgM responses can 

actually be long-lived (for more than 9 months), consistent with more recently 
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published reports [418-420]. Whilst the underlying mechanism for induction 

and maintenance of long-lived IgM is unclear, IgM-producing long-lived plasma 

cells have been shown to reside in the spleen in a mouse model [419]. These 

cells undergo somatic hypermutation upon antigenic stimulation, independent 

of GC and T cell help, suggesting an affinity maturation process that is unique 

and distinct from that of IgG [253, 419]. Nevertheless, our study is the first to 

address P. vivax-specific IgM kinetics in detail and to demonstrate that IgM can 

be maintained for at least 9 months in the absence of boosting infections. The 

direct comparison between total IgG and IgM kinetics also provides unique 

insights into the antigen-specific difference in the temporal dynamics between 

the two antibody responses. However, caution is warranted when interpreting 

these results as evidence in other disease models has shown that IgM can 

potentially be cross-reactive to highly IgG-immunogenic epitopes [421, 422].   

 

I also measured IgG antibodies following a PCR-positive but asymptomatic P. 

vivax infection in a similar region of western Thailand. Defining antibody 

responses in asymptomatic individuals is challenging given that case detection 

and recruitment become more dependent on molecular surveillance tools that 

are less accessible than microscopy in field-settings. Yet it is important to assess 

longevity of naturally acquired immune responses following asymptomatic 

infections given the high proportion of P. vivax infections that are asymptomatic. 
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I was able to utilise samples previously collected as part of an observational 

longitudinal cohort study, in which most infections were asymptomatic [265], 

to address this question. Between 2015 and 2016, more than 90% of Plasmodium 

cases were found to sub-microscopic and asymptomatic in western Thailand 

[109, 423], highlighting the prevalence of the asymptomatic repertoire in our 

setting. Data from the Mueller laboratory has previously shown that total IgG 

responses against a panel of 11 P. vivax antigens are induced following 

asymptomatic P. vivax infections [424]. Our current results confirm these 

findings, against a larger panel of P. vivax antigens, and I was able to further 

extend these results to show that these responses can be maintained for an 

extended period of time following clearance of the infection (up to 14 months). 

Whilst there have been previous studies assessing antibody longevity following 

P. vivax infections [239, 242, 411, 425], ours is the first to do so to a large panel 

of P. vivax antigens with much more frequent sampling after an infection. This 

enables us to establish an antibody kinetic profile of higher resolution. 

Furthermore, previous work has often failed to exclude mixed infection cases 

from antibody measurement. I created a more stringent selection system to 

ensure the antibody profiles are P. vivax-specific. More importantly, the malaria-

naïve control panels in our study are exceptionally larger than most previously 

published work, allowing more accurate prediction of seroprevalence in the 

target population. Lastly, I show that some newly identified P. vivax antigens in 
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our panel can be highly immunogenic and even induce long-lived antibody 

responses. This finding will broaden our current scope of ‘antigenic candidates’ 

and facilitate exploration of untraditional targets.  

 

Our study has some limitations. First, antibody levels measured at enrolment 

(week 0) are already elevated above the baseline measured in malaria-naïve 

control panels. This may be due to a delay in care seeking, or because some 

individuals in our study have had past exposure to malaria. Second, it is currently 

impossible to determine whether the symptomatic infections detected at week 0 

in our individuals are new infections from mosquito bites or due to relapses from 

previous infections. The source of infection may play a role in antibody boosting 

and maintenance. Third, due to the longer interval between sampling (4 weeks), 

there is the possibility of missed infections present in the asymptomatic cohort, 

which could contribute to the greater variation observed between individuals, 

especially towards the end of the study after adjusted for time of infection as the 

sample size reduced. Additionally, the IgM profile was not obtained in this 

cohort and thus further investigations on IgM responses following P. vivax 

asymptomatic infections will be required.  
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Chapter 5. Establishment of an 
ELISpot assay for protein-specific 
memory B cell measurements 
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5.1 Introduction 

 

In the previous Chapters, I have established that antibody kinetic pattern and 

longevity were antigen-dependent in western Thailand with low transmission. It 

was speculated that such differences in the antibody response profile could be 

due to a differential capacity of each P. vivax antigen in inducing effective 

antigen-specific MBC responses. To verify this, I aimed to develop an enzyme-

linked immunosorbent spot (ELISpot) assay to enumerate the number of 

antigen-specific MBCs over time in the same cohort.  

 

The ELISpot assay has been an important tool for the quantification of immune 

cells. The assay was first described in 1983 and was used to visualise murine 

enzyme-bound ASCs in petri dishes [426]. Since then, as the technology has 

progressed, the assay has also evolved to cater to the need of higher sensitivity, 

clearer enzyme-bound activity and a higher capacity for processing larger 

number of samples with the use of specialised 96-well plates [427]. Despite this, 

the concept and basic setup remain relatively unchanged. Firstly, a capture 

antibody specific for the target analyte – be it total IgG or a cytokine – is used to 

coat the membrane of a 96-well ELISpot plate [428]. Subsequently, cells are 

transferred into the wells and incubated with the membrane bound capture 

antibodies. During incubation, immune cells secreting the analyte will be bound 
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and immobilised whilst producing more analytes [428]. This leaves a circular 

gradient of residual on the membrane, diffusing out from the centre of the cell. 

Finally, analyte production is terminated by multiple washes and removal of 

immune cells [428]. The residual of analytes is then visualised using either 

enzyme- or fluorochrome-labelled detection antibodies [429]. For the purpose 

of this Chapter, the setup of ELISpot assay is illustrated in Figure 2.3.  

 

The ELISpot assay has been widely used to monitor cellular immune responses. 

Another commonly used method for this purpose is flow cytometry. Flow 

cytometry has been known to provide detailed phenotypic characterisation of the 

cell population of interest, and has been used to detect antigen-specific MBCs. 

However, this technique requires more cells and usually involves a tetramer 

enrichment step for antigen-specific detection [430]. Compared to flow 

cytometry, the ELISpot assay requires approximately 10-fold less cellular 

material for detection [431]. Given that the biological materials are often 

precious, the usage of flow cytometry for detection of human antigen-specific 

MBCs has been limited. On the other hand, ELISpot offers functional analysis 

and also excellent sensitivity in detecting rare antigen-specific cell populations 

[432-434]. In order to differentiate antigen-specific MBCs into ASCs, these cells 

must be re-stimulated with antigens or mitogenic stimuli that act to induce 

differentiation [435, 436]. These factors provide molecular signals that further 
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promote the production of target proteins or clonal expansion of target cell 

populations, resulting in an augmentation of sensitivity and robustness. Due to 

the extensive applications of the ELISpot assay since the early 1990s, the 

standardised data analysis procedures have been very well established, allowing 

the generation of highly reproducible results [437]. These strengths have made 

the ELISpot assay a popular choice of method in clinical trials and diagnostic 

fields with a wide range of applications [438, 439]. It was therefore decided that 

ELISpot was a more suitable assay than flow cytometry for our research 

questions and purpose.  

 

For the detection of antigen-specific MBC responses against Plasmodium antigens, 

the protocols and reagents used are relatively similar between studies. As 

mentioned previously, the in vitro re-stimulation step is critical to differentiate 

resting MBCs into ASCs. Four of the most common reagents include protein A 

from Staphylococcus aureus, lectin purified from Phytolacca americana (pokeweed 

mitogen (PWM)) and CpG oligodeoxynucleotide (CpG ODN) and IL-10. 

Numerous studies have investigated the use and effect of the re-stimulation 

cocktail recipe containing a combination of protein A, PWM and CpG ODN with 

a slight variation in the relative proportion of each component [440-443]. 

Staphylococcus protein A and PWM have similar molecular mechanisms in 

inducing strong B cell responses. They both lead to activation and polyclonal 
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expansion of B cells via activation of TLR2 and are therefore commonly used 

together to provide a reliable source of B cell-specific stimuli [429, 444-446]. 

However, other studies have conversely shown that protein A and PWM can be 

competitive against each other, reducing the effects of the re-stimulating cocktail 

[446]. A critical component of the re-stimulation cocktail is CpG ODN, a 

synthetic DNA sequence containing unmethylated CpG motifs [447]. CpG ODN 

and its capacity of activating B cells via binding to primarily TLR9 has been well-

established [448, 449]. The interaction between CpG ODN and TLR9 not only 

activates B cells but also promotes the differentiation of B cells into high affinity 

IgG-secreting plasma cells [449, 450]. To further facilitate B cell activation, IL-

10 is frequently used in the re-stimulation cocktail. IL-10 is known to support B 

cell differentiation and survival whilst directly suppressing T cell stimulation 

[451, 452]. Another re-stimulation combination comprising of the TLR7/8 

agonist R848 and IL-2 for B cell saturation has also been reported but its usage 

is not as common [242, 243, 453]. Therefore, one of the aims of this Chapter 

was to verify if the re-stimulation cocktail containing protein A, PWM and CpG 

ODN could successfully induce the differentiation of ASCs from the MBCs in 

Thai PBMC samples. In addition, I aimed to verify this protocol for P. vivax 

antigens, which has not been addressed in the past.  
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In this Chapter, I describe the process of optimising a MBC ELISpot assay to 

detect antigen-specific MBCs in P. vivax-infected and malaria-naïve individuals. 

The original protocol was developed by Weiss et al. to detect P. falciparum-

specific MBC responses [440, 454]. PBMC samples collected from Melbourne 

malaria-naïve and Thai P. vivax-infected symptomatic individuals were used for 

optimisation. Optimisation was performed and focussed on the following 

aspects of the assay: a) re-stimulation duration for Thai PBMCs, b) concentration 

of tetanus toxoid (TT) and P. vivax antigens used for membrane coating and c) 

the number of PBMCs required to accurately detect antigen-specific MBCs. 

PBMC samples collected from malaria-naïve donors in Melbourne were 

randomly selected for the purpose of this optimisation. PBMC samples from Thai 

symptomatic individuals were down-selected by Dr Rhea Longley, and all had a 

relatively high number of cells before cryopreservation (> 3´106 cells/mL).  
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5.2 Results 

 

5.2.1 Sample recovery rate and the proportion of viable cells remaining 

 

To assess the quality of PBMC samples and the number of cells available for the 

assay, I first examined the viability of PBMCs recovered after the 

cryopreservation procedure. The total number of cells obtained before freezing 

and after thawing were compared. Generally, the recovery rate was similar 

between Melbourne (mean = 79.26%, median = 78.03%) and Thai samples 

(mean = 78.03%, median = 87%) (Figure 5.1). However, the recovery rate was 

more variable in Thai than Melbourne samples, even for the same individual or 

time point (Figure 5.1B).  
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Figure 5.1 Percentage of PBMCs recovered after cryopreservation. The number of viable 

cells was calculated before freezing and after thawing PBMC samples from A) Melbourne 

malaria-naïve (n=4) and B) Thai P. vivax-infected symptomatic individuals (n=6). The results 

represent the proportion of cells recovered.  Dotted lines in red correspond to the mean values 

whilst blue correspond to medians.  

A 
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Subsequently, to validate the re-stimulation cocktail and the protocol Melbourne 

PBMC samples were restimulated for 6 days and the percentage of viable cells 

remaining and the number of IgG+ ASCs per one million PBMCs were calculated 

and graphed. The percentage of viable cells remaining in cell culture after re-

stimulation was calculated using the following formula:  

 

!"#$%	'()*+,	"-	./$*%+	0+%%1	$-#+,	234$5	/'0(*$#/"'
6#$,#/'7	'()*+,	"-	./$*%+	0+%%1	,+0".+,+4	  ´ 100% 

 

Results were then compared between cell cultures incubated with the re-

stimulation cocktail and those incubated with only the human B cell medium 

and no added B cell activators (Figure 5.2A). In Melbourne PBMC samples, the 

total number of cells remaining in the cell culture declined to an average of 

45.77% (range = 13.83 – 109.09%) of the total cells recovered from 

cryopreservation after incubation with the re-stimulation cocktail for 6 days. A 

more substantial reduction was observed in cells incubated with human B cell 

medium in the absence of B cell activators, with a reduction to 30.95% (range = 

9 – 72.73%) of total cells recovered. A paired t test was performed (where VBDR 

647 was excluded) to determine the presence of statistical significance between 

samples stimulated with and without the B cell activators and an insignificant 

result was obtained (p=0.19). Despite this, these results show that the cell 
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culture was able to maintain the viability of approximately 30 – 40% of the cells 

revived which was also largely dependent on the presence of the B cell activators.  

 

The impact of incubation reagents on cell culture composition became more 

evident when I compared the number of IgG+ ASCs (Figure 5.2B), rather than 

the total number of cells recovered. The total number of IgG+ ASCs was obtained 

from a 4-fold serial dilution of incubated cells on three anti-IgG antibody coated 

wells (ie. the positive control). Cell cultures stimulated with B cell mitogens had 

more IgG+ ASCs (mean = 4866.67, range = 3166.67 – 8041.67) than the 

cultures without B cell mitogens (mean = 119.45, range = 75 – 216.67). The 

result of a paired t test again showed that there was no significant difference in 

the means between the two groups (p=0.06). However, the trend was more 

evident in the mean number of IgG+ ASCs than the total number of cells 

recovered. This finding shows that the re-stimulation cocktail is able to promote 

the differentiation of MBCs into IgG+ ASCs.  

 

These results also indicated that this protocol performed well on Melbourne 

malaria-naïve PBMC samples with an incubation time of six days.  
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Figure 5.2 Effect of the re-stimulation cocktail on cell numbers. The purpose of the re-

stimulation is to promote the differentiation of MBCs into ACSs to allow detection of antigen-

specific ASCs in the ELISPOT. Therefore, a re-stimulation cocktail comprising multiple 

polyclonal activators and a humoral response enhancer was incubated with PBMC samples from 

Melbourne donors for six days. Stimulated cells are coloured in coral. In contrast, unstimulated 

cells in teal were also set up by incubating PBMCs with human B cell medium containing no 

additional B cell response activators. The influence of re-stimulation was examined by the extent 

of A) the percentage of viable cells remaining and B) the number of ASCs after 6 days of culture. 

Dotted lines correspond to the mean values of stimulated (coral) and unstimulated (teal) cell 

cultures. Sample ID VBDR 647 was only stimulated with the re-stimulation cocktail and hence 

no unstimulated results were produced.  

A 
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5.2.2 Optimisation of re-stimulation duration for Thai PBMCs 

 

Next, I optimised the duration of the re-stimulation for Thai PBMCs. According 

to past literature focussing on MBC responses against malaria, the incubation 

period for B cell re-stimulation typically varies within the range of 3 – 10 days 

[239, 242, 454]. In the previous Section, I have established that for Melbourne 

samples, a 6-day incubation period with the re-stimulation cocktail can 

efficiently differentiate MBCs into ASCs. Based on the unpublished data from 

the Hansen Laboratory, PBMC samples collected from rural and less developed 

field sites usually require longer re-stimulation time compared to the ones from 

metropolitan areas due to the poorer quality facilities for isolation and storage 

resulting in poorer quality cells. For example, the Thai PBMCs used in this study 

were stored on dry ice at the field site for up to one week before being transferred 

to liquid nitrogen in the main laboratory in Bangkok. The delay in appropriate 

storage of these Thai samples could be the primary cause of lower quality in the 

PBMCs which potentially required longer duration of polyclonal stimulation 

than those PBMCs collected in Melbourne. I therefore set up three trials – 6, 7 

and 8 days of incubation – to determine the effect of variable re-stimulation 

duration on the proportion of viable cells remaining after re-stimulation and the 

number of ASCs detected. Following re-stimulation, each PBMC sample was 

diluted to three concentrations via a 4-fold serial dilution to establish the anti-
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IgG positive control: 4´104, 1´104 and 2.5´103 cells per well. The spots counted 

were converted into the number of ASCs per 106 PBMCs and subsequently 

averaged (calculation for conversion is outlined in Table 2.3).  

In Figure 5.3A, it is shown that the 6-day re-stimulation was most efficient in 

retaining the total number of viable cells (14.04% of cells recovered from 

cryopreservation), followed by 8 (12.5%) and 7-day (10.77%%) trials. However, 

the 7-day re-stimulation resulted in more than twice the number of IgG+ ASCs 

per one million PBMCs compared to 6 and 8-day trials (Figure 5.3B). These 

results suggest that a 7-day re-stimulation duration is the most efficient for 

expanding IgG+ ASCs for Thai PBMCs compared to 6 and 8-day re-stimulation 

durations (with the caveat that there were not enough cells from a single 

individual to perform 6, 7 and 8-day trials). Hence, for the following experiments 

involving Thai PBMC samples, cell cultures were re-stimulated for 7 days.  

 

By comparing with the Melbourne PBMCs (13.83 – 109.09%), it was evident 

that the Thai PBMCs (10.77 – 14.04%) were less efficient in retaining the total 

number of viable cells following re-stimulation.  
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Figure 5.3 Effect of the re-stimulation duration on retention of viable cells and ASC 

differentiation from Thai PBMCs. To determine the optimal re-stimulation duration to 

maximise B cell responses in Thai PBMCs, cells were cultured with the re-stimulation cocktail 

for 6, 7 or 8 days. The influence of re-stimulation duration was examined by the extent of A) the 

percentage of viable cells remaining and B) the number of IgG+ ASCs after re-stimulation. Dotted 

lines correspond to the mean values across the three trials. 

B 
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5.2.3 Optimisation of antigen concentrations for antigen-specific IgG+ ASC 

responses 

 

The purpose of this optimisation trial was to explore the optimal concentrations 

of P. vivax antigens in order to achieve clear and robust ELISpot results. In 

addition, I aimed to examine the antigen-specific MBC responses against a 

common vaccine target for comparison.  

 

As a pilot experiment, two P. vivax antigens were chosen as the target of antigen-

specific MBC responses: MSP119 (PVX_099980) and hypothetical protein 

(PVX_090970). The two antigens were selected based on the following criteria: 

a) similar magnitude of total IgG responses following clinical P. vivax infection 

in the Thai symptomatic cohort based on my previous findings, b) similar level 

of malaria-naïve baseline, c) similar level of antigenic sequence diversity (see 

Chapter 6) and most importantly d) distinct total IgG kinetic profiles; long- and 

short-lived. As shown in Chapter 4, MSP119 exhibited a strong total IgG antibody 

response that was maintained above the malaria-naïve baseline for more than 9 

months following P. vivax infection in the Thai symptomatic cohort (Figure 5.4). 

Similarly, the hypothetical protein was able to elicit a strong total IgG response 

in this cohort. However, this response was relatively short-lived compared to 

MSP119 (Figure 5.4). Hence, MSP119 and the hypothetical protein were used as 
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targets and the antigen-specific MBC responses were quantified in four 

individuals. More detailed results on the total IgG antibody kinetic profile of 

these two targets in the Thai symptomatic cohort are shown in Section 4.2.1, 

Chapter 4. For comparison, an irrelevant protein control was included. TT was 

selected for this purpose because it is a universally recommended vaccine, 

meaning most individuals should have MBC responses against this protein.  
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Figure 5.4 Total IgG kinetic profiles against two P. vivax antigens in 34 Thai patients with 

symptomatic P. vivax infections. Antigen-specific IgG antibody responses were measured for 

9 months following a symptomatic P. vivax infection among 34 Thai individuals. PVX_099980 

(MSP119) has a relatively long-lived total IgG profile whilst PVX_090970 (hypothetical protein) 

short-lived. Negative control panels consisted of malaria-naïve individuals from 3 sources: 

Australian Red Cross (ARC, n = 100), Thai Red Cross (TRC, n = 72) and Volunteer Blood 

Donor Registry (VBDR, n = 102). Data are expressed as median ± 95% CI. 
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I first confirmed the assay was performed successfully based on the results of 

the positive control. Similar to what I observed in the previous trials, the number 

of IgG+ ASCs per one million PBMCs following re-stimulation varied greatly 

between samples (Figure 5.5). In this trial, three Thai individuals on average had 

a higher number of IgG+ ASCs per one million PBMCs (mean = 6513.89, range 

= 3550 – 9183.33) than the only Melbourne donor tested (3741.67).  
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Figure 5.5 Validation of total IgG+ ASCs responses in four samples used for optimisation 

of antigen concentration. PBMC samples were incubated with the re-stimulation cocktail for 7 

days and then the number of IgG+ ASCs was determined by ELISpot. The results are expressed 

per million PBMCs.  
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Next, I calculated the number of antigen-specific ASCs per one million PBMCs 

for TT, MSP119 and hypothetical protein at 10 or 15µg/mL as described below. 

For this optimisation trial, each PBMC sample following re-stimulation was 

diluted at 5´104 (50k) and 1´105 (100k) cells/well (this was later optimised as 

described in Section 5.2.4). The number of spots detected was then converted 

into the number of antigen-specific IgG+ ASCs per 106 PBMCs (detailed method 

for calculation is outlined in Table 2.4).  

 

TT was coated at 10µg/mL and tested in the three Thai individuals. On average, 

a total of 66.67 TT-specific ASCs per one million PBMCs were detected in Thai 

individuals (range = 50 – 90) (Figure 5.6A). This result showed that these Thai 

individuals were previously vaccinated against TT. Furthermore, TT at 10µg/mL 

was sufficient to detect antigen-specific MBC responses in this population and 

hence could be used as an irrelevant/positive protein control for future 

experiments.  

 

MSP119, the P. vivax protein with a long-lived IgG profile, was tested at two 

different concentrations: 10 and 15µg/mL (Figure 5.6B). In the Thai individuals, 

an average of 65.83 (range = 50 – 87.5) antigen-specific ASCs per one million 

PBMCs was detected against 10µg/mL MSP119. Surprisingly, less antigen-

specific ASCs were observed when the concentration of MSP119 increased to 
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15µg/mL (mean = 53.33, range = 25 - 70). Additionally, some level of variability 

in the number of antigen-specific ASCs was shown. This variation appeared to 

be dependent on the individual and the concentration of the antigen.  

 

Lastly, a P. vivax hypothetical protein was used as a representative antigen with 

a short-lived IgG profile. It was tested at two different concentrations: 10 and 

15µg/mL (Figure 5.6C). In contrast to MSP119, for the hypothetical protein more 

antigen-specific ASCs per one million PBMCs were detected at the higher 

concentration of 15µg/mL (mean = 69.17, range = 45 – 102.5) than 10µg/mL 

(mean = 43.06, range = 10 – 84.17). The variability between individuals 

appeared to be more prominent when the antigen was diluted at 10µg/mL 

compared to 15µg/mL.  

 

As the results showed that 10µg/mL was sufficient to detect antigen-specific 

MBC responses against TT and MSP119, this concentration was selected for all 

subsequent experiments. Additionally, the use of TT [242, 454, 455] and 

Plasmodium antigens [242, 442] at a concentration no more than 10µg/mL was 

supported by multiple past studies. The decision was also made due to the 

limited availability of both TT and the two P. vivax antigens at the time of the 

experiment. An alternative approach would be to use individually optimised 

protein concentrations for each unique protein. 
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Figure 5.6 Frequency of antigen-specific ASCs against three antigens at different 

concentrations. PBMC samples were incubated with the re-stimulation cocktail and then added 

to ELISpot plates that were previously coated with A) tetanus toxoid, B) P. vivax MSP119 

(PVX_099980) or C) hypothetical protein (PVX_090970) at different concentrations. All 

antigens were diluted in PBS to achieve the target concentrations. The dotted line in teal in each 

panel corresponds to the mean number of antigen-specific IgG+ ASCs across the three Thai 

PBMCS samples.  

A 

B 
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5.2.4 Optimisation of cell concentrations for antigen-specific IgG+ ASC 

responses 

 

Following the optimisation of antigen concentration, the concentration of cells 

also required optimisation. This is due to the fact that a low cell concentration 

may not produce enough signal to reach the detection limit of an ELISpot assay. 

On the other hand, a high cell concentration may cause overcrowding of cells 

and produce unclear signals on the ELISpot membrane.  

 

In the previous Section, the ELISpot assay was performed using 5´104 (50k) and 

1´105 (100k) cells/well (Section 5.3). Whilst these cell numbers per well are 

lower than that usually used in published studies, I was still able to detect 

antigen-specific MBC responses. Prior studies have used cell concentrations in 

the range of 2.5´105 to 1´106 cells/well [242, 245, 456, 457], meaning the cell 

dilutions I used for antigen-specific ASC detection were 2.5 to 10 times lower 

than what other authors did. This prompted me to perform this trial, aiming to 

increase the cell concentrations and explore the differences in resultant 

responses. The newly proposed cell concentrations were 2.5´105 (250k) and 

5´105 (500k) cells/well. The same two P. vivax antigens – MSP119 and 

hypothetical protein – were used in this trial. Both antigens were used at a 

concentration of 10µg/mL.  
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Figure 5.7 shows the difference in MSP119 and hypothetical protein-specific ASC 

frequency between PBMC samples diluted at four different concentrations: 50k, 

100k, 250k and 500k cells per well. Due to sample availability, no Thai PBMC 

sample could be tested at all four cell concentrations at the same time. The 

allocation of different cell concentrations tested for each sample is shown in 

Table 5.1.  
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Table 5.1 Cell concentrations tested in each Thai PBMC sample for 

optimisation. 

 
 
  

Sample ID Concentrations tested 
(cells/well) 

MC18 w01 50k 
100k 

 
MC35 w01 

 
50k 
100k 

 
MC24 w01 

 
50k 

 
MC35 w24 

 
250k 
500k 

 
MC30 w12 

 
250k 
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At cell concentrations 50k and 100k cells per well, the frequency of antigen-

specific ASCs was calculated from singlets (or the average of duplicates if enough 

cells were available; calculation method was shown in Table 2.4 in detail). For 

MSP119, seeding wells with fewer cells resulted in the detection of a higher 

number of antigen-specific ASCs per million PBMCs. The average number of 

MSP119-specific ASCs per million PBMCs at 50k, 100k, 250k and 500k cells per 

well were 80, 52.5, 60 and 12, respectively (Figure 5.7A). For the hypothetical 

protein, the frequency of ASCs at the four cell concentrations (from low to high) 

was 27.3, 42.5, 42 and 12 (Figure 5.7B).  

 

These findings indicated that using only 50k and 100k cells/well allowed the 

detection of antigen-specific ASCs in the Thai PBMCs. Based on these results, it 

was determined that 50k cells/well was the optimal cell concentration for P. 

vivax MSP119 and 100k cells/well for the hypothetical protein. This decision also 

fits in line with the fact that the majority of the Thai samples tend to have a 

lower total number of PBMCs available.  
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Figure 5.7 Frequency of antigen-specific ASCs against two P. vivax antigens with different 

cell concentrations.  PBMC samples were incubated with re-stimulation cocktail and were 

subsequently diluted at four concentrations: 50k, 100k, 250k and 500k cells per well. Membrane 

of wells were previously coated with P. vivax A) MSP119 (PVX_099980) or B) hypothetical 

protein (PVX_090970) at a concentration of 10µg/mL. The black dotted lines correspond to the 

antigen-specific results of the Melbourne malaria-naïve individual.  

A 
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5.3 Discussion 

 

The ELISpot assay has been widely used to monitor the frequency and function 

of immune cells due to its high sensitivity and relatively easy setup. In this 

Chapter, I describe the process of optimising several aspects of the assay to suit 

the nature of our samples and research questions. First, I found that all of our 

PBMC samples were successfully revived from cryopreservation and could be re-

stimulated with B cell activators to promote the differentiation of MBCs into 

ACSs. Furthermore, I optimised the re-stimulation duration, antigen and cell 

concentrations to suit the PBMCs collected under field conditions in Thailand. 

Due to limited cell availability, I chose durations and concentrations that were 

deemed sufficient, rather than performing an extensive comparison of all 

possibilities for all individuals (as there were not enough cells available to do 

so). 

 

Based on my results, MBCs from PBMC samples from western Thailand most 

efficiently differentiated into ASCs after seven days of re-stimulation. In previous 

studies where Thai PBMC samples were used, the re-stimulation duration 

ranged from three to six days [239, 242, 243]. For PBMC samples from Peru 

with a similar level of malaria transmission, the re-stimulation duration used 

was six days [441]. Interestingly, the two studies reporting the shortest duration 
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(ie. three days) utilised a re-stimulation cocktail comprising of R848 and IL-2 as 

the polyclonal activator and promoter of B cell proliferation, respectively [242, 

243]. This suggests that the composition of the re-stimulation cocktail may have 

a strong impact on the efficiency of ASCs differentiation from MBCs. 

Additionally, a re-stimulation cocktail comprising of R484 and IL-2 is potentially 

more efficient in B cell saturation than our current recipe. However, the effects 

of various re-stimulation cocktail compositions have not been compared, to my 

knowledge. This is possibly due to the fact that the data on the increase in ASC 

population following re-stimulation is often unavailable in published studies. 

Here I present a thorough investigation on the effect of the most commonly used 

B cell re-stimulation recipe (containing protein A, PWM, CpG ODN and IL-10), 

which successfully induced differentiation of resting MBCs into IgG+ ASCs and 

hence provides valuable information for future experiments of a similar kind. It 

is worth noting that in this Chapter only one sample was tested at each of six, 

seven and eight-day trials due to sample availability. Further testing could have 

been undertaken to confirm the duration of PBMC re-stimulation for the Thai 

and Melbourne samples.  

 

Antigen-specific MBC responses against malaria have been explored in other 

studies, most of which focussed on P. falciparum instead of P. vivax. Apical 

membrane antigen 1 (AMA1) and MSP1 (along with its other smaller fragments 
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such as MSP119 and MSP142) are some of the most commonly used Plasmodium 

antigens for investigation on antigen-specific MBC responses in malaria [239, 

440-442, 454, 456, 458]. Here, I demonstrate that P. vivax MSP119-specific ASCs 

can be induced and detected in Thai symptomatic individuals at an average of 60 

and 53 per one million re-stimulated PBMCs when coated at concentrations of 

10 and 15µg/mL, respectively (range = 12 – 110; regardless of cell 

concentrations). This value is within the range of results reported from studies 

with larger sample sizes. For instance, Min et al. showed a range of 0 – 65 P. 

vivax MSP1-specific ASCs per one million PBMCs in southern Thailand [242]. 

Similarly, Clark et al. found a wide range of P. falciparum MSP1-specific ASC 

frequency between 7 to 352 [441]. In the present study, a considerable level of 

variability in antigen-specific MBC responses was also observed between donors. 

This is also consistent with previous literature [455]. This is most likely due to 

the limited sample size in each of our trials and the fact that samples were 

collected at different time points post-infection. Additionally, the size [440, 458] 

and breadth [459] of the P. falciparum-specific MBC compartment is known to 

increase with age, suggesting age should also be taken into consideration when 

interpreting the results. Therefore, as a potential future direction, other 

concentrations of the P. vivax antigens and a larger sample size could be trialled 

in our western Thailand population to verify the results reported from this 

Chapter and past literature. 
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Controls are the key components in a reliable assay. For detection of antigen-

specific MBC responses in malaria, it is essential to include a non-malarial 

antigen as the irrelevant antigen control for comparison and ideally as a control. 

Antigens derived from several prevalent diseases that the general public is 

commonly exposed to and/or vaccinated against have been considered. These 

include pertussis, diphtheria and tetanus. In this experiment, I used TT at a 

concentration of 10µg/mL (in three Thai individuals). It was found that the 

average numbers of TT-specific ASCs per one million stimulated PBMCs is 66.67 

at 10µg/mL. As reported from studies where 5µg/mL of TT was used as a control, 

approximately 5 – 100 TT-specific ASCs per one million stimulated PBMCs were 

detected [242, 454, 455]. No study has reported the use of 10µg/mL TT. For 

studies where other commonly used vaccine antigens were used, the results were 

highly variable [239, 245, 456, 458-460]. It is likely that the frequency of ASCs 

specific to common vaccine antigens is dependent on vaccination history [461, 

462] and the timing/use of booster vaccinations in the area [245]. Therefore, it 

is not surprising that I observed significant variation in the TT-specific MBC 

response, and even use of other common vaccine antigens would most likely 

result in variable results across individuals. However, testing TT at higher 

concentrations and the use of other common vaccine antigens as controls in this 

assay could be further explored as an alternative irrelevant protein control.  
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To summarise, I successfully established the ELISpot assay for the detection of 

malaria antigen-specific MBC responses via multiple optimisation trials. The 

results of these trials enabled us to determine the B cell re-stimulation duration, 

antigen concentration for coating and cell dilutions to achieve optimal assay 

sensitivity whilst taking sample conservation into account. Despite the limited 

availability of the PBMCs per sample and the target antigens, the outcome of 

this work provides the fundamentals and opportunity for further optimisation 

of this assay. Upon completion of the optimisation, this protocol can be used to 

run the Thai symptomatic cohort from which participants’ PBMCs were collected 

at the four time points since P. vivax infections (study design is described in 

Section 2.1.1). By establishing the kinetic pattern of antigen-specific MBC 

responses and correlating this information with the antibody kinetic profiles, I 

would be able to decipher the role of MBCs in modulating IgG antibody kinetics 

and longevity in the context of P. vivax malaria in a naturally infected population. 

These data could then lead to future projects where the phenotype of MBCs (i.e. 

such as atypical MBCs) could be further assessed by flow cytometry.  
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Chapter 6. Evaluation of the 
impact of antigen sequence 
diversity on antibody profiles 
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6.1 Introduction 

 

The association between sequence diversity in Plasmodium antigens and naturally 

acquired immunity has gained attention only over the past decade due to the 

potential impact for vaccine efficacy. Given the low efficacies of recently 

developed malaria vaccines [463], the need to find and develop novel approaches 

to optimise current vaccine candidates has become clear. Genetic variability in 

Plasmodium parasites is generally assumed to confer protective advantage to the 

parasites as an approach to evade host immune responses [464]. A critical part 

of host immunity is antigen-specific antibody responses, elicited upon the 

contact of a parasite and APCs and ultimately the activation of antibody-

producing B cells (Figure 1.3). Antibodies are strong facilitators of parasite 

clearance by promoting opsonic phagocytosis, activating complement pathways 

and inhibiting further parasitic transmission [210]. It is likely that high levels of 

genetic diversity in certain antigen sequences will confer the parasite with the 

ability to escape the allele-specific recognition of host antibody responses [316]. 

This is a hurdle for effective antibody recognition and rapid parasite removal. In 

clinical settings, high genetic variability was also shown to limit the efficacy of 

vaccines as most vaccines were designed to target a subset of genetic variants in 

the population [465]. Together, these findings highlight the importance of 

investigating genetic diversity in P. vivax and its association with antibody 
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responses. A significant impact on antibody responses due to parasite sequence 

diversity is not only important for vaccine design, but also for the use of antibody 

responses as markers of immunity or exposure. In this Chapter, I used 

population genetics to quantitatively determine the level of genetic diversity in 

our panel of P. vivax antigens which was then correlated with their corresponding 

antibody profiles. Based on the evidence outlined above, I hypothesised that 

higher genetic diversity in a P. vivax antigen might be associated with lower 

immunogenicity and shorter antibody longevity in individuals exposed to P. vivax. 

Furthermore, such associations were expected to be weak in the Thai 

symptomatic cohort as approximately 50% of these individuals had reported this 

clinical P. vivax infection as their first ever infection. 

 

Population genetic analysis is a well-established tool to a) quantify and describe 

genetic variations within or between populations and b) explain such variations 

from an evolutionary point of view based on molecular evidence [466]. In an era 

where sequencing technologies and data sharing are fast advancing, population 

genetics has become a highly accessible and compatible tool for malaria 

epidemiology [467]. It has been applied extensively in the field of malaria 

research to assist in identifying the level of protein sequence diversity in 

populations and therefore infer better strategies for surveillance, control and 

elimination [468, 469].  
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Several common population genetic parameters are used in this work to quantify 

the level of genetic diversity of P. vivax antigens. Their definitions and 

interpretation are listed in Table 6.1. In addition, the length/size of the antigenic 

constructs was also included as longer sequences could have more available 

epitopes to elicit a detectable antibody response. Notably, I used SNPs as the 

only molecular marker to represent genetic diversity in this work with the 

potential of performing similar analyses on other markers such as InDels and 

short tandem repeats in the future.  

 

In this Chapter, the above-mentioned population genetic parameters were 

generated using ‘Vaxpack’ R package developed by A/Prof Alyssa Barry’s 

laboratory at WEHI following exclusion of low-quality and irrelevant DNA 

sequences. Subsequently, these population genetic parameters were correlated 

with each other and with several parameters that describe antigen-specific 

antibody kinetic profiles. By incorporating these parameters in our population 

genetic analysis along with antibody measurements, I highlight the 

immunological relevance of genetic diversity, which will help answer some key 

questions in the context of understanding how diversity in antigenic protein 

sequences could affect naturally acquired immunity and to what extent. I 

hypothesised that higher genetic diversity in a P. vivax antigen might be 

associated with lower immunogenicity and shorter antibody longevity in 
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individuals exposed to P. vivax. This could be due to the presence of highly 

variable epitopes and therefore difficulty in eliciting antigen-specific antibody 

and memory responses. Such associations were expected to be weak in the Thai 

symptomatic cohort as approximately 50% of these individuals had reported this 

clinical P. vivax infection as their first ever infection. 
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Table 6.1 Definition and general interpretation of population genetic parameters 

Parameter Abbreviation Definition Interpretation 
Length     Size of construct in base pair Potential association with number of epitopes  
Number of segregating sites S Nucleotide polymorphisms across all samples Definite number of polymorphisms 

Nucleotide diversity π 
Pairwise nucleotide polymorphisms,  
reported as π ´ 10-3 

Extent of diversity  

Tajima’s D  
[470] 

D 

A statistic based on estimated nucleotide diversity 
(qp), segregating sites (qS) and their variance (V) 
to test the presence and strength of balancing 
selection in shaping sequence diversity 

! =	$! 	− $" 
& =	 !

'(#(!)
 

Positive: Balancing trait that maintains variations 
in populations (recent population contraction) 
 
Zero (null): no variations  
 
Negative: Purifying trait that remove variations 
from populations (recent population expansion) 

Total number of SNPs SNPs  

Describe the type and frequency of genetic 
polymorphisms and quantify protein-changing 
polymorphisms 
 
Greater the values, higher the level of diversity 
and more likely to cause a change in immune 
responses.  

Number of synonymous or non-
synonymous SNPs 

SP or NS 
 

Proportion of non-synonymous 
SNPs 

Proportion of 
NS 

+,-./0	12	313 − 453135-1,4	6+74
819:;	3,-./0	12	6+74  

Number of haplotypes h 
Total number of unique combination of SNPs in an 
amino acid sequence 

Haplotype diversity 
[471] 

Hd 

Difference in diversity between two amino acid 
sequences based on sample size (n) and frequency 
(f) of each haplotype (i) 
 

<! = = 3
3 − 1? (1 − Σ(2$)

%) 
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6.2 Results 

 

6.2.1 Summary statistics of population genetic parameters  

 

A total of 325 parasite isolate samples were collected from 13 malaria-endemic 

countries and were then sequenced as part of the MalariaGEN P. vivax Genome 

Variation project, as described in Pearson et al., Nature Genetics, 2016 [346] 

and Hupalo et al 2016 [472]. The process of filtering isolate DNA sequences 

based on quality is described in Section 2.7.1 in Chapter 2. In brief, the 

sequences were mapped to the latest reference strain PvP01 [347]. This was 

followed by a series of filtering strategies to eliminate low-quality sequences 

from further analyses (based on sequencing depth, mapping quality, sample 

missingness and similarity between samples, etc.) to remove duplicates and 

samples with high complexity of infection (i.e. higher number of genetically 

distinct infections in a host). Finally, isolate sequences originating from 

Thailand were used for this project, given all antibody data was obtained from 

Thai individuals.  

 

Amongst the 52 P. vivax antigens used for antibody kinetic measurements, 49 

antigens were identified and functionally annotated on PvP01, as listed in Table 

6.2. The three P. vivax antigens that were not identified are PVX_101590 (RBP2-
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P2), AAY34130.1 (DBP region II, AH strain) and KMZ83376.1 (EBP region II). 

AAY34130.1 was not found on the reference strain PvP01 because it is an 

antigen specific to the strain AH. For PVX_101590, this could be due to the fact 

that it had not been fully characterised before PvP01 was assembled. 

KMZ83376.1 was annotated that it was found in a Brazilian P. vivax strain, 

suggesting that it may be absent in PvP01 originated from Indonesia. Following 

sample filters and hard filter (see Figure 2.4 in Chapter 2 for detail), 19 isolates 

from Thailand passed and were included in genetic diversity analysis.  

 

To gain an overview of the data generated from population genetic analysis, I 

first visualised the distribution of sequence diversity measures across the 49 P. 

vivax antigens (Figure 6.1). Most parameters showed a slight to moderate level 

of positive skewness whilst the proportion of NS polymorphisms and Hd showed 

some degree of negative skewness (Figure 6.1). This distribution pattern 

indicates that most P. vivax antigens had a low to moderate level of sequence 

diversity amongst the parasitic population in Thailand. PVX_097715, a 

hypothetical protein, was identified as an outlier with exceptionally high level of 

diversity (including S, SNPs, π, D, NS, SP and Proportion of NS) and was the 

cause of the negative skew in the distribution of these parameters. The high 

values of π and D suggested that this antigen could contain a lot of SNPs that 

were commonly found in this population.  However, further studies are required 
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to determine why this particular P. vivax antigen was more highly diverse 

compared to the other 48 antigens. 
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Table 6.2 Estimates of genetic diversity in P. vivax isolates (n=19) from Thailand for 49 candidate sero-surveillance 
antigens.  

 
Antigen Length (bp) S SNPs π´10-3 D NS SP Proportion of NS h Hd 

PVX_000930 333 0 0 0 0 0 0 0 0 0 
PVX_001000 1878 15 15 2.24 -0.08 11 4 0.73 9 0.88 
PVX_003555 1806 10 10 0.92 -1.49 3 7 0.3 4 0.3 
PVX_003770 1032 82 85 25.73 0.54 79 6 0.93 15 0.97 
PVX_082645 1068 8 8 1.53 -0.97 8 0 1 7 0.85 
PVX_082650 1263 24 24 4.94 -0.36 12 12 0.5 5 0.53 
PVX_082670 1167 6 6 1.04 -0.94 4 2 0.67 5 0.65 
PVX_082700 1197 2 2 0.26 -1.10 0 2 0 1 0 
PVX_082735 1404 13 13 2.28 -0.51 12 1 0.92 14 0.95 
PVX_084340 1335 155 155 12.22 -2.64 125 30 0.81 3 0.21 
PVX_084720 2658 10 10 0.70 -1.26 7 3 0.7 6 0.6 
PVX_087885 720 2 2 0.55 -0.73 1 1 0.5 2 0.2 
PVX_088820 780 5 5 0.92 -1.55 4 1 0.8 4 0.3 
PVX_088860 1143 17 17 3.53 -0.65 15 2 0.88 14 0.97 
PVX_088910 1590 9 9 2.02 0.86 9 0 1 12 0.94 
PVX_090240 1023 33 37 11.98 1.19 31 6 0.84 16 0.98 
PVX_090265 981 7 7 1.96 -0.14 6 1 0.86 5 0.67 
PVX_090330 333 16 16 14.07 0.09 9 7 0.56 6 0.74 
PVX_090970 705 2 2 0.43 -1.12 1 1 0.5 2 0.11 
PVX_091710 2577 7 7 0.43 -1.49 5 2 0.71 6 0.71 
PVX_092990 876 2 2 0.99 1.23 1 1 0.5 2 0.46 
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Antigen Length (bp) S SNPs π´10-3 D NS SP Proportion of NS h Hd 

PVX_094255A 2004 7 7 0.73 -0.90 7 0 1 9 0.85 
PVX_094255Ba 3882 29 30 2.19 0.01 27 3 0.9 15 0.98 
PVX_094255Ba 2400 127 128 19.99 1.34 106 22 0.83 15 0.97 
PVX_094830 711 3 3 1.038 -0.40 2 1 0.67 3 0.56 
PVX_095055 1575 9 9 1.20 -0.94 6 3 0.67 8 0.84 
PVX_096995 1242 7 7 1.18 -0.89 6 1 0.86 6 0.74 
PVX_097625 1320 4 4 0.97 0.34 3 1 0.75 4 0.63 
PVX_097680 2298 144 145 18.21 0.07 102 43 0.70 19 1 
PVX_097715 1200 665 693 270.78 2.99 503 190 0.73 13 0.96 
PVX_097720 2475 153 160 22.48 1.13 110 50 0.69 18 0.99 
PVX_098582 3408 13 13 0.55 -1.82 10 3 0.77 8 0.81 
PVX_098585 3033 42 43 3.50 -0.47 37 6 0.86 17 0.99 
PVX_098915 1470 6 6 1.03 -0.37 1 5 0.17 2 0.52 
PVX_099930 1095 1 1 0.10 -1.17 0 1 0 1 0 
PVX_099980 324 1 1 0.34 -1.13 1 0 1 1 0 
PVX_101530 981 87 93 29.03 0.60 65 28 0.7 10 0.88 
PVX_110810b 987 20 20 6.75 0.64 19 1 0.95 9 0.85 
PVX_112670 924 6 6 0.72 -1.98 3 3 0.5 2 0.11 
PVX_112675 852 25 25 13.85 2.55 18 7 0.72 10 0.9 
PVX_112680 846 4 4 1.20 -0.33 3 1 0.75 4 0.68 
PVX_117385 981 4 4 0.61 -1.40 2 2 0.5 3 0.21 
PVX_117880 534 1 1 0.21 -1.13 1 0 1 1 0 
PVX_121897 759 0 0 0 0 0 0 0 0 0 
PVX_121920 2928 29 29 2.68 -0.21 26 3 0.9 17 0.99 
PVX_123685 1935 7 7 0.70 -1.09 5 2 0.71 6 0.75 
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Antigen Length (bp) S SNPs π´10-3 D NS SP Proportion of NS h Hd 

PVX_125728 753 3 3 0.44 -1.68 3 0 1 4 0.3 
PVX_125738 2361 19 19 1.84 -0.77 14 5 0.74 14 0.95 
Summary           

Mean 1431.31 37.98 39.04 10.16 -0.36 29.43 9.61 0.69 7.5 0.62 
Median 1167 9 9 1.20 -0.47 7 2 0.73 6 0.74 

SD 824.71 99.90 103.86 38.70 1.11 75.92 28.37 0.28 5.5 0.35 
 

aPVX_094255B (RBP2c-NB) were found to match two loci on the PvP01 reference strain due to the high similarity in DNA sequences. Data for PvP01 loci 

were recorded separately. b PVX_110810 represents PVX_110810A and B which have the same amino acid sequence (and hence the same values for all 

population genetic parameters) but were produced in different laboratories and were purified via different procedures. The results listed were subsequently 

correlated to antibody data specific to PVX_110810A and B. c π (nucleotide diversity) values were divided by 1000 for interpretation.  

Abbreviations: S = number of segregating sites; SNPs = total number of SNPs; π = nucleotide diversity; D = Tajima’s D; NS = number of non-synonymous 

SNPs; SP = number of synonymous SNPs; h = total number of haplotypes; Hd = haplotype diversity; SD = standard deviation.
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Figure 6.1 Frequency distribution of different population genetic parameters amongst the 49 candidate P. vivax sero-surveillance antigens. After 

mapping to reference PvP01, 49 of the 52 P. vivax antigens were found in a global sequencing dataset consisting of 325 parasitic isolates. 19 isolates from 

Thailand were down-selected and their sequence diversity was examined with population genetic analysis, generating 10 population genetic parameters. 

Dotted lines represent mean (black) and median (red). The x axis represents the value of the individual population genetic parameters and the y axis represents 

the number of P. vivax antigens (out of a total of 49).  
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6.2.2 Impact of protein sequence diversity on total IgG and IgG subclass 

profiles in a symptomatic cohort 

 

To assess the impact of high sequence diversity in P. vivax antigens on total IgG 

profiles, Pearson’s correlation tests were performed between population genetic 

parameters and multiple IgG parameters. As outlined previously in Chapter 4, 

antigen-specific total IgG levels were measured in the longitudinal symptomatic 

Thai cohort whom were infected with P. vivax at enrolment and followed for nine 

months.  

 

Five antigen-specific IgG parameters were generated from the antibody profile 

that described a few key features. These were the peak magnitude following 

initial infection (IgG at week 1), magnitude following a 6-month decay (IgG at 

week 24), SD of IgG responses at peak magnitude (IgG SD at week 1), after 6 

months (IgG SD at week 24) and malaria-naïve baseline (Baseline median). The 

peak magnitude of the IgG response describes the immunogenicity of an antigen 

in this symptomatic population. SD was used as measurement of response 

variation between individuals. Lastly, antigen-specific IgG levels in almost 300 

malaria-naïve individuals were also measured. The median of these 

measurements was calculated and utilised as a baseline to examine the effect of 
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protein sequence diversity on the background reactivity in these malaria-naïve 

populations.  

 

Figure 6.2 shows the overall result of Pearson’s correlation tests within and 

between population genetics and IgG parameters. More specifically, the R 

coefficients generated from the tests are shown in Figure 6.2A and the 

corresponding p values in Figure 6.2B. In Figure 6.2A, strong and positive 

correlations were observed between each pair of population genetic parameters 

(except for length) (R=0.48 – 1, p<0.001). In contrast, between population 

genetics and antibody parameters, the strength of correlation was weak, ranging 

between -0.29 and 0.21 (a mixture of both negative and positive correlations). 

A negative and statistically significant correlation between Hd and IgG 

magnitude at week 1 was observed (R = -0.29, p = 0.046) (Figure 6.2B and C), 

suggesting that in this symptomatic cohort, higher haplotype diversity was 

associated with lower total IgG magnitude 1-week post-infection. However, 

upon further investigation, an outlier existed (PVX_099980 (MSP119)) that 

exhibited a significantly higher IgG magnitude with a highly conserved antigenic 

sequence and hence no sequence diversity. Upon the removal of PVX_099980, 

the correlation with Hd was reduced and became statistically insignificant (R = 

-0.14, p = 0.34) (graph not shown).  
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Figure 6.2 Correlations between protein sequence diversity and total IgG response in a 

symptomatic Thai cohort. Multiple population genetic parameters were generated and used to 

describe the sequence diversity in 49 P. vivax antigens. Antigen-specific total IgG responses in 

the symptomatic Thai cohort were measured and characterised using four IgG parameters (ie. 

median IgG responses at 1 and 24-week post-infection and IgG SD at 1 and 24-week post-

infection). Pearson’s correlation tests were performed to determine the strength of association 

between IgG response characteristics and antigenic sequence diversity. A) The R coefficients 

generated are summarised to indicate the strength of each pair of correlations, along with B) 

their corresponding p values to indicate statistical significance (p<0.05*, <0.01**, <0.001***). 

C) The correlation between Hd and IgG magnitude at week 1 was visualised separately to show 

the association in detail.  

 

C 
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To determine if protein sequence diversity was associated with differential IgG 

subclass profiles, I visualised the distribution of population genetic parameters 

for each IgG subclass category established in the symptomatic Thai cohort 

(details described in Chapter 4). The four IgG subclass categories were 

established for 27 P. vivax antigens with total IgG responses 1-week post-

infection >1 SD above the malaria-naïve baseline. The categories include: a) 

IgG1 only (n=13), b) IgG1 predominant & IgG3 sub-dominance (n=9), c) IgG1 

predominant, IgG2 & IgG3 sub-dominance (n=2) and d) no obvious dominance 

(n=2). The categorisation was based on the major response(s) present at 2-week 

post-infection. Among the 27 antigens, I excluded three antigens which were 

not found in the reference strain PvP01 and therefore with no analysable 

population genetic data. Hence, the association was analysed using a total of 24 

antigens.  

 

As depicted in Figure 6.3, I found no evidence of an association between protein 

sequence diversity and IgG subclass profile following a symptomatic P. vivax 

infection. There was no clear grouping of P. vivax antigens within the same IgG 

subclass category for any particular population genetic parameter. For instance, 

the antigens inducing primarily IgG1 response (cyan and navy) were found to 

exhibit a wide range of most (if not all) population genetic parameters (Figure 

6.3).This was most likely due to the fact that most of the antigens displayed 
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‘IgG1 only’ (n=11) or ‘IgG1 & IgG3’ (n=9) profiles. Antigens with ‘IgG1, 2 & 

3’ and ‘no obvious dominance’ profiles were very rare in this cohort (n=2 and 

n=2, respectively). Despite the greater sample size, there was no clear division 

between antigens with ‘IgG1 only’ and ‘IgG1 & 3’ profiles. 
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Figure 6.3 Distribution of data for population genetic parameters per IgG subclass category. IgG subclass responses were measured in the symptomatic 

Thai cohort against 27 P. vivax antigens with high immunogenicity (>1SD above malaria-naïve baseline), 24 of which were successfully mapped to reference 

PvP01. The IgG subclass profile was categorised based on the major response(s) at the peak of response (2-week post-infection). Amongst the 24 antigens, 

most exhibited an IgG1 dominant profile (n=11, cyan), followed by IgG1 predominant and IgG3 sub-dominant (n=9, navy), IgG1 predominant and IgG2 & 

3 sub-dominant (n=2, gold), and no obvious dominance (n=2, orange). The association between sequence diversity and IgG subclass profile was visualised 
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by the distribution of data to reveal potential clusters. The x axis represents the value of the individual population genetic parameters and the y axis represents 

the number of P. vivax antigens (out of a total of 24). 
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6.2.3 Impact of protein sequence diversity on IgM profile in a symptomatic 

cohort 

 

In the previous Section, I have established that the genetic diversity of an antigen 

sequence had very limited association with the total IgG and IgG subclass 

profiles in individuals with little past exposure (as manifested by the presence 

of clinical symptoms). IgG responses can be low or limited upon primary 

infections, but generally are of greater magnitude following repeated infections 

[174, 473]. It was hypothesised that the symptomatic individuals with limited 

past exposure could have less developed IgG responses leading to the weaker 

associations of IgG responses and genetic diversity of P. vivax antigen sequences. 

It has been reported that prominent IgM responses are often seen following the 

primary infection [212]. It is possible that the Thai symptomatic cohort with 

very limited past exposure could show stronger associations between IgM 

responses and the population genetic parameters. To assess this concept, I 

decided to investigate the associations between IgM responses and genetic 

diversity in the symptomatic cohort.  

 

IgM antibody has been described as the early antibody responses against 

infections. In malaria, it was shown that during the early stage of an infection 

IgM contributed to the inhibition of RBC invasion and therefore was linked to 
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protection against symptoms [212]. Given that IgM and IgG potentially have 

distinctive roles in controlling the spread of Plasmodium parasites in the human 

hosts, it is possible that the protein sequence diversity of an antigen could have 

differential effects on how IgM and IgG antibodies recognise a target.  

 

I first assessed the distribution of each population genetic parameter within the 

binary IgM immunogenicity category. An antigen was categorised as 

immunogenic if the peak response (1-week post-infection) was >2 SD above the 

malaria-naïve baseline. As depicted in Figure 6.4, non-IgM-immunogenic 

antigens were observed to show higher sequence diversity and a stronger sign of 

balancing selection than the IgM-immunogenic antigens. The values of S, SNPs, 

π´10-3, D and proportion of non-synonymous SNPs were statistically higher 

(p<0.05) in non-IgM-immunogenic antigens (peak response was 2 SD below the 

malaria-naïve baseline) than the immunogenic antigens (peak response was 2 

SD above the malaria-naïve baseline). This result indicates that high sequence 

diversity is associated with a lack of IgM antibody response following 

symptomatic infections.  
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Figure 6.4 Distribution of population genetic parameters per IgM immunogenicity category. IgM responses against 52 P. vivax antigens at 1-week post-

infection were measured in the symptomatic Thai cohort. Antigens with IgM responses >2SD above the malaria-naïve baseline were categorised as 

immunogenic (n=15) and ones without were non-immunogenic (NI) (n=37. The spread of each population genetic parameter was visualised to determine 

the association between antigenic sequence diversity and IgM immunogenic category. Mann-Whitney tests were performed and p values <0.05 were 

considered statistically significant. 
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Subsequently, I performed more in-depth Pearson’s correlation tests between 

population genetics and IgM antibody parameters to quantify the strength of 

associations. I defined four IgM parameters: the magnitude at weeks 1 and 24, 

and the individual response variation at weeks 1 and 24.  

 

At 1-week post-infection, higher protein sequence diversity was associated with 

lower IgM magnitude and SD (R range = -0.45 - 0) (Figure 6.5A). Compared to 

the level of associations for total IgG magnitude and SD in the same symptomatic 

Thai cohort (R range=-0.29 – 0.21), protein sequence diversity appeared to be 

more strongly correlated with IgM. Furthermore, several associations were 

found that were statistically significant (p <0.05). These include associations 

between IgM peak response (IgM at week 1) and D, h and Hd (Figure 6.5B). 

Additionally, associations between IgM response variation at peak (IgM SD at 

week1) and π´10-3 and NS were statistically significant (Figure 6.5B).  

 

In contrast to 1-week post-infection which showed largely negative correlations, 

higher protein sequence diversity was associated with higher IgM magnitude and 

SD at 24-week post-infection (R range = 0 – 0.37) (Figure 6.5A). Interestingly, 

whilst IgG and IgM response magnitude at week 24 exhibited similar level of 

associations with sequence diversity, IgM SD at week 24 was more strongly 

correlated with sequence diversity than IgG SD at the same time point.  
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Figure 6.5 Heatmap for correlations between protein sequence diversity and IgM response in the symptomatic Thai cohort. Multiple population 

genetic parameters were generated and used to described sequence diversity in 49 P. vivax antigens. Antigen-specific IgM responses in the symptomatic Thai 

cohort were measured and characterised using two IgM parameters. Pearson’s correlation tests were performed and A) the R coefficients generated are 

summarised to indicate the strength of each pair of correlation, along with B) their corresponding p values to indicate statistical significance (p<0.05*, 

<0.01**, <0.001***). 
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Upon further analysis, I found that a higher number of haplotypes was associated 

with reduced IgM peak magnitude (1-week post-infection) (Figure 6.6A). 

Similarly, increased haplotype diversity was also associated with reduced IgM 

peak magnitude (Figure 6.6B). These observations were most likely due to the 

influence of protein sequence diversity in the majority of the P. vivax antigens. 

This was demonstrated in Figure 6.6B in which antigens with greater haplotype 

diversity (shown as larger circles with lighter colours) mainly exhibited positive 

D values. Those with less haplotype diversity (smaller circles with darker 

colours), on the other hand, showed negative D values.  

 

Unexpectedly, an increase in π and NS were associated with reduced IgM 

response variation between individuals (Figure 6.6C). However, once the outlier 

(identified as PVX_097715, a hypothetical protein) was removed, the 

associations no longer existed for both π (R=-0.14, p=0.33) and NS (R=-0.057, 

p=0.7).  
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Figure 6.6 Significant correlations between population genetics and IgM parameters in the symptomatic Thai cohort. To further assess the statistically 

significant associations between multiple population genetic parameters and IgM responses in the symptomatic Thai cohort, IgM magnitude at peak (1-week 

post-infection) was plotted against A) number of haplotypes (h) and B) Tajima’s D (D). In B), Hd of each antigen was indicated by colour and size: circles 

with lighter colour and larger size showed higher Hd value. Additionally, the detailed C) associations between nucleotide diversity (π) and number of non-

synonymous SNPs (NS) were plotted against IgM response variation in SD. Pearson’s correlation tests were performed, generating R coefficients and p values. 

P values <0.05 are considered significant. 
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6.2.4 Impact of protein sequence diversity on IgG profile in an asymptomatic cohort 

 

The analyses so far were performed using the IgG profile following symptomatic 

infections in Thai individuals. It is like that the impact of protein sequence diversity 

on naturally acquired immunity would potentially be more evident in individuals with 

a higher level of past exposure who had been exposed to a higher number of 

genetically distinct infections and have thus obtained some level of immunity. Hence, 

I decided to investigate if the associations between protein sequence diversity and 

total IgG remain similar in asymptomatic individuals with (presumably) higher levels 

of past exposure. Therefore, correlation tests were again performed between 

population genetics and total IgG parameters for the asymptomatic Thai cohort. The 

same antigen-specific IgG parameters as used in the symptomatic cohort were 

generated for the asymptomatic cohort (IgG at week 1, IgG at week 24, IgG SD at 

week 1, IgG SD at week 24).  

 

Figure 6.7A and B provide an overview of the results following correlation tests 

within and between population genetics and total IgG parameters in the 

asymptomatic cohort. Similar to the observations made in the symptomatic cohort, 

this aysmptomatic cohort showed strong and positive correlations between each pair 

of population genetic parameters (except for length) (R=0.69 – 1, p<0.001). In this 

asymptomatic cohort, the correlations between population genetics and total IgG 
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paramaters were slightly stronger compared to the symptomatic cohort (range of R 

coefficient = -0.27 – 0.47 compared to -0.29 - 0.21, respectively) (Figure 6.7A). There 

were also more positive correlations in the asymptomatic cohort than the 

symptomatic. Total IgG response variation between individuals (SD) at both 1- and 

24-week post-infection was shown to be positively and significantly correlated to both 

Hd and D (Figure 6.7B). These associations were further examined and visualised in 

Figure 6.8.  

 

 

 

 

 

 

 

 

 



 

 284 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.7 Heatmap for correlations between protein sequence diversity and total IgG response in the asymptomatic Thai cohort. Multiple population 

genetic parameters were generated and used to describe sequence diversity in 49 P. vivax antigens. Antigen-specific total IgG responses in the asymptomatic 

Thai cohort were measured and characterised using four IgG parameters. Pearson’s correlation tests were performed and A) the R coefficients generated are 

summarised to indicate the strength of each pair of correlations, along with B) their corresponding p values to indicate statistical significance (p<0.05*, 

<0.01**, <0.001***). 
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It was observed that higher haplotype diversity was associated with increased 

total IgG response variation in the asymptomatic individuals (R = 0.47, p = 

0.0082) (Figure 6.8A). Additionally, regardless of time since last infection (1- or 

24-week post-infection), an increase in total IgG response variation is associated 

with antigens being under balancing selection as indicated by the greater D value 

(Figure 6.8B). It appears that most of the antigens were neutral based on the D 

values (bewteen -1 and 1) whilst a few outliers with evident signatures of 

balancing and purifying selections were present (Figure 6.2.5C). Amongst these 

outliers, antigens with higher Hd (indicated as larger circles with lighter colours) 

tended to have positive D values. In constrast, the antigens with lower Hd 

(smaller circles with darker colours) all exihibited D values under zero, 

regardless of time point (Figure 6.8C and D). These findings indicated that 

balancing selection played a role in shaping the protein sequence diversity of an 

antigen, which was associated with how antigen-specific antibodies recognised 

it.  
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Figure 6.8 Significant correlations between haplotype diversity, balancing selection and 

total IgG response variation in the asymptomatic Thai cohort. To further assess the 

association between Tajima’s D (D) and total IgG response variation in the asymptomatic Thai 

cohort, IgG SD was first plotted against A) Hd at 1-week post-infection and B) D with two time 

points separately. To further explain the source of haplotype diversity and its impact, IgG SD 

was also plotted against D with Hd of each antigen at C) week 1 and D) week 24, as indicated 

by circles of differing colours and sizes: circles with lighter colour and larger size showed higher 

Hd value. Pearson’s correlation tests were performed, generating R coefficients and p values. P 

values <0.05 are considered significant.  
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6.3 Discussion 

 

Population genetic analysis has been a useful tool to quantify diversity in 

Plasmodium antigens and has enabled estimation of the role of human immunity 

on shaping such diversity in a parasitic population. In the above Sections, I 

reported that high antigen sequence diversity was more strongly associated with 

IgM responses than IgG in the symptomatic cohort from western Thailand. 

Additionally, it was demonstrated that the impact of antigen sequence diversity 

on IgG responses was more evident in the asymptomatic cohort compared to the 

symptomatic one. In these two Thai cohorts, I also showed that the observed 

high protein sequence diversity was linked to strong signatures of balancing host 

selection which maintains genetic variations in the parasite population.  

 

In this Chapter, I demonstrated the importance of sufficiently high past exposure 

in detecting the association between the genetic diversity of an antigen and the 

acquisition and development of complex antibody responses. The results 

support our hypothesis that the symptomatic individuals with little past 

exposure had less mature immunity, leading to limited or no associations 

between the strength of IgG responses and the different measures of antigen 

sequence diversity. This lack of associations could also be linked to the fact that 

the antibody measurements performed in the present study are all undertaken 
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using a single, specific allele of an antigen. Given that the symptomatic 

individuals would have exposure to less P. vivax antigen alleles, it is highly like 

that they may not had been previously infected with a parasite carrying the 

corresponding allele. The weak associations would thus be expected. A slight 

increase in the strength of associations for IgM magnitude is in line with IgM 

being the first antibody isotype produced following exposure to a pathogen [212] 

and with IgM showing a generally higher degree of cross-reactivity [418]. 

Additionally, the difference in the level of associations between IgM antibody 

parameters at weeks 1 and 24 could be reflective of the time-point-specific 

nature of how sequence diversity could be associated with antibody profiles. 

However, these speculations will require more data and further analyses to 

confirm. As individuals have gained further exposure against Plasmodium 

parasites (as presented by the asymptomatic cohort), the association of sequence 

diversity with IgG response variation became more significant. This finding 

again suggests that the asymptomatic individuals with more intensive past 

exposure would have experienced multiple P. vivax antigen alleles and therefore 

developed much larger antibody repertoires and generated greater inter-

individual variations in the antibody responses upon re-encounter of specific 

alleles. It will be of great interest to verify this concept by examining the change 

in associations between sequence diversity and antibody response variation in 
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regions with higher malaria transmission where the whole populations have all 

been infected with many different alleles.  

 

This work is also the first to describe the genetic diversity of a large panel of P. 

vivax antigens at a population level. Past studies mainly focussed on reporting 

the differential diversity between P. falciparum and P. vivax across geographically 

distinct populations. These studies have well established that P. vivax is more 

genetically diverse than P. falciparum in various populations with a wide range of 

malaria transmission levels [329, 331, 474, 475]. There are also a number of 

studies that focus on quantifying genetic diversity of individual molecular 

markers or P. vivax antigen-encoding genes [476-480]. However, that fact that 

these studies utilised datasets from various sources and different sample 

filtering strategies makes it difficult to draw further interpretations and 

conclusions. Additionally, some authors reported genetic diversity in other 

indices such as expected heterozygosity (HE) and allelic richness (RS). This is 

due to the fact that HE and RS are better suited to measuring genome-wide 

diversity instead of SNP diversity. Although HE and RS are analogous to Hd and 

h, respectively [481], it is difficult to directly compare their genetic diversity 

results to ours.  
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Nevertheless, some studies reported genetic diversity in P. vivax antigens using 

similar population genetic parameters. High level of nucleotide diversity (π) was 

reported in a number of P. vivax antigen-encoding gene families [329], some of 

which have been associated with merozoite invasion (msp3, msp7, pvstp and 

pvrbp)[482, 483], immune evasion (P. vivax virulence gene (vir)) [318] and 

protective antibody responses against malaria episodes in PNG children [213, 

220]. These findings are comparable to those found in Thai isolates where pvrbp 

gene family members (including pvrbp2a, pvrbp2b, pvrbp2d and pvrbp3) involved 

in P. vivax blood stage infections exhibited significantly more NS than SP SNPs 

[484]. Similar to these findings, among our 24 P. vivax antigens with nucleotide 

diversity (defined as π´10-3) greater than the median (1.20), I observed that most 

antigens (n=14, 58.33%) were associated with merozoite invasion into red 

blood cells. These include MSPs (n=5), RBPs (n=6), DBPs (n=2) and a 

microneme-derived protein (n=1). The annotation, stage of expression and 

estimates of genetic diversity for all P. vivax antigens are described in Tables 2.2 

(Section 2.3.1 of Chapter 2) and 6.2 (Section 6.2.1 of this Chapter). Focusing on 

SNPs in P. vivax isolates from PNG, Arnott et al. reported their findings on 

genetic diversity in P. vivax AMA1 using population genetic parameters almost 

identical to ours (including S, π, NS, SP, h, Hd and Tajima’s D). Compared to 

our Thai isolates (mean S=37.98; mean NS=29.43; mean π´10-3 =10.16), PNG 

isolates appeared to have similar numbers of S (35) and NS (27.5) and value of 
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π´10-3 (8.05) [477]. However, AMA1 in PNG exhibited more extensive level of 

diversity in h (44) and Hd (0.99) than the mean values generated with Thai 

isolates (h=7.5, Hd=0.62). This observation could be related to the higher 

transmission level in PNG compared to Thailand, which potentially suggests the 

role of high transmission level on increasing diversity within antigen protein 

sequences. However, since AMA1 was not included in our panel of P. vivax 

antigens, it is difficult to make a direct comparison on differences in genetic 

diversity of P. vivax antigens between PNG and Thailand.  

 

In the present study, it was observed that stronger signatures of balancing 

selection were associated with increased levels of genetic diversity. Similarly, 

Arnott et al. demonstrated that specific domains of the AMA1 antigens with high 

level of diversity (indicated by relatively high π´10-3 values) also exhibited 

significant and positive Tajima’s Ds [477]. It was stated by the authors that 

domains with strong positive Tajima’s Ds were likely to be a critical target of the 

host immune response, leading to more efficient protective effects. Similar 

observations were also made in a more recent study focussing on P. vivax 

reticulocyte binding antigen [485]. Nevertheless, whether or not balancing 

selection plays a diversifying role in the genomes of other organisms remains 

debatable. Balancing selection is known to maintain alleles at intermediate 

frequency, but is also shown to involve other mechanisms. It has been proposed 



 

 292 

that the role of balancing selection is also dependent on the frequency [486] and 

evolutionary fitness of the alleles [487]. In this Chapter, it was found that a 

positive Tajima’s D (indicating balancing selection) was strongly and positively 

associated with majority of the genetic diversity parameters (including S, π´10-

3, SNPs, SP, NS, h and Hd). For instance, high frequency of common SNPs is 

linked to high values of π and Hd (as they are influenced by allele frequency), 

resulting in the detection of positive Tajima’s D. On the other hand, high 

frequency of mostly rare SNPs leads to lower π and Hd and therefore neutral or 

negative Tajima’s D. Nevertheless, the positive correlation of key parameters 

such as π´10-3 and Hd with Tajima’s D clearly demonstrates the key role of 

balancing selection in maintaining genetic diversity in a large panel of P. vivax 

antigens.  

 

This study has some minor limitations. Firstly, despite being the largest panel 

of P. vivax antigens investigated to-date, the present study will benefit greatly 

from incorporating even more antigens into the current panel. This will enable 

us to validate the observed associations, as the results of the correlations tests 

were susceptible to the effect of an outlier (as described in Sections 6.2.1, 6.2.2 

and 6.2.3), especially in a population from Thailand where transmission and 

diversity are relatively low. A potential solution would be to perform similar 

analyses using isolate sequence data from regions with higher transmission 
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settings. Another limitation is that the current antibody parameters (signal 

magnitude and response variation at specific points) may not appropriately 

reflect the nature and details of the antibody kinetic profiles. Quantitative 

estimates generated from mathematical modelling of antigen-specific antibody 

kinetic profiles (such as estimated antibody half-lives) will greatly further our 

understandings on the association between genetic diversity and the decay of 

antibody responses. Lastly, future studies will need to address the source of high 

sequence diversity in PVX_097715 to allow validation of the results reported in 

this Chapter. 

 

In summary, I report in the present study that high level of genetic diversity in 

49 P. vivax antigens is likely to be the result of balancing selection, and is 

associated with increased IgG response variation between individuals and 

reduced IgM peak magnitude. Our results also indicate that transmission level 

and/or past exposure can affect the extent of impact of genetic diversity on 

antibody responses. A lack of research in this area poses a challenge to compare 

our results with other studies, which shows the novelty of this study. With an 

interest in optimising current strategies for developing highly efficacious 

vaccines and effective sero-surveillance tools, this study offers a feasible 

approach to investigate the level of genetic diversity in potential vaccine and/or 

serological marker candidates. Additionally, our findings provide unique 
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insights into the potential consequences involved in incorporating highly 

polymorphic antigens/haplotypes as vaccine candidates.  
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Chapter 7. General discussion and 
perspectives 
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7.1 Overview 

 

For the past two decades, we as a global community have achieved several major 

milestones on the journey towards malaria elimination. These include an 

increase in the number of countries certified malaria-free by the WHO and also 

the ones moving towards zero indigenous malaria cases. In multiple Southeast 

Asian countries including Thailand, Cambodia, Lao, Myanmar and Viet Nam, 

the total number of malaria cases has reduced by 68% and the total number of 

deaths by 46% since 2010. However, in the 2019 World Malaria Report, the 

WHO has highlighted that the progress of elimination is slowing down [2]. 

Given that P. vivax is highly prevalent in regions with relatively low transmission 

such as Southeast Asia (accounting for approximately 50% of the total number 

of regional P. vivax cases) and Latin America (75%), a better understanding of 

this often neglected parasite will be a critical step towards more effective 

approaches to achieve elimination. Our understanding of P. vivax compared to P. 

falciparum is limited given the historical major focus of scientists on P. falciparum, 

due to the enormous burden it places on the African continent. Moreover, other 

challenges including P. vivax’s complex life cycle, the absence of continuous 

culture system, limited usage of radical cure and the large sub-patent repertoire 

resulted from P. vivax infections have led to little progress in P. vivax-focussed 

research and relevant applications.  
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The immunity elicited in response to malaria infections has been described to 

play a pivotal role in modulating parasite clearance and protection against 

clinical symptoms (Section 1.2). Numerous studies have demonstrated that 

multiple arms of malaria-specific immunity, especially antibody-mediated 

immunity, can be dampened as a major strategy for Plasmodium parasites to avoid 

recognition and hence prolong their survival in human hosts. Moreover, the 

serological profile of a population can be reflective of changes in transmission 

pattern and level of recent and past exposure. Taken together these findings 

indicate that anti-malarial antibody immune responses can be harnessed for 

novel surveillance tools based on infected individuals’ immune status and for 

vaccines with greater efficacy. Nevertheless, previous studies have only 

addressed immune responses against a very limited number of traditional P. 

vivax antigens which have been intensively studied. The lack of appropriate 

longitudinal studies also forms a major hurdle to determine antibody longevity 

and immunological memory responses. Additionally, a clear majority of 

individuals living in low-transmission regions are asymptomatic [488-490]. 

These populations have been significantly under-addressed in the current 

studies that focus on only symptomatic individuals. In addition, it has been 

known the immune responses elicited against Plasmodium parasites are under the 

influence of multiple factors, including intrinsic host, environmental and 

antigenic factors (Section 1.3). Given that P. vivax is genetically more diverse 
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than P. falciparum and the level of diversity varies between geographic regions, 

the impact of antigenic factors, specifically antigen sequence diversity, on anti-

malarial antibody responses is highly relevant in the era where novel approaches 

in designing surveillance tools and vaccines are urgently required. Therefore, to 

address these current knowledge gaps, I aimed to provide a deeper 

understanding and novel insights into the acquisition and development of 

antibody responses against P. vivax in a naturally exposed human population.  

 

The first goal of this thesis was to optimise the bead-based multiplex platform 

Luminexâ (Chapter 3) and subsequently establish antigen-specific total IgG 

antibody kinetic profiles against 52 P. vivax antigens for nine months in a 

symptomatic cohort in western Thailand with limited level of transmission 

(Chapter 4). Use of the multiplex platform enabled me to overcome a major 

limitation of prior studies that focussed on responses against only one or two 

antigens, whilst still being an appropriate assay for the small volumes of sample 

collected during field studies. The sampling interval was no more than four 

weeks during the entire nine-month study period, designed to give antibody 

kinetics of high resolution and over a long time period. Most prior studies have 

only followed up antibody responses for one-two months post-infection, or over 

longer time frames but without intermittent surveillance (meaning the presence 

of boosting infections could not be ruled out). Besides total IgG, IgG subclasses 
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1, 2, 3, 4 and IgM were also measured over time against a down-selected panel 

of antigens. As comparison to the symptomatic cohort, once-a-month 

measurement of IgG antibody responses was taken in a year-long asymptomatic 

cohort down-selected from a larger observational study in a nearby region. To 

further investigate the antigen-specific differences in antibody maintenance, 

optimisation of a MBC ELISpot assay to measure antigen-specific MBC 

responses was performed (Chapter 5) and will be used in future studies.  

 

The second goal of this thesis was to determine how sequence diversity of P. 

vivax antigens affected antibody responses and to examine if such an effect 

differs between symptomatic and asymptomatic individuals (Chapter 6). 49 out 

of 52 P. vivax antigens were found and characterised on the reference strain and 

19 P. vivax isolate sample sequences from Thailand were filtered and down-

selected from a global dataset. Population genetic analysis was performed to 

quantify sequence diversity which was correlated to multiple antibody response 

parameters. This enabled us to investigate the association of antigen sequence 

diversity with the generation of antigen-specific antibody responses against 

malaria.  
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7.2 Establishment of P. vivax-specific antibody kinetic profiles and 

MBC ELISpot assay 

 

7.2.1 Summary of findings 

 

From the optimisaiton of Luminexâ platform (Chapter 3), establishment of 

antibody kinetics following a P. vivax infection (Chapter 4) and optimisation of 

antigenic-specific MBC ELISpot assay (Chapter 5), the major findings are 

outlined below:  

1) I successfully established a multiplex LuminexÒ assay to measure 

responses to 52 P. vivax proteins simultaneously using only 1µl plasma. 

This assay is highly robust and reproducible and has been adopted by 

other research groups. 

2) I demonstrated that despite some antigen-specific variability, 52 P. vivax 

antigens from various life stages of the parasites shared highly similar 

antigen-specific antibody kinetic profiles: early peak at 1 to 2-week post-

infection followed by a gradual exponential decay. This is the first time 

antibody responses have been described against such a large panel of P. 

vivax proteins in a longitudinal cohort.  
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3) In one of the first studies of antibody longevity following asymptomatic 

infections, I was able to show that IgG antibody responses are more long-

lived following asymptomatic compared to symptomatic infections.  

4) I demonstrated that nearly all proteins tested induced IgG subclasses 1 or 

3 in Thai individuals with limited past exposure following a symptomatic 

P. vivax infection. This differs to that observed in PNG highly exposed 

adults.  

5) I found that antigen-specific IgM responses could be longer lived than 

previously thought (lasting for at least nine months) following 

symptomatic infections in a low transmission region.  

6) I successfully optimised and established an antigen-specific MBC ELISpot 

assay, which enabled me to quantify antigen-specific MBC responses in 

field samples with very limited cell numbers.  

 

7.2.2 Study significance 
 

Due to the unique biology of P. vivax parasites and several limitations of our 

current malaria elimination toolkit, P. vivax has been recognised as one of the 

biggest hurdles towards the 3rd Sustainable Development Goal set by WHO – 

eliminating malaria by 2030 [491]. These challenges include the presence of 

undetected asymptomatic reservoirs [44, 109, 423], restricted use of radical cure 

to clear hypnozoites [52, 53] and insufficient progress towards development of 
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efficacious vaccines [325, 465]. These scenarios have drawn the attention 

towards developing novel approaches for therapeutic and surveillance purposes. 

More recently, multiple studies have demonstrated that antibody responses 

could be used to reflect on the immune status and past or current exposure of a 

population [264] and the transmission level of a geographical region [108, 492]. 

Compared to these past studies, the findings shown in Chapter 4 represent the 

most thorough antigen-specific antibody kinetic profiles established for P. vivax 

with the highest resolution to-date. More specifically, these results have 

confirmed that antibody kinetics can be representative of past exposure, even in 

a region with low malaria transmission, as response to a number of antigens 

were relatively long-lasting (i.e 3 - 9 months or more) even following 

symptomatic infections. Furthermore, as our panel of P. vivax antigens also 

includes non-traditional antigenic targets that have not been studied previously 

(such as tryptophan-rich, hypothetical and unknown antigens), these 

observations have significantly broadened the scope of current malaria research. 

The data generated from this project were also used to infer selection of 

serological biomarkers for improved surveillance [112], demonstrating the 

significance of this approach in its applications and achieving global impact.  
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7.3 Population genetic analysis on P. vivax antigens and their 

associations with antibody profiles 

 

7.3.1 Summary of findings  

 

The major findings obtained following population genetic analysis to quantify 

antigenic sequence diversity and multiple correlation tests to determine its 

association with antibody responses (Chapter 6) are outlined below:  

 

1) I have successfully defined genetic diversity in 49 P. vivax antigens. This 

reports the first analysis on a large panel of Plasmodium antigens at a 

population level.  

2) I conducted the first major screen of how genetic diversity potentially 

associates with P. vivax naturally acquired immunity. I found that genetic 

diversity in P. vivax antigen sequences had little to no associations with 

IgG responses in the Thai symptomatic individuals.  

3) In contrast, I demonstrated in the same symptomatic cohort that high 

antigen sequence diversity was linked to IgM immunogenicity. This 

association was slightly stronger than IgG.  
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4) In the asymptomatic cohort, I showed that the association of genetic 

diversity with IgG responses was much stronger compared to the 

symptomatic.  

5) I reported host immunity with a balancing trait was associated with 

greater genetic diversity in an antigen.  

 

7.3.2 Study significance  

 

Investigation of the genetic diversity of antigens in the context of malaria has 

only come under the spotlight in the past few years, largely due to its 

implications in vaccine development. Such research has primarily focussed on a 

limited range of traditional P. falciparum-derived antigens [464, 471, 493]. In 

contrast, P. vivax remains relatively under-studied in this area despite being an 

emerging threat with an increased global burden [2]. In Chapter 6, I describe the 

process of quantifying genetic diversity of 49 P. vivax antigens including novel 

targets. This represents the largest panel of P. vivax antigens completed with 

corresponding antibody kinetic data. The high level of genetic diversity in these 

antigens can perhaps explain the non-sterilising nature of P. vivax-specific 

antibody immunity. The results in particular have demonstrated the absolute 

importance of including antibody data to showcase the immunological relevance 

of genetic diversity in malaria.  
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More importantly, the findings reported in Chapter 6 show that the associations 

of antigen genetic diversity with antibody responses could vary between 

antibody isotypes (IgG versus IgM) and between cohorts with differing levels of 

past exposure (symptomatic versus asymptomatic). These observations strongly 

indicated that such associations could appear less significant for individuals with 

less mature immunity and/or less past exposure. This is likely due to the fact 

that they had only been exposed to a limited variety of P. vivax antigen alleles 

and hence failed to efficiently elicit antibody responses against a specific allele 

upon encounter. Additionally, since IgM represents the antibody isotype that is 

produced on first encounter in a large amount within a short period of time, it 

was reasonable that IgM profiles were better associated with genetic diversity 

compared to IgG as demonstrated in Section 6.2.3. These speculations were 

further addressed and verified in Section 6.2.4 where genetic diversity showed 

strong and consistent associations with IgG profiles in the asymptomatic cohort 

with intensive past exposure. Together, I demonstrated the significance and 

possible implications of taking past exposure level into consideration when 

performing similar analyses at a population level.  

 

During my investigation, the large panel of amino acid sequences also 

contributed significantly to the optimisation of the newly developed ‘Vaxpack’ 

by including more functional features. Moreover, this project provides evidence 
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of the role of human host immunity in identifying targets and in shaping the 

evolutionary fitness of P. vivax parasites. This information is critical for 

understanding host-pathogen interactions and for developing multivalent or 

chimeric vaccines that incorporate multiple targets [494]. Additionally, the 

findings I reported in this Chapter also help identifying antigenic targets that are 

better representative of the global and local populations for future sero-

surveillance tools.   

 

7.4 Future directions 

 

The present study has demonstrated the antigen-specific nature of antibody 

responses in primarily a Thai symptomatic cohort, and has a number of major 

advantages over past work including the use of a large panel of P. vivax proteins 

and samples from longitudinal cohorts with intensive follow-up. I have now been 

able to use my results to determine areas of interest for further study.  

 

7.4.1 Further defining antibody profiles in the asymptomatic Thai cohort 

 

Firstly, we will aim to establish a more complete picture of antibody profiles in 

western Thailand. Particularly, we would like to further characterise antibody 

kinetics against our panel of P. vivax antigens in the Thai asymptomatic cohort. 
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In the present study, antigen-specific antibody kinetics in the asymptomatic 

cohort were only established against 33 antigens that were IgG-immunogenic in 

the symptomatic cohort (Chapter 4). However, it is possible that antigens that 

were not IgG-immunogenic in the symptomatic cohort could be IgG-

immunogenic in the asymptomatic cohort. Additionally, IgG subclass and IgM 

kinetic profiles in the asymptomatic cohort were not measured. The results will 

provide critical insights into the role of humoral responses in modulating clinical 

symptoms. Furthermore, this knowledge can be potentially applied to identify 

asymptomatic individuals in P. vivax-endemic regions for timely interventions 

and prevention against further transmission.  

 

7.4.2 Determining the role of antigen-specific MBCs in antibody longevity 

 

A key area for further research will be to use the antigen-specific MBC assay I 

have established to determine the potential impact or role of MBCs in the 

antigen-specific longevity profiles. As described in Chapter 5, we hypothesise 

that atypical and/or impaired P. vivax-specific memory B cell populations could 

be a cause of short-lived antibody responses. This proposal was made based on 

the evidence reported from multiple prior studies, demonstrating that P. vivax 

infections could reduce the total number of B cells [495], alter the proportion of 

different B cell subsets [496] and induce long-term MBC and antibody responses 
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[239, 242, 244]. Besides MBC populations, plasma cells (PCs) and TFH cells have 

been known to contribute to antibody production and antibody affinity 

maturation, respectively [174, 233, 497]. Evidence has shown that malaria 

infections significantly impaired the differentiation and function of TFH cells, 

leading to less effective antibody responses and parasite clearance [177, 496, 

498]. In contrast, the role of PCs remains controversial due to conflicting results 

on the change in frequency post-infection [237, 249, 441]. Therefore, it would 

be of interest to explore the association of the kinetic profiles of PC and TFH 

populations with antibody longevity post-infection. This information can be 

used to develop approaches for prolonging the longevity of essential immune 

cells and antibody responses, optimising the process of selecting suitable 

serological marker and vaccine candidates.  

 

7.4.3 Assessing the association of genetic diversity with quantitative measures 

of antibody responses and further analyses with populations from higher 

transmission settings 

 

Another key finding from my thesis was that the genetic diversity of a P. vivax 

antigen in Thailand was statistically associated with measured antibody 

responses. However, such associations are the result of preliminary 

investigations using selected antibody parameters and could be due to multiple 
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direct or indirect factors. Hence, further analysis is required in order to further 

define P. vivax-specific antibody responses, specifically developing a quantitative 

measure of the acquisition and longevity of immunity would enable a better 

picture of the association between genetic diversity and immunity to be 

established. For this purpose, we will continue our work with Dr Michael White 

at the Institut Pasteur who will be generating a number of population-level 

parameters for each P. vivax antigen to describe the boost and decay of antibody 

levels. These parameters may include but are not limited to the half-lives of 

antibodies, short- and long-lived ASCs and the proportion of short- or long-lived 

ASCs. Analysing the association between genetic diversity and antibody 

responses using these parameters will be an important step in taking antigen 

diversity further into its application in diagnostics and vaccines.  

 

To further extend the scope of my investigations described in Chapter 6, it will 

be of great interest to understand the impact of genetic diversity in P. vivax 

antigens on antibody responses in individuals living in regions with higher 

malaria transmission to compare with the current dataset. This will provide 

insights into the role of transmission level on shaping the effectiveness of P. 

vivax-specific immunity. 
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7.4.4 Examining the association of protein structure with antigen-specific 
antibody responses 
 

Lastly, we are keen to investigate the association of protein structure with P. 

vivax-specific antibody responses. This concept stems from the studies showing 

that the structural location of polymorphisms  and immunological targets (sites 

with strong signature of balancing selection) varied between P. falciparum 

antigens [499]. These findings suggest that the protein structure of a malarial 

antigen could alter the level of exposure of T or B cell epitopes, potentially 

resulting in differential induction of immune responses. With the use of easily 

accessible online structure-predicting tools such as I-TASSER [500], we 

anticipate that the answers to these questions will enable us to gain further 

knowledge of our P. vivax antigens in different transmission settings and 

therefore assist in identifying antigenic sequences that are most effective in 

inducing species-specific and robust immune responses.  

 

7.5 Concluding remarks 

 

The aims of this thesis are to outline the process involved to optimise relevant 

experimental designs, and to describe multiple kinetic patterns and associated 

factors of P. vivax-specific naturally acquired antibody immunity in a region of 

low transmission settings. This work was driven by the fact that strategies 
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targeting at P. vivax will be of great importance for eliminating the residual 

malaria transmission, yet research focussing on the acquisition and maintenance 

of P. vivax-specific antibody immunity remains insufficient. Using a large panel 

of P. vivax antigens, I was able to show the detailed antibody kinetic profiles in 

the infected populations. The complexity of genetic diversity in our antigens and 

how it contributes to host antibody immunity were also shown. Together, these 

findings highlight the importance of serology and antigen sequence diversity in 

maximising global impact of our current tools, which ultimately accelerates the 

overall progress towards malaria elimination.  
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